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Simple Summary: Within anthropogenic sources, agriculture contributes the most to greenhouse gas
(GHG) emissions. The on-field assessment of methane emissions from livestock is crucial for testing
and implementing mitigation strategies to reduce the deleterious effects of GHG on climate. Therefore,
this article presents a longitudinal study in which measurements of enteric methane emissions from
dairy cows (Jersey and Holstein-Freisian raised under a semi-extensive management system) were
performed with a tool previously described as reliable, portable, and cost-effective: the laser methane
detector (LMD). The results showed breed-related differences in methane emissions when milk yield
was not considered, challenging us to rethink milk traits and breeding choices. Moreover, methane
emissions were lower in cows in early lactation as well as in primiparous, likely reflecting concentrate
supplementation and energy metabolism. The study pointed out the opportunity to design and
test regional tailored mitigation strategies, including nutritional management, for higher methane
emission periods within cows’ lactation cycle, while ensuring the enhancement of productivity.

Abstract: Reversing climate change requires broad, cohesive, and strategic plans for the mitigation of
greenhouse gas emissions from animal farming. The implementation and evaluation of such plans
demand accurate and accessible methods for monitoring on-field CHy concentration in eructating
breath. Therefore, this paper describes a longitudinal study over six months, aiming to test a protocol
using a laser methane detector (LMD) to monitor CH, emissions in semi-extensive dairy farm systems.
Over 10 time points, CH; measurements were performed in dry (late gestation) and lactating cows at
an Azorean dairy farm. Methane traits including CHy concentration related to eructation (E_CH4) and
respiration (R_CHy), and eructation events, were automatically computed from CH4 measured values
using algorithms created for peak detection and analysis. Daily CHy emission was estimated from
each profile’s mean CHy concentration (MEAN_CHy,). Data were analyzed using a linear mixed model,
including breed, lactation stage, and parity as fixed effects, and cow (subject) and time point as random
effects. The results showed that Holsteins had higher E_CHy than Jersey cows (p < 0.001). Although a
breed-related trend was found in daily CHy emission (p = 0.060), it was not significant when normalized
to daily milk yield (p > 0.05). Methane emissions were lower in dry than in lactation cows (p < 0.05)
and increased with the advancement of the lactation, even when normalizing it to daily milk yield
(p <0.05). Primiparous cows had lower daily CH4 emissions related to R_ CH4 compared to multiparous
(p < 0.001). This allowed the identification of periods of higher CH; emissions within the milk
production cycle of dairy cows, and thus, the opportunity to tailor mitigation strategies accordingly.

Keywords: Azores; dairy cows; extensive farming systems; laser methane detector (LMD); methane;
milk sustainability
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1. Introduction

The climate-neutral economy to be achieved by 2050 requires substantial cuts in green-
house gas (GHG) emissions in several sectors, including agriculture. Within agriculture, the
most relevant sources of GHG are agricultural soils and enteric fermentation, with cattle
standing as the most contributing livestock species [1]. Reducing animal farming GHG
emissions requires broad, cohesive, and strategic plans. However, the diversity of animal
farming systems around the globe, associated with their socioeconomic and cultural contexts,
creates different GHG emissions patterns, which require regionally tailored measures for
emissions reduction [2]. Several years of research on CH4 mitigation strategies have shown
promising results through genetics [3], nutritional management [4], and vaccination [5],
mostly in the context of experimental studies. Nevertheless, a critical target in this search is
the suitability of techniques for measuring livestock CHy emissions and a likely limiting
factor for broadening the assessment at larger scales. While the low accuracy of indirect
measurement techniques such as in vitro incubation limits their use for screening assays [6],
highly accurate direct continuous measurement techniques such as “the gold standard”
respiratory chamber are mainly limited by their high cost and the need for single animal
confinement [7]. Similarly, other direct measurement techniques—either continuous, such
as Sulfur Hexafluoride (SFg) [8], or spot-sampling-based, such as GreenFeed® [9]—likewise
involve high costs, despite retrieving good estimations of daily CH, emissions with minimal
disturbance of animals’ routines [10]. With a higher risk of compromised repeatability
but substantially less associated costs, other spot-sampling-based techniques, such as laser
methane detection (LMD), non-dispersive infrared, and Fourier-transformed infrared breath
analyzers, have proved reasonable for on-field application [11-14]. In addition to accuracy,
costs, portability, throughput, operating convenience, and personal expertise stand out as
critical appropriateness criteria for CH4 measurement methods.

The LMD is a handheld laser detector based on infrared absorption technology, fea-
turing both a visible (green color for guiding purposes) and an invisible laser beam with a
wavelength that CHy absorbs, allowing determination of the amount absorbed through the
analysis of the diffuse laser that is reflected back to the instrument. The measured gas vol-
ume is expressed by the CHy column density (ppm-m), a unit meaning CH, density (ppm)
multiplied by the width (m). The specifications of the instrument imply a certain susceptibil-
ity to environmental conditions and knowledge of the limitations of the outcomes [15]. The
main advantages of LMD are portability, ease of operation, and low purchase and running
costs, in contrast with the disadvantages of medium throughput and high labor [7]. From
an animal welfare point of view, the pros of LMD are the non-invasiveness, despite some
restraint that might be required to hold animals in position, especially when measuring
grazing livestock.

This paper describes a longitudinal study over six months testing the suitability of
an LMD to monitor CHy emissions in semi-extensive farm systems. To achieve this, the
concentration of CHy in the exhaled airflow (breathing and eructation) of dairy cows while
progressing in the lactation cycle was measured, with the aim of identifying the effects
related to the breed, parity, and stage of lactation.

2. Materials and Methods

This study was conducted from February to July 2022 at the Experimental Dairy
Farm Unit of the School of Agrarian & Environmental Sciences of the University of the
Azores, located in a middle altitude region of Terceira Island (390 m above the sea; lat-
itude 38°41'52.8” N; longitude 27°10'24.6"” W). The climate of the region is classified as
humid mesothermal with oceanic characteristics, with annual rainfall varying from 1800
to 2200 mm, mean annual temperatures of 14.5 °C, and annual relative humidity varying
from 88 to 92% [16].

The farm is representative of traditional Azorean dairy cattle farming, with an area of
55 ha and a herd size of around 80 heads including 60 dairy cows (animal units/ha ~ 1.5),
under a rotational grazing system throughout the year in permanent pasture. The mean
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annual milk production of the farm in the last 5 years was =2 400,000 L. The percentage of
lactating cows in the 1st, 2nd, 3rd, 4th, and 5th lactation was, respectively, 32, 26, 27, 9, and
6%. The daily milk production and total milk production (305-d) of each cow were obtained
from the dairy herd management software (Alpro, DeLaval, Shrewsbury, UK). The daily
milk production was the average of 7 days, overlapping CH; measurement time points.
Data on each cow’s fat and protein milk content were analyzed monthly by an official
laboratory (SERCLA, Angra do Heroismo, Portugal), using the Milkoscan"" method.

Lactating cows and cows in late gestation undergoing acclimatization to milking
routines were included in the study. The recruited cows had a breed distribution of 23%
Jersey and 77% Holstein-Friesian, and an average of 51 & 18.5 months of age (max 90; min
14). Further detail on the recruited cows at each time point is available as Supplementary
Material (Table S1). All cows kept their normal routine of moving from the assigned grazing
paddocks to the milking parlor twice a day (6 am and 4 pm). Minimal disturbance of the
animals’ milking routine on measurement days was guaranteed to avoid stressing cows.

In addition to voluntary fresh grass intake, a concentrate was supplied at the time of
milking. The chemical composition of the concentrate and the corresponding methodology
of analysis are provided as Supplementary Material (Table S2). The daily amount of
concentrate given was 250 g per L of milk to primiparous cows during all lactation, and
to multiparous at the early stage of lactation, whereas all the other cows received 200 g of
concentrate per L of milk. Water was permanently available.

Methane emitted through eructation and respiration was measured at 10 time points
using an LMD (LaserMethaneMini"" Tokyo Gas Engineering, Tokyo, Japan). After evening
milking, cows leaving the parlor were routed to a handling race provided with a cattle head
holder, where the CH4 measurements took place. The design of the handling race allowed
partial wind protection, due to a roof and side wall located behind the LMD operator.
Two panels were placed at the left and frontal positions of the animals” head, obliterating
airflow from the open zone (Figure 1). The LMD was pointed to the cows’ right nostrils at
a fixed distance of 1.2 m. The length of measurement was 120 s, with a sampling rate of
0.5s. A CHy4 background environment was obtained in the exact same spot measurement
without the animals. The same operator took all measurements. Data were transmitted
to an Android device running the GasViewer app (Tokyo Gas Engineering) via Bluetooth
connection, producing a separate CSV file per measurement, which was analyzed offline.

Figure 1. The actual image of the place where LMD was operated, captured with a wide-angle lens.
(A) Handling race with a cattle head holder at the end for cattle contention; (B) positioning of wind
protection panels during an LMD measurement (laser is visible as a green dot in the right nostril).

A series of algorithms were created to collate individual files containing the measured
CHy,4 values (signal), identify peaks, and compute the CHy traits of each cow at a single
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time point (profiles), using Python 3.10. Figure 2 depicts one CHy profile and the sequence
of calculations to obtain the CHy traits. First, potential artifacts were removed by applying
a cap value of 1000 to 481 out of ~ 130,000 CH4 measured values (unphysiological high).
Second, the arithmetic mean (i) and standard deviation (¢) of the signal within a profile
(Figure 2A) were calculated. Third, a threshold (T) for each profile was defined as T = y + 0.
The signal was then divided into a respiratory (Figure 2B) and eructation (Figure 2C)
component, based on the T. The respiratory and eructation signals were then processed
to allow the identification of respiratory and eructation peaks, based on their prominence
(simply, how much the peak stands out due to its intrinsic height, and its location relative
to another peak). The division into components enabled the identification of eructation
events and the estimation of respiratory rate. The respiratory rate was estimated from the
respiratory peaks. For the identification of eructation events, a low-pass filter (2nd order
Butterworth filter) was applied to soothe the signal and remove the short-term fluctuations,
leaving the longer term trend (Figure 2D). The methane traits of each profile included the
MEAN_CHjy (arithmetic mean of all peak values), E_CHj, (arithmetic mean of eructation
peak values), and R_CHj (arithmetic mean of respiratory peak values). Complementarily,
the percent shares of eructation and respiratory emissions were estimated from the sum
of CHy eructation peak values (SUM_E_CHy) and the sum of respiratory peak values
(SUM_R_CH,) divided, respectively, by the sum of all CH, peak values (SUM_CHy).
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Figure 2. Graphical plot of a profile: y and x axis represent, respectively, CH; measured values
(ppm-m) and length of measurement (s). (A) the signal plot with all identified CHy4 peaks: red dots
and blue dots correspond, respectively, to eructation and respiratory CHy peaks, T indicates the
threshold; (B) plot of CHy respiratory peaks; (C) plot of CHy eructation peaks; (D) plot of eructation
events.

The amount of CH4 emitted per day was estimated using the following equation
proposed by Lanzoni et al. (2022) [17]:

CH, (g day’l) = MEANCH, X V x R x a x B x 107 x 1440 1)
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in which V is the tidal volume (3800 mL), R is the respiratory rate (respiratory peaks), « is
the conversion factor of CHy production from mL to g (0.000667 g/mL), B is the correction
factor for the difference between breath and total CH4 production (10). The estimation of
daily CH4 emission was normalized to the daily milk production of each cow.

Data were analyzed using the mixed linear model procedure of SAS® Studio soft-
ware, LTS 3.81(2022), (SAS® OnDemand for Academics, NC, USA) that employs restricted
maximum likelihood as the estimation method. The following model was used for data
analysis:

Yijkim = X + Bi + LSj + LN + C; + ti + €jjiam 2)

in which y is either the milk or CHy trait, x is the intercept, B is the fixed effect of breed
(i = Jersey, Holstein-Friesian), LS the fixed effect of lactation stage (j = dry, early, mid, and
late), LN is the fixed effect of parity (k =1, 2, 3, and >4), C is the random effect of subject
cow, t is the random effect of time point, and ¢ is the random error. The Kenward-Roger
method was used to compute denominator degrees of freedom [18]. The least-square
means (Ismeans) of the fixed effects were computed based on the linear model, and
multiple comparisons were performed using a Tukey—Kramer test. The statistical level
of significance and trend was considered when p < 0.05 and p < 0.1, respectively.

3. Results

A total of 460 CHy profiles were obtained from 55 dairy cows collected in 10 time
points over 6 months (the number of cows in each data point varied). Table 1 shows the
descriptive statistics of all CHy profile variables, calculated from raw LMD data. The lowest
CHj measured values of profiles ranged from 0 to 14 ppm, whereas the maximum ranged
from 108 to 6170 ppm. The frequency of 0 was 6 per 1000 measured values, equitably
distributed across profiles. A total of 170 profiles had at least one peak above 1000 ppm-
m. The recalculated MEAN_CHy, assuming a 1000 cap for maximum values, retrieved a
MEAN_CHj of 81 + 30.1 ppm. The MEAN_CHy reflected both the concentration of CHy
in breath from eructation and respiration events, in an average proportion of 53:47%, with
the maximum share of eructation and the lowest share of respiration, respectively, at 63
and 37%. The CHy background environment varied from 0 to 5 ppm-m (2 £ 1.3 ppm-m).

Table 1. Descriptive statistics of the CHy profiles obtained from the 55 dairy cows participating in
the study.

Variables Mean sd Lowest Max

CH,4 Measured Values (ppm) P

SUM_CHy intensity 2 9655 3613.2 2503 21,478
MEAN_CHy intensity 80.5 30.11 20.9 179
SUM_R_CHy intensity 2 5178 22243 1469 13,778
R_CHy, intensity 49.0 21.35 13.70 129
Respiratory peaks @ 221 3.71 13.3 329
SUM_E_CHj intensity ? 4476 1655 711 10,911
E_CH, intensity 337 107.1 59.0 650
% of respiratory emissions 52.6 6.65 37 72
% of eructation emissions 47.4 6.65 28 63
Eructation events @ 1.0 0.30 0.43 22

Intensity corresponds to the peak values. sd, standard deviation; max, maximum; min, minute; SUM_CHy,
sum of all peak values; MEAN_CHy, arithmetic mean of all peak values; SUM_R_CHy, sum of respiratory peak
values; R_CHy, arithmetic mean of respiratory peak values; SUM_E_CHy, sum of eructation peak values; E_CHy,
arithmetic mean of eructation peak values. ? per minute. ® ppm-m was converted to ppm dividing it by the
measurement distance (1.2 m).

The effect of breed, lactation stage, and parity on milk and CHy traits are displayed
in Table 2. Daily milk production was significantly higher in Holstein-Friesian compared
to Jersey cows (p < 0.01), contrary to protein and fat milk content, which were higher in
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Jersey (p < 0.01). Concerning the lactation stage, milk production decreased significantly
from early to late lactation (p < 0.01), whereas protein and fat milk content increased in late
lactation compared to both the early and mid-stages (p < 0.01). Primiparous cows produced
less milk than multiparous (p < 0.01). The milk yield of cows in the fourth lactation stage
and over was lower than that of cows in the second and third lactations (p < 0.01). The
fat content of milk was not affected by parity (p > 0.05), but protein content was higher in
primiparous than multiparous cows (p < 0.01). Breed-related differences were observed in
E_CHy (p < 0.01), being higher in Holstein-Friesian than Jersey cows, with R_CHjy tending
to follow the same pattern (p = 0.059). The estimation of daily CHy4 emitted also tended to
be higher in Holstein-Friesian than in Jersey cows (p = 0.060); however, when normalizing
to milk yield, no breed-related differences were found (p > 0.05). E_CH4 and R_CH,4 were
significantly lower in dry cows compared to cows in lactation (p < 0.01). Early lactation
cows had higher E_CH,, R_CHy, and daily CH, emissions than cows in the mid and late
lactation stages (p < 0.01), even when normalizing to milk production (p < 0.01). The
number of eructation events was not affected by breed, lactation stage, or parity (p > 0.05).
Finally, the results showed that primiparous cows emitted less CHy (E_CHy4 p = 0.074;
R_CHy p < 0.01) compared to multiparous, even when normalizing to milk yield (p < 0.05).

Table 2. Least squares means and standard error (se) of milk and CHy traits, according to breed,
lactation stage, and parity of the 460 profiles.

Breed Lactation Stage Parity
Jersey Holstein se P Dry Early Mid Late se P 1 2 3 4 se p
Milk Traits
Milk yield < b a a b b <
Ld) 265 318 067 <0001 - 32,6 29.6 25.3 089 <0001 241 30.1 29.0 334 1.08  <0.001
Milk fat (%) 470 416 0084 <0001 - 4322 421 476° 0110 <0.001  4.60 455 436 423 0138 0.171
Mﬂk(gr)"tem 388 331 0037 <0001 - 3382 3543 387b 0049 <0001 375> 361@ 351@ 3512 0061 0.002
CHj traits
E_CH, 2 44 a b 4c < 124 12 1 74
(Ppm) 95 3 95 0004 267 311 35 348 2. <0.00 90 334 319 335 60 0.0
I({ES:)‘! 43.1 48.9 1.75 0.059 31.8%  474b 541 507b 226  <0.001 37.9° 476" 495° 489" 305  0.004
Er:\f;‘t“:“ 1.1 1.1 0.03  0.834 1.0 1.1 1.1 1.1 0.03  0.308 1.1 1.1 1.0 1.1 005 0.643
CHy(gd™!) 539 607 206 0060 4342 574> 639° 644> 262 <0001 504° 57:5 571 g41b 358 0.036
CHymilkd 233 236 0131  0.881 - 179% 240 284¢ 0146 <0.001 248 2.16 2.40 234 0212 0586

3= Means within a row with different superscripts differ (p < 0.05). ¢ g of daily CH, emitted divided per daily
milk yield (L).

4. Discussion

To our best knowledge, this article is the first to describe livestock in vivo measure-
ments of CHy emission in the Azores. This is important because livestock represents a great
share of the economy, strongly implicated in the history, culture, and social organization
of all nine Azorean islands. Indeed, the ratio of cattle to the human population in the
Azores equals 1:1.2, with a dairy cow population of ~92 thousand and an annual milk
production of ~652 million L [19]. The production system is predominantly semi-extensive
with permanent pastures that represent 43% of the region’s land area [19]. The end of
European milk quotas, as well as the declining interest and lack of financial incentive for
younger generations to invest in agriculture, forces bringing about change in the sector
once marked by small-sized family-owned businesses, whose profitability was mainly due
to low mechanization, labor, and infrastructures [20]. We are now witnessing a decrease in
the number of farms offset by an increase in farm size, and a search for greater efficiency
and productivity to cope with a competitive market [21]. Yet, shaping of the dairy farming
sector can no longer be achieved without considering both economic and environmental
sustainability, the latter being inherently linked to GHG emissions.
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The mean, respiratory, and eructation CHy concentrations of all profiles were consis-
tent with previous LMD-based studies performed in dairy cows, despite the unavoidable
differences related to the measurement conditions. Sorg et al. (2018) reported mean and
eructation CHy concentrations of, respectively, 97 & 44 and 350 &+ 148 ppm-m, operating
LMD in a free-stall dairy barn with partially open walls and a 2.5 m measurement dis-
tance [13]. In another work, Kobayashi et al. (2021) estimated ~ 66 g of daily CH4 emissions
in indoor-fed Fogera dairy cows [22]. Pinto et al. (2020) found mean, respiratory, and eruc-
tation CHy concentrations of, respectively, 43 &+ 34.9, 16 & 17.2, and 108 + 148.3 ppm [23].
The values reported by Pinto et al. (2020) are lower than the ones herein reported. Yet,
the standard deviation of the means presented suggest that the diverse locations where
measurements were taken (farms with outdoor, indoor, and half-outdoor locations, giv-
ing distinct wind protection and ventilation) might explain the variability. Indeed, the
relationship between the measured concentration at the sampling point and the true CHy
concentration at the exhalation point is weakened by higher variability in the dilution
that occurs in animals’ breath after exhalation [24]. In turn, measurements performed in
respiration calorimetry chambers retrieved higher mean CH, concentrations of 396 + 182.7
and 417 4+ 104.7 ppm [14,25]. Those higher CH4 concentrations are likely related to the
natural ventilation, absent in the gas chambers, which promotes dissipation of the breath
and eructed gas column, decreasing the accumulation of CHy. It is, thus, important that
measurements with the LMD are performed under similar conditions to allow the data to be
comparable. This technical requirement is possibly the most challenging to fulfill, without
which data comparisons are compromised. The creation of a consensus protocol for LMD
use already has been suggested to address inter-studies reproducibility and repeatability
issues [15]. Nevertheless, as pointed out by other authors, LMD allows for designing a
cheaper and simpler trial to monitor CHy emissions compared to other currently available
methods, having a great impact in financially challenged areas [22].

The results of the present study highlighted differences in daily CH, emission between
Jersey and Holstein cows, mainly associated with a higher concentration of ruminal CHy
in eructating events. Previous studies evaluating daily CH4 emission with respiratory
chambers showed that daily emissions were higher in Holstein cows, yet when expressed
as a percentage of gross energy intake, opposite results were observed [26]. Moreover,
Holsteins responded to high-concentrate diets with a more pronounced decline of CHy
production than Jerseys [26,27], which reflects breed-related differences in ruminal fer-
mentation patterns, likely justified by the anatomical and physiological particularities of
their digestive system [28], as well as differences in the expression of genes involved in
energy homeostasis [29]. Moreover, the ruminal microbiota is known to affect CH4 emission
with bacteria providing substrates through feed degradation that methanogens utilize for
methanogenesis [30]. Indeed, previous studies reported breed-related differences in the
ruminal microorganisms of Jersey and Holstein cows housed together and kept under the
same feeding regimen [31,32]. Differences in bacterial communities correlated with CHy
production, whereas the structure of the methanogen communities did not [33].

Winter calving is a common practice in the Azores, as it eases operations and allows
profit maximization due to feeding abundance in early and peak lactation. Therefore, most
cows were at early (1-90 d postpartum) or mid-lactation (91-210 d postpartum) stages at
the beginning of this study. The milk traits of the dairy cows participating in the study
were in line with previous studies that reported higher milk production of Holsteins with
a lower concentration of both protein and fat than of Jerseys in grazing conditions [28,34].
A greater digestibility of grass likely renders Jersey cows more energy-available for milk
solids production [35]. Moreover, our results agree with the knowledge that early lactation is
characterized by higher milk yield, as in this stage, the peak is often reached, followed by a
gradual decline, which is more pronounced at the later stage [36]. Furthermore, primiparous
cows’ milk yields were lower compared to the multiparous herd fellows, which is likely
explained by their lower feed intake and higher energy demand, as well as physical stress
due to hierarchy fighting, gestation, and lactation [37]. When normalizing for milk yield, the
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daily emission of CHy ceased to be significant between Holstein and Jersey cows. However,
in addition to milk yield, milk nutrient density is a trait that deserves to be included in
the evaluation of dairy breed-related milk sustainable production. A fine example is the
work by Capper and Cady (2012), which compared the environmental impact of producing
sufficient milk from either the Jersey or Holstein populations to obtain the same amount
of Cheddar cheese [38]. The authors concluded that although a compensation of the Jersey
population size was required to compensate for Holsteins” higher milk yield, Jerseys” higher
milk energy relative to metabolic body weight renders more sustainable milk, with less
cropland use, water consumption, nitrogen and phosphorus excretion [38]. The seemingly
greater digestibility of fibers by Jersey and the efficiency per kg of live weight reinforces their
suitability for pasture-based systems. This is quite relevant for the Azorean dairy industry,
which still benefits from production systems closely linked to the natural environment and
its resources [21], although the way subsidies are applied still benefits milk yield, rendering
Holstein breeding higher profitability for farmers.

Although Azorean pastures allow year-round grazing, during the lean period—typically
in the dry season (August and September) and winter [39]—silages or concentrates are
offered to cover the supplemental energy expenditure of the second and third trimesters
of pregnancy. As such, the feed supplementation of the herd participating in this study
accounted for the parity and lactation stages. Unsurprisingly, a reflection of the dietary
management of the cows’ CHy4 emissions was found. Primiparous cows in early lactation that
were supplemented with concentrate at a higher level had lower CHy emissions compared to
their herd fellows. The effect of the lactation stage was significant when CH, emission was
expressed per milk yield, which occurs since the proportion of available energy utilized for
lactation is the highest in early lactation, being thereafter channeled for the reconstitution of
body reserves over lactation [40]. Despite variation in their composition, concentrates are
sources of high fermentable carbohydrates that naturally promote degradation through the
propionate pathway, shifting, to some extent, the products available for methanogenesis [30].
However, risks associated with concentrate-rich diets include ruminal acidosis (reduction in
ruminal pH), due to an imbalance in rumen fermentation rate against rumen absorption and
buffering rates [41]. Particularly, subacute ruminal acidosis is a chronic disease that impairs
animal health, welfare, and subsequently, milk production, while perpetuating high economic
losses [41]. Moreover, a CH, emission breed-associated response to high concentrate diets
has been reported, with Holsteins more effective in reducing production compared to Jersey
cows [26,27]. The carbon footprint associated with the concentrate feeding level has been a
high priority. A study comparing two breeds (Alpine Grey and Brown Swiss) supplemented at
two levels of concentrate reported that enteric CH4 was the most impacting factor for carbon
footprint, and that its reduction was associated with high-concentrate diets [42]. The study
also reported that the reduction in diversity loss and increase in carbon sequestration was
linked to low-concentrate diets while acknowledging differences in diet response associated
with the breed [42]. In another study, the carbon footprint of milk in a grass-based system was
reported to be 5-7% lower than in confinement systems, due to carbon sequestration [43]. A
study that employed life cycle assessment claimed that the grazing dairy production system in
the Azores was more sustainable compared to other regions with 32% less GHG emissions [44];
however, as most studies stressed, a lack of consistency in results related to methodological
choice limits concrete and objective conclusions.

5. Conclusions

Our measurements of CHs emissions with LMD highlighted differences related to the
breed and lactation cycle in dairy cows raised under the typical Azorean semi-extensive
system. These findings challenged us to reconsider the best breeding and dietary manage-
ment choices to prevent higher CH4 emissions observed during the mid and late lactation
stages. The results and protocol herein described can be employed to design and validate
regional tailored measures, including dietary management to mitigate enteric methane
emissions without compromising productivity. Moreover, the data obtained are relevant
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for geographical areas such as New Zealand or Ireland, where similar dairy breeding
systems are common. Among the portable and minimally invasive equipment available for
CH4 measurement, LMD is probably the most affordable, rendering suitability for a more
widespread use on farms, for instance, as part of GHG emission monitoring programs.
Recommendations for the use of LMD at the farm or cooperative level include the selection
of replacement heifers, dietary changes (in response to market impositions or climate
events), and the transition into organic farming.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani13060974/s1, Table S1: Detailed characterization of the dairy cows
participating in the study; Table S2: The chemical composition of the concentrate fed to dairy cows
analyzed according to AOAC official methods [45], and Goering and Van Soest [46].
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