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Abstract

Soils are the most important terrestrial carbon (C) sinks in the biosphere. They play a
crucial role in regulating the global carbon cycle, and are key to the provision of
ecosystem services. Soil carbon sequestration and accumulation is a useful means to
reduce atmospheric CO, concentration and mitigate climate change. A study was
conducted in El Chico National Park, Hidalgo, Mexico, with the objective of evaluating
soil carbon fractions under different vegetation types. Five sampling zones (fir forest, fir-
tlaxcal, cedar, fir-oak, pine-oak) were selected under similar edaphic and climatic
conditions. The results showed no significant differences (p<0.05) among vegetation
types in relation to organic matter (OM), organic carbon (Co), total carbon (Ct), oxidizable
carbon (Cox), and non-oxidizable or recalcitrant carbon (Cnox). Only the organo-mineral
fraction (Cp) presented a significant difference (p<0.05). The necromass of the five
vegetation types stores an average of 6.60 t C ha™! for both Ct and CO,, which multiplied
by the total area of “El Chico National Park” (PNCh), gives 13,302 Mg of C and 48,818.23
Mg of CO,. Adding the C stored in the first 20 cm of soil estimates in a total of 237,793.45
Mg C and 872,701.96 Mg of CO, with soils under fir vegetation contributing the greatest
CO;, retention.
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Introduction

Soils are the largest terrestrial reservoirs of carbon (C), with approximately 3,200 Pg of C
(1 Pg = 10" g) stored as soil organic carbon (SOC) within the top three meters of soils
worldwide. Soil contains around 2,344-2,500 Gt of C, of which approximately 1,550 Gt of
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C are stored in organic forms and 950 Gt in inorganic forms (Lal 2004, Stockmann et al.
2013). Forest ecosystems play a crucial role in the carbon cycle, it is estimated that
forests globally cover an area of 4.1 billion hectares, storing 861 Pg of C. This carbon
storage is distributed as follows: 44% (383 Pg C) is present in the soil up to 1 meter in
depth, 42% (363 Pg C) in biomass (both aboveground and belowground), 8% (73 Pg C)
in dead wood, and 5% (43 Pg C) necromass. This distribution depends on the type of
biome, species composition, and the intensity of land use, with the highest percentage of
C accumulation occurring in soil (Dinca et al. 2015, Galicia et al. 2015) . Imaya et al.
(2010) reported that andisols worldwide store 29.8 Gt of C and cover an area of 975 x 103
km?2.

The accelerated increase in atmospheric CO, levels over recent decades has intensified
the effects of global warming, such as soil degradation, desertification, and
environmental pollution. Therefore, even a small change in the SOC reserve can affect
the atmospheric CO, cycle, influencing variations in global climate (FAO 2007, Bruun et
al. 2013, Stockmann et al. 2013).

Organic matter (OM) is a fundamental component of soil, as it participates in a wide range
of physical, chemical, and biological processes. The carbon contained in OM is
transformed into inorganic carbon species, mainly CO,, which is released into the
atmosphere (Post and Kwon 2000, Bruun et al. 2013, Willaarts et al. 2016).
Consequently, the conversion of natural ecosystems into cropland can lead to the loss of
soil carbon, which can contribute to the intensification of global climate change effects
and compromise food security (Lal 2004). From 1990 to 2015, a net loss of approximately
129 million hectares of forest was recorded, representing an annual deforestation rate of
0.13%, which corresponds to an annual release of around 546.35 million tons of carbon (
FAO 2015).

Broquen et al. (2004), Segura-Castruita et al. (2005) and De Souza et al. (2022) mention
that the potential of C stored in soil depends not only on its physical, biological, and
chemical properties butis also influenced by the type of vegetation, topographic factors of
the area, origin of the soil's parent material, geomorphic characteristics, soil evolution,
management practices, mineral composition, texture, depth, bulk density, erosion,
deforestation, land use (FAO 2000), and forest fragmentation, all of which have
repercussions on the carbon stock (Chaplin-Kramer et al. 2015), as well as climate,
among other factors that determine the accumulation and recycling of soil OM.

The organic C reservoir is quite complex and is composed of fractions with different
turnover rates that are stabilized or protected against decomposition through three
mechanisms: a) physical: by contact with roots (Betancourt-Yanez et al. 1999),
encapsulation of OM fragments by clay particles or macro- or micro-aggregates; b)
chemical: special bonds between OM and soil constituents, colloids, or clays (FAO 2002);
and c) biochemical: considered stabilization due to its chemical composition (recalcitrant
compounds such as lignin or polyphenols).
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Despite the enormous carbon reservoir in the global soil ecosystem, research efforts on
sequestration have mainly focused on geological and plant carbon capture and storage,
with less attention given to the role of soil as a viable carbon sink. This situation has been
observed in El Chico National Park (PNCh), Hidalgo, Mexico. Razo-Zarate et al. (2013)
studied 30.34 hectares that were affected by a forest fire in 1998 in an Abies religiosa
forest, concluding that 297.33 Mg of C were capture by the regrowth established 12 years
after the event. Zamora (2003) estimated the aboveground biomass carbon content at 69
Mg C ha~' in a forest in Michoacan, Mexico, with storage potential for Quercus species,
6.58 Mg C ha—", Abies 35.07 Mg C ha~", and Pinus 28.85 Mg C ha~".

Andisols cover approximately 0.84% of the Earth's surface and accumulate more SOC
than other soil orders, accounting for about 5% of global SOC, making them the second
most important soil order for C storage (31 kg m=2) after histosols (218 kg m=2) (
Oskarsson et al. 2004, Tsui et al. 2013, Galicia et al. 2016).

Little is known about the C dynamics in the soils of El Chico National Park and the
mechanisms that regulate the stabilization of organic compounds. For this reason, the
objective of the present study is to determine the carbon fractions (Ct: total carbon; Cox:
oxidizable carbon; Cnox: non-oxidizable carbon; Cp: carbon in the humic fraction; Cdox:
hardly oxidizable carbon) and the carbon content captured in the necromass in soils
under different types of vegetation in El Chico National Park, Hidalgo, Mexico, in order to
develop strategies for carbon stabilization and to reduce atmospheric CO,.

Materials and Methods
Study Area

The present study was conducted within PNCh (2,739 hectares), located in the
municipality of Mineral El Chico, Hidalgo, at the western end of the Sierra de Pachuca,
part of the physiographic province known as Sierra Madre Oriental. It is situated between
the geographic coordinates 20°10’10” to 20°13’25” N latitude and 98°41°50” to
98°46’02” W longitude (Fig. 1), at an elevation ranging from 2,320 to 3,090 m (CONANP
2005). The area is located within the geological province of the Trans-Mexican Volcanic
Belt, characterized by Tertiary volcanic rocks, extrusive igneous rocks such as volcanic
breccia and andesite (Enciso-de la Vega 1992). The climate is classified as Cb(m)(w)
(iYgw, corresponding to a temperate sub-humid climate with a cool and long summer, an
annual temperature ranging between 12 and 18°C, and a summer rainfall regime with an
average annual precipitation of 1,386 mm (Garcia 2004). The predominant soils are
Haplic Andosols (FAO 1998) and, according to the Soil Survey Staff (2003), classified as
Typic Hapludands. These soils are well-drained, moderately deep to deep, and primarily
of sandy loam texture (Acevedo-Sandoval et al. 2008).

Five areas were selected, each representing different vegetation types or associations: i)
oyamel forest (Abies religiosa (Kunth) Schltdl. & Cham); ii) pine-oak (Pinus teocote
Schltdl. & Cham. - Quercus glabrescens Benth); iii) oyamel-oak (Abies religiosa (Kunth)
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Schltdl. & Cham - Quercus glabrescens Benth); iv) white cedar (Cupressus lusitanica
Mill); and v) oyamel-Tlaxcal, Abies religiosa (Kunth) Schitdl. & Cham - Juniperus
monticola Martinez) (Gallina-Tessaro et al. 1974, Zavala-Chavez 1995, Calderéon-De
Rzedowski and Rzedowski 2005, Hernandez-Alvarez et al. 2021), all growing under
similar soil and climatic conditions. In each area, 5 soil subsamples were randomly taken
at different depths (0-5, 5-20, and 20-60 cm) and homogenized.

Analytical Procedures for Soil Characterization and Carbon Fraction Assessmen

The soil samples were sieved through a 2 mm mesh, and the methods used to determine
physical and chemical properties were those described in the Soil Survey Laboratory
(2004). The analyzed variables included bulk density (Da), particle size distribution, pH in
water, and potassium chloride (1:2.5).

Among the CO fractions, the oxidizable carbon (Cox) was determined using the Walkley
and Black technique (NOM-021-SEMARNAT-2000, and the OM content was calculated
according to the relationship OM = Cox * 1.724. The SOC or total carbon stored (Cta) was
calculated using the equation proposed by Gonzalez-Molina et al. (2008) SOC (Mg/ha) =
Cox (%) * Da (kg m-®) * P (m), where Cox is the oxidizable carbon, Da is the bulk density,
and P is the sampling depth. Ct was determined using a Solids TOC Analyzer 1020A,
SHIMADZU brand elemental analyzer, and the difference between Ctand Cox was used
as an estimate of the non-oxidizable or more recalcitrant carbon (Cnox). Carbon bound to
the soil humic fraction (Cp) was determined according to the methodology described by
Smith (1994), based on the complexing power of sodium pyrophosphate. Non-
complexed, difficult, or slowly oxidizable carbon fractions (Cdox) were calculated as the
difference between Cox and Cp; COO corresponds to non-complexed and slowly
oxidizable forms and is obtained from the difference between Ct and pyrophosphate-
extractable carbon (Cp). The stratification ratio of OM (REmos), an indicator of soil quality,
was obtained by dividing the OM content of the upper layer by that of the lower layer (
Rodriguez Rodriguez et al. 2004, Martinez H et al. 2008, Dinca et al. 2015, Vasquez-Polo
and Macias-Vazquez 2017, SEMARNAT 2022 ).

To measure the amount of necromass, a 50 x 50 cm frame was used, and six random
samples were taken in each vegetation type. The samples were homogenized by area,
and a composite sample was collected and placed in a bag. In the laboratory, they were
dried in an oven at 75°C for 48 hours to obtain the dry weight. A 20 mg sample was then
taken, and the carbon percentage was determined using a Solids TOC Analyzer 1020A,
SHIMADZU brand elemental analyzer.

The following equation was used to calculate the fixed CO, (Landeta-Gonzalez 2009),
once the carbon content was determined: CO, = Kr * C; where Kr is the conversion factor
to CO, of 3.67, resulting from the ratio of the molecular weights of carbon dioxide (44)
and carbon (12).
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The analyses were performed in triplicate, and all data were compared using analysis of
variance followed by Tukey's multiple comparison test (p<0.05), to establish possible
statistical differences for the variables related to the type of vegetation

Results and Discussion

The studied soils generally exhibit a bulk density of less than 0.93 Mg m=3, are
moderately acidic (average 5.84), and have medium to rich levels of total nitrogen and
high organic matter, with the exception of the soil under cedar vegetation, which is
considered medium for volcanic soils (SEMARNAT 2022). The C/N ratio, with average
1143 for the five sites, indicates a moderate mineralization, which is an important
indicator for microbial activity, nutrient availability and plant growth and development (
Fernandez 2004, Vasquez-Polo and Macias-Vazquez 2017). Yang et al. (2020) report
that in acidic soils, organic matter is generally stabilized by exchange reactions involving
bonds with non-crystalline Fe and Al oxides. Ortiz-Escobar et al. (2004) report that soils
with andic properties and acidic pH have high contents of exchangeable aluminum (AI*3).
The low bulk density values and the C/N ratio of the surface layer indicate the
accumulation of labile organic matter predominantly from slightly decomposed plant
residues and suggest the accumulation of organic residues in a recent process (De
Souza et al. 2022). Organic matter affects soil reaction (pH) due to active groups that
contribute degrees of acidity, exchange bases, and the nitrogen content present in the
organic residues contributed to the soil (Aguilera S. 2000, Wong et al. 2000).

In Table. 1, the pH values in water (active acidity) and in KCI (potential acidity) are
presented, along with the difference between the two values, delta pH (ApH), which is an
indicator of the nature of the clays and the index of decomposition and incorporation of
OM into the soil. In this study the values range from -0.97 to -1.33, indicating that the soil
predominantly has variable charge and therefore has a large amount of colloids and
short-range or allophanic minerals (Acevedo-Sandoval et al. 2008).

The Alo+0.5Feo index > 2% (Table 1) shows that soils under different forest vegetation in
the PNCh are generally characterized by having andic properties (FAO 1998), with
values ranging from 2.16 to 3.41. In this study, the soil with the fir-Tlaxcal forest showed
the highest values, while the white cedar forest had the lowest; however, there were no
statistically significant differences (p<0.05) between the five sites.

Regarding the relationship of the different forms of C (Table 2), the Ct varied from 3.06%
(cedar forest) to 9.44% (mixed fir-Tlaxcal forest), with no statistically significant
differences (p<0.05) among the five sites. Vasquez-Polo and Macias-Vazquez (2017)
reported that total carbon values around 3% are considered the minimum necessary for
adequate soil structural stability, and that values below 3% indicate soils with erosion
problems, low cation exchange capacity, and low moisture retention, which are
associated with low inputs of organic materials and high rates of organic matter
mineralization.



Author-formatted, not peer-reviewed document posted on 11/02/2025. DOI:

— ARPHA Preprints
https://doi.org/10.3897/arphapreprints.e149211

The Cnox ranged from 4% to 51% relative to Ct, representing the more stable carbon that
ensures significant residence times in soils. This fraction is the most effective in
functioning as a CO, sink (Rodriguez Rodriguez et al. 2004), with soils under cedar
vegetation showing the highest C stability (51%) and fir forest soils the lowest (4%).
Statistically, there were no significant differences (p<0.05) among soils under the five
vegetation types (Table 2).

Values greater than 0.10 for the Cnox fraction in forest soils indicate the effectiveness of
these soils in capturing carbon (Vasquez-Polo and Macias-Vazquez 2017). The organic
carbon contained in this fraction has a very long residence time, ranging from decades to
thousands of years. In this study, values ranged from 0.39% (fir forest) to 3.14% (fir-oak
forest), indicating that soils under fir-oak forests have more stable forms of carbon in the
soil.

The low percentage of Cnox (0.39% in fir forest soils) in this fraction has significant
consequences for the soil's ability to retain water, ions, nutrients, contaminants, its
integration with biotic activity, and the formation of stable aggregates (Macias etal. 2004).

High Cox values were observed in soils under different types of vegetation, except for
soils under cedar, where the mean Cox value was 1.97% (Table 2). Statistically, there
were no significant differences (p<0.05) among the five sites. Cox varied from 49% to
96% relative to the Ct, with the highest value found in the soil under fir forest (96%). This
high Cox content is attributed to the fact that OM in these soils (Andosols) is stabilized by
minerals with a low degree of crystallinity (allophane, imogolite, ferrihydrite, etc.), which
present a high specific surface area with variable charge, capable of adsorbing organic
molecules and/or forming stable metal-humus complexes (Dahlgren et al. 1993, Broquen
etal. 2004, Acevedo-Sandoval et al. 2008).

The most stable forms of carbon were higher in soils with mixed forests (fir-oak),
functioning as CO, sinks; however, there were no statistically significant differences
(p=<0.05) between soils under the five types of vegetation (Table 2). Thus, all five sites can
be considered to have a high potential as CO, sinks and carbon capture.

The Cp is usually identified with the existing humified carbon; in this study, it ranged from
10.6% (mixed fir-oak forest) to 18.4% (cedar forest) relative to Ct, which is related to the
differences in inputs and humification among the five sites. Below the values reported by
Vasquez-Polo and Macias-Vazquez (2017)for soils with natural vegetation in the
Magdalena Department, Colombia (19 to 31%).

Low Cp values were found in soils under cedar forests (Table. 2), indicating low evolution
of OM toward humified forms (Vasquez-Polo et al. 2011) and little formation of organic
complexes, apparently due to the predominance of young humus with low capacity for
complex formation (Shoji and Fujiwara 1984).

Meanwhile, soils with fir-Tlaxcal showed a higher percentage of more stable organic
complexes, with statistically significant differences (p<0.05) between soils under different
types of vegetation (Table 2). The soils in the PNCh are of volcanic origin and present a
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high content of aluminum oxyhydroxides and hydroxides, which are associated with
humic substances forming stable Al-humus complexes (Broquen et al. 2004, Acevedo-
Sandoval et al. 2008, Grand and Lavkulich 2011).

The fraction of hardly oxidizable carbon (Cdox) ranged from 75% to 86% relative to Ct,
indicating a higher percentage of stable C in soils with fir and fir-oak forests (86%).

The C in the hardly oxidizable carbon fraction represented 79.7% of the Cox (mean value
in the five soils under different vegetation types). This fraction corresponds to C that has
escaped biological activity and even the normal oxidative processes in soils. A higher
percentage of C was associated with more stable fractions in soils under fir (86.53%),
showing statistically significant differences (p<0.05) with soils under other types of
vegetation. Vasquez et al. (2013) reported 70% and 62% Cdox values for tropical dry
forest soils and cultivated soils in the Magdalena Department, Colombia, concluding that
the use and management of cultivated soils cause a decline in the more stable forms of
C, indicating a higher percentage of C associated with more stable fractions in forest soils
than in cultivated soils. The relationship of different forms of C concerning Ct content
shows that the highest percentage of Ct consists of labile forms.

Galicia et al. (2016) mentioned that the Andosol soil group has significant SOC
accumulation (310 Mg C ha'), which occurs due to OM stabilization through the
formation of organo-metallic and organo-mineral complexes. Pérez-Ramirez et al. (2013)
reported for andosol soils in the Monarch Butterfly Biosphere Reserve, 115 to 207 Mg C
ha'in a fir forest and 70 to 136 Mg C ha'in a pine-oak forest. For the PNCh, the values
ranged from 1441 Mg C ha™ (cedar forest) to 109.59 Mg C ha! (fir forest), with
statistically significant differences (p<0.05) among the five sites.

The carbon stock among different vegetation types in the PNCh indicates that soils with
high SOC content are associated with high biodiversity (De Souza et al. 2022), making it
important to maintain this biodiversity for carbon capture in these soils.

Martinez H et al. (2008) report that the organic matter stratification ratio (REmos) is an
indicator of soil quality at the limit of the arable layer; the higher the value, the better the
soil quality. In the present study, soils under cedar are of better quality (value 5.12, Table
2), while soils under fir-oak and fir-Tlaxcal showed low values (0.34 and 0.38,
respectively). No statistically significant differences (p<0.05) were observed among the
five sites.

Rodriguez Rodriguez et al. (2004) concluded that the accumulation and stabilization of
organic carbon in Andosols and Andean soils of Garajonay National Park (La Gomera,
Canary Islands) is related more to the maturity and stability of the ecosystem than to the
type of vegetation; Vargas-Larreta et al. (2023) concluded that based on the results, the
type of forest does not influence SOC stores, but the type of soil does (Table 3).

Amaguaya Llamuca (2015) reports that the total carbon stored in the soil of native
Andean forest from 0 to 30 cm was 252.57 t C ha™'. Vasquez-Polo et al. (2011) reported a
total carbon accumulation of 42.4 Mg C ha™'in forested areas of Magdalena, Colombia,
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at a depth of 20 cm, while Chirilus et al. (2022) reported 36.19 t ha™ of organic carbon in
forest plantations at a depth of 0-10 cm, with greater sequestration and water retention
capacity. They concluded that land use and sampling depth influence the
physicochemical properties of the soil and increase carbon sequestration capacity.

In a study by Vela-Correa et al. (2012) to measure total organic carbon levels in the soils
of conservation areas in Mexico City, limits were defined for SOC intervals for the 0-30 cm
layer to provide a general reference for what are considered high and low values. The
established ranges were: low (<50 Mg C ha'), medium (50-100 Mg C ha™), high
(100-150 Mg C ha™"), and very high (>150 Mg C ha™"). The Ct obtained in the PNCh for
the fir forest was 114.40 Mg C ha™, a value that, according to these authors, would be
classified as high, while for the cedar forest (31.60 Mg C ha™"), it would be classified as
low.

Cruz-Flores and Etchevers-Barra (2011) concluded that Pinnus spp. forests store an
average of 148.5 Mg C ha™' in soils formed from pyroclastic materials. Anaya et al. (2016)
reported an average of 1187 Mg C ha™' in cloud forests in Michoacan, Mexico, and in
cloud forests in Chiapas, 102 to 461 Mg C ha™' (Jong et al. 1999), and in Oaxaca, 158 to
222 Mg C ha™' (Alvarez-Arteaga et al. 2013). Vela-Correa et al. (2012) reported that the fir
forest showed high SOC values of 145.6 Mg C ha™', due to the fact that these forests are
well-conserved.

The total surface area of the PNCh captures approximately 821,638.74 Mg CO, in the top
20 cm of soil, with the majority of CO, retention occurring in soils under fir vegetation,
accounting for 88% of the total. This confirms it as a carbon sink worth considering,
making it a strategic area of fundamental interest for mitigating the negative
environmental effects (temperature increases and the global greenhouse effect) caused
by the rise in atmospheric CO,. Land use change represents the second largest
anthropogenic source of emissions into the atmosphere (Smith et al. 2016). Jones (2006)
reported that an increase of one percent in organic carbon in the top 20 cm of soil, with a
bulk density of 1.2 g cm™ would represent an increase of 24 t ha-1 of SOC, which is
equivalentto 88 tha™! of CO, sequestered from the atmosphere.

Hu et al. (2018) reported that, in an abandoned agricultural soil profile from 0 to 50 cm in
the karst regions of southwest China, SOC and nitrogen reserves will recover to primary
forest levels in approximately 74 years at a rate of 112.35 g C cm-2 year' and in
approximately 100 years at a rate of 12.07 g N m?2 year™', respectively.

MAE, (2015) reported that in Ecuador, gross deforestation emissions from native forests
for the year 2014 amounted to 10,523,577 t C, a value representing 38,586,447 t CO,-eq
year!. Deforestation contributes to increased atmospheric pollution.

Pérez-Ramirez et al. (2013) remarked how sustainable management of forest areas
contributes to the conservation of large carbon reserves in the soil and the biodiversity
that inhabits it. They also reported that well-conserved fir forests store 45-80% of organic
carbon in the top centimeters of soil, with similar results observed in PNCh (Fig. 2).
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The Ct of the five study areas shows that, with increasing depth, there is a greater carbon
content per square meter in soils under fir forest (2.17 kg C m, indicating a potential for
long-term carbon storage and sequestration). Acosta et al. (2001), Anaya et al. (2016),
Yang et al. (2020) and Chirilus et al. (2022) reported that the vertical distribution of SOC
results from land-use change, organic matter inputs, topographical location, slope,
necromass composition, decomposition rate, and eluviation. These factors are
determined by pedological processes, along with rhizodeposition and microorganisms
that establish the distribution at different depths, as well as by the site's climatic
conditions.

Schiedung et al. (2019) mentioned that more than 50% of the world's SOC is stored in
subsoil, and when radiocarbon testing is conducted, SOC increases with depth,
regardless of soil type. Amaguaya Llamuca (2015) concluded that the greatest amount of
stored total carbon is found at a depth of 20 to 60 cm in native Andean forest soils, with
similar results seen in PNCh. Anaya et al. (2016) concluded that the accumulated SOC
content (Mg C ha™') increases with depth in cloud forest soil in Michoacan, Mexico.

Necromass represents an important carbon sink and is one of the main pathways for
carbon to enter forest soils, having a fundamental effect not only in the top centimeters
but also at greater depths through its decomposition products (Wang et al. 2013,
Hernandez et al. 2016). Approximately 5% of the total carbon stored in forest systems is
found in the necromass. In the present study, the average carbon concentrations in the
necromass were statistically similar between forest types (p<0.05); C and CO, stores in
the necromass per hectare were highest in the fir forest, accounting for 26.47% of the
total, while the lowest values were found in the cedar forest, accounting for 15.23% of the
total (Table 4). These results show that the amount of biomass contributed to the forest
soil is greater in the fir forest than in the cedar forest.

Rodriguez-Laguna et al. (2009) reported that the C content in necromass in a pine-oak
forest in the “El Cielo Biosphere Reserve”, Tamaulipas, was 9.88 Mg C ha™", a value
higher than those obtained in PNCh. Hernandez et al. (2009) report a total carbon
content present in the necromass of Eucalyptus dunnii aged 9 years of 8.4 Mg C ha~" in
Uruguay, while Laclau (2003) reported carbon amounts stored in the necromass of Pinus
ponderosa and Austrocedrus chilensis in Patagonia ranging from 6.6 to 8.5 Mg C ha™".
Vargas-Larreta et al. (2023) reported that in temperate forests of Durango, Mexico,
carbon stocks in the necromass of pine-oak forests average 8.47 Mg ha™', a value
greater than that found in the pine-oak forest of PNCh (6.43 Mg C ha~"). Cruz-Flores and
Etchevers-Barra (2011) mentioned that in the temperate regions of Mexico, necromass
contributes 6.91 Mg C ha~" to the soil. In the present study, the average value across the
five sites was 6.60 Mg C ha~". In the study area, the amount of Ct captured in the
necromass was 6.60 Mg C ha~', which, when multiplied by the area under study,
estimates in a total of 13,302.63 Mg of C captured in the necromass and 48,840.81 Mg of
CO2. Among the five forest ecosystems, there are no significant differences in the carbon
contentin the necromass.
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Conclusions

The PNCh provides the environmental service of CO2z capture; the soil in the top 20 cm
captured a total of 821,638.74 Mg of CO2 over an area of 2,015.55 ha. Therefore, it is
important to have a forest management program that increases forest biomass and
carbon stability in soils to protect the PNCh by reducing deforestation and conducting
reforestation, as it is a strategic ecosystem of significant state importance.

The contents of Ct, Cox, Cnox, and REmos did not show statistically significant
differences among the types of vegetation. Cnox was present in soils with cedar
vegetation (51%), where it would be interesting to study the mechanisms of natural
carbon stabilization. Stable organic complexes (Cp) are present in soils with oyamel-
tlaxcal, showing significant differences (p<0.05) compared to the other soils with
vegetation studied.

Based on the obtained results, it can be inferred that each forest species in PNCh
contributes uniquely with its forest potential in the contribution and capture of organic
carbon in the soil.

The significant accumulation of SOC in PNCh is due to the stabilization of organic matter
through the formation of organometallic and organo-mineral complexes; this stabilization
makes it resistant to decomposition, allowing for greater carbon residence in the soil, thus
considering the park as a mitigator of climate change.

The necromass from the five types of vegetation stores an average of 6.60 t C ha™",
which, when multiplied by the total area of PNCh, results in 13,302 Mg of C and
48,818.23 Mg of CO2. Adding the stored C in the soil yields a total of 237,793.45 Mg of C
and 872,701.96 Mg of COs2.

The importance of evaluating the carbon dynamics present in PNCh, which are
transferred at each level from the necromass to the soil, lies in the ability to develop
management strategies and actions that enable the capture and maintenance of carbon
stored in these areas, thereby preventing its concentration in the atmosphere.
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Figure 1.

Geographic location of “El Chico” National Park, Hidalgo.
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Figure 2.

SOC content by depth under different types of vegetation; S1, Pine-oak; S3, Fir-oak; S6,
Cedar; S9, Fir-Tlaxcal; S12, FiYangr.
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Table 1.
Some physical and chemical properties of the soil as a function of vegetation type (average values

0-60 cm).
Properties S1 S3 S6 S9 S12
Da (Mg m-3) 0.93 0.75 0.93 0.69 0.71
Clay (%) 15.67 10.44 20.83 7.67 6.16
pH (clay 1:2.5) 5.57 6.33 5.84 5.58 5.89
pH (KCI 1:2.5) 4.24 5.28 4.69 4.58 4.92
ApH -1.33 -1.05 -1.14 -1.00 -0.97
Nt (%) 0.38 0.53 0.17 0.64 0.70
C/N 11.74 11.30 10.26 12.01 11.86
Alo+0.5Feo (%) 2.79 2.74 2.16 3.41 3.21

S1, Pine-oak; S3, Fir-oak; S6, White cedar; S9, Fir-Tlaxcal;, S12, Fir; Da: bulk density; Nt:
total nitrogen; Alo: oxalate-extractable aluminum; Feo: oxalate-extractable iron; CIC:
cation exchange capacity.
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Table 2.

Average carbon content in soils (0-60 cm) under different types of vegetation.

Fractions S1

Ct (%) 6.20a
Cox (%) 4.46a
Cnox (%) 1.74a
Cp (%) 0.83ab
Cdox (%) 3.62ab
SOC (Mg C/ha) 45.07b
COO (%) 5.36a
REmos (%) 1.93a

S3
9.14a
6.00a
3.14a
0.83ab
5.17ab
69.94ab
8.31a
2.01a

S6
3.06a
1.97a
1.10a
0.49b
1.48a
14.41b
2.58a
5.12a

S9
9.44a
7.37a
2.26a
1.43a
5.75ab
93.66a
8.01a
1.13a

S12
8.48a
8.09a
0.39a
1.11ab
6.97b
109.59a
7.37a

1.18a

S1, Pine-oak; S3, Fir-oak; S6, Cedar; S9, Fir-Tlaxcal; S12, Fir;, OM, organic matter; Ct,
total carbon; SOC, soil organic carbon; Cox, oxidizable carbon; Cnox, non-oxidizable or
recalcitrant carbon; Cp, pyrophosphate carbon; Cdox, hard-to-oxidize carbon; SOC, soil
organic carbon; COO, non-complexed and slowly oxidizable forms; REmos, organic
matter stratification ratio; CO 2 , carbon dioxide; lefters in the same row are statistically

significant (p<0.05).
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Table 3.

Area occupied by the types of vegetation studied in PNCh and total carbon and CO2 storage in the
soil in the top 20 cm.

Type of *Area Ct Mg/ha at 20 cm Total Mg C/ CO2 Capture at 20 cm depth Mg
Vegetation (Ha) depth area Cc0o2

S1 23.88 94.09 2,246.86 8,223.51

S3 106.62 83.10 8,860.12 32,428.04

S6 31.75 31.60 1,755.77 6,426.14

S9 127.90 111.36 14,242.94 52,129.17

S12 1,725.40 114.40 197,385.76 722,431.88

Total 2,015.55 . 224,491.45 821,638.74

*Source: CONANP 2005, Ct, total carbon; S1, Pine-oak; S3, Fir-oak; S6, Cedar; S9, Fir-
Tlaxcal; S12, Fir.
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Table 4.

Average total carbon content in necromass and CO2 capture estimation under different types of
vegetation in PNCh, Hidalgo, Mexico.

Vegetation type Biomass carbon (Mg C/ha) CO2 (Mg CO2/ha)
S1 6.43 a 23.59 a

S3 6.76 a 24.80 a

S6 5.03 a 18.46 a

S9 6.06 a 22.24 a

S12 8.74 a 32.07 a

Average 6.60 24.23

S1, Pine-oak; S3, Fir-oak; S6, Cedar; S9, Fir-Tlaxcal; S12, Fir; identical letters in the same
column are statistically significant (p<0.05)
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