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PRACTICAS DE CONSERVACION DE SUELO-AGUA Y SU CONTRIBUCION
A LA RETENCION DE CARBONO EN SISTEMAS AGRICOLAS
MULTIFUNCIONALES

RESUMEN GENERAL

La presente tesis doctoral evalua la capacidad de las practicas de conservacion
de suelo y agua para retener carbono organico del suelo (COS) en sistemas
agricolas multifuncionales vy la influencia condicionante de la erosién hidrica en
su distribucién en una microcuenca de San Miguel Tulancingo, Oaxaca. Primero,
se analizé bibliograficamente la influencia de la erosién hidrica en la dinamica y
distribucion del COS, encontrando escasas investigaciones especificas en
México sobre esta relacién. Posteriormente, se determiné la cantidad y
distribucion del COS en una microcuenca intervenida con practicas de
conservacion, mediante analisis fisicoquimicos del suelo y técnicas de
interpolacién espacial. Los resultados indican que el uso del suelo, la cobertura
vegetal y las practicas de conservacion son factores principales que influyen en
el almacenamiento de COS. Después, se analizé la correlacion entre los niveles
estimados de erosion hidrica, mediante el modelo RUSLE vy la distribucion
espacial del COS. Se encontré una relacion negativa, sugiriendo que, a mayor
erosion menor almacenamiento de COS. Finalmente, se identificaron las
practicas agricolas que contribuyen al almacenamiento de COS mediante un
analisis estadistico de tipo stepwise. Esta tesis concluye que la erosion hidrica
influye negativamente en el almacenamiento de COS a nivel de paisaje, y que las
practicas de conservacion de suelo y agua son fundamentales para su retencion
en sistemas agricolas multifuncionales, contribuyendo a la mitigacién del cambio
climatico. Se resalta la oportunidad de investigacion en México para cuantificar
el carbono retenido en estructuras de control de erosion y evaluar su potencial
como sumideros de carbono.’

Palabras clave: Erosion hidrica, Carbono organico del suelo (COS), RUSLE,
Mitigacion del cambio climatico.

" Tesis de Doctorado en Ciencias en Agricultura Multifuncional para el Desarrollo Sostenible.
Autor: Olimpya Talya Aguirre Salado. Director: Dr. Joel Pérez Nieto.
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SOIL-WATER CONSERVATION PRACTICES AND THEIR CONTRIBUTION
TO CARBON RETENTION IN MULTIFUNCTIONAL AGRICULTURAL
SYSTEMS

GENERAL ABSTRACT

This doctoral thesis evaluates the capacity of soil and water conservation
practices to retain soil organic carbon (SOC) in multifunctional agricultural
systems and the conditioning influence of water erosion on its distribution in a
micro-watershed in San Miguel Tulancingo, Oaxaca. First, the influence of water
erosion on the dynamics and distribution of SOC was analyzed from the literature,
finding little specific research in Mexico on this relationship. Subsequently, the
quantity and distribution of SOC in a micro-watershed intervened with
conservation practices was determined through physicochemical soil analysis and
spatial interpolation techniques. The results indicate that land use, vegetation
cover, and conservation practices are main factors influencing SOC storage. Next,
the correlation between estimated levels of water erosion, using the RUSLE
model, and the spatial distribution of SOC was analyzed. A negative relationship
was found, suggesting that greater erosion leads to lower SOC storage. Finally,
agricultural practices that contribute to SOC storage were identified using a
stepwise statistical analysis. This thesis concludes that water erosion negatively
influences SOC storage at the landscape level, and that soil and water
conservation practices are critical for its retention in multifunctional agricultural
systems, contributing to climate change mitigation. It highlights the research
opportunity in Mexico to quantify the carbon sequestered in erosion control
structures and evaluate their potential as carbon sinks.?

Keywords: Water erosion, Soil organic carbon (SOC), RUSLE, Climate change
mitigation.

2Thesis of Doctor in Science in Multifunctional Agriculture for Sustainable Development.
Author: Olimpya Talya Aguirre Salado. Advisor: Dr. Joel Pérez Nieto.



CAPITULO 1. INTRODUCCION GENERAL

Desde 2011, las concentraciones de didéxido de carbono (CO:2) han seguido
aumentando en la atmdsfera alcanzando promedios anuales de 410 partes por
millon (ppm) de acuerdo con el sexto informe del Panel Intergubernamental del
Cambio Climatico (IPCC, 2021).

El CO2 es un gas de efecto invernadero que contribuye a incrementar la
temperatura atmosférica. En el marco del Acuerdo de Paris de 2015 adoptado en
la COP 21, se acordd limitar el aumento de la temperatura global a menos de 2
grados Celsius por encima de los niveles preindustriales (Naciones Unidas,
2015). Para cumplir con este objetivo, se invitd a los paises miembro que
indicaran la reduccion de sus emisiones en las denominadas Contribuciones
Determinadas a Nivel Nacional (NDC por sus siglas en ingles). México actualizé
su NDC en el ano 2020 y se comprometio a reducir sus emisiones de gases de
efecto invernadero en un 22% para el afo 2030, en comparacién con un
escenario de linea base sin medidas de mitigacion. Entre las estrategias para
alcanzar esta meta se propuso que el disefio de las practicas agropecuarias
integre las mejores practicas agricolas y de conservacion, asi como, la promocién
de sistemas agroforestales y agroecologicos (Gobierno de México, 2020).
Posteriormente en la Conferencia celebrada en Sharm el-Sheikh, Egipto, en 2022
(COP27), se reconoci6 formalmente a la agricultura y los sistemas alimentarios
como temas prioritarios para alcanzar los objetivos climaticos (UNFCCC, 2022).
En consecuencia, el suelo y la agricultura emergen como elementos importantes

para contrarrestar el incremento de la temperatura y mitigar el cambio climatico.

El suelo tiene las mayores reservas de C organico terrestre; las estimaciones
actuales del stock mundial de carbono organico del suelo (COS) oscilan entre
1500 y 2400 Pg C segun Lal et al. (2021). EI COS es el C que permanece en el
suelo después de la descomposicién parcial de cualquier residuo organico
producido por organismos vivos (Lefévre, 2017), por lo que, pequefios cambios
en los almacenes de COS podrian resultar en impactos significativos en la

concentracion de C atmosférico, en la disminucion de la temperatura y en sus

1



efectos en el cambio climatico. Lal (2021) por su parte expone que la manera en
cémo el suelo adquiere el carbono atmosférico ocurre mediante tres procesos
fundamentales: (i) la fotosintesis del CO2 atmosférico, que genera biomasa
vegetal abundante en carbono, (ii) el traslado de dicha biomasa al suelo, donde
se convierte en materia organica del suelo (MOS), y (iii) la estabilizacion de la
MOS, lo que aumenta su tiempo medio de permanencia en el suelo. De manera
que las practicas agricolas que contribuyen a la adaptacion y mitigacion del
cambio climatico en las tierras de cultivo incluyen en el aumento de la materia
organica del suelo y por lo tanto, en el control de la erosion de acuerdo con el
IPCC (2020).

ElI 55% del territorio en México es afectado por algun grado de erosion de acuerdo
con CONAZA (2022). La erosion del suelo conlleva una reduccion en el contenido
de carbono organico, lo que resulta en una disminucién de la productividad del
suelo (Olson et al., 2016). De acuerdo con Bolafios et al. (2016), en México las
pérdidas de COS producidas por el proceso de la erosion hidrica ha sido poco

estudiado y cuantificado con respecto al balance general de este elemento.

Integralmente, Cotler et al. (2016) sefalaron que las mejores practicas agricolas
y de conservacion pueden incrementar de manera considerable el COS, disminuir
la erosion y mitigar la emision de gases de efecto invernadero. Las obras vy
practicas para la conservaciéon del suelo y agua (PCONSA) pueden incluir la
planeacion del uso de la tierra, la construccion de terrazas y otras estructuras
para controlar el agua, la siembra de cultivos de cobertura para mejorar la calidad

del suelo y la rotacién de cultivos para prevenir la erosion.

Las PCONSA pueden tener importantes beneficios econdmicos, sociales y
ambientales, especialmente si se abordan desde el enfoque de la agricultura
multifuncional, la cual, de acuerdo con Cuevas et al. (2017) ademas de su funcion
primordial que consiste en proporcionar alimento y fibras, la agricultura puede
configurar el paisaje, favorecer los servicios ambientales como la regulacion del
ciclo hidrologico, la captura de carbono, el mantenimiento de la biodiversidad,

entre otras.



Derivado de lo anterior, se deduce que, para mitigar los efectos del cambio
climatico, se deben reducir las emisiones de gases de efecto invernadero. Una
manera de hacerlo es almacenar carbono en el suelo en su forma de carbono
organico. Sin embargo, la erosion hidrica, puede liberar este carbono a la
atmoésfera. El problema es que, en México, mas de la mitad del territorio se
encuentra afectado por procesos de erosion, por eso, es vital entender como la
erosion hidrica afecta la distribucion del COS y cuales practicas de conservacion
de suelo y agua pueden ayudarnos a almacenarlo, ya que es preferible que se
guarde en el suelo a que se libere a la atmdsfera. Para entender estos procesos,
se selecciond una microcuenca altamente degradada por la erosioén hidrica con
ciertas practicas de conservacion para evaluar su efecto en el municipio de San

Miguel Tulancingo, estado de Oaxaca.
1.1.Planteamiento del problema de investigacion

El problema de investigacion presentado en forma de pregunta es: ¢En qué
medida las practicas de conservacion de suelo y agua favorecen el
almacenamiento de carbono organico del suelo (COS) en sistemas agricolas
multifuncionales, y como la erosion hidrica condiciona su distribucidon en una

microcuenca degradada de San Miguel Tulancingo, Oaxaca?
1.2.Objetivos de la investigacion

1.2.1. General

El propdsito de este estudio fue evaluar la capacidad de las practicas de
conservacion del suelo-agua para retener carbono organico del suelo (COS)
mediante el analisis de laboratorio y sistemas de informacién geografica a escala
de microcuenca, con el fin de reconocerlas como acciones que pueden contribuir

a la retencién de carbono en sistemas agricolas multifuncionales.

1.2.2. Particulares

. Analizar el estado del arte sobre la influencia de la erosién hidrica en la

dinamica y distribucién del carbono organico del suelo (COS).



Determinar la cantidad y distribucion del COS en una microcuenca
intervenida con practicas de conservacion, utilizando analisis

fisicoquimicos del suelo y técnicas de interpolacion espacial en QGIS.

Analizar la relacion entre los niveles estimados de erosion hidrica
mediante el modelo RUSLE vy la distribucion espacial del COS a nivel

microcuenca.

Identificar las practicas agricolas sostenibles que contribuyen
significativamente al almacenamiento de COS mediante el analisis

estadistico tipo stepwise.

1.3.Hipétesis de la investigacion

1.3.1. General

La implementacion de practicas de conservacion de suelo y agua favorece la

retencion de carbono organico del suelo (COS) en sistemas agricolas sujetos a

erosion hidrica a nivel microcuenca.

1.3.2. Particulares

La revision bibliografica de marcos conceptuales y operativos permite
explicar la relacion entre erosion hidrica y pérdida de carbono organico del
suelo (COS), asi como las estrategias de conservacion mas efectivas para

su almacenamiento en contextos agricolas.

La variabilidad y distribucién del COS en terrenos intervenidos con
practicas de conservacion de suelo y agua (PCONSA) a nivel microcuenca

depende del uso y manejo del suelo.

A escala de paisaje y nivel microcuenca, la erosién hidrica influye en la

redistribucién y almacenamiento del COS.

Las practicas agricolas sostenibles incrementan los niveles de COS a nivel

microcuenca.



1.4.Alcance de la investigacion
La presente investigacion tiene diferentes alcances:

v El objetivo uno tiene un alcance exploratorio. Si bien es comunmente
conocido el fendmeno de erosién del suelo, en México ha sido
escasamente estudiado el efecto de la erosion hidrica sobre la distribucion
de C en el suelo a escala de paisaje, por lo que, se considero fundamental

sistematizar la informacion general del tema.

v' El objetivo dos, tiene un alcance descriptivo. Busca describir en un
estudio de caso a nivel de microcuenca cuanto, como y donde se
distribuye el COS. En este objetivo se analizaron algunos factores que
pueden influir en su distribucién y variabilidad. Los factores evaluados
fueron: uso del suelo, la pendiente, la cobertura de la vegetacion y las
PCONSA.

v El objetivo tres es de tipo correlacional. Pretende relacionar la erosion
hidrica con la distribucién del COS y las PCONSA. Su propésito fue
explicar como influye la erosion hidrica con la pérdida y/o almacenamiento

de C en una microcuenca intervenida con PCONSA.

v' El alcance del objetivo cuatro es explicativo. Aqui se identificaron las
practicas agricolas que mas influyen en el almacenamiento de carbono
organico del suelo (COS), mediante un analisis estadistico StepWise. Se
integraron las variables mas relevantes para entender como las PCONSA

contribuyen a la agricultura del carbono en la region.
1.5.Contenido tematico

El capitulo uno corresponde a la introduccion general. En este se presenta

una perspectiva amplia del tema de investigacion, se exponen los



antecedentes, el planteamiento del problema, los objetivos y el alcance de la

investigacion.

El segundo capitulo presenta el estado del arte sobre la influencia de la
erosion hidrica en el almacenamiento de carbono organico del suelo (COS),
a partir de fuentes nacionales e internacionales. Se analizaron estudios
relacionados con palabras clave como COS, secuestro de carbono, erosion
hidrica y microcuencas, clasificando las investigaciones segun su enfoque
tematico y numero. Los resultados mostraron que no hay investigaciones para

Meéxico que expliquen esta relacion.

El tercer capitulo analiza como el uso del suelo, la cobertura vegetal, la
pendiente y las practicas de conservacion influyen en la variabilidad y
distribucion espacial del COS. Se utilizaron 77 muestras georreferenciadas y
métodos de interpolacién espacial como QGIS Smart-Map, indices
espectrales y modelos digitales de elevacion. Los resultados mostraron que
el uso del suelo y la cobertura vegetal, junto con las practicas de
conservacion, son los principales factores que determinaron el

almacenamiento de SOC en la region.

El tercer capitulo muestra la relacién espacial entre la erosion hidrica y el
almacenamiento de carbono organico del suelo (COS) en una escala de
microcuenca. Para ello, se aplicdé el modelo RUSLE para estimar la pérdida
de suelo. La correlacion entre ambas variables fue analizada mediante el
coeficiente Tau de Kendall, revelando una relacion negativa moderada (Tau =

-0.39), lo que indica que, a mayor erosion, menor almacenamiento de COS.

El cuarto capitulo identifica las practicas agricolas que favorecen el
almacenamiento del COS, por medio del analisis estadistico stepwise y un
enfoque socioecondmico por percentiles. Los resultados mostraron que la
aplicacion de estiércol y la incorporacion parcial de residuos de cosecha
tienen significancia estadistica para incrementar el COS en terrenos

agricolas.
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CAPITULO 2. EROSION HIiDRICA, REDISTRIBUCION
DEL CARBONO ORGANICO DEL SUELO Y
CONSERVACION DEL SUELO Y AGUA:
UNA REVISION



Type of the Paper (Review Article)

WATER EROSION, SOIL ORGANIC CARBON REDISTRIBUTION AND SOIL
AND WATER CONSERVATION: A REVIEW?

Erosién hidrica, redistribucion del carbono organico del suelo y
conservacion del suelo y agua: una revision

Olimpya T. Aguirre-Salado*'; Joel Pérez-Nieto'; Carlos A. Aguirre-Salado?; Alejandro |.
Monterroso-Rivas?; Juan F. Gallardo-Lancho*

'Universidad Autonoma Chapingo, Departamento de Fitotecnia. Km 38.5 Carretera México-
Texcoco, Chapingo. C.P. 56230. Texcoco, Estado de México, México.

2Universidad Autonoma de San Luis Potosi, Facultad de Ingenieria. Av. Dr. Manuel Nava 8, Zona
Universitaria Poniente. C.P. 78290. San Luis Potosi, México.

3Universidad Auténoma Chapingo, Departamento de Suelos. Km 38.5 Carretera México-Texcoco,
Chapingo. C.P. 56230. Texcoco, Estado de México, México.

4Colegio Superior de Investigaciones Cientificas (CSIC) de Salamanca, Instituto de Recursos
Naturales y Agrobiologia (IRNASa). C/ Crespo Rascon 12, 5° N, Salamanca 37002. Espana.
*Corresponding author: olimpya.aguirre@yahoo.com; Phone: +52 311 244 4114,

Abstract

Introduction: Soil erosion by water significantly influences carbon dynamics,
affecting both emissions and sequestration processes in the atmosphere.
Objective: This study aims to delineate prevailing research trajectories
concerning the impact of water erosion on the redistribution of soil organic carbon
(SOC), particularly in relation to soil and water conservation practices. Materials
and Methods: A comprehensive review of literature spanning national and
international journals, accessed through Web of Science, Scopus, SciELO,
Redalyc, ResearchGate, and Google Scholar, was conducted. Research trends
were scrutinized using predefined keywords and categorized by thematic affinity.
Results: From 2012 to 2022, the maijority (80%) of global research has focused
on SOC redistribution attributable to water erosion, alongside the influence of soil
management and conservation strategies. Notably, no studies have investigated
these dynamics specifically within Mexico. Despite the implementation of soil and
water conservation initiatives, such as sediment control dams, the consequential
impacts on carbon storage remain unevaluated. Conclusions: Opportunities
exist in Mexico to advance research across several fronts: (I) assessing SOC
redistribution mechanisms by water erosion, (Il) estimating SOC storage within
sediment deposits, (lll) evaluating the carbon sequestration potential of
mechanical soil and water conservation practices, and (IV) proposing a risk
assessment framework for SOC loss using remote sensing technologies.

Keywords: watershed; mineralization; check dams; sediment; carbon sink

3 Sometido: Revista Chapingo Serie Ciencias Forestales y del Ambiente
Estatus: Aceptado
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Resumen

Introduccion: La pérdida de suelo por erosion hidrica influye en los flujos
positivos y negativos de carbono hacia la atmosfera. Objetivo: Identificar las
principales tendencias de investigacion con respecto a la influencia de la erosion
hidrica en la redistribucion del carbono organico del suelo (COS) y su relacion
con las practicas de conservacion del suelo y agua. Materiales y métodos: La
literatura publicada en revistas nacionales e internacionales se consulté en Web
of Science, Scopus, SciELO, Redalyc, ResearchGate y Google Académico.
Mediante palabras clave predefinidas se analizaron las tendencias de
investigacion y se agruparon segun su afinidad. Resultados: En el periodo 2012-
2022, 80 % de la investigacion global se enfoco en la redistribucién del COS por
efecto de la erosion hidrica y en el efecto del manejo del suelo y de las practicas
de conservacion; sin embargo, no se encontraron trabajos al respecto en México.
Debido a la erosion hidrica, en México se han implementado programas para la
construccion de obras de conservacion de suelos y aguas con éxito significativo,
como las presas de control de sedimentos, pero no se han evaluado los impactos
en términos del almacenamiento de C. Conclusiones: En México existen areas
de oportunidad para enfocar la investigacion a diferentes escalas: (l) analizar la
redistribucién del COS por efecto de la erosién hidrica, (Il) estimar el
almacenamiento del COS en sedimentos, (lIl) analizar el potencial de practicas
mecanicas de conservacion de suelo y agua como sumideros de carbono y (IV)

proponer un indice de riesgo de pérdida del COS utilizando sensores remotos.

Palabras clave: cuenca hidrografica; mineralizacidon; presas de control;

sedimentos; sumidero de carbono
2.1 Introduction

The global process of soil water erosion has been identified as a net source of C
to the atmosphere of about 1.3 Pg-yr-! (Lal, 2020). Bolafios et al. (2016) exposed
that 76 % of the surface in Mexico has some degree of water erosion damage and

pointed out that losses of soil organic carbon (SOC), related to this phenomenon,
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have been little studied and quantified. Water erosion influences the redistribution
of SOC and positive or negative COz2 fluxes to the atmosphere (Deumlich et al.,
2018; Yue et al., 2016), since, during the transport phase, water favors the loss
and, in the deposition phase, the resulting sedimentation can facilitate storage
(Wang et al., 2014b)

A high proportion of SOC is the C left in the soil after partial decomposition of any
organic residues produced by living organisms (Food and Agriculture
Organization of the United Nations [FAQ], 2017). According to Lal et al. (2021),
soil has the largest terrestrial organic C reserves; the global estimate of SOC is
between 1 500 and 2 400 Pg C. Etchevers et al. (2006) expressed that SOC
accumulation is an important process for mitigating the effects of climate change,
because soil, being a sink, forms a stable C reservoir. In this regard, Cotler et al.
(2016) mentioned that better agricultural and soil conservation practices increase
SOC considerably, decrease erosion, and mitigate greenhouse gas (GHG)
emissions. Mechanical soil and water conservation practices include terraces,
ditches, ponds, accommodated stone dams, gabion dams, stone cordons, and

living barriers.

The main objective of this study was to identify the main research trends regarding
the influence of water erosion on SOC redistribution and its relationship with soil
and water conservation practices at the micro-watershed level. A literature review
was carried out to recognize the processes and relationships involved, which will
allow the promotion of sustainable agronomic practices oriented to C

sequestration based on evidence and experiences.
2.2 Materials and Methods

A search for scientific articles was made by matching the title, abstract and
keywords of the terms: 1) water erosion, 2) soil organic carbon (SOC) and 3)
micro-watersheds and dams. Databases consulted included Web of Science,

Scopus, Scientific Electronic Library Online (SciELO), ResearchGate, Google
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Scholar and Redalyc. In the last four, a filter was applied to show results for

Mexico.

The search covered the period 2012-2022 (preferred, but not restricted).
Publications were reviewed to establish research trends, referring to the way in
which researchers have addressed the relationship between erosion, SOC and
mechanical soil and water conservation practices in high impact journals globally
and those recognized by the National Council of Science and Technology
(CONACYT) in Mexico. These publications were classified into the following
groups: (1) SOC redistribution caused by the effect of water erosion, (ll) effect of
soil management and soil and water conservation practices on SOC, (lll)
estimation of SOC storage in sediments trapped in erosion control projects, and

(IV) modeling of SOC storage using spatial analysis and erosion scenarios.

We exported the publications to the NVivo program (QSR International, 2018) as
suggested by Ayala et al. (2020); in order to perform a word frequency analysis
where at least five characters were considered to identify the most representative
keywords of each document. The results were subjected to a cluster analysis to
establish the relationship between research trends, classification parameters
called nodes were created and the Jaccard coefficient similarity test was run
between data sets to statistically validate the research trends in discussion
groups. In this test, values greater than 0 and closer to 1 have similarity and

values of 0 have no similarity.

2.3 Results and Discussion

Clustering of bibliographic references in discussion groups

The search for bibliographic references yielded a total of 48 scientific articles of
interest, which were grouped based on research trends to generate discussion

groups as shown in Figure 1.
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Group 1. Redistribution of COS caused by the effect of water
erosion: 19 papers.

Group 2. Effect of soil management and soil and water
conservation practices on COS:19 papers.

Research trends in
water erosion, COS
and soil and water
conservation
practices.

Group 3. Estimating COS storage in sediments trapped in
erosion control structures: six papers.

Group 4. Modeling COS storage using spatial analysis and
erosion scenarios: four papers.

Figure 1. Clustering of research trends related to water erosion and soil organic
carbon (SOC).

Based on research trends, discussion groups 1, 2, 3 and 4 concentrated 40 %,
40 %, 12 % and 8 % of the scientific articles, respectively. This means that 80 %
of the research (38 articles) studied the redistribution of SOC caused by water
erosion and the effect of soil management and conservation practices on SOC
(Tables 1 and 2). The remaining research has estimated SOC storage in
sediments trapped in erosion control structures and the modeling of SOC storage
using spatial analysis and erosion scenarios (Tables 3 and 4). It is important to
highlight that, in discussion groups 1 and 3 (Figure 1), no research done in Mexico
was found, suggesting the need to explore these topics. The greatest

contributions from Mexico were observed in discussion group 2.

The Nvivo program generated nine most frequent terms: carbon, erosion, organic,
sediment, soils, water, soil, global and China, which is the country with the most
research published on the subject in the period studied (Figure 2).

Table 1. Global-scale literature references associated with discussion group 1:
Redistribution of soil organic carbon because of water erosion.

No. Reference Title
1 Holz and Agustin Erosion effects in soil carbon and nitrogen dynamics on
(2021) cultivated slopes: A meta-analysis

2 Gaspar et al. (2020) Lateral mobilization of soil carbon induced by runoff

along karstic slopes
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Tong et al. (2020)

Lal (2019)

Wang et al. (2019).

Zhang et al. (2019)

Liu et al. (2018)

Xiao et al. (2018)

Deumlich et al. (2018)

Doetterl et al. (2016)

Novara et al. (2016)

Olson et al. (2016)

Yue et al. (2016)
Mduller and Chaplot

(2015)
Kirkels et al. (2014)

Wang et al. (2014b)

Sediment deposition changes the relationship between
soil organic and inorganic carbon: Evidence from the
Chinese Loess Plateau

Accelerated soil erosion as a source of atmospheric CO-
Selective transport of soil organic and inorganic carbon
in eroded sediment in response to raindrop sizes and
inflow rates in rainstorms

The role of dissolved organic matter in soil organic
carbon stability under water erosion

Soil carbon and nitrogen sources and redistribution as
affected by erosion and deposition processes: A case
study in a loess hilly-gully catchment, China

The mineralization and sequestration of organic carbon
in relation to agricultural soil erosion

Estimating carbon stocks in young moraine soils
affected by erosion

Erosion, deposition and soil carbon: A review of process-
level controls, experimental tools and models to address
C cycling in dynamic landscapes

Understanding the role of soil erosion on CO»-C loss
using 13C isotopic signatures in abandoned
Mediterranean agricultural land.

Impact of soil erosion on soil organic carbon stocks

Lateral transport of soil carbon and land-atmosphere
CO; flux induced by water erosion in China

Soil carbon losses by sheet erosion: a potentially critical
contribution to the global carbon cycle

The fate of soil organic carbon upon erosion, transport
and deposition in agricultural landscapes - A review of
different concepts

Soil organic carbon redistribution by water erosion —The

role of CO2 emissions for the carbon budget
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17

18

19

Berhe and Kleber
(2013)

Mchunu and Chaplot
(2012)
Lal (2003)

Erosion, deposition, and the persistence of soil organic

matter. mechanistic considerations and problems with

terminology

Land degradation impact on soil carbon losses through

water erosion and CO; emissions

Soil erosion and the global carbon budget

Table 2. Bibliographic references according to scale associated with discussion

group 2: Effect of soil management and soil and water conservation practices on

soil organic carbon.

No. Reference Title Scale
1 Lal et al. (2021) The role of soil in regulation of climate Global
2 Seifu et al. (2021) Impact of land use type and altitudinal gradient on  Global
topsoil organic carbon and nitrogen stocks in the
semi-arid watershed of northern Ethiopia

3 Barrales et al. (2020) Dinamica de carbono en agregados del suelo con Mexico
diferentes tipos de usos de suelo en el monte
Tlaloc, Estado de México

4 Chen et al. (2020) Does terracing enhance soil organic carbon Global
sequestration? A national-scale data analysis in
China

5 Shi et al. (2019).  Distribution of soil organic carbon impacted by Global
land use changes in a hilly watershed of the
Loess Plateau, China

6 Zamora et al. (2019) La investigacion cientifica en México: secuestro Mexico
de carbono organico en suelos agricolas y de
agostadero

7 Cantu and Yanez Efecto del cambio de uso de suelo en el Mexico

(2018) contenido del carbono organico y nitrégeno del

suelo

8 Gonzalez et al. Cambios de carbono organico del suelo bajo Mexico

(2014)

escenarios de cambio de uso de suelo en México
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12
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14

15

16

17
18

19

Lal (2018)

Zamora et al. (2018)

Cotler et al. (2016)

Mengistu et al.
(2016)
Velasquez et al.
(2016)
Cotler et al. (2015)

Nadeu et al. (2015)

Srinivasarao et al.
(2015)
Lal (2013)
Olson et al. (2012)

Etchevers et al.
(2006)

Sustainable intensification of China's
agroecosystems by conservation agriculture

El manejo del suelo en la conservacion de
carbono organico

Carbono organico en suelos agricolas de México:
investigacion y politicas publicas

Conservation effects on soil quality and climate
change adaptability of Ethiopian watersheds
Organic carbon transport under simulated rainfall
conditions for different land uses

Evaluacion de practicas de conservacion de
suelos forestales en México: caso de las zanjas
trinchera

Modelling the impact of agricultural management
on soil carbon stocks at the regional scale: the
role of lateral fluxes

Conservation agriculture and soil carbon
sequestration

Intensive agriculture and the soil carbon pool
Impacts of land use change, slope, and erosion
on soil organic carbon retention and storage
Influence of land use on carbon sequestration

and erosion in Mexico, a review

Global

Mexico

Mexico

Global

Mexico

Mexico

Global

Global

Global
Global

Mexico

Table 3. Literature references according to scale associated with discussion

groups 3 (Estimation of soil organic carbon [SOC] storage in sediments trapped

in erosion control studies) and 4 (Modeling SOC storage using spatial analysis

and erosion scenarios).

No. Cite Title Scale Trend
1 Mekonnen and  Soil conservation practices contribution in Global Group
Getahun (2020) trapping sediment and soil organic carbon, 3
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Minizr watershed, northwest highlands of
Ethiopia
2 Addisu and Check dams and storages beyond trapping
Mekonnen (2019) sediment, carbon sequestration for climate
change mitigation, Northwest Ethiopia
3 Liuetal. (2017) Do land use change and check-dam
construction affect a real estimate of soil
carbon and nitrogen stocks on the Loess

Plateau of China?

4 Zhang et al. (2016) Loess Plateau check dams can potentially
sequester eroded soil organic carbon
5 Wang et al. Carbon sequestration function of check-dams:
(2014a) A case study of the Loess Plateau in China

6 Li etal. (2012) Carbon retention by check dams: Regional

scale estimation

1 Marquez et al. The use of remote sensing to detect the
(2020) consequences of erosion in gypsiferous soils

2 Bolafios et al. Mapa de erosion de los suelos de México y
(2016) posibles implicaciones en el almacenamiento

de carbono organico del suelo
3 Jietal. (2014)  Assessment of the redistribution of soil carbon
using a new index—a case study in the Haihe
River Basin, North China
4 Segura et al. Carbono organico de los suelos de México
(2005)

Global

Global

Global

Global

Global

Global

Mexico

Global

Mexico

Group

Group

Group

Group

Group
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Group

Group
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Based on the 48 selected articles, the results of similarity between keyword codes,
shown by Jaccard's similarity coefficients (Table 4), ratify the thematic
classification and the proportion of research in each discussion group. Thus, there
is more research in the thematic group 1 and its relationship with SOC compared
to less research in group 4.

Table 4. Jaccard's similarity coefficients between keyword codes related to the
topic water erosion and soil organic carbon (SOC).

Code A Code B Coefficient

SOC redistribution Carbon-erosion 0.66

Conservation practices Carbon-erosion 0.61
Check dams Carbon-erosion 0.24
SOC modeling Carbon-erosion 0.22

Group 1. Soil organic carbon redistribution caused by water erosion

Soil erosion and its influence on carbon release to the atmosphere is uncertain in
the processes of estimating global C fluxes (inventories) and is a component that
is not considered in determining the potential of soils for C sequestration (Mchunu
& Chaplot, 2012; Novara et al., 2016; Wang et al., 2014a).

Water erosion comprises three processes: (i) initiation or detachment of soil
particles, (ii) transport and redistribution of sediments over the landscape, and (iii)
deposition on depression or concavity sites and in aquatic ecosystems (Doetterl
et al., 2016). Derived from these processes, water erosion has significant impacts
on the distribution and transformation of SOC at the micro-watershed scale (Liu
et al., 2018; Wang et al., 2014b).

Soil water erosion, when analyzed using the micro-watershed approach, can be
considered as a CO2 emitting source, in terms of particle initiation and transport
due to the effect these processes have on soil organic matter (SOM)
mineralization, but also as a source of storage at deposition sites (Doetterl et al.,
2016).
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Erosion initiation or start site

Forces causing splashing and collisions induced by raindrops and runoff initially
decrease the stability of soil aggregates and accelerate the mineralization of SOM
(Wei et al., 2017). These forces can induce the death of microorganisms on the
soil surface, driven by aggregate dispersion and nutrient loss, which will result in
a positive effect on soil mineralization (Xiao et al., 2018). On the other hand, the
destruction of structural aggregates exposes SOM as it is no longer encapsulated
and protected against microbial processes (Lal, 2003, 2019; Olson et al., 2016).
In eroded areas of the landscape, SOC stores are reduced by erosion with speed

and extent related to the gradient of slope and convexity (Singh & Benbi, 2018).
Transport and redistribution on the landscape

Transport is a link between erosion and sedimentation, which results in deposition
at an eroded or intact site, even in an aquatic environment, but always elsewhere
on the landscape (Kirkels et al., 2014). Two seemingly contradictory processes
have been highlighted in transport: (i) increased C mineralization due to
aggregate breakdown and (ii) enrichment of C in sediments relative to source
soils, due to deposition and selective transport of other components with high
organic load. The possible release of CO2 to the atmosphere during the transport
of soil removed by erosion is related to the particle size of the sediment source
soil; those with higher clay and silt content are transported more easily —where
SOC is most concentrated—, since coarse particles are the first to be deposited.
(Doetterl et al., 2016; Wang et al., 2019).

Reservoir sites

Redistribution of sediment from erosion results in C concentration at reservoir
sites (Holz & Agustin, 2021; Kirkels et al., 2014; Zhang et al., 2019). According to
Olson et al. (2016), deep burial by deposition is responsible for a removal of 0.4
to 0.6 Pg C- yr-1 at a global level. SOC in deep-buried sediments can be
considered as a sink for COz2, as C is stabilized by being in an area with little or
no oxygen present, with organisms responsible for its decomposition (Miller &
Chaplot, 2015) and, many times, out of reach of moisture. Gaspar et al. (2020)
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established that the highest SOC gains were recorded in sediments buried on
concave slopes of the landscape. In this respect, Tong et al. (2020) determined a

24 % increase in SOC at reservoir sites compared to boot sites.
Water erosion and its relationship with CO2 emissions to the atmosphere

Figure 3 shows the scheme proposed by Lal (2019), which exposes the fate of
the transported SOC in the stages of the erosive process, from the in situ impact

of rain erosivity to the burial of a small fraction, emissions to the atmosphere and

transport to the ocean.

During global
sediment transport
(36.6 Pg) we
observe:

+CO, CH, and N,O
emissions
- Redistribution of
4.0 Pg C at burial
and deposition sites

in the landscape+
Mineralization

+ Mineralization in
aggregate rupture

+ CO,, CH, and N,O
emissions in the
course of soil
organic carbon
(COS) transport in
rivers.

Transport of COS
and particulate
organic carbon 0.57
Pg of C within
coastal ecosystems

Figure 3. Process of CO2 dynamics influenced by water erosion (+ emitter, -
sink) (Lal, 2019).

Lal (2019) mentions that soil erosion would be a net source if the on-site
replacement of eroded C were less than the new organic matter added by
photosynthesis and if all GHGs (COz2, CH4 and N2O) were accounted for. However,
data based on measurements of SOC transported in a watershed are scarce and

measurements of GHGs in different landscape units are even scarcer.

Group 2. Effect of land use and soil and water conservation practices on

soil organic carbon

Lal et al. (2021) indicated that the adoption of soil management practices can lead
to recarbonization of depleted soils and convert them into a sink of atmospheric

C. The most suggested practices include conservation tillage and maize
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intercropped with fruit trees (Cotler et al., 2016; Gonzalez et al., 2014; Lal, 2018;
Srinivasarao et al., 2015); additionally, Lal (2013) and Gallardo (2021)
recommend the use of cover crops, green manures, biochar, agroforestry,
fertilization, irrigation, compost addition, reduced tillage, crop rotation, soil

covered by organic residues and mulching.

Regarding land uses and redistributed SOC at a landscape scale by land use
changes, several studies show that grassland has higher SOC reserve compared
to agricultural use (Barrales et al., 2020; Cantu & Yafiez, 2018; Seifu et al., 2021;
Shi et al., 2019; Velasquez et al., 2016).

Soil management strategies aimed at C sequestration are most effective when
accompanied by conservation projects that reduce erosion and increase the
capacity of farmers to offset emissions and adapt to climate change (Mengistu et
al., 2016; Nadeu et al., 2015). Chen et al. (2020) reported that terraces caused
32.4 % increase in SOC after five years of construction. An important contribution
to the generation of information on soil and water conservation, and its
relationship with SOC storage at the micro-watershed level in Mexico, has been
the Project Manejo Sustentable de Laderas, which highlights the practice of

terraces with fruit trees as living retaining walls (Etchevers et al., 2006).

Group 3. Soil organic carbon storage in sediments trapped in erosion

control structures

Sediment control structures have been used in watersheds to trap soil resulting
from erosion. Studies by LU et al. (2012) showed that check dams in Shaanxi
Province, Loess Plateau region, retained about 42.3 million tons of SOC; this was
about 4.0 % of the estimated C emission from fossil fuels in China in 2000. Wang
et al. (2014c) estimated that 11 000 silt control structures trapped 219 109 m?3 of
sediment and stored 0.945 Tg SOC. Addisu and Mekomen (2019) found that
storage and silt control dams constructed in a watershed in Ethiopia sequestered
4 468 Mg of SOC and 68.8 Tg of sediment. This research reveals that, in addition

to conserving soil and water, these structures also store C.
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In Mexico, there are still no studies that prove or disprove that mechanical soll
and water conservation works (accommodated stone dams and gabion or stone
fence dams), built in river tributaries, are CO2 sinks. Sediments trapped and
accumulated behind the stone or earth walls, transported by water erosion, may
be enriched with C as in other parts of the world. In Mexico, the construction of
soil and water conservation structures has been subsidized by several
government programs; therefore, it is suggested to evaluate the C storage
capacity, whose value may be important in terms of retention of the stable C
already mineralized that, because of the lack of oxygen inside the sediment,
decreases the emission of CO2 to the atmosphere. Considering the large number
of structures constructed nationwide, a significant amount of retained C that is not

emitted to the atmosphere is expected, as long as it is not removed from the site.

Group 4. Modeling soil organic carbon storage by spatial analysis with

erosion scenarios

SOC and water erosion can be analyzed and modeled using GIS. Ji et al. (2014)
proposed a redistribution index of SOC on a watershed scale. In Mexico, remote
sensing and GIS were used to generate information on SOC storage and soil loss

caused by erosion at a national level (Bolafios et al., 2016; Segura et al., 2005).

In short, water erosion, in the processes that characterize it, is an emitter of CO2
as a GHG. Despite this, there are no research reports in Mexico on the
redistribution of SOC as a result of erosion and no evaluations of sediment control
projects as CO:z2 sinks (taking into account the bibliographic references reviewed
on a global scale). Therefore, it is inferred that SOC redistribution may be
associated with the redistribution of silt- and very fine sand-sized sediments
resulting from rainfall transport and surface runoff from erosion initiation sites to
deposition sites behind mechanical conservation practices. This results in
significant accumulations of SOC at the depths of the storage sites that need to

be quantified by further research.

Regarding the serious problem of water erosion in Mexico and the fact that several

programs have been implemented to support the construction of soil and water
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conservation structures with significant success, but without having evaluated the
impacts in terms of C storage, it is suggested to recognize this area of opportunity
to focus research at different scales. The analysis of water erosion and its
relationship with SOC can be studied with the use of remote sensing and GIS
under a watershed approach. This can be used to suggest the best sustainable
practices for soil and water conservation and C retention to contribute to the
commitments acquired by Mexico in the nationally determined contributions.
These practices would allow decision makers and public policies to further
promote the implementation of mechanical structures and agronomic and
vegetative practices for soil and water conservation to mitigate and adapt to

climate change.

2.4 Conclusion

In the period 2012-2022, 80 % of global research focused on soil organic carbon
(SOC) redistribution caused by water erosion, and the effect of soil management
and conservation practices; however, no studies on this subject were found in
Mexico, nor were there any evaluations of sediment control dams as CO2 sinks.
These research trends suggest studying: 1) SOC redistribution caused by water
erosion at the watershed scale, Il) the storage of buried SOC in sediments
deposited by water erosion, lll) the potential of mechanical soil and water
conservation practices as carbon sinks, and V) the generation of SOC loss risk
indices using remote sensing. This research could generate the necessary
knowledge to promote sustainable agronomic practices in Mexico, oriented to

evidence-based carbon sequestration.
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CAPITULO 3.FACTORES RELACIONADOS CON LA
VARIABILIDAD ESPACIAL DEL
CARBONO ORGANICO DEL SUELO
EN UNA MICROCUENCA MEXICANA
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Abstract

Understanding the stocks of Soil Organic Carbon (SOC) and elucidating the
variables influencing its spatial distribution within a small watershed are
imperative for advancing targeted climate change mitigation strategies,
specifically directed toward soil and water conservation. The selection of this
watershed is based on its three-decade-long implementation of diverse soil and
water conservation practices. Therefore, the objective of this study was to analyze
land use, vegetation cover, slope and soil and water conservation practices
(SCWP) as factors that influence the variability and spatial distribution of soil
organic carbon in a small basin in the Mixteca Alta region of the state of Oaxaca.
Mexico. Soil samples (77) were collected to determine SOC storage. These
samples were interpolated using the QGIS Smart-Map plugin to obtain a spatial
COS predictive model. Thematic maps were generated for each factor. Areal
statistics, Pearson’s correlation and principal component analysis (PCA) were
performed to explain COS variability. The results in the variability of SOC with
respect to vegetation cover and land use, showed adult pine plantations with the
highest value of SOC with 36.8 t. ha™!, followed by seasonal agriculture with 28.8
t. ha'. The most effective management practice for storing COS was the stone
terrace with 35.0 t. ha™'. Our results indicate that vegetation cover and land use
complemented by soil and water conservation practices are the main drivers of
SOC storage in small watersheds.

Keywords: Geographic Information Systems, Watershed management, QGIS
Smart-Map, Soil and water conservation practices.

4 Sometido: Revista de la Facultad de Agronomia de la Universidad del Zulia
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Resumen

Comprender los niveles del Carbono Organico del Suelo (COS) y descubrir las
variables que controlan su distribucion en una pequefia cuenca permitira
promover estrategias de mitigacion contra el cambio climatico orientadas a la
conservacion de suelo y agua. La seleccion de esta cuenca se basa en la
implementacion durante tres décadas de diversas practicas de conservacion de
suelo y agua. Por ello, el objetivo de este estudio fue analizar el uso de la tierra,
la cubierta vegetal, la pendiente y las practicas de conservacion del suelo y agua
como factores que influyen en la variabilidad y la distribucion espacial del carbono
organico del suelo en una pequefia cuenca en la region de la Mixteca Alta del
estado de Oaxaca, México. Se tomaron 77 muestras de suelo para determinar el
almacenamiento de COS. Se realizé la interpolacién de las observaciones de
COS utilizando el complemento QGIS Smart-Map para obtener un modelo
predictivo COS espacial. Se generaron mapas tematicos para cada factor. Se
realizaron analisis estadisticos por area, correlacion de Pearson, y analisis de
componentes principales (PCA) para explicar la variabilidad espacial de COS.
Los resultados en la variabilidad del COS con respecto a la cobertura vegetal y
el uso de la tierra mostraron a las plantaciones de pino adulto con el mayor valor
de COS con 36,8 t.ha-1, seguido de la agricultura de temporal con 28,8 t.ha-1.
La practica mas eficaz para almacenar COS fue la terraza de piedra con 35,0
t.ha-1. Los resultados indican que la cobertura vegetal y el uso de la tierra
complementados con practicas de conservacion del suelo y agua son los
principales impulsores del almacenamiento de COS en pequefas cuencas

hidrograficas.

Palabras clave: Sistemas de informacion geografica, Manejo de cuencas, QGIS

Smart-Map, Practicas de conservacion de suelo y agua.

Resumo

Compreender os stocks de Carbono Organico do Solo (COS) e elucidar as
variaveis que influenciam a sua distribuicido espacial dentro de uma pequena
bacia hidrografica sdo imperativos para o avanco de estratégias especificas de
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mitigacao das alteragdes climaticas, especificamente dirigidas a conservagao do
solo e da agua. A selecao desta bacia hidrografica baseia-se na implementagao,
ao longo de trés décadas, de diversas praticas de conservagao do solo e da agua.
Portanto, o objetivo deste estudo foi analisar o uso do solo, a cobertura vegetal,
a declividade e as praticas de conservagao do solo e da agua (SCWP) como
fatores que influenciam a variabilidade e a distribuicdo espacial do carbono
organico do solo em uma pequena bacia na regidao de Mixteca Alta do estado de
Oaxaca. México. Amostras de solo (77) foram coletadas para determinar o
armazenamento de SOC. Essas amostras foram interpoladas usando o plugin
QGIS Smart-Map para obter um modelo preditivo espacial de COS. Foram
gerados mapas tematicos para cada fator. Estatisticas de area, correlagdo de
Pearson e analise de componentes principais (ACP) foram realizadas para
explicar a variabilidade do COS. Os resultados na variabilidade do SOC em
relagdo a cobertura vegetal e uso do solo, mostraram as plantagdes de pinus
adulto com o maior valor de SOC com 36,8 t.ha-1, seguidas pela agricultura
sazonal com 28,8 t.ha-1. A pratica de manejo mais eficaz para armazenamento
de COS foi o terrago de pedra com 35,0 t.ha-1. Nossos resultados indicam que a
cobertura vegetal e o uso da terra complementados por praticas de conservagao
do solo e da agua sao os principais impulsionadores do armazenamento de SOC

em pequenas bacias hidrograficas.

Palavras-chave: Sistemas de Informagdo Geografica, Gestdo de bacia

hidrografica, QGIS Smart-Map, praticas de conservagao do solo e da agua.
3.1 Introduction

Since 2011, concentration of carbon dioxide (CO2) in the atmosphere have
increased, reaching an annual average of 410 ppm (IPCC,2021). Soil has the
largest reserves of terrestrial organic carbon; current estimates of the global stock
of soil organic carbon range from 1,500 to 2,400 Pg C, according to Lal et al.
(2021). Soil organic carbon (SOC) is the C that remains in the soil after partial
decomposition of all added organic residues and is produced by living organisms
(Lefevre, 2017). SOC plays a critical role in climate change mitigation and food
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security (Wang et al., 2020), and its distribution is spatially and temporally variable
(Wiesmeier et al., 2019). The variability and spatial distribution of SOC is partly
controlled by environmental conditions such as vegetation cover and land use
(Boruvka et al., 2022; Yescas et al., 2018).

Determining the variables that control soil organic carbon distribution at the small
watershed scale is important for planning and implementing appropriate soil and
water conservation practices (SWCP). These practices are used to reduce soil
erosion, but also to retain large amounts of organic carbon in the same sediments
to reduce greenhouse gas emissions to the atmosphere (Mekonnen and Getahun,
2020). Considering the intense land degradation that affects almost half of
Mexico's territory, the Mexican government has implemented various public
policies with subsidies, under which landowners have implemented land
conservation practices. However, these impacts have not been evaluated in terms
of carbon storage (Cotler et al., 2015). In this sense, this study aims to provide
reliable quantitative data that will allow decision and policymakers to further

promote SWCP in Mexico.

The objective of this study was to evaluate the effects of land use, vegetation
cover, slope, and soil and water conservation practices on the variability and
spatial distribution of soil organic carbon (SOC) in a small watershed in the

Mixteca Alta region of Oaxaca State, Mexico.
3.2 Material and methods

Study area

The study area is a 44.6 ha small watershed, known as “El Arenal” located in the
High Mixteca region in the municipality of San Miguel Tulancingo, state of Oaxaca,
México, between coordinates 97°27' W, 17°45' N, at 2,200 m above sea level
(Figure 4). The climate of the study area is temperate (Cwo). The precipitation is
544.7 mm per year and the average temperature is 15.9 °C. The study area is
characterized by steep slopes, low vegetation cover and erosion. In this small
watershed, there are soil and water conservation practices such as land terraces,
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stone terraces, stone dams, gabion dams, ditches, reforestation with pines and

contour furrows. This study area was chosen because it is representative, since

it has a variety of soil and water conservation practices implemented in the

watershed during the last 30 years, which allows comparisons of soil organic

carbon estimates.

@ Validation Point
o Sampling Point
3 San Miguel Tulancingo
[ Arenal Watershed
[J Oaxaca State
[ State Boundaries

Figure 4. Location of study area. The study area is a small watershed with

v

17°45'58" N
97°27'34" W
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||

44.6 ha, called “El Arenal”, located in the municipality of San Miguel Tulancingo,
Oaxaca, México. The yellow and red dots correspond to the 77 COS samples

collected in the field.

Preparation of the SOC map

The creation of the map SOC was divided into six steps: a) selection of sampling

sites, b) soil sampling, c) determination of SOC, d) data statistics, e) interpolation

map, and f) validation map, as indicated below:

a) Selection of sampling sites: a manual digitization of a Sentinel-2 satellite
image from 26/09/2018 was performed to distinguish land uses at 10 m

spatial resolution. The digitized land use polygons were used to design a
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stratified simple random sample (Gruijter et al., 2006), taking into account

that SOC varies spatially due to vegetation cover and land use.

Soil sampling: a single soil sample of one kilogram from the superficial
layer (0 to 30 cm) was collected from the selected site or its immediate
vicinity (Borlivka et al., 2022; Yescas et al., 2018; Paz et al., 2016). Land
use and management, hydrologic condition, and soil-water conservation
practices were recorded at each site. The total number of sampling sites

was 77 (Figure 1).

Determination of SOC: The soil samples collected were analysed in the
laboratory to obtain organic carbon in g.kg-' according to the method of
Walkley & Black (1934), the bulk density in g.cm?®was determined by the
paraffin method and the percentage of rock fractionation that represents
particles > 2 mm with respect to a known volume. Subsequently, the SOC
expressed in t.ha™' was determined according to the formula used by
Nabiollahi et al. (2021) proposed by Penman et al. (2003):

SOC = OC- Bulk Density « Depth *Coarse Fragmentse 10 (1)

Where: SOC = the soil organic carbon stock for soil of interest in t.ha'; OC
= concentration of organic carbon in g/kg; Bulk Density = the mass of soil
sample per volume in the fine soil fraction in g.cm; Depth = sampling
depth or thickness or soil layer in m; Coarse Fragments = 1 — (% volume
of coarse fragments / 100); the final multiplier of 10 is introduced to convert
units to t.ha'. These values measured in the laboratory will be called the
observed SOC.

Data statistics: The statistical values that characterize the sample were
analysed and extracted by means of its measures of centrality, position and
dispersion, with the statistical panel tool in QGIS. Also, distribution pattern
analysis was performed to determine if the points have a clustering or
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dispersion pattern, with the QGIS Nearest Neighbour Index (NNI) tool
(Ose, 2018).

e) Interpolation map: the sample was divided into 70% training data and 30%
validation data using the random selection module in QGIS. The method
used for interpolation was developed and proposed by Pereira et al. (2022)
in the Smart-Map Plugin Tool, installed from the QGIS Plugin Repository.
This tool uses Machine Learning (ML) algorithms. The area-weighted

average of the predicted SOC will be called the estimated SOC.

f) Validation map: The accuracy of the prediction was evaluated by
comparing the estimated values Zx; with the actual observations at

validation points Z (xi) according to Boubehziz et al. (2020).
Factors related to SOC

Land Use: For the classification of satellite imagery, a free and open-source
plugin for QGIS was used, developed by Luca Congedo and known as Semi-
Automatic Classification Plugin (SCP). Sentinel-2 satellite imagery data with a
spatial resolution of 10 m, taken September 26, 2018 was used to create the land

use map.

Vegetation cover: Soil Adjusted Vegetation Index (SAVI) was used for
determining the percentage of vegetation cover using the method proposed by
Bingfang & Qiangzi (2004) which assumes that each pixel receives two signals,
one coming from soil and the other from vegetation. The formula for calculating
vegetation cover is as follows:

SAVI-SAVIp
SAVIyeg—SAVIps

%CV = +100 (2)
Where: % CV is the percentage of vegetation cover; SAVI is the Soil Adjusted
Vegetation Index observed in the pixel; SAViys is the Soil Adjusted Vegetation
Index of a pixel with bare soil and SAVl.eg corresponds of a pixel completely
covered with vegetation.
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Slope: The slope of the terrain in percentage, was calculated with the Slope tool
using QGIS and a digital elevation model (DEM) with a spatial resolution of 15 m
(INEGI, 2020); the output slope dataset was classified according to Jahn et al.
(2006) into the following categories: flat (0-1%), very gently sloping (1-2%), gently
sloping (2-5%), sloping (5-10%), strongly sloping (10-15%), moderately steep (15-
30%), steep (30-60%), and very steep (> 60%). Next, we used the Profile tool, a
QGIS add-on that allows us to draw lines on the elevation base map and create

elevation profiles.

Soil and water conservation practices (SWCP): SWCP were recorded for the
77 sampling sites in the field. Sixty-nine sampling points were within the small
watershed; 33 of them had SWCP, while 36 had no practice (the remaining 8
points are outside the small micro watershed and their value was that they were
used to correctly interpolate the SOC map outside the boundaries). Each site was
characterized with its respective SWCP. Land management practices (recorded
at the point level) were spatialized by Thiessen polygons. These polygons were
used to assign 0 to locations without land conservation practices and 1 to
locations with land conservation practices. Pearson's correlation coefficient was
estimated to examine the relationship between soil conservation practices and
SOC.

Principal Component Analysis (PCA): A principal component analysis (PCA)
was performed to reveal the grouping of environmental variables that explain
variability in the small watershed. The ACP was conducted in ArcMap 10.8, with
the variables in raster format: SOC land use, vegetation cover, soil conservation
practices, and slope. According to Figueroa et al. (2018), the principal
components with the highest eigenvalues explain the largest percentage of

variability.

40



3.3 Results and discussion
Descriptive statistics of observed SOC

The results of descriptive statistics of the observed soil organic carbon (t.ha') at
0-30 cm depth indicates a minimum value: 1.58, maximum value: 84.72, range:
83.14, mean value: 25.74, standard deviation: 18.70 and variation coefficient: 73,
these results show the SOC magnitudes as highly variable and heterogeneous.
On the other hand, the results of the analysis of the distribution pattern estimated
with the QGIS nearest neighbour analysis tool exposes an average observed
distance of 76.85, an average expected distance of 59.99 and a NNI of 1.28.
These results exhibit two facts,1) the average observed distance is greater than
expected and 2) a clustered pattern (NNI >1). This variability is explained because
samples were obtained at an average distance of 90 m, which can vary with
respect to the position of the slope, land use, vegetation cover, and management.
Yescas et al. (2018) observed that the behaviour of the variability in the SOC is

mainly due to land use.
Spatial estimation of SOC

The map of SOC in t.ha™ resulted from interpolation with the machine learning
algorithm implemented in the Smart Map plugin is depicted in Figure 5. The cross-
validation show a mean prediction error (ME) of 0.98 t.ha™', a root-mean-square
prediction error (RMSE) of 3.770 t.ha' and a high value of R? (0.96). This R?
indicated a strong correlation between predictors and observed SOC. The RMSE
was lower than the one obtained by Yescas et al. (2018) of 4.69 t.ha-! with ordinary
kriging (KO) model. This implies a better fit of the model ML with respect to the
KO. The total content of SOC predicted in the small watershed was obtained by
(previously rescaling to the spatial resolution of the raster dataset) summing up
all corresponding pixels of the study area totalling 101,826 t.ha" in 44.2 ha, while
the average SOC was 23.77 t.ha™'. Paz et al. (2016) associated this value to areas
without apparent vegetation and xeric scrub. In this case, our study area has all

forms of water erosion in addition to low vegetation cover.
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Figure 5. Map SOC Prediction (t.ha-1) and cross-validation results.

On the map, the areas marked with blue are those with the lowest COS content
and the red are the areas with the highest storage. The cross-validation resulted

in a strong correlation between predictors and observed SOC whit a R2 (0.96).

Factors that influence SOC storage in the small watershed

Vegetation and land use

Variability of SOC at each site was partially controlled by land use and vegetation
(Table 5). The largest carbon stocks were associated with areas of adult pine
plantations; however, they represented only 1.32 ha of the study area. Despite,
this value represents a small area within the small watershed, this result is still
outstanding. This is because if we would want to increase the carbon storage in
soil, an effective way to do this, is by planting trees. Second, rain fed agriculture
showed the highest SOC value in the study area (estimated: 25.6 t.ha', observed:
28.8 t.ha™"), distributed over 15.6 ha, which emphasizes the importance of rainfed
agriculture for soil carbon storage. Third, thorny scrub showed similar results to
rainfed agriculture (estimated: 24.4 t.ha!, observed: 25.9 t.ha'). The spatial
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variability of vegetation and land use along the small watershed is shown in Figure

6a.

Figure 6. Environmental variables cross-correlated to soil organic carbon.
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Table 5. SOC variability by land use

Area SOC SOC Total content of
Reference value
observed estimated SOC in the

Land use Paz et al. (2016)
value value watershed
(ha) (t.ha') (t) (t.ha™)

Adult pine Plantation 1.2 36.8 29.6 3,544.6 65.8
Rainfed agriculture 15.6 28.8 25.6 39,654.1 46

Thorn scrub 14.4 25.9 24.4 35,186.1 28
Gallery vegetation 10 17.6 20.1 20,100.6 32.9

Bare soil 3 6.4 10.8 3,340.5 19
Water 0.4 0 0 0 0

Vegetation cover

74 % of the study area is dominated by sites with vegetation cover less than 50
%, and areas with vegetation cover greater than 75 % account for only 3.7 %.
According to our results, the greater the vegetation cover, the greater the storage
of SOC. The areas with cover > 75% have an estimated average of 30 t.ha"' as
adult pine plantation, those with values of vegetation cover less than 50% have
an estimated average of 21.1 t.ha™', which explains the average data for the small
watershed. These results are consistent with those of Nabiollahi et al. (2021),
which indicate that the loss of natural vegetation cover leads to a reduction of
SOC. Therefore, to increase soil carbon reserves, it is necessary to increase
vegetation cover. The spatial distribution of vegetation cover along the small

watershed is shown in Figure 6b.
Slope and profile analyses on the small watershed

There are significant differences between SOC and the different slope
percentages. The average results for each slope category are as follows: flat (13.4
t.ha™"), very gently sloping (21.4 t.ha"), gently sloping (25.8 t.ha"!), sloping (24.1
t.ha™), strongly sloping (20.2 t.ha''), moderately steep (21.5 t.ha™"), steep (28.5
t.ha™). Our results showed no significant relationship between slope and soil
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organic carbon content in accordance whit Gadisa & Hailu (2020) and Bai & Zhou
(2019). This can be explained by the result obtained from cross-sectional profile
conducted in the lower part of the small watershed (Figure 7). Here it can be seen
that regardless of the slope category, the SOC value is varying according to land
use. In this sense, the profile shows an agricultural use with values up to 49 t.
SOC.ha ' with a slope of 10-15%, which contrasts in this profile with 9 t. SOC.ha-

' of the bare soil in the same slope category.
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Figure 7. Profile analyses the lower part in small watershed, regarding

elevation, slope, land use and SOC storage.

The variation in soil organic carbon (SOC) is not determined by the slope but

rather by vegetation and land use.
Soil and water conservation practices (SWCP)

Table 6 shows that stone terrace was the soil management practice that stored
the most carbon in the surface layer (first 30 cm), with 35 t.ha-'. Second, a
forestation with adult pines combined with an infiltration trench with 32.1 t.ha-".

The management practice equivalent to bare soil was the combination of fruit
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trees interspersed with corn, commonly known in Mexico as MIAF (corn and fruit
trees grown simultaneously); these trees are still in their early stages of growth
and are planted with a spacing of 8 meters between rows. The soil management
method that stored the least SOC in the topsoil layer was the gabion filter dam
with 5.1 t.ha'. This value was unexpected because Mekonnen & Getahun (2020)
found that gabion dam trapped 106.29 t.ha' in 5104 m? sediment. However, this
can be explained because water that flows into the gabion dam probably washes
soil, leaches the SOC or transports it out the reservoir. Therefore, it is suggested
to analyse the sediment trapped in these sediment storage dams at different

depths.

Table 7 shows the observed SOC values at the sampled sites in relation to soil
depth and SWCP. Severely degraded areas and with no soil are associated with
lower SOC storage and lack of soil management practices. Sites deeper than 30
cm, on the other hand, were associated with the presence of SWCP. The
difference between the observed and estimated values is due to the fact that the
area calculated comes from the geometry of the Thiessen polygons, which in turn

correspond to the spatial distribution of the sample points.

Table 6. SOC variability respect to soil and water conservation practices

Thematic Soil and water conservation SOC Estimated SOC Observed
Class practices Value (t.ha™) Value (t.ha™")

1 Land terrace 25.3 27.3
2 Adult pine plantation 26.6 29.0
3 Stone terrace 29.6 35.0
4 Furrowed to the contour 26.7 21.4
5 Gabion filter dam 8.6 5.1

6 Accommodated stone filter dam 20.1 17.5
. Reforestation with pine and 25 0 32 1

infiltration trench
8 MIAF (Corn and young fruit trees) 14.8 8.4
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None (Absence of soil and water
9 22.3 21.2
conservation practices)

Table 7. SOC variability with respect to the depth of the sampled soil.

Soil Depth
SOC Observed Value (t.ha™") Soil and water conservation practices
(cm)
3 1.6 None
5 2.3 None
15 10.3 None
20 15.9 None — Pine Plantation
25 32.6 None — Pine Plantation
Land terrace, Reforestation with pine,
Stone terrace, Furrowed to the contour,
30 27.0 Gabion filter dam, Accommodated stone

filter dam, Reforestation with pine and
infiltration trench, MIAF

Principal Component Analysis

The principal components (PCs) captured the variability of the original variables
in the following proportions: PC1 (49.34%), PC2 (40.65%), PCs (9.88%), PC4
(0.09%) and PCs (0.02%). The accumulative value for the first three components
was 99.8%. When analysed the weights of the principal components in the matrix
of eigenvalues and eigenvectors, PC1 revealed that the COS variable (0.50) and
the vegetation cover variable (0.86) were directly and proportionally related to the
component, as they had a positive sign in the loading. PC2 disclosed that the COS
variable (-0.86) and the vegetation cover variable (0.50) were representative but
with inverted signs in this relationship. Meanwhile, in PCs, it was shown that only
the Slope variable (0.99) was representative in a directly and proportionally

related manner to that component. Furthermore, the Pearson's correlation
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coefficient obtained to examine the relationship between the four explaining
variables (i.e., land use, vegetation cover, conservation practices and slope) and
SOC was 0.16, 0.08, 0.06 and 0.04, respectively. These values align with the
findings of Yescas et al. (2018), Bai & Y. Zhou (2019), and Gadisa & Hailu (2020),
supporting the notion that land use and vegetation cover primarily influence SOC

variability, while slope carries a lower weight.
3.4 Conclusion

The analysis of observed and estimated values of SOC in a small watershed
revealed significant variability and heterogeneity. The SOC distribution pattern
was successfully modeled with spatial interpolation and subsequently related to
four explaining variables including land use, vegetation cover, conservation
practices and slope. Soil and water conservation practices played a vital role,
enhancing SOC stock by preventing soil erosion. To safeguard SOC reserves, it
is critical to enhance vegetative cover and supplement land use with SWCP.
Through these measures, not only can erosion be effectively managed, but they
also play a pivotal role in curbing CO2 emissions, thereby mitigating the impact of

global warming.
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EROSION HIiDRICA Y EL ALMACENAMIENTO DE COS EN
UNA MICROCUENCA MEXICANA
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Abstract

Water erosion is a significant issue in Mexico, impacting a substantial portion of
the country. The purpose of this study is to establish a connection between soil
erosion and soil organic carbon (SOC) reserves. This study was conducted within
a small watershed in the Mixteca Alta region of Oaxaca to examine the correlation
between erosion intensity determined by Revised Universal Soil Loss Equation
(RUSLE) model and SOC storage, using spatial models. The results indicate that
erosion values fluctuated between 0.19 and 266.99 Mg ha' year in the small
watershed, resulting in 305 693 t of erosion. There were clear differences in
erosion patterns according to land use categories. The average SOC values in
Mg ha’' observed were categorized as follows: null (31.79), light (22.36),
moderate (16.19) and high (5.22). According to Kendall's Tau coefficient, erosion
and COS had a negative correlation of -0.39. It is possible to attribute this inverse
relationship to several factors, such as erosion processes influencing SOC
transport and exposure, replacing carbon with vegetation and the reduced
decomposition in depositional areas. Therefore, conservation practices,
particularly terracing, have the potential to improve carbon storage.

Keywords: RUSLE, Kendall's Tau coefficient, conservation practices, terracing,
soil carbon stock.
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Resumen

La erosion hidrica afecta gran parte de la Republica Méxicana. Esta investigaciéon
se centra en investigar la posible conexion entre la erosion del suelo y las
reservas de carbono organico del suelo (COS). El estudio fue realizado dentro de
una pequefa cuenca hidrografica en la region Mixteca Alta de Oaxaca para
evaluar la correlacion entre la intensidad de la erosion determinada mediante la
Revised Universal Soil Loss Equation (RUSLE) y el almacenamiento del COS,
usando modelacién espacial. Los resultados revelan valores de erosion entre
0.19 y 266. 99 Mg ha' afno™, con una erosién total de 305 693 t en la
microcuenca. Los patrones de erosion estuvieron estrechamente vinculados a las
categorias de uso del suelo. Los valores promedio de COS en Mg ha'
observados se asociaron a la erosion reclasificada en: nula (31.79), ligera
(22.36), moderada (16.19) y alta (5.22). El coeficiente Tau de Kendall mostré una
correlacion negativa de -0.39 entre la erosion y el COS. Esta relacion inversa
puede ser atribuida a la influencia de los procesos de erosién en el transporte y
la exposicion del COS, el posterior reemplazo de carbono de la vegetacion, y la
reduccion de la descomposicion en las areas de depdsito. Las practicas de
conservacion, en particular las terrazas, mostraron potencial para mejorar el

almacenamiento de carbono.

Palabras clave: RUSLE, coeficiente Tau de Kendall, practicas de conservacion,

terrazas, almacenamiento de carbono en suelo

4.1 Introduction

Soil erosion involves soil displacement due to factors such as rain, runoff, wind,
and gravity, leading to its deposition in depressions or water bodies [1]. This
escalating issue threatens the soil quality and environmental functions. Erosion
contributes to organic matter (SOM) loss through quicker decomposition and OM
export from the eroded sites [2]. Water erosion follows a four-stage process:
initiation, splashing, transportation, and redistribution, and eventual deposition in

depressions or water bodies [3]. This form of erosion is extremely damaging and
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leads to significant land degradation and the transport of nutrients, soil organisms,

and organic carbon, thereby altering ecosystems.

Soil organic carbon (SOC) is the carbon that remains in the soil after partial
decomposition of organic matter [4]. Global SOC estimates range from 1 500 to
2400 Pg C, making the soil the second-largest carbon reservoir [1]. SOC's
relevance lies in climate change mitigation through photosynthesis, which uptakes
atmospheric carbon into soil for long-term storage [5]. However, whether soil acts
as a carbon sink or source depends on the SOC formation and decomposition

rates.

Highlighted that approximately 50% of SOC is concentrated within the upper 20 —
30 cm of soil depth [6]. This implies that the first meter of soil holds two to three
times more carbon than the atmosphere and the entire vegetation combined [5].
Considering that water erosion displaces the topsoil, which is where the maijority
of SOC is typically found, it becomes evident that this phenomenon has the
potential to significantly impact SOC stocks. [7] explained that erosion processes
modify SOC inventories by transporting sediment enriched with SOC away from
a given landscape unit. Consequently, these processes not only result in the
oxidation of SOC stocks and the release of carbon dioxide (CO2) into the
atmosphere but also lead to SOC loss via surface runoff. Hence, erosion

essentially redistributes SOC throughout the landscape.

Cui [8] have identified that erosion increases the risk of SOC loss. Although some
studies have highlighted the impact of erosion on SOC loss, it is important to note
that extensive research or case studies that directly correlate soil loss and SOC
reserves at the landscape or watershed level in Mexico remain scarce.
Consequently, focused case studies could significantly enhance our
understanding of the intricate relationship between water erosion and SOC
storage dynamics.

The use of Geographic Information Systems (GIS) is essential for predicting soil

erosion in landscape and watershed studies. A variety of methodologies and
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software have been used in these investigations; however, the Revised Universal
Soil Loss Equation (RUSLE) model remains the predominant choice for

landscape-level erosion modeling [9].

In Mexico, water erosion has affected 52.86% of the nation’s land area [10]. This
raises a fundamental question: is there a connection between water erosion and
reduced SOC per unit area? Therefore, the purpose of this study was to
investigate the relationship between these factors. This was carried out by using
the RUSLE predictive model for estimating erosion values. Next, we examined
the spatial relationship between erosion and SOC storage in a small watershed
located in the state of Oaxaca, Mexico. This information will be used in assisting
decision makers regarding the management of resources to preserve the carbon
content of soil. Our hypothesis is that water erosion significantly reduces the

amount of soil organic carbon stored within the watershed per unit area.

4.2 Materials and Methods

Study area

The study area called "El Arenal" small watershed of 44.6 hectares resides within
the Mixteca Alta region of San Miguel Tulancingo, Oaxaca (Figure 8), at 2 200 m
of altitude. The study area was selected due to its distinctive landscape and
apparent erosion indicators such as gullies and gutters combined with soil and
water conservation practices. According to the INEGI soil map (1:250 000 scale)
[11], most of the microwatershed is classified as Vertisol. However, field data
reveal greater edaphic heterogeneity, with the presence of sandy, sandy loam,
and clay loam textures recorded at various locations. These textures suggest the

coexistence of other soil types, such as Litosols and Castafiozems.
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Figure 8. Study Area Location. Source: The authors.

Data

Soil Organic Carbon (SOC) data

The SOC map used in this study was obtained from a previously validated spatial
model developed by Aguirre-Salado [12], using the Smart Map plugin in QGIS,
which applies machine learning-based interpolation techniques. In that study, a
total of 77 geopositioned soil samples were collected from the EI Arenal
watershed at 0-30 cm depth. Sampling locations were selected based on
accessibility, land use diversity, and topographic variation to ensure
representation of the environmental heterogeneity within the watershed. The
model reported a mean prediction error (ME) of 0.98 Mg SOC ha™, a root mean
square prediction error (RMSE) of 3.77 Mg SOC ha™, and a coefficient of

determination (R?) of 0.96, indicating strong predictive accuracy. This SOC map
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was incorporated as an input dataset in the present study for analyzing the spatial

relationship between erosion and SOC.

Climate data

Rainfall data for the past 30 years from 11 climate stations within the proximity of
the watershed were accessed through the National Meteorological Service's
CLICOM database [13].

Soil data

Across the study area, 11 geopositioned soil samples were collected to represent
different land use and vegetation conditions. These samples were analyzed to
determine particle size distribution—sand (%), silt (%), and clay (%)—using the
Bouyoucos hydrometer method. In addition, soil organic carbon (g kg™') was

measured following the Walkley & Black procedure [14].

The Digital Elevation Model (DEM)

Slope calculations (%) utilized QGIS's slope tool with a 5 m spatial resolution DEM
[15].

Satellite imagery

Sentinel-2 satellite imagery with a spatial resolution of 10 m, acquired on
September 26, 2018, from the USGS EarthExplorer platform
(https://earthexplorer.usgs.gov/), was used for the analysis. Atmospheric
correction was performed using Luca Congedo’s open-source Semi-Automatic
Classification Plugin (SCP) within QGIS. Subsequently, Bands 4 (Red) and 8

(Near-Infrared) were clipped to the extent of the study area.

Methodology

This study was conducted in three phases. In the first phase, an SOC map was
generated [12] (Figure 2). The second phase was centered on employing the

Revised Universal Soil Loss Equation (RUSLE) to model erosion estimation. The
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third phase consisted of establishing the correlations between erosion (X) and
SOC (Y).

Spatial modelling of water erosion

Erosion was estimated using the RUSLE. This erosion model is tailored to predict
the average annual soil loss, due to slope runoff, over the long term. The model
is illustrated in Equation 1 ([16]-[17]:

Equation 1:

A=R*K*L*S*C*P
Where:
A represents the average soil loss rate (Mg ha' year’). R denotes the
precipitation erosivity factor (MJ-mm-h"-ha™'-yr™'). K represents the soil
erodibility factor (t-h-MJ~"-mm™"). LS combines the factors of slope length and
steepness (dimensionless). C denotes the factor for land use and land cover

(dimensionless). P corresponds to the management practices factor aimed at

preserving soil (dimensionless).
Rainfall Erosivity Factor (R)

Rainfall erosivity measures the kinetic energy of raindrops, which causes soil
particle displacement [18]. Data show that soil losses from cultivated fields are
proportional to storm energy (E) divided by 30-minute maximum intensity (130),
when other factors are constant [17]. The R factor, was determined using
Equation (2) [19], as used by [9].

Equation 2:
R=0.0483 * P 1610

Where P is the annual precipitation (mm). To find the R factor, annual precipitation

was interpolated in QGIS with the Multilevel B-spline algorithm [20], creating a
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representative rainfall map. Subsequently, the R factor map was computed using

the raster calculator.
Soil Erodibility Factor (K)
The K factor signifies the soil's susceptibility to water-induced erosion.
The K factor was computed using Equation (3) [16]-[19] as used by Tiruwa [9].
Equation 3:
K=27.66"m "4 * 10-8 * (12-a) + 0.0043 * (b-2) + 0.0033 * (c-3)

Where K is the soil erodibility factor (t ha h ha=' MJ-" mm~"); m = (Silt % + Sand
%) x (100 - clay %); a refers to % organic matter; b is structure code: (1) very
structured, (2) fairly structured, (3) slightly structured, and (4) solid; c is the profile
permeability code: (1) rapid, (2) moderate to rapid, (3) moderate, (4) moderate to

slow, (5) slow, and (6) very slow.

For soil data collection and K Factor calculation, 11 strategically positioned points
were initially selected in the study area for soil sampling. These samples were
analyzed following Walkley & Black's [14] method to assess organic matter and

Bouyoucus method to determine texture (% sand, silt, and clay).

K factor computation and interpolation was executed in QGIS using the IDW
method [21], which exhibits a focal trend, accentuating intense local maxima that

coincide with the sampling points.
Slope Length and Steepness Factor (LS)

Steepness and slope length are topographic elements that are pivotal in
influencing soil erosion dynamics. The LS factor is a composite parameter that
encompasses the combined effects of slope length (L) and gradient (S) [18]. The
LS factor was computed employing a modified equation (4) adapted from [16]
utilized by [9].
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Equation 4:
LS= (flow acc *cellsize/22.13)%4*[(sin(slope*3.14/180))/0.0896]"3

Flow accumulation was first acquired using QGIS's r.fill tool from the GRASS
module, eliminating depressions in DEM. Subsequently, the r.watershed function
was employed to generate the accumulation raster. Calculating the watershed's
slope necessitated a slope tool, utilizing a clipped watershed DEM as input in
QGIS. Utilizing the raster calculator, LS was then computed using the layers "flow
acc" and "slope." This comprehensive approach in LS factor computation provides
a more nuanced understanding of the topographical influences on erosion within

the study area.
Crop Management Factor (C)

The C factor is a measure of the percentage of soil loss potential based on the
protection afforded by different land-cover types. Higher C factor values indicate
a lack of vegetation cover, thereby increasing the risk of significant soil loss.
Vegetation cover is a key factor in erosion control as it intercepts precipitation,
enhances infiltration, and mitigates the erosive impact of rainfall [18]. To quantify
the C factor, equation (5), introduced by De Jong [22] and employed by Tiruwa

[9], was used:
Equation 5: C=0.431-0.805 * NDVI

The Normalized Difference Vegetation Index (NDVI) is fundamental in this
calculation. This index was defined by Tucker [23] and utilized in this study

through equation (6):
Equation 6: NDVI = (NIR - R)/ (NIR + R)

Here, NIR (near infrared reflectance) stands for reflectance in the near-infrared
band (%), while R is the reflectance in the red band (%). Sentinel-2 imagery B8
corresponds to the NIR band; and B4 corresponds to the R band, both at 10 m
spatial resolution. The NDVI was computed via QGIS's i.vi module, and the C

61



factor calculation, using the equation (5), was executed using the raster
calculator. This approach offers a comprehensive understanding of how different

land-cover types contribute to erosion risk within the study area.
Conservation Practice Factor (P)

P factor assesses the efficacy of soil protection against erosion through
management practices, as these practices reduce runoff and, consequently, limit
soil loss [18]. The process of calculating P factor involved manual digitization on
a Google Earth image within QGIS. A subsequent field visit was conducted to
validate areas with soil and water conservation initiatives. Digitization was refined
using land knowledge obtained during field campaigns. In QGIS, reclassification
was conducted using the percentage values of slope map and zone-based
statistics to compute the mean slope value for each digitized polygon. In the
attribute table of the generated polygons, the corresponding P value are
attributed. These values were established based on Table 8; according to the
average slope grades and their corresponding P factor values as proposed by
Shin [24] and adopted by Karamage [25]. This methodological approach captured
the nuanced interplay between management practices, slope gradients, and

erosion mitigation within the study area.

Table 8. P factor values for contouring, strip-cropping, and terracing focusing on
slope classes

Slope (%) Conservation Practices (P Factor)

Contouring Strip Terracing
Cropping
0.0-7.0 0.55 0.27 0.10
7.0-11.3 0.60 0.30 0.12
11.3-17.6 0.80 0.40 0.16
17.6-26.8 0.90 0.45 0.18
>26.8 1 0.50 0.20

Source: Shin [24]
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Correlation between erosion and SOC storage

Soil samples were gathered during field visits to quantify SOC levels. From this
sampling, 50 georeferenced points were randomly selected (Figure 2) and

positioned on the erosion map.
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Figure 9. SOC map in Mg ha-1. The 50 georeferenced points correlating

erosion and SOC are shown in red. Source:[12].

Using the QGIS's point sampling tool, the estimated erosion values were derived
for each point and were associated with the erosion classification values (null,
light, moderate and high). The correlation analysis was conducted considered X
(Erosion Mg ha™! year') and Y (SOC Mg ha'). To initiate the examination, a
descriptive statistical analysis was performed, accompanied by a scatter plot
(X,Y), histogram paired with a normal curve, and a Q-Qplot to assess normality in
the data. Normality was evaluated using the Shapiro-Wilk test [26]-[27]. In light of
the fact that our data did not follow a normal distribution, the Kendall Tau
correlation coefficient test (KTCCT) was used. The Kendall correlation coefficient
and its respective p-values guided the decision between the two hypotheses: Ho
(no association) and H1 (correlation). The Kendall coefficient values range from -

1 to 1, where positive values indicate a positive association, negative values
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denote a negative association. The statistical computations presented in this

section were conducted using the R Studio software [28]. This rigorous approach

ensured a comprehensive analysis of the relationship between SOC and erosion

levels, thereby yielding insights into their dynamic interdependency.

4.3 Results

The R factor is shown in Figure 10a. The minimum, maximum, and average
values for R and precipitation were (1 302, 565); (1 356, 579) y (1 325, 571) in

MJ-mm-h~"-ha™"-yr' and mm respectively. The upper regions of the small

watershed exhibited the highest R values which correlated with the zones of

maximum precipitation.
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662750
§

662500

663000 663250 663500

w\
1965120

&
&
1964640

[
1964100

§ 1302

" e62500 662750 663000

663250
(c) Topographic factor (LS)
derived from slope length and
steepness

663500

1964680

(b) Soil erodibility factor (K) in
t-h-MJ-**mm~*

[ Small watershed "El Arenal"

. Water

A

1:10,000
UTM Zone 14N (WGS84)

Figure 10. Spatial representation of the five input factors used in the RUSLE

model to estimate soil erosion in the “El Arenal” micro-watershed. Source: The

authors
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The K factor in Figure 10b demonstrates variations, with values ranging from
0.0091 to 0.0317 t ha h ha=" MJ-" mm~" in the small watershed, with an average

of 0.0197 tha h ha=!' MJ-" mm™".

Table 2 provides an overview of the sampled soil points, their corresponding land

use and vegetation, soil texture values, and the estimated K factor. Notably, the

K factor was the lowest in the bare soil areas and highest in the agricultural zones.

Table 9. K values estimated by soil textural class.

Land use and

ID Texture K-RUSLE
vegetation
1 Rainfed agriculture Loam 0.0317
2 Thorn scrub Clay loam 0.0264
3 Rainfed agriculture Sandy clay loam 0.0263
4 Adult pine Plantation Sandy clay loam 0.0199
5 Gallery vegetation Sandy clay loam 0.0196
6 Gallery vegetation Sandy loam 0.0179
7 Rainfed agriculture Clay loam 0.0177
8 Adult pine Plantation Sandy clay loam 0.0159
9 Rainfed agriculture Sandy loam 0.0150
10  Bare soil Sandy loam 0.01M11
11 Bare soil Sandy loam 0.0091

Source: The authors.

LS Factor in Figure 3c shows a range of values from 0.030 to 23 045, with an

average of 2.31. Notably, elevated values were concentrated in regions denoted

as flow accumulation zones, mainly along river courses (Figure 11).
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Figure 11. Point selected to show landscape with high values of LS factor.

C Factor in Figure 3d displays a range of values spanning from 0.117 to 0.552,
with an average of 0.322. The C values corresponding to diverse soil and
vegetation uses in the small watershed offer the following average insights: bare
soil (0.488), gallery vegetation (0.314), thorn scrub (0.328), rainfed agriculture
(0.295), and adult pine plantation (0.129).

P Factor in Figure 3e corresponds to slope-related values. A total of 18 polygons
were digitized under field supervision to obtain P factor values. Table 3 illustrates

the direct relationship between increasing slope and higher P factor values.

Table 10. P values associated with slope (%).

Polygon PCWS Slope (%) P factor
1 None 16.1 1
2 Land terrace 26.48 0.2
3 Land terrace 28.97 0.2
4 Land terrace 17.02 0.18
5 Land terrace 17.44 0.18
6 Land terrace 17.82 0.18
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Polygon PCWS Slope (%) P factor
7 Land terrace 11.13 0.16
8 Contouring 12.08 0.16
9 Land terrace 14.63 0.16
10 Land terrace 8.81 0.12
11 Land terrace 9.13 0.12
12 Land terrace 9.55 0.12
13 Land terrace 5.24 0.1
14 Land terrace 5.87 0.1
15 Land terrace 6.02 0.1
16 Land terrace 6.74 0.1
17 Infiltration trench 7.05 0.1

Source: The authors.

Spatial modelling of erosion estimation

Figure 12 describes spatial distribution of soil erosion in the study area. Minimum,

maximum, and average values were 0.19, 266.99, and 17.44 Mg ha™ year”,

respectively. The cumulative erosion for the entire small watershed was estimated

at 305 693 t. The average SOC values in Mg ha™' observed associated with
erosion by classification are: null (31.79), light (22.36), moderate (16.19) and high

(5.22)
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Figure 12. Spatial distribution of estimated soil erosion rates (Mg ha™ yr™) and
soil organic carbon (SOC) content (Mg ha™) across the "ElI Arenal" micro-

watershed. Source: The authors.

The average erosion in Mg ha™' year' values associated with different soil and
vegetation types are as follows: bare soil (55.02), thorn scrub (29.50), gallery
vegetation (17.84), adult pine plantation (5.76), and rainfed agriculture (2.31). The
lowest erosion value is linked to flat slopes within agricultural areas that have
implemented soil and water conservation practices, such as land terracing. On
the other hand, erosion values exceeding 200 Mg ha' year' are concentrated in
the northern zone of the small watershed, characterized by high R and LS values,
and the absence of conservation practices.
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Correlation between erosion and SOC storage

The data set comprising 50 points can be observed in Figure 13 and Table 11,
detailing the estimated erosion and measured SOC values. A visual comparison
of erosion and SOC is depicted in Figure 5 using a bar graph. The graph illustrates
that in 35 out of 50 instances (70% of the sample), as erosion decrease, SOC

tends to increase.

B Erosion [t.ha.yr] BSO0C [t.ha]
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Figure 13. Graphical comparison of erosion and SOC.

Source: The authors

A scatter plot was created to visually depict the connection between erosion and
SOC. The plot reveals a relatively weak correlation with an R? value of 0.21.
Descriptive statistics for both variables are outlined in Table 4. Notably, the
meaning for both variables exceeds the median, indicating an asymmetric

distribution.

Table 11. Descriptive statistics and Shapiro-Wilk test for erosion and SOC.

Statistics Erosion (X) SOC (Y)
Number 50.00 50,00
Addition 770.63 1158.21

Half 15.41 23.16
Median 6.10 20.60
Stdvd (pop) 22.12 15.53
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Stdvd (sample) 22.34 15.69

Minimum 0.19 1.58
Maximum 94.40 59.07
Range 94.21 57.49
Minority 0.19 1.58
Most 0.19 1.58
Variety 50.00 50.00
Q1 0.87 11.57
Q3 17.62 33.32
IQR 16.75 21.75
Missing (null) values 0.00 0.00
P-value (Shapiro W) 6.907e-9 0.006948
W (Shapiro W) 0.6956 0.9326

Source: The authors.

Figure 7 shows the statistical relationship between soil erosion and SOC. A
moderate negative correlation was observed (r = —0.46), with SOC decreasing as
erosion increased (Fig. 7a). The erosion data exhibited a right-skewed distribution
(Fig. 7b), confirmed by the deviation from normality in the Q-Q plot (Fig. 7c). In
contrast, SOC values followed a more symmetrical and near-normal distribution,

as shown in Figures 7d and 7e.
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Figure 14. Asymmetric distribution was observed in both the histograms and Q-
Q plots. (a) Scatterplot illustrating the negative linear correlation between soil
erosion (Mg ha™ yr ") and soil organic carbon (SOC, Mg ha™), including the
regression line, equation, coefficient of determination (R? = 0.21), and Pearson’s
correlation coefficient (r = —0.46). (b) Histogram with density curve of erosion
values, indicating a right-skewed distribution. (c) Normal Q-Q plot showing that
erosion values deviate from normality, particularly in the upper quantiles. (d)
Histogram with density curve of SOC values, approximating a normal
distribution.(e) Normal Q-Q plot confirming that SOC values closely follow a
normal distribution. Source: The authors.
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For the normality test using the Shapiro-Wilk test, the results for variables X and
Y were as follows: W (50) = 0.70, p < 0.001; W (50) = 0.93, p = 0.007. These
outcomes indicate that the data does not follow a normal distribution in either

case. As a result, the data can be analyzed using non-parametric tests.

For the non-parametric data, the Kendall's rank correlation coefficient was utilized.
The results for Kendall's Tau are as follows: z = -3.9566, p-value = 7.603e%, and
Tau = -0.386. This value of Tau indicates that the alternative hypothesis is
supported, as it is not equal to 0. The results demonstrate a negative correlation,

implying that the variables move in opposite directions

Table 12 displays the details of the 50 sampled points, presenting data on erosion,
SOC storage, land use, vegetation, and the presence of soil and water
conservation practices. The table reveals those areas with higher erosion rates
tend to exhibit lower SOC storage. Specifically, points 38 to 50 show a higher
frequency of terraces, which align with agricultural areas and corresponds to

reduced soil loss.

72



Table 12. Sampled Points and Corresponding Data.

ID E SOoC LSV SWCP ID E SOC LSV SWCP
1 94.40 1.58 Bs N 26 5.88 30.38 App N
2 8020 6.02 Ts N 27 533 51 Ts
3 7953 8.17 Ts N 28 527 6.24 Ra T
4 5211 5.10 Gv N 29 343 20.56 Ra T
5 46.25 1935 Ts N 30 3.15 14.80 Ts N
6 4556 24.37 Ts N 31 312 17.68 Gv N
7 4462 3.52 Ts N 32 279 47.66 Ra T
8 3563 27.78 Ts N 33 269 21.79 Ra T
9 3166 18.88 Gv N 34 262 1545 Ra T

10 2428 16.16 Gv N 35 2.03 21.36 Ra C
11 21.05 291 Ts N 36 139 29.63 Gv N

12 2030 349 Ts N 37 1.08 49.20 App N

13 1762 39.13 Ts N 38 0.87 45.68 Ra T

14 16.10 26.09 Ts N 39 0.77 15.83 Ra T

15 1565 2.88 Bs N 40 0.66 30.62 Ra T

16 1454 217 Ra N 41 0.65 13.35 Ra T

17 1211 1452  App N 42 0.63 58.69 Ra T

18 11.65 34.82 Ts N 43 0.59 2948 Ra T
19 1.83 11.57 Gv N 44 0.55 49.23 Ra T

20 1051 11.38 Gv N 45 0.50 49.03 Ra T

21 9.51 20.65 App N 46 035 25.77 Ra T

22 930 4133 Ts N 47 030 11.82 Ra T

23 816 34.44 Gv N 48 0.29 39.45 Ra T

24  6.65 26.20 Ra N 49 025 59.07 App IT

25 6.33 14.56 Ts N 50 0.19 33.32 Ra T

ID: Identification of sampled point, E: Erosion (Mg ha' year'), SOC: Soil Organic
Carbon (Mg ha'), LSV: Land Use and Vegetation, SWCP: Soil and Water
Conservation Practice, Bs: Bare Soil, Ts: Thorn Scrub, Gv: Gallery Vegetation,
Ra: Rainfed Agriculture, App: Adult Pine Plantation, N: None, T: Terracing, C:
Contouring, IT: Infiltration Trench. Source: The authors.
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D:1 S D:3
Erosion: 94,40 Mg ha-1 yr-1, SOC: 1.58 Mg ha-t  Erosion: 79.53 Mg ha-? yr-1, SOC: 8.17 Mg ha-1

Land use: Bare Soil Land use: :Thorn scrub

Practice: None Practice: None

Easting 662949 m, Northing 1964523 m, Easting 662914 m, Northing 1964969 m,
Photography taken westward. Photography taken northward.

1:8

Erosion: 35.63 Mg ha-1 yr-1, SOC: 27.78 Mg ha-1 Erosion: 0.87 Mg ha-1 yr-1, SOC:45.68 Mg ha-1
Land use: Thorn scrub Land use: Rainfed agriculture

Practice: None Practice: Land terrace

Easting 662666 m, MNorthing 1964144 m, Easting 663253 m, Northing 1964513 m,
Phatoaranhv taken westward. Photography taken estward.

i

1D:39 D:42

Erosion: 0.77 Mg ha-1 yr-1, SOC: 15.83 Mg ha-t Erosion: 0.63 Mg ha-t yr-1, SOC: 58.69 Mg ha-1
Land use: Rainfed agriculture Land use: Rainfed agriculture

Practice: Land terrace Practice: Land terrace

Easting 663148 m, Northing 1964644 m, Easting 662964 m, Northing 1964566 m,
Photography taken westward. Photography taken westward.

1D:47 1D:49

Erosion: 0.30 Mg ha-1 yr-1, SOC: 11.82 Mg ha~t Erosion: 0.25 Mg ha—1 yr=1, SOC: 59.07 Mg ha-t
Land use: Rainfed agriculture Land use: : Adult pine plantation

Practice: Land terrace Practice: Infiltration Trench.

Easting 663133 m, Northing 1964698 m, Easting 662831 m, Northing 1964842 m,
Photography taken southward. Photography taken southward.

Figure 15. View of some representative sites. Source: The authors.
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4.4 Discussion

The results of the study indicated significant insights into the erosion-SOC
relationship. The interpretation of Kendall's Tau value (-0,39) revealed a negative
correlation. This implies that as erosion increases, SOC tends to decrease. The
negative correlation can be attributed to the erosion process, including initiation,
transport, and deposition, which can impact the loss and gain of SOC within the
watershed. Lal [1] has highlighted the significant impact of water erosion on the
transport of organic carbon. This impact begins with the decomposition of
aggregates, leading to the exposure of SOC. During this process, colloidal
fractions such as fine silt, clay, and SOC are eliminated. The sediment, along with
carbon, undergoes redistribution and eventually gets deposited in depression
areas. In our study area, this phenomenon is observed primarily in areas with
greater soil loss, which tend to coincide with concave zones, such as slopes. In
this sites Liu [29] indicated that high cumulative intensity of water erosion reduces
vegetation cover through the formation of streams or ravines decreasing the
thickness of the soil eliminating the upper layer of fertile soil, which leads to a
decrease in SOC. The RUSLE model identifies these areas as having higher LS

and C values, predominantly consisting of bare soil and thorn scrub (Figure 11).

The studies suggest an initial loss of SOC during erosion, however this lost carbon
is transported to flatter areas [29]-[1]-[30]. In our study area, this trend is aligned
with the lower small watershed where agricultural areas are located. According to
Bojago [31] and Chen [32] these locations also corresponded with the presence
of soil and water conservation practices, which created conditions to carbon

storage.

Previous research conducted in the same watershed [12] demonstrated that SOC
storage is strongly influenced by land cover and soil type. For example, gallery
vegetation and pine plantations presented higher SOC values (up to 31.8 Mg
ha™), while intensively cultivated areas stored much less (around 5.2 Mg ha™).
These patterns coincided with soil classification: Vertisols with fine textures

supported greater SOC retention, whereas Litosols and sandy soils were
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associated with reduced SOC content. These findings are consistent with broader
studies. Paz and Etchevers [6] reported that nearly 50% of Mexico’s SOC is
concentrated in the upper 30 cm of soil, making it highly vulnerable to erosion.
Similarly, Olson [7] emphasized that soil erosion processes can significantly
deplete SOC stocks through detachment and oxidation of organic matter. Bojago
[31] also observed higher SOC in vegetated zones compared to croplands, and
Chen [32] identified land use as a key factor influencing SOC accumulation even
in terraced systems. Our current findings align with these observations: areas with
high erosion—mainly bare soils and scrublands—are linked to low SOC values,
while depositional zones with conservation practices such as terracing promote
SOC accumulation. These outcomes underscore the importance of considering
both edaphic and vegetation factors in land management strategies aimed at

improving carbon retention and reducing erosion at the watershed scale.

Aligned with Berhe and Doettler [2] that erosion-induced carbon storage is
supported by two key mechanisms. First, dynamic replacement involves eroded
carbon being replaced by new carbon, such as organic matter from vegetation.
This is especially relevant in cultivated areas. Second, reduced decay rates in
depositional environments contribute to long-term carbon storage. Although some
carbon is initially lost to erosion, the combination of dynamic replacement and
reduced decay leads to an overall increase in carbon storage within the small

watershed.

The resulting increased carbon storage is evident through a combination of
dynamic replacement and reduced decomposition. This ultimately contributes to
an overall carbon storage increase, despite the initial carbon loss due to erosion,
as seen in sites 1 and 3 (Figure 15 and Table 12). This dynamic reinforces the
notion that the erosive process culminates in deposition, particularly in agricultural
zones. Conservation practices like terracing amplify carbon storage benefits, as
exemplified in sites 38 and 42 (Figure 15 and Table 12). These findings align with
Kirkels’ study [30], which underscores how erosion and deposition redistribute

sediment and SOC in agricultural landscapes.
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It is important to admit that while the correlation exists, it is relatively weak. Some
cases, such as sites 39 and 47 (Figure 15 and Table 12), demonstrated lower
carbon content in agricultural areas with terraces. Here, the absence of dynamic
replacement due to limited recent cultivation (uncultivated agricultural land)
prevents SOC storage. Despite soil and water conservation efforts, these
sediment-filled areas retain less SOC, underscoring the importance of active soil
management in promoting dynamic carbon replacement. According to the study
conducted by Chen [32], soil organic carbon (SOC) storage resulting from

terracing was primarily influenced by land use.

This discussion emphasizes the intricate interactions among erosion,
sedimentation, and carbon storage within landscapes. It emphasizes that natural
processes can yield unexpected carbon dynamics. Highlighting the importance of
accounting for both erosion and deposition when evaluating carbon budgets is
fundamental. However, one limitation of this research lies in the necessity to

validate the spatial erosion model in the field.

Future research may be addressed to investigate whether SOC within sediment
layers buried deep in soil and water conservation areas qualifies as a CO:2 sink.
This proposition arises from the stabilization of carbon within oxygen-limited
environments, facilitated by organisms responsible for decomposition, aligned
with Mekonnen and Getahun [33].

4.5 Conclusion

This present study examined the spatial relationship between water erosion and
soil organic carbon (SOC) storage in a small watershed using the Revised
Universal Soil Loss Equation (RUSLE) model and geostatistical analysis.
According to the initial hypothesis, erosion intensity is negatively related to SOC
levels. Our findings support the hypothesis that, in approximately 70% of the data,
lower erosion rates corresponded with higher SOC values, with a Kendall’'s Tau

correlation coefficient of —0.39. This inverse trend is attributed to erosion-induced
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aggregate breakdown and SOC detachment, followed by its redistribution across

the landscape.

Despite the observed relationship, the correlation was moderate, suggesting that
other variables—such as vegetation cover, land use, and soil texture—also
influence SOC dynamics. Our findings demonstrate that erosion does not always
lead to irreversible loss of SOC; rather, it can contribute to the storage of carbon
in depositional zones under favorable conditions. In low-oxygen environments,
mechanisms such as dynamic carbon replacement from vegetation and reduced
decomposition rates enhance SOC retention, particularly in areas managed with

conservation practices such as terracing.

The findings of this study demonstrate the importance of integrating erosion
control and carbon management into land use planning. In the future, it would be
beneficial to explore whether SOC stored in buried sediment layers under
conservation structures can act as a long-term COz2 sink, contributing to the

mitigation of climate change.
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IDENTIFICACION DE PRACTICAS AGRICOLAS QUE
CONTRIBUYEN AL ALMACENAMIENTO DEL CARBONO
ORGANICO DEL SUELO®

Identification of agricultural practices that contribute to the storage of Soil

Organic Carbon

Olimpya Talya Aguirre Salado, Joel Pérez Nieto*, Venancio Cuevas Reyes, Julio Baca del Moral
Resumen

El Carbono Organico del Suelo (COS) es fundamental para mitigar el cambio
climatico. Este estudio fue realizado en una microcuenca de la Mixteca Alta
Oaxaquena. El objetivo fue identificar las practicas agricolas que favorecen el
almacenamiento de COS mediante analisis estadisticos. Se muestrearon 24
sitios en parcelas agricolas que tienen terrazas de tierra. Se determiné el COS,
el cual se relacioné con diferentes practicas agricolas como la aplicacién de
enmiendas organicas, el descanso de la parcela, el surcado al contorno, el
rastrojo como cobertura, el paso del ganado, la fertilizacion convencional,
asociacion de cultivos y barreas vivas, mediante un modelo de regresion por
pasos (stepwise). Se realizd un analisis socioeconémico considerando
percentiles y niveles de almacenamiento del COS. Los resultados destacaron la
aplicacién de enmiendas organicas (+16.93 t-ha™) y el rastrojo como cobertura
(+11.31 t-ha™) como las practicas mas eficientes para favorecer los
almacenamientos de COS. En contraste con el descanso de la parcela que
presentd un efecto negativo. El modelo mostré un ajuste solido, con un R? de
83.99% y un R? ajustado de 75.45%. El analisis de percentiles evidencié que una
variabilidad en los niveles de COS (2.2-58.7 t-ha™") asociado a manejos integrales
en los cuartiles superiores. Se concluye que es necesario combinar obras de
conservacion de suelo con un manejo agricola que incremente los aportes de
biomasa y materia organica para favorecer la re-carbonizacion del suelo.

Palabras clave: practicas tecnoldgicas, enmiendas organicas, analisis de
percentiles; rastrojo, suelo en descanso.

¢ Sometido: Revista de Geografia Agricola.
Estatus: Enviado.
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Abstract

Soil Organic Carbon (SOC) is critical to mitigating climate change. This study was
carried out in a micro-basin of the Oaxacan Mixteca Alta. The objective was to
identify agricultural practices that favor SOC storage through statistical analyses.
24 sites were sampled on agricultural plots that have earth terraces. The SOC
was determined, which was related to different agricultural practices such as the
application of organic amendments, the rest of the plot, the furrow to the contour,
the stubble as a cover, the passage of livestock, conventional fertilization,
association of crops and live barriers, by means of a stepwise regression model.
A socioeconomic analysis was carried out considering percentiles and storage
levels of the SOC. The results highlighted the application of organic amendments
(+16.93 t-ha™) and stubble as a cover (+11.31 t-ha™") as the most efficient
practices to favor SOC storage. In contrast to the rest of the plot that presented a
negative effect. The model showed a solid fit, with an R? of 83.99% and an
adjusted R? of 75.45%. The percentile analysis showed that a variability in SOC
levels (2.2-58.7 t-ha™') associated with integral management in the upper
quartiles. It is concluded that it is necessary to combine soil conservation works
with agricultural management that increases the contributions of biomass and

organic matter to favor the re-carbonization of the soil.

Keywords: technological practices, organic amendments, percentile analysis;

stubble, resting soil.
4.1 Introduccion

El suelo es un recurso indispensable para la agricultura, proporciona seguridad
alimentaria y forma parte importante de las funciones ecosistémicas (Jayaraman
et al., 2024). Lal (2021a) expone que el suelo es el mayor reservorio de C
terrestre en el planeta y es en su primer metro de profundidad que puede
almacenar 2500 PgC, lo que representa mas del triple del C presente en la
atmosfera (880 PgC) y la propia vegetacion terrestre (620 PgC). ElI Carbono
organico del Suelo (COS) de acuerdo con Lefévre (2017) es la fraccion del

carbono presente en el suelo derivada de la transformacion de material organico
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por microorganismos heterétrofos, esta fraccion incluye una mezcla
biogeoquimica compleja de residuos vegetales y productos de descomposicion

microbiana en diversas etapas de descomposicion.

El COS al formar parte importante del ciclo de C, es preferible que se almacene
en el suelo en su forma de COS a que se almacene en la atmosfera e incremente
el cambio climatico en su forma de CO2. En este sentido, el IPCC (2023) sefiala
que la agricultura implementada de manera sostenible puede mitigar los GEI, de
manera que el COS no solo contribuye a mejorar la fertilidad del suelo y su
estructura, sino que también actia como un amortiguador frente a las emisiones

de gases de efecto invernadero segun Burbano (2018).

El COS tiene un doble papel, como mitigador del cambio climatico y promotor de
la sostenibilidad agricola, derivado de ello, se resalta la importancia de
implementar practicas agricolas que favorezcan los almacenamientos de C, que
es una tendencia actual en términos de la agricultura del carbono. Lal (2023)
define al cultivo del C como la adopcidn deliberada de practicas de conservacion
Optimas especificas para el sitio y el uso restaurativo de la tierra que crean un
presupuesto positivo de carbono del suelo y ecosistema, que conducen al
secuestro de didxido de carbono atmosférico (CO2) en el suelo y la biomasa, de
modo que el aumento de las reservas de carbono en el suelo puede generar otra

fuente de ingresos para los administradores de tierras.

Sin embargo, la mayoria de los suelos gestionados como tierras agricolas
comparados con ecosistemas naturales segun Lal et al. (2021) estan
empobrecidos en sus reservas de COS derivado de la disminucién de los aportes
de biomasa (raices y hojarasca) y las pérdidas causadas por la erosién acelerada
debido a que es una fraccion ligera de menor densidad y esta concentrada cerca
de la capa superficial, por lo que, es una de las principales causas del
agotamiento de COS en los suelos propensos a la erosién. En este sentido, Cotler
et al. (2016) sefala que los niveles de COS en las tierras agricolas suelen ser
mas bajos en comparacion con ecosistemas naturales debido a la intensidad del

manejo agricola. Derivado de ello, podemos indicar que la erosion hidrica en
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México es uno de los principales problemas que pueden limitar su capacidad

como sumideros de carbono.

De acuerdo con Lal (2021), la captura de carbono organico del suelo (COS)
sucede mediante tres procesos fundamentales: (i) la fotosintesis del CO:2
atmosférico, que genera biomasa vegetal abundante en carbono, (ii) el traslado
de dicha biomasa al suelo, donde se convierte en materia organica del suelo
(MOS), v (iii) la estabilizacion de la MOS, lo que aumenta su tiempo medio de
permanencia en el suelo. Entre las practicas recomendadas por FAO (2021) para
almacenar C, se incluyen el uso de terrazas, presas de control de azolve, barreras
vivas y la reduccion de movimientos innecesarios del suelo. Adicionalmente,
Gallardo (2021) sefala que otras estrategias como la fertilizacion, el riego, la
incorporacion de composta, la labranza reducida, la rotacion de -cultivos
(especialmente con leguminosas) y el mulching (cobertura del suelo con residuos
organicos) también contribuyen significativamente al aumento del COS. Lal
(2023) por su parte expone que la agricultura de conservacién con cobertura de
residuos y cultivos de cobertura, la agroforesteria, los sistemas agricolas
complejos basados en la integracion de cultivos con arboles y ganado, los
sistemas que implican el manejo integrado de nutrientes y plagas, los basados
en la agricultura de precision, la fertirrigacion por goteo, y el cultivo de cultivos
especiales con un sistema de raices favorable y producciéon de biomasa forman

parte de la llamada agricultura del carbono.

El area de estudio se localiza en una microcuenca llamada “El Arenal, en el
municipio de San Miguel Tulancingo, que forma parte de la regién denominada
como Mixteca Alta en el estado de Oaxaca. En esta regidén se han implementado
obras de conservaciéon de suelo y agua por mas de 20 afios, las cuales, han sido
enfocadas en la reduccion de la erosién hidrica, por ello, los terrenos agricolas
han sido formados con la ayuda de terrazas de tierra a lo largo del tiempo, las
cuales han favorecido, en la estabilizacién de la pendiente para favorecer el
establecimiento de los cultivos. Esta investigacion es la continuacion de un

analisis previo (Aguirre et al., 2024), en el que se estimo la erosion hidrica en
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estas areas obteniendo como resultado valores entre 0.19 y 5.27 t ha™ en los
terrenos agricolas. En el estudio también se evaluaron los almacenamientos de
(COS) y su relacion con las obras de conservacion, identificando escenarios
contrastantes: (i) los terrenos agricolas con terrazas que no presentan peérdida
significativa de suelo por erosion, en los cuales, se registraron almacenamientos
de COS de hasta 58 Mg ha™. (ii) las tierras agricolas que, bajo condiciones
edafoclimaticas similares, pero con manejo del suelo menos eficiente, los
almacenamientos de COS fueron significativamente menores, alcanzando solo
11.82 Mg ha™. (iii) Un tercer escenario fue identificado en areas no agricolas, sin
obras de conservacion y con suelos degradados (tepetate), donde los niveles de

COS son minimos, con valores de apenas 1.58 Mg ha™.

Este estudio previo sugiere que, aunque las obras de conservacion de suelo y
agua son efectivas para la retencion de suelo, existen factores relacionados con
el manejo agricola que agotan las reservas de COS, como lo expone Chen et al.
(2020) quien senala que el almacenamiento de carbono en suelos agricolas con
terrazas esta influenciado principalmente por el uso y manejo. Si bien, las
terrazas de tierra son fundamentales para la conservacion del suelo, entendida
como la capacidad de mantener el suelo almacenado in situ, su existencia no
asegura necesariamente altos niveles de COS. Esto implica que el manejo
agricola de la tierra puede influir significativamente en aumentar o disminuir las
reservas de COS en terrenos agricolas. Derivado de lo anterior, surge la pregunta
de investigacion: ;Cuales practicas agricolas explican el almacenamiento de
COS en los terrenos agricolas establecidos sobre terrazas de tierra, de la
microcuenca el Arenal?. Esto, con el supuesto de que una vez identificadas
puedan ser divulgadas entre los productores de la zona para favorecer la
denominada agricultura del carbono, que, ademas, sean practicas que ya se

estén llevando a cabo en la comunidad.

Debido a que el carbono organico del suelo se relaciona con la sustentabilidad
de los sistemas agricolas, y en su contenido incide el manejo del suelo, se han

desarrollado diversas practicas que permitan favorecer su almacenamiento, en
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los sectores agropecuario y forestal del pais (Zamora-Morales et al., 2020). Sin
embargo, existen limitada literatura sobre cuales son las practicas que favorecen
el almacenamiento del COS en parcelas agricolas. De esta forma, el objetivo de
este estudio es identificar las practicas agricolas que contribuyen al
almacenamiento de COS mediante un andlisis estadistico basado en el método
stepwise. Adicionalmente, se busca caracterizar a los productores en funcién de
las reservas de COS presentes en sus parcelas, utilizando el método de
percentiles como herramienta de analisis. Esto permitira identificar las practicas
mas efectivas que son factibles de llevarse a cabo en el municipio porque ya se
realizan por algunos productores, por lo que, puede ser mas factible la adopcion
de la agricultura del carbono cuyo propdsito de acuerdo con Lal (2023) es cultivar
carbono en sumideros terrestres y usarlo como un producto para generar
ingresos (bonos de carbono), al tiempo que se hace de la agricultura una solucion

al cambio climatico y se restaura el medio ambiente.
4.2 Materiales y métodos

El area de estudié se ubica en la microcuenca el Arenal que pertenece al
municipio de San Miguel Tulancingo del estado de Oaxaca (Figura 16). La
microcuenca tiene una superficie de 44.6 ha, se encuentra entre las coordenadas
97°27 O, 17°45’' N, a 2.200 m sobre el nivel del mar. El clima del area de estudio
es templado (Cwo). La precipitacion es de 544,7 mm por afo y la temperatura
media es de 15.9 °C. El area de estudio se caracteriza por pendientes inclinadas,

baja cobertura vegetal y alta vulnerabilidad a la erosién.
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Microcuenca el Arenal en San Miguel Tulancingo, Oaxaca
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Figura 16. Ubicacion del area de estudio.
Estimacion del Carbono Organico del Suelo

La superficie muestreada corresponde a 12.30 ha que representa el area agricola
de la microcuenca, se recolectaron 24 muestras de suelo de un kilogramo de la
capa superficial (0—30 cm) de acuerdo con Yescas et al., 2018. Cada muestra

representa una parcela.

Las muestras de suelo recolectadas fueron analizadas en el laboratorio para
determinar la concentracion de carbono organico (g-kg™) utilizando el método de
Walkley y Black (1934). La densidad aparente (g-cm™) se midi6 mediante el
método de la parafina, y se calculé el porcentaje de fragmentos gruesos
(particulas > 2 mm) en relacion con un volumen conocido de suelo. El carbono
organico del suelo (COS) se calcul6 en t-ha™ utilizando la férmula de propuesta

por Penman et al. (2003):
COS = CO -DAP - PROFUNDIDAD - FRAGMENTO ROCOSO - 10

Donde:
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e COS: Existencias de carbono organico del suelo (t-ha™), CO:
Concentracion de carbono organico (g-kg™), Densidad Aparente: Masa del
suelo por unidad de volumen en la fraccion fina (g-cm™3), Profundidad:
Profundidad o grosor de la capa de suelo muestreada (m), Fragmentos
Gruesos: Factor de ajuste que tiene en cuenta el volumen de fragmentos
gruesos, calculado como 1-(%volumen de fragmentos gruesos/100), El

multiplicador 10 convierte las unidades a t-ha™.

Los resultados se interpolaron con la herramienta Smart-Map, instalada desde
el repositorio de complementos de QGIS de acuerdo con Pereira et al. (2022).
Posteriormente se poligonizaron las parcelas agricolas, se recortaron y se obtuvo

un valor promedio del raster para cada parcela.
Instrumento de recoleccion de datos cualitativos

Recolectar los datos de acuerdo con Hernandez & Mendoza (2020) significa
aplicar uno o varios instrumentos de medicién para recabar la informacién
pertinente de las variables del estudio en la muestra o casos seleccionados. Para
ello se construyé un instrumento de medicion tipo cuestionario, el cual se diseio
considerando las variables indicadoras o independientes que pueden explicar las
diferencias de las estimaciones de COS por parcela (Gallardo, 2021): rotacién
del cultivo, cobertura en el suelo (rastrojo), enmienda organica, descanso de la
parcela, tipo de labranza, surcado en contorno, fertilizacién quimica, asociacion
de cultivos, barreras vivas. Se generaron 20 reactivos con respuestas abiertas y
cerradas, para su posterior codificacion y analisis, los cuales se aplicaron a los

propietarios de los terrenos.
Analisis estadistico (Stepwise)

El modelo de regresidon por pasos es una técnica estadistica que selecciona
sistematicamente variables independientes paso a paso para construir una
ecuacion de regresion. De acuerdo con Li et al. (2024) este proceso implica
incorporar u omitir variables gradualmente para determinar la combinacion

optima que ejerce el impacto mas notable en la variable dependiente,

91



estableciendo asi la ecuacion de regresion mas efectiva, en este proceso de
proceso de modelado no solo considera las correlaciones entre las variables
independientes, sino que también gestiona habilmente la complejidad del
modelo, evitando asi problemas de sobreajuste. El método stepwise es
ampliamente utilizado en el analisis exploratorio de datos y en el modelado
predictivo, ya que permite identificar las variables mas relevantes de un conjunto
amplio de variables independientes, mejorando la capacidad explicativa y
predictiva del modelo. En esta investigacion, el proceso stepwise se llevd a cabo
mediante el software estadistico R, aprovechando sus herramientas avanzadas
para analisis de regresion. En R, este analisis de regresion por pasos se

implementa principalmente mediante la funcidn step() del paquete base.

La descripcion de las variables consideradas en el analisis stepwise que pueden

influir en el incremento del COS en los terrenos agricolas son:

1. La “enmienda organica” refiere a la aplicacién de 3 ton/ha de estiércol
fresco de borrego cada 3 anos.

2. La variable "descanso de la parcela" hace referencia al tiempo
transcurrido desde que una parcela agricola fue dejada en descanso (sin
cultivar) y la periodicidad con la que se realiza esta practica. En los
terrenos analizados se ha dejado descansar al menos 1 afo durante los
ultimos 5 anos.

3. Elsurcado al contorno refiere a la preparacién de surcos siguiendo la curva
de nivel, su propdsito es disminuir la erosién e incrementar la infiltracion
del agua en el suelo.

4. La aplicacion de rastrojo implica que el 15 al 30 % de los residuos de la
cosecha interior se ha dejado sobre el suelo.

5. El ganado en parcela refiere a permitir que entren animales a comer los
rastrojos de la cosecha anterior.

6. La fertilizacidn quimica fue indicada por los productores como 18-46-00

corresponde al fertilizante fosfatado DAP (fosfato di-amonico).
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7. LaAsociacioén de cultivos es una practica que combina el maiz, frijol, haba
y calabaza.

8. Las barreras vivas presentes son de arboles de ocote.

Se descartaron variables como rotacion de cultivos, riego de las parcelas,
semillas criollas 0 mejoradas y uso de abono verdes, por no ser representativas
estadisticamente y tienen una contribucién limitada a la variabilidad del modelo.
La exclusion de estas variables no afectd significativamente la capacidad del
modelo para explicar la variabilidad en los niveles de COS, lo cual se reflejé en

indicadores de ajuste como el R? y el R? ajustado.
Analisis Percentil

De acuerdo con Cuevas et al. (2013), quienes realizaron una clasificaciéon de
unidades de produccion pecuaria mediante el uso de percentiles (25, 50y 75) de
innovaciones adoptadas por productores pecuarios en Sinaloa, se realizé una
descripcion y clasificacion socioecondémica de las unidades de produccion
analizadas por medio de este enfoque, con los cuales se dividid el objeto de
estudio para analizar el nivel de carbdn secuestrado en las parcelas agricolas de
unidades productivas diferenciadas. Walpole (2012), menciona que el analisis
percentil permite dividir una distribucion en segmentos mas detallados,
proporciona informacién sobre las colas de distribucion que representa valores
extremos. Esta técnica permite caracterizar grupos en funcion de criterios
especificos. Para el analisis de esta investigacion los percentiles se agruparon
en cuartiles definidos como: 1° Cuartil (Q1): Percentiles 1 al 25 (valores mas
bajos), 2° Cuartil (Q2): Percentiles 26 al 50, 3° Cuartil (Q3): Percentiles 51 al 75,

4° Cuartil (Q4): Percentiles 76 al 100 (valores mas altos).
4.3Resultados y Discusion
Estimacion del COS en las parcelas agricolas

La distribucidn espacial de los valores de COS para los terrenos agricolas de la
microcuenca el Arenal se muestran en la Figura 17, en la que se los valores mas

altos se muestran con rojo y los mas bajos con verde. Los valores observados
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en los 24 sitios de muestreo varian entre 2.2 t-ha™ y 58.7 t-ha™, estos datos,
evidencian una distribucion heterogénea. Todas las parcelas se encuentran
asociadas a una terraza de tierra, en la cual se ha acumulado el suelo, por lo que
la heterogeneidad resalta que existe un manejo diferenciado segun las
caracteristicas de manejo que le imprima cada productor, si bien, las
caracteristicas edafoclimaticas son iguales, se le puede acusar a la pendiente de
estar influyendo en estos resultados, sin embargo Gadisa and Hailu (2020) han
demostrado que no existe una relacion significativa entre la pendiente y los
almacenamientos de COS. Por otro lado, esta heterogeneidad coincide con los
resultados de Yescas-Coronado et al. (2018), quienes identificaron una débil
correlacion espacial, la cual, la atribuyen principalmente al uso del suelo, en
particular a la aplicacién de enmiendas organicas, el riego y ciclos de cultivo que
impactan directamente en la distribucién del carbono, generando areas con

acumulaciones dispares.

Carbono Organico del Suelo en terrenos agricolas de la
microcuenca el Arenal
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Figure 17. Valores medidos de COS en t ha™'! de las parcelas agricolas.
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Variables relevantes en el almacenamiento de COS

El modelo ajustado Stepwise evalu6é como diferentes practicas agricolas explican
la variacion del COS. En el Cuadro 13, se muestran las variables explicativas
mas relevantes. La variable intercepto, sirve como un punto de referencia para
interpretar el efecto de las variables predictoras e indica que cuando las variables

son cero, el valor estimado del COS es de 14.12 t-ha™

Una enmienda organica es cualquier material organico, incluido el compost, los
abonos animales, desechos organicos, biofertilizantes residuos de cultivos o
acondicionadores sintéticos del suelo que se incorporan al suelo o se aplican en
la superficie para mejorar el crecimiento de la planta (Hueso-Gonzalez et al.,
2018). En relacion con la variable enmienda organica, la aplicacion de estiércol
incrementa significativamente el almacenamiento de COS con un efecto positivo
estimado en 16.93 t-ha™ por cada unidad adicional aplicada, lo cual, coincide con
el estudio de Yescas-Coronado et al. (2018) y los hallazgos de Curien et al.
(2021), donde en esta ultima investigacion se indica que el estiércol solido de
animales herbivoros contienen un mayor contenido de carbono estable siendo
mas eficaz que el estiércol liquido o de animales granivoros para incrementar los

almacenamientos de COS.

El uso de enmiendas organicas no solo tiene un efecto positivo en el
almacenamiento del COS, sino también, como senalan diversos autores
(Bautista-Zamora et al., 2017; Cesarano et al., 2017) la adiciéon de enmiendas
organicas al suelo mejora las condiciones fisicoquimicas y microbioldgicas, y
también, aumenta la disponibilidad de macro y micronutrientes necesarios para
las plantas, esto conlleva a que disminuya el estrés y aumente la produccion
agricola. Ademas, como sefiala Murillo-Montoya et al. (2020), las enmiendas
organicas son utilizadas para mejorar las condiciones fisicas, quimicas y
microbiolégicas del suelo, permitiendo aumentar los macro y micronutrientes

necesarios para que las plantas mejoren su produccion.

Dentro de las principales enmiendas organicas se encuentran los abonos verdes,

los lodos de depuracion, estiércol y vermicompost, que, combinados con
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microorganismos eficientes, tienen el potencial de mejorar la disponibilidad del
agua para las plantas, reducir las emisiones de gases efecto invernadero,
recuperar suelos degradados, disminuir la erosion, secuestrar metales pesados
y carbono, y solubilizar macro y micronutrientes necesarios para las plantas
(Murillo-Montoya op cit). En nuestro estudio, el uso de enmienda organica
(aplicacion de 3 ton/ha de estiércol fresco de borrego cada 3 afos) fue
significativa al 99% (p<0.001), lo cual concuerda con los resultados obtenidos por
Murillo-Montoya (2020) sobre la importancia del uso de enmiendas para la

conservacion y mejoramiento de las caracteristicas del suelo.

En este mismo sentido, Mbagwu (1992) evalud los efectos de la adicion de
abonos organicos (estiércol de aves de corral) sobre las propiedades fisicas de
un Ultisol degradado en Nigeria como alternativa de la alta fertilizacién inorganica
en la zona. Encontré que, en comparaciéon con el suelo tratado con fertilizantes
inorganicos, la aplicacion de estiércol de aves de corral disminuyé de manera
significativa la densidad aparente, aumento la lamina total de agua disponible y
la macroporosidad, la retencion de agua, la conductividad hidraulica saturada, la
capacidad de infiltracion, la infiltracidon acumulada y el tiempo para llegar a la

capacidad de campo.

Existen muchos estudios y evidencia empirica sobre la importancia de la
cobertura del suelo, no obstante, en México, las pequefas unidades de
produccion manejan sistemas de produccién que incluyen ganado, el cual utiliza
estos rastrojos para su alimentacion. Nuestro estudio encontré que la aplicacion
de rastrojo al suelo fue significativa (p<0.05) en la conservacion vy

almacenamiento del COS. Al respecto, Fonteyne (2024) senala que:

“Los rastrojos o socas son los residuos de cultivos que quedan en el campo
después de la cosecha. Estos pueden incluir tallos, hojas y otros restos
vegetales. Aunque la quema de rastrojos ha sido una practica comun, esta
contribuye al cambio climatico y afecta negativamente a los organismos
microscopicos en el suelo. Esto es relevante porque la vida microscopica,

incluyendo bacterias y hongos, desempefia un papel crucial en la
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degradacion de la materia organica y en los ciclos de elementos
esenciales para la fertilidad del suelo. En este sentido, conservar los
rastrojos ayuda a mantener la vida microbiana del suelo y contribuye a
mejorar su estructura fisica: por un lado, dejar los rastrojos en la superficie
del suelo actua como una barrera natural que previene la erosion. Esto es
fundamental para mantener la salud del suelo y la sostenibilidad a largo
plazo de la tierra de cultivo. Ademas, durante la descomposicion de los
rastrojos se liberan nutrientes esenciales en el suelo, como nitrogeno,
fésforo, potasio y calcio, reduciendo asi la dependencia de fertilizantes
inorganicos. Aprovechar los rastrojos como cobertura del suelo no solo
reduce el impacto ambiental de las quemas agricolas, sino que también
tiene un valor econémico, por lo que esta practica es una alternativa viable

y rentable que ayuda a mejorar la fertilidad y la productividad del suelo.”

La agricultura manejada de forma convencional ha ocasionado la pérdida de 20-
80 Mg C ha en las zonas agricolas tropicales; Lal (2004) sefala que las
actividades agricolas y los cambios de uso del suelo de los ultimos 200 afos, han
provocado pérdidas por alrededor de 78 £12 Pg. Y es que, como resultado de la
incorporacion de nuevos suelos a la agricultura, hasta el establecimiento de
sistemas intensivos de cultivo, se producen disminuciones de CO que fluctuan
entre 30 y 50 % del nivel inicial (Reicosky, 2002).

Al respecto Lal (2004) sefala que la estrategia para mejorar el almacenamiento
del COS consiste en devolver al suelo la biomasa que exceda de la capacidad
de mineralizacidn mediante la restauracion de los suelos degradados o
desertificados y la intensificacion de las tierras agricolas y forestales. En este
sentido, en el analisis estadistico realizado en nuestro estudio, se obtuvo que el
uso del rastrojo (residuos de cosecha) como cobertura del suelo en el terreno
agricola tiene un impacto positivo y significativo en el almacenamiento del COS,
con un incremento promedio de 11.31 t-ha™ cuando se implementa esta practica.
Este resultado es coherente con lo reportado por Chen et al. (2015), quienes

observaron que el uso del rastrojo en un sistema de labranza reducida no solo
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mejoro el almacenamiento del C en el suelo, también estratificé el C en las capas
superficiales, contribuyo a su estabilizacién y redujo las emisiones de CO, hacia
la atmdsfera, ya que el manejo del rastrojo evita la mineralizacion acelerada del
C y promueve la integracion a formas mas estables. Los residuos de los cultivos
son la fuente vital de nutrientes principales y menores de las plantas, y su papel
es critico en el suministro de gran parte del carbono organico esencial del suelo.
Los residuos de los cultivos son la fuente vital de nutrientes principales y menores
de las plantas, y su papel es muy critico en el suministro de gran parte del carbono

organico esencial del suelo (Shinde et al., 2022).

El descanso de la parcela refiere a dejar las tierras sin cultivar temporalmente, de
acuerdo con nuestros resultados esta relacionado a una disminucién del COS. Si
bien, no es estadisticamente significativo al 5% con una significancia marginal
(p<0.1), lo cual sugiere un efecto negativo. Este hallazgo, es congruente con los
resultados aportados por Jiao et al. (2020) quienes, senalaron que disminucién
de las reservas de COS se le atribuye a la reduccién de los aportes de biomasa,
la mejor cobertura vegetal lo que promueve la exposicion del suelo a procesos
erosivos (eolicos hidricos), asi como acelerar la mineralizacion del C previamente

almacenado.

El surcado al contorno, el permitir que el ganado entre a la parcela, la fertilizacion
quimica, la asociacion de cultivos y las barreras vivas, no mostraron una relacion
estadisticamente significativa con COS en el modelo final (p > 0.05). Aunque
puedan influir en COS, no explicaron de manera suficiente la variabilidad

observada en este analisis.

Cuadro 13. Resultados del analisis estadistico stepwise

Error
Variable Estimacion Valor t Valor p  Significancia
Estandar
Intercepto 14.116 4.5384 3.11 0.00716 **
Enmienda 16.9305 47324 3.578 0.00275 **

Descanso de
-8.6109 4.2489 -2.027 0.06086 .
parcela
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Surcado al contorno 3.5404 5.0071 0.707 0.49036

Aplicacion de
_ 11.3124 5.093 2.221 0.04215 *
rastrojo

Ganado en parcela 5.973 5.1856 1.152  0.26742

Fertilizacion quimica -1.0012 5.5837 -0.179  0.86009

Asociacion de
-3.7731 6.4607 -0.584 0.5679
cultivos

Barrera viva 0.3712 5.2366 0.071 0.94443

% 5 <0.001,* p<0.01, *p<0.05, p<0.1

Indicadores de ajustes del modelo

El modelo Stepwise mostro un ajuste robusto y una capacidad significativa para
explicar la variabilidad en el COS, con un R? de 83.99% y un R? ajustado de
75.45%. La significancia global del modelo (F = 9.834, p = 9.677e-05) resalta la
relevancia de las practicas agricolas como predictores del almacenamiento de C.
Estos resultados, son consistentes con Zhang et al. (2022), quienes utilizaron el
método estadistico Stepwise para evaluar con precision los factores agricolas y
ambientales que influyen en la variabilidad del COS, en sus resultados, enfatizo
que las practicas intensivas y su interaccion con el manejo del suelo tiene efectos
heterogéneos sobre el almacenamiento del C. Por otro lado, He et al. (2021)
encontré que el manejo del suelo como la incorporacion de residuos y enmiendas
organicas explican de manera significativa los almacenamientos del Cos, lo cual,

se asemeja en la contribucion positiva de estas variables en nuestro modelo.

Descripcion del entorno socioeconémico con un enfoque de Percentiles

asociados al COS

A continuacién, se muestran los resultados y el analisis socioeconémico, el cual,
permite identificar cuales caracteristicas en los productores reflejan una mayor

capacidad de almacenar el COS y viceversa.

1° Cuartil con percentiles de 1 al 25. Este grupo tiene los niveles mas bajos de
COS (entre 2.17 t-ha™'y 11.817 t-ha™). Los productores en este grupo suelen
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tener parcelas mas pequefas (£ 0.25 ha) y menor diversidad en cultivos,
predominando maiz y frijol. No realizan practicas como la aplicacién de
enmiendas organicas o el uso de fertilizantes quimicos (18-46-00). La mayoria
no deja rastrojo en el terreno, retirandolo completamente para uso como forraje.
Los rendimientos agricolas son los mas bajos con 300 kg/ ha muy por debajo del

promedio de 566 kg/ha reflejando la limitada inversion en manejo del suelo

2° Cuartil: Percentiles 26 al 50: Este grupo tiene niveles intermedios-bajos de
COS (entre 13.347 t ha' y 21.79 t-ha™"). Los productores cuentan con parcelas
promedio de 0.5 ha y muestran una leve mejora en el manejo agricola en
comparacién con el primer cuartil. Algunos aplican fertilizantes quimicos como
18-46-00 y enmiendas organicas de manera limitada, ademas de dejar un 15%
de rastrojo en el terreno, lo que contribuye parcialmente a la acumulacion de
materia organica. Aunque el descanso del suelo se realiza de forma mas regular
(cada 4-6 anos), su manejo es inconsistente y no siempre se combina con
practicas sostenibles. Los rendimientos agricolas son moderados, con valores
aproximados de 450 kg/ha para maiz, acercandose al promedio, pero aun
limitados por la falta de un manejo integral del suelo. La principal diferencia con
el primer cuartil radica en el inicio de la adopcion de practicas como el surcado al
contorno y el uso parcial de rastrojo, que comienzan a mejorar la fertilidad del

suelo y los niveles de COS.

3° Cuartil: Percentiles 51 al 75: Este grupo tiene niveles intermedios-altos de
COS (entre 25.766 t-ha™'y 33.316 t-ha™), marcando una clara mejora en el
manejo agricola respecto al primero y segundo cuartil. Los productores suelen
contar con parcelas de tamafo promedio (0.5 ha) y adoptan practicas mas
sostenibles, como el uso mas frecuente de enmiendas organicas (estiércol
aplicado cada 2-3 afios) y la incorporacion de rastrojo en proporciones de 15-
30%. Ademas, descansan sus tierras regularmente (cada 4 anos) y emplean
surcado al contorno como una practica comun, lo que ayuda a conservar el suelo
y mejorar su fertilidad. Estas practicas permiten rendimientos mas altos, con

valores de 500-600 kg ha-1 para maiz, que ya se encuentran al nivel del
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promedio. En comparacion con los cuartiles inferiores, los agricultores del tercer
cuartil combinan el manejo de rastrojo, enmiendas y descanso, promoviendo una
mayor acumulacion de carbono organico en el suelo, aunque aun no alcanzan el
nivel optimo de eficiencia agricola. Por lo tanto, el descanso por si solo no es
suficiente para aumentar los niveles de COS; su impacto positivo depende de
cémo se maneje durante el periodo de inactividad agricola. Esto refuerza la idea
de que el descanso, si no esta acompafiado por un manejo adecuado, no solo
puede ser ineficaz, sino que incluso puede perjudicar los niveles de carbono en

el suelo.

4° Cuartil: Percentiles 76 al 100: Este grupo concentra los niveles mas altos de
COS (entre 42.73 t-ha™"y 58.687 t-ha™) y representa el manejo mas avanzado y
sostenible de las parcelas. Los productores, generalmente con parcelas de 0.5-1
ha, realizan uso intensivo de enmiendas organicas (hasta 4 camiones de estiércol
cada 2 ainos), descansan el suelo durante periodos mas largos (5 afios o mas), y
dejan el 30% del rastrojo en el terreno, lo que potencia la acumulacion de materia
organica. Ademas, combinan estas practicas con surcado al contorno y
asociaciones de cultivos como maiz-frijol-haba-calabaza, maximizando el
aprovechamiento del suelo y los recursos. Los rendimientos agricolas son los
mas altos, con valores de 600-700 kg ha™' para maiz, superando el promedio. A
diferencia de los cuartiles inferiores, los productores del cuarto cuartil logran un
manejo integral del suelo, integrando practicas sostenibles que no solo aumentan
el COS, sino que también mejoran la productividad y la sostenibilidad a largo

plazo.

El analisis de los cuartiles muestra cdmo las practicas agricolas, el manejo del
suelo y los sistemas de produccidn estan relacionados con los niveles de
Carbono Organico del Suelo (COS) en parcelas familiares de subsistencia. Los
resultados revelaron que, en promedio, los productores tienen 60 afos, siendo el
90 % de ellos hombres. Se identificd que participan en una agricultura familiar de
subsistencia (AFS), dedicada exclusivamente al autoconsumo.
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La superficie media por productor es de 0.5 hectareas. Los rendimientos
promedio obtenidos en los cultivos de los productores alcanzan 566 kg/ha para
maiz, 466 kg/ha para trigo y 12.5 kg/ha para frijol, los cuales son destinados
principalmente al autoconsumo familiar. Sin embargo, el principal valor
economico asociado a estas actividades proviene del manejo del rastrojo, ya que
los productores pueden obtener entre 60 y 80 pacas por hectarea, con un valor
estimado por paca de $80.0 a $100.0. Debido a esto, el rastrojo se retira
completamente de las parcelas para su uso como forraje, principalmente para

alimentacion de animales durante el ano.

En términos de costos, la produccién de maiz implica un gasto promedio de
$7,532.00 pesos por hectarea, considerando el uso de maquinaria y jornales. A
pesar de estos costos, el balance econémico se equilibra gracias al valor del
forraje producido; por ejemplo, 80 pacas valoradas en $100.00 cada una
representan $8,000.00 pesos, lo que compensa la inversion realizada en el
cultivo. Este enfoque resalta la importancia del rastrojo como un recurso clave
para la sostenibilidad econémica de estos sistemas agricolas familiares, sin
embargo, también explica, porque ha sido dificil establecer sistemas sostenibles
que favorezcan la cobertura del suelo con el rastrojo de la cosecha anterior. Los
resultados muestran ademas, que las unidades de produccion con mayor
cantidad de carbono almacenado son las que cuentan con mayor cantidad de
recursos (tierra agricola disponible), en este sentido, los apoyos
gubernamentales para pequenos productores son necesarios para poder
compensar el costo econdmico de venta de los residuos de cosecha versus el
beneficio ambiental por secuestro de carbono, esto nos muestra que aun en la
produccion agricola mediante practicas con enfoque regenerativo pueden ser
susceptible de apoyos gubernamentales via pagos de servicios ambientales a

través de una mayor cantidad de COS.

Nuestro estudio contribuye con la identificacion de practicas tecnoldgicas que
contribuyen al almacenamiento de COS en condiciones de agricultura de secano

y pequenos productores agricolas, lo cual coincide con lo sefalado por otros
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autores quienes mencionan que la restauracién del COS agotado es posible a
través de diversas estrategias, como la conversion de tierras marginales en usos
restauradores, la promociéon de practicas de labranza reducida o cero
combinadas con cultivos de cobertura o de residuos, y la implementacién del ciclo
de nutrientes a través del compostaje, la aplicacion de estiércol y otras técnicas
de manejo sostenible del suelo y el agua. El secuestro de carbono a largo plazo
en el suelo se considera cada vez mas como una estrategia integral para combatir

el cambio climatico (Nazir et al., 2024).
4.4 Conclusiones

El manejo del suelo es determinante en los niveles de Carbono Organico del
Suelo (COS). Las practicas agricolas sostenibles, como el uso de enmiendas
organicas, la incorporacion parcial del rastrojo, tienen una influencia positiva en
los niveles de COS. En contraste, la falta de estas practicas y el retiro completo
del rastrojo contribuyen a niveles bajos de carbono en el suelo, limitando su
fertilidad y sostenibilidad a largo plazo. Aunque el descanso es una practica
comun entre los productores, los resultados muestran que su impacto en el COS
depende de como se maneje. La ausencia de cobertura vegetal, la entrada
excesiva de ganado, y la falta de complementos como enmiendas organicas
pueden reducir la eficacia del descanso, e incluso generar efectos negativos en

el almacenamiento de carbono.

Aunqgue los rendimientos de granos son limitados (566 kg ha™' para maiz, 466
kg ha' para trigo y 12.5 kg ha™ para frijol), el valor econémico del rastrojo
compensa parcialmente los bajos rendimientos. Los productores logran entre 60
y 80 pacas de forraje por hectarea, con un valor estimado de $80 a $100 por

paca, lo que refuerza la importancia del rastrojo en el balance econdémico.

Los cuartiles superiores (3° y 4°) presentan niveles mas altos de COS, asociados
a practicas sostenibles como la aplicacion intensiva de enmiendas organicas, el
manejo del rastrojo. En contraste, los cuartiles inferiores tienen menores niveles
de COS debido a la falta de estas practicas, destacando la necesidad urgente de

un manejo integral del suelo.
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La mayoria de los productores opera bajo esquemas de agricultura de temporal
con pequenas parcelas de 0.5 ha en promedio. La produccion de granos se
destina principalmente al autoconsumo, mientras que el rastrojo cumple una
funcion econdémica y alimenticia al ser utilizado como forraje para animales,

maximizando el uso de recursos en un contexto de bajos ingresos.

Las practicas como el uso de enmiendas organicas, la incorporacién parcial del
rastrojo, el surcado al contorno y descansos regulares bien gestionados se
asocian con mayores niveles de COS vy, por ende, con suelos mas fértiles y
resilientes. Sin embargo, la retirada completa del rastrojo, el manejo deficiente
del descanso y la compactacion por el ganado limitan el potencial de estos
terrenos para actuar como sumideros de carbono, ademas de afectar

negativamente los rendimientos.

Las practicas sostenibles de secuestro de carbono (como el uso de enmiendas y
una mayor cobertura vegetal, y otras) en el suelo deben sistematizarse,
mejorarse y difundir ampliamente para lograr una mayor apropiacion y adopcion
con la finalidad de contribuir a la mitigacién del cambio climatico. Hacia el futuro,
estas observaciones ofrecen una base soélida para orientar politicas publicas y
estrategias en mercados de carbono. Incentivar la adopcién de practicas
agricolas sostenibles mediante programas de pagos por servicios ambientales
(PSA), financiamiento para pequenos productores y acceso a mercados de
carbono podria transformar los sistemas agricolas familiares en agentes clave de
mitigacion climatica. Al combinar los beneficios ambientales con el desarrollo
rural, estas politicas pueden asegurar que los productores no solo contribuyan a
la captura de carbono, sino que también mejoren su productividad y calidad de

vida, consolidando un modelo de agricultura sostenible y econdmicamente viable.
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CONCLUSIONES GENERALES

La erosion hidrica es un proceso que influye en la dinamica y distribucién del carbono
organico del suelo (COS). Durante el proceso erosivo, se observa una redistribucion
del COS. En las zonas de inicio de la erosion (arranque), se presenta una pérdida
de COS debido a la desestabilizacion de los agregados del suelo y la mineralizaciéon
de la materia organica. Durante el transporte, el COS puede sufrir una mayor
mineralizacion, pero también puede enriquecerse en los sedimentos debido al
transporte selectivo de particulas finas. En los sitios de depdsito, como en las
depresiones del paisaje o detras de estructuras de control de erosion, el COS se
acumula y puede ser secuestrado de forma estable al quedar en condiciones
carentes de oxigeno, actuando como un sumidero de carbono. El uso del suelo, la
cobertura vegetal, la pendiente y las practicas de conservacion del suelo y agua
(PCONSA) son factores clave que determinan la variabilidad y distribucion espacial
del COS en una microcuenca. Las practicas agricolas y de conservacion sostenibles,
como la aplicacion de estiércol y la incorporacion parcial de residuos de cosecha,
contribuyen significativamente al aumento del COS en terrenos agricolas. A nivel de
paisaje, la erosion hidrica tiene una influencia negativa en la redistribucion y el
almacenamiento del COS. A mayor erosiéon, menor es el almacenamiento de COS,
lo que subraya la importancia de implementar medidas de control de la erosion para
mantener y aumentar las reservas de carbono en el suelo. En México, existe una
oportunidad significativa para investigar mas a fondo la redistribucion del COS
debido a la erosion hidrica y evaluar el potencial de las PCONSA (especialmente las
presas de control de sedimentos) como sumideros de carbono. La cuantificacion del
carbono retenido en estas estructuras es necesaria para valorar su contribucion a la
mitigacion del cambio climatico y asi poder sugerir politicas publicas que promuevan
la agricultura del carbono. Las practicas de conservacion de suelo y agua son
fundamentales para favorecer la retencion de carbono organico del suelo, lo que a
su vez contribuye a la mitigacién del cambio climatico y a la sostenibilidad de los

sistemas agricolas productivos.
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