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The objective was to evaluate whether methane (CH4) production from stored

feces of cows previously supplemented with Asparagopsis taxiformis (AT) in their

diet was lower compared with the feces of cows not supplemented with AT. We

also investigated the possibility of further reducingCH4 production by adding AT to

the stored feces of cows. Fecal samples were provided from a feeding trial (during

two di�erent periods) of four cows divided into two di�erent groups. One group

was supplemented with AT at a level of 0.5% of the total organic matter intake, and

the other group was not supplemented with AT. A 2 × 2 factorial design was set in

the laboratory for the incubation of feces. Fecal samples from the two groups of

cows were divided into two subsamples receiving either no addition of AT or the

addition of AT at a level of 0.5% of OM incubated. This resulted in four treatments

with two replicates per period. The same design was repeated during period two.

In total, 400g of fresh fecal samples were incubated in 1 L serum bottles for 9

weeks at 39◦C in a water bath. CH4 and total gas production were measured on

days 1, 4, and 7 and subsequently every 2nd week until the end of the incubation

period. Enteric CH4 production showed a significant reduction (61%) when AT

was supplemented in the diet of dairy cows. We found that CH4 production from

the feces of dairy cows supplemented with AT in their diet was only numerically

lower (P = 0.61). Adding AT to the feces of dairy cows significantly reduced CH4

production from the feces by 44% compared with feces without AT. There were

no di�erences observed in the bacterial and archaeal community profiles of fecal

samples between cows fed AT and those not fed AT. This study concludes that

the addition of AT to stored feces can e�ectively reduce CH4 production from the

feces of dairy cows.
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Introduction

There have been many efforts to decrease the carbon footprint from human activities to

slow down climate change around the globe. Within the livestock sector, enteric methane

(CH4) emissions from the ruminant sector play a key role. Enclosed by ruminants, the

dairy sector is one of the most important contributors to CH4 emissions. It is estimated

that ruminant livestock emits around one-third of anthropogenic CH4 (Jackson et al., 2020).

Most CH4 produced by a dairy cow is from enteric fermentation, but the second largest

source of CH4 is the decomposition of cows’ feces (United States Environmental Protection

Agency, 2006). Manure stored in the cool-temperate European climate is estimated to be
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responsible for ∼12% of total CH4 emissions from the dairy

system (Hindrichsen et al., 2015). However, manure is also used for

biogas production, which is beneficial for the environment through

the production of renewable energy (Huhtanen et al., 2021).

The contribution of manure to greenhouse gas (GHG) emissions

depends on many factors, such as the chemical composition

of manure, the conditions under which manure is stored, and

the temperature (Hassanat and Benchaar, 2019). For instance,

incubated feces from cows that are fed vs. not fed rapeseed oil

produced 3.45 and 3.85 L, respectively, of CH4 per kg of dry matter

of incubated material (Ramin et al., 2021). Dietary strategies, such

as high-concentrate feeding, will decrease enteric production of

CH4 while increasing fecal output of potentially digestible organic

matter (pdOM; Huhtanen et al., 2021). This will increase the

production of CH4 from manure as the amount of fermentable

substrate ending up in the feces also increases (Møller et al.,

2014). In Sweden and some other Nordic countries, the Tier 2

methodology of the IPCC is used to predict CH4 production from

manure (Intergovernmental Panel on Climate Change, 2006). The

prediction equations developed by the IPCC do not take into

account the effects of using inhibitory compounds or inducing

changes in the composition of feces due to diet changes. This

will lead to an overestimation/underestimation of CH4 production

from manure.

Several strategies have been reported to decrease enteric CH4

production from dairy cows. Recently, a red macroalgae native

from tropical areas, Asparagopsis taxiformis (AT), was identified as

a natural enteric CH4 mitigator. The most exploited halogenated

compound found in AT is bromoform (CHBr3). Bromoform

mitigates CH4 production in the rumen by impairing the final

step in methanogenesis (Duin et al., 2016). Stefenoni et al. (2021)

showed a decrease of ∼65% in CH4 production from dairy cows

fed AT by the inclusion of AT at 0.5% of dry matter intake

(DMI). However, there are concerns about using AT in the diet

of dairy cows since traces of CHBr3 have been identified in the

milk of dairy cows (Stefenoni et al., 2021), and a recent study

showed inflammatory damages to the rumen wall of dairy cows

supplemented with AT (Muizelaar et al., 2021). A more practical

solution for using AT to reduce CH4 emissions could be the

addition of AT to the manure of dairy cows. Only a few studies in

the literature present strategies to decrease GHG frommanure, and

most of them are related to emissions of nitrous oxide (N2O).

The first objective of this study was to estimate CH4 production

from stored feces of cows previously supplemented or not

supplemented with AT in their diet. The second objective was to

evaluate whether CH4 production could be mitigated by adding AT

to the feces of dairy cows.

We hypothesized that feces from cows supplemented with

AT in their diet would produce less CH4 than feces from cows

not supplemented with AT and that the addition of AT to

incubated cows’ feces might impair methanogenesis during feces

decomposition, resulting in decreased CH4 production.

Materials and methods

We collected fecal samples in connection to a feeding trial

conducted at the Röbäcksdalen experimental farm of the Swedish

University of Agricultural Sciences in Umeå (63◦45′ N, 20◦17′ E)

that aimed to evaluate the effect of supplementing AT to a grass

silage-based diet fed to dairy cows. More detail on the feeding trial

can be found in the study by Krizsan et al. (2023). In brief, six

Nordic Red dairy cows at 122 ± 13.7 (mean ± SD) days in milk,

parity 2.7 ± 0.52, and producing 36 ± 2.5 kg milk/day at the start

of the experiment were assigned to a Latin square change-over

design comprising two dietary treatments (diet supplemented and

not supplemented with AT). Cows were kept in an insulated free-

stall barn with free access to fresh water. The cows were fed a basal

diet consisting of grass silage and a commercial concentrate at a

ratio of 60:40 on a dry matter basis. The basal diet was either not

supplemented or supplemented with 0.5% of AT on a total organic

matter (OM) intake basis. The diets were fed to the cows as a total

mixed ration (TMR) ad libitum. The diets were mixed using the

TMR mixer (Nolan A/S) and delivered to the feed troughs three

times per day by an automatic feeding wagon. Feed intake was

monitored with Roughage Intake Control feeders (Insentec B.V.,

Marknesse, the Netherlands).

Enteric CH4 production was measured using the GreenFeed

system (C-Lock Inc., Rapid City, SD, USA), as described by

Huhtanen et al. (2015). The GreenFeed was set to allow all six cows

in the experiment (previously trained) to visit the system at 5 h

intervals. To attract the animals to visit the GreenFeed regularly,

eight drops of ∼50 g (each drop) of pelleted concentrate, the

same commercial concentrate (Komplett Amin 180; Lantmännen

Lantbruk AB, Malmö, Sweden) as in the TMR, were given to the

cows. The interval set between each drop was 40 s.

Fecal samples were collected during two periods from two

cows not supplemented with AT (control) and from two cows

supplemented with AT at a level of 0.5% of OM intake.We collected

fecal samples from only two cows per treatment since we had

limited space in the laboratory for measurements of fecal CH4

production. A 2 × 2 factorial design was set for the incubation

of feces in the laboratory. Each fecal sample (four in total) was

divided into two subsamples. Each subsample received one of the

two treatments; no addition of AT to the fecal sample (control)

or addition of AT to the fecal sample at a level of 0.5% of OM

incubated. This resulted in four treatments with two replicates per

treatment per period. The same design was repeated during the

second period. The experimental design applied to the incubation

of feces to measure fecal CH4 production is shown in Figure 1.

The method described by Ramin et al. (2021) was used for

measuring CH4 production from feces. In brief, 400 g of fresh

fecal sample collected from the cows was incubated in eight 1 L

serum bottles for 9 weeks at 39◦C in a water bath. Asparagopsis

taxiformis was added to four of the bottles (Figure 1). Bottles were

gently shaken three times per week. The 1 L serum bottles were

connected to gastight inert foil sampling bags (SupelTM-Supelco,

USA). Methane and total gas production were measured on days 1,

4, and 7 and then every 2nd week until the end of the incubation.

Cumulative CH4 production was calculated based on the sum

of CH4 production at each time point as follows:

Methane (ml) = HSCH4 × 600 + Bag CH4

×Total gas produced (ml),
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FIGURE 1

A schematic view of the experimental design applied to the incubation of feces to measure fecal CH4 production.

where HSCH4 is the headspace CH4 concentration; bag CH4

is the CH4 concentration in the sampling bag; and 600 is the

headspace volume in the serum bottles. The concentration of

CH4 in the gas sample was determined by injecting 0.2ml of

gas withdrawn from the headspace/sampling bag into a gas

chromatograph using a gastight syringe, as described by Ramin and

Huhtanen (2012).

Fecal samples from the four cows selected for the fecal

incubations were dried at 105◦C for 16 h. Thereafter, samples were

milled using a cutter mill (SM 300, Retsch Ltd., Haan, Germany) to

pass through a 1mm sieve for neutral detergent fiber (NDF) and

OM analysis. Subsamples were also milled to pass a 2mm sieve for

indigestible NDF (iNDF) analysis. Ash was determined on dried

fecal samples by combustion at 500◦C for 4 h (AOAC International,

2000). Organic matter was calculated as 1,000—ash. The NDF

concentration of fecal samples was determined using heat stable

α-amylase and sodium sulfite (Mertens, 2002) in an Ankom200

Fiber Analyzer (Ankom Technology Corp., Macedon, NY, USA).

Indigestible NDF was determined as duplicate samples of 2 g which

were weighed into polyester bags of 11µm pore size (Krizsan et al.,

2015). The bags were incubated for 288 h in the rumen of three

cannulated cows that were fed a grass silage-based diet, and iNDF

was expressed on an ash-free basis (Huhtanen et al., 1994). The

potentially digestible NDF (pdNDF, g/kg DM) was calculated as

the difference between NDF and iNDF. Neutral detergent soluble

(NDS) was calculated as the difference between OM and NDF. The

pdOM was calculated as the sum of NDS and pdNDF.

Subsamples of 15 g from the feces of cows supplemented

with and without AT in the diet were collected, frozen

at −80◦C, and sent to Novogene, UK, for microbial

community analysis. Community DNA was isolated using

the TIAN amp Stool DNA Kit, as per the manufacturer’s

instructions with slight modifications. The extracted DNA

from the feces was subjected to 16S rRNA gene (V4 region)

amplification, targeting both Bacteria and Archaea using the

primer pair 515F (GTGBCAGCMGCCGCGGTAA)/805R

(GACTACHVGGGTATCTAATCC). The amplified product was

further used for meta-barcoding sequencing using the PE250

strategy on the Illumina sequencing platform (Hi Seq 2500), and

the raw sequencing reads were processed using USEARCH version

11 (Edgar, 2010), according to Pal et al. (2022). The OTU files were

further used for classification using RDP classifier version 2.11,

database release 11.5 (Cole et al., 2014), and the final image was

rendered in MEGAN-LR (Huson et al., 2018). OTUs representing

archaeal taxa were extracted using MEGAN-LR for the graphical

representation (Huson et al., 2018).

Dry matter intake, enteric hydrogen, and enteric CH4

production data were subjected to the analysis of variance using the

PROC GLM procedure in SAS (SAS Inc. 2002–2003, Release 9.4

SAS Inst. Inc., Cary, NC, USA) by applying the following model:

Yijk = µ + Di + Pj + Ck + εijk,

where µ = the overall mean, Di = the effect of dietary treatment

(supplemented with AT or not), Pj = the effect of period, Ck = the

effect of cow, and εijk = random residual error.
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TABLE 1 Chemical composition of feces of cows (n = 4) not

supplemented or supplemented with Asparagopsis taxiformis (AT) in their

diet.

Item, g/kg DM Not
supplemented

with AT

Supplemented
with AT

Organic matter 866 847

NDFa 478 465

Indigestible NDF 308 302

Potential digestible NDF 170 163

Neutral detergent

solubles

388 382

Potential digestible

organic matter

558 545

aNeutral detergent fiber.

We adopted the following model (PROC GLM) using the

statistical package of SAS (9.4) for analyzing CH4 and total gas

production from stored feces:

Yijk = µ + Fi + Aj + Pk + (FA)ij + εijk,

where µ = the overall mean, Fi = the effect of level i of factor F

(cow) supplemented with AT to diet or not, Aj = the effect of level

j of factor A adding AT to feces or not, Pk = the effect of level k of

the period, (FA)ij = the effect of the interaction between F and A,

and εijk = random residual error.

Results

The chemical composition of the feces of cows with or without

AT supplementation in their diet is presented in Table 1. The pdOM

content in the feces of cows supplemented with AT was rather

similar to the feces of cows not supplemented with AT (Table 1).

Supplementing AT to the diet of dairy cows decreased daily enteric

CH4 production, g/d (P = 0.01) by 61% and DMI (P = 0.03)

by 3.7 kg/d (Table 2). Methane yield also decreased (P = 0.02)

from cows supplemented with AT (9 g/kg DMI lower) than from

cows not supplemented with AT (Table 2). As a consequence of

reduced CH4 production from cows supplemented with AT in

their diet, hydrogen production was greater (P = 0.02) for cows

supplemented with AT (5.02 vs. 1.07 g/d, respectively; Table 2).

Methane production was numerically lower (P = 0.61) in the feces

of cows supplemented with AT in their diet compared to feces of

cows not supplemented with AT in their diet, 3.73 vs. 4.13 L/kg DM,

respectively (Table 3). Adding AT to the feces of cows reduced (P <

0.01) CH4 production from the feces by 44% compared with feces

without the addition of AT, 2.84 vs. 5.04 L/kg DM (Table 3). Total

gas production was also lower (P = 0.03) in feces with the addition

of AT than in feces without the addition of AT (Table 3).

In eight samples, a total of 823,839 clean reads were observed

with an average read length of 102,980. A total of 19,638 OTUs

were observed, among which 61 OTUs were classified as Archaea

and 19,181 OTUs as Bacteria. No significant variation was

observed in the archaeal and bacterial community profiles of

feces samples from cows supplemented with AT and non-AT

supplemented diets. Firmicutes and Bacteroidetes were the

most dominant bacterial phyla, followed by Proteobacteria,

Actinobacteria, and Acidobacteria, constituting over ∼95%

of total OTU relative abundance (Figure 2A). In addition,

Gemmatimonadetes, Synergistetes, and Planctomycetes were only

observed in non-AT samples. Euryarchaeota was the only observed

archaeal phyla in both AT and non-AT samples. At the genus level,

Methanobrevibacter, Methanosphaera, and Methanocorpusculum

(within the phylum Euryarchaeota) were present in both AT

and non-AT samples (Figure 2B). The average species richness

(Chao-1) was greater in the AT-fed group compared with the

non-AT-fed group, while no contrasting differences were observed

in alpha diversity (Simpson and Shannon) and beta diversity (data

not shown).

Discussion

We showed that supplementing AT to the diet of Nordic dairy

cows significantly reduces DMI and enteric CH4 production. We

also found that adding AT to the feces of dairy cows further

decreases CH4 production. Methane production from the feces of

cows that have previously been supplemented with AT in their

diet is not significantly decreased compared with the feces of cows

not supplemented with AT. However, the addition of AT to feces

showed that around 44% of CH4 production could be reduced from

the feces of dairy cows.

To date, AT is the most promising naturally derived inhibitor

of CH4 production from dairy cows (Wasson et al., 2022). The

most reported CH4 inhibitor active compound in AT is CHBr3,

and it acts by inhibiting the enzyme methyl-coenzyme M reductase

(MCR), which catalyzes the final step in methanogenesis in rumen

archaea (Duin et al., 2016). Since the main compound reducing

CH4 in AT is CHBr3, as shown by Stefenoni et al. (2021) in

dairy cows, the addition of other halogenated compounds is a

feasible method for reducing CH4 production from manure as

well. Inhibiting CH4 production from anaerobic digesters is a

relevant concern nowadays for the livestock sector that intends to

utilize the manure in their fields (Wasson et al., 2022). In addition

to CH4, N2O is another GHG that has a significant effect on

global warming with a 265 times higher global warming potential

than carbon dioxide (Intergovernmental Panel on Climate Change,

2014). Compared to CH4 production, N2O could be mitigated

more easily from manure since dietary optimization of protein

consumption will lead to improved nitrogen utilization and result

in lower nitrogen loss to the manure (Novak and Fiorelli, 2010).

However, mitigating enteric CH4 production from dairy cows

seems to be more challenging, since it might affect the productivity

of the animals as well. In addition, it might be easier to reduce the

emissions of CH4 from manure, although a lower amount of CH4

is produced from the manure compared with enteric fermentation.

We should also take into account that supplementing dairy cows

with AT and the related environmental benefits will depend on

the producer’s acceptance of the current cost of AT (Wasson et al.,

2022).
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TABLE 2 E�ect of supplementation of Asparagopsis taxiformis (AT) to the diet of dairy cows (n = 4) on dry matter intake (DMI) and enteric methane

(CH4) production.

Item Not supplemented with AT Supplemented with AT SEMa P-value

DMI, kg/d 22.3 18.6 0.81 0.03

CH4 , g/d 404 159 39.7 0.01

CH4 , g/kg DMI 18.2 9.05 1.678 0.02

Hydrogen, g/d 1.07 5.02 0.748 0.02

aStandard error of the mean.

TABLE 3 Methane (CH4) production from stored feces (n = 8) of cows supplemented or not supplemented with Asparagopsis taxiformis (AT) in their diet

and with or without the addition of AT to feces.

Item Non-AT fed cows AT fed cows SEMb P-valuesc

CONa AT added to feces CON AT added to feces S A S×A

CH4 , L/kg DM 5.50 2.78 4.58 2.90 0.763 0.61 0.01 0.50

Total gas, L/kg DM 24.4 16.0 23.9 16.6 3.19 0.99 0.04 0.86

CH4/total gas 0.23 0.20 0.20 0.18 0.023 0.23 0.40 0.95

aCON, control, without addition of AT to the feces.
bStandard error of mean.
cS represents dietary supplementation with AT, A represents the addition of AT to the feces, and S × A represents the interaction effect between dietary supplementation with AT and the

addition of AT to the feces.

Other halogenated compounds could also be tested and used,

e.g., 3-nitrooxypropanol (3NOP). We used AT as the CH4 inhibitor

in this study since 3NOP and AT both have the same mode of

action and block the enzyme in the fermentation process in the

methanogens, producing CH4 in the rumen. Using 3NOP could be

a cheaper option for both feeding the animal and adding manure to

mitigate CH4 production. The effect of 3NOP on CH4 inhibition

in dairy cows is, however, smaller than the effect of AT. In a

study conducted by Hristov et al. (2015), enteric CH4 production

was reduced by ∼30% from dairy cows supplemented with 3NOP

compared with the control group. Supplementing dairy cows

with AT also has potentially negative effects on their production

performance.We found that DMIwas significantly reduced, similar

to the findings by Stefenoni et al. (2021). In addition, they found

that milk yield decreased, which is also supported by the findings

of Krizsan et al. (2023), who showed a decrease in energy-corrected

milk yield from cows supplemented with AT. The use of AT in the

diet might also limit the market adoption if negative side effects of

AT supplementation are observed (Wasson et al., 2022). In a recent

study,Muizelaar et al. (2021) reported that feeding AT to dairy cows

showed signs of inflammation in the rumen.

One assumption is that dietary strategies that reduce enteric

CH4 production are compensated by increased CH4 production

from the manure, which is called a trade-off between enteric

and fecal CH4 production. This could be due to the presence

of soluble carbohydrates (volatile solids) in the feces, which are

later fermented and converted into CH4. Benchaar et al. (2015)

found that the addition of linseed oil to dairy cows fed a corn

silage-based diet caused a decrease in enteric CH4 production

(−26%). However, Hassanat and Benchaar (2019) found that CH4

production (L/kg OM) from feces was greater from cows fed a

corn silage-based diet supplemented with linseed oil because of the

bypass of fermentable substrates into the feces. However, in this

study, pdOM (could also be referred to as volatile solids) in the feces

was rather similar between the group of cows supplemented with

AT in their diet and the control group of cows not supplemented

with AT. This is also in line with the non-significant differences in

CH4 production from feces between the same two groups of cows.

Studies looking into the archaeal and bacterial community in

the feces of cows supplemented with AT in their diet are rare.

One of the aims of the current study was to evaluate whether the

population of the bacterial and archaeal communities will differ

between the feces of cows supplemented with AT and the feces

of cows not supplemented with AT. At the phyla level, Firmicutes

was the most abundant group followed by Bacteroidetes, which is

in accordance with previous studies where microbial communities

in feces from dairy cows have been examined (Callaway et al.,

2010; Hagey et al., 2019; Williamson et al., 2022). In the study by

Williamson et al. (2022), there were clear differences between the

microbial community in the rumen and the microbial community

in the feces, and the main difference was related to an increase in

Firmicutes in relation to Bacteroidetes. However, for the bacterial

community, no differences were observed in feces from cows

supplemented with AT or not supplemented with AT. Henderson

et al. (2015) conducted a study with 742 rumen samples of foregut

microbial community composition from 35 countries, and they

found that similar bacteria and archaea dominated in nearly

all samples.

The effect of AT is mainly related to the inhibition of

methanogenesis in the archaeal community, and further effects

on the bacterial population are not well-studied. In this study,

archaea were only represented by Euryarchaeota at the phyla level,

which is in line with the study by Jin et al. (2017). Most of the

methanogens in liquid manure originate from the animal’s gut, and

Methanobrevibacter is, in general, themost abundant genus in dairy

cows, both in the rumen and feces (Henderson et al., 2015; Jin et al.,

2017). In this study, Methanobrevibacter was found to be the most

abundant genus in the feces of cows, regardless of whether their
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FIGURE 2

Bar chart represents the percent distribution of (A) bacterial and (B) archaeal OTUs at phylum and genus levels, respectively. AT (n = 4) and NAT (n =

4) samples. Archaeal OTUs were extracted from the total observed OTUsfor better visualization. AT, feces from cows supplemented with

Asparagopsis taxiformis in their diet; NAT, feces from cows not supplemented with Asparagopsis taxiformis in their diet.

diets were supplemented with AT or not. The similarity observed

between treatments in the microbial community of manure aligns

with the lack of an effect on CH4 production (L/kg DM) from feces.

It is anticipated that there will be a noticeable distinction in

treatments as a result of inhibiting methanogenesis in methanogens

within the rumen, subsequently leading to observable changes in

the feces. Nevertheless, it has been shown that the CH4-inhibiting

compound present in AT, CHBr3, is quickly metabolized in the

rumen (Romero et al., 2022) and that it is not excreted in the

manure of the animals (Muizelaar et al., 2021). Due to the quick

degradation of CHBr3 in the rumen (Muizelaar et al., 2021), an

effect on active methanogens in the feces might not be present.

Our results showed that the inhibitory effect of supplementing

dairy cow diets with AT was smaller on CH4 production from

feces compared with the effect on CH4 production from enteric

fermentation. Asparagopsis taxiformis produces a wide range of

different halogenated compounds (Woolard et al., 1979), and the

potency of the inhibitory effect of these different compounds varies

(Lanigan, 1972). Our results revealed that CH4 production from the

feces of cows supplemented with AT in their diet was numerically

lower compared with the feces of cows not supplemented with

AT. However, we should note that this study was a pilot study;

it brought new insights into reducing CH4 production from

manure. More research is needed with a greater number of cows

in future experiments to confirm the results of this study. Methane

production could be further reduced by the addition of AT to

the manure. Nonetheless, more studies are also required to be

conducted to elucidate the interactions between the halogenated

compounds of ATs and the microbiome of feces.

Conclusion

This study concluded that daily enteric CH4 production and

CH4 yield were reduced when AT was supplemented to the diet of

Nordic Red dairy cows. It should, however, be noted that DMI was

also affected and reduced by dietary AT supplementation. Methane

production from feces could be reduced by up to 44% with the
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addition of AT to the stored feces. No differences were observed in

the distribution of the bacterial and archaeal communities between

the feces of cows that were supplemented with AT in their diet and

those that were not. Further studies are necessary to investigate the

interactions between the halogenated compounds of ATs and the

fecal microbiome, in order to provide a deeper understanding of

their effects.
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