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Livestock production is one of the most important agricultural sources of greenhouses gasses (GHG). Transforming the livestock sector is a critical task to mitigate the effects of climate change, and the implementation of silvopastoral systems (SPS) may be a way to do so. Carbon footprint (CF) estimation was carried out for 131 conventional livestock farms (CONF) and SPS farms (SPSF) selected in the states of Jalisco, Chiapas and Campeche (Mexico). GHG emissions were estimated based on interviews with the farmers and farm monitoring to collect information about management, milk production and the live weight gain (LWG) of calves (for meat production) using national emission factors. Emissions from animals, fossil fuels, electricity and nitrogen fertilizers were estimated using Tier I and II criteria. Land use distribution was recorded for each farm, and their carbon fixation in total biomass and soils was estimated using studies from tropical Latin America. CF was estimated for area and for production of milk and the LWG of calves. SPSF had lower GHG emissions, higher carbon fixation rates and a better CF than CONF (5.7 vs. 8.0 t CO2e/ha/year; 6.9 vs. 5.5 t C/ha/year and − 5.0 vs. −2.9 t CO2e/ha/year, respectively). The CF of milk production and calf LWG were − 68.6 to −4.6 kg CO2e/kg and − 3.2 to −0.1 t CO2e/kg, respectively. Our results highlight the importance of implementing SPS to mitigate climate change in livestock production, given its contribution to GHG emissions and the importance of capturing atmospheric carbon in biomass and soils. National and regional policies should focus on promoting implementing SPS as an active and effective strategy for improving CF in livestock farms.
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1 Introduction

Livestock activity contributes between 12 and 14.5% of anthropogenic greenhouse gas (GHG) emissions, with milk and meat production responsible for 3–4% (Velarde-Guillén et al., 2022) and 11–12%, respectively (Grain, 2017). Methane (CH4) is the major contributor to these emissions, but with a wide range, from 34 to 86% (Gerber et al., 2013; Rice et al., 2017; Mazzetto et al., 2020; González-Quintero et al., 2021; Hawkins et al., 2021), with some researchers finding rates of more than 70%. Mexico is the 12th biggest emitter of CO2 in the world (International Energy Agency [IEA], 2020) and accounts for 1% of global GHG emissions (He et al., 2021). The agricultural sector in Mexico emitted 92 Tg CO2e to which livestock contributed close to 50% (Prospero-Bernal et al., 2019). Mexico has proposed a reduction of 22% by 2030, with a target of 8% for the livestock sector (Instituto Nacional de ecología y Cambio Climático [INECC], 2018). The most recent Instituto Nacional de ecología y Cambio Climático [INECC], (2018) estimated 683 Tg CO2e the emissions to which livestock contributed 10.3%; this makes livestock production the second most important contributor to GHG emissions after the energy sector (70% of the national total). In the livestock sector, enteric fermentation is the main source of emissions (76%), followed by manure management (24%) (Instituto Nacional de ecología y Cambio Climático [INECC], 2018).

Worldwide, the demand for livestock production, as well as its derivatives such as milk and cheese, has increased in recent decades as a result of increases in population and consumption preferences (Ghosh et al., 2020; Navarrete, 2020). In 1950, Mexico had a population of 25.8 million people; 70 years later, Mexico’s population has almost quintupled (126 million). It is estimated that, by 2050, Mexico’s population will reach 148.2 million (de México, 2018). Cattle ranching is the most widespread productive activity in rural areas of Mexico and is carried out in all agroecological regions on about 110 million hectares (60% of the territory), with about 28.4 million head of cattle. Production ranges from highly innovative and integrated systems, to more traditional approaches (Pagiola et al., 2004; Instituto Nacional de Estadística y Geografía [INEGI], 2016). Traditional cattle farms are based on extensive grazing with or without supplementation and practices to improve livestock management, without considering the effect on environment. More technologically oriented systems usually use silvopastoral systems (SPS), take records and apply good farming practices.

Carbon footprint (CF) estimation has become necessary for livestock farming and management strategies in light of climate change (Molina-Rivera et al., 2019; Ali et al., 2020; Elshimy and El-Aasar, 2020; Ghosh et al., 2020; Secretaría de Medio Ambiente y Recursos Naturales [SEMARNAT], 2020). Numerous strategies have been applied to mitigate the emissions caused by livestock production, such as carbon capture and conservation in tree-dominated land uses such as forests and SPS (Andrade et al., 2008; Molina-Rivera et al., 2019). Improving a farm’s CF can also occur by improving animal feeding through the use of a higher quality diet and improved genetics, having more productive animals (Molina-Rivera et al., 2019; Prospero-Bernal et al., 2019). Establishing SPS on conventional open pastures increases the capture of carbon in biomass and soils, as well as reducing deforestation and GHG emissions (Andrade et al., 2008; Aryal et al., 2022; Oldfield et al., 2022; Udawatta et al., 2022). Several studies have confirmed the positive effect of SPS in reducing the CF of livestock farms (Schettini et al., 2021; Brook et al., 2022; Parra et al., 2022).

The project “Promoting biodiversity conservation through climate-smart agrosilvopastoral practices in livestock-dominated landscapes in three regions of Mexico” (Biodiversidad y Paisajes Ganaderos Agrosilvopastoriles Sostenibles; i.e. BioPaSOS started in 2017) in the states of Jalisco, Chiapas and Campeche (Mexico); one of the main purposes of this project was to help reduce GHG emissions by promoting the implementation of SPS across livestock farms. The goal of the present work is to estimate the CF of livestock farms with conventional systems (CONF) and those using SPS (SPSF) in these three states and to identify the most important components of their CF. The results will provide a guideline for the formulation of policies and strategies for technology transfer and adoption to make livestock systems more environmentally friendly to mitigate climate change.



2 Methods


2.1 Study area

This study was carried out in the states of Jalisco, Chiapas and Campeche in Mexico. The main characteristics (i.e., biophysical conditions and management) of the three states are described in Aryal et al. (2022). The states included in the research were selected – with the support of the national, state and local Secretary of Livestock and Environment – according to the following criteria: (1) deforestation problems, (2) areas with pastures for livestock, (3) problems with forest fires and erosion and (4) priority areas for conservation.

Jalisco is located in the temperate region at 20°34′00″N and 103°40′35″W (Bautista et al., 2020), where forests, grasslands, shrublands and agriculture can be found in a transition zone between the Nearctic and Neotropical regions (Figure 1). The average annual rainfall is 862 mm, with an average of 11.19 days of frost per year. The average temperature in the dry season is 30°C and 12°C in the rainy season. These factors are key to the development of productive activities, especially cattle (de Jalisco, 2011). The total cattle population of the state is 3,409,172 heads (71 and 29% for meat and milk production, respectively) (OEIDRUS-Jalisco, 2017). Livestock is the main source of income for most families, and there is a mean animal stocking rate of 0.76 AU/ha foraging grasses, shrubs and trees (Sánchez-Romero et al., 2022). In 2015, Jalisco produced 2.2 million L of milk a day and 216,535 t of meat each year (OEIDRUS-Jalisco, 2017).
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FIGURE 1
 Location of BioPaSOS project states in Mexico.


Chiapas is located in the intertropical zone (16°24′36″N and 92°24′31″W) with a humid tropical climate (Bautista et al., 2020) (Figure 1). The annual rainfall in coastal areas reaches 4,000 mm, while in central areas, the rainfall is less than 1,000 mm; the average altitude is 320 m. In some places, the average temperature is above 23°C and in other places the temperature falls below 15°C. Chiapas has 12,025 km2 of primary forests, 16,643 km2 of cropland and 19,518 km2 of cultivated or induced pastures dedicated to livestock, which have increased in area at an average rate of 345.7 km2 each year (Gobierno del Estado de Chiapas, 2019). Chiapas has 2.7 million head of cattle and is the third biggest producer of meat in Mexico (217,395 t/year) (Servicio de Información Agroalimentaria y Pesquera [SIAP], 2016), mainly in dual purpose systems (Martínez-García et al., 2012).

Campeche is located in the tropical region (18°50′11″N and 90°24′12″0) (Bautista et al., 2020) (Figure 1). The state covers 57,924 km2 with 11 municipalities that represent 3% of the country. It is primarily made up of sub-horizontal plains (41%) and hilly areas (35%). The average annual temperature is approximately 26°C, with a mean annual rainfall of 1,272 mm. The area is dominated by secondary vegetation (54%), forests (16%) and grasslands (13%), as well as, to a lesser extent, by agriculture, forest, water bodies, areas without vegetation and urban areas (Biodiversidad y Paisajes Ganaderos Agrosilvopastoriles Sostenibles [BioPaSOS]. (s.f.), 2017). The livestock sector covers 58% of agricultural production in Campeche (Gobierno del Estado de Campeche, 2015), with a total of 650,000 head of cattle (Servicio de Información Agroalimentaria y Pesquera [SIAP], 2016).



2.2 Farm selection

The sample included 131 livestock farms. In each state, a meeting was held with producers interested in participating in the BioPaSOS project, from which a list was drawn up and approved by the local authorities of each Ejido.

Farms were classified either as conventional (CONF) or SPS farms (SPSF). CONF practice extensive grazing, with or without supplementation, and implement practices or technologies to improve livestock productivity only, without considering the effect on the environment. SPSF implement SPS production systems, including dispersed trees in native or improved pastures, fodder banks and multi-stratum live fences. These farms also engage in good livestock practices, such as pasture rotation, management of feed records, vaccination, deworming and production, as well as rational use of veterinary products and supplemental feeding with silage and multi-nutritional blocks. Farmers with SPSF were selected to participate in the BioPaSOS project based on the following criteria: (1) be an initiated sustainable livestock producer, (2) innovative (creative), (3) recognized in the community, (4) participatory, (5) interested in learning, (6) availability of time and (7) willingness to experiment (participatory research). Farmers with CONF were randomly selected from among those that were not participating in the BioPaSOS project.

Out of the total of 131 farms, 70 were visited only once, 40 in Chiapas and 30 in Campeche. The remaining farms were visited once a month for 12 consecutive months (11, 40 and 10 in Jalisco, Chiapas and Campeche, respectively). A semi-structured interview was applied to those farms that were visited once. Records of information, such as milk production and live weight per cow, by weighing milk and animals with scales, were carried out for two farms per state for two days during each monitoring period.



2.3 Variables measured

Data were collected on the most relevant variables for estimating GHG emissions, such as geographic area (applied geographic scope, climate and soil), land use distribution, milk production and quality, cattle characteristics (breed and number and weight of animals), stocking rate, pastures and supplements used, as well as their nutritional characteristics (digestibility, crude protein, neutral detergent fiber and metabolizable energy of supplements) and dry matter consumption per animal. We also inquired about production costs, electrical energy used on the farm, use of nitrogen fertilizers, use of fossil fuels and firewood and manure applied in the different land uses, fuel used on and off the farm and percentage of digestibility intake. Ym, which quantifies enteric CH4 emissions based on gross energy intake, and country-specific emission factors were used for these estimations.



2.4 GHG emissions analysis

The data collected were organized and analyzed to estimate the total emissions generated by identified production systems and farms (t CO2e/ha/year and t CO2e/farm/year) and on a unit basis per animal unit (t CO2e/UA/year) or per product unit (kg CO2e/kg milk and t CO2e/kg meat of calves sold). GHG emissions were estimated with a local calculation tool (GEI-CATIE Tool) (Vega, 2016) at an animal scale; this is a tool generated by CATIE researchers in a spreadsheet for making GHG estimates in livestock systems. It contemplates Tiers I and II, according to the availability of activity data for the region studied and following the Intergovernmental Panel on Climate Change [IPCC] (2006) guidelines. Tier I is a basic method for estimating GHG emissions, using default emission factors and simple national activity data. It is generally less precise and is used when detailed country-specific data are unavailable. Tier II involves more detailed approaches for estimating emissions, utilizing country-or region-specific emissions factors and more comprehensive activity data. It provides more accurate estimates than Tier I and is applied when more detailed data are available.

Emissions were considered in two phases. Phase 1, on-farm emissions, includes data from enteric fermentation, manure management, use of nitrogen fertilizers, use of fossil fuels and electricity consumption. Phase 2, off-farm emissions, includes data from use of fossil fuels in the purchase of inputs, transportation of labor and marketing of products and emissions from production processes in the manufacture of inputs (gas).

The following emissions factors were used: 0.01 kg N₂O/kg N (Intergovernmental Panel on Climate Change [IPCC], 2006) for nitrogen fertilization; 2.596 and 2.322 kg CO₂e/l for diesel and gasoline, respectively (Instituto Nacional de ecología y Cambio Climático [INECC], 2014; Secretaría de Medio Ambiente y Recursos Naturales [SEMARNAT], 2021a); and 0.494 t CO₂e/MWh for electricity (Secretaría de Medio Ambiente y Recursos Naturales [SEMARNAT], 2021b). These calculations were developed following Eq. (1).

[image: image]

Where:

GHG emissions: t CO2e/year/farm.

Activity data: Number of animals/ha or quantity of inputs (e.g., kWh/month/farm).

Emissions factor: GHG emissions by unit of animal or input (e.g. g CO2e/kWh of electricity).



2.5 Estimation of carbon sequestration in total biomass and soils

Information about land use distribution in each livestock farm was collected via surveys and monitoring visits. Specifically, data about area and characteristics of land uses were acquired from farmers. A literature review was also conducted to determine the carbon fixation rates of the biomass and soils of land uses present across selected farms (Table 1). Based on this information, the total carbon fixation rate for each farm was estimated (Eq. 2).
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Where:



TABLE 1 Carbon fixation rates in total biomass and soils of land use systems estimated in some Latin-American countries in the tropics.
[image: Table1]

CC: Carbon capture per farm (t CO2e/farm/year).

CCRi: Carbon capture rate by land use (t CO2e/ha/year).

Ai: Area of each land use (ha).



2.6 Carbon footprint of farms

The CF was estimated as the difference between the carbon fixation rate in biomass and soils and the GHG emissions of each farm (Eq. 3). Likewise, the CF per unit of animal, milk production and calf LWG was estimated dividing CF by the animal stocking rate, milk production and calf LWG (Eq. 4). Information about milk production and meat sales was gathered from farmers. Total CF in dual purpose farms was divided by milk production and calf LWG employing the allocation factor recommended by Thoma et al. (2013) (Eq. 5). The GHG equivalency factors, recommended by Intergovernmental Panel on Climate Change [IPCC] (2013), were used: 1 kg CH4 = 28 kg CO2e and 1 kg N2O = 265 kg CO2e.
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Where:

CF: Carbon footprint per farm (t CO2e/farm/year).

GHGe: Greenhouse gas emissions per farm (t CO2e/farm/year).

CC: Carbon capture per farm (t CO2e/farm/year)

[image: image]

Where:

CFu: Unitary carbon footprint (e.g., t CO2e/UA/year or kg CO2e/kg of milk).

CF: Carbon footprint per farm (t CO2e/farm/year).

Quantity: Quantity of animals, milk production or calf LWG (e.g., UA/farm or kg milk/year/farm)
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Where:

AFmilk: Allocation factor for milk production.

BMR: Ratio of production of milk corrected/live weight of animals sold.



2.7 Statistical analysis

The data were analyzed with descriptive statistics and scatter graphs to determine the relationships between GHG emissions, pasture area and total number of animals. Variance analyses were carried out to determine the behavior of GHG emissions and the CF for CONF and SPSF. The analyses were done using the software program Infostat, version 2019 (Di Rienzo et al., 2019).



2.8 Limits of the work

Emissions estimates were calculated following Tier I and Tier II criteria (Intergovernmental Panel on Climate Change [IPCC], 2006) and using emissions factors specifically developed for Mexico (Instituto Nacional de ecología y Cambio Climático [INECC], 2014; Secretaría de Medio Ambiente y Recursos Naturales [SEMARNAT], 2021a). Emissions from the use of nitrogen fertilizers, fossil fuels, electric energy and N2O emissions from solid and liquid waste management were estimated with Tier I. Emissions of CH4 from the use of fossil fuels were estimated with Tier II. CH4 emissions from enteric fermentation by livestock category and waste management from solid and liquid waste management were estimated with Tier II. The CF was estimated for the livestock production of farms, including fossil fuels for inputs, as well as labor and product transportation.




3 Results


3.1 GHG emissions

Increasing the forage area reduced GHG emissions (Figure 2A), while increasing the number of animals resulted in a quadratic trend in emissions – that is, at a medium number of animals, emissions were maximized (Figure 2B). These trends did not seem to be affected by the type of production (CONF or SPSF) or by state (Jalisco, Chiapas or Campeche). Some atypical cases of GHG emissions were, however, observed for some farms that have management strategies differing from the traditional ones.
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FIGURE 2
 Relationship between greenhouse gas (GHG) emissions and forage area (A) and total number of animals (B) in livestock farms with conventional (CONF) and silvopastoral systems (SPSF) in Jalisco, Chiapas and Campeche (Mexico).


CONF emitted a mean of 8.0 t CO2e/ha/year, with higher values than those found for SPSF (5.7 t CO2e/ha/year); use of SPS thus corresponded to a 16.5% reduction. However, the results differed by state. In Campeche and Jalisco, emissions were higher for CONF than for SPSF (2.0 ± 0.2 vs. 1.5 ± 0.2 and 4.3 ± 2.2 vs. 1.9 ± 0.4 t CO2e/ha/year, respectively), but SPSF in Chiapas emitted more GHG than did CONF in that state (2.4 ± 0.3 vs. 1.7 ± 0.3 t CO2e/ha/year, respectively) (Figure 3A). However, the differences in GHG emissions between states and between management types were not significant (p > 0.05). In Chiapas, emissions from animals, fertilizers and fuels were up to 70% higher in SPSF than in CONF.
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FIGURE 3
 Greenhouse gas (GHG) emissions (A) and their distribution by components (B) in livestock conventional farms (CONF) and silvopastoral production farms (SPSF) in Campeche, Chiapas and Jalisco (Mexico). Error bars indicate standard error of the mean. Different lowercase letters indicate statistical differences (p < 0.05) between system types by each state. Different capital letters indicate statistical differences (p < 0.05) between states.


Animals contributed 98.0% of total GHG emissions, compared to nitrogen fertilizers, electricity and fossil fuels (1.5, 0.3 and 0.1%, respectively). Nitrogen fertilizers emitted twice as much GHG in CONF than in SPSF; that is, the use of tree production systems contributes to reducing emissions and costs by about 50%. Likewise, animals, fuel use and electrical energy emitted 1.4, 1.3 and 1.2 times more in CONF than in SPSF (Figure 3B). The average emissions from animals in SPSF in Campeche were 1.4 t CO2e/ha/year, followed by 1.9 and 2.3 t CO2e/ha/year in Jalisco and Chiapas, respectively. In contrast, animals in CONF in Chiapas had the lowest emissions (1.7 t CO2e/ha/year) compared to Campeche and Jalisco, which emitted 2.0 and 4.3 t CO2e/ha/year, respectively (Figure 3B).



3.2 Carbon fixation rates

Degraded pastures in conventionally managed farms have a negative fixation rate of 0.7 t C/farm/year – that is, they have GHG emissions of about 2.6 t CO2e/farm/year (Figure 4). This is the only land use system emitting GHGs on these farms – that is, it is contributing to increasing atmospheric CO2 concentrations. The average carbon fixation in CONF was 115.5 t C/farm/year, which contrasts with the 87.5 t C/farm/year for SPSF (5.5 vs. 6.9 t C/ha/year, respectively); SPS are thus contributing to the reduction of emissions by 32% at the farm level and 24% per ha.
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FIGURE 4
 Carbon sequestration rate in total biomass and soils by type of land use system in livestock farms with conventional (CONF) and silvopastoral systems (SPSF) in Campeche, Chiapas and Jalisco (Mexico). Error bars indicate standard error of the mean. DP: degraded pastures; NP: native pastures; IP: improved pastures; PT: pastures with trees; GFB: grass fodder banks; WFB: woody fodder banks; PC: perennial crops; FP: forest plantations; F: fallows (natural regeneration); RF: riparian forests; SF: secondary forests; MLF: multistrata live fences.


The highest carbon fixation rates in CONF were found in forest plantations (FP), fallows (F) and pastures with trees (PT), with an average of 8.6, 14.2 and 21.5 t C/farm/year, respectively. In contrast, grass fodder banks (GFB), woody fodder banks (WFB) and riparian forests (RF) fix just 0.1, 0.2 and 1.3 t C/farm/year, respectively. For SPSF, the highest carbon fixation rates were achieved in PT, F and secondary forests (SF), with 22.7, 26.9 and 42.4 t C/farm/year, respectively (Figure 4). In Campeche, the average fixation rate was 87.5 vs. 171.5 t C/farm/year in CONF and SPSF, respectively. The same trends appeared in Jalisco (45.3 vs. 150.5 t C/farm/year for these systems), in contrast to the state of Chiapas, which reported just 60.0 and 43.9 t C/farm/year for CONF and SPSF, respectively (Figure 4). These values depended greatly on the land uses and the area of each.



3.3 Carbon footprint

Emissions in CONF were higher in Jalisco, with 4.3 ± 2.2 t CO2e/ha/year, which contrasted with the higher emissions recorded in SPSF in Chiapas (2.4 ± 0.3 t CO2e/ha/year). The highest carbon fixation in CONF was in the state of Chiapas, with 7.0 ± 0.4 t CO2e/ha/year; for SPSF, the highest carbon fixation rate appeared in Jalisco, with 7.4 ± 1.6 t CO2e/ha/year (Figure 5). The CF of the livestock sector was negative in the systems and states evaluated, with average values between −3.8 and − 5.6 t CO2e/ha/year, with no statistical differences (p > 0.05) between production types or between states. The exception to this general trend was the CONF in Jalisco, where the CF was 0.4 and 5.5 t CO2e/ha/year (Figure 5), with the CONF being just a net emitter of GHG (0.4 t CO2e/ha/year).
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FIGURE 5
 Estimated greenhouse gas (GHG) emissions, carbon fixation and carbon footprint according to conventional and silvopastoral systems in the livestock sector in Jalisco, Chiapas and Campeche (Mexico). Error bars indicate standard error of the mean. Different letters indicate statistical differences (p < 0.05) between system types and between states. CONF: conventional farms; SPSF: silvopastoral systems farms.


The CF of the SPSF was 73% lower than for CONF (−5.0 vs. −2.9 t CO2e/ha/year, respectively). The SPSF clearly fix more carbon than the CONF and thus appear to be more environmentally friendly. SPSF presented similar CF for the three states: −3.8 vs. −5.5 vs. −5.6 t CO2e/ha/year for Chiapas, Jalisco and Campeche, respectively. In contrast, the lowest CF for CONF was achieved in Chiapas (−5.3 t CO2e/ha/year), which had a 43% greater degree of carbon sequestration than in Campeche and much larger than in Jalisco, which had a positive CF – that is, they captured less carbon than the GHG they emitted (Figure 6A).
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FIGURE 6
 Carbon footprint in livestock conventional farms (CONF) and silvopastoral systems farms (SPSF) in Campeche, Chiapas and Jalisco (Mexico). (A) Total carbon footprint (CF), (B) unitary CF per animal unit (b), (C) unitary CF per milk production and (D) unitary CF per meat sold (d). Error bars indicate standard error of the mean. Different lowercase letters indicate statistical differences (p < 0.05) between system type by state. Different capital letters indicate statistical differences (p < 0.05) between states.




3.4 Unitary carbon footprint

SPSF had a unitary CF 11.7% lower than CONF (−10.1 vs. −9.0 t CO2e/UA/year, respectively). However, no statistical differences (p > 0.05) were detected between states and management types. In particular, SPSF in Chiapas presented a unit footprint 23% higher than in Campeche and Jalisco (−7.0 vs. −11.1 vs. −12.2 t CO2e/AU/yr., respectively) (Figure 6B).

The CF of cattle farms with milk production did not show significant differences (p > 0.05) between management systems or between states. The average CF of the CONF amounted to −50.3 kg CO2e/kg of milk, 3.3 times lower than for SPSF (−15.1 kg CO2e/kg of milk). In the state of Chiapas, CONF had the lowest CF (−68.6 kg CO2e/kg of milk), in contrast to the states of Jalisco and Campeche where this value reached −16.9 and − 5.6 kg CO2e/kg of milk, respectively (Figure 6C).

The CF from beef farms did not show significant differences between management types (p > 0.05); however, the average of the SPSF was higher than for the CONF (−0.61 vs. −0.84 t CO2e/kg of beef) (Figure 6D). In SPSF in Chiapas and Campeche, a higher footprint was estimated than that achieved for the same types of farm in Jalisco (−0.22 vs. −0.48 vs. −3.2 t CO2e/kg of meat). In the state of Campeche, CONF had a higher CF than those with the same management, but in Jalisco and Chiapas (−0.13 vs. −0.14 vs. −1.3 t CO2e/kg of meat, respectively) (Figure 6D).




4 Discussion

GHG emissions in livestock production systems depend greatly on the characteristics of the herd and how it is fed (Yunga, 2020). This was confirmed in the present research, because animals have more options to select higher quality feed when they have more forage area, which would reduce methane emissions (Gutiérrez Bermúdez and Mendieta Araica, 2022). Numerous studies (López-Santiago et al., 2019; Carvajal and Andrade, 2020; Yunga, 2020), have confirmed that the use of SPS contributes to reducing GHG emissions from livestock farms. Here, we found that this reduction was on the order of 17%, which is a considerable step toward achieving the goals of returning to livestock as a mitigator of climate change (Schettini et al., 2021; Gutiérrez Bermúdez and Mendieta Araica, 2022). Despite this, some slight differences can be noted between states, which can basically be explained by the broad characteristics of SPS, which can vary in the abundance, type and size of perennial woody plants (Villanueva-López et al., 2015; López et al., 2019; Schettini et al., 2021).

Animal emissions contributed 98% to total GHG emissions, mainly in the form of methane from enteric fermentation, as has been widely noted (Molina-Rivera et al., 2019; González-Quintero et al., 2021; Tongwane and Moeletsi, 2021; Uddin et al., 2021; Villanueva, 2022). These findings have been confirmed in Brazil, where the largest impact from dairy production is from enteric fermentation (50–52%). In contrast, in semi-confined systems, the largest contribution to farms’ CF comes from feed (with 48%) (de Léis et al., 2015). In Spain, enteric fermentation also explains between 43 and 64% of the CF of livestock systems, which has been linked to system intensification and a grazing diet (Eldesouky et al., 2018). Here, the second most important component of the farms’ CF turned out to be nitrogen fertilization, which is commonly the most heavily weighted in the field of agriculture (Andrade et al., 2014b, 2015).

Use of SPS has also been shown to have positive carbon fixation results, which can reverse the CF. For example, Camero (2020) recorded 3.8 t C/ha/year of carbon fixation, which offset emissions from Brachiaria brizantha and Erythrina berteroana in northern Costa Rica. In contrast, in a previous study in Campeche, no differences in GHG emissions were found between extensive monoculture grazing, intensive SPS and low-intensity system or fallows, because 92% of animal consumption was grasses in all systems and the area devoted to leguminous crops and fallows was only 12 and 15%, respectively (Molina-Rivera et al., 2019).

Switching from degraded pastures to any other type of land use system always results in positive benefits for climate change mitigation, because it allows for carbon concentration (Apan et al., 2021). SPS allow such reconversion – that is, from net CO2 emitting systems, such as degraded pastures, to net carbon-fixing systems – while at the same time increasing production, quality and improving the supply of other ecosystem services (Andrade et al., 2008; López-Santiago et al., 2019; Apan et al., 2021; Schettini et al., 2021).

Although most of the livestock farms evaluated presented a negative CF (that is, they fixed more carbon than they emitted), those involving SPS contributed more to climate change mitigation by fixing more carbon per animal unit or per unit of milk or meat sold. However, there was an exception in Chiapas, where CONF appeared able to fix more carbon than SPSF. This may be due to the nature of SPS, which could be very similar to conventional systems, or because the level of livestock production on conventional cattle ranches is much higher than on those that use trees (Apan et al., 2021). The application of these results should thus consider local information, because different factors affect CF, including the uncertainty in the permanence of carbon in biomass.

The CF depends greatly on the extent to which the country has developed and their cattle production. Countries such as Norway, Sweden, Portugal, Denmark and the Netherlands have reported a CF for conventional cattle systems higher than 1 kg CO2e/kg milk (de Léis et al., 2015). In contrast, confined dairy production systems Brazil showed a lower CF than semi-confined or grazing systems (0.54 vs. 0.78 and 0.74 kg CO2e/kg milk, respectively) (de Léis et al., 2015). In temperate and tropical Mexico, these values have been estimated at 0.55 and 0.91 kg CO2e/kg milk, respectively; while values were around 0.53 kg CO2e/kg milk in India (Garg et al., 2013). In Colombia, small cattle ranches with low levels of technology had a CF of 3.75 kg CO2e/kg milk (Páez et al., 2018) and 3.3 kg CO2e/kg milk and 10.5 kg CO2e/kg meat sold in dual-purpose cattle ranching (González-Quintero et al., 2021). The differences from this study are possibly related to higher levels of milk production, consistent diet quality, lower use of external inputs and the presence of trees on farms (Villanueva, 2022).

Looking at meat production, the CF was 32.5 kg CO2e/kg of beef and 28.0 kg CO2e/kg of meat of small ruminants for 2010 in Spain (Aguilera et al., 2020). Specialized dairy production systems in Costa Rica have a CF between 2.28 and 11.06 kg CO2e/kg, and dual-purpose livestock contribute slightly more, with values between 5.45 and 23.72 kg CO2e/kg for milk and LWG, respectively (Villanueva, 2022). Meanwhile, in hot and humid areas of Mexico, Molina-Rivera et al. (2019) found that emissions of 23.1 kg CO2e/kg live weight for beef production.

Latin America is seen as an area with potential for improving food security, where cattle ranching is presented as an opportunity for sustainable economic growth in Mexico (Apan et al., 2021). However, improving livestock farming requires cooperation between actors to adopt improved pastures and implement productive and environmentally friendly practices, such as SPS, which support the initiatives of the Global Roundtable on Sustainable Livestock (Triana-Ángel and Burkart, 2021). Rigorous local studies are still needed on sustainable soil development in agricultural and forestry practices, given that the efficiency of mitigation and adaptation strategies depends on climatic, edaphic and social characteristics, as well as the historical pattern of land use and management (Aryal et al., 2020; Alexandre et al., 2021). Unification of methodologies is also needed to estimate the CF of the sector, including a thorough analysis of the type of system, number of individuals, the technological level in each link of the production chain (Páez et al., 2018), associated plant species, livestock genotype, integrated feeding strategies and best agricultural management practices (Aryal et al., 2020; González-Quintero et al., 2021).

Livestock CF monitoring can help identify opportunities to improve environmental performance and allows tracking and evaluation of environmental impacts that contribute to climate change and land use changes (de Léis et al., 2015). Sustainable cattle ranching that includes native trees and shrubs provides other benefits that contribute to biodiversity, reforestation and added value for timber and non-timber forest products, which in turn can strengthen the family and cooperative economy (Ruíz et al., 2021).



5 Conclusion

The CF of livestock farms in the three states studied was dependent on the total forage area and the number of animals. In this exercise, SPS contributed to reduce total GHG emissions – 8.0 to 5.7 t CO2e/ha/year – mainly due to improvements in the animals’ diet and reductions in the doses of nitrogen fertilizers. SPS also increased carbon fixation in total biomass and soils, clearly providing a double benefit in terms of GHG emissions reduction and carbon fixation. SPSF increase a negative CF 73% lower than CONF, which demonstrates the importance of SPS in mitigating climate change.

In all management type–state combinations, except for CONF in Jalisco, a negative CF was found – that is, carbon fixation in biomass and soils was greater than GHG emissions. This demonstrates that these farms are currently mitigating climate change by fixing carbon. However, the use of SPS on livestock farms currently contributes to an increase the net carbon sequestration. The CF per animal unit and per unit of milk produced and meat sold turned out to be negative and quite variable among the different combinations of state and management types. In any case, the best CF values were found in the CONF of Jalisco for milk and in the SPSF of Campeche for the production and sale of meat. The findings of this study provide the basis for policy and technical guidelines to promote more environmentally friendly livestock farms by fixing a greater amount of atmospheric CO2.
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