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Walter Baumgartner 3 and Ramūnas Antanaitis 1
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Abstract: This study investigates the relationship between methane emissions and physio-
logical, behavioural, and haematological parameters in dairy cows during the transition
period. Methane emissions were monitored alongside variations in rumination, feeding
behaviour, and blood markers three weeks before calving, on calving day, and three weeks
post-calving. Cows were retrospectively classified into low, medium, and high rumination
groups according to their average daily rumination duration to investigate the effects of
behavioural influences. During the prepartum period, the methane concentration was mod-
erately positively correlated with drinking time (r = 0.41, p < 0.01) and weakly negatively
correlated with chews per minute (r = −0.358, p < 0.05). Significant negative correlations
were noted with chloride (r = −0.42, p < 0.01) and glucose levels (r = −0.41, p < 0.01). Fol-
lowing calving, methane emissions showed a positive correlation with haematocrit (r = 0.41,
p < 0.01) and a negative correlation with haemoglobin (r = −0.47, p < 0.01). A haematologi-
cal analysis revealed a notable negative correlation with platelets during calving (r = −0.64,
p < 0.05). Individual dry matter intake (DMI) was recorded for each period, showing a
significant drop on calving day. This intake fluctuation coincided with a significant rise
in methane yield on calving day (p < 0.001). In the low rumination time group, methane
was moderately negatively correlated with rumination chews (r = −0.52, p < 0.05), while in
the high rumination group, a moderate negative correlation was observed with drinking
gulps (r = −0.42, p < 0.05), and a weak negative correlation was observed with bolus events
(r = −0.37, p < 0.05). Despite behavioural variations, methane emissions showed no substan-
tial differences among groups with low, medium, and high rumination times, suggesting a
minimal direct influence on rumination duration. These findings emphasise the complex
interactions between feed intake, metabolism, and methane emissions, underscoring the
importance of integrating behavioural and physiological indicators to develop targeted
strategies for enteric methane mitigation while providing baseline data from healthy cows
that could guide future research on methane emissions in cows undergoing postpartum
metabolic disorders.
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1. Introduction
The emission of greenhouse gases (GHGs) by dairy farms has been recognised as a

significant contributor to climate change, particularly in the context of initiatives like the
European Green Deal, which underscores the need to mitigate methane emissions from
agriculture to achieve climate neutrality by 2050 [1]. Nevertheless, cattle also play a vital
role in sustainable food systems by converting fibrous, non-digestible plant material into
high-quality protein for human consumption. Cattle and sheep farming are among the
primary sources of agricultural GHG emissions, accounting for up to 18% of global agri-
cultural GHG emissions, mainly due to enteric methane (CH4) production [2]. According
to the United States Environmental Protection Agency, 37% of methane emissions result
from anthropogenic livestock and agricultural practices [3]. A mature cow can emit up
to 500 litres of methane daily, and the methane greenhouse effect is 25 times greater than
that of CO2 [4,5]. Methane is produced in the rumen during the fermentation process by
methanogenic archaea, which utilise CO2 and hydrogen (H2), methylamines, methanol, or
acetate to generate CH4 [6]. While high-fibre diets can increase methane production due to
shifts in ruminal fermentation, these diets are essential for ruminant health and function as
they promote efficient digestion and nutrient absorption from forages that would otherwise
be unusable in human diets [7]. The ability of ruminants to upcycle low-value plant material
into high-quality protein contributes to food security and agricultural sustainability.

Developing strategies to reduce methane while maintaining the productivity and
welfare of dairy cows is crucial for the sustainable development of the dairy industry [8].
Precision livestock farming (PLF) has emerged as an effective approach, using technologies
such as sensors, data analytics, and automation to optimise farm management. These
innovations not only enable targeted emission mitigation strategies, such as precision feed-
ing and selective breeding for lower-emission animals, but also contribute to improving
overall farm efficiency [9]. Despite this progress, a research gap remains in understanding
the relationship between methane emissions and physiological, behavioural, and blood
parameter changes, particularly during the transition period around calving, when cows
undergo significant physiological adaptations [10]. Although many mitigation strategies
focus on dietary interventions, the physiological status of the animal itself is an impor-
tant determinant of methane emission. Thus, understanding how methane production is
linked to health and behaviour during transition is essential. Integrating blood sample
analysis—specifically the evaluation of metabolic and haematological parameters—with
real-time behavioural monitoring technologies provides a deeper understanding of
methane production mechanisms. These physiological indicators signify energy balance,
metabolic stress, and immune status, all of which can affect feed intake patterns, rumen
function, and, consequently, methane emissions. A comprehensive understanding of these
connections may facilitate the development of targeted mitigation strategies designed to
diminish the environmental impact of dairy farming while maintaining its essential role in
global food systems.

Over time, various methods have been developed to reduce methane emissions from
dairy cattle, such as feeding strategies, feed supplements, selective breeding, and manure
management [2,11]. In addition to these practical approaches, recent studies have focused
on identifying potential biomarkers related to methane emissions. For example, Mikula
et al. [12] showed that extended ruminating periods are associated with reduced methane
emissions and lower methane output per unit of milk in high-yielding dairy cows fed a
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maize silage-based partial mixed diet without pasture access. A recent study also found
that rumination time was negatively correlated with methane production in first-lactation
Holstein cows [13]. In contrast, not all studies have found consistent results. Zetouni
et al. [8] did not observe any correlation between rumination time and CH4 emissions,
likely due to insignificant variations in rumination time, though their study highlights a
connection between CH4 and dry matter intake (DMI). Similarly, Watt et al. [7] found no
difference between rumination time and CH4 production in grazing dairy cows. Increased
feed digestibility has been shown to reduce methane production in dairy cows as more
efficiently fermented feed results in lower enteric methane emissions [14]. Furthermore,
cows selected for higher feed efficiency tend to produce less methane, which suggests
that improved feed efficiency is linked to reduced methane emissions [15]. Reducing
enteric methane production involves a combination of strategies, including methods and
the mitigation and measurement of methane emissions. All methods aimed at reducing
enteric methane should also consider the economic impact on farm profitability and the
connections between enteric methane and other greenhouse gases.

During the transitional phase, dairy cows face a dysfunctional immune system and an
increased inflammatory state due to the modulation of pathways related to metabolism,
immune status, and the endocrine system [16]. Merdana et al. [17] conducted a study which
aimed to determine the profile of erythrocytes, haemoglobin (Hb) levels, and haematocrit
(Hct) values in Bali cattle during the periparturient period. The results of their study show
that the changes in these blood parameters at different times of the transition period are
related to calving, are not influenced by other factors, and return to standard limits.

In early lactation, the leukocyte proliferation response can vary due to metabolic and
endocrine adaptations occurring during the transition period, a time when energy demands
peak to support mammary gland function. The balance between energy intake and expen-
diture is critical, with negative energy balance primarily being driven by decreased feed
intake during physiological stress and the increased energy demands of lactation and preg-
nancy [18]. Digestion during rumination plays a key role in ensuring an adequate energy
supply. While methane production represents an inherent energy loss, it is a secondary
factor compared to the major influences of feed intake and metabolic shifts [19]. Nonethe-
less, cows with higher methane-related energy losses may experience compounded effects
on energy availability, potentially impacting immune function [20,21]. Notably, current
research has predominantly focused on methane emissions through controlled feeding
experiments or genetic traits, yet there is a lack of studies examining the physiological and
behavioural parameters of healthy cows concerning methane production during the transi-
tion period. Based on the available literature, dairy cows undergo significant physiological
and behavioural changes during the calving period, which are reflected in alterations in
methane emissions, noseband sensor parameters (such as rumination time and feeding
behaviour), and blood parameters (including haematological indices, mineral levels, and
blood gases). These changes could serve as indicators for optimising health management
and reducing the environmental footprint of dairy farming. Understanding methane emis-
sions in clinically healthy cows during this critical transition phase provides a necessary
physiological reference point for future studies evaluating how metabolic disorders may
influence methane output through altered behaviour, feed intake, and blood profiles.

This study aims to comprehensively examine the physiological and behavioural
changes in dairy cows during the calving period by assessing methane emissions and
noseband sensor parameters, alongside blood parameters such as haematological indices,
minerals, and blood gases, by analysing data across three key stages—prepartum, parturi-
tion, and postpartum—to explore their interrelationships and potential implications for
cow health and environmental impact.
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2. Materials and Methods
2.1. Housing Conditions of Study Animals

This study complied with the regulations outlined in the Lithuanian Law on Animal
Welfare and Protection and was granted approval under the reference number PK012858.
The research was carried out in Lithuania (55.636642, 23.716823) and took place from
24 November 2023 to 26 April 2024. A total of 13 clinically healthy dry Holstein cows
were included in the study. The mean body weight of the cows was 650 ± 45 kg (SE).
The group comprised multiparous cows, with an average parity of 2.8 ± 0.6. Cows were
selected based on optimal health and production records to guarantee a homogeneous
group without of metabolic disorders at the beginning of the study. Animals were housed
tethered in stall barns and provided with a well-balanced total mixed ration (TMR) that
was specifically designed to meet their physiological needs. Dry cow diets were designed
to maintain a negative dietary cation–anion difference (DCAD) through the addition of
anionic salts, with an average DCAD value of −100 mEq/kg dry matter, consistent with
standard prepartum nutritional protocols, meant to enhance calcium mobilisation and
avert hypocalcaemia [22,23]. Feeding times were scheduled daily at 08:00 and 18:00, with
drinking water provided ad libitum. After calving, cows were transitioned to a lacta-
tion total mixed ration formulated to satisfy increased energy and nutrient requirements.
The DCAD of the early lactation diet was modified to a positive value of approximately
+250 mEq/kg dry matter, facilitating optimal rumen function and milk production during
the postpartum period [23,24]. The detailed ingredient composition and chemical analysis
of both diets are presented in Tables 1 and 2, respectively. The average bunk space per
cow was approximately 65 centimetres. Cows were milked twice daily at 07:00 and 17:00
in stall barns, starting after parturition, in accordance with the farm’s standard routine
throughout the study period. During the previous lactation, the cows achieved an average
energy-corrected milk yield of 12,500 kg per lactation (4.2% fat and 3.6% protein). The
calculations were performed based on predetermined formulas.

Table 1. Ingredient composition (% of DM) of total mixed rations for dairy cows.

Parameters Dry Cows Fresh Dairy Cows

Corn silage — 25.0
Alfalfa grass hay — 5.0
Grass silage * 44.1 20.0
Wheat straw 41.3 —
Maize silage 6.6 —
Rapeseed meal 6.6 —
Sugar beet pulp silage — 15.0
Grain concentrate mash — 30.0
Mineral and vitamin mix 1.4 5.0

* Grass silage was made of perennial ryegrass (Lolium perenne), timothy (Phleum pratense), and meadow fescue
(Festuca pratensis).

Table 2. Chemical composition of total mixed rations for dairy cows.

Parameters Units Dry Cows Fresh Dairy Cows

Dry matter % 55.9 48.8
Net energy lactation Mcal/kg 1.02 1.6
Crude protein (%DM) % 8.9 15.8
Non fibre carbohydrates (%DM) % 16.0 38.7
Neutral detergent fibre (%DM) % 63.1 28.2
Acid detergent fibre (%DM) % 38.6 19.8
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Table 2. Cont.

Parameters Units Dry Cows Fresh Dairy Cows

Ether extract (EE) (%DM) % 2.6 4.5
Acid detergent lignin (ADL) (%DM) % 3.0 2.3

DM—dry matter.

2.2. Experimental Animals and Study Design

A total of 13 dry clinically healthy Holstein cows were enrolled in the study 40 days
before calving. All cows were multiparous (mean parity 2.8 ± 0.6) and had calved easily
in the previous lactation (1–3). The health status of these cows was checked daily by
a local veterinarian throughout the study period, and only cows exhibiting no clinical
signs of illness or metabolic disorder were included. The cows were observed during three
specific physiological periods: the prepartum period (three weeks prior to calving), the
calving period (calving day ±3 days), and the postpartum period (three weeks following
calving). The selected time points were intended to encompass the critical metabolic and
behavioural changes associated with parturition. All cows functioned as their own control
in a repeated-measures observational design. No experimental interventions were carried
out. RumiWatch noseband sensors (RWS) (RumiWatch System, Itin+Hoch GmbH, Liestal,
Switzerland) were applied on each cow roughly 30 days prior to calving. The sensors
consistently documented feeding, rumination, and activity parameters during the study.
Data were analysed by comparing physiological and behavioural measurements within
each cow across the three intervals.

2.3. Measurement of Variables
2.3.1. Methane Emission Measurement

The laser methane detector (LMD), an innovative, non-invasive technology that pro-
vides accurate, real-time data on methane production, was validated as a reliable tool
for measuring enteric methane emissions in dairy cattle. Studies, such as that by Sorg
et al. [25], demonstrated a high correlation (R2 ≈ 0.9) between LMD measurements and
those obtained from respiratory chambers, confirming the consistency of LMD devices and
their ability to provide precise data without disrupting normal cow behaviours.

The portable LMD HESAI HS4000 (Hesai, Building L2-B, Hongqiao World Centre,
Shanghai) utilises infrared absorption spectroscopy to measure methane concentrations.
The integrated concentration of CH4 between the LMD and the target is determined by
detecting diffusely reflected laser light [26]. The measured value is expressed as the CH4

column density (ppm), which represents the integrated CH4 concentrations along the laser
path. This value is calculated as the product of the average CH4 concentration (ppm) and the
path length (m) [27]. LMD can measure CH4 concentrations ranging from 0.5 to 50,000 parts
per million by volume (ppm), equivalent to a range of up to 5% by volume. Furthermore,
the LMD can be efficiently used at distances between 0.5 and 30 m. Measurements are
displayed in real time on the LMD’s screen, and an audio-visual alert is triggered if a
predefined threshold is exceeded. Methane expelled from the rumen through eructation is
first inhaled into the lungs and then exhaled during each respiratory cycle. These emissions
were measured by targeting the nostril area, with all measurements conducted by a single
operator to ensure consistency throughout the study. The veterinarian manually operated
the LMD, tracking each animal’s head movements to measure exhaled CH4 concentrations.
Measurements were taken twice per day, with each session lasting at least three minutes,
resulting in a total of approximately 360–720 CH4 values per animal per day, captured at a
frequency with measurement intervals of 0.5 to 1 s, thus recording one or two CH4 values
per second.
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All measurements were taken at a consistent time, approximately two hours after
the morning feeding, to control for diurnal variations in methane emissions. On the day
of parturition, measurements were taken only after calving, once the cow had stabilised
and consumed feed [28]. Before the study, the LMD was calibrated using the manufac-
turer’s standard calibration files, which encompass laser-specific elevation and azimuth
parameters. No supplementary third-party calibration was executed; however, field-level
consistency was preserved by conducting measurements in low-wind conditions, avoid-
ing reflective surfaces, and standardising the operator’s distance and angle to the target
area [29]. These procedures conform to established standards for minimising environmental
interference and ensuring accurate methane measurements in live animal environments.

2.3.2. Blood Sample Analysis

Blood samples were collected from the coccygeal vein once per week starting three
weeks before the expected calving date and continuing until three weeks postpartum.
Additionally, a sample was taken during the calving period, defined as the day of calving
±3 days, to represent the periparturient phase. All blood collection procedures were carried
out after the morning milking and before the morning feeding. Samples for morphological
analysis were taken in 10 mL EDTA tubes (Vacuette®, Greiner BioOne GmbH, Kremsmün-
ster, Austria) and transported to the Laboratory of Clinical Tests at the Large Animal Clinic,
Lithuanian University of Health Sciences Veterinary Academy. Blood samples for mea-
suring blood gases and the other metabolic markers were collected in vacuum tubes with
lithium heparin (BD Vacutainer®, Becton, Dickinson and Company, Plymouth, Devon, UK)
and kept in an ice bath until all samples were taken. Blood gases (hydrogen potential (pH),
partial pressure of carbon dioxide (pCO2), partial pressure of oxygen (pO2), concentration
of bicarbonate (cHCO3

−), base excess of extracellular fluid (BE (ecf)), and oxygen saturation
of haemoglobin (cSO2)) along with biochemical and haematological parameters (sodium
(Na), potassium (K), calcium (Ca), chlorides (Cl), total carbon dioxide (tCO2), haematocrit
(Hct), haemoglobin (Hgb), base excess in blood (BE (b)), glucose (Glu), lactate (Lac), blood
urea nitrogen (BUN), urea nitrogen (Urea), and creatinine (Crea)) were analysed using an
Epoc ® blood gas analyser (EPOC, Ottawa, ON, Canada).

2.3.3. Behavioural Monitoring with RumiWatch Sensors

RumiWatch noseband sensors (RWSs) (ITIN+HOCH GmbH, Liestal, Switzerland)
were attached to the cows’ heads to collect detailed behavioural data, including rumination
time, drinking time, and overall activity levels. These sensors have been validated in
previous studies for monitoring diverse physiological parameters [30,31]. The use of RWSs
represents significant progress in monitoring bovine behaviour, allowing for meticulous and
uninterrupted data gathering. The RWS consists of a pressure tube filled with liquid and a
noseband halter that is equipped with a pressure detector. The system algorithms classify
behaviours by identifying unique clusters of pressure peaks generated by movements of
the jaw and categorise them based on specific behavioural characteristics. The RWS systems
documented rumination, eating, and locomotion behaviours, enabling the computation of
different parameters. The measured variables consisted of rumination time (duration of
rechewing regurgitated cud until re-swallowing, including breaks of up to 5 s), eating time
(duration of chewing food, including breaks of up to 5 s), and drinking time (duration of
drinking, including delays of up to 5 s between gulps). The additional parameters that were
recorded include rumination chews (chewing of molars during rumination), eating chews
(total number of bites and mastication chews during eating), drinking gulps (total number
of gulps taken while drinking), bolus (total amount of gulps during drinking), activity
(duration of walking bouts presented as minutes within a given period), up time (time
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spent feeding with the head positioned upwards), down time (time spent feeding with the
head positioned downwards), and activity change (number of transitions between activities
such as other activity, ruminating, eating, and drinking). The primary algorithms of the
RWC software (version 0.7.3.2) facilitate the accurate classification of behavioural 10 Hz
pressure data components across various time summaries. The algorithms identify distinct
pressure peak clusters resulting from jaw movements and categorise them according to
their behavioural characteristics [32,33].

2.3.4. Individual Dry Matter Intake (DMI) Calculation

To assess the relationship between individual DMI and methane emissions, daily feed
intake measurements were conducted for each cow. Feed intake was recorded by weighing
the total feed offered to each cow before feeding and then collecting and weighing the
feed refusals after a 24 h feeding period. The difference between these values provided
the actual feed consumed per cow per day. The individual DMI was calculated using the
following formula:

DMIi =
Feed Intakei × DM % of Diet

100

where

DMIi—the estimated daily dry matter intake of an individual cow (kg);
Feed Intakei—the total feed consumed per cow (kg/day);
DM % of Diet—the dry matter percentage of the total mixed ration (TMR).

2.4. Duration of Experimental Observation

The cows were monitored and sampled at three critical stages of the peripartum
period: 3 weeks before calving (prepartum), during the week of calving (parturition; calv-
ing day ± 3 days), and 3 weeks after calving (postpartum). These stages were selected
based on standard transition cow research protocols to capture the significant physiological
and metabolic changes occurring during this period. All cows were equipped with RWS
approximately 30 days before calving, allowing for a seven-day adaptation period. Rumi-
nation and eating parameters were continuously recorded by RWSs starting from 30 days
before calving to 30 days after calving. Weekly blood samples were collected on a fixed
schedule, while methane emissions were measured daily throughout the entire seven-week
study period.

To investigate potential associations between rumination behaviour and enteric
methane production, cows were retrospectively categorised into three rumination classifica-
tions based on their average daily rumination duration: low rumination (<404 min/day),
medium rumination (404–500 min/day), and high rumination (>500 min/day). The cate-
gories were established based on previously determined average rumination durations in
high-yielding dairy cows, which generally range from 440 to 460 min daily [8,12]. A compar-
ative analysis of methane emissions among these rumination categories was performed to
assess potential correlations between rumination behaviour and enteric methane production.

2.5. Statistical Analysis

All statistical analyses were conducted using version 25.0 of IBM SPSS Statistics for
Windows (IBM Corp., Armonk, NY, USA). To assess the normality of the data distribution,
the Shapiro–Wilk test was utilised. Data were presented as the mean plus/minus the
standard error of the mean (M ± S.E.M.). One-way ANOVA and a general linear model
with repeated-measures tests were applied for repeated measurements, encompassing
time intervals with an identical RumiWatch, blood parameters, and methane emission
indicators during different experimental periods. The Pearson’s correlation coefficient was
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calculated to identify the linear relationship between variables. A p-value of less than 0.05
was considered statistically significant (p < 0.05). A Principal Component Analysis (PCA)
was performed to ascertain the correlation among different variables.

3. Results
3.1. Effects of Prepartum and Postpartum Periods on Methane Emissions in Dairy Cattle

An examination of research data revealed that the cows, on calving day, had a tendency
to produce higher methane emissions (Figure 1).
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Figure 1. Mean methane emissions across different transition periods in dairy cows. ppm—parts per
million; d—day.

Nevertheless, there were no significant changes between different transition periods,
i.e., emissions of methane increased by only 30.89 ppm on calving day compared to 3 weeks
before calving and increased by 13.60 ppm 3 weeks after calving (p > 0.05).

The study’s data indicate significant differences (p < 0.05) in the rumination time
throughout the three observed times around calving. Three weeks before calving, the cows
showed an average rumination time of around 435.71 min. On the day of calving (±3 days),
the rumination time decreased to an average of 403.94 min, indicating a drop of about 7.3%
from the pre-calving period.

During the three weeks post-calving, the rumination duration significantly rose to an
average of 504.55 min per 24 h. This increase corresponds to around 16% relative to the
pre-calving levels and approximately 24.9% in comparison to the calving period (p < 0.05).

The duration of eating diminished by 14.28% on calving day relative to the three weeks
preceding calving, yet it escalated by 35.08% in the three weeks after calving (p < 0.01).
Rumination chews decreased by 8.35% relative to the three weeks preceding calving. A
20.79% decrease was observed compared to the three weeks post-calving (p < 0.01). The
rate of chews per minute exhibited a 7.29% reduction relative to the three weeks preceding
calving. It was 12.5% lower compared to the three weeks post-calving (p < 0.01). The
number of chews per bolus rose by 14.25% during the calving day relative to the pre-
calving phase but subsequently decreased by 17.01% post-calving (p < 0.01). The number
of boluses decreased by 7.8% on calving day relative to pre-calving but rose by 12.48%
post-calving compared to pre-calving (p < 0.05) (Table 3).
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Table 3. Data analysis according to transition periods.

Dependent Variable Mean Difference Std. Error Sig. p

Rumination time

3-week period
before calving

Calving day (±3 d) 31.77 20.21 0.12

3-week period after calving −68.84 * 14.29 <0.001

3-week period
after calving

3-week period before calving 68.84 * 14.29 <0.001

Calving day (±3 d) −100.62 * 25.14 <0.001

Eating time

3-week period
before calving

Calving day (±3 d) 32.60 25.14 0.20

3-week period after calving −36.05 * 17.78 0.05

3-week period
after calving

3-week period before calving 36.05 * 17.78 0.05

Calving day (±3 d) 68.64 * 25.14 0.01

Rumination chews

3-week period
before calving

Calving day (±3 d) 2357.13 1494 0.12

3-week period after calving −4429.39 * 1056.42 <0.001

3-week period
after calving

3-week period before calving 4429.39 * 1056.42 <0.001

Calving day (±3 d) 6786.51 * 1494 <0.001

Eating chews

3-week period
before calving

Calving day (±3 d) 2431.69 2067.54 0.24

3-week period after calving −3325.05 * 1461.97 0.03

3-week period
after calving

3-week period before calving 3325.05 * 1461.97 0.03

Calving day (±3 d) 5756.74 * 2067.54 0.01

Drinking gulps

3-week period
before calving

Calving day (±3 d) 917.05 682.54 0.18

3-week period after calving −552.72 482.63 0.26

3-week period
after calving

3-week period before calving 552.72 482.63 0.26

Calving day (±3 d) 1469.77 * 682.54 0.03

Bolus

3-week period
before calving

Calving day (±3 d) 36.62 24.22 0.13

3-week period after calving −58.39 * 17.13 <0.001

3-week period
after calving

3-week period before calving 58.39 * 17.13 <0.001

Calving day (±3 d) 95.00 * 24.22 <0.001

Chews per minute

3-week period
before calving

Calving day (±3 d) 99.80 59.51 0.10

3-week period after calving −82.03 42.08 0.05

3-week period
after calving

3-week period before calving 82.03 42.08 0.05

Calving day (±3 d) 181.83 * 59.51 0.01
* The mean difference is significant at the 0.05 level.

3.2. Correlations Between Methane Emission and Activity Variables of Prepartum and
Postpartum Periods

The methane amount exhibited a moderate positive correlation with drinking time
(r = 0.41, p < 0.01) and a weak negative correlation with chews per minute (r = −0.358,
p < 0.05) only during the three weeks before calving in cattle (Table 4).

3.3. Correlations Between Methane Emission and Blood Parameters in Prepartum and
Postpartum Periods

The examination of methane emissions in dairy cows identified many significant
relationships with physiological indicators throughout the transition phase. Three weeks
before calving, methane emissions exhibited a moderate positive correlation with base
excess in extracellular fluid (BE ecf) (r = 0.37, p < 0.05). A significant negative connection
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was identified with chloride (Cl) levels (r = −0.42, p < 0.01) and glucose (Glu) (r = −0.41,
p < 0.01). Calcium (Ca) had a slight negative connection with methane emissions (r = −0.33,
p < 0.05). The examination of methane emissions in dairy cows identified many significant
relationships with physiological indicators throughout the transition phase. Three weeks
before calving, methane emissions exhibited a moderate positive connection with base
excess in extracellular fluid (BE ecf) (r = 0.37, p < 0.05). A significant negative connection
was identified with (chloride) Cl levels (r = −0.42, p < 0.01) and Glu (r = −0.41, p < 0.01).

Table 4. Correlation between methane production (ppm) and Rumiwatch sensor indicators during
three transition periods: three weeks before calving, calving day (±3 d), and three weeks after calving.

Correlations

Methane Emission Across Periods

Indices 3 Weeks Before Calving Sig. p Calving Day (±3 d) Sig. p 3 Weeks After Calving Sig. p

Eating time 0.12 0.478 −0.11 0.724 0.25 0.881
Drinking time 0.41 ** 0.009 −0.35 0.239 0.04 0.824
Rumination
chews −0.09 0.603 0.37 0.210 −0.17 0.317

Eating chews 0.05 0.754 −0.16 0.592 0.01 0.938
Drinking
gulps 0.01 0.983 −0.09 0.768 −0.27 0.091

Bolus −0.07 0.608 0.43 0.148 −0.18 0.275
Chews per
minute −0.36 * 0.025 0.41 0.165 −0.08 0.652

Chews per
bolus 0.31 0.058 −0.28 0.360 0.13 0.438

Activity −0.24 0.139 −0.34 0.255 −0.22 0.173
* Correlation, r (Pearson’s correlation coefficient), is significant at p < 0.05 level (2-tailed). ** Correlation, r (Pearson’s
correlation coefficient), is significant at p < 0.01 level (2-tailed). d—day.

Three weeks post-calving, methane emissions exhibited a positive correlation with
haematocrit (Hct, r = 0.41, p < 0.01) and a negative correlation with haemoglobin concentra-
tion (Hgb, r = −0.47, p < 0.01) and blood base excess (BE (b), r = −0.36, p < 0.05) (Table 5).

Table 5. Correlation between methane production (ppm) and blood gas and additional metabolic
parameters during three transition periods: three weeks before calving, calving day (±3 days), and
three weeks after calving.

Correlations

Methane Emission Across Periods

Indices 3 Weeks Before Calving Sig. p Calving Day (±3 d) Sig. p 3 Weeks After Calving Sig. p

pH 0.01 0.976 0.23 0.450 0.07 0.672
pCO2 −0.04 0.831 −0.16 0.610 0.12 0.450
pO2 0.03 0.881 0.46 0.112 0.19 0.239
cHCO3

− 0.17 0.311 0.05 0.870 −0.02 0.918
BE (ecf) 0.37 * 0.020 0.14 0.653 −0.05 0.769
cSO2 0.23 0.159 0.41 0.169 0.05 0.756
Na −0.06 0.718 −0.15 0.614 0.09 0.583
K 0.2 0.224 0.29 0.330 0.1 0.556
Ca −0.33 * 0.041 −0.22 0.466 −0.27 0.095
Cl −0.42 ** 0.008 −0.33 0.264 −0.13 0.428
TCO2 0.29 0.077 0.11 0.720 0.01 0.970
Hct 0.21 0.200 0.25 0.405 0.41 ** 0.009



Life 2025, 15, 760 11 of 23

Table 5. Cont.

Correlations

Methane Emission Across Periods

Indices 3 Weeks Before Calving Sig. p Calving Day (±3 d) Sig. p 3 Weeks After Calving Sig. p

Hgb −0.13 0.444 −0.51 0.075 −0.47 ** 0.002
BE (b) −0.1 0.535 −0.2 0.508 −0.36 * 0.027
Glu −0.41 ** 0.009 −0.24 0.431 0.2 0.231
Lac 0.12 0.469 0.1 0.756 −0.18 0.282
BUN 0.09 0.600 −0.13 0.668 0.03 0.871
Urea 0.2 0.218 −0.11 0.726 0.04 0.814
Crea 0.14 0.388 −0.35 0.240 −0.07 0.666

d—day; pH—hydrogen potential; pCO2—partial pressure of carbon dioxide; pO2—partial pressure of oxy-
gen; cHCO3

−—concentration of bicarbonate; BE (ecf)—base excess of extracellular fluid; cSO2—oxygen satu-
ration of haemoglobin; Na—sodium; K—potassium; Ca—calcium; Cl—chlorides; tCO2—total carbon dioxide;
Hct—haematocrit; Hgb—haemoglobin; BE (b) —base excess in blood; Glu—glucose; Lac—lactate; BUN—blood
urea nitrogen; Urea—urea nitrogen; Crea—creatinine. * Correlation, r (Pearson’s correlation coefficient), is signifi-
cant at p < 0.05 level (2-tailed). ** Correlation, r (Pearson’s correlation coefficient), is significant at p < 0.01 level
(2-tailed).

A significant correlation between methane and haematological blood parameters was
also noted. Three weeks before calving, methane levels exhibited a strong positive connec-
tion with monocyte counts (r = 0.50, p < 0.01). A significant negative correlation was seen
between methane emissions and platelet counts during calving (r = −0.64, p < 0.05). This
negative correlation with platelets persisted into the postpartum period, with a moderate
correlation being observed three weeks after calving (r = −0.41, p < 0.01) (Table 6).

Table 6. Correlation between methane production (ppm) and blood morphological and haematologi-
cal parameters during three transition periods: three weeks before calving, calving day (±3 days),
and three weeks after calving.

Correlations

Methane Emission Across Periods

Indices 3 Weeks Before Calving Sig. p Calving Day (±3 d) Sig. p 3 Weeks After Calving Sig. p

WBC 0.21 0.194 −0.37 0.220 −0.06 0.736
LYM −0.03 0.846 −0.08 0.805 −0.14 0.408
MON 0.50 ** 0.001 −0.41 0.164 0.2 0.215
Neu 0.3 0.067 −0.32 0.285 −0.06 0.704
Eos −0.21 0.207 −0.16 0.614 −0.17 0.298
Bas 0.09 0.567 −0.31 0.298 −0.28 0.082
LYM% −0.01 0.958 0.27 0.382 −0.05 0.764
MON% 0.46 ** 0.004 −0.36 0.223 0.22 0.186
Neu% 0.16 0.333 −0.16 0.597 0.04 0.806
Eos% −0.2 0.234 0.04 0.892 −0.12 0.484
Bas% 0.05 0.784 −0.35 0.247 −0.25 0.132
Rbc −0.19 0.257 −0.14 0.646 −0.12 0.479
Hgb −0.25 0.126 0.27 0.367 −0.01 0.935
Hct −0.02 0.890 0.43 0.140 −0.01 0.995
Mcv 0.21 0.203 0.49 0.087 0.11 0.511
MCH −0.01 0.934 0.36 0.233 0.16 0.326
Mchc −0.23 0.160 −0.4 0.182 −0.02 0.930
PLT 0.26 0.118 −0.64 * 0.018 −0.41 ** 0.009

* Correlation, r (Pearson’s correlation coefficient), is significant at p < 0.05 level (2-tailed). ** Correlation, r (Pear-
son’s correlation coefficient), is significant at p < 0.01 level (2-tailed). d—day; WBC—white blood cells, ×109/L;
LYM—lymphocytes, ×109/L; MON—monocytes, ×109/L; Neu—neutrophils, ×109/L; Eos—eosinophils, ×109/L;
Bas—basophils, ×109/L; LYM%—percentage of lymphocytes, %; MON%—percentage of monocytes, %; Neu%—
percentage of neutrophils, %; Eos%—percentage of eosinophils, %; Bas%—percentage of basophils, %; Rbc—red blood
cells, ×1012/L; Hgb—haemoglobin, g/L; Hct—haematocrit, %; Mcv—mean corpuscular volume, fL; MCH—mean
corpuscular haemoglobin, pg; MCHC—mean corpuscular haemoglobin concentration, g/L; PLT—platelets, ×109/L.
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3.4. Impact of Dairy Cows’ Ingestive Behaviours Registered with RumiWatch Noseband Sensor on
Methane Emissions

An analysis revealed that cows who ruminate longer have a tendency to produce
higher methane emissions. Cows exhibiting high rumination emitted, on average, 7.3%
more methane than those with low rumination, while cows with medium rumination
emitted 8.7% more methane than their low-rumination counterparts (Figure 2).
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Figure 2. Estimated means for methane production (ppm) of cows with low (<404 min/d), medium
(404–500 min/d), and high (>500 min/d) rumination. ppm—parts per million; min—minute.

Although emissions of methane increased by 27.36 ppm in the high rumination time
group compared to the low rumination time group, there were no significant changes
between different rumination time groups (p > 0.05). The difference in methane emission
results between the middle and high groups was 5.34 ppm (Figure 2).

3.5. Correlations Between Methane Emissions and Activity Variables in Different
Rumination Times

A data analysis revealed that in the low rumination time group, methane was nega-
tively correlated with rumination chewing time (r = −0.52, p < 0.05). Additionally, there
was a weak positive correlation between methane and drinking gulps (r = −0.42, p < 0.05)
and bolus (r = −0.37, p < 0.05) in the high rumination time group (Table 7).

The scatter plot shows the relationship between daily rumination time and methane
emissions in dairy cows during the transition period. The trendline indicates a weak
positive correlation (R2 = 0.016) (Figure 3).

The DBSCAN (Density-Based Spatial Clustering of Applications with Noise) algorithm
was used to conduct a clustering analysis on methane and rumination time. No correlation
was identified that would facilitate the categorisation of cows into separate groups. The
correlation was 0.13, signifying an exceedingly weak relationship.

Subsequently, a Principal Component Analysis (PCA) was performed to ascertain the
correlation among different variables. The PCA utilised six components, accounting for
79.97% of the data (Table 8).

A PCA with Oblimin rotation revealed that Component 5 demonstrates unique asso-
ciations between different cow behavioural metrics and methane emissions, highlighting
factors that may affect or be correlated with methane output. Methane has a negative
loading of −0.62. The negative connection indicates that behaviours linked to Component 5
could work as markers of reduced methane emissions. Significant factors in this component



Life 2025, 15, 760 13 of 23

are other chew (0.65) and activity (0.77), both exhibiting positive loadings. This indicates
that heightened overall activity and chewing behaviour (excluding primary rumination)
are linked to this component and negatively connected with methane emissions (Table 9).

Table 7. Correlation between methane production (ppm) and Rumiwatch sensor indicators in cows
with low (<404 min/d), medium (404–500 min/d), and high (>500 min/d) rumination durations.

Correlations

Methane Emissions in Groups with Different Rumination Times

Indices <404 min/d Sig. p 404–500
min/d Sig. p >500 min/d Sig. p

Eating time 0.26 0.347 0.02 0.912 −0.05 0.772
Drinking time 0.15 0.587 0.01 0.985 0.18 0.347
Rumination chews −0.52 * 0.046 −0.17 0.256 0.04 0.818
Eating chews 0.18 0.512 −0.02 0.895 −0.07 0.716
Drinking gulps −0.22 0.438 −0.02 0.991 −0.42 * 0.019
Bolus 0.25 0.373 0.16 0.307 −0.37 * 0.043
Chews per minute −0.10 0.721 −0.08 0.583 −0.17 0.362
Chews per bolus −0.03 0.925 0.03 0.840 0.28 0.125
Activity −0.36 0.188 −0.25 0.103 −0.31 0.086

* Correlation, r (Pearson’s correlation coefficient), is significant at p < 0.05 level (2-tailed).
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Figure 3. Differences in methane emissions based on time of rumination. min—minute; d—day;
ppm—parts per million.

Table 8. Principal Component Analysis on Rumiwatch noseband sensor indicators.

Component Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of
Squared Loadings a

Total % of Variance Cumulative % Total % of Variance Cumulative % Total

1 5.34 28.10 28.10 5.34 28.10 28.10 4.49
2 2.95 15.52 43.62 2.95 15.52 43.62 3.96
3 2.36 12.39 56.01 2.36 12.39 56.01 2.41
4 1.91 10.05 66.06 1.91 10.10 66.06 2.01
5 1.59 8.34 74.40 1.59 8.34 74.40 1.91
6 1.06 5.57 79.97 1.06 5.57 79.97 1.69
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Table 8. Cont.

Component Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of
Squared Loadings a

Total % of Variance Cumulative % Total % of Variance Cumulative % Total

7 0.91 4.76 84.74
8 0.7 3.69 88.42
9 0.59 3.09 91.51

10 0.47 2.48 93.99
11 0.43 2.26 96.25
12 0.26 1.39 97.63
13 0.17 0.90 98.54
14 0.1 0.53 99.06
15 0.09 0.47 99.54
16 0.05 0.28 99.82
17 0.02 0.11 99.93
18 0.01 0.04 99.97
19 0.01 0.03 100

Extraction method: Principal Component Analysis. a—when components are correlated, sums of squared loadings
cannot be added to obtain total variance.

Table 9. Pattern matrix generated through PCA using Oblimin rotation, exhibiting distinctive
relationships between various cow behavioural metrics and methane emissions.

Pattern Matrix a

Component
1 2 3 4 5 6

Bolus 0.92 −0.03 −0.02 −0.07 −0.11 −0.05
Rumination time 0.91 −0.11 −0.04 0.04 −0.17 0.06
Rumination chew 0.91 −0.14 0.03 0.07 −0.02 0.03
Chews per minute 0.90 0.20 0.02 0.07 0.18 0.01
Down time 0.59 0.06 −0.01 −0.25 0.09 0.11
Eating chews 1 −0.12 −0.96 −0.07 −0.05 −0.06 0.13
Eating time 1 −0.14 −0.96 −0.06 −0.00 −0.11 0.15
Drinking gulp 0.20 −0.75 −0.08 0.03 0.26 −0.16
Other activity time −0.44 0.67 −0.18 −0.01 0.20 −0.13
Up time 0.13 −0.58 0.24 0.11 0.25 −0.04
Eating time 2 −0.05 0.03 0.98 −0.07 −0.06 0.05
Eating chews 2 0.03 −0.03 0.97 −0.06 −0.03 −0.02
Chews per bolus −0.08 0.04 −0.04 0.95 −0.01 0.05
Drinking time 0.04 −0.07 −0.07 0.94 −0.08 −0.01
Activity −0.01 −0.11 0.25 −0.10 0.78 0.04
Other chew 0.08 0.51 0.02 0.13 0.65 0.06
Methane 0.06 0.11 0.28 0.11 −0.61 0.03
Activity change −0.06 0.00 0.26 0.09 0.32 0.77

Extraction method: Principal Component Analysis. Rotation method: Oblimin with Kaiser normalisation. a—
rotation converged in 10 iterations.

3.6. Impact of Dry Matter Intake on Dairy Cows’ Methane Emissions

Following the analysis of behavioural patterns and their relationship with methane
emissions, individual dry matter intake was examined to assess variations across the
transition period and its potential impact on methane yield.

Methane yield (ppmCH4/kg DMI) was significantly higher on calving day (p < 0.001)
compared to prepartum and postpartum periods, which did not differ significantly from
each other (p > 0.05) (Table 10). These findings suggest that feed utilisation efficiency was
the lowest on calving day, likely due to rumen fermentation disruptions, lower intake and
physiological stress, metabolic adjustments, and reduced rumen capacity during parturition.
Intake increased postpartum, aligning with the cows’ higher energy requirements for
lactation and recovery from the transition phase.
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Table 10. DMI, methane emissions, and methane yields across transition periods in dairy cows.

Transition Period Mean DMI (kg/day) Mean Methane (ppm) Methane Yield (ppmCH4/kg DMI)

Prepartum 13.92 ± 2.87 391.38 ± 13.43 28.11 ± 3.2 b

Calving Day 6.12 ± 1.83 422.27 ± 44.11 69.01 ± 5.6 a

Postpartum 21.34 ± 3.52 408.68 ± 15.36 19.15 ± 2.8 b

a,b indicate statistically significant differences (p < 0.001) in methane yield across periods. DMI—dry matter intake;
ppmCH4/kg DMI—methane yield (parts per million of methane per kilogram of dry matter intake).

Pearson’s correlation analysis revealed a moderate negative correlation between DMI
and methane yield (r = −0.42, p < 0.05), suggesting that higher feed intake was associated
with lower methane production per unit of dry matter consumed (Table 11).

Table 11. Correlations between DMI, methane emission, and rumination time in dairy cows.

Indices Methane Emission (ppm) Methane Yield (ppmCH4/kg DMI)

DMI 0.35 −0.42 *
* Correlation, r (Pearson’s correlation coefficient), is significant at p < 0.05 level (2-tailed). DMI—dry matter intake;
ppmCH4/kg DMI—methane yield (parts per million of methane per kilogram of dry matter intake).

4. Discussion
Numerous animal studies have been undertaken in recent decades to examine the

behavioural alterations that occur in cows prior to calving [34–36]. Consequently, mainte-
nance behaviours, including locomotor and postural activities (standing, lying down, and
walking), alongside self-grooming and ingestive actions (eating, drinking, and ruminating),
have been investigated [37,38]. This study aimed to explore the relationships between feed-
ing and activity characteristics recorded by the RumiWatch noseband sensor—including
the rumination time, drinking time, eating time, rumination chews, eating chews, drinking
gulps, bolus count, chews per minute, and chews per bolus and activity—and methane
emissions in dairy cows before, during, and after calving. While the RumiWatch system has
been validated in previous research [31,32,39,40], the present study utilised this technology
as a tool to capture detailed behavioural patterns. Importantly, this study is among the
first to integrate RumiWatch data with haematological and metabolic blood parameters
and daily methane measurements throughout the transition period. The results demon-
strate that while there were no significant variations between transition periods, methane
emissions peaked on calving day (mean: 422 ppm) and were lower three weeks before
(391 ppm) and three weeks after calving (408 ppm) (p > 0.05).

A decreased rumination time is a characteristic change observed on the day of calving.
Parturition is associated with an increase in lying events and a reduction in rumination
chewing. The decline in the number of chews on calving day may be attributed to the
pain and discomfort associated with the calving process itself [41]. Antanaitis et al. [31]
reported similar findings, noting minimal variations in mean chewing activity, with a
39.37% increase observed on the ninth day postpartum compared to one day postpartum
(p < 0.05). Similarly, Soriani et al. [42] demonstrated a significant reduction in the rumination
time on the day of calving, reaching its lowest point (262–278 min/d), highlighting the
physiological and behavioural stress cows experience during parturition. This stress may
compromise rumen function and feeding behaviour. The observed decrease in rumination
on the day of calving is likely due to pain and stress, which disrupt normal feeding and
chewing patterns, reduce saliva production, and alter rumen fermentation, potentially
influencing methane emissions.

Knapp et al. [43] indicated that diets with higher energy content or improved
digestibility enhance net energy intake. When this energy is directed toward milk
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production, methane emissions per unit of energy-corrected milk (ECM) output tend
to decrease. This study uniquely tracked daily dry matter intake and methane out-
put in individual cows, demonstrating how physiological disruption at calving signif-
icantly impairs feed efficiency and elevates methane yield. The significant reduction in
DMI on calving day (6.12 ± 1.83 kg DM/day) coincided with the highest methane yield
(69.01 ± 5.6 ppmCH4/kg DMI, p < 0.001), suggesting a period of reduced feed efficiency
and altered rumen fermentation. While absolute methane emissions peaked on calving day
(422.27 ± 44.11 ppm), the elevated methane yield per unit of intake indicates less efficient
fermentation, likely due to metabolic stress and lower rumen microbial activity [18].

The negative correlation between DMI and methane yield (r = −0.42, p < 0.05) further
supports that cows with lower feed intake had higher methane yield, possibly due to
reduced propionate production or altered hydrogen utilisation pathways. Previous studies
have demonstrated that low DMI during the transition period alters volatile fatty acid (VFA)
production, leading to a greater acetate-to-propionate ratio, which is linked to increased
methane production per unit of feed intake [44,45]. Propionate acts as a hydrogen sink in
the rumen, reducing the availability of hydrogen for methanogenesis; thus, decreased DMI
may shift fermentation patterns toward greater acetate production, favouring methano-
genesis [46]. These findings support the hypothesis that the metabolic and physiological
stress experienced during calving can exacerbate methane emissions per unit of intake, a
key metric in environmental efficiency.

Monitoring and optimising specific blood parameters in cattle may enhance overall
health, improve efficiency by reducing methane emissions, and contribute to better growth
performance in progeny, thereby increasing profitability [47]. Both macro- and micromin-
erals play crucial role in optimising production performance by meeting fundamental
physiological requirements. Their presence in the circulation is essential for various physio-
logical functions, maintaining health, supporting growth and reproduction, and ensuring
the proper function of the immune and endocrine systems [48]. Calcium ions (Ca2+) are
particularly vital for muscular contraction as they facilitate the interaction between actin
and myosin, leading to muscle contractions. In smooth muscles, such as those in the
abomasum of cows, fluctuations in calcium concentrations influence both the intensity and
frequency of contractions [49]. Furthermore, Hansen et al. [50] reported that the infusion of
Na2EDTA, which induces subclinical hypocalcaemia (SCH; 0.9 mM iCa), led to reductions
in chewing activity and dry matter intake (DMI) in nonlactating dairy cows. Given the
role of calcium in regulating feed consumption and digestive efficiency, the blood calcium
concentration may indirectly influence methane emissions. The present findings indicate a
moderate negative association between blood calcium and methane emissions (r = −0.33,
p < 0.05), suggesting that higher calcium concentrations may be associated with reduced
methane production in dairy cows. This observation may be particularly relevant when
making a comparison with cows with subclinical hypocalcaemia, which will be explored in
future studies.

In ruminants, the liver plays a crucial role in maintaining energy balance by synthesis-
ing glucose from propionic acid absorbed from the rumen through the gluconeogenesis
pathway. Additionally, it regulates lipid metabolism via fat oxidation and synthesis, both of
which are essential for physiological functions [51,52]. Approximately 80–85% of ruminal
propionate is transported to the liver via the portal vein, where it serves as the primary
substrate for gluconeogenesis, while the remaining 15–20% circulates to other organs [44].
Kim et al. [45] reported that blood glucose concentrations did not differ between high-
and low-methane-emitting cattle, suggesting that high-emission cows may sustain glucose
production by adjusting gluconeogenesis to compensate for lower ruminal propionate
availability and increased energy loss due to methane production. In contrast, the present
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findings do not support this, as the cows exhibited a moderate negative correlation be-
tween blood glucose levels and methane emissions three weeks before calving (r = −0.411,
p < 0.01). The observed decrease in blood glucose levels during winter conditions may be
attributed to reduced energy intake, potentially resulting from increased thermoregulatory
demands and a downregulation of gluconeogenesis as an adaptive endocrine response to
cold stress [53]. The observed inverse correlation between glucose and methane substanti-
ates the notion that diminished energy levels during the prepartum phase could worsen
methane-associated energy deficits, underscoring the necessity of metabolic monitoring.
Meese et al. [20] suggested that in cows with low immune response, methane emissions per
unit of body weight (BW) or energy-corrected milk (ECM) were reduced, potentially due to
a reallocation of energy utilisation. A decreased energy allocation to immune activation
resulted in greater energy availability for rumen fermentation and propionate synthesis,
which in turn reduced methane production. In the present study, a significant positive
correlation was consistently observed between methane emissions and monocyte counts
(r = 0.50, p < 0.01) prior to calving, further supporting the notion that increased immune
activity, as indicated by elevated monocyte levels, may contribute to higher methane
emissions by influencing energy distribution and microbial fermentation processes.

Moderate blood loss during and after parturition, along with concurrent haemoconcen-
tration, may also affect methane emissions [10]. A recent study indicated that, three weeks
after calving, methane emissions exhibited a positive correlation with haematocrit
(r = 0.41, p < 0.01) and a negative correlation with haemoglobin concentration (r = −0.47,
p < 0.01). A notable negative correlation was identified during calving and at three weeks
postpartum between methane emissions and platelet counts (r = −0.64, p < 0.05 and
r = −0.41, p < 0.01). While platelets are primarily linked to blood clotting, they also indicate
inflammatory responses. Haemoglobin and haematocrit reflect oxygen transport capacity,
which is linked to metabolic rate. The observed increase in haematocrit after calving could
be partially influenced by a transient dehydration effect due to the shift to lactation, as
cows experience increased water demand and fluid losses through milk production [54].
This phase is also characterised by a substantial increase in feed intake, with prepartum
cows consuming 13.92 ± 2.87 kg DM/day, calving day intake dropping significantly to
6.12 ± 1.83 kg DM/day, and postpartum intake rising to 21.34 ± 3.52 kg DM/day. Given
that methane emissions are directly linked to feed intake and energy metabolism, changes
in haematocrit may reflect both hydration status and metabolic shifts, which could influ-
ence methane production [55]. Since methane emissions are closely linked to feed intake
and energy metabolism, fluctuations in haematocrit levels may not only reflect hydration
status but also underlying metabolic adaptations affecting methane production [52]. These
findings emphasise the need for nutritional strategies that support stable intake during
the transition period, potentially mitigating methane inefficiencies while ensuring optimal
metabolic adaptation postpartum. Strategies such as gradual dietary transitions, maintain-
ing fibre intake, and providing sufficient energy-dense feeds without excessive starch may
help optimise rumen fermentation dynamics and reduce methane yield per unit of feed
intake [43].

It was hypothesised that extended rumination duration would correlate with reduced
daily methane emissions in high-yielding dairy cows during the transition period. Cows
across all groups ruminated for approximately 461 min per day, which is consistent with
the findings of Mikula et al. [12], who reported a mean rumination time of 458 min per day,
and Zetouni et al. [8], who documented an average rumination time of 443 min per day
during the lactation of Danish Holstein cows.

Methane emissions varied among rumination time categories, with cows in the
medium rumination group (404–500 min/day) showing the highest methane emissions.
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Cows exhibiting the longest rumination times (>500 min/day) produced marginally lower
methane emissions, whereas the lowest methane emissions were observed in the low-
rumination group (<404 min/day). The results contradict the findings of Mikula et al. [12],
who reported that an increased rumination time had a positive influence, causing a re-
duction in methane production. In the study conducted by Castaneda et al. [56], high
ruminating cows (404 ± 6.04) emitted significantly less methane (p = 0.003) than low rumi-
nating cows (430 ± 6.27). Similarly, López-Paredes et al. [57] observed a negative genetic
association between methane emissions and rumination duration. These findings differ
from those of Zatouni et al. [8], who found no correlation between rumination duration
and methane emissions in high-yielding dairy cows.

Phenotypes, methane emissions, and rumination activity are influenced by various
quantifiable factors, leading to a wide range of results across different studies. Rumina-
tion increases the surface area of feed particles, facilitating microbial access, while also
promoting saliva production to buffer the rumen and maintain a homeostatic environment
for microbes [58]. More thorough chewing of fibrous material enhances the production
of volatile fatty acids, which serve as essential energy sources for the animal [59]. This
increased fermentation, though beneficial for energy yield, can also lead to higher methane
production as methanogens in the rumen use hydrogen released during fermentation to
produce methane [7]. A reduction in neutral detergent fibre from forage, combined with an
increase in concentrate consumption, may lead to a decline in the rumen pH value. This
shift could result in increased propionate levels and lower acetate and butyrate levels, as
well as a reduction in hydrogen equivalents that would typically be converted to methane
and serve as inhibitors in methanogenesis [12,60]. Watt et al. [7] demonstrated that cows
with high rumination during grazing exhibit elevated methane emissions, corroborating
the findings of the present study. While it was initially assumed that cows with high
rumination during grazing would be heavier than those with low rumination, the current
investigation found that high ruminating cows had a lower body weight.

Cameron et al. [61] identified a direct correlation between chewing rate and methane
production, particularly within the range of 68–120 chews per minute, with higher chewing
rates corresponding to increased methane emissions.

An analysis of the data revealed a somewhat negative correlation between methane
emissions and rumination chew times in the low rumination group (r = −0.52, p < 0.05).
Additionally, in the high rumination group, there was a weak positive correlation between
methane emissions and drinking gulps (r = −0.42, p < 0.05) as well as bolus (r = −0.37,
p < 0.05). These findings suggest that in cows with reduced rumination, an increase in
rumination chew duration may be associated with lower methane production, indicating
a possible inverse relationship. Additionally, during the prepartum period (three weeks
prior to calving), the methane concentration demonstrated a moderate positive correlation
with drinking duration (r = 0.41, p < 0.01) and a weak negative correlation with chews per
minute (r = −0.36, p < 0.05). The absence of a definitive correlation between rumination
duration and methane in this study indicates that alternative behaviours—such as chewing
efficiency, drinking habits, and metabolic indicators—might exert a more direct influence
on enteric methane production.

Balancing rumination and water intake is essential for maintaining efficient fermen-
tation and reducing methane emissions. Water intake is known to temporarily, yet sig-
nificantly, lower rumen or reticular temperatures, an effect associated with a decrease in
microbial activity [62]. In sheep, water at 0 ◦C inhibited microbial activity, as evidenced by
increased rumen pH and reduced levels of volatile fatty acids and ammonia-N [63]. Cold
weather increases cattle’s energy requirements for thermoregulation, which can influence
feed intake and digestion processes. The consumption of heated water has been shown to
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reduce the duration (min/day) during which ruminal pH falls below 5.8 or 5.5, as well as
the time when rumen temperature drops below 37 or 39 ◦C (p < 0.001) [64]. The strategic use
of heated drinking water may therefore serve as a viable approach to enhancing ruminal
stability, microbiota composition, and fermentation efficiency in cattle. These findings
suggest that monitoring cow behaviour using advanced sensors not only supports welfare
assessment but may also provide real-time insights into methane emission trends and
metabolic status.

Given the statistically negligible direct correlation between methane emissions and
bovine behaviour, a PCA was conducted to identify deeper associations among the ex-
amined parameters. Component 5 exhibited significant loadings for “Methane Emission”
(loading of −0.57) and “Activity” (loading of 0.54). The negative association between these
variables suggests that as activity increases, methane production tends to decrease, or
vice versa. This component may reflect the balance between metabolic energy allocated to
movement versus digestion, with potential implications for methane production. Higher
methane emissions could be associated with reduced physical activity, possibly due to a
metabolic shift prioritising digestion over mobility. The findings suggest that activity and
chewing are the primary behaviours affecting methane emissions, whereas variables like
rumination time and rumination chews did not significantly contribute to Component 5.
This indicates that methane emissions are more closely linked to the cow’s physical activity
and mastication patterns than to rumination behaviour.

5. Conclusions
This study elucidates intricate relationships between methane emissions and physio-

logical, behavioural, and haematological parameters in dairy cows during the transition
period. Methane production exhibited significant correlations with key blood markers
and activity parameters, highlighting the complex impact of metabolic and physiological
changes on greenhouse gas emissions. Prior to calving, methane emissions showed a mod-
erate correlation with base excess in extracellular fluid (r = 0.37) and a negative association
with chloride (r = −0.42), glucose (r = −0.41), and calcium ((r = −0.33) concentrations,
suggesting that metabolic alterations influence rumen fermentation dynamics. During and
post-calving, methane emissions were associated with haematological changes, exhibiting
an inverse correlation with haemoglobin (r = −0.47) and platelet levels (r = −0.64), which
may reflect stress and metabolic adaptations in the periparturient phase.

Despite variations in the rumination time and mastication activity, methane emissions
did not differ significantly among high, medium, and low rumination groups, indicating
that factors beyond chewing behaviours influence emissions. Weak correlations with chews
(r = −0.52), drinking gulps (r = −0.42), and bolus counts (r = −0.37) suggest that feeding
and activity patterns contribute to methane variability. Given that feed intake plays a
fundamental role in methane production, data on dry matter intake were incorporated to
provide additional context for the observed patterns. The recorded DMI values showed a
substantial reduction on calving day, decreasing by approximately 56% compared to the
prepartum levels, followed by a 53% increase postpartum. This decline in intake during
calving coincided with a 145% rise in methane yield, suggesting reduced feed efficiency and
altered rumen fermentation during this period. In contrast, the methane yield decreased by
32% postpartum, aligning with the restoration of normal intake patterns.

This study offers a thorough baseline dataset on methane dynamics in healthy cows
during the transition period by incorporating real-time sensor technologies and blood
biomarkers. This reference framework may facilitate future research evaluating the impact
of postpartum metabolic disorders—such as ketosis or hypocalcaemia—on methane emis-
sions, thereby assisting in the creation of diagnostic or mitigation tools. Further research
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integrating nutritional, physiological, and environmental factors is essential for developing
sustainable mitigation strategies that support both productivity and animal welfare.

Author Contributions: J.K.: supervision of the whole study; R.A., A.R., G.Š., G.L., S.A., A.G. and W.B.:
writing—review and editing and software; K.D., J.K., R.J. and V.J.: data collection and investigation.
All authors have read and agreed to the published version of the manuscript.

Funding: Funding was provided by the Lithuanian Council for Research. Project identification:
S-MIP-22-137. This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee (study approval number: PK012858; 6 June 2017)
for studies involving animals.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The data provided in this study can be found in the publication.

Acknowledgments: The authors would like to thank to the Department of Ecology of the Ani-
mal Science Institute at the Lithuanian University of Health Sciences for their valuable support in
data collection.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. The European Green Deal. Available online: https://ec.europa.eu/commission/presscorner/detail/en/ip_19_6691 (accessed on

28 January 2025).
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