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Effect of brown and green
seaweeds on diet digestibility,
ruminal fermentation patterns
and enteric methane emissions
using the rumen
simulation technique
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Caroline O’Donnell2, Vincent O’Flaherty2, Maria Hayes4

and Sinéad M. Waters1,2*

1Teagasc Animal and Bioscience Research Department, Teagasc Grange, Meath, Ireland, 2University
of Galway, School of Natural Sciences and Ryan Institute, Galway, Ireland, 3School of Agricultural
and Food Science, University College, Dublin, Ireland, 4Food BioSciences Department, Teagasc
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Inclusion of the red seaweed Asparagopsis taxiformis as a feed additive, has led

to significant reductions in methane (CH4) production from ruminants.

However, dietary supplementation with this seaweed is negatively associated

with health and environmental concerns mainly due to its bromoform content,

a compound with potential carcinogenic properties. Thus, there is renewed

focus on ascertaining the anti-methanogenic potential of locally grown brown

and green seaweeds, which typically do not contain bromoform. The objective

of this study was to investigate the effects of selected brown and green

seaweeds on diet digestibility, ruminal fermentation patterns, total gas (TGP)

and CH4 production in vitro, using the rumen simulation technique system. In

experiment 1, Pelvetia canaliculata (PEC) was examined. In experiment 2,

Cystoseira tamariscifolia (CYT), Bifurcaria bifurcata (BIB), Fucus vesiculosus

(FUV), Himanthalia elongata (HIM) and Ulva intestinalis (ULI) were analysed.

Ascophyllum nodosum (ASC) was included in both experiments. A diet

containing A. taxiformis (ASP1; ASP2) and an unsupplemented diet (CON)

were included as positive and negative controls, respectively in both

experiments. All seaweeds were included at a rate of 10 g/kg dry matter (DM)

into a control diet of 50:50 (w:w) forage:concentrate. The seven brown and

green seaweeds assessed failed to affect absolute CH4 emissions or alter

fermentation patterns. In experiment 1, seaweed treatment had no effect on

diet digestibility, CH4%, CH4mmol/d or CH4 L/d (P>0.1), however ASP1 reduced

CH4 mmol/g DOM by 49% (P<0.01) relative to the control. Both ASC and ASP1

tended to increase TGP (P<0.1) relative to the control. In addition to this, the

inclusion of seaweed in experiment 1 reduced the production of NH3-N

(P<.0001) compared to the control. In experiment 2, seaweed treatment had

no effect on diet digestibility or TGP. Both ASP2 and FUV reduced CH4%
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(P<0.01) but only ASP2 significantly reduced CH4 mmol/d, CH4 L/d and CH4

mmol/g DOM (P<0.05). Daily mMol butyrate was reduced by ASP2 relative to

the control and most other seaweeds (P<.0001). In both experiment 1 and 2,

seaweed inclusion had no effect on daily total VFA, acetate or propionate

production or the acetate:propionate ratio relative to the control. To conclude,

including the bromoform-free brown and green seaweeds at 10g/kg DM has

no negative effects on diet digestibility or fermentation patterns but also failed

to reduce the production of enteric CH4 in vitro.
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1 Introduction

Agriculture accounts for 37.1 and 12.4% of Irish and

European greenhouse gas (GHG) emissions respectively (DECC,

2021). Methane (CH4) is a potent GHG which has a global

warming potential 28 times that of CO2 and is responsible for

40-46% of global agricultural emissions (Searchinger et al., 2021).

The majority of CH4 derived from agriculture is produced from

ruminal fermentation during the digestion of feed in cattle and

sheep (enteric CH4) predominantly, with the remainder (~10%)

produced from stored manure and slurries (Epa, 2020). Therefore,

in order to reduce the effects of global warming, it is necessary to

reduce GHGs from all sectors, with a particular focus on ruminant

production in the agricultural sector.

The European Green Deal sets out the European Union’s

ambition to reach climate neutrality and to reduce GHGs by at

least 55% by 2050 (compared to 1990 levels), with a more recent

assessment proposing to reach these targets by 2030. The Paris

Agreement, a legally binding international treaty, has also set out

the objective to limit global warming to well below 2°C, and

preferably to 1.5°C. As a result, there has been a recent

proliferation of research on the development of strategies to

mitigate methane emissions from agriculture. One of the most

promising approaches to achieving these targets in the shorter

terms is the development and validation of anti-methanogenic

feed additives to significantly reduce enteric CH4 emissions.

The use of seaweed supplementation as an approach to

reduce ruminal enteric CH4 has been on-going for over a

decade in vitro with a particular emphasis on Asparagopsis

taxiformis, however their assessment in animal studies has

only emerged in recent years. In general, the tropical, red

seaweed Asparagopsis spp., has been shown to have anti-

methanogenic properties in studies conducted in vitro (Kinley

et al., 2016) and with sheep (Li et al., 2016), beef (Roque et al.,

2021), and dairy cattle (Roque et al., 2019). The anti-

methanogenic properties of A. taxiformis and other red
02
seaweeds is thought to be mainly due to their relatively high

content of the halogenated compound, bromoform, which can

inhibit the cobamide-dependent methyl transferase step of the

methanogenic pathway and hence block the production of CH4

(Roque et al., 2019). However, bromoform, a known carcinogen

(Vaskoska, 2021), has been associated with ongoing health and

environmental concerns (Abbott et al., 2020) even when

included at low doses: addition of 67g DM A. taxiformis

(84.42 µg bromoform) resulted in rumenitis and residues in

both urine and milk (10 and 9.1 µg bromoform, respectively)

after day 1 of feeding A. taxiformis (Muizelaar et al., 2021). The

health and residue issues of bromoform are stated with a point of

caution, there are still very few studies published which define

the long-term effects of feeding bromoform rich seaweed on

animal productivity, animal health and residue deposition in

milk and/or meat.

Given the aforementioned potential of red seaweeds to

induce both animal and human disease, the lack of A.

taxiformis in European waters and the cost of it, there is

growing interest in the development of sustainably sourced,

non-bromoform containing seaweed as an alternative for

reducing enteric CH4 in ruminants. As a result, the application

of brown and green seaweeds that are abundant on European

shorelines, with promising anti-methanogenic properties are of

increasing interest (Vijn et al., 2020; Abbott et al., 2020) for the

successful utilisation of seaweed supplementation as a methane

mitigation strategy in Ireland and in Europe. Phlorotannin (PT)

containing brown seaweeds (Li et al., 2011), have shown to

reduce total gas production (TGP) and hence CH4 (Belanche

et al., 2016b) and increased protein metabolism (Mueller-

Harvey, 2006) but are also associated with anti-nutritional

effects when included at levels >5% of ruminant’s daily dry

matter intake (DMI) (Abbott et al., 2020). The level of PT in

brown seaweeds varies significantly both within and between

species, as a consequence of biotic and abiotic factors and can

range from 0.5-20% of the algal DW. Phlorotannin content of
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the seaweeds used in the current study vary from 0 – 321 mg/g

DM (Table 2) therefore a variation in anti-methanogenic

potential was expected.

Abbott et al. (2020) reported Ascophyllum nodosum, Fucus

vesiculosus and Cystoseira tamariscifolia to contain 34.9, 42.3

and 815.82 mg PT/kg, respectively. Tannins are hypothesised to

reduce the Tannins are hypothesised to reduce the archaeal and

protozoal populations in the rumen archaeal and protozoal

populations in the rumen (Piñeiro-Vázquez et al., 2015), as

well as some fibre digesting, hydrogen (H2) producing

cellulolytic bacteria (Fagundes et al., 2020), and therefore

reduce methanogenesis. While green seaweeds contain

phenolics, chlorophyll and carotenoids, which are all free

radical scavengers (Tierney et al., 2010), their anti-

methanogenic properties are yet to be determined.

The rumen simulation technique (RUSITEC) system

designed by Czerkawski and Breckenridge (1977) has been

used to assess dietary feed additives such as tannins, essential

oils, plant secondary metabolites (Tedeschi et al., 2022), and

seaweeds (Belanche et al., 2016a) on total gas output, CH4

production, digestibility parameters (Smith et al., 2020), and

volatile fatty acid (VFA) production (Castro-Montoya et al., 2012).

This system is an ideal example of both the reduction and

refinement concepts for animal science experimentation,

whereby feed additives can be screened for their anti-

methanogenic properties prior to being brought forward to in

vivo animal experiments, which can be expensive, time consuming

and labour intensive.

Mccauley et al. (2020) concluded that future research on

algal derived feed additives should focus on screening more

species and evaluating different inclusion levels whilst

subsequently ensuring that effects are sustained over longer

periods of time. The authors hypothesised that quantification

and stabilisation of bioactive components whether it be

bromoform or PT in red and brown seaweeds is also

paramount to the anti-methanogenic potential of seaweeds.

Therefore, the objective of this study was to investigate the

effects of selected brown and green seaweeds on diet digestibility,

ruminal fermentation patterns and, total gas and CH4

production, using the RUSITEC continuous culture

fermentation system.
2 Materials and methods

2.1 Experimental licensing

The experiment was conducted at the Teagasc Grange

Animal and Bioscience Research Department, Co. Meath,

Ireland (Longitude 6˚ 40' W; Latitude 53˚ 30’ N). Rumen fluid

was harvested from four cannulated lactating Holstein-Friesian

cows at Teagasc Moorepark Animal and Grassland Research and

Innovation Centre, Co. Cork, Ireland (experiment 1) and four
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cannulated Aberdeen Angus × Friesian steers at Teagasc Grange

Animal and Bioscience Research Department, Co. Meath

(experiment 2). Animals utilised for the collection of rumen

fluid and digesta were cared for in accordance with the Teagasc

Animal Ethics Committee. All procedures were approved by the

Health Product Regulatory Authority (AE19132/P026) and

(AE19132/P113), conducted under the European Directive

2010/63/EU and S.I. No. 543 of 2012.
2.2 Apparatus and experimental design

Four RUSITEC systems (Sanshin Industrial Co. Ltd.,

Yokohama, Japan) were used to simulate the rumen

environment, each of which incorporated eight fermentation

vessels. Each vessel had an effective volume of 850 ml with the

apparatus, operation and general incubation procedure as

described by Czerkawski and Breckenridge (1977). Vessels were

incubated in a water bath maintained at 39°C using a water heater

under continuous vertical agitation. The displaced effluent and

fermentation gasses from each vessel were collected in 1 L effluent

bottles and 5 L reusable polyethylene gas bags, respectively. The

study consisted of two separate 21-day experiments (14 days for

microbial adaptation and fermentation stabilisation, and seven

days for sample recording); each experimental treatment consisted

of four replicates blocked by machine and randomly allocated

within block to a fermentation vessel. Each individual vessel was

considered an experimental unit.
2.3 Experimental diets and
rumen inoculum

A number of brown and green seaweeds were supplied by

the Marine Functional Foods Research Initiative (NutraMara

project). The project (Grant-Aid Agreement No. MFFRI/07/

01) was carried out under the Sea Change Strategy with the

support of the Irish Marine Institute and the Department of

Agriculture, Food and the Marine, funded under the National

Development Plan 2007–2013. The seaweeds were then

selected for the current study as they were representative of

the seaweeds found off the Irish coastline. Authors

hypothesised that Ascophyllum nodosum (ASC) would reduce

CH4 production in vitro and due to its abundance on European

shorelines, it was included in both experiments to produce

repeatable resul t s . Seaweed names , abbreviat ions ,

pigmentation, origin and season of harvest are presented in

Table 1. In experiment 1, A. taxiformis (ASP1), ASC and

Pelvetia canaliculata (PEC) were included at a rate of 10g/kg

DM. In experiment 2, A. taxiformis (ASP2), ASC, C.

tamariscifolia (CYT), Bifurcaria bifurcata (BIB), F.

vesiculosus (FUV), Himanthalia elongata (HIM) and Ulva

intestinalis (ULI) were included at a rate of 10 g/kg DM.
frontiersin.org

https://doi.org/10.3389/fanim.2022.1021631
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org


Roskam et al. 10.3389/fanim.2022.1021631
Both ASP samples were harvested from the Azores, Portugal, at

different seasons. All seaweeds were rinsed immediately post-

harvest, ASP2 was stored at -20°C and freeze dried and milled

immediately prior to the experiment, all other seaweeds were

freeze dried and milled directly post-harvest and stored at -80°

C. Donor animals were offered a 50:50 grass silage (GS) (21%

DM, 12% CP) to concentrate diet (86% DM, 16% CP), on a DM

basis, for three weeks prior to the start of each experiment. The

in vitro experimental base diet was formulated similarly. The

basal diet was weighed and added to nylon bags (ANKOM TM

Technology, Macedon, NY, USA) each day, consisting of 10g of

dried GS (100-µm pore size, 10 x 20 cm) and 10g of dried and

milled concentrate feed plus the inclusion of the respective

experimental seaweed (100-µm pore size; 5 x 10 cm). The GS

used in the fermenters was dried for 48 hours at 55°C.

Concentrates were dried at 55°C and ground to pass through
Frontiers in Animal Science 04
a 1mm2 sieve size. The seaweeds utilised were freeze dried and

ground using a pestle and mortar.
2.4 Experimental procedure

On day 0, rumen fluid and digesta were harvested from four

rumen-cannulated animals. Rumen digesta was pooled

immediately following collection and rumen fluid was filtered

through a 1mm sieve and pooled. Rumen digesta was transferred

to the laboratory at 39°C under anaerobic conditions. The

fermentation vessels were inoculated with 450 ml rumen fluid

and 350 ml anaerobically prepared artificial saliva. Three nylon

bags, each containing one of the following (i) 80 g pooled digesta

(fresh weight), (ii) 10 g forage DM and (iii) 10 g concentrate DM

plus the respective dietary seaweed additive, were added to each
TABLE 1 Abbreviations, pigmentation, origin and harvest season of seaweeds assessed in experiment 1 and 2.

Seaweed Abbreviation Pigmentation Origin Harvest season

Asparagopsis taxiformis ASP1* Red Azores, Portugal Summer

Asparagopsis taxiformis ASP2** Red Azores, Portugal Autumn

Ascophyllum nodosum ASC‐*** Brown Sligo, Ireland Summer

Bifurcaria bifurcata BIB** Brown Galicia, N. Spain Autumn

Cystoseira tamariscifolia CYT** Brown Galway, Ireland Autumn

Fucus vesiculosus FUV** Brown Galway, Ireland Summer

Himanthalia elongata HIM** Brown Sligo, Ireland Summer

Pelvetia canaliculata PEC* Brown Galway, Ireland Autumn

Ulva intestinalis ULI** Green Galway, Ireland Summer
Seaweeds assessed in: * experiment 1, ** experiment 2, *** experiment 1&2.
TABLE 2 Chemical composition of seaweed species and basal diet components used in experiment 1 and 2.

Ingredient DM Ash CP NDF Phlorotannins3 Bromoform4

Silage1 87.48 83.36 149.7 405.2 – –

Concentrate1 84.05 62.72 152.4 192.4 – –

Silage2 91.04 91.01 127.1 461.1 – –

Concentrate2 94.03 54.68 136.3 231.2 – –

ASP11 90.71 451.2 73.47 190.5 42 4.35

ASC1,2 88.85 238.1 65.46 530.8 107 6.84

PEC1 88.78 215.6 68.23 287.1 – –

ASP22 89.45 488.9 156.2 200.1 – –

BIB2 90.26 343.1 89.31 184.7 – –

CYT2 88.80 306.8 86.43 371.7 0 –

FUV2 86.34 237.0 145.0 244.2 207 –

HIM2 88.41 284.6 52.33 203.2 321 –

ULI2 85.00 319.2 113.3 286.5 0 –
DM, dry matter (g/kg); CP, crude protein, NDF; neutral detergent fibre.
ASP, Asparagopsis taxiformis; ASC, Ascophyllum nodosum; PEC, Pelvetia canaliculata; BIB, Bifurcaria bifurcata; CYT, Cystoseira tamariscifolia; FUV, Fucus vesiculosus; HIM,
Himanthalia elongata; ULI, Ulva intestinalis.
1 experiment 1.
2 experiment 2.
3 Phlorotannins (mg/g DM) analysed using the method of Lopes et al. (2012).
4 Bromoform (mg/g DM) analysed using the method of Romanazzi et al. (2021) for ASP1 and Roque et al. (2019) for ASP2.
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vessel. Fermentation vessels were maintained in a warm water

bath at 39°C (Thermal Robo TR-1 a, Axel Global), under

continuous vertical agitation (6 revolutions per minute). Each

vessel was continuously infused with artificial saliva (prepared

daily) using a Watson-Marlow 500 series peristaltic pump

(Watson-Marlow Fluid Technology Group, Cornwall, United

Kingdom), at a rate of 27.5 ml/hr (dilution rate of 4.2%/h) for the

duration of the incubation period.

On day one of the experiment, at 0900h (and each day

thereafter), fermentation vessels were individually removed from

the warm water bath, opened and infused with carbon dioxide

(CO2). The pH of the fermentation fluid was recorded. Nylon

bags containing digesta and the concentrate/seaweed diet were

discarded. From day two, nylon bags containing forage, which

had been fermented for 48 h and the concentrate/seaweed diet

(fermented for 24 h) were removed. Upon removal, each bag was

rinsed with 25 ml artificial saliva and the liquid fraction of the

washings was returned to the vessel along with two new nylon

bags, containing 10 g DM GS and 10 g DM concentrates plus

seaweed treatment of interest (forage bag from previous day

remained). The CO2 flow was removed, vessel sealed and

returned to the 39°C water bath. Thus, three feed bags

remained in each fermenter at any time. Forage bags remained

in the fermentation vessels for 48 hours, concentrate/seaweed

bags were fermented for 24 hours. Volume of outflow effluent,

gas volume and percentage methane were recorded daily for

each vessel. This procedure was repeated each day for the 14 day

acclimatisation period.
2.5 Diet digestibility, rumen fermentation
and methane production

On days 15-21, nutrient disappearance, total gas volume,

CH4%, pH of fermentation fluid, and pH and volume of outflow

fermentation effluent were measured. After removal from

fermenters, the nylon bags were submerged in an ice bath

followed by a 30 minute, detergent free, cold rinse, to remove

loosely attached microbiota. Bags containing feed residues were

dried in a 55°C forced air oven for 48 hours and hot-weighed, the

dried hot weight was taken from the initial undigested weight to

determine DM disappearance. Contents were then ground

(1 mm sieve) for subsequent nutrient disappearance analysis.

Disappearance of organic matter (OM), CP and neutral

detergent fibre (NDF) was determined as the difference

between the amount of the components in the substrate before

incubation and the amount remaining in the residue after

incubation. Fermentation gases were collected in reusable

polyethylene bags, each morning total gas volume was

measured via manual expulsion through the dual diaphragm

DC-1A dry test gas meter (Sinagawa Corp. Tokyo, Japan) and

CH4% was estimated using the Guardian NG Gas Monitor

(Edinburgh Instruments Ltd, Livingston, UK). Daily
Frontiers in Animal Science 05
calibration of the Guardian NG Gas Monitor was conducted

with a 10% methane span gas.
2.6 Chemical analysis and ammonia and
VFA production

The DM content (g/kg) of the basal and experimental diets

(silage, concentrates, seaweeds) (Table 2) and feed residue

samples (Tables 3, 4) were determined after drying samples at

55°C for 48 h in a forced air oven. Dried feed samples were

ground in Foss™ CT 293 Cyclotec™ General Purpose Sample

Mill fitted with a 1 mm screen for subsequent chemical analysis

(Foss, Nils Foss Allé 1, DK-3400 Hilleroed, Denmark). Ash

concentrations (g/kg DM) were determined by complete

combustion in a muffle furnace (Nabertherm, GmbH,

Lilienthal, Germany) at 550°C for 5 h. Concentration of CP

(g/kg DM) for all samples except the seaweed was determined by

obtaining the nitrogen concentration (g/kg DM) of the feed and

residue samples using a LECO FP 528 instrument (Leco

Instruments UK ltd., Stockport, UK) and then multiplying this

figure by a nitrogen-protein conversion factor of 6.25 (Mariotti

et al., 2008). For the seaweed, the same protocol was used but the

nitrogen-protein conversion factor was determined for each

individual seaweed as described by Biancarosa et al. (2017).

Determination of NDF was conducted using the ANKOM220

Fibre Analyzer (ANKOM Technology, Macedon, NY, United

States) as described by Van Soest et al. (1991). The forage and

concentrate residue samples were analysed for aNDFom (NDF)

using sodium sulphite and a heat stable amylase was included

with the concentrate samples to help remove starch. NDF was

expressed exclusive of residual ash.

Outflow effluent was collected in individually labelled 1 L

glass jars, which were submerged in a 2°C water bath to halt the

fermentation process during the 24 hr collection period. During

the measurement period, on days 16, 17, 18 and 19, a 4 ml

sample of outflow effluent was collected using an automatic

pipette and added to 1 ml 50% trichloroacetic acid (TCA). The

samples were stored at -20°C for subsequent VFA and ammonia

N (NH3-N) analysis. Samples were thawed for 16 h prior to

extraction, and centrifuged for 10 minutes (1600g; 4°C). A 100

µL sample of supernatant was drawn off and mixed with 900 µL

distilled water (dH2O) for NH3-N analysis which was analysed

using the Beckman Coulter AU480 Clinical Analyser (Beckman

Coulter, IN, US) and the Thermo Electron Infinity Ammonia

Liquid Stable Reagent (Glenbio Ltd, Co. Antrim, UK) kinetic

method as described by Owens et al. (2008). For VFA analysis,

250 µl of the supernatant, 3.75 ml dH2O and 1 ml of internal

standard (0.5 g 3-metyl-n-valeric acid in one litre of 0.15 M

oxalic acid) were transferred to a test tube (16x100mm). The

diluted VFA sample was then centrifuged for 5 minutes (260g;

21°C) followed by filtration through a 0.45 µm filter (Cronus

Syringe filter PTFE 13 mm; SMI-LabHut Ltd., Maisemore,
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Gloucester, UK) into three separate 4 ml GC vials (Thermo

Scientific, Langerwehe, Germany), each sample was analysed in

triplicate. The concentration of VFA was measured using an

automated Agilent 450-GC (Agilent Technologies, Santa Clara,

Canada) fitted with flame ionisation detector (Ranfft, 1973).

Metabolic hydrogen [H] produced, incorporated and recovered

was calculated based on VFA production, using the method of

Ungerfeld et al. (2015).
2.7 Statistical analysis

Data were checked for normality and homogeneity of

variance using qqplots, histograms and formal statistical tests

as part of the UNIVARIATE procedure of SAS (version 9.4;

SAS Institute). Data that were not normally distributed were

transformed by raising the variable to the power of lambda.

The appropriate lambda value was obtained by conducting a

Box-Cox transformation analysis using the TRANSREG

procedure of SAS. Data were analysed using a repeated

measures mixed models ANOVA (PROC MIXED). Fixed

effects in the model included treatment and machine. Vessel

was included as a random effect, and day was included as a

covariate. Differences between treatment means were determined

by F-tests using Type 3 Tests sums of squares. The covariance

structure with the lowest BIC was used. The PDIFF command

incorporating the Tukey test was applied to evaluate pairwise

comparisons between treatment means. Statistically significant
Frontiers in Animal Science 06
means were considered when P<0.05, while a P<0.1 was

considered a tendency towards statistical significance.
3 Results

3.1 Diet digestibility

The disappearance of OM, DM, CP and NDF for experiment

1 and experiment 2 are presented in Tables 3 and 4, respectively.

Relative to an unsupplemented control diet, including seaweed

at 1% of dietary DM had no effect (P>0.1) on nutrient

disappearance (OM, DM, CP or NDF) in either Experiment 1

or 2.
3.2 Fermentation variables

Fermentation variables for experiment 1 are outlined in

Table 5. Ruminal pH was affected by seaweed treatment

(P<0.05), whereby both ASC and PEC tended to depress pH

relative to the control (P<0.1). Inclusion of seaweed reduced the

production of NH3-N mg/L relative to the control, whereby all

treatments (ASP1, ASC and PEC) reduced NH3-N production.

Seaweed inclusion did not affect daily mmol of total VFA

(TVFA), acetate or propionate production (P>0.1). Inclusion

of ASP1 (P<0.1) decreased production of butyrate relative to

ASC and PEC. With regard to the ratio of A:P, no seaweed
TABLE 3 Effect of seaweed inclusion on nutrient disappearances (Experiment 1) in the RUSITEC.

Treatment

CON ASP1 ASC PEC SEM P value

OM 70.29 72.65 74.03 73.10 2.796 0.8068

DM 72.16 74.56 74.57 74.54 2.415 0.8441

CP 78.54 80.14 79.63 79.85 1.300 0.8403

NDF 44.49 45.83 44.51 46.63 6.251 0.9890
front
OM, organic matter; DM, dry matter; CP, crude protein; NDF, neutral detergent fibre.
Expressed as % of nutrient disappeared.
TABLE 4 Effect of seaweed inclusion on nutrient disappearances (Experiment 2) in the RUSITEC.

Treatment

CON ASP2 ASC BIB CYT FUV HIM ULI SEM P value

OM 68.91 69.45 72.17 68.29 73.29 65.43 71.15 70.81 2.227 0.325

DM 69.86 69.92 72.36 68.86 73.44 66.33 71.52 71.20 2.060 0.3624

CP 82.04 81.50 81.49 80.64 82.55 79.47 81.89 80.41 1.281 0.728

NDF 39.60 41.79 47.01 38.53 49.44 32.97 42.45 42.11 4.457 0.2967
OM, organic matter; DM, dry matter; CP, crude protein; NDF, neutral detergent fibre.
Expressed as % of nutrient disappeared.
iersin.org

https://doi.org/10.3389/fanim.2022.1021631
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org


Roskam et al. 10.3389/fanim.2022.1021631
supplemented in experiment 1 had an effect on the proportions

of acetate and propionate produced (P>0.1).

Mean TVFA, acetate, propionate and butyrate (mmol/d), A:

P ratio, NH3-N (mg/L) and vessel pH for experiment 2 are

presented in Table 6. Vessel pH significantly differed between

diets (P<0.001), CYT had a lower pH than the control, as well as

FUV and BIB (P<0.05). The only treatment to reduce NH3-N

relative to the control was ASP2 (P<0.1), by 45%. The inclusion

of ASP2 reduced daily TVFA production compared to some of

the other seaweed treatments (ASC, CYT, HIM, ULI) (P<0.05),

but there was no difference relative to the unsupplemented

control (P>0.1). In addition to this, ASP2 reduced daily acetate

production relative to all seaweeds except for FUV, and reduced

the A:P ratio compared to one brown seaweed, HIM (P<0.01).

There was no difference between the control and seaweed

supplemented treatments for propionate production (P>0.1),

however ASP2 reduced butyrate production compared to the

control and all other seaweed treatments, except for

FUV (P<0.05).
3.3 Total gas and methane parameters

Mean coefficients for the effect of seaweed treatment on total

gas (L/d), CH4% of total gas, CH4 mmol/day, CH4 volume (L/d),

and CH4 mmol/g digestible organic matter (DOM), and
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metabolic hydrogen produced, incorporated and recovered

during the fermentation process for experiment 1 are

presented in Table 5. The inclusion of seaweed treatment

tended to affect daily gas production (P=0.05) and significantly

affected all CH4 parameters (P<0.001) although no differences

were observed between seaweed treatment and the

unsupplemented control. Both ASP1 and ASC increased TGP

relative to control (P<0.01) but had no effect on CH4%, CH4

volume or CH4 mmol/d. With regard to CH4 mmol g/DOM,

ASP1 resulted in a reduction of 49% (P<0.01) relative to the

control. Inclusion of 1% seaweed relative to an unsupplemented

control had no effect on metabolic hydrogen produced or

recovered, however there was less metabolic hydrogen

incorporated in the vessels containing ASP1 compared to

those containing ASC and PEC (P<0.05).

Mean figures for total gas (L/d) and methane parameters (%,

L/d, mmol/d, mmol/g DOM) for experiment 2 are presented in

Table 6. Inclusion of seaweed had a statistically significant effect

on all methane parameters (P<0.001) whilst having no effect on

TGP (P>0.1). ASP2 was the only seaweed treatment to reduce all

methane parameters (CH4%, P<0.001; CH4 mmol/d, P<0.001;

CH4 L/d, P<0.05; CH4 mmol/g DOM, P<0.01) relative to the

control and all other dietary treatments. ASC increased CH4%

relative to the control and all seaweed treatments (P<0.01),

except for HIM. Other than ASP2, the only other seaweed to

reduce CH4% when compared to the unsupplemented control
TABLE 5 Effects of seaweed inclusion on gas production parameters and fermentation patterns in the RUSITEC system (Experiment 1).

Treatment

CON ASP1 ASC PEC SEM P value

TGP, L/d 1.31 2.30 2.15 1.71 0.250 0.0527

CH4, % 7.08ab 4.3a 10.80b 9.94b 0.978 <0.0001

CH4, mmol/d 5.90ab 3.80a 9.31b 7.46b 1.349 0.0009

CH4, L/d 0.14ab 0.09a 0.23b 0.18b 0.033 0.0009

CH4, mmol/g DOM 0.50a 0.26 0.52a 0.45a 0.074 0.001

[H] produced (mmol/d) 120.4 127.4 134.2 133.45 12.6259 0.8853

[H] incorporated (mmol/d) 72.34ab 55.28a 88.76b 76.41b 5.8070 0.0013

[H] recovery (mmol/d) 78.81 52.41 70.81 61.42 6.7380 0.2419

NH3-N (mg/L) 500.7 341.2a 375.1a 198.0 14.23 <0.0001

pH 6.48ab 6.43a 6.40ab 6.39b 0.066 0.0458

Fermentation products (mM/d)

TVFA 60.06 58.51 61.65 54.65 7.6643 0.8918

VFA

Acetate 22.25 37.55 33.02 30.92 4.8765 0.3595

Propionate 11.87 10.84 13.17 13.32 1.3325 0.4408

Butyrate 8.67ab 7.28a 10.22b 9.82b 0.6095 0.0054

A:P ratio 2.34 3.53 2.69 2.26 0.3656 0.1049
front
a,b,c: within each column, average values for each treatment mean not sharing the same superscript differ (P<0.05).
TVFA, Total VFA (mmol/d) includes only acetate, propionate and butyrate production.
NH3-N, Ammonia nitrogen expressed as mg/L.
a,b,c: within each column, average values for each treatment mean not sharing the same superscript differ (P<0.05).
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was FUV (P<0.01). No other seaweeds reduced methane

emissions relative to the control to a level of statistical

significance (P<0.05). The amount of metabolic hydrogen

produced, incorporated and recovered (presented in Table 6)

was unaffected by experimental diets when compared to the

unsupplemented control, however ASP2 produced, incorporated

and recovered less hydrogen than some of the other brown and

green seaweeds supplemented at 1% (P<0.05).
4 Discussion

4.1 Total gas and methane parameters

The 7 indigenous brown and green seaweeds assessed in the

present study; A. nodosum, B. bifurcata, C. tamariscifolia, F.

vesiculosus, H. elongata, P. canaliculata and U. intestinalis, failed

to reduce absolute methane emissions (mmol CH4/day, CH4 L/

day) or positively alter fermentation patterns in vitro. Contrary

to expectations, inclusion of ASP1 also failed to reduce CH4%,

CH4 mmol/d or CH4 L/d relative to the control although

numerical reductions of 41, 36 and 36% were observed,

respectively. Consistent with the literature (Kinley et al., 2016;

Machado et al., 2016), including ASP2 at a rate of 10 g/kg DM

significantly reduced CH4 percentage by 63%, and both CH4

mmol/d and CH4 L/d by 68%. The bromoform content of ASP1

and ASP2 was 4.35 and 6.84 mg/g DM, respectively. Therefore

the authors are confident that the differences in anti-

methanogenic potential between the two samples was due to
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the differences in bromoform concentration potentially due to

harvesting season and/or method of processing. Both A.

taxiformis samples were harvested from The Azores, Portugal,

however ASP1 was harvested in summer and ASP2 in autumn.

Mata et al. (2012) observed an increase in bromoform content in

A. taxiformis biomass cultivated in an environment with

increased CO2. Concentrations of CO2 are said to be elevated

in winter in the North Atlantic Ocean and surrounding areas

(Takahashi et al., 1993), therefore this may explain the higher

bromoform level in the autumn harvested sample, ASP2. The

other potential differentiating factor between both ASP samples

was the method of processing, ASP1 was rinsed then freeze dried

post-harvest and stored at -80°C, ASP2 was rinsed, stored at

-20°C and freeze dried directly prior to incubation in the

RUSITEC. Although storage of the freeze-dried sample at

-80°C should preserve the bromoform content, there is more

research required into the processing and storage methods of

seaweeds to best preserve their bioactive content. The

conventional method of processing seaweed is freeze drying,

which is said to be effective at retaining the bioactive compounds

in seaweeds although for what period of time is unknown

(Magnusson et al., 2020). Investigating the most effective

method of stabilising bromoform content in A. taxiformis,

Magnusson et al. (2020) concluded that the homogenisation

and immersion of the fresh seaweed in vegetable oil allowed for

the stabilisation of high concentrations of bromoform (20.6 mg/

g DW). Furthermore, storage in oil for 12 weeks at 4°C further

increased bromoform concentration of the oil (26.1 mg/g DW),

however storage at 25°C did not further affect bromoform
TABLE 6 Effects of seaweed inclusion on gas production parameters and fermentation patterns in the RUSITEC system (Experiment 2).

Treatment

CON ASP2 ASC BIB CYT FUV HIM ULI SEM P value

TGP, L/d 2.03 1.74 1.9 1.88 2.14 1.95 2.03 1.94 0.119 0.181

CH4, % 10.76a 3.97 12.02bc 10.31bc 10.46bc 8.91d 11.56ab 9.77cd 0.348 <0.0001

CH4, mmol/d 9.13a 2.94 9.74a 7.64a 9.3a 7.84a 9.41a 8a 0.652 <0.0001

CH4, L/d 0.22b 0.07a 0.24ab 0.19b 0.23b 0.19b 0.23b 0.20b 0.029 0.0002

CH4, mmol/g DOM 0.63a 0.19 0.72a 0.56a 0.64a 0.67a 0.66a 0.60a 0.054 <0.0001

[H] produced (mmol/d) 203.6ab 161.9a 229.2b 206.7ab 226.1b 190.9ab 224.0b 224.3b 12.261 0.002

[H] incorporated (mmol/d) 110.3b 70.1a 117.2b 101.9ab 113.2b 110.4b 106.5b 103.6ab 8.2986 0.006

[H] recovery (mmol/d) 53.33ab 42.57a 54.00ab 49.24ab 50.14ab 56.85b 47.69ab 47.00ab 3.0640 0.0307

NH3-N (mg/L) 535.3abc 292.4a 390.6ab 510.4abc 369.8ab 646.9c 418.2ab 582.8bc 5.935 0.0007

pH 6.63ab 6.61abc 6.54bc 6.65ab 6.47c 6.68a 6.59abc 6.52bc 0.035 <0.0001

Fermentation products (mM/d)

TVFA 91.16ab 73.14a 107.7b 93.95ab 100.22b 86.47ab 99.11b 99.16b 5.492 0.0102

Acetate 55.14ab 40.89a 63.94b 58.73b 61.24b 52.90ab 63.16b 61.67b 3.747 0.001

Propionate 22.85 23.21 25.64 22.33 22.61 21.64 20.61 22.37 2.064 0.7931

Butyrate 13.24bc 9.04a 15.19bc 12.89abc 16.35b 11.93ac 15.33bc 15.20bc 1.094 <.0001

A:P ratio 2.51ab 1.86a 2.68ab 2.72ab 2.79ab 2.56ab 3.19b 2.79ab 0.265 0.0219
front
TVFA, Total VFA (mmol/d) includes only acetate, propionate and butyrate production.
NH3-N, Ammonia nitrogen expressed as mg/L.
iersin.org
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concentration. Immersion in water followed by storage for 12

weeks resulted in bromoform losses of 40 and 47% respectively

compared to the oil mixture. The freeze dried seaweed had an

initial bromoform concentration of 16.7 mg/g DW, followed by

losses of 37.8, 5.0 and 1.3% post storage for 12 weeks at 25°C, 4°C

and -20°C, respectively. Differences in bromoform, and other

bioactives (i.e. PT) concentrations can also be due to the harvest

season or geographical origin of the sample and highlights the

environmental sensitivity of the bioactive components of

seaweeds (Makkar et al., 2016; De La Moneda et al., 2019).

Some of the brown and green seaweeds assessed in the present

study have shown reductions in CH4 at inclusion rates >1%

(>10g/kg DM) in vitro; A. nodosum (Wang et al., 2008), P.

canaliculata (Molina-Alcaide et al., 2017) although reported

results are largely inconsistent, especially with lowering

inclusion levels. Out of 13 marine derived seaweeds, Dubois

et al. (2013) reported that Cystoseira trinodis yielded the most

promising reductions in gas and CH4. The aforementioned

species are brown seaweeds, whose PT concentrations can also

vary between 0.5-20% of algal DW (Abbott et al., 2020),

additionally PT has been quantified to be 34.9 for A. nodosum

and 516.24, 815.82 and 288.3 mg/g DM for 3 different Cytoseira

spp. (Pavia and Toth, 2000; Lopes et al., 2012) explaining the

inconsistent anti-methanogenic capabilities between similar

species included at differing rates. Increasing the inclusion rate

of the algal species will inevitably increase the concentration of

the bioactive component, justifying the greater CH4 reductions

observed with elevated seaweed inclusion. Previous published

reports have indicated a methane suppressing role for Cystoseira

spp. when added to ruminant diets (Dubois et al., 2013;

Machado et al., 2014), therefore CYT was selected for this

study with the expectation to reduce CH4, the lack of

reduction in CH4 production highlights the within species

variation of bioactive compounds. The majority of in vitro

studies assessing the anti-methanogenic potential of A. taxiformis

have proven to be effective at 2% inclusion (Kinley et al., 2016;

Machado et al., 2016), conversely brown and green seaweeds to-

date have been evaluated in batch culture experiments at

inclusion levels >1% (Maia et al., 2016; Belanche et al.,

2016b; Molina-Alcaide et al., 2017) therefore the inclusion of

seaweeds at 1% in a long term (21 d) RUSITEC experiment has

yielded novel results; including the brown and green seaweeds

harvested at the location and season specified in Table 1, at 10

g/kg DM had no effect on methane and fermentation

parameters whilst A. taxiformis significantly reduced CH4. It

is important to mention that the same seaweed species harvested in

differing conditions (i.e. time of year, geographical location) could

potentially yield different results due to changes in the

bioactive concentrations.

The aim of this study was to identify native seaweeds with

strong anti-methanogenic characteristics that could potentially

be brought forward to animal studies at realistic commercially

viable farm-level inclusion rates. Limiting product availability,
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potential anti-nutritional effects, palatability concerns as well as

a lack of an anti-methanogenic effect in previous and the present

study highlight the necessity for the identification of minimum

effective inclusion rates of brown and green seaweed species.

Indeed, A. taxiformis has proven to be effective at inclusion levels

even lower than 1% but the tropical nature, harmful bioactive

content and cost of the commodity makes it unsuitable for

this purpose.
4.2 Diet digestibility

Ensuring that anti-methanogenic dietary feed additives do

not have negative effects on substrate digestibility or rumen

function is pivotal to the development and validation of the

mitigation strategy prior to being assessed in vivo. Total gas

production was not significantly affected by any of the seaweed

treatments except for experiment one, where ASP1 tended to

reduce and ASC tended to increase TGP. High TGP is indicative

of proficient ruminal fermentation to support the growth of

ruminal microbes (Gemeda and Hassen, 2015) therefore, a

significant reduction in TGP could be indicative of a drop in

digestion, hence fermentation due to the reduced activity of

cellulolytic bacteria from PT, which are present in seaweed.

No effects on disappearances of DM and its chemical

constituents were observed in this study, which is a promising

finding most likely due to the low inclusion levels of the seaweed

treatments, this finding is also consistent with the lack of effect

on fermentation parameters. Other studies observed reductions

in OM digestibility at inclusion levels >10% (Kinley et al., 2016;

Ramin et al., 2019). Brown seaweeds contain varying levels of

PTs which can result in enzyme inhibition, particularly a-
glucosidase and a-amylase which play a significant role in the

digestion of complex carbohydrates (Li et al., 2011) and hence

fibre digestion. This would explain the anti-nutritional effect

observed when seaweed is included at levels >5% (Abbott et al.,

2020). In addition to the aforementioned anti-nutritional effects,

these feeding levels are not practical at farm level, due to issues

with palatability leading to reduced DMI. No anti-nutritional

effects were expected in the present study due to the low

inclusion rate of the seaweed treatments, however subsequent

studies with higher inclusion rates are warranted to determine

whether these species have any potential as CH4 suppressants,

nonetheless this should be cautioned on the basis of possible

palatability and digestive issues.
4.3 Fermentation parameters

A reduction in ruminal pH is associated with the inhibition

of methanogens and hence a reduction in CH4 (Beauchemin

et al., 2008), Ellis et al. (2008) stated that at pH<6.5

methanogenesis is reduced and it is almost halted at pH <6.0.
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In contradiction to this, the only seaweed treatments to reduce

ruminal pH below 6.5 in experiment 2 was CYT and there was

no observed reducing effect on CH4 production. A simultaneous

negative effect on digestibility would indicate that the reduction

in pH did in fact hamper the effects of fibre digesting bacteria,

which was also not the case. Including A. nodosum at levels up to

5% had no effect on feed disappearance in the RUSITEC

(Belanche et al., 2016a) and actually linearly improved

digestibility of nutrients in finishing buffaloes (Chaji et al.,

2020). Contrastingly, Wang et al. (2008) observed a significant

decline in NDF disappearance with increasing dosage rates of PT

from the brown seaweed A. nodosum, emphasising the necessity

to identify a seaweed species that is effective in sparing

quantities. Inclusion of seaweeds ASP1, ASC and PEC reduced

the production of NH3-N in the outflow effluent relative to the

control. Autumn harvested, brown seaweed, PEC was the most

effective at reducing NH3-N. The authors hypothesise that the

reduction in NH3-N is due to differences in overall CP content,

the CP content of PEC in the current study was 68.23 g/kg DM

(second lowest of all seaweeds assessed), in line with this,

Molina-Alcaide et al. (2017) reported the CP content of

autumn harvested P. canaliculata to be 75 g/kg DM. In

addition to this, out of a range of brown, green and red

seaweeds harvested in spring and autumn, Molina-Alcaide

et al. (2017) reported autumn harvested P. canaliculata to

have the lowest concentrations of NH3-N after 24 h in vitro

incubation. Reductions in enteric CH4 have been linked with a

significant shift in the A:P ratio (Li et al., 2016; Machado et al.,

2016), however the shift in A:P was not significant in the present

study potentially due to the insignificant reduction in CH4.

Regarding fermentation parameters of the brown seaweeds in

the experiment, ASC inclusion failed to have an effect on VFA

production, similar findings have been previously reported

(Belanche et al., 2016b). The inclusion of ASP1 and ASP2 had

no significant reduction on TVFA production compared to the

unsupplemented control, which is consistent with findings from

Kinley et al. (2016), but contrary to that of Machado et al. (2016)

who observed a significant reduction in TVFA when including

A. taxiformis at a rate as low as 0.5% up to 16.7%, the authors

hypothesise that the conflicting TVFA results at similar A.

taxiformis inclusion rates are due to differences in the

bromoform content, however the bromoform contents are not

quantified in the aforementioned studies to confirm this. Inclusion

of A. taxiformis did not affect propionate production, relative to

other treatments, highlighting the importance of quantifying the

bioactive content of each seaweed sample prior to assessing its

efficacy. Increasing concentration of propionate is strongly

associated with decreasing CH4 production. Decreasing A:P

ratios have been observed in vitro and in vivo using anti-

methanogenic additives including seaweeds, which may be

indicative of the excess H2 being sequestered for propionate

production (Roque et al., 2021).
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4.4 Potential of seaweed as an
anti-methanogenic technology

There are over 600 seaweed species native to Ireland, ~ 45% of

which have brown and green pigmentation (Guiry, 1996). Seaweed

is a very low DM (10-20%) commodity, hence bulky to transport

which stresses the importance of identifying indigenous seaweeds

with anti-methanogenic properties, which can in-turn be locally

farmedand thus reduce the carbon footprint and indirect emissions

of transporting it across the globe, generating a more sustainable

product. Furthermore, Vijn et al. (2020) calculated that

supplementing the 93 million cattle in the USA with 1% seaweed

inclusion, would require 3-3.4million tonnes of dried seaweed. To-

date, only Asparagopsis spp. has been proven at this low inclusion

rate, hence the successful adoption of seaweed supplementation at

farm-level would require a vast surge in global seaweed production.

The effects of further intensifying seaweed production have not

been fully described yet. Benefits ofmass seaweedproduction could

include carbon sequestration, removal of excess nutrients in

eutrophied waters and the provision of a rich habitat for marine

animals. Simultaneously, the artificial growing environment could

causemarinemammal entanglement and escaped lines after storm

damage (Vijn et al., 2020).

There is still a dearth of information on the environmental

and seasonal variation of seaweed composition. It is known that

the bioactive compound bromoform is affected by processing

technique and storage (Magnusson et al., 2020). Phlorotannin

concentration in brown seaweeds is also affected by processing

and storage; non-washed freeze dried seaweed yield highest PT

concentrations. The stabilisation of PT is necessary, storing

dried PT containing seaweed at low temperatures (4°C), out of

direct sunlight, in air-tight containers will preserve the PT

content. Storage time also depletes the PT concentration, with

research into encapsulating the active ingredient to extend its

shelf-life (Cassani et al., 2020).

The utility of seaweed as a ruminant feedstuff is impacted

by the composition of the biomass which is affected by a

multitude of inherent (species, growth rate, habitat) and

external (temperature, light, nutrient availability) factors

(Roque et al., 2019). The variation in CH4 mitigation

between both A. taxiformis samples is likely due to the

amount of bromoform that has escaped from the biomass

during storage prior to the experiment. The chemical

composition of seaweeds is also affected by geographical

location and environment. Harvest locations of the seaweeds

utilised in this experiment are described in Table 1, most of

which came from Irish shore lines, except for ASP1 and ASP2

(Azores, Portugal) and BIB (Spain). As previously mentioned,

the bioactives bromoform and PT are the ingredients that

hamper the methanogenesis pathway, but the concentration

of these actives fluctuates within seaweed types and species.

Kinley et al. (2020) and Roque et al. (2019) found the
frontiersin.org

https://doi.org/10.3389/fanim.2022.1021631
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org


Roskam et al. 10.3389/fanim.2022.1021631
bromoform content of A. taxiformis and Asparagopsis armata

to be 6.55 and 1.32 mg/g, respectively. In a batch culture

experiment, De La Moneda et al. (2019) harvested eight

Norwegian seaweeds both in spring and in autumn and

assessed their seasonal variation. This study found harvesting

season to be significant, as seaweed harvested in spring had

greater ash, nitrogen and total extractable polyphenol content

as well as a reduction in gas production parameters in

comparison to autumn harvested seaweed but had no effect

on VFA production in vitro. This seasonal variation is backed

up by Mata et al. (2012), who observed an increase in nutrient

content in water towards spring, which increased production of

seaweed biomass. Furthermore, environmental interactions

from integrated aquaculture leading to increas ing

concentrations of dissolved inorganic carbon and total NH3-

N in the water significantly increase the bromoform content of

A. taxiformis.

As previously mentioned, bromoform and other

halogenated compounds are the active anti-methanogenic

component of many red seaweed species. Offering A.

taxiformis containing a predetermined amount (1.26 mg/kg

DM) of bromoform to lactating Holstein dairy cows at three

inclusion rates (67, 133 and 333 g/day), Muizelaar et al. (2021)

found that bromoform caused inflammation to the rumen wall

and residues were excreted in urine and milk. Conversely, other

researchers (Roque et al., 2019; Stefenoni et al., 2021) have

observed no elevation of bromoform in meat, milk, fat or faeces

from lactating dairy cows fed A. taxiformis. In addition to this, it

has been said that bromoform causes renal and hepatotoxicity in

rodents, however the quantities fed to rodents are 183-2890 times

higher than that fed to ruminants for CH4 mitigation (Glasson

et al., 2022). A point of caution with regards to brown seaweeds is

their trace mineral content, particularly their elevated iodine (I)

(Abbott et al., 2020). Brown seaweeds will potentially need to be

supplemented at higher levels than red seaweeds to achieve a

reduction in CH4 which could lead to elevated I levels in the

animal and animal products (Antaya et al., 2019) and therefore

quantification of I is important when evaluating seaweeds in

future studies. In the event of the adoption of seaweed as a

strategy to reduce enteric CH4, residue analysis of meat, milk,

urine and faeces with reliable detection methods will be required

prior to implementation at farm level.
5 Conclusions

The seven indigenous brown and green seaweeds assessed in

the present study had no effect on nutrient disappearance, failed

to reduce absolute methane emissions or alter fermentation

patterns in the artificial rumen. Only one of the two A.

taxiformis samples (ASP2) significantly reduced all CH4
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parameters, supporting the link between CH4 production and

differing levels of bromoform. Therefore, in order to develop

seaweed supplementation as a strategy to combat enteric CH4

emissions in agriculture, the anti-methanogenic bioactive in

seaweeds need to be characterised and quantified which will

give a clear indication of the product’s potential to reduce

methane. In addition to this, more indigenous marine derived

seaweed need to be screened to determine their concentration of

anti-methanogenic biological compounds. Finally, the anti-

methanogenic properties of these seaweeds at marginally

higher inclusion rates should be assessed, followed by

subsequent in vivo research to confirm their efficacy.
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