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Abstract

This study evaluated the effects of feedstuffs and additives in dairy cow rations on rumen
methane production and nitrate content in groundwater. Two basal rations and their
supplements were analyzed in regard to proximate parameters, and an in vitro rumen
fermentation system assessed methane release and nitrate levels over 72 h. Supplementing
dairy cow rations with Brassica rapa (BR) boosted the ether extract content, while silage
produced the highest amount of methane. Rapidly degrading substrates like BR and
ground maize produced methane faster, but in smaller amounts, than straw and silage.
BR, Opuntia ficus-indica (OFI), and Posidonia oceanica (PO)-supplemented rations had mixed
effects; PO reduced the methane yield, while OFI increased methane production rates.
BR-supplemented rations had the lowest nitrate levels, making it suitable for anaerobic
digestion. The multivariate analysis showed strong correlations between crude protein, dry
matter, and ash, while high-nitrate substrates inhibited methane production, supporting
the literature on the role of nitrates in reducing methanogenesis. These results emphasize
the need to balance nutrient composition and methane mitigation strategies in dairy cow
ration formulations.

Keywords: Brassica rapa; Opuntia ficus-indica; Posidonia oceanica; methane production; total
mixed ration; in vitro test

1. Introduction

The dairy industry plays a vital role in global agriculture, providing essential nutrients
to human populations and contributing significantly to the economy. However, it also faces
considerable environmental challenges [1], particularly in regard to methane emissions
and nitrate leaching, which have detrimental effects on the atmosphere and water systems,
respectively. Methane, a potent greenhouse gas, is predominantly produced during enteric
fermentation in the digestive system of ruminants, such as dairy cows [2]. Meanwhile,
nitrates from manure and fertilizers can leach into groundwater, posing risks to ecosystems
and human health. Such issues should be addressed to achieve sustainable agricultural
practices and mitigate climate change [3]. By optimizing feed composition and enhancing
digestibility, it is possible to reduce methane emissions and improve nitrogen utilization,
thereby minimizing nitrate leaching [4].
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Methane (CHy4) production is an inherent result of the microbial breakdown of dietary
carbohydrates in the foregut of ruminant animals, which supports ongoing microbial
activity. However, methane is a potent greenhouse gas (GHG) [5] and represents a form
of dietary energy loss for the host. Ruminant enteric fermentation is the largest biogenic
source of methane, as a greenhouse gas [6], accounting for approximately 40% of the
agricultural sector’s methane emissions globally. While it is evident that GHG emissions
from the dairy industry have increased overall, dairy farming practices have become much
more efficient, hence reducing the amount of GHG emissions per product [7]. Studies
have shown that, on a global scale, the emission intensity (GHG/kg of milk) decreased by
approximately 11% between 2005 and 2015 [7]. Nevertheless, the same studies also showed
that there were distinct and large differences between the emission intensities in different
regions. Developing regions were found to have higher emissions than developed regions.
Furthermore, some areas within the same region were also found to have large variations
in their emission intensities. Therefore, this implies that there are significant numbers of
GHG mitigating measures that can be adopted by all regions [7]. Methane emissions can be
mitigated by optimizing the feeding and nutrition of dairy cows [8]. This can be achieved
through the use of balanced diets, improved feeding management, and the use of feed
additives, as recently reviewed by Martin [9].

In addition to methane emissions, another group of problematic pollutants is that of
nitrogen compounds, particularly nitrates [10]. Nitrate is a common pollutant found in
water bodies, and its presence in high concentrations can lead to environmental and health
hazards [11]. Nitrate pollution in water bodies is mainly caused by excess fertilizer applica-
tion and the leaching of nitrogen compounds from livestock manure [10]. Dairy farming is
one of the leading sources of nitrate pollution and, therefore, there is a need for effective
mitigation methods [12]. One of the most effective ways to mitigate nitrate pollution in
dairy farming involves the implementation of good nutrient management practices [13].
On the other hand, the utilization of animal manure as fertilizer also contributes to nitrate
leaching. However, this can be mitigated by optimizing the amount and timing of fertilizer
application, which reduces nitrogen inputs and improves the efficiency of nutrient uptake
by crops [13]. This can be achieved through regular soil testing and the use of precision
agriculture technologies [14].

The European Union has implemented several directives and policies aimed at reduc-
ing the environmental impact of agriculture, including dairy farming. These regulations
provide a framework for member states to promote sustainable practices and mitigate
greenhouse gas emissions and water pollution. The Common Agricultural Policy (CAP) is
a comprehensive policy framework that supports farmers and promotes sustainable agri-
culture in Europe. It includes measures to reduce greenhouse gas emissions and improve
nutrient management. The CAP’s Greening measures, and Rural Development Programs
incentivize practices that enhance feed quality and reduce environmental impacts [15].
Launched in 2020, the EU Methane Strategy [16] aims to cut down methane emissions
across the energy, agriculture, and waste sectors. In regard to agriculture, the strategy
focuses on improving livestock management, including feed strategies to reduce enteric
fermentation. The Nitrates Directive (91/676/EEC) requires member states to identify
vulnerable zones and establish action programs to reduce nitrate leaching [17]. Improved
feed quality and manure management are key aspects of these action programs [18].

In Malta, an archipelago of islands at the centre of the Mediterranean, a census, in
2020, carried out by the National Statistics Office (NSO), showed that, in total, there were
241 cattle farms that formed a total population of 14,447 heads of cattle [19]. Of this total,
5996 were dairy cows [19]. It is estimated that, in 2018, Malta generated 60,000 metric
tons of CO,-equivalent methane from agricultural activities, with farms being the main
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contributor to these emissions [20]. Malta is amongst the European Union member states
with the highest concentration of nitrates in its groundwater, with more than 70% of the
groundwater exceeding 50 mg nitrates per liter [21].

Several studies have evaluated feedstuffs using in vitro fermentation methods. These
methods were initially developed to assess the rate and extent of fermentation of feeds in
ruminants; primarily focusing on forages and fibrous by-products [22,23], as well as esti-
mating the fermentability of concentrate feeds (e.g., cereals, protein sources) to report their
use in mixed rations. More recently, in vitro techniques have been used to determine the
nutritive value of feeds in all-concentrate diets. Additionally, researchers have investigated
the relationship between feed fermentation and gas quality, with particular attention to
methane as a by-product [23,24]. As the dairy sector continues to evolve, ongoing research
and innovation in feed quality and management practices remain essential.

We hypothesized that Opuntia ficus-indica, Brassica rapa and Posidonia oceanica, due to
their abundance of bioactive compounds, could influence the ruminal microbiota. Accord-
ing to the literature on rumen modifiers, such substances typically do not act directly on
methanogens but rather on the conditions that promote methanogenesis.

This study therefore aims to examine how modifying conventional feed rations with
the inclusion of common plant-based could reduce methane production and decrease
nitrate content during ruminal fermentation within an in vitro setup. The primary objective
was to perform an initial screening of ration combinations containing plant materials with
potential methane- and nitrate-reducing properties. To achieve this, each feedstuff and
plant additive was first assessed individually to determine its specific contribution to the
fermentation process.

2. Materials and Methods
2.1. Feed Resources

Two feed rations commonly used in Malta were studied. The individual feedstuffs
comprising these rations were procured and mixed according to the recommended formu-
lations. The feedstuffs included Special Dairy, Dairy B, Summer Dairy feeds, ground maize,
sugar beet, hay, alfalfa, silage and straw (Table 1). Three locally abundant plant species
were selected as feed additives for this study: Opuntia ficus-indica (L.) Mill. (OFI) cladodes,
Posidonia oceanica (L.) Delile (PO) leaves and Brassica rapa L. (BR) aerial parts. These three
plant species were incorporated within the basal feed ration as outlined in Table 1. They
are generally considered either wastes or weeds of cultivation.

Table 1. Composition of basal rations and experimental diets (%DM).

Basal Rations Opuntia ficus indica Posidonia oceanica Brassica rapa
Ration 1 Ration 2 Ration 1 Ration 2 Ration 1 Ration 2 Ration 1 Ration 2
Special Dairy ! 18.8 14.6 18.5 14.6
Dairy B2 229 18.8 22,6 18.8
Summer Dairy 3 45.8 45.3 454 41.2
Ground maize 8.3 6.3 8.3 6.2 8.0 59 42 1.3
Sugar beet 8.3 8.3 8.0 4.2
Alfalfa Hay 18.8 8.3 14.6 8.2 18.5 8.0 14.6 3.4
Alfalfa 14.6 8.3 10.4 8.2 14.3 8.0 10.4 3.4
Corn Silage 229 6.2 22.6 18.1
Straw 8.3 8.3 8.3 8.2 8.0 8.0 4.2 3.4
OFI* 16.7 17.7
PO> 2.1 2.1
BR® 29.2 29.4

1 Special dairy pellets supplied by Kooperattiva Produttori Tal-Fialib Ltd. (Marsa, Malta), containing soybean
meal, maize, protected fats, wheat pollards, and barley (closed formula). 2 Dairy pellets supplied by Kooperattiva
Produttori Tal-Halib Ltd. (Marsa, Malta), containing maize, barley wheat pollards, soybean meal, and alfalfa
(closed formula). 3 Summer Dairy pellets supplied by Kooperattiva Produttori Tal-Ffalib Ltd. (Marsa, Malta),
containing ground maize, sugar beet, hay, alfalfa, silage and straw (closed formula).* OFI = Opuntia ficus-indica;
5 PO = Posidonia oceanica; ® BR = Brassica rapa.
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2.2. Proximate Analysis

All feedstuffs, feed additives and feed rations were oven-dried at 40 °C for 48 h and
then ground using a blender to pass through a 1-mm sieve and stored for subsequent
analysis prior to near-infrared (NIR) analysis. Near-infrared spectra of feed samples were
acquired using a SpectraStar ™ XT NIR spectrophotometer (Unity Scientific, Brookfield, W1,
USA). Approximately 30 g of each of the two basal feed rations and the individual feedstuffs
were transferred to the quartz sample holder, sealed with a gold reflector, and placed over
the sample window (1 cm of diameter) to ensure direct contact and minimize noise due to
light scattering. During spectral acquisition, the sample was set to rotate and read three
times (with a total of ninety determinations per sample) to ensure uniformity. Spectral
data were recorded as absorbance spectra in wavelength range from 1400 to 2500 nm. All
proximate analyses were performed in triplicate both on feedstuffs and feed additives
(Table 2), as well as for the complete rations (Table 3). The parameters analyzed included
dry matter (DM), crude protein (CP), ether extract (EE), Neutral Detergent Fiber (NDEF),
Acid Detergent Fiber (ADF) and total Ash [25].

Table 2. Chemical composition (%) of individual feedstuffs.

DM Ash cpP EE NDF ADF NFC Energy
% % % % % % % (kcal/100 g)
Special Dairy 88.17 +1.01 10.48 + 0.08 19.54 £+ 0.33 2.42 +0.03 38.89 + 0.67 16.23 +0.14 28.67 + 1.05 255.50
Dairy B 84.79 +£0.73 9.87 £ 0.08 15.86 £ 0.18 1.62 + 0.01 45.71 + 0.39 18.54 £ 0.16 26.94 + 0.81 260.86
Summer Dairy ~ 83.91 + 1.40 9.47 +0.15 16.45 + 0.27 1.65 + 0.01 44.6 +0.381 14.94 + 0.25 27.83 +0.90 259.05
Ground Maize  85.92 +0.74 5.45 + 0.04 11.78 £ 0.19 2.16 £0.01 45.84 +0.39 5.473 + 0.04 34.77 £0.79 249.92
Sugar Beet 87.07 + 1.00 8.22 +0.06 17.55 +£0.14 0.49 + 0.01 43.18 +0.36 34.19 +0.29 30.56 + 0.75 247.33
Hayl 87.66 + 0.75 1534 £0.13  25.09 +0.21 0.86 £ 0.00 34.88 +0.29 27.45 +0.23 23.83 +0.79 247.62
Hay2 87.46 + 1.00 12.68 £0.14  21.68 +0.24 0.91 £+ 0.09 40.15 + 0.34 30.66 + 0.26 24.58 + 0.9 255.51
Alfalfa 87.55 + 0.75 1254 £0.10 2243 +0.19 0.83 £+ 0.09 38.72 +0.33 30.86 + 0.26 25.48 +0.84 252.07
Straw 88.12 + 1.52 10.22 + 0.08 12.74 £+ 0.10 0.19 + 0.09 65.47 + 0.75 43.07 + 0.37 11.38 £ 1.00 314.55
Silage 37.83 + 0.64 9.89 +0.16 8.22 +0.06 2.17 +0.01 60.5 + 0.51 39.04 +0.34 19.22 + 0.86 294.41
OFI 86.14 £ 0.74 18.88 + 0.15 12.23 £0.20 0.71 £ 0.06 30.16 + 0.25 20.58 + 0.35 38.02 +0.81 175.95
PO 70.55 + 0.60 12.82 +0.10 19.88 + 0.16 0.55 + 0.01 49.27 +0.84 40.23 + 0.34 17.48 + 1.05 281.55
BR 90.32 + 1.55 13.65 £ 0.11 28.28 +0.24 1.6 £0.01 24.63 +0.20 21.81 +0.25 31.84 +0.75 226.04
DM, dry matter; ash content; CP, crude protein; EE, ether extract; NDF, neutral detergent fiber; ADF, acid detergent
fiber; NFC, non fiber carbohydrate; OFI = Opuntia ficus-indica; PO = Posidonia oceanica; BR = Brassica rapa.
Table 3. Chemical composition (%) of basal and experimental rations integrated with plant additives.
OFI-Supplemented BR-Supplemented PO-Supplemented
Ration 1 Ration 2
Ration 1 Ration 2 Ration 1 Ration 2 Ration 1 Ration 2
DM (%) 86.24 + 0.29 86.16 + 0.04 86.16 + 0.14 83.74 + 0.06 86.17 £+ 0.06 85 +0.12 85.35 + 0.16 84.09 +0.21
Ash (%) 11.71 + 0.06 11.02 £+ 0.25 12.12 £ 0.16 12.21 +£0.44 11.78 + 0.37 12.2 +0.21 12.29 +0.16 1247 +£0.36
CP (%) 19.89 + 0.07 17.03 £ 0.09 14.83 £ 0.15 13.41 +£0.23 17.4 +0.29 16.89 + 0.18 17.92 £ 0.12 15.37 £ 0.22
Fat (%) 1.19 + 0.06 1.587 £+ 0.01 1.533 + 0.03 1.497 + 0.04 1.78 £ 0.06 1.787 £ 0.04 1.383 £0.14 1.603 £ 0.13
NDF (%) 43.33 +0.03 46.65 + 0.27 43.84 + 0.72 47.69 + 0.82 41.57 +1.01 42.34 + 0.65 44.58 + 0.86 4941 +1.08
ADF (%) 25.93 +0.35 25.71 +0.94 24.16 +0.75 22.17 +£0.89 21.22 +1.26 18.61 £ 0.91 26.55 + 1.79 29.59 + 2.38
NEC (%) 23.89 + 0.06 23.72 + 0.57 27.68 + 0.58 25.2 +0.67 27.47 + 0.68 26.77 + 0.67 23.83 +0.98 21.15 +1.35
Energy
(keal/100 ) 263.59 269.03 248.45 257.9 251.9 253.03 262.42 273.52

OFI = Opuntia ficus-indica; PO = Posidonia oceanica; BR = Brassica rapa.

2.3. Inoculum Sources

In Malta, the predominant breed of dairy cow is the Holstein-Friesian [26]. Rumen
fluid was collected at a slaughterhouse from culled cows [27] that had been fed under
controlled conditions during their lactation period (i.e., commercial cow feed and addition-
ally wheat, sulla and clover) and transported from nearby farms. Inoculum samples were
collected from three cows (1 L per cow), mixed, and delivered to laboratory within 30 min
from slaughter. The samples were transported in vacuum-sealed flasks pre-flushed with
CO,. The rumen fluid and digesta were homogenized in a sterilized blender that had also
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been flushed with CO,. Dimethyl sulfoxide (DMSO, 5%) was added to the rumen filtrate to
enable cryopreservation at —80 °C. The rumen fluid /DMSO mixture was then distributed
(4 mL) in 15-mL centrifuge tubes pretreated with CO;. These tubes were then placed in
a —20 °C freezer in a bath of isopropanol for one hour to achieve a temperature drop of
1 °C per minute. Subsequently, the tubes were transferred to a —80 °C freezer, allowing the
same cooling rate in isopropanol and were finally removed from the alcohol and stored at
—80 °C for the rest of the experiment [25].

2.4. In Vitro Gas Production

In vitro fermentation of the samples was conducted in 250 mL gas jars equipped with
a side arm fitted with a valve to facilitate gas sampling. Briefly, a buffered solution [28] was
prepared and placed in a water bath at 39° C under continuous CO, flushing. Five jars
(250 mL) were then filled with 78 mL of buffered solution and 0.5 g of randomly assigned
feedstuffs (two replicates per feedstuff and one control) per run. Five aliquots of cryopre-
served rumen fluid in DMSO were transferred to the water bath for inoculum resuscitation.
Blanks contained only the medium and rumen fluid. The gas jars were incubated at 39 °C
for 72 h. The pH of the contents of these bottles was recorded (pH meter, Thermo Scientific
Orion 4-Star, Thermo Fisher Scientific Inc., MA, USA) at time 0 and again at the end of
the experimental period (72 h). The pH of the medium and CO, saturation at time 0 was
indicated by a color change in the resazurin indicator from purple to pink/colorless [25].

2.5. Methane and Nitrates Determinations

To determine gaseous methane content, measurements were recorded at 0, 24, 48
and 72 h. Liquid samples were collected at the end of the cycle at 72 h. For methane
production, a handheld infrared methane reader (EIRAA, PR.C.) was used. The outlet of
the side arm was opened, and the methane concentration was measured after 5 s. Nitrate
content was measured using a spectrophotometric method [29]. Briefly, a calibration curve
was established for nitrate concentrations between 0 and 1000 mg L~ at a wavelength of
240 nm (R? = 0.9976).

2.6. Statistical Analysis

Repeated measures ANOVA was performed with SPSS software (version 26.0 for
Windows, SPSS Inc., Chicago, IL, USA). Tukey’s test was applied to assess significant
differences among the variables in terms of methane and nitrate contents. Methane pro-
duction over time was modelled as a function of time by fitting the experimental data to a
non-linear regression model. This model follows the first-order kinetics model proposed
by Hashimoto [30] (Equation (1))

BMP; = By (1 - exp*’“) 1)

where BMP; (BioMethane Production) represents the cumulative CHy yield (L CHy kg VS™!)
at time t (days) expressed in days, By is the ultimate CHy yield (L CHy kgVS™!) and k is the
BMP rate constant (day~!), which is substrate-specific and indicates the time required to
achieve a certain fraction of By.

Principal Component Analysis (PCA) was conducted on all proximate feed parameters
using XLSTAT (Microsoft, version 19.4.46756, SAS Institute Inc., Marlow, Buckinghamshire,
UK) to identify correlation or divergences among parameters of the basal and supplemented
rations. For all statistical analyses, a significant level of p < 0.05 was considered.
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3. Results
3.1. Feedstuff Composition Assessment

The proximate analyses of individual ingredients, as well as the basal and experi-
mental rations are presented in Tables 2 and 3, respectively. The plant additives varied in
composition. Dry matter content ranged from 70.55% in Posidonia oceanica (PO) to 90.32%
in Brassica rapa (BR). PO had the lowest ash and fat content (12.82 and 0.55%, respectively),
but the highest fiber content with 49.27% NDF and 40.23% ADF. Opuntia ficus-indica (OFI)
ranked lowest in crude protein (12.23%) and fiber content (30.16 NDF and 20.58% ADEF),
but highest in ash content (18.88%). BR ranked the highest for crude protein (25.28%) and
fat content (1.6%) among the three additives.

3.2. Methane Production and Nitrate Content

Table 4 presents methane production and nitrate content over the 72-h period
for all substrates. Special Dairy Plus Mash showed the high methane production at
48 h (181.98 Lkg™'), but significantly lower values at 24 h (10423 L kg!) and 72 h
(37.15 L kg~ 1). The Dairy B Mash exhibited high initial production at 24 h (180.26 L kg1),
which dropped sharply at 48 h (37.15 L kg 1), then rose again at 72 h (117.65 L kg™ 1).
Conversely, Dairy Summer Mash produced methane at a lower consistent rate, peaking at
48 h (110.08 L kg~ !). The two hay sources showed a different profiles. Hay 1 showed high
methane production at 24 h (149.30 L kg ~!) and 48 h (172.00 L kg ), followed by a decline
at 72 h (83.25 L kg~!), while Hay 2 had lower initial production that increased steadily
peaking at 72 h (130.03 L kg ~!). Straw exhibited very low initial production but peaking at
72h (128.31 L kg !). Silage had a low initial value (43.00 L kg~ 1), with significant increases
at48 h (124.18 L kg~ !) and a peak at 72 h (217.41 L kg™ 1).

Table 4. Methane production over the 72-h period, and nitrate content at 72 h for all the substrates.

Methane Production (L CHy. kg=1) Nitrate Content

(mg L—1)
24h 48 h 72h Bo k

Special Dairy 104.23 £24.28 181.86 =£31.25 37.04 +51.93 31.51 0.170 344.50 + 56.07
Dairy B 180.37 £2996 37.04 £56.84 117.65 £ 22.65 3247 0.996 236.10 &+ 54.13
Dairy Summer 177.05 £ 2558 60.66 £ 18.89 102.86 £ 32.07 33.00 0.997 80.07 £ 5.87
Ground Maize 142.07 £8.11 9793 +64.06 76.48 £ 40.42 30.67 0.988 326.80 + 80.43

Sugar Beet 68.23 £ 11.63 110.08 +28.65  41.97 £ 20.52 21.69 0.128 66.5 £+ 21.50
Hayl 149.29 £48.16 17211 +77.59 83.13 £+ 37.67 39.20 0.995 405.50 + 5.67
Hay2 81.64 £29.75 11879 £1595 130.15 £ 55.24 41.03 0.034 306.70 + 43.73

Alfalfa 76.83 £19.17 11455+ 19.80 80.84 £ 50.17 28.09 0.078 54.60 &+ 3.15
Straw 7.57 £11.83 19.03 £ 5.18 35.55 +47.84 100.00 0.001 203.50 + 88.57
Silage 43.00 +13.07 124.18 £10.58 217.41 4 54.96 100.00 0.011 227.20 + 14.30
OFL 106.41 £13.15 116.73 +14.41 141.38 £ 36.42 39.57 0.058 353.10 + 22.27

PO 9219 £6.54 10045 £28.10 80.84 + 41.56 26.50 1.000 198.60 £ 6.29
BR 10.55 £ 2.30 78.09 £40.20  128.31 4 50.58 100.00 0.005 264.50 + 70.76

OFI = Opuntia ficus-indica; PO = Posidonia oceanica; BR = Brassica rapa.

Feedstuffs of plant origin exhibited diverse methane production profiles. Ground
maize had relatively stable output, peaking at 24 h (177.16 L kg ') and decreasing at 48 h
(60.54 L kg~!) and 72 h (102.86 L kg~!). Ground sugar beet followed a similar pattern,
peaking at 24 h (142.07 L kg™ !), and gradually decreasing to 102.86 L kg~! at 48 h and
76.37 Lkg~! at 72 h. Alfalfa showed a consistent production profile, with the highest
value at 72 h (141.38 L kg~ !). The three feed additives behaved differently. BR had a
similar trend, peaking at 24 h (92.19 L kg~!). OFI exhibited moderate production with
slight fluctuations, peaking at 48 h (114.55 L kg~ !). PO showed consistently low methane
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production across all time periods (<135.19 L kg 1), although it was still higher than that
of the other two additives.

Some feedstuffs showed peak methane production at different time points. For ex-
ample, silage showed a continuous increase in methane production over time, whereas
Dairy B Mash demonstrated a decrease at 48 h followed by an increase at 72 h. Feedstuffs
like Dairy B Mash, ground maize, and Hay 1 produced higher methane levels compared to
others like PO and straw. Feedstuffs with peak methane production occurring after 24 or
48 h may indicate a shorter digestion period, which might be beneficial by providing rapid
energy and essential nutrients required for high milk production and overall animal health.

Regarding nitrate content, the feedstuffs can be classified into different categories
based on their soluble nitrate contents after fermentation. Feedstuffs with a high soluble
nitrate concentration fermentation include Hay 2, ground maize, OFI, Special Dairy Plus
Mash, Hay 1 and Dairy Summer Mash with concentrations of 307, 327, 353, 344, 406 and
804 mg L1, respectively. Those with moderate nitrate content include PO, straw, silage,
Dairy B Mash and BR with values of 199, 203, 227, 236, 265 mg L1 respectively. Ground
sugar beet had the lowest nitrate content (68 mg L1, respectively).

Table 5 presents methane production and nitrate content over the 72-h period for all
rations. The basal ration mixes, commonly used on dairy farms, displayed similar profiles.
Ration 1 showed a significant increase in methane production at 72 h (184.73 L kg~!) com-
pared to 24 h (149.98 L kg~ !) and 48 h (146.89 L. kg !). Similarly, Ration 2 exhibited low ini-
tial production at 24 h (53.32 L kg ~!), which increased substantially at 48 h (153.08 L kg 1)
and slightly further at 72 h (157.55 L kg~!). The supplementation of both rations with
additives resulted in different methane production profiles. For OFI-supplemented rations,
Ration 1 had moderate methane production at 24 h (146.54 L kg 1), which decreased at 48 h
(97.70 L kg’l) before rising again at 72 h (161.68 L kg’l). In contrast, Ration 2 began with a
high value at 24 h (181.98 L kg’l), followed by a stepwise decreased at 48 h (158.24 L kg’l)
and 72 h (112.83 L kg~ 1). BR-supplemented rations showed a similar trend, with slightly
higher values for Ration 1 compared to Ration 2. In Ration 1, methane production peaked
at 48 h (202.27 L kg~!) with high values also recorded at 24 h (148.95 L kg~ !) and 72 h
(168.90 L kg’l). Ration 2 showed moderate and stable production, with values of 127.62,
142.76, and 146.89 L kg ! at 24, 48 and 72 h, respectively.

Table 5. Methane production over the 72-h period and nitrate content at 72 h for all rations.

Methane Production (L CHy. kg—1)

Supplementation Time B, k Nitrate Content (mg L—1)
24h 48h 72 h
N Ration 1 150.10 = 19.17  146.89 +33.44  184.61 + 6.78 49.451 0.080 211.40 + 39.80
one Ration 2 5343 +15.69  153.08 £33.23  157.55 + 28.16 80.747 0.013 97.09 + 71.03
OFLsupplemented  Ration 1 14654 £22.70 9752 +47.64  161.68 & 52.29 39.333 0.990 120.90 + 14.72
PP Ration 2 181.98 £ 4575 15824 +44.72  112.83+£2.75 43.900 1.000 4940 + 6.77
BR-supplemented Ration 1 14895 +14.10 20210 £0.86  168.90 3027  54.048 0.074 21.55 =+ 0.80
PP Ration 2 12745 +£ 5143 14276 +£49.19 14672 £4558 42,536 0.085 2325+ 5.14
PO-supplemented Ration 1 107.16 £37.67 13519 £ 6295 11644 +54.87  36.602 0.086 44.40 + 10.46
pp Ration 2 90.47 + 1.72 80.49 =+ 17.89 54.35 + 5.50 21.833 0.977 74.60 & 9.229

OFI = Opuntia ficus-indica; PO = Posidonia oceanica; BR = Brassica rapa.

PO-supplemented rations produced the lowest methane levels compared to the OFI-
and BR-supplemented rations. In Ration 1, PO supplementation resulted in a peak at 48 h
(135.19 L kg~ ') with lower production at 24 h (107.33 L kg~ ') and 72 h (116.62 L kg !). In
Ration 2, PO supplementation exhibited consistently low production across all intervals
with the lowest at 72 h (54.35 L kg’l).
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Mash ration mixes 1 and 2 exhibited moderate and low nitrate levels after 72 h (211
and 98 mg L1, respectively), both of which are below levels quoted elsewhere [31]. OFI
exerted a positive effect on the two rations, reducing the nitrate levels by approximately
half to 121 and 49 mg L1, respectively. PO further lowered nitrate concentrations to 44 and
75 mg L~! in Rations 1 and 2, respectively. BR produced the most significant reduction in
nitrate levels, decreasing them to 22 mg L' and 23 mg L ! in Rations 1 and 2, respectively.

4. Discussion

In this study, fermentation experiments were conducted to assess methane production
during ruminal fermentation. It is recognized that ration feedstuffs influence the microbial
population within the ruminal fluid [32]. The nutritive potential of the individual feedstuffs
and ration mixes was investigated to identify which compositional parameters may affect
the fermentation process.

The feedstuffs, constituting the two commonly used rations, were analyzed individu-
ally for their nutritional composition. As expected, the substrates can be classified based
on their chemical profiles. The individual feedstuffs, supplements, and the supplemented
ration mixes differed significantly in their energy values (p < 0.05). The incorporation
of PO in both rations resulted in higher energy levels compared to the addition of other
supplements (p < 0.02) Methane production is generally influenced by substrate type,
digestion duration and feed efficiency [33]. This study examined several ration feedstuffs,
such as Special Dairy Plus Mash, Dairy B Mash, ground maize, and silage, which exhibited
distinct methane production rates at 24, 48, and 72 h, reflecting different temporal patterns.
Notably, silage showed a significant increase in methane production over time, peaking at
72h (p < 0.05 compared to earlier time points). Similar studies have shown that substrate
characteristics significantly influence methane yields [34-36]. For example, the anaerobic
digestion of energy crops like maize and silage, is typically associated with high methane
production [37], which aligns with our findings. This variability is also well-documented
in the literature, where maize silage often outperforms other substrates such as straw or
vegetable residues in of methane output [38,39]. Substrate efficiency was also evaluated in
this study. Feedstuffs such as Special Dairy Plus Mash and ground maize, produced more
methane than others like PO and straw. This finding is consistent with broader research
showing that substrates rich in readily degradable organic matter, such as food waste and
certain energy crops [40], yield more methane than lignocellulosic substrates like straw [39].
However, in the context of this study, substrate efficiency also considers low methane-
producing feedstuffs. Additionally, other factors may influence methane production and
nutrient digestibility. Notably, certain fodder crops contain high levels of antinutrients such
as tannins that would limit digestibility and fermentation performance [41].

Considering methane production following the introduction of supplements into
conventional rations, it was observed that supplements affected methane output in both
ration mixes with significant supplementation x time interactions (p < 0.001). The inclusion
of supplements like OFI and PO produced mixed results. While OFI reduced methane
production in the rations, PO had a greater impact, resulting in even lower methane
production compared to OFI-supplemented rations. This is consistent with PO’s lower
degradability, as reported in previous studies [42].

According to the Hashimoto first-order kinetics model for substrates [30], By represents
the maximum potential methane production from a substrate under ideal conditions,
assuming sufficient digestion time for complete degradation. A high By value, such as By of
100 for straw, silage and PO, indicates that the substrates have a high methane production
potential. This is likely due to their high organic matter content, which can be efficiently
converted to biogas. In contrast, substrates such as OFI, BR and ground sugar beet, degrade
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more rapidly (as reflected by their k value) but have lower overall methane production
potential. This may be attributed to their lower biodegradable organic matter content or to
compositional differences that limit methane generation, especially in their dried state [43].

A high k value (e.g., k = 0.999 for BR) indicates that the substrate is rapidly degraded
and converted to methane. Conversely, a low k value (e.g., k = 0.001 for PO) indicates that
the substrate degrades much more slowly, requiring a longer time to reach its full methane
potential. This slow degradation rate is likely due to the complex structure and high lignin
content of PO (101.48 L kg_l) [44], which makes it more resistant to microbial breakdown.
A similar pattern was observed for straw.

When selecting substrates for rations, both type of substrate and the digestion time
must be considered. If the goal is to reduce biogas (methane) production, substrates
with high By values should be minimized. However, the rate of degradation (k) also
plays a crucial role in determining both the efficiency and speed of methane production.
Substrates, such as straw, PO and silage with a high By values (100) but low k values
(<0.0055) may require longer digestion times to achieve their full methane production. In
contrast, substrates, like BR, ground sugar beet and ground maize with lower By (<33),
having higher k values (0.9877) might produce methane faster but in smaller quantities.

Rations such as Ration 2, BR-supplemented Ration 1, and Ration 1 had high methane
production (Bg > 49.45), making them less desirable for use in dairy cows if methane is miti-
gated properly. In contrast, PO-supplemented Ration 2 exhibited lower methane production
(Bp = 21.83), suggesting its potential suitability for low-emission feeding strategies.

Accordingly, the feedstuffs and rations in this study can be categorized into four groups
(Table 6) based on their methane production.

Table 6. Classification of feedstuffs and supplemented rations by methane production.

Substrates (Feedstuffs)

Supplemented Rations

High By and Low k

PO and Straw have a very high
methane production potential but
degrade very slowly, making them
suitable for systems with longer
retention times

Ration 2: has a high methane
production potential but degrades
very slowly, making it suitable for
systems with longer retention times
to achieve full methane yield.

High By and High k

Hay 1, despite a high potential,
degrades very quickly, providing
rapid methane production

BR-supplemented ration 1 offers high
methane production potential with a
moderate degradation rate, suitable
for systems balancing both yield and
degradation rate.

Moderate By and High k

Substrates like Dairy B Mash, Maize
Ground, and Ground Sugar Beet
have moderate methane potential but
degrade rapidly, suitable for fast
biogas generation.

OFlI-supplemented rations and
PO-supplemented ration 2. These
rations provide moderate methane
production but degrade very quickly,
making them suitable for systems
requiring rapid methane production.

Moderate By and Moderate/Low k

Substrates like Dairy Summer Mash
and PO provide moderate methane
production at a slower rate,
balancing between yield and
degradation speed.

Ration 1, BR-supplemented ration 2,
PO-supplemented ration 1: These
rations offer a balanced approach
with moderate methane production
and a steady degradation rate.

OFI = Opuntia ficus-indica; PO = Posidonia oceanica; BR = Brassica rapa.

Dairy Summer Mash (804 mg L~!) and hay are considered high-nitrate substrates.

These elevated nitrate levels are consistent with findings from studies on nitrogen-rich

substrates [45]. High nitrate concentrations can inhibit methane production by compet-
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ing with methanogens for hydrogen, thus reducing overall methane yield [46,47]. This
supports previous studies reporting the inhibitory effects of elevated nitrate and nitrite
levels on anaerobic digestion [48,49]. Special Dairy Plus Mash, ground maize, and OFI are
considered as moderate-nitrate substrates. While moderate nitrate levels may still influence
anaerobic digestion, their effect is less pronounced compared to high-nitrate substrates.
Research suggests that moderate nitrate concentrations do not usually cause significant
inhibition, but proper management is required to avoid potential negative impacts on
methanogenesis [50]. Low-nitrate substrates include ground sugar beet and silage. These
feedstuffs have lower nitrate concentrations, posing minimal risk of inhibition in anaer-
obic digestion. Studies have shown that low-nitrate substrates are generally favorable
for methane production as they do not significantly hinder methanogenic activity [49].
This creates a paradox for animal nutritionists and stakeholders within the dairy industry:
substrates that are more digestible and nutritious may also contribute more to methane
emissions.

High nitrate levels can suppress methane production by outcompeting methanogens
for hydrogen [51]. In this study, rations supplemented with BR produced low nitrate
levels, which reduces their potential to mitigate methane production and may result in
increased methane levels. This is consistent with literature findings that low nitrate concen-
trations (<100 mg L~!) are generally non-inhibitory and often lead to increased methane
production [48,49]. OFI-supplemented rations exhibited lower nitrate levels compared to
the base rations, enhancing their suitability for anaerobic digestion by reducing methane
production. PO-supplemented rations contained low to moderate nitrate concentrations
and consistently low methane production over the 72-h period, suggesting their suitability
for anaerobic digestion.

Multivariate analysis, using the principal feedstuffs, was performed to identify latent
traits within the feedstuff and ration datasets. Spearman correlation (Table 7) for the indi-
vidual feedstuffs revealed strong positive correlations between crude protein content and
both dry matter and ash contents (rs > 0.527), differing from trends reported in feedstuffs for
other ruminants [25]. Total digestible nutrients (TDN) showed a strong positive correlation
with both fat content and NFC (rs > 0.654), indicating that dairy feeds rich in NFC or fat tend
to be more energy-dense [52]. Conversely, neutral detergent fiber was negatively correlated
with all three parameters (rs < —0.560), and acid detergent fiber correlated negatively with
the ether extract (rs = —0.654). There was also a negative correlation between By and k. This
relationship reflects the complex interplay between feed composition, microbial activity,
and methane production dynamics [53]. Substrates with high By values are typically slower
to ferment, leading to a lower methane production rate (k), while fast-fermenting substrates
tend to have lower total methane potential. This correlation is crucial for formulating
dairy rations that balance productivity with reduced environmental impacts [54]. Rapidly
fermenting feeds can also affect animal product quality, as they promote the proliferation
of ruminal amylolytic bacteria, which in turn increase propionate production, a precursor
for odd-chain FAs production in milk and meat [55]. Two latent factors had an eigenvalue
greater than 1 and together explained 60.75% of the total variance. The factor loadings
demonstrated two main variable clusters. The first factor was loaded on most parameters,
whereas the second factor was heavily loaded on ether extract, acid detergent fiber, and ni-
trate content. The observations biplot (Figure 1) reveals that the ration feedstuffs differed in
nutritional characteristics, influencing their suitability in ration formulations. For example,
Dairy summer, Dairy B, ground maize, special Dairy and silage are high in ether extract
(>1.62%), whereas hay, alfalfa, OPI and BR are high in ash and crude protein contents
(>12.54% and >21.68%, respectively). Straw, silage and PO possess a high neutral detergent
fiber content (>49.27%). Within these clusters, Dairy B, Dairy Summer, ground maize, hay
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and PO exhibit rapid methane production rates (k > 0.9877) while straw, silage and BR are
potential high methane producers (By = 100). Combining these substrates within rations
may result in varying profiles, potentially leading to agonistic, synergistic and antagonistic
effects across key parameters.

Table 7. Spearman correlation matrix for all ration substrates.

Variables Ash CpP EE NDF ADF NFC Bo k Nitrate TDN Energy
DM 0.368 0.577 —0.154 —0.560 —0.016 0.143 0.221 —0.465 0.286 0.016 —0.401
Ash 0.527 —0.297 —0.610 0.214 —0.099 0.331 —0.195 0.440 —0.214 —0.324
cp —0.198 —0.621 0.099 —0.093 —0.110 0.063 —0.016 —0.099 —0.330
EE —0.005 —0.654 0.258 0.138 0.157 0.330 0.654 0.082
NDF 0.352 —0.555 —0.039 0.107 —0.390 —0.352 0.841
ADF —0.720 0.122 —0.385 —0.445 —1.000 0.401
NFC —0.193 0.025 0.291 0.720 —0.791
Bo —0.683 0.354 —0.122 0.160

k —0.039 0.385 0.069
Nitrate 0.445 —0.374
TDN —0.401
Biplot (axes F1 and F2: 60.75 %)
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Figure 1. The biplot for the thirteen ration feedstuffs (Blue colour) with proximate, methane and
nitrate results (Red colour).

Spearman correlation (Table 8) was also conducted on the basal and supplemented
rations. Dry matter correlated positively with crude protein (rs = 0.667) and negatively
with ash, NDF and k (rs < —0.595). Ash content correlated positively with k (rs = 0.714)
but negatively with By (rs = —0.881). Total digestible nutrients (TDN) were negatively
correlated with ADF (rs = —1.000) which aligns with findings by Weiss [56]. Crude protein
correlated negatively with k (rs = —0.714) and ether extract correlated negatively with ADF
and nitrate content (rs < —0.524). NDF correlated positively with ADF (rs = 0.619), which in
turn correlated positively with nitrate content (rs = 0.500). The methane-related parameters
(Bp and k) were negatively correlated with each other (rs = —0.690). Considering the feed-
supplemented rations, two latent factors had an eigenvalue greater than 1, which together
explained 70.58% of the total variance. The factor loadings demonstrated different groups of
variables. The parameters were grouped within the two factors as previously observed for
the ration feedstuffs. The biplot (Figure 2) showed that the ration additives (BR, PFI and PO)
clustered the two rations indicating that these additives characterized the overall nutritive
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value of the two conventional rations. Supplementing the rations with OFI resulted in a
fast rate of methane production but lower overall methane yield, indicating its potential
use as an alternative feed additive [57]. PO supplementation reduced methane production,
although the rate of production varied significantly between the two rations (k = 0.086 and
0.977 for supplemented Ration 1 and 2, respectively). Notably, PO-supplemented rations
had higher energy values compared to the other supplemented rations. BR-supplemented
rations exhibited elevated ether extract values (>1.78%).

Table 8. Spearman correlation matrix for all rations.

TDN

Variables  Ash (%) CP (%) Fat (%) NDF (%) ADF(%) NFC(%) Energy %) Bo k Nitrate
DM (%) —0.738 0.667 —-0.214 —0.667 —0.024 0.333 —0.238 0.024 0.476 —0.595 0.310
Ash (%) —0.381 0.048 0.476 0.310 —0.238 0.119 —0.310 —0.881 0.714 —0.333
CP (%) —0.286 —0.476 0.262 —0.214 0.238 —0.262 0.286 —0.714 0.000
Fat (%) —0.262 —0.524 0.190 —0.214 0.524 0.048 —0.238 —0.595

NDF (%) 0.619 —0.690 0.643 —0.619 —0.381 0.476 0.333

ADF (%) —0.762 0.738 —1.000 —0.452 0.095 0.500
NEC (%) —0.976 0.762 0.167 0.167 —0.214
Energy —0738  —0.071  —0214 0333

TDN (%) 0.452 —0.095 —0.500

Bo —0.690 0.024
k 0.095
Biplot (axes F1 and F2: 70.58 %)
4 g T
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Figure 2. The biplot for the basal and supplemented rations (Blue colour) with proximate, methane
and nitrate results (Red colour).

5. Conclusions

This study demonstrated the efficacy of feed supplements measured under in vitro
conditions in mitigating methane production and nitrate content.

The results are consistent with findings, indicating that substrate type and digestion
time significantly influence methane production. Moreover, understanding the temporal
production patterns of methane generation can aidss in optimizing the digestion process
to minimize emissions. Although OFI exhibited a low rate of methane production as
an individual additive, rations supplemented with OFI showed relatively high methane
production rates. In contrast BR consistently resulted in low methane production, both as
a standalone feed additive and when incorporated into rations. PO alone exhibited low
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methane production, however its supplementation produced low methane production in
Ration 1 and high in Ration 2.

Nitrate levels varied among rations, with BR-supplemented rations showing the lowest
concentrations, making them potentially suitable for anaerobic digestion. The moderate
nitrate levels observed in other supplemented rations suggest they can be used effectively
with minimal risk of increasing methane production. These findings align with broader
research highlighting the need to manage nitrate concentrations as a strategy for methane
control. Further research on nitrate management in anaerobic digestion is recommended
for deeper insights.

An effective co-digestion strategy should be considered to maintain low levels of
environmental contaminants following ruminal fermentation. Combining high-nitrate
substrates with low-nitrate ones can help balance the nitrate concentrations while sustaining
reduced methane yield.

This study confirms that methane production and nitrate content can be influenced
through dietary manipulation. Key strategies include optimizing diet composition, improv-
ing feed efficiency, incorporating plant-based supplements and balancing protein intake.
These should be paired with ongoing monitoring of atmospheric methane levels and nitrate
concentrations in manure. To build on these initial findings, further studies are necessary,
particularly focusing on the production of volatile fatty acids during fermentation. An
in vivo experimental setup is essential to provide a clearer, more comprehensive under-
standing. Ultimately, a predictive model incorporating both in vitro and in vivo data will be
developed to optimize ration formulations and supplement use in dairy nutrition.
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