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Article 
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Abstract 

Enteric methane (CH₄) from beef cattle is a major greenhouse gas and an energy loss to the animal. 
Understanding how feed and water consumption patterns influence methane production across 
cattle of different body frame sizes is critical for developing sustainable beef production strategies. 
This study aimed to determine the impact of water and feed consumption on enteric methane 
production in South African beef cattle under intensive production systems. Fifteen beef cattle 
weaners of three different frame sizes (small = 5, medium = 5, and large = 5) were randomly allocated 
individually to metabolic pens. Feed and water were provided ad libitum. The water intake (WI), 
feed intake (FI), and weight were measured daily across different feeding phases (starter, grower, 
and finisher) and WFR were computed. Enteric methane was measured from experimental animals 
per frame size over five consecutive days per feeding phase using a portable Laser Methane Detector. 
General Linear Model of Statistical Analysis software (SAS) version 9.4 was used to analyze the data, 
and the means were separated using Tukey’s Honest Significant Difference (HSD) test. Pearson's 
correlation coefficient was used to determine the relationship amongst variables, whereas simple 
linear regression analysis was used to predict methane based on the intake traits. In the starter and 
grower phases, CH₄ did not differ by frame despite marked intake differences. Medium-frame cattle 
showed higher FI and WI but lower WFR, indicating efficient hydration relative to intake. In the 
finisher phase, medium-frame cattle produced more CH₄ (67.33 ppm) than small (34.56 ppm) and 
large (47.12 ppm). Across phases, CH₄ related weakly to WFR but showed a strong negative 
correlation with WI in the finisher phase (r=−0.688, p<0.05), suggesting enhanced rumen turnover 
may constrain methanogenesis. Intake behaviors, modulated by frame size and feeding phase, shape 
CH₄ dynamics in intensive systems. Managing FI and especially WI to optimize rumen flow offers a 
practical lever for mitigating CH₄ without compromising performance. Further validation across 
different diets and production systems is warranted, considering global call to align agricultural 
practices with Sustainable Development Goals (SDGs), particularly Goal 13 on Climate Action. 

Keywords: Greenhouse gasses; environmental impact; feedlot systems; climate change; SDGs 
 

1. Introduction 

Greenhouse gas emission is a topic that addresses the environmental impact of beef production, 
particularly in South Africa, where intensive farming practices are prevalent. [1,2]. Ruminant 
livestock, particularly beef cattle, significantly contribute to greenhouse gas (GHG) emissions, 
primarily through enteric methane (CH₄) production [3]. Methane, a potent greenhouse gas with a 
global warming potential approximately 28 times greater than carbon dioxide (CO₂) over 100 years, 
is produced during the microbial fermentation of feed in the rumen [4]. While methane emissions are 
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an inherent part of ruminant digestion, they represent both an environmental challenge and an 
energy loss to the animal, accounting for 2–12% of gross energy intake (GEI) [5].  

Feed quality, composition, and intake levels significantly influence methane emissions in beef 
cattle. High fiber diets promote microbial fermentation and methane production, while energy-dense 
feeds, such as grains and fats, have been shown to reduce CH₄ yield per unit of feed intake [6,7]. 
Likewise, water availability and intake affect feed digestibility, metabolic efficiency, and ruminal 
fermentation dynamics, which in turn impact methane emissions [8]. Understanding the interactions 
between feed, water intake, and methane production is essential for developing mitigation strategies 
that enhance feed efficiency and reduce environmental footprints. 

Mitigating methane emissions from beef cattle production aligns with the United Nations 
Sustainable Development Goals (SDGs), particularly SDG 2, which aims at ensuring food security for 
all. Sustainable feeding strategies improve livestock productivity and ultimately, food security. 
Efficient feed and water use enhance beef production while minimizing resource wastage. 
Sustainable Development Goal 6 aims for the accessibility of Clean Water and Sanitation. This could 
be achieved by utilizing water-efficient livestock systems that contribute to global water conservation 
efforts, as beef cattle production is a significant water-intensive industry [9]. Reducing enteric 
methane emissions directly contributes to climate change mitigation by lowering agricultural GHG 
emissions, addressing SDG 13.  

Given the growing global demand for beef and increasing environmental concerns, the impact 
of intensive beef production systems on water resources and greenhouse gas emissions to ensure 
sustainable food production needs to be evaluated. Optimizing feed and water consumption 
strategies is, therefore, critical for reducing methane emissions while maintaining productivity and 
sustainability in beef cattle production. Recent advances in precision feeding and rumen microbiome 
manipulation provide promising avenues for methane mitigation in beef production systems 
[5,10,11]. Examining water-use efficiency indicators for methane production in South African beef 
cattle under intensive production systems is crucial for sustainable agricultural development. It 
involves balancing productivity with environmental considerations to ensure the long-term viability 
of beef production while mitigating its impact on water resources and climate change. Therefore, this 
study sought to determine the impact of water and feed consumption on enteric methane production 
of South African beef cattle under intensive production systems. 

2. Materials and Methods 

2.1. Experimental Design and Animal Feeds 

The study was conducted at the animal nutrition section of the Agricultural Re-search Council 
– Production Institute (ARC-PI) in Pretoria, Gauteng, South Africa (25º 53' 59.6" S and 28º 12' 51.6" E). 
The area is characterized by an ambient temperature range of 18 to 29 ºC during summer and between 
5 and 20 ºC during winter. Fifteen [15] healthy beef cattle weaners (Bos Taurus) of three different body 
frame sizes (small, medium, and large), representing three different breeds (Nguni, Bonsmara and 
Simmental, respectively) of similar age (7 – 9 months) and body weight groups (150 – 265 kg) were 
obtained from stud breeders. 

On arrival at the research farm, animals were ear-tagged, de-wormed and vaccinated, and health 
observations were done daily thereafter. The animals were randomly assigned to treatments in a 
completely randomized design, i.e., five [5] animals per body frame size, and each animal was a 
replicate unit. The animals were allowed a 28-day adaptation period, followed by data collection for 
90 days, over three feeding phases (starter (30 days), grower (32 days) and finisher (28 days)), with 
the animals placed individually in feeding pens. The random allocation of animals was performed 
using the RAND function in Microsoft Excel, ensuring unbiased assignment to eliminate allocation 
bias. The diets were formulated based on hominy chop (a maize by-product) and soybean oilcake, 
providing a high-energy, moderate-protein ration suitable for post-weaning growth (Table 1). The 
formulation reflects a typical maize-soy-based intensive feedlot diet, balanced for energy (TDN 
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>74%), protein (CP ~13.5%), and essential minerals, with roughage provided by Eragrostis hay, 
mirroring typical South African feedlot diets. Each formulation was calculated per 1000 kg of total 
mixed ration on an as-fed basis. 

Table 1. Feed ingredient composition per 1000 kg total mixed ration (as-fed basis). 

Feed ingredient (kg) Starter Grower Finisher 
Hominy chop 630 670 690 
Eragrostis hay  200 180 160 
Soya oilcake 80 60 60 
Molasses 60 60 60 
Limestone 15.0 15.0 15.0 
Urea 8.0 9.0 9.0 
Salt 5.0 5.0 5.0 
Vit/mineral premix 1.9 1.8 1.6 
Estimated nutrient specifications (%)  
DM  92.35 93.81 93.13 
TDN 74.22 74.69 75.26 
NE (MJ/kg) 6.81 6.85 6.91 
CF  8.41 7.69 7.08 
CP  13.72 13.39 13.51 
Ca  6.98 6.86 6.79 
P  3.13 3.10 3.14 

2.2. Feed and Water Intake 

Feed was offered ad libitum daily, and refusals were collected and weighed before fresh feed 
was provided every day. Since each animal was housed in an individual pen, FI and refusals were 
measured on an individual basis. The following equation was used for FI: 

FI = Fin −  Fout  (1) 

where Fin – feed weighed in at the beginning of the day. 
Fout – feed weighed out of feeders at the end of the day. 
Water was provided ad libitum to all animals using individual calibrated water troughs with 

water meter readings. Water intake (WI) of individual animals was measured daily at 08H00 in the 
morning before feeding. Water consumption was calculated by adding water intake and water in the 
feed. Moisture content of the feed was determined using the oven-drying method according to AOAC 
[12], Method 934.01. Water-to-feed ratio was computed by dividing WI by FI. The following equation 
was used for WFR: 

WFR =
WI (L)
FI (kg)

 (2) 

2.3. Methane Production 

Enteric methane emissions were measured using a portable Laser Methane Detector (LMD) mini 
(Crowcon Detection Instruments Ltd., TGC) over 5 consecutive days on each of the feeding phases 
(starter, grower, finisher). Daily environmental factors such as wind speed and direction were 
minimized by performing measurements in a sheltered area. Methane was measured in situ by 
pointing the laser beam at the nostrils of the animal, without physical contact, to minimize stress and 
behavioral disturbances. The LMD was positioned at a distance of 1.5 – 2 m from the muzzle at an 
angle allowing full capture of exhaled gases produced during eructation events. Measurements were 
taken during the morning feeding period when methane release is highest due to postprandial rumen 
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fermentation activity. For each animal, five consecutive methane readings were recorded within a 5-
minute observation period to account for variability due to breath patterns and eructation frequency.  

2.4. Statistical Analysis 

Data was tested for normality using Shapiro and Wilk. All statistical analyses were performed 
using SAS software version 9.4 [13]. Descriptive statistics (means ± standard deviation) were 
calculated for all measured traits. To evaluate the effects of frame size, growth phase, and their 
interaction on methane production and intake traits, a two-way analysis of variance (ANOVA) was 
conducted using the General Linear Model (GLM) procedure utilizing the model: 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 = μ + 𝑇𝑇𝑖𝑖 + 𝑊𝑊𝑗𝑗 + (𝑇𝑇𝑇𝑇)𝑖𝑖𝑖𝑖  +  𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 (3) 

where: 
𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖  = observed value of the trait (methane production) 
μ = overall mean 
𝑇𝑇𝑖𝑖 = fixed effect of the ith frame size (small, medium, large) 
𝑊𝑊𝑗𝑗= fixed effect of the jth feeding phase (starter, grower, finisher) 
(𝑇𝑇𝑇𝑇)𝑖𝑖𝑖𝑖  = interaction effect between frame size and growth phase 
𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖  = random error term 
Means were separated using Tukey’s Honest Significant Difference (HSD) test, and differences were 
considered significant at p < 0.05.  
To determine the strength and direction of linear relationships between methane production and 
intake traits, Pearson correlation coefficients (r) were calculated for each growth phase using the 
CORR procedure with the following model: 

𝑟𝑟 =
Cov(X, Y)
σ𝑋𝑋  .  σ𝑌𝑌

 (4) 

where: 
𝑟𝑟 = Pearson correlation coefficient between methane and the trait (e.g., FI, WI, or WFR)  
Cov(X, Y) = covariance between the two variables 
σ𝑋𝑋 , σ𝑌𝑌= standard deviations of variables X and Y, respectively 
Significance of correlation was declared at p < 0.05. 

To estimate the predictive relationship between methane production (dependent variable) and 
intake traits (independent variables), simple linear regression analysis was conducted using the REG 
procedure in SAS. The general model applied was: 

𝑌𝑌 = μ + 𝛽𝛽0 + 𝛽𝛽1𝑋𝑋 +  𝜀𝜀 (5) 

where: 
𝑌𝑌 = methane production (ppm) 
𝑋𝑋 = predictor variable (e.g., FI, WI, WFR) 
𝛽𝛽0 = intercept 
𝛽𝛽1 = regression coefficient 
𝜀𝜀 = residual error term 

The coefficient of determination (R²) was used to assess model fit and explain the proportion of 
variance in methane determined by the intake traits. These models were applied separately within 
each feeding phase (starter, grower, finisher) and frame size group (small, medium, large), allowing 
for detailed, phase-specific interpretation of the relationships. 
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3. Results 

3.1. Water and Feed Intake on Methane Production 

Water and feed intake, water consumption and water to feed ratio on enteric methane 
production of beef cattle under intensive production system are presented in Table 2. During the 
starter feeding phase, WI and WC were significantly higher (p < 0.05) for the medium-frame beef 
cattle (34.36 L and 35.42 L, respectively) than the large- (22.52 L and 23.23 L), and small- (28.96 L and 
29.66 L) frame beef cattle, respectively. The medium-frame beef cattle had significantly (p < 0.05) 
higher FI (13.85 kg) than the small- (9.17 kg) and large- (9.29 kg) frame size beef cattle. However, WFR 
of the medium-frame beef cattle (2.54) was not significantly different (p > 0.05) from that of the large-
frame beef cattle (2.41), which was significantly lower (p < 0.05) than for the small-frame beef cattle 
(3.25). There was no significant difference (p < 0.05) in methane produced by beef cattle of different 
frame sizes. 

During the feeding phase, WI and WC were significantly higher (p < 0.05) for the large- (35.84 L 
and 37.15 L) and medium- (32.32 L and 33.63 L) compared to the small-frame (23.04 L and 23.61 L) 
beef cattle, respectively. Feed intake (FI) was significantly lower (p < 0.05) for the small-frame beef 
cattle (7.59 kg) than for the medium- and large-frame (both 17.41 kg) beef cattle. However, the WFR 
was significantly higher (p < 0.05) for the small-frame beef cattle (3.07 L/kg) than the medium- (1.86 
L/kg) and large-frame (2.07 L/kg) beef cattle. There were no significant differences (p > 0.05) in 
methane production between the three beef cattle frame sizes observed.  

During the finisher phase, the small-frame cattle had significantly high (p < 0.05) WI (35.88 L), 
WC (36.57 L) and WFR (3.60 L/kg) during this phase while the medium (WI of 28.88 L, WC of 29.58 
L and WFR of 2.87 L/kg) and the large-frame (WI of 29.40 L, WC of 30.16 L and WFR of 2.71) beef 
cattle did not differ significantly (p > 0.05). Feed intake (FI) was not significantly different (p > 0.05) 
across the beef cattle frame sizes during this growth phase. The small-frame beef cattle maintained 
the highest WFR (3.60 L/kg), which was significantly higher (p < 0.05) than the medium- (2.87 L/kg) 
and large-frame (2.71 L/kg) beef cattle, which did not differ significantly (p > 0.05). Medium-frame 
beef cattle produced significantly more (p < 0.05) methane (67.33 ppm) than the small- (34.56 ppm) 
and large-frame (47.12 ppm) beef cattle. 

Table 2. Water and feed intake, water consumption and water to feed ratio on enteric methane production of 
beef cattle under intensive production system. 

Growth  
Phase 

Frame  
size 

Methane 
(ppm) 

WI 
(L) 

WC 
(L) 

FI 
(kg) WFR (L/kg) 

 Small 44.84a±10.02 28.96ab±7.85 29.66ab±8.06 9.17b±3.45 3.25a±0.61 
Starter Medium 43.93a±10.02 34.36a±7.85 35.42a±8.06 13.85a±3.45 2.54b±0.61 
  Large 48.14a±10.02 22.52b±7.85 23.23b±8.06 9.29b±3.45 2.41b±0.61 
 Small 46.15a±11.75 23.04b±5.42 23.61b±5.44 7.59b±1.53 3.07a±0.42 
Grower Medium 52.70a±11.75 32.32a±5.42 33.63a±5.44 17.41a±1.53 1.86b±0.42 
  Large 48.92a±11.75 35.84a±5.42 37.15a±5.44 17.41a±1.53 2.07b±0.42 

 Small 34.56b±13.25 35.88a±4.27 36.57a±4.30 10.07a±1.74 3.60a±0.64 
Finisher Medium 67.33a±13.25 28.88b±4.27 29.58b±4.30 10.16a±1.74 2.87b±0.64 
  Large 47.12b±13.25 29.40b±4.27 30.16b±4.30 11.05a±1.74 2.71b±0.64 

a, b, c Columns with different superscripts within the growth phase differ significantly (p<0.05). WI (L): Water 
intake in liters, WC (L): water consumption in liters, FI (kg): feed intake in kilograms, WFR: water-to-feed ratio 
in liters per kilogram feed intake. 

3.2. Linear Regression and Pearson Correlation Coefficients of Relationships 

Overall Pearson correlation matrix of water and feed intake on enteric methane production of 
beef cattle under intensive production systems is presented in Table 3. There were insignificant (p > 
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0.05) negative correlations between methane and all the traits. During the starter and grower phases, 
methane had weak correlations with WI (r=-0.297 and r=-0.474, respectively), while during the 
finisher phase, these traits (methane and WI) had significant (p < 0.05), strong negative correlations 
(r=-688). Methane and FI had a moderate, negative correlation (-0.409) that was insignificant (p > 0.05). 
There was a weak negative correlation between methane production and WFR across all feeding 
phases. 

Table 3. Overall Pearson correlation matrix of water and feed intake on enteric methane production of beef cattle 
under intensive production systems. 

Growth phase Variables Methane (ppm) 
 WI (L) -0.297NS 

Starter FI (kg) -0.409 NS 
 WFR -0.048 NS 
 WI (L) -0.474 NS 

Grower FI (kg) -0.211 NS 
 WFR -0.175 NS 
 WI (L) -0.688* 

Finisher FI (kg) -0.175 NS 
 WFR -0.107 NS 

Correlations are significantly different from zero at *p<0.05, NS not significant. WI (L): Water intake in litres, FI 
(kg): feed intake in kilograms, WFR: water-to-feed ratio in liters per kilogram feed intake. 

Table 4 presents the Pearson correlation matrix of water and feed intake and water to feed ratio 
on enteric methane production of beef cattle during the starter feeding phase under intensive 
production systems and Figure 1 (A: small, B: medium and C: large) linear regression coefficients 
with their R2 values of WI, FI and WFR on enteric methane production of beef cattle frame sizes 
during the starter feeding phase under intensive production systems during the starter feeding phase. 
There was no significant correlation between methane production and WI (r=0.009, p>0.05) on the 
small-frame cattle. Regression results (Figure 1A) confirmed that WI did not significantly predict 
methane output (β=0.013, R²=0.00009. A significant negative correlation was observed between 
methane production and FI (r=−0.662, p<0.05), with regression analysis further showing that FI 
significantly predicted methane output (β=−3.80, p<0.05), explaining 44% of the variance (R²=0.44). 
Methane production was positively and significantly correlated with the WFR (r=0.608, p<0.001). 
Regression results showed that WFR significantly predicted methane emissions (β=7.78, p<0.05), 
accounting for 37% of the variation (R²=0.37).  

On the medium frame cattle, there was no significant correlation between methane production 
and WI (r=0.125, p>0.05). The regression analysis (β=0.0781; R²=0.016) (Figure 1B) indicated that WI 
explained only 1.6% of the variation in methane, confirming the absence of a meaningful linear 
association. Similarly, methane production showed no significant relationship with FI (r=−0.016, 
p>0.05) with a regression analysis (β=−0.037, R²=0.0003) confirming that FI did not predict methane 
levels. The correlation between methane and WFR was also not significant (r=0.113, p>0.05), with 
regression results (β=1.01, R²=0.013) explaining only 1.3% of the variance.  

Methane production showed no significant correlation with WI (r=−0.126, p>0.05) on large-frame 
cattle. The regression analysis (β=0.197; R²=0.016) (Figure 1C) explained less than 2% of the variance. 
There was likewise no significant correlation between methane and FI (r=0.112, p>0.05). Regression 
results (β=0.757, R²=0.013) confirmed that FI explained only 1.3% of methane variation, indicating a 
weak and non-predictive relationship. Finally, methane production was negatively but not 
significantly correlated with the WFR (r=−0.264, p>0.05). The regression slope (β=−5.58, R²=0.07) 
showed that only 7% of the variation in methane emissions was explained by WFR. 
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Table 4. Pearson correlation matrix of water and feed intake and water to feed ratio on enteric methane 
production of beef cattle during the starter feeding phase under intensive production systems. 

Frame size Variables Methane (ppm) 
 WI (L) 0.009NS 
Small FI (kg) -0.662*** 
 WFR 0.608*** 
 WI (L) 0.125NS 
Medium FI (kg) -0.016NS 
 WFR 0.113NS 
 WI (L) -0.126NS 
Large FI (kg) 0.112NS 
 WFR -0.264NS 
Correlations are significantly different from zero at *p<0.05, NS not significant. WI (L): Water intake in liters, FI 
(kg): feed intake in kilograms, WFR: water-to-feed ratio in liters per kilogram feed intake. 

 

Figure 1. Linear regression coefficients with their R2 values for beef cattle frame sizes (A: small, B: medium and 
C: large) during the starter feeding phase.  WI (L): Water intake in liters, FI (kg): feed intake in kilograms, WFR: 
water-to-feed ratio in liters per kilogram feed intake. 

Table 5 presents the Pearson correlation matrix of water and feed intake and water to feed ratio 
on enteric methane production of beef cattle during the grower feeding phase under intensive 
production systems and Figure 2 (A: small, B: medium and C: large) linear regression coefficients 
with their R2 values of WI, FI and WFR on enteric methane production of beef cattle frame sizes 
during the grower feeding phase under intensive production systems during the starter feeding 
phase. There was a moderate positive and statistically significant correlation between methane 
production and WI (r=0.448, p<0.05). Regression results (Figure 2A) further indicated a positive 
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relationship between the two variables (β=0.0131; R²=0.00009), although the model explained less 
than 0.01% of the variance. Methane production showed no significant correlation with FI (r=−0.023, 
p>0.05), and regression analysis (β=−3.7998; R²=0.44) showed no meaningful linear trend. Similarly, 
methane was not significantly correlated with WFR (r=0.322, p>0.05). The regression results 
(β=7.7797; R²=0.37) explained 37% of the variance, but the lack of statistical significance. 

For medium-frame cattle, Table 2 shows no significant correlation between methane production 
and WI (r=0.370, p>0.05). Regression analysis (Figure 2B; β=0.0781; R²=0.016) confirmed that WI 
accounted for only 1.6% of the variance in methane production, indicating a weak and biologically 
negligible association. Similarly, methane production did not correlate significantly with FI (r=−0.155, 
p>0.05). The regression results (β=−0.037; R² = 0.0003) showed an almost flat slope, reinforcing that FI 
had minimal predictive value for methane variation in medium-frame animals during this phase. 
However, a positive and statistically significant correlation was observed between methane 
production and the WFR (r=0.441, p<0.05). Regression results (β= 1.0094; R²=0.013) indicated that WFR 
explained about 1.3% of the variance in methane emissions. 

In large-frame cattle, methane production showed a significant negative correlation with WI 
(r=−0.476, p<0.05). Regression analysis (Figure 2C; β= 0.1968; R²=0.016) revealed that WI explained 
1.6% of the variance in methane production. Methane production was not significantly correlated 
with FI (r=0.107, p>0.05). The regression analysis (β=0.7571; R²=0.013) accounted for 1.3% of the 
variance. A significant negative correlation was observed between methane production and the WFR 
(r=−0.484, p<0.05). Regression results (β=−5.581; R²=0.07) showed that WFR explained approximately 
7% of the variance in methane emissions. 

Table 5. Pearson correlation matrix of water and feed intake and water to feed ratio on enteric methane 
production of beef cattle during the grower feeding phase under intensive production systems 

Frame size Variables Methane (ppm) 
 WI (L) 0.448* 
Small FI (kg) -0.023NS 
 WFR 0.322NS 
 WI (L) 0.370NS 
Medium FI (kg) -0.155NS 
 WFR 0.441* 
 WI (L) -0.476* 
Large FI (kg) 0.107NS 
 WFR -0.484* 
Correlations are significantly different from zero at *p<0.05, NS not significant. WI (L): Water intake in liters, FI 
(kg): feed intake in kilograms, WFR: water-to-feed ratio in liters per kilogram feed intake. 

Table 6 presents the Pearson correlation matrix of water and feed intake and water to feed ratio 
on enteric methane production of beef cattle during the finisher feeding phase under intensive 
production systems and Figure 3 (A: small, B: medium and C: large) linear regression coefficients 
with their R2 values of water and feed traits on enteric methane production of beef cattle frame sizes 
during the finisher feeding phase under intensive production systems. There was a negative but non-
significant correlation between methane production and WI (r=−0.198, p>0.05). The regression 
analysis (Figure 3A; β=−0.6646; R²=0.039) showed that WI explained only 3.9 % of the variance in 
methane production. Methane production exhibited a positive but non-significant relationship with 
FI (r=0.364, p>0.05). Regression results (β=5.457; R²=0.1322) indicated that FI accounted for about 13 
% of the variance in methane output. The correlation between methane production and the WFR was 
negative and non-significant (r=−0.384, p>0.05). Regression analysis (β=−10.821; R²=0.1473) showed 
that WFR explained approximately 15 % of methane variation.  
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Figure 2. Linear regression coefficients with their R2 values for beef cattle frame sizes (A: small, B: medium and 
C: large) during the grower feeding phase. WI (L): Water intake in liters, FI (kg): feed intake in kilograms, WFR: 
water-to-feed ratio in liters per kilogram feed intake. 

For medium-frame cattle, Table 6 shows no significant correlations between methane production 
and any of the intake traits (WI, FI and WFR). The relationship between methane and WI was weak 
(r=−0.087, p>0.05), and the regression analysis (Figure 3B; β=0.4448; R²=0.008) explained less than 1 % 
of variance. Similarly, methane production was not significantly correlated with FI (r=−0.146, p>0.05). 
Regression results (β=−3.5373; R²=0.021) accounted for only 2 % of variance. The WFR also showed 
no significant relationship with methane (r=−0.006, p>0.05). The regression (β=−0.2872; R²=0.00004) 
was almost flat, suggesting a complete lack of association between WFR and methane emission in 
medium-frame cattle during the finisher phase. 

In large-frame cattle, Table 6 indicates that methane production was not significantly correlated 
with WI (r=0.060, p>0.05). The regression results (Figure 3C; β=0.2523; R²=0.004) explained only 0.3 % 
of variance, confirming the absence of a predictive link between WI and methane output. A weak 
and non-significant negative correlation was found between methane and FI (r=−0.134, p>0.05). 
Regression analysis (β=−1.398; R²=0.018) indicated that FI accounted for just 1.8 % of variance, 
suggesting that variation in feed intake had a negligible influence on methane production during the 
finishing period. The WFR likewise showed no significant relationship with methane production 
(r=−0.162, p>0.05). The regression analysis (β=4.5804; R²=0.026) explained 2.6 % of variance. 
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Table 6. Pearson correlation matrix of water and feed intake and water to feed ratio on enteric methane 
production of beef cattle during the finisher feeding phase under intensive production systems 

Frame size Variables Methane (ppm) 
 WI (L) -0.198NS 
Small FI (kg) 0.364NS 
 WFR -0.384NS 
 WI (L) -0.087NS 
Medium FI (kg) -0.146NS 
 WFR -0.006NS 
 WI (L) 0.060NS 
Large FI (kg) -0.134NS 
 WFR 0.162NS 
Correlations are significantly different from zero at *p<0.05, NS not significant. WI (L): Water intake in liters, FI 
(kg): feed intake in kilograms, WFR: water-to-feed ratio in liters per kilogram feed intake. 

 
Figure 3. Linear regression coefficients with their R2 values for beef cattle frame sizes (A: small, B: medium and 
C: large) during the finisher feeding phase. WI (L): Water intake in liters, FI (kg): feed intake in kilograms, WFR: 
water-to-feed ratio in liters per kilogram feed intake. 

4. Discussion 

Enteric methane (CH₄) emissions from beef cattle varied depending on beef cattle frame size. 
Each cattle frame-size displayed distinct FI patterns and metabolic efficiencies that influence methane 
production. In the starter phase, methane production did not significantly differ across frame sizes, 
despite noticeable variations in WI and FI. This suggests that during the early phase of growth, rumen 
activity and microbial fermentation may be relatively uniform across genotypes, likely due to 
immature rumen development [14,15]. However, distinct WI and FI behaviors were already evident. 
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Medium frame size beef cattle recorded the highest WI and FI, but maintained the lowest WFR, 
implying efficient hydration relative to nutritional intake. This efficiency may be linked to metabolic 
maturity, digestive organ size, or improved water absorption and nutrient assimilation [16,17]. 

In contrast, small-frame cattle had significantly lower FI yet a higher WFR, indicating a 
proportionally higher water demand per unit of feed. This may be due to inefficient rumen 
fermentation in smaller-framed animals [17,18]. Interestingly, large frame size cattle consumed 
similar amounts of feed to small frame size beef cattle, but had the lowest WI overall, leading to the 
lowest WFR. This may reflect behavioral or physiological adjustments in large-frame cattle, such as 
delayed adaptation to new environments or diets, potentially resulting in reduced drinking 
frequency and slower water turnover rates [19]. 

During the grower feeding phase, distinct patterns emerged in methane emissions, which 
increased across all frame sizes in parallel with rising FI. Medium and large frame size beef cattle 
consumed significantly more water and feed than small frame cattle, a trend reflecting their elevated 
energy demands for musculoskeletal development, as also reported by Ojo et al. [20]. The strong 
positive association between FI and methane production became particularly evident during this 
stage, with medium frame size cattle producing the highest methane volumes, closely followed by 
large frame cattle. This finding supports the work of Beauchemin et al. [6], who noted that increased 
dry matter intake enhances fermentative activity in the rumen, resulting in greater hydrogen 
production that is a precursor for methanogenesis. The heightened emissions in medium frame 
animals may further suggest a rumen environment optimized for microbial activity, consistent with 
observations by Gerber et al. [21] and Haque [22], who reported that cattle with moderate frame sizes 
tend to exhibit higher feed digestibility and rumen retention time, which in turn promotes methane 
yield. Conversely, while large frame cattle also showed high FI, their greater gut capacity may 
facilitate faster digesta passage, potentially moderating total methane production relative to intake, 
as described by McAuliffe et al. [16]. 

Despite these increases in WI, FI and methane emissions, medium frame size beef cattle 
maintained a favorable WFR, indicating that their metabolic and digestive systems efficiently 
regulated water-use in tandem with nutrient assimilation. This observation aligns with other findings 
that reported medium frame size cattle often display optimized productive efficiency, allowing them 
to balance intake and hydration demands without compromising productivity (17,18,23). Their lower 
WFR suggested better synchronization between water metabolism and rumen fermentation, 
supporting sustained microbial activity while avoiding excessive water turnover. In contrast, small 
frame size beef cattle retained the highest WFR, alongside the lowest absolute FI and methane 
production. This supports the observations of Mapiye et al. [24], who found that smaller-framed 
genotypes, due to their lower maintenance energy requirements, are conservative in both water and 
feed usage. Their elevated WFR may reflect slower digestive rates. As a result, while small frame beef 
cattle demonstrated strong resource-use efficiency, their limited intake constrained methane 
production. 

Large frame size beef cattle showed elevated WI and FI with a slightly higher WFR than medium 
frame size beef cattle during the finisher phase. This pattern suggests that, although they possessed 
greater intake capacity, their efficiency in converting water relative to feed consumed was somewhat 
compromised. This might be due to large frame size animals allocating a greater proportion of their 
resources toward skeletal and structural tissue development, which increases their basal water 
requirements for cellular maintenance and nutrient transport [20]. As highlighted by Mapiye et al. 
[24] and McAllister et al. [17], large-framed beef cattle often have higher maintenance energy and 
water requirements that do not directly contribute to productive gain. This can lead to reduced 
digestive efficiency per unit of feed consumed, especially if rumen passage rates are altered by gut 
fill constraints or delayed microbial adaptation. 

Although small frame cattle increased their WI and FI in the finisher phase, their total digestive 
tract volume remains inherently lower than that of medium and large frame animals. This limits the 
total volume of fermentable substrate that can be processed at any given time, thereby constraining 
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methane production. McAllister et al. [17] and Ojo et al. [20] noted that smaller rumen volume 
reduces overall fermentative capacity, even when intake increases. The rise in intake may reflect 
compensatory consumption, but it does not necessarily equate to proportional increases in methane, 
as the fermentation efficiency is still governed by physical and microbial constraints [25].  

The contrasting relationships observed between intake traits and methane production across 
frame sizes and growth phases highlight the complex interaction between water metabolism, rumen 
fermentation kinetics, and methanogenesis in intensively managed beef cattle. Enteric methane 
production showed a negative correlation with FI in small-frame cattle, particularly in the starter 
growth phase and continued to weaken in subsequent phases. This signifies that, animals with higher 
FI exhibited improved fermentation efficiency, likely due to accelerated digesta turnover and reduced 
rumen retention time. These findings are in agreement with reports by Goopy et al. [26] and Galyean 
and Hales [27], who noted that higher intake rates dilute maintenance energy requirements and lower 
methane yield per unit of feed consumed under feedlot conditions. Younger cattle may also have 
faster growth rates, which improves feed utilization and energy partitioning, leading to reduced 
methane losses, a similar observation made in dairy cows as well [28]. In the grower phase, the 
negative correlation weakened, likely due to increased FI leading to higher rumen fermentation 
activity and a decrease in feed efficiency as animals approached maturity [20,29]. The study also 
recorded moderate correlations of FI and methane production in small-frame beef cattle during the 
finisher feeding phase. The weak correlation in the finisher phase indicated that feed composition or 
quality may play a larger role in methane production than total intake. High concentrate diets, 
common in finishing systems, are known to decrease methane production due to decreased 
fermentation of structural carbohydrates [30,31]. 

A weak correlation between FI and methane production in medium- and large-frame cattle 
indicates that variations in feed consumption had minimal influence on enteric methane output in 
these groups. This suggests that methane production became largely independent of FI, likely due to 
greater digestive efficiency [32]. Larger-framed animals generally exhibit higher absolute intake 
capacity and faster passage rates, which can reduce methane yield per unit of feed [33]. The weak 
relationship also implies that, within these frame sizes, differences in methane emissions may be 
governed more by fermentation patterns, feed composition, or metabolic rate rather than by intake 
volume itself. Similar observations have been reported by Beauchemin et al. [6] and Garnsworthy et 
al. [34], who noted that once feed efficiency improves and rumen function stabilizes, methane output 
no longer scales linearly with intake. 

The significant positive correlation between WI and methane production in small-frame cattle 
during the grower phase indicates that excessive WI may increase rumen fluid volume and microbial 
activity, thereby promoting methanogenesis. Conversely, the negative correlation in large-frame 
cattle at the same feeding phase suggests that higher WI enhances rumen dilution and hydrogen flux, 
leading to reduced methane formation [35–37]. These opposing responses emphasize that frame size 
modifies the physiological role of WI, with small-framed animals benefiting from controlled 
hydration that optimizes fermentation, while larger-framed cattle rely on greater water throughput 
to regulate rumen temperature and mitigate excessive fermentation gas accumulation [18,38,39]. The 
absence of significant relationships in the finisher phase across all frame sizes may reflect a metabolic 
stabilization effect, where animals achieve peak feed efficiency and methane output plateaus 
irrespective of intake fluctuations. Similar trends were observed by Grossi et al. [40], who reported 
that methane emissions become less sensitive to intake variation as cattle reach mature body weight 
and feed conversion efficiency improves.  

The relationship between methane emissions and the WFR remains consistently weak across all 
phases. While WI and FI components individually show moderate to strong correlations with 
methane production, their combined ratio may dilute these relationships [41]. Observations made on 
individual beef cattle frame sizes showed moderate sensitivity of methane production to WFR, 
particularly the small-frame cattle across all feeding phases and the medium-frame cattle during the 
grower phase. There is a paucity of information on these relationships, particularly in beef cattle. A 
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study in growing-finishing pigs indicated that an increased WFR enhances feed efficiency [42]. 
Enhancing feed efficiency has been reported to reduce methane production [29]. The weak 
correlations suggest that WFR does not directly impact rumen fermentation processes or methane 
production in the large-frame cattle. The WFR may be more indicative of water-use efficiency or 
hydration status rather than a predictor of methane emissions. Hydration status of the rumen 
contents, however, ensures microbial suspension and efficient transfer of hydrogen for methane 
production [43,44]. This aligns with findings by [18,45], who reported minimal direct relationships 
between WFR and methane emissions but emphasized the importance of WI in improving metabolic 
processes. 

5. Conclusions 

This study demonstrated that the strength and direction of relationships between intake traits 
and methane production varied by frame size and feeding phase. During the starter phase, small-
frame cattle showed a strong negative relationship between FI and methane production, suggesting 
improved fermentation efficiency with higher consumption. In the grower phase, WI significantly 
influenced methane production but in opposite directions among frame sizes, positively in small-
frame and negatively in large-frame cattle, indicating that frame size modifies the physiological role 
of water in rumen fermentation. By the finisher phase, methane output was largely independent of 
intake behavior, reflecting a stage of metabolic stabilization. Overall, the findings confirm that WI 
and WFR exert stronger and more dynamic influence on methane production than FI, particularly 
during the grower phase. Differences among frame sizes highlight that, physiological traits such as 
rumen capacity and digesta passage rate, govern the efficiency of hydrogen utilization and 
methanogenesis in feedlot beef cattle. The observed phase- and frame-specific responses suggest that 
WUE can serve as a valuable indicator for methane mitigation strategies in intensive beef systems. 
Managing hydration to optimize rumen turnover, especially during the grower phase on large-frame 
cattle, may reduce methane emissions. The study supports global efforts towards SDG-aligned 
Climate Action. 
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