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Evaluating the carbon footprint and sequestration potential of tropical cattle 

systems: a comparative life cycle approach 

Abstract 

Advancing sustainable beef systems requires understanding the carbon footprint of 

livestock production. Mexico is responsible for high greenhouse gas (GHG) emissions 

from the livestock sector, an activity that extends across large areas of land in its tropical 

region. This study aimed to assess the contributions of two cattle grazing systems to 

climate change and to their carbon (C) sequestration potential, as well as to estimate their 

GHG balance. The analysis was conducted in accordance with the ISO 14067 standard 

based on the Life Cycle Assessment methodology. The “cradle-to-farm gate” approach 

was applied to evaluate the carbon footprint of 1 kg of live weight of calf, including 

C sequestration in two beef cow-calf grazing systems in the Mexican tropics: monoculture 

(MC) and silvopastoral (SP). Data collected from six cattle ranches (three monoculture 

and three silvopastoral), in the State of Yucatán, Mexico, were used. The system 

boundaries included pasture, feed supplements, agrochemicals, fossil fuels, electricity, 

and pesticides. The potential soil C equestration was estimated from the Ex-Ante Carbon-

balance Tool version 9 of the Food and Agriculture Organization of the United Nations. 

The results revealed that MC systems exhibited lower GHG emissions than the SP, while 

soil C equestration was higher in the SP. The carbon balance shows a lower carbon 

footprint for the SP than the MC system, and the uncertainty analysis demonstrates that 

the SP system had lower variability than the MC. The outcomes of this study could be 

used to direct policies aimed at reducing the contribution of tropical grazing systems to 

climate change. 
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Study contribution 

Accounting for C sequestration in livestock production in extensive systems can improve 

net estimates of the contribution of beef production to climate change. C sequestration is 

especially important in extensive production systems through sinks such as forest 

biomass and soil. However, livestock greenhouse gas accounting often does not include 

the potential for C sequestration. This work focused not only on quantifying GHG 

emissions but also on estimating soil C sequestration in extensive cattle farming systems 

in tropical Mexico. 

Introduction 

The latest Intergovernmental Panel on Climate Change (IPCC) Assessment Report 6 

(AR6) highlighted that human societies must shift towards balanced diets by reducing 

meat consumption to mitigate climate change.(1) Animal protein production is associated 

with large greenhouse gas (GHG) emissions (a total of 6.2 Gt CO2 eq), particularly under 

extensive systems, which constitute approximately 12 % of anthropogenic emissions.(2) 

Cattle are the primary contributors to GHG emissions among livestock species, producing 

around 3.8 Gt CO2 eq per year and accounting for approximately 62 % of all livestock 

emissions.(2) 

Land destined for grasslands (natural and induced pastureland(3)) occupies 22.4 % 

of the Earth’s water-free surface (33 375 706.47 km2), with Asia being the area with the 

highest share (34 %), followed by the regions of Africa (26 %), America (23 %), Oceania 
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(10 %) and Europe (7 %).(4) Thus, studying and estimating the carbon (C) sequestration 

potential of extensive livestock systems is crucial to quantifying the real impact of beef 

production on climate change. Around the world, extensive livestock farming applies 

different GHG emission reduction strategies, including controlled grazing, the use of 

improved pastures and feed supplements, and land management practices such as 

agroforestry and soil carbon management.(5–7)  

The benefit of agroforestry systems in climate change regulation is widely 

recognized because of their positive impact on soil organic carbon (SOC) sequestration 

and global and national carbon budgets.(8, 9) C sequestration is the process of storing 

carbon in a carbon pool.(10) Specifically, in agriculture, C sequestration includes soil 

carbon management in croplands and grasslands, agroforestry and biochar.(1) 

Silvopastoral systems are agroforestry practices that integrate trees, shrubs, pastures, 

and livestock on the same land unit, creating a biologically and structurally diverse 

ecosystem.(11) Unlike conventional grazing systems, which typically consist of open 

pastures with minimal vegetation diversity, silvopastoralism incorporates woody 

perennials that enhance carbon storage, biodiversity, soil fertility, and ecosystem 

resilience while providing shade and forage for livestock.(3, 12, 13) 

Silvopastoral systems contribute to C sequestration through several mechanisms. 

They store carbon in aboveground (trunks, branches, leaves) and belowground (roots) 

biomass, significantly increasing carbon stocks compared to induced pastureland. 

Furthermore, the decomposition of tree litter, roots, and organic matter enriches the soil 

with carbon, resulting in the accumulation of SOC.(14, 15) Tree roots stabilize the soil, 

preventing erosion and the loss of organic carbon, which is a common impact of 

conventional grazing.(16, 17) Microclimate regulation is another beneficial mechanism for 
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C storage in silvopastoral systems. Tree cover reduces soil temperature and moisture loss, 

slowing carbon mineralization and enhancing carbon retention in the soil.(15)  

The organic inputs from trees and shrubs stimulate microbial activity, which helps 

stabilize and store carbon in the soil. As a result, compared to open pastures, silvopastoral 

systems mitigate GHG by both increasing carbon uptake from the atmosphere and 

reducing soil respiration rates. In this sense, silvopastoral systems emerge as alternatives 

to extensive conventional livestock systems, as they have the potential to play a key role 

in sustainable livestock production under climate change to balance productivity, 

environmental conservation, and climate mitigation.(13, 16) Silvopastoral systems have 

been promoted throughout Latin America, including Mexico, where they have been 

established mainly in the southeast.(18–20)  

Nevertheless, in this region, the cow-calf system predominates, representing the 

first stage of beef production,  it is commonly associated with high GHG emissions, thus 

creating a high environmental impact potential from the outset. Extensive studies using 

the Life Cycle Assessment (LCA) methodology suggest that the environmental impacts of 

beef could be reduced by increasing yield.(21–24) In this regard, it has been shown that 

agroforestry  can serve as a bridge between sustainable intensification and agroecology, 

highlighting its relevance for climate change mitigation as the presence of woodlands or 

hedges increases carbon stocks in both soil and trees.(19–22) 

The LCA methodology, based on ISO 14040 and ISO 14044,(25, 26) allows the 

assessment of different environmental impact categories of goods and services, including 

the climate change potential. According to these standards, measuring carbon uptake or 

sequestration is not required when assessing climate change potential. However, 

ISO/14067,(27) the international standard for the quantification of the carbon footprint (CFP) 
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of products based on LCA, defines the CFP as the “sum of greenhouse gas emissions 

and removals in a product system, expressed as CO2 equivalents and based on LCA 

using the single impact category of climate change”. This definition underscores the need 

to account for both emissions and GHG removal, i.e., the quantity of GHG extracted from 

the atmosphere, when assessing the CFP. Based on the above, in this work, “climate 

change” refers to the evaluation of GHG emissions, while “CFP” includes both GHG 

emissions and removals. 

Given the increasing recognition of the substantial contributions of livestock 

systems to GHG emissions, assessing C sequestration in conjunction with emissions for 

a more accurate evaluation of the CFP of livestock. Numerous studies have analyzed the 

C sequestration potential of different livestock production systems. The methodologies 

used varied widely, particularly in terms of their temporal and spatial boundaries. 

The Petersen model(28) has been widely used in the evaluation of livestock 

systems.(5, 29–32) This model incorporates three carbon pools across two different soil 

depths. The topsoil (0–25 cm) is associated with freshly added matter and native soil 

organic matter as carbon pools, while the subsoil (25–100 cm) is linked to slowly decaying 

matter. This depth is considered more realistic for carbon transport between pools, and 

the differentiation of pools facilitates the study of the carbon dynamics in both the short 

and long term.(33) The model employs three times horizons (20, 100, and 200 years) to 

examine the “steady state” that is theoretically achieved in every agricultural practice. 

Initially, soil carbon changes are most pronounced, but these gains or losses diminish 

over time. Although the model allows for the inclusion of additional parameters, thereby 

increasing data requirements, some pools are difficult to parameterize. Furthermore, the 
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model does not account for all processes, such as extremely long inert pools and physical 

protection mechanisms.(34) 

Alternatively, some researchers have employed the introductory carbon balance 

model.(35–37) This model accounts for young and old soil carbon pools, two decay rates 

and parameters for external influences such as litter input and humification. It is designed 

to predict the effects on soil carbon pools over medium-term time periods (30 years). Since 

it allows the inclusion of data on external influences, it enables the study of SOC changes 

resulting from changes in soil management. It is a simple model that can be applied across 

different climates and management methods, but it does not permit the study of different 

organic pools. It is essential to note that if the climate and agricultural practices differ 

significantly from those used to calibrate the model, the resulting SOC changes may vary 

from those expected. Nevertheless, it can be used as a basis for more complex models.(36) 

Other studies have estimated C sequestration rates based on changes in carbon 

stocks over time, relative to the elapsed time. For instance, de Figueiredo(38) uses data 

from case studies on biomass growth and assumes yields and average carbon content to 

calculate the potential carbon sequestered. Reyes Palomo et al.(39) compared directly 

measured carbon stocks with historical data from the literature, using sampling methods 

across 110 points. Meanwhile, Buratti et al.(5) assumed durum wheat with no straw 

removed and no manure input as the reference crop, with a C sequestration equal to 0 kg 

C/ha. All these methods vary from in situ measurements to the use of reference data. 

In situ measurements could lead to a more precise calculation; however, identifying the 

reasons behind those results is more challenging. On the other hand, the use of reference 

data could lead to results with lower representativeness if the sites where the data 

originated have different physical characteristics and management methods. 
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This study aimed to estimate the net carbon emissions of calves produced in 

southeastern Mexico using a life cycle approach in accordance with the international 

standard ISO 14067.(27) The Ex-Ante Carbon-balance Tool (EX-ACT) from the FAO was 

used to estimate soil C sequestration. The primary objective was to demonstrate the 

importance of including C sequestration estimates when evaluating the CFP of livestock 

systems, particularly for extensive production systems. 

Materials and methods 

Ethical statement 

This work did not involve any animal manipulation. 

The international standard ISO 14067 (Greenhouse gases —Carbon footprint of 

products— Requirements and guidelines for quantification and communication)(27) was 

followed to calculate the CFP of calf production. ISO 14067 is based on the International 

Standards ISO 14040 and ISO 14044 for Life Cycle Assessment studies (LCA).(25, 26) The 

LCA consists of four phases: 1. goal and scope definition, 2. life cycle inventory analysis, 

3. life cycle impact assessment, and 4. life cycle Interpretation. The steps carried out 

according to this methodology are described below. 

Goal and scope definition 

The goal of this study was to estimate the net GHG emissions from 1 kg of live weight of 

calf (LWC) produced under two grazing systems: MC and SP. The study was conducted 

in the State of Yucatán (specifically in the municipalities of Merida, Tzucacab and Tizimin) 

in the Mexican tropics, the region of Mexico with the highest cattle production. 

Calf production in the Mexican tropics is characterized by cow-calf herds (Bos 

indicus × Bos taurus) maintained on tropical pastures.(40, 41) A total of six cow-calf beef 

cattle farms were selected, comprising three MC systems and three SP systems. The 
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farms were selected by an expert research panel based on topics such as the impact of 

land use change and its sensitivity to global climate change, tropical landscapes, 

productive and environmental performance of extensive livestock production systems in 

the tropical region, and agroecological practices. The main characteristics of the livestock 

systems studied are mentioned below. 

Breeding cattle under the MC is based on cultivated grasses, mainly Brachiaria 

brizantha, Panicum maximum and Cynodon nlemfuensis, along with commercial food 

supplements and food by-products. Once the grass is established, it remains under a 

rotational system for five years, with rest periods of 28 to 30 days. Grass is produced 

using artificial irrigation from February to May (6 hours daily) and is regularly fertilized and 

treated with pest control. The main difference of the SP system is that it includes an 

additional silvopastoral area (i.e., bank of protein) composed of native vegetation that 

includes leguminous shrubs of the species Leucaena leucocephala and trees of the 

species Brosimum alicastrum (B. alicastrum). Figure 1 shows the main characteristics of 

the systems. 
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Figure 1. System boundaries of monoculture and silvopastoral systems. 

The herd comprises lactating cows, dry cows, heifers and bulls. MC farms have an 

average herd 61, 18, 27 and 2 heads of each type of animal, while the SP farms have 24, 

20, 16 and 1 head per type of animal. On average, MC farms have been in operation for 

30 years and manage 138 ha, while SP farms have been in operation for 5 years and 

manage 62 ha. The number and mass of calves produced during the year studied are 

presented in Table 1. In both systems, one of the three farms follows a dual-purpose 

scheme (i.e., calf and milk production), while the other two focus solely on calf production. 
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Functional unit definition and system boundary 

The functional unit (FU) is defined as the quantified performance of a product system 

serving as a reference unit.(25) For the present study, it was defined as 1 kg of LWC at the 

cow-calf farm gate. The beef supply chain in Mexico consists of five stages: the first is 

cow-calf, followed by pre-fattening, fattening, processing and commercialization.(24) In the 

cow-calf stage, calves are weaned at 7 months of age, when they weigh approximately 

170 kg. Livestock production parameters in the selected farms are presented in Table 1. 

 

Table 1. Average livestock production parameters by system 

 System production 

Parameter Monoculture Silvopastoral 

Stocking rate, cows (heads/ha/year) 2.14 1.57 

Average live weight, cows (kg/head) 475 493 

Average live weight, bulls (kg/head) 601 562 

Calves produced (head/year) 54 25 

Total calves yield (kg LWC/ha/year) 166.96 91.73 

Land occupation (m2/kg LWC) 113.1 164.8 

Annual yield (kg LWC/year) 9197 4212 

Land occupation, grassland (ha) 137.5 35.8 

Land occupation, silvopastoral vegetation (ha) 0.0 26.7 

LWC = Live weight of calf. 

The study was conducted in 2015, and covered the production cycle of one calf from birth 

to sale. The boundaries for production systems include animals, synthetic fertilizers, feed 



 

14 

supplements, fossil fuels, electricity and pesticides. The transportation of inputs to the 

farms, capital goods (e.g., machinery and buildings), antibiotics and dewormers were not 

taken into consideration. Furthermore, mineral supplements were not included because 

minerals are a minor feed ingredient. Regarding pastures, emissions associated with soil 

transformation were not considered. 

Procedure for data collection 

To build the life cycle inventory, defined as the compilation of inputs and outputs for a 

product throughout its life cycle, multiple production data points were collected through 

semi-structured interviews with farmers. The data obtained covered the areas of induced 

pastureland, cropland, silvopastoral land, and fodder grass fields; the number and body 

mass of livestock categories (bulls, lactating cows, dry cows, replacement heifers); the 

number and body mass of calves produced over one year; inputs (such as concentrates 

and agrochemicals) and in the case of the dual-purpose farm daily milk yield per cow. 

GHG emission sources 

GHG emissions were classified as either biogenic or fossil carbon. Biogenic carbon is 

derived from biomass, whereas fossil carbon is derived from fossil energy sources from 

fossilized material.(27) Direct and indirect GHG emissions from livestock were accounted 

for as emissions of biogenic carbon. Methane (CH4) emissions from enteric fermentation 

and livestock manure were estimated according to the IPCC Tier 2 methodology.(42) 

Manure (including both dung and urine) from grazing animals was deposited on pasture, 

where decomposition occurs under more aerobic conditions. Therefore, less CH4 is 

produced compared with manure that decomposes anaerobically.(42)  

The emission factors proposed in a previous study(24) were used to estimate enteric 

methane emissions: 38.2 kg CH4/head/year for bulls, 42.2 kg CH4/head/year for lactating 
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cows, 38.0 kg CH4/head/year for dry cows, and 26.6 kg CH4/head/year for heifers in the 

MC system, and 42.8 kg CH4/head/year for bulls, 48.4 kg CH4/head/year for lactating 

cows, 46.7 kg CH4/head/year for dry cows, and 32.8 kg CH4/head/year for heifers for the 

SP system. 

The emission factors used to quantify manure methane emissions in monoculture 

systems were 0.323 kg CH4/head/year for bulls, 0.337 kg CH4/head/year for lactating 

cows, 0.317 kg CH4/head/year for dry cows, and 0.231 kg CH4/head/year for heifers For 

SP systems, the corresponding emission factors were 0.465 kg CH4/head/year for bulls, 

0.524 kg CH4/head/year for lactating cows, 0.509 kg CH4/head/year for dry cows, and 

0.367 kg CH4/head/year for heifers. 

The estimation of N2O (nitrous oxide) emissions from manure excreted on pastures 

was performed using the Tier 2 method from Chapter 11 “N2O Emissions from Managed 

Soils, and CO2 Emissions from Lime and Urea Application”, Vol. 4, of the IPCC 

guidelines.(43) The emission factor used to estimate direct N2O emissions from cattle was 

0.004 kg N2O-N/kg N in manure for both grazing systems. Indirect N2O emissions from 

volatilization from manure (dung and urine) deposited by grazing animals were estimated 

using the default emission factor of 0.21 kg NH3-N + NOx - N/kg N applied or deposited. 

For wet climates, a leaching emission factor of 0.24 kg N/kg N additions or deposition by 

grazing animals was used. 

Allocation of coproducts 

In the LCA methodology, an allocation procedure can be applied in systems with two or 

more products. Allocation is the partitioning of the input or output flows of a product system 

under study. An economic allocation method was applied in this work, based on the 

market value of each product (milk and calves), with environmental impacts distributed 
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accordingly. Thus, 66.7 % and 52.3 % of the impacts were allocated to milk in the MC and 

SP systems, respectively, and the remainder to calf production. The market price was 

obtained directly from livestock buyers, farm managers, and livestock extension workers. 

Impact assessment 

The impact assessment in this study was conducted using the Ecoinvent database with 

the SimaPro software version 9.5.0.2.(44) This software is specifically designed to provide 

a professional tool for environmental performance evaluation, monitoring, and data 

collection for various products, processes and services.(45) The midpoint ReCiPe 2016 v. 

1.08 method with a hierarchical perspective of 100 years (ReCiPe Midpoint (H) w/or LT) 

was used to assess climate change potential. The characterization factors, referred to as 

global warming potential factors (i.e., the common unit that allows the calculation of the 

category indicator result), used in ReCiPe 2016(46) to convert GHG emissions into carbon 

dioxide equivalent (CO2 eq) emissions were 1, 34, 36 and 298 for carbon dioxide, non-

fossil methane, fossil methane and nitrous oxide, respectively. 

However, these characterization factors differ from those recommended by the 

latest IPCC report (AR6):(47) 27.0, 29.8 and 273 for non-fossil methane, fossil methane 

and nitrous oxide, respectively. This discrepancy may imply an overestimation of climate 

change potential per unit of product, primarily due to the direct and indirect emissions from 

livestock, which are the most significant contributors to the climate change potential of 

bovine livestock products.(24, 48) Therefore, a sensitivity analysis was conducted to 

estimate the effects of both sets of characterization factors on climate change potential. 
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Carbon sequestration 

Carbon sinks 

A GHG sink or carbon sink is a process that removes GHGs from the atmosphere.(27) In 

this study, “C sequestration” and “SOC sequestration” refer to the changes in the levels 

of carbon permanently stored in the soil.(31) The C sequestration potential for each land 

type (i.e., induced pastureland and silvopastoral land) was modeled using site-specific 

data with the Ex-Ante Carbon-balance Tool version 9 of the FAO.(49) EX-ACT is an 

information system used to account for emissions and carbon stock changes per unit of 

land (in hectares, ha), expressed in tons of CO2 equivalent per ha and year (tCO2-

eq/ha/yr). 

The tool is based on the IPCC methodology for GHG emissions inventories. For 

the calculations, a global warming potential over 100 years was applied, assuming a 

tropical moist climate with high-activity clay soils.(49) Interviews with farmers indicated that 

the land use period for induced pastureland was 30 years, whereas for silvopastoral 

systems, it was five years. The establishment of silvopastoral vegetation areas involved a 

land-use change from monoculture to silvopastoral systems, with 20 years assumed as 

the time required to achieve a new equilibrium in SOC.(49, 50) Based on these data, the 

SOC sequestration potential calculated with EX-ACT was 0.83 tCO2 eq/ha/yr for induced 

pastureland and 3.13 tCO2 eq/ha/yr for silvopastoral land. Globally, SOC sequestration 

rates in grasslands range from 0.28 to 4.48 tCO2 eq/ha/yr,(51–53) while those in 

silvopastoral systems often range from 0.53 to 6.45 tCO2 eq/ha/yr.(51, 54, 55) The results of 

this study are consisted with values reported internationally. 

Carbon balance 

The balance of GHG emissions was calculated as emissions minus sequestration. 
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Uncertainty analysis 

The uncertainty analysis estimated the imprecision of the average result arising from the 

different and cumulative uncertainties in the input estimates.(56) It indicates the level of 

confidence in the average result . Model uncertainty was assessed using the Monte Carlo 

method in SimaPro, with 10 000 iterations providing a 95 % confidence interval for the 

results. 

Results and discussion 

Life cycle inventory 

The life cycle Inventory incorporates different inputs. The most relevant aspects of each 

system are presented in Table 2. 

Table 2. Life cycle inventory 

Parameter  Monoculture system 
Silvopastoral 

system 

Animal feed   Quantity/Functional Unit 

Maize (kg)  1.76 1.66 

Soybean (kg)  0.12 0.00 

Bran (kg)  0.96 0.24 

Molasses (kg)  1.18 0.39 

Silage (kg)  0.00 0.71 

Hay (kg)  0.85 0.91 

Agrochemicals    

Diammonium phosphate (kg)  0.39 0.29 

2,4-D amine (kg)  0.007 0.010 

Energy    

Electricity (kWh)  3.29 2.34 

Gasoline (L)  0.405 0.39 

Direct/indirect emissions from livestock 
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Methane emissions, Enteric 

fermentation (kg CH4) 
 

0.426 0.592 

Methane emissions, Manure 

management (kg CH4) 
 

0.003 0.006 

Nitrous oxide, Managed soil (kg 

N2O) 
 0.010 0.012 

Both livestock systems purchased feed mainly in the form of concentrates (soybeans and 

maize). Molasses and bran were widely used as energy sources. The forages were 

preserved as hay in the MC system and as hay and silage in the SP system. The life cycle 

inventory reveals that the MC system required 10.3 % more cereals, 42.4 % more 

industrial by-products (bran and molasses), 25.6 % more fertilizers, 28.6 % more 

electricity, and 3.7 % more fossil fuel than the SP system per FU. The MC system was 

characterized by a higher stocking density per FU (m2/kg LWC) and calf yield 

(kg LWC/ha/year) than the SP system (Table 2). 

Life cycle impact assessment 

The climate change potential of 1 kg LWC in MC was 23.8 kg CO2 eq, indicating a 15.4 % 

reduction in emissions compared to the SP system, which had a potential of 

28.2 kg CO2 eq/kg LWC. This percentage difference aligns with the findings of Alemu 

et al.,(6) who reported a decrease in GHG emissions resulting from the intensification of 

grazing systems in Canada. Their study evaluated four grazing intensities to produce 1 kg 

of animal live weight and found that average production efficiency, measured as kilograms 

of meat per unit of land area, was 17 to 25 % higher under intensive continuous grazing 

management than underlight continuous grazing and moderate rotational grazing. 

In contrast, Becona et al.(23) measured GHG emissions for a set of cow-calf grazing 

farms in Uruguay, with an average of 34.6 kg CO2 eq per kilogram of live weaned calf. 
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The authors found that optimizing the stocking rate and forage production, while 

considering different pasture types, weather conditions and eco-physiological factors, 

could mitigate 28 % of GHG emissions per FU compared with farms with low forage 

performance. The present study is consistent with these findings, as the MC system has 

a stocking rate 27 % higher than that of the SP system, resulting in a lower climate change 

potential per 1 kg of LWC for the MC system than for the SP system. 

In Spain, Horrillo et al.(7) reported lower GHG emissions than those found in this 

study (16.27 kg CO2 eq per 1 kg of live-weight calf) for organic beef cattle farms in which 

calves were weaned at 220 kg. The higher climate change potential obtained in the 

present study can be attributed to the use of non-specialized cattle breeds, which gain 

weight more slowly. Additionally, the calves in the Horrillo et al.(7) study were heavier at 

weaning (220 kg), and the CFP per kilogram was lower when calculated for these heavier 

animals than for the calves in this study, which weighed 170 kg at weaning. Figure 2 

illustrates the specific components of the CFP by type of source, i.e., biogenic and fossil 

carbon, for each livestock system. Figure 3 highlights the main contributors to GHG 

emission reduction (positive impacts) and SOC sequestration (negative impacts). 
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Figure 2. Specific components of the Quantification of the Carbon footprint by type of 

source (biogenic and fossil carbon). 
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Figure 3. Comparative contributions, by inputs and outputs, to the carbon footprint of 1 kg 

of live weight calf and C sequestration in monoculture and silvopastoral systems. 

Non-CO2 GHG emissions arising from livestock and manure were the main contributors 

to the Quantification of the Carbon footprint (Figure 2). 

In both production systems, enteric methane was the most significant contributor, 

accounting for59 % of total emissions in the MC system and 69 % in the SP system, 

followed by manure management, which accounted for 12.7 % and 13.4 %, respectively, 

as shown in Figure 3. These results are consisted with those obtained by other 

authors,(23, 32) with contributions from enteric methane of 75 % and 55.7 % per 1 kg of live 

weight of calf (LWC), respectively. 

GHG emissions per FU associated with feed production, electricity, agrochemicals, 

and gasoline were 31.4 %, 21.0 %, 28.7 %, and 4.4 % higher in MC than in the SP system. 

The results contrast with the findings of Horrillo et al.,(7) who estimated 0.1 kg CO2 eq/1 kg 

LWC from feed in organic livestock production systems, compared with 3.9 and 2.7 kg 

CO2 eq/1 kg LWC for the MC and SP systems, respectively. Their study only included 

concentrated feed, unlike the present research, which included all inputs required for feed 

(concentrated and by-products). Another study(57) compared the CFP of conventional, 

natural, and grass-fed beef production, finding that the conventional system (finished in 

feedlots with growth-enhancing technology) had lower emissions than the other two 

systems because it required fewer animals, less land, and less fossil fuel to produce a set 

quantity of beef. 

The higher climate change potential of the SP system relative to the MC system is 

primarily explained by the enteric fermentation methane emission factors in the SP system, 

coupled with the greater productivity of the MC system. 
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Estimated carbon sequestration 

In compliance with ISO 14067, GHG removals, or SOC sequestration resulting from soil 

carbon change were calculated (Table 3). 

Table 3. Sequestered C per land type and FU (kg CO2 eq/kg LWC). 

 Livestock system 

Land type Monoculture Silvopastoral 

Soil, induced pastureland (kg CO2 eq/kg LWC) 12.47 5.94 

Soil, silvopastoral land (kg CO2 eq/kg LWC) 0.0 19.81 

Carbon sequestered, total (kg CO2 eq/kg LWC) 12.47 25.76 

LWC = Live weight of calf 

In the MC system, 12.47 kg CO2 eq/FU was sequestered, while 25.76 kg CO2 eq/FU was 

estimated in the SP system. The SP system uses both silvopastoral land and induced 

pastureland, whereas the MC system uses only induced pastureland. The C sequestration 

potential of each system was associated with the type of land use and the area occupied 

by the FU. The SP system, which required a larger soil area per FU (164.8 m²/kg of LWC), 

resulted in greater C sequestration than the MC system, which occupied 113.1 m² per 

kilogram of LWC. 

The results of this study demonstrate the importance of land conservation 

strategies for soil carbon capture. De Figueiredo et al.(38) compared two agroforestry 

grassland systems in Brazil (degraded vs. managed pasture) and reported favorable 

results for the agroforestry system, with zero SOC sequestration in degraded pasture. 

Likewise, Escribano et al.,(32) found significant evidence of C sequestration capacity in 
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extensive organic pasture farms compared to those that implemented intensification 

practices and used less land per FU (m2 per FU). 

There are substantial differences and variations in the management practices of 

Mexican farms, such as tree density and vegetation type, whose effects must be 

accounted for the calf CFP. Previous studies have shown that C storage in SP systems is 

highly variable and depends significantly on local ecological conditions, land-use history, 

and management intensity.(57) Therefore, direct measurement of SOC sequestration in 

calf production farms is recommended. This would allow more realistic and differentiated 

projections of the C sequestration potential of livestock systems in southeastern Mexico. 

Carbon balance 

Farms from the MC system achieved a mean offset of 12.47 kg of CO2 eq/FU, while farms 

in the SP system achieved 25.76 kg of CO2 eq/FU. In the present study, the 

C sequestered had a mitigation effect of 52.4 % in the MC and 91.4 % in the SP system. 

Therefore, the CFP of 1 kg LWC (expressed in kg CO2 eq) was 11.34 for the MC system 

and 2.39 for the SP system. 

Sensitivity analysis 

The sensitivity analysis is a systematic procedure for estimating the effects of choices 

about methods and data on the outcome of a CFP study.(27) In this work, the sensitivity 

analysis showed that GHG emissions in each system were affected by the global warming 

potential of the GHGs. The comparative analysis showed that, when the IPCC-

recommended factors were used instead of the ReCiPe characterization factors, the 

estimated climate change potential decreased by 12% for the MC system and by 14% for 

the SP system, respectively (Figure 4). 
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Figure 4. Comparison of the carbon footprint of MC and SP systems using the global 

warming potential of the ReCiPe method and those suggested by the IPCC (AR6). 

Therefore, the results suggest that the characterization factors used in this study may 

contribute to the overestimation of the climate change potential associated with producing 

1 kg of LWC. 

The estimation of GHG emissions using the global warming potential values 

recommended by the IPCC resulted in a more favorable environmental performance for 

the SP system, producing a carbon emissions balance with negative values. This paper 

addresses only the first stage of the beef production process in Mexico; therefore, it is 

necessary to analyze the entire beef production chain to determine the magnitude of 

overestimation arising from characterization factors not suggested by the IPCC. Likewise, 
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clearly stating how the CFP of animal products is measured is essential for making 

appropriate comparisons. 

Uncertainty analysis 

The uncertainty analysis, supported by the Monte Carlo method, indicates that the mean 

climate change potential for 1 kg calf live weight was 23.81 and 28.15 kg CO2 eq for the 

MC and SP systems, respectively. However, the results show that the SP system has 

greater stability in its estimates than the MC system, with a standard deviation of 6.37 % 

and a coefficient of variation of 22.7 %, compared with the MC system, which presented 

a standard deviation of 8.03 % and a coefficient of variation of 36.49 %. This could be 

explained by the lower dependence on external inputs and the integration of native 

vegetation into the system, which reduces variability in emissions and C sequestration. 

Similarly, the greater uncertainty in the MC system could be due to its greater use of 

external inputs, such as, grains, agrochemicals, and fossil fuels, which are more 

susceptible to fluctuations in their environmental impacts.(58) This indicates that more 

diversified systems, such as the SP system, offer benefits not only in terms of 

C sequestration but also in the consistency of their environmental outcomes. It is essential 

to note that agriculture is one of the sectors with the most uncertain impact results due to 

the inherently high natural variability of the processes involved.(59) Nevertheless, this 

uncertainty can potentially be reduced by increasing sample size and through 

methodological decisions such as avoiding impact allocation. 

C sequestration offset of GHG emissions: Comparative analysis 

To contextualize the results of this research, 11 studies that applied the LCA methodology 

to assess the CFP of various grazing systems were reviewed. The analysis standardized 

the FU to 1 kg of carcass weight, using a correction factor of 0.53, which corresponds to 
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the carcass yield.(60) Figure 5 illustrates the comparison of 27 scenarios derived from the 

analyzed research articles (the studies analyzed are presented in Table 1). The SP and 

MC scenarios from the present study were also included, resulting in a total of 29 

scenarios. 

Of the 29 scenarios compared, 96.5 % (28 scenarios) demonstrated 

C sequestration potential. The only exception was a degraded pasture (DP) system in 

Brazil,(38) which reported no sequestration. The carbon balance, represented with a dot in 

Figure 5, of the 29 scenarios shows the following distribution: in 12 cases (41.4 % of the 

total), C sequestration offset less than 20 % of the GHG emissions; in 10 cases (34.5 %), 

the offset was between 20 and 50 %; 6 scenarios (20.7 %) had an offset between 50 and 

100 %; and in one scenario (3.4 %) sequestered carbon offset more than 100 % of the 

anthropogenic emissions. Overall, C sequestration potential ranged from 0.9 to 76.8 kg 

CO2 eq/FU, resulting in a reduction of the CFP ranging from 2.75 % to 323 %. 

The MC and SP systems examined in this study, marked with an asterisk in 

Figure 5, were positioned within the highest range of GHG emissions compensation (50–

100 %). The SP system ranked third, with 23.7 kg CO2 eq C sequestered/1 kg carcass 

weight. The two higher-ranking systems were the organic system studied in Spain and 

Portugal,(41) with 30.4 kg CO2 eq C sequestered/1 kg carcass weight, and the crop-

livestock-forest integrated system (CLFSI)scenario reported by Figueiredo et al.(38) in 

Brazil, with 76.8 kg CO2 eq C sequestered/1 kg carcass weight). The MC system ranked 

sixth. 

The grazing systems that ranked in the first two places share the following 

characteristics. The CLFSI, a crop-livestock-forestry integration system used in Brazil to 
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restore degraded pasture, enhances soil C accumulation and offsets GHG emissions from 

beef cattle production.(38) 

In addition, the organic scenario, implemented in dehesas in Spain and Portugal,(39) 

has a high tree density compared with conventional farms, which ranked fifth (Conv 

(ES/PT). Organic farms also use fewer external feed inputs, with a higher percentage of 

the diet coming from grazing. According to the European standard, organic cattle breeding 

prohibits the use of chemical fertilizers, pesticides, antibiotics, feed additives, growth 

hormones, and genetically engineered breeding inputs.(5) The main differences between 

organic and conventional management in extensive systems are the organic bans on 

Genetically Modified Organisms, hormones, and synthetic fertilizers.(39) Organic cattle 

farms have a lower average CFP compared with conventional ones due to lower 

emissions from feed inputs and higher C sequestration rates. 

The 20–50 % emissions offset range represents grazing systems with some form 

of rangeland management. These include constant light grazing,(6) an adaptive strategy 

with short grazing intervals and relatively high stocking densities designed to allow plant 

recovery,(61) adaptive multi-paddock grazing, which promotes optimal plant communities 

and protects soils, feeding systems based on native vegetation,(34) or grassland 

management involving the use of hay and silage.(62) These grazing practices promote soil 

conservation, increase animal productivity, and reduce the CFP. 

While the MC and SP systems in our research were among the most effective, we 

acknowledge an important limitation that must be considered for more accurate results. 

The primary limitation lies in the scarcity of site-specific data on SOC sequestration in 

livestock systems. In this regard, it is essential to note that carbon pools in agricultural 

systems eventually reach a steady state because the processes that add and remove 
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carbon tend to balance over time as biophysical and chemical limits are approached.(28) 

In vegetation, net carbon accumulation depends on forest age, natural disturbance 

regimes, and land-use practices that regulate carbon cycles and storage.(63) Carbon 

uptake through photosynthesis slows as ecosystems mature and growth becomes 

constrained by nutrient, water, and light availability, while respiration and decomposition 

increase, reducing the ability to store carbon.(64) Similarly, soils reach saturation when the 

available physical and chemical binding sites for organic matter are filled and 

decomposition rates stabilize relative to inputs.(65) If, for example, changes in the 

agricultural management modify the carbon input levels, soil carbon content will change 

until it reaches a new equilibrium level; and multiple equilibria may be reached if carbon 

inputs vary. The saturation concept proposes that there is a maximum equilibrium level, 

reached when carbon input is maximized, after which storage efficiency declines.(66) 

Although changes in agricultural management can modify carbon inputs and create 

new equilibrium points, the concept of saturation establishes a maximum storage 

threshold, beyond which sequestration efficiency decreases. Because many factors 

influence carbon cycling and storage, site-specific research is needed to better 

understand the mechanisms of C sequestration in livestock systems. 
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Figure 5. Comparison of the carbon footprint (CFP) of 1 kg of carcass weight produced 

in different countries (indicated by the final abbreviations) and livestock production 

systems calculated using LCA. C sequestration = carbon sequestration. Carbon 

balance = GHG emissions minus C sequestration. CLFIS = crop-livestock-forest 
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integrated system; MP = managed pasture; DP = degraded pasture; Aut-

system = autumn-calving system; Spr-system = spring-calving system; 

Conv = conventional; Org = organic; Ext = extensive, AMP = adaptive multi-paddock; 

Mixed farms = cattle and pig farms; LC = light continuous grazing; HC = heavy continuous 

grazing, LCMR = light continuous grazing for cow-calf pairs and moderate rotational 

grazing for backgrounded cattle; HCMR = heavy continuous grazing for cow-calf pairs and 

moderate rotational grazing for backgrounded cattle. Offset represents the percentage 

mitigation achieved by sequestered carbon. 

Research limitations and suggestions 

It is important to note that this study focuses only on the initial stage of the beef production 

process. To accurately assess the potential overestimation of GHG emissions caused by 

characterization factors not recommended by the IPCC, it is crucial to analyze the entire 

beef production chain. Given the numerous factors that affect carbon cycling and storage, 

conducting site-specific research is essential to deepen our understanding of 

C sequestration in livestock systems. The small sample size is another limitation of this 

research and should be addressed in future studies to reduce uncertainty in the results. 

In this context, although the MC and SP systems proved to be the most effective, their 

comparison highlighted the need to acquire site-specific data on SOC sequestration.  

The SP systems had higher enteric methane emissions than the MC systems, 

mainly because higher emission factors were applied. For this reason, forage digestibility 

studies are strongly recommended for future research on the subject, as digestibility 

information can support the estimation of more accurate emission factors. We 

acknowledge the lack of primary SOC sequestration data as a significant limitation. 

However, the study does not intend to provide conclusive recommendations but rather to 
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highlight the need for research that demonstrates the potential of extensive livestock 

systems to mitigate climate change within the livestock sector. Additionally, it underscores 

the importance of using the life cycle approach in CFP analysis to communicate the 

environmental impacts of bovine farming per unit of product. Further research should be 

extended to the entire beef production chain. Access to primary SOC sequestration data 

would be especially valuable for guiding decisions on sustainable livestock management 

practices in México. 

Conclusion 

The findings show that producing 1 kg LWC in monoculture systems can reduce GHG 

emissions by 14.4 % compared to the silvopastoral system. The main difference is related 

to enteric methane emissions. Additionally, the contribution of external inputs to the 

carbon footprint per FU was higher in the monoculture system, while direct livestock 

emissions were higher in the silvopastoral system. Soil C sequestration offset GHG 

emissions in both systems, reducing 91.4 % and 52.4 % of emissions in the SP and MC 

systems. Therefore, silvopastoral systems can be considered a GHG mitigation strategy 

for livestock activity in southeastern Mexico. This study provides a valuable an initial 

approach to the calculation of the carbon footprint of extensive livestock systems based 

on secondary data on C sequestration.  

The results show that extensive cow-calf production systems have contrasting 

carbon footprints when C sequestration is included in their calculation. Direct 

measurement of C sequestration associated with these systems is recommended to 

reduce uncertainty of the results and avoid either underestimating or overestimating the 

carbon mitigation from cattle production. Therefore local-level research is essential to 

identify methodologies that determine the most appropriate way to assess the 
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C sequestration potential of extensive livestock systems. Improving soil management 

practices in monoculture systems, or transitioning to silvopastoral systems, is highly 

recommended to increase carbon sequestration potential. Finally, incorporating 

C sequestration potential into the carbon footprint of extensive livestock production 

systems can enhance the transparency of this indicator and credibility of the carbon 

footprint calculated using the LCA methodology. 
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