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Abstract

Buffalo production in Pard State, eastern Amazon, Brazil, is largely based on extensive pasture systems, in which herd age structure, animal
performance, and retention time can influence accumulated enteric methane emissions. In this study, we estimated enteric CH, emissions
from male buffaloes from 2006 to 2025 using the Intergovernmental Panel on Climate Change Tier 1 and Tier 2 approaches. Herd data
stratified by age class were obtained from the Agriculture and Livestock Defense Agency of Para State. Tier 1 estimates used a fixed
emission factor of 68 kg CH, animal-" year-', whereas Tier 2 estimates used age-specific emission factors derived from animal weight,
weight gain, feed intake, digestibility, and energy requirements. Statistical analyses included age-class contribution, Pearson correlation,
principal component analysis, hierarchical clustering, and cluster projection. Tier 2 emission factors increased with age, from 15.65 kg CH,,
animal-" year-" in animals aged 4-12 months to 58.11 kg CH, animal-" year-" in animals older than 36 months. Animals older than 36
months accounted for the highest mean contribution to total Tier 2 emissions, reaching 38.0%. The years 2010, 2011, and 2021 showed the
strongest influence of adult animal retention on total emissions. The first two principal components explained 91.3% of the total variance
and separated 2010 and 2011 as years with atypical adult retention. These results demonstrate that emissions were driven by herd size and
age-class composition. Improving pasture quality, nutritional management, zootechnical control, and slaughter planning may lower
accumulated CH, emissions in Amazonian buffalo systems under regional production conditions.

1. Introduction

Climate change has intensified the demand for accurate greenhouse gas (GHG) inventories and mitigation strategies capable of supporting
national commitments under international agreements. In livestock systems, methane (CH,) deserves special attention because it is directly
associated with enteric fermentation in ruminants and represents an important component of agricultural emissions reported in national
inventories (Gavrilova et al., 2019). Brazil has committed to reducing net GHG emissions by 59 to 67% by 2035, relative to 2005 levels, which
reinforces the need to improve the precision of emission estimates in all productive sectors, including agriculture and livestock (MCT, 2024).

Food production must respond simultaneously to climate commitments and to the growing demand for safe, high-quality food. Brazil
occupies a strategic position in this context because its agricultural and livestock sectors combine territorial scale, productive diversity,
pasture-based animal production, and strong participation in international markets (Adedeji et al., 2014). Therefore, improving GHG
accounting in Brazilian livestock systems is not only an environmental requirement, but also a scientific and economic priority for
maintaining competitiveness, transparency, and credibility in global food chains (Gavrilova et al., 2019).

Animal protein consumption remains an important component of food systems, and international markets increasingly require products
linked to traceability, environmental responsibility, and robust emission accounting. In 2022, Brazilian beef exports represented 27.96% of
national beef production, confirming the relevance of the country as a global supplier of animal protein (Adedeji; Reuben and Olatoye, 2014).
In this context, cattle and buffalo production systems raised predominantly on pasture must be evaluated with methods capable of
distinguishing between poorly managed systems and systems that improve pasture quality, animal performance, and the age at which
animals leave the farm (Gavrilova et al., 2019; Malla et al., 2022).

In ruminant production, enteric CH, emissions depend on feed intake, diet composition, digestibility, animal category, body weight, weight
gain, and time spent in the production system (Ahmed et al., 2023; Malla et al., 2022). For this reason, emission estimates based only on
herd size may mask important differences among production systems, especially in tropical regions where pasture quality, supplementation,
management, and animal performance vary widely (Ahmed et al., 2023). The use of regional data and more detailed calculation approaches
is therefore essential to reduce uncertainty and to generate estimates that are compatible with the real conditions of livestock production
(Martorano et al., 2021).

The Brazilian pasture-based system has an important advantage when animals are efficiently managed and reach slaughter weight earlier.
In these systems, the length of the production cycle becomes a key variable, because animals retained for longer periods continue emitting
CH, throughout their residence time on farms (Malla et al., 2022; Martorano et al., 2021). Thus, better pasture management, improved
nutrition, higher daily weight gain, and animal removal before or around 36 months of age may reduce cumulative enteric CH, emissions
compared with systems that retain adult males for longer periods (Martorano et al., 2021; Xue; Wang and Yan, 2014).

This discussion is particularly relevant for the state of Pard, in the eastern Amazon, where cattle and buffalo production occur under
heterogeneous pasture conditions and strong territorial contrasts (Lanzoni et al., 2022). Buffalo production deserves specific attention
because buffaloes remain less represented than cattle in GHG assessments, despite their relevance in tropical livestock systems and their
capacity to occupy environments where other ruminants may be less adapted (Xue et al., 2014). Studies on buffalo and cattle methane
inventories show that species, animal category, production system, and methodological tier influence CH, estimates, reinforcing the need
for regional and species-specific approaches (Xue; Wang and Yan, 2014).
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The Intergovernmental Panel on Climate Change (IPCC) recommends different methodological levels for livestock emission inventories. Tier
1 uses default emission factors and requires only animal population data, whereas Tier 2 incorporates animal category, body weight, weight
gain, feed digestibility, energy requirements, and methane conversion factors (Gavrilova et al., 2019). Therefore, Tier 2 is more appropriate
for evaluating production systems in which herd structure and productive conditions vary over time, as occurs in pasture-based buffalo
systems in the Amazon (Gavrilova et al., 2019; Xue; Wang and Yan, 2014).

To calculate enteric CH, emissions from male buffaloes in Parg, eastern Amazon, from 2006 to 2025 using IPCC Tier 1 and age-structured
Tier 2 approaches, and to evaluate whether annual emissions were driven only by herd size or also by age-class composition. We
hypothesized that the retention of animals older than 36 months increases cumulative CH, emissions and that the use of regionalized age-
structured calculations improves the interpretation of buffalo emissions within GHG inventory frameworks.

2. Materials and Methods
2.1. Study area, herd data, and feeding information

This study used secondary official data and did not involve animal handling, experimental procedures, or biological sample collection.
Therefore, approval by an ethics committee on animal use was not required. It was conducted for the state of Pard, located in the eastern
Brazilian Amazon. Para comprises territories with marked differences in climate, land use, pasture conditions, and livestock production
systems. For regional characterization, the state was considered according to its six mesoregions: Lower Amazon, Marajo, Belém
Metropolitan Area, Northeast Parg, Southeast Pard, and Southwest Para.

The historical series of the male buffalo herd in Para from 2006 to 2025 was obtained from the Agriculture and Livestock Defense Agency of
the State of Parad (ADEPARA). The database came from annual livestock inspections and included the number of male buffaloes stratified
into four age classes: 4 to 12 months, 12 to 24 months, 24 to 36 months, and older than 36 months (Table 1). These age classes were used
as the demographic basis for estimating enteric CH, emissions under the IPCC Tier 1 and age-structured Tier 2 approaches.

Table 1 shows that the male buffalo herd varied not only in total size, but also in age-class composition over time. The total number of male
buffaloes ranged from 107,738 animals in 2009 to 291,361 animals in 2025. Years such as 2010 and 2011 showed an atypical concentration
of animals older than 36 months, which represented 44.3% and 46.4% of the total male herd, respectively. In contrast, 2025 showed the
highest total herd size, with 101,499 animals in the youngest age class and 66,608 animals older than 36 months. Therefore, Table 1
provides the demographic basis for comparing Tier 1 estimates, which depend only on total herd size, with age-structured Tier 2 estimates,
which respond to the distribution of animals among age classes.

Information on forage resources, supplementation, animal nutrient requirements, body weight, and daily weight gain was obtained from the
literature and used to support the Tier 2 calculations. These parameters allowed the estimation of energy requirements and age-specific
emission factors according to the methodological assumptions adopted for ruminant methane inventories.
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Table 1

Number of male buffaloes by age category in the state of Parg, eastern Amazon, Brazil,
from 2006 to 2025.

Year 4-12months 12-24 months 24-36 months >36 months Total

2006 46,274 35,670 33,722 31,163 146,829
2007 37,510 38,032 32,716 16,470 124,728
2008 40,026 40,168 31,533 15,266 126,993
2009 30,863 34,907 28,131 13,837 107,738
2070 33,313 40,992 35,086 86,928 196,319
2011 34,078 42,065 32,680 94,387 203,210
2012 47175 40,919 34,585 34,623 157,302
2013 42,948 42,750 36,368 34,040 156,106
2014 45721 43,187 35,856 40,949 165,713
2015 46,322 44,823 37,473 35,504 164,122
2016 47,186 43,348 37,373 45,549 173,456
2017 58,207 47,873 34,949 48,918 189,947
2018 52,547 50,638 38,370 54,800 196,355
2019 61,921 47,362 49,208 35,735 194,226
2020 59,232 50,084 41,008 32,271 182,595
2021 68,940 56,529 60,740 82,680 268,889
2022 74,113 59,340 43,908 64,667 242,028
2023 72,831 63,749 46,964 70,015 253,559
2024 67,136 60,638 42,660 56,435 226,869
2025 101,499 71,473 51,781 66,608 291,361

2.2. IPCC methodology

Enteric methane emissions were estimated according to the methodological framework proposed by the IPCC for livestock inventories,
using Tier 1 and Tier 2 approaches (Gavrilova et al., 2019; Jiao et al., 2014). These approaches allowed CH, emissions to be interpreted both
as a function of total herd size and as a response to age-class composition and productive characteristics of the male buffalo herd.

Under the Tier 1 approach, emissions are estimated using a single default emission factor applied to the total animal population. This
method requires only animal population data and provides a broad estimate of enteric CH, emissions. Under the Tier 2 approach, emissions
are estimated by animal subcategory, incorporating specific emission factors associated with age, body weight, weight gain, feed intake,
digestibility, and energy requirements (Gavrilova et al., 2019; Jiao et al., 2014). Therefore, total enteric CH, emissions from male buffaloes
were obtained by summing the emissions estimated for each age class according to the corresponding emission factor and methodological
approach.

2.2.1. Tier 1

The Tier 1 approach was applied to the male buffalo herd from 2006 to 2025 using a fixed emission factor. The enteric methane emission
factor adopted for buffaloes was 68 kg CH, animal-" year-". Total emissions were estimated by multiplying this emission factor by the
number of animals and converting the result to gigagrams of CH, per year, according to Eq. 1:

Emissions = 68 x (N/10°)
1

in which: Emissions = methane emissions from enteric fermentation, Gg CH, yr‘1; N = number of male buffaloes.
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2.2.2TIER 2

The Tier 2 approach was applied by estimating enteric CH, emissions separately for each age class of male buffaloes and then summing
the emissions across all classes. This procedure allowed the calculations to incorporate differences in age structure, body weight, average
daily weight gain, feeding intake, diet digestibility, and energy requirements, rather than assuming a single fixed emission factor for the entire
herd (Gavrilova et al., 2019).

Body weight and average daily weight gain for each age class were used to estimate dry matter intake and energy demand. The calculations
considered feeding condition, pasture condition, animal category, feed digestibility, herd size, and time spent on pasture, following the
assumptions recommended for Tier 2 livestock methane inventories (Gavrilova et al., 2019). Total enteric CH, emissions were obtained by
multiplying the number of animals in each age class by its corresponding Tier 2 emission factor and then summing the estimated emissions
across age classes.

Net energy requirements were calculated for maintenance, activity, growth, and work. The net energy for maintenance was estimated
according to Eq. 2:

NEm = (Cfi x LW)"™
2

in which: E¢g, NEm: net energy for maintenance in MJ day™'; Cfi: coefficient varying for each category, (0.37 for male buffaloes); LW:
animal live weight in kg.

The requirement of net energy for daily activities is measured by Eq. (3):

NEa = Ca x NEm
3

in which: NEa: net energy for animal activity in MJ.day™'; Ca: coefficient of the animal’s dietary situation (0.17 for buffaloes on delimited
pasture and 0.36 for buffaloes on open pasture); and NEm: net energy for maintenance in MJ day™.

Equation (4) estimated net energy for growth:

0.75
NEg = 22.2 x (% X MW) x WG1.097

4

in which: NEg: net energy for growth in MJ day™"; LW: mean live weight of the animals in the population in kg; C: coefficient with values of 0.8
for females, 1 for castrated males, and 1.2 for whole males; MW: body maturity weight of the animals in kg; WG: mean daily weight gain of

the animals in kg day™.

Equation (5) estimated the ratio between net energy available in the diet for maintenance and digestible energy consumed was:
REM = [1.123 — (4.092 x 10 — 3 x DE\%) + [1.126 x 10 — 5 X (DE\%)2]

5

in which: REM: ratio between net energy available in the diet for maintenance and digestible energy consumed; DE%: digestible energy as a
percentage of raw energy.

Equation (6) was used to estimate the ratio between net energy available in the diet for maintenance and digestible energy consumed:
REG = [1.164 — (5.160 x 10 — 3 x DE\%) + [1.308 x 10 — 5 X (DE\%)2}
6

in which: REG: ratio between net energy available in the diet for growth and digestible energy consumed; DE%: digestible energy as a
percentage of raw energy.
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The equations REM and REG relate the net energy available in the feed to the requirements for growth and maintenance and are used to
calculate the raw energy requirement for each animal in its category.

The raw energy requirement was estimated by Eq. (7):
RE = {[(NEm + NEa)/REM] + NEg/REG}/DE/100

7

in which: RE: raw energy in MJ day™’; NEm: net energy required by the animal for maintenance in MJ day-1; NEa: net energy for animal
activity in MJ day-1; REM: ratio between net energy available in the diet for maintenance and digestible energy consumed; NEg: net energy
required for growth in MJ day™'; REG: ratio between net energy available for growth in the diet and digestible energy consumed and DE in %:
digestible energy expressed as percentage of raw energy.

The emission factor in kg of CH, head™ day™' (EF) is described by Eq. (8). The emission factors selected were multiplied by the animal
population, associated to age categories, and summed and converted into gigagrams (Gg).

EF = {[RE x (%)] x 365}/55.65

8

in which: RE: raw energy intake in MJ head™ day™’; Ym: methane conversion factor contained in the feed at 6.5% + 1% for buffaloes reared on
pasture.

2.3. Statistical and multivariate analysis

Statistical and multivariate analyses were performed to evaluate temporal variation in enteric CH, emissions and to identify the influence of
herd age structure on emission patterns. This analytical step was central to the study because it allowed the temporal behavior of emissions
to be interpreted not only from total herd size, but also from changes in the proportional distribution of animals among age classes.

Six variables were selected for the multivariate analysis: total CH, emissions estimated using the Tier 1 approach, total CH, emissions
estimated using the Tier 2 approach, and the percentage contribution of each age class to the total male buffalo herd: 4-12 months, 12-24
months, 24-36 months, and older than 36 months. These variables were selected because they represent the two main dimensions of the
study: emission magnitude and herd age-class composition.

Before multivariate analysis, all variables were standardized using z-scores to remove scale effects and allow direct comparison among
variables expressed in different units. Principal component analysis was used as an integrative approach to reduce dataset dimensionality
and identify the main gradients associated with temporal variation in CH, emissions and herd structure. In this analysis, years were
considered as observations, whereas emission estimates and age-class percentages were considered as explanatory variables.

Hierarchical cluster analysis was applied to the standardized dataset to group years with similar multivariate profiles. Clustering was
performed using Euclidean distance and Ward’s linkage method. This procedure allowed the identification of years with similar
combinations of herd age structure and emission patterns, highlighting periods in which the retention of older animals could influence total
CH, emissions.

Pearson correlation analysis was also performed to evaluate the association between age-class composition and total CH, emissions
estimated using the Tier 1 and Tier 2 approaches. Together, principal component analysis, hierarchical clustering, and correlation analysis
provided a complementary statistical framework to assess whether emission dynamics were driven only by herd size or also by changes in
the age structure of the male buffalo herd.

3. Results

The relationship between herd age classes and enteric CH, emissions differed between the Tier 1 and Tier 2 approaches. Total CH,
emissions estimated by Tier 1 and Tier 2 showed a similar overall temporal pattern, but the interpretation of emission drivers changed when
age-class composition was considered. Under Tier 1, total CH, emissions were most strongly correlated with the 12-24-month age class,
reflecting the use of a single fixed emission factor applied uniformly to all animals. In contrast, under Tier 2, total CH, emissions were most
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strongly correlated with animals older than 36 months, indicating that this approach was more sensitive to adult animal retention and age-
specific emission potential.

The mean contribution of each age class to total CH, emissions also differed between approaches. Under Tier 1, the contribution of age
classes was more evenly distributed, ranging from 21.3% to 28.4%. Under Tier 2, the relative contribution shifted toward older animals, with
the > 36-month category accounting for 38.0% of total CH, emissions. These results show that Tier 2 better captured the effect of animal
age, body development, and longer retention time in the herd, whereas Tier 1 mainly reflected total herd size. This combined pattern of
correlation and contribution is presented in Table 2.

Table 2

Relationship between herd age classes and enteric CH, emissions estimated using Tier 1 and Tier 2 approaches from 2006 to 2025.

Age class Correlation with total Correlation with total Mean contribution to Tier 1 Mean contribution to Tier 2
Tier 1 CH, Tier2CH, total CH, (%) total CH, (%)

4-12 0.841 0.677 28.4 12.3
months
12-24 0.912 0.796 25.8 22.9
months
24-36 0.841 0.758 21.3 26.9
months
>36 0.787 0.916 24.4 38.0
months
Note: Age classes were standardized as 4-12, 12-24, 24-36, and > 36 months to match the herd database used in the study.

Table 3 presents the enteric methane emission factors used to estimate CH, emissions under the Tier 1 and Tier 2 approaches. In the Tier 1
approach, a single fixed emission factor of 68 kg CH, animal-" year~" was applied to all age classes, regardless of animal age, body weight,
feed intake, digestibility, or energy requirements. In contrast, Tier 2 emission factors varied according to age class, increasing from 15.65 kg
CH, animal-" year-" in animals aged 4-12 months to 58.11 kg CH, animal-" year~" in animals older than 36 months. This gradient shows
that Tier 2 incorporated biological and nutritional differences among age classes, allowing emissions to be interpreted according to animal
development and retention time in the herd.

Table 3

Enteric methane emission factors used to estimate CH, emissions from male
buffaloes under Tier 1 and age-structured Tier 2 approaches.

Age class Tier 1 CH, emission factor  Tier 2 CH, emission factor
4-12 months 68.00 15.65

12-24 months  68.00 32.17

24-36 months  68.00 45.76

>36 months 68.00 58.11

Note: Emission factors are expressed in kg CH, animal-" year-".

Principal component analysis was used to jointly evaluate the relationship between herd age-class composition and enteric CH, emissions
estimated using Tier 1 and Tier 2 approaches. This analysis represented the main integrative step of the results because it allowed emission
patterns to be interpreted simultaneously with changes in herd structure. The first two principal components explained 91.3% of the total
variance, with PC1 accounting for 70.0% and PC2 accounting for 21.3%. This high cumulative explanation indicates that the selected
variables effectively summarized the temporal variability in herd composition and CH, emissions.

The PCA biplot showed a clear separation among years according to emission magnitude and age-class composition. Years positioned on
the positive side of PC1 were associated with higher total CH, emissions estimated by both Tier 1 and Tier 2. The vectors representing total
emissions under Tier 1 and Tier 2 pointed in the same general direction, confirming that both approaches followed a similar broad temporal
pattern. However, the Tier 2 emission vector was more closely aligned with the vector representing animals older than 36 months, indicating
that Tier 2 was more sensitive to adult animal retention and age-specific emission potential.

The use of different colors for the vectors strengthened the interpretation of the biplot by clearly separating herd age classes from total
emission estimates. This visual structure made it easier to identify the contrast between years associated with younger animals and years
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associated with greater participation of adult animals, as well as the different relationships of Tier 1 and Tier 2 with herd composition. In
this sense, the PCA was particularly important because it provided not only statistical synthesis, but also an integrated visual representation
of the biological and demographic processes underlying enteric CH, emissions.

The years 2010 and 2011 were clearly separated from most of the time series and were strongly associated with the proportion of animals
older than 36 months. This pattern confirms that these years were characterized by an atypical accumulation of adult males in the herd. The
year 2021 also showed a high-emission profile and was positioned near the Tier 2 emission vector, indicating that its emission increase was
associated with both herd expansion and a greater contribution of adult animals. In contrast, years such as 2007, 2008, and 2009 were
positioned on the negative side of PC1, reflecting lower total emissions and lower participation of animals older than 36 months.

The opposite direction of the vectors representing younger age classes and animals older than 36 months indicates a structural contrast in
the herd over time. Years with a greater proportion of young animals were separated from years marked by adult animal retention. This
result demonstrates that age-class composition substantially influenced CH, emission estimates, especially under the Tier 2 approach.
Therefore, the multivariate analysis supports the central interpretation of this study: Tier 2 provides a more detailed and biologically
meaningful representation of enteric methane emissions from male buffaloes, particularly when animal retention time in the production
system varies among years (Fig. 1).

Hierarchical clustering confirmed the multivariate structure observed in the PCA and grouped the years according to similarities in herd age-
class composition and enteric CH, emission patterns. The dendrogram separated the time series into three main profiles: years with lower
emission magnitude and lower participation of adult animals; years with atypical retention of animals older than 36 months; and more
recent years associated with higher emission levels and herd expansion (Fig. 2).

The first cluster grouped years such as 2007, 2008, and 2009, which were characterized by lower total herd size and lower participation of
animals older than 36 months. This group also included years such as 2006, 2012, 2013, 2014, 2015, 2016, 2019, and 2020, indicating a
broader multivariate profile with moderate emissions and greater similarity in herd age-class distribution. Within this cluster, the proximity
between 2007 and 2008, as well as between 2014 and 2016 and between 2006 and 2012, suggests years with similar demographic and
emission patterns.

The years 2010 and 2011 formed a distinct and very close subgroup, confirming their atypical behavior in the historical series. This
separation reflects the high proportion of animals older than 36 months in those years and reinforces the interpretation that adult male
retention strongly influenced the emission pattern. The short linkage distance between 2010 and 2011 indicates that these two years shared
a highly similar herd structure, marked by adult animal accumulation.

A third cluster grouped years with higher emission profiles, including 2021, 2025, 2017, 2018, 2024, 2022, and 2023. Within this group, 2022
and 2023 were the closest years, followed by their association with 2024, indicating a recent pattern of similarity in herd composition and
CH, emissions. The years 2017 and 2018 also formed a close subgroup, while 2021 and 2025 were associated with this high-emission
cluster but showed greater separation, reflecting their distinct contribution to the temporal dynamics of the herd.

Overall, the hierarchical clustering supports the central result of this study: annual enteric CH, emissions from male buffaloes were not
determined only by total herd size, but also by the distribution of animals among age classes. The proximity among years within each
cluster shows that similar demographic structures generated similar emission profiles. Therefore, the clustering analysis complements the
PCA by confirming that Tier 2 provides a more informative interpretation of years marked by adult animal retention and age-structured
emission dynamics.

The cluster projection onto the PCA space provided a clearer visualization of the three multivariate profiles identified in the time series
(Fig. 3). The green cluster represented years with lower emission profiles, including 2006, 2007, 2008, 2009, 2012, 2013, 2014, 2015, 2016,
2019, and 2020. These years were positioned mostly on the negative side of PC1 and were associated with lower total CH, emissions or
more balanced age-class composition.

The red cluster represented the adult-retention profile and included only 2010 and 2011. These two years were clearly separated from the
remaining time series and were positioned in the lower-right portion of the PCA space, indicating a distinct demographic structure marked
by the accumulation of animals older than 36 months. This pattern reinforces that the retention of adult males created a specific emission
profile that was not explained only by total herd size.

The orange cluster represented years with higher emission profiles and included 2017, 2018, 2021, 2022, 2023, 2024, and 2025. These years
were positioned mainly on the positive side of PC1 and reflected greater total CH, emissions associated with herd expansion and, in some
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years, a greater contribution of older animals. The position of 2021 within this cluster confirms its high-emission profile, although it
remained distinct from the atypical adult-retention pattern observed in 2010 and 2011.

4. Discussion

The results of this study show that enteric CH, emissions from male buffaloes in Para were not determined only by total herd size, but also
by changes in herd age-class composition, especially the retention of animals older than 36 months. This interpretation is consistent with
the methodological distinction between Tier 1 and Tier 2 approaches. Tier 1 applies a single fixed emission factor to all animals and mainly
reflects population size, whereas Tier 2 incorporates age-specific emission factors and provides a more sensitive estimate of biological and
productive differences among animal categories (Gavrilova et al., 2019; Jiao et al., 2014).

The methodological comparison with Brazilian references reinforces the contribution of the present study to livestock GHG accounting
(Estevéao; Pavdo and Assad, 2023; Genro; Lara and Lamperti, 2023). These references show that national emission estimates depend on
inventory structure, emission factors, metrics, assumptions, and the degree of regionalization adopted in the calculation. In this context, the
present study follows the IPCC inventory logic but advances the interpretation of enteric CH, emissions by incorporating species, age class,
regional herd structure, and animal retention time in male buffaloes from Para.

Table 4
Methodological comparison between the present study and Brazilian references on livestock GHG accounting.( CH, = methane; IPCC =
Intergovernmental Panel on Climate Change; GHG = greenhouse gas)

Reference Species and region Method Emission factor / basis

WRI Brasil, (2015) Cattle and livestock IPCC Tier 1 and Tier 2 For Par4 cattle: 53, 41, 60, and 63 kg CH, head"! year™
systems, Brazil / Para P 4

Estevao; Pavao and Livestock systems, Brazil ~ Review of factors, Emissions depend on factors, metrics, systems, and

Assad, (2023) metrics, and methods assumptions

(Genro; Lara and Beef cattle, Rio Grande IPCC Tier 1 and Tier 3 iar - -1 1. Tiar ?-

Lamperti, (2023) do Sul Tier 1: 56 kg CH, head™' year™'; Tier 3: 48 to 51 kg CH,

head™ year™

Present study Male buffaloes, Parg, IPCC Tier 1 and age- Tier 1: 68 kg CH, animal ™ year™; Tier 2: 15.65 to 58.11

eastern Amazon structured Tier 2 ’ 4 ' T ’

kg CH, animal year according to age class

The comparison presented in Table 4 reinforces that the present study is aligned with inventory-based GHG accounting but also shows that
regional interpretation is essential when herd structure varies over time. In this sense, the choice of metric, emission factor, and
methodological tier affects the way livestock emissions are interpreted, particularly when methane is evaluated in relation to national
commitments and agricultural production systems (Plattner et al., 2009). Climate projections and long-term climate datasets have already
shown that global warming changes the environmental conditions under which agriculture and livestock operate, reinforcing the need for
emission estimates that are consistent across time and regions (Meehl et al., 2007).

In Brazil, this discussion is directly connected to climate policy, national reporting, and land-use governance. Commitments under
international agreements require that agricultural emissions be estimated with transparency and methodological consistency (Bolson and
Araljo, 2022). National communications and emission inventories provide the institutional basis for reporting anthropogenic emissions and
removals, including those associated with agriculture, livestock, and land-use change (MCT, 2016). In regions where deforestation, pasture
expansion, and livestock production interact, the valuation and accounting of GHG emissions become particularly relevant for interpreting
the environmental performance of production systems (Lima; Macedo and Vignandi, 2023).

The relationship between land use, climate change, food security, and livestock production is also central to the interpretation of the present
results. Climate change affects forage availability, soil conditions, animal thermal comfort, and productive efficiency, while agricultural and
livestock systems also contribute to GHG emissions (Aryal et al., 2019; Mbow et al., 2022; Praveen and Sharma, 2019). Adaptation and
mitigation strategies in agriculture increasingly emphasize the need to combine productivity gains, climate-smart practices, better land
management, and more efficient use of already anthropized areas (Abegunde; Sibanda and Obi, 2019; Azadi et al., 2022). Therefore, the
present findings should be interpreted not only as an emission inventory exercise, but also as evidence that herd management can influence
the climate performance of buffalo production systems.
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The social and economic perception of climate risk also affects how livestock systems respond to mitigation demands. Studies on farmers
and agricultural advisors have shown that climate risk is not interpreted only as a biophysical problem, but also as a production, market, and
decision-making challenge (Petersen-Rockney, 2022). In different regions, climate change has been associated with risks to crop production,
food security, and the stability of agricultural supply chains (Reza and Sabau, 2022). For livestock systems, this reinforces the importance of
reducing uncertainty in emission estimates and identifying management practices that can improve production while reducing accumulated
emissions.

Livestock production is particularly sensitive to climate variability because animal performance depends on pasture productivity, forage
quality, water availability, thermal comfort, and reproductive efficiency (Cheng et al., 2022). Public debate on animal agriculture and climate
change has also increased pressure for more transparent emission accounting and clearer mitigation pathways (Kristiansen; Painter and
Shea, 2021). In regions exposed to drought, rainfall variability, or extreme climatic events, livestock productivity can be reduced, increasing
the time required for animals to reach adequate slaughter weight (Bogale and Erena, 2022; Warsame et al., 2022). This mechanism is
consistent with the present results, because longer animal retention time increased the importance of adult males in the Tier 2 emission
profile.

The effect of climate on animal production has also been documented in dairy systems, where heat stress and reduced feed availability can
affect performance, welfare, and reproductive responses (Bhakat et al., 2023). Although the present study focused on male buffaloes, these
broader findings are relevant because buffalo production in Para occurs under tropical conditions where pasture seasonality, heat load, and
management limitations may affect animal growth. Therefore, the greater contribution of animals older than 36 months to Tier 2 emissions
should be interpreted as a demographic signal associated with productive efficiency and animal retention time.

Official livestock data are essential for interpreting these emission patterns at territorial scale. National livestock statistics provide the
broader context of herd distribution and production dynamics in Brazil (IBGE, 2024). In the Amazon, buffalo production has specific
territorial importance, especially in areas where the species is adapted to humid environments and extensive grazing systems (Lourencgo-
Junior and Garcia, 2008). Extensive systems in the Brazilian Amazon may include low infrastructure, limited herd control, and strong
dependence on natural or low-managed pastures (Franco et al., 2023). These characteristics help explain why the age structure of the herd
becomes a decisive factor in the interpretation of enteric CH, emissions in Para.

Studies conducted in the Amazon have shown that buffaloes and cattle respond strongly to environmental conditions, including solar
radiation, shade availability, heat load, and seasonal climate patterns (Silva et al., 2022; Silva et al., 2022). Animal welfare and reproductive
performance are also influenced by thermal stress and management conditions (Silva, et al., 2023a). The temperature and humidity index
has been used to support decisions on ruminant production systems in Amazonian environments, showing that climate conditions can
affect the feasibility and efficiency of different rearing strategies (Silva, et al., 2023b). These findings are consistent with the present
interpretation that low productive efficiency can prolong the production cycle and increase accumulated CH, emissions.

Thermal pattern assessments and thermolytic responses in cattle reared in the Eastern Amazon indicate that production systems differ in
their capacity to buffer climatic stress (Silva, et al., 2023a). In buffaloes, studies on thermal biology in humid tropical conditions show that
physiological and behavioral responses are important for understanding adaptation and productivity (Mota-Rojas et al., 2021). Behavioral
studies in dairy buffaloes also reinforce that management, calving, maternal behavior, and social interactions influence productive
performance (Mota-Rojas et al., 2022). Therefore, the emission pattern observed in this study should not be interpreted only as a
mathematical result of herd size, but as a response to a production system in which environment, management, and animal biology interact.

Reviews on water buffalo production systems show that behavior, productivity, and breeding conditions vary widely according to
management intensity, environmental conditions, and production goals (de la Cruz-Cruz et al., 2014). Reproductive and behavioral
responses in buffalo cows also show that physiological status and management quality influence herd performance (Gonzélez-Lozano et
al., 2020). In addition, the human-animal relationship can affect productivity and welfare, which may indirectly influence growth rate,
handling efficiency, and the time animals remain in the production system (Mota-Rojas et al., 2020). These references support the
interpretation that reducing adult male retention requires not only better pastures, but also improved herd management and zootechnical
control.

The atypical accumulation of animals older than 36 months in 2010 and 2011 may also be interpreted in relation to sanitary and market
conditions. Sanitary restrictions associated with foot-and-mouth disease have affected livestock commercialization in Brazil and may alter
the timing of animal sale, movement, and slaughter (MAPA, 2020). Livestock production cycles also influence the retention and replacement
of animals on farms, because market prices and herd rebuilding strategies affect producer decisions (AlA, 2024). Therefore, the red cluster
identified in the multivariate analysis, represented by 2010 and 2011, may reflect not only biological age structure, but also external
constraints that delayed animal removal from the production system.

Page 11/18



The comparison with methane studies in buffaloes and cattle strengthens the biological interpretation of the Tier 2 results. Nutritional
strategies using essential oils in growing buffaloes have shown that diet composition can affect methane production, growth, and nutrient
utilization (Yatoo et al., 2017). Seasonal measurements of CH, emissions from grazing cattle also show that pasture conditions and climate
seasonality influence enteric methane dynamics (Demarchi et al., 2016). Methodological comparisons using methane hoods and respiration
chambers demonstrate that measurement technique can affect CH, estimates, which reinforces the need to interpret inventory-based
values in relation to method and production context (Troy et al., 2016).

The role of diet and by-products is also relevant for interpreting mitigation pathways. Studies using biodiesel by-products in cattle diets
show that alternative feed resources can modify intake behavior and physiological parameters (Correia et al., 2012). This is important for
Para because agricultural by-products and supplementation strategies may help improve nutrient supply during periods of low pasture
quality. If supplementation increases weight gain and reduces the time required for animals to reach market weight, it can reduce the
cumulative period during which animals emit CH, in pasture-based systems.

Mitigation strategies for ruminant methane emissions include dietary manipulation, feed additives, improved forage quality, better animal
performance, and increased production efficiency (Kréliczewska; Pecka-Kietb and Bujok, 2023). However, such strategies must be
interpreted with caution because their effectiveness depends on production system, animal category, diet, adoption conditions, and regional
feasibility. The present study contributes to this debate by showing that, in addition to reducing emission factors, managing herd age
structure is also a relevant mitigation pathway. In Parg, avoiding prolonged retention of adult males can reduce the contribution of the > 36-
month category to total Tier 2 emissions.

Climate impacts on crop production also affect livestock systems indirectly because feed availability depends on agricultural productivity
and climatic stability (Streck and Alberto, 2006). Reduced performance of forage crops, grains, or supplementary feed sources can
compromise animal nutrition, delay finishing, and increase residence time on farms. This connection reinforces the need to integrate
livestock emission accounting with broader food-system planning, especially in regions where pasture-based production supports both
domestic supply and export potential.

Overall, the literature supports the central finding of this study: enteric CH, emissions from male buffaloes in Para cannot be interpreted only
by total herd size. The Tier 2 approach revealed that age-class composition, especially the retention of animals older than 36 months,
changed the emission profile of the herd. The multivariate analyses confirmed that 2010 and 2011 formed an adult-retention profile, while
recent high-emission years reflected herd expansion. Therefore, mitigation strategies should prioritize better pasture management,
nutritional improvement, zootechnical control, and animal removal before or around 36 months of age, allowing buffalo production systems
to improve productive efficiency while reducing accumulated CH, emissions.

5. Conclusions

This study demonstrated that enteric CH, emissions from male buffaloes in Para were influenced not only by total herd size, but also by
changes in herd age-class composition. The Tier 1 approach provided a broad estimate of emissions based on a fixed emission factor and
allowed the evaluation of the long-term historical series. However, because this approach applies the same emission factor to all animals, it
mainly reflected changes in herd population.

The Tier 2 approach provided a more refined interpretation by incorporating age-specific emission factors. Animals older than 36 months
showed the highest emission factor within the Tier 2 structure and contributed most to total Tier 2 CH, emissions. The correlation analysis,
principal component analysis, and cluster analysis consistently showed that years with higher emissions, especially 2010, 2011, and 2021,
were associated with greater retention of adult male buffaloes in the herd.

These results confirm that animal retention time is a key factor in accumulated enteric methane emissions. Therefore, mitigation strategies
for buffalo production systems in the eastern Amazon should prioritize productive efficiency, pasture recovery, forage quality, nutritional
management, zootechnical control, and earlier animal removal from farms. Reducing the proportion of males retained beyond 36 months
can shorten the production cycle, decrease accumulated CH, emissions, and improve the environmental performance of pasture-based
buffalo production in Para.

By linking herd structure, age-specific emission factors, and multivariate analysis, this study provides a regional contribution to livestock
GHG accounting. The results reinforce the need to use more detailed and regionally consistent approaches in inventories, especially for
species and production systems that remain less represented in national emission assessments.
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Figure 1

Principal component analysis biplot showing the relationship between herd age-class composition and enteric CH, emissions estimated
using Tier 1 and Tier 2 approaches for male buffaloes in Para, eastern Amazon, Brazil, from 2006 to 2025. Vector colors distinguish age

classes and total emissions estimated by Tier 1 and Tier 2
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Figure 2

Hierarchical clustering dendrogram of years based on herd age-class composition and enteric CH, emissions estimated using Tier 1 and
Tier 2 approaches for male buffaloes in Para, eastern Amazon, Brazil, from 2006 to 2025. Clustering was performed using standardized
variables, Euclidean distance, and Ward'’s linkage method
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Figure 3

Cluster projection of years onto the PCA space based on herd age-class composition and enteric CH, emissions estimated using Tier 1 and
Tier 2 approaches for male buffaloes in Parg, eastern Amazon, Brazil, from 2006 to 2025. Green indicates years with lower emission profiles,
red indicates years characterized by adult animal retention, and orange indicates years with higher emission profiles
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