
Frontiers in Animal Science

OPEN ACCESS

EDITED BY

Marcos Inacio Marcondes,
William H. Miner Agricultural Research
Institute, United States

REVIEWED BY

Gemma A Miller,
Scotland’s Rural College, United Kingdom
Andrea Vitali,
University of Tuscia, Italy

*CORRESPONDENCE

Vibeke Lind

vibeke.lind@nibio.no

RECEIVED 10 May 2024
ACCEPTED 27 March 2025

PUBLISHED 15 April 2025

CITATION

Lind V, Hayes M, Waters SM, Kirwan SF and
Aasen IM (2025) Methane emissions and
growth rate of lambs fed Laminaria
hyperborea supplemented diet.
Front. Anim. Sci. 6:1430709.
doi: 10.3389/fanim.2025.1430709

COPYRIGHT

© 2025 Lind, Hayes, Waters, Kirwan and Aasen.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Original Research

PUBLISHED 15 April 2025

DOI 10.3389/fanim.2025.1430709
Methane emissions and growth
rate of lambs fed Laminaria
hyperborea supplemented diet
Vibeke Lind1*, Maria Hayes2, Sinéad M. Waters3,4,
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Introduction: The discovery of the methane-mitigating effect of the red

seaweed Asparagopsis taxiformis has triggered a search for other seaweed

species with similar effects. Brown seaweeds constitute the largest production

volume of seaweeds in Europe. Some brown algae are known to inhibit

methanogens and could potentially reduce enteric methane emissions. Use of

by-products generated from industrial processing of plants are typically inedible

for human consumption but well known as ruminant feeds. As fractions from

Laminaria hyperborea showed significant reductions in methane emissions in

vitro, a L. hyperborea by-product was chosen for an in vivo trial with sheep. The

aimwas to investigate the effect of L. hyperborea by-product inclusion in the diet

of growing lambs on dry matter intake, methane emissions, growth rate and

nitrogen digestibility.

Methods: Twenty-four Norwegian White Sheep lambs (12 ewe and 12 male

lambs, 4 months; 36.8 kg live weight) were fed a Control diet (grass silage and

control concentrate) or an Algae diet (grass silage and algae concentrate 2%

inclusion rate). Lambs were fed a basic diet (grass silage and neutral concentrate)

and, in staggered order, introduced to their respective diets for five weeks before

entering one of six open circuit respiration chambers. Methane production was

measured for three consecutive days. All lambs entered the chambers three time

(Periods 1, 2 and 3). Feed intake was measured four consecutive days a week, and

live weight (kg) was measured every two weeks. Twelve male lambs were used to

investigate in vivo nitrogen digestibility using metabolism crates.

Results: The inclusion rate of L. hyperborea by-product was above the target and

ended at 2.5% of DM. There was an increase in feed intake and live weight over

the experimental period, consistent with the growth of the lambs. Methane

production, yield, or intensity was not affected by diet, overall, but the Algae diet

reduced methane in Period 1. Male lambs produced more methane than female

lambs. Algae inclusion affected live weight negatively.

Discusssion: It is concluded that use of L. hyperborea by-products as a feed additive

to sheep needs further investigation due to inconclusive results in the present study.
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1 Introduction

Livestock supply chains account for approximately 14.5% of

global anthropogenic greenhouse gas (GHG) emissions (FAO,

2023), of which Approximately two-thirds results from rumen

fermentation during digestion of feed by ruminants. As a result,

strategies to reduce enteric methane (CH4) emissions from

ruminants is of high priority. Participants in the Global Methane

Pledge have commitments to take voluntary actions to reduce global

CH4 emissions by 30% from 2020 levels by 2030. The discovery of

the methane-mitigating effect of the red seaweed Asparagopsis

taxiformis (9 to 98% reduction; Wasson et al., 2022) has initiated

a search for other seaweed species with similar effects. The CH4

reducing compound in this alga is bromoform, which inhibits

methanogens without affecting other bacteria. However,

bromoform is classified by the U.S Environmental Protection

Agency (EPA) as a probable human carcinogen and is reported to

be transferred to milk when fed to dairy cows (Muizelaar et al.,

2021). Brown seaweeds, known as the Phaeophyceae, constitute the

largest production volume of seaweeds in Europe. These species do

not contain significant levels of bromoform, but other bioactive

components including carbohydrates, lipids, peptides, iodine, and

polyphenols known as phlorotannins. Some brown algae are known

to inhibit methanogens (Archaea) and therefore could potentially

reduce enteric CH4 emissions (Min et al., 2021). Exploration and

characterization of any mitigating effects of these species are

therefore of high interest.

To date, different species have been screened in vitro, using

rumen fluid from sheep or cattle, as a cost-efficient and ethical first

step to select a seaweed species for use in animal trials. Abbot et al.

(2020) identified 21 seaweeds as candidates capable of mitigating

CH4 in vitro, while other species had no mitigating effect. Wang

et al. (2008) observed a 15% reduction in CH4 when Ascophyllum

nodosum was included in an in vitro diet at 11%, but Roskam et al.

(2022) observed no reduction in CH4 emission adding 10g/kg DM.

Including 2% of daily DM intake of A. nodosum extract in diet to

sheep, Roskam et al. (2024) found inconsistent results on CH4

emissions which was suggested to be due to differences in the

content of phlorotannins in the diets.

Use of by-products generated from industrial processing of

plants are well known as ruminant feeds, such as the protein-rich

residues after oil extraction from oil seeds, grain residues from

breweries and distilleries, and byproducts from sugar production

(Salami et al., 2019). Typically, these by-products are not fit for

human consumptions but used as feed by-products they can

increase sustainable production of meat and milk. Some by-

products contain bioactive compounds of interest for livestock.

The seaweed industry extract hydrocolloids such as alginate, as well

as high-value products for use as techno-functional food,

pharmaceutical and cosmetic ingredients. Following hydrocolloid

extraction process, a biomass residue or by-product remains, which

usually has no economic value. Seaweed by-products have only, to a

limited degree, been explored as feed additives in ruminant diets.
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The by-product resulting from alginate extraction from

Laminaria hyperborea contains residual alginate, cellulose, insoluble

protein, and membrane lipids. Most water-soluble compounds, such

as the carbohydrates used for storage of energy, are removed during

the extensive washing steps, thus the composition of the by-product is

less influenced by seasonal variations than the unprocessed biomass.

However, minerals and other low-molecular weight compounds that

are bound to, or embedded in, the insoluble parts of the seaweed will

remain, including some polyphenols. The concentrations of iodine

present in seaweed by-product resulting from alginate extractions

were found to be in the same range and even higher, than

concentration found in fresh biomass (Lind et al., 2023). However,

Lind et al. (2023) investigated the iodine intake and excretion from

sheep supplemented with the L. hyperborea by-product and found

that most of the iodine was excreted in feces without compromising

animal health.

In vitro analyses oxf CH4 and total gas production of various

brown algae, including the commercial species A. nodosum, L.

hyperborea, Saccharina latissima, and Alaria esculenta, performed

at the Swedish Agricultural University, Umeå (data not published)

showed significant reductions in CH4 for A. nodosum and one L.

hyperborea stipe sample, however, with a tendency towards lower

emissions for all L. hyperborea samples. Since the L. hyperborea

byproduct used in this study is generated mainly from the stipes and

has no current application or value, demonstration of a CH4

mitigating effect of this would be of scientific interest. The aim of

this study was to investigate the effect of L. hyperborea by-product

inclusion in the diet of growing lambs on dry matter intake (DMI),

CH4 emissions, growth rate, and nitrogen digestibility. The

hypotheses were 1) L. hyperborea inclusion in the diet of sheep

reduces CH4 emissions; 2) L. hyperborea inclusion does not affect

DMI or growth rate.
2 Material and methods

2.1 Concentrate feed

Laminaria hyperborea by-product from industrial alginate

production were provided by IFF N&H Norway AS (Haugesund,

Norway) as described in Lind et al. (2023). Briefly, the by-products

were pressed and then dried from 3% solid dry weight to 93% dry

weight. The dried biomass was ground to 2 mm and incorporated

into a concentrate feed manufactured by Felleskjøpet Agri

(Rindsem Mølle, Verdal, Norway). Two types of concentrate were

produced, a control (Control) and an experimental (Algae). The

concentrate composition was designed for this study and was based

on commonly used organic concentrate for sheep available for

Norwegian farmers. Dried L. hyperborea by-product was included

in the concentrate at 6% (w/w) inclusion rate. The ingredient

composition of the two concentrates and the chemical

composition of the L. hyperborea by-product are presented in

Lind et al. (2023) and in the Supplementary Material.
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2.2 Diet composition

Lambs were offered first cut grass silage composed of Bromus

inermis, Poa pratensis, Festuca pratensis and Trifolium repens. The

grass was wilted for 24 hours and subsequently baled in large bales

(700 kg raw weight) without the use of an additive. During the

experiment all animals received a fixed amount of concentrate with

grass silage offered ad libitum. From week 1-2 the animals received

300g of concentrate, week 3-9 they received 400g and from week 10-

17 they received 600g.

The inclusion rate of L. hyperborea by-product was limited by

the iodine content of the by-product (Lind et al., 2023) and aimed to

be 2% of the total diet (fresh matter). The inclusion was thus

adjusted by increasing the concentrate level in parallel with the

increased level of grass silage.
2.3 Animal trial

2.3.1 Animals, diets, and methane emissions
An in vivo sheep trial was initiated using 24 Norwegian White

Sheep lambs (4 months of age). The trial was carried out in

accordance with the Norwegian Ministry of Agriculture and Food

regulation for use of animals in experiments and approved by the

Ethics Commission on Animal Use application number FOTS ID

19314. It complies with the EU Directive 2010/63/EU on the use of

experimental animals.

The animals consisted of 12 male lambs (37.8 kg live weight

(LW) +/- SD 1.2 kg) and 12 female lambs (35.8 kg LW +/- SD 0.6

kg). The lambs were born in April 2021, milk fed for two months,

then weaned and let out on a pasture where they additionally were

fed a commercial concentrate. In the middle of August, 4 months of

age, the lambs were collected and individually housed in stalls in an

uninsulated barn at NIBIO Tjøtta in Nordland County, Norway

(65° 49’22 N 12° 25’37 E). They were adapted to the indoor

conditions fed grass silage ad libitum, 300 g commercial

concentrate and given free access to water. The lambs were

weighed and within sex, randomly allocated to either a Control

diet (grass silage and Control concentrate, 36.4 kg LW +/- 1 kg) or

an Algae diet (grass silage and Algae concentrate, 37.2 kg LW +/- 1

kg). This resulted in six male and six female lambs receiving each of

the diets. Animals were fed their daily allowances in two equal

portions at 08:30 and 14:30 h. Concentrate was offered separately

from the grass silage. Grass silage was weighed for four consecutive

days each week (Monday through to Thursday) and refused grass

silage was measured before morning feeding (Tuesday through to

Friday) to calculate daily feed intake. Samples of grass silage were

taken weekly and dried for 48 h at 60°C for dry matter (DM)

analysis. Fresh grass silage and concentrate samples were collected

weekly and stored at -18 °C for further analysis.

Six open circuit respiration chambers at NIBIO Tjøtta were

used during the experiment. Each chamber had a 25 x 25 mm frame

of coated steel covered with a steel mesh that protected the exterior

polycarbonate sheeting (Hart et al., 2014). The chambers measured
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1.8 m wide, 1.8 m deep and 1.5 m high, comprising a total volume of

approximately 5 m3. Enteric CH4 was sampled into a seven port

Servopro Multiexact 4100 Analyzer (Servomex Group Inc.,

Woburn, MA, USA) as described in Lind et al. (2020). Methane

concentrations in ambient air and in exhaust gas leaving each

chamber (in total seven ports) were measured on a rotational

basis, taking one gas sample reading after 2.5 min per port,

measuring ambient air and each chamber every 17.5 min. The gas

Servomex analyzer was calibrated before the animals entered the

chambers using a zero gas (pure nitrogen) and a span gas (50 ppm

CH4). The average CH4 recovery rate for the chambers was

determined before and after the experiment and was 89%.

Animals were kept on the basic diet until five weeks prior to

their entry to one of the respiration chambers. In a staggered order

over four weeks, lambs (six each week) were introduced and

adapted to their diets with three lambs receiving the Control and

three lambs receiving the Algae diet each week. The lambs were kept

in the chambers for 72 h, during which they were fed and managed

in a similar way as in the barn. Grass silage intake was measured

daily. Concentrate was offered separately from the grass silage and

increased from 300 g/animal per day to 400 g/animal per day during

Period 1 (see below) and further increased to 600 g/animal per day

during Period 2 and 3. The increase in concentrate was following

the nutritional needs for growing lambs and regulated according to

grass silage intake to reach the target of 2% inclusion rate of L.

hyperborea in the total diet. Water was available in buckets.

Chambers were cleaned daily during morning feeding.

All the animals entered the respiration chambers in the same

order, three times (Period 1, 2 and 3) to record enteric methane

emissions. The total experimental period was 17 weeks including

the adaptation period of five weeks and three periods of four weeks.

Lambs were weighted every two weeks during the experimental

period in an electronic scale (BioControl , WSS3000,

Rakkestad, Norway).

2.3.2 Nitrogen digestibility
In vivo nitrogen digestibility was determined using the 12 male

lambs assigned to the study as previously described by Lind et al.

(2023). Briefly, lambs were placed individually in metabolism crates

for three consecutive days during week 5 and week 10 of the present

experiment and fed as described above. Samples of grass silage and

refusals were collected daily, dried at 48 °C for 48 h and ground to

pass 1-mm screen using a Tecator Cyclotec Sample Mill (Foss

Analytical Co., Ldt., Suzhou, China). Samples were stored in plastic

zipped bags at -18 °C until further analysis.

Buckets were placed under each of the metabolism crates to

collect facilitate the separate collection of feces and urine One

hundred milliliters (ml) of 10% sulfuric acid were added to each

urine bucket to prevent loss of ammonia (Özkan-Gülzari et al.,

2019). Acidity of urine was measured using a pH indicator strips

non-bleeding pH 0 – 6.0 (Teststrips, pH, MColorpHast™, product

number: 1.09531.0001, VWR International, Merck KGaA,

Darmstadt, Germany). Feces and urine were collected, and total

amount measured from each animal in the morning before feeding.
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Samples of feces (g) and urine (l), 10% of total volume was collected

and stored at −18°C for later analysis. Frozen fecal samples were

course ground and freeze-dried for 48 h, using a Labconco

FreeZone 4.5 Plus® freeze-drier (Kansas City, Missouri, USA).

The samples were then ground to pass through a 1-mm screen

using a Tecator Cyclotec Sample Mill® (Foss Analytical Co., Ltd.,

Suzhou, China) and stored in plastic zipped bags at -18°C until

further analyses.
2.4 Analysis

2.4.1 Chemical composition grass silage, refusals,
feces and urine

Samples of grass silage were analyzed using NIR by Eurofins

Norway performed at Eurofins Agro Testing Wageningen

(Binnenhaven 5, NL-6709 PD, Wageningen ISO/IEC 17025:2005

RvA L122) for DM, ash, crude protein (CP) and neutral detergent

fiber (NDF) content. Nitrogen in feed, refusals, feces, and thawed

urine was measured as Kjeldahl N (AOAC, 2002; method 2001.11,

KjeltecTM 8400; Foss Electric, Hillerød, Denmark) by the

laboratory at NMBU, Ås, Norway.

2.4.2 Polyphenol content of L. hyperborea by-
product

The total polyphenol content (TPC) of the algal concentrate and

control (without algae) was determined as described previously by

Kupina et al. (2018) and is based on the AOAC recognized method

of Singleton and Rossi (1965). Test extracts with algae and without

(control) were prepared as follows: 100 mg of the test extract was

transferred into a 100 mL volumetric flask. To this, 75 mL of water

was added. The solution was sonicated for 10 min until all solids

were dissolved. 5.0 mL of this solution was added to a 100 mL

volumetric flask and diluted to volume with water. The weight of

the test material was adjusted to achieve an absorbance within the

calibration curve range. Phenolic content was determined by

measuring the absorbance at 765 nm of the test extract in

solution and comparing it with a calibration curve using Gallic

acid (GA) as a standard. The concentration of Gallic acid for stock

solutions was calculated using the equation:

Stock standard solution (mg=L)  =  M �  P �  (1  –  W) �  1000

where; M = mass of Gallic acid (g); P = purity of Gallic acid (%);

and W = water content of Gallic acid. The concentration of Gallic

acid of the stock standard solutions was then used to calculate the

actual concentration of each calibration standard solution as

follows: Calibration standard solution (mg/L) = s v mL × 25

where S = the concentration of the stock standard solution (mg/

L) and V = the volume of stock standard solution (mL). Absorbance

at 765 nm vs concentration of the calibration standards was used to

determine the mg/L GAE for test samples. Results were determined

as statistically different using the two-tailed P value test where the

value was less than 0.0001 (P<0.0001) calculated using GraphPad

Prism and are reported as mg GAE/100 mg of extract (the amount

of extract used in the study).
Frontiers in Animal Science 04
2.5 Statistical analysis

To determine daily dry matter intake, and enteric methane

emissions between diets and periods, data were analyzed using the

ANOVA repeated measures mixed model in Minitab for Windows

version 19.2. Diet, period, and sex were considered fixed effects and

animal a random effect. Individual animal were nested under the

respective diets.

Animal live weight and average daily weight gain were analyzed

using the ANOVA general linear model in Minitab. Diet and sex

were considered fixed and individual animal random effects. Initial

start weight was used as covariate when calculating average daily

weight gain.

Nitrogen digestibility was analyzed using the ANOVA general

linear model in Minitab. Diet was considered fixed and individual

animal random effects.

When a significant effect of diet, period or sex was found, post

hoc comparison of means was made using the Tukey test.

Differences were considered significant at P < 0.05.
3 Results

3.1 Feed composition

The chemical composition (g/kg DM) of grass silage and

concentrate offered within each of the three periods and overall

trial, during the 17 weeks is presented in Table 1. The two

concentrates were formulated to be isonitrogenous and isocaloric.
3.1.1 Total polyphenols
As shown in Figure 1, the content of polyphenols in the algae

fed diet (84.7 mg GAE/100 mg extract) was greater than the control

(51.3 mg GAE/100 mg extract; P < 0.0001).
3.2 Feed intake

The inclusion of L. hyperborea in the Algae diet on fresh matter,

including concentrate and grass silage, was on average 2.5% per

animal per day during the 17 weeks of experiment (Table 2). The

inclusion was significantly higher in Period 3 compared to Period 1

and Period 2 (P < 0.001) and higher for female lambs (maximum

intake was 3.9%) compared to male lambs (maximum intake was

3.3%; P < 0.01), due to increased intake of concentrate relatively to

the silage. No refusals of concentrate were observed throughout the

experiment from any lambs. The proportion of concentrate

consumed relative to grass silage was higher in female lambs (P <

0.001) compared to male lambs (43% versus 35% DM).

Dry matter intake (DMI) of grass silage and total DMI (TDMI)

over the three periods, within period and sex is presented in Table 3.

The differences in total DMI (TDMI) between diets (total and

within Periods) are related to differences in DMI from grass silage,

as the DMI from concentrate was the same for all animals within
frontiersin.org
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Period. The DMI from concentrate increased from Period 1 (0.44 kg

DM/lamb per day) to Period 2 and 3 (0.56 g DM/lamb per day). The

proportion of concentrate (DM basis) in the diet was 38.0% in the

Control diet and 39.8% in the Algae diet (P = 0.153). the proportion

of concentrate in Period 1, 2, and 3 was 38.9%, 36.3% and 41.6%

respectively (P < 0.003). Dry matter intake was similar between diets

(P = 0.16). However, there were differences in DMI between diets

within Periods (P < 0.001) with animals having the highest intake in

Period 2, followed by Period 3 and Period 1. The inclusion of

concentrate was highest in Period 3 (41% DM), followed by Period

2 (36% DM) and Period 1 (33% DM).
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Total dry matter intake of grass silage and concentrate by male

and female lambs for Period 1, 2, 3, respectively, are shown in

Figure 2. The highest intake was by female lambs during Period 2

(1.02 kg DMI/lamb per day) and the lowest by female lambs during

Period 1 (0.56 g DMI/lamb per day).
3.3 Methane emission

Table 3 shows the CH4 production (g CH4/animal per day),

CH4 yield (g CH4/kg DMI) and intensity (g CH4/kg LW) as an
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FIGURE 1

Total phenolic content (mg GAE/100 mg extract) in Control and Algae concentrates (n=3).
TABLE 1 Average chemical composition (g/kg DM) of grass silage in Period 1, 2 and 3 and average over the three periods, Control and
Algae concentrates.

Grass silage Concentrate

Period 1 Period 2 Period 3 Average periods Control Algae

DM, g/kg 414 446 355 405 881 881

Ash 55.2 57.6 56.2 56.3 97.6 95.3

OMD 69.7 67.7 70.7 69.4 11.6 11.7

Crude Protein 106.6 118.6 114.8 113.3 174.8 178.2

NDF 495.6 507.8 507.8 503.7 212.3 210.0

Sugar 100.0 105.0 75.2 93.4 55.6 52.2

Fat 24.4 24.0 26.0 24.8 45.4 44.3

pH 4.38 4.68 4.40 4.49 – –

NH3-N 88.8 93.4 110.4 97.5 – –
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average over the 3 periods and within each period, split on diets and

on male and female lambs. There were no differences in CH4

production, yield and intensity overall between diets. However,

between periods, there were significant differences, where lambs

emitted more CH4 in Period 1 compared to Period 3 (P < 0.001).

Methane production was highest for lambs during Period 2 (P <

0.001). Male lambs had greater CH4 production (g CH4/animal; P =

0.006), yield (g CH4/kg DMI; P = 0.001) and intensity (g CH4/kg

LW; P = 0.009) compared to female lambs.
3.4 Live weight

Initial and final LW (kg) and average daily growth rate (g/d) for

lambs in the Control and Algae treatments and for male and female

lambs, are shown in Table 3. There were no differences in start

weight between diets (P = 0.41) or sex (P = 0.20) (Table 3, Figure 3).
Frontiers in Animal Science 06
Lambs fed the Control diet had a higher daily growth rate

(P = 0.034) and final LW (P = 0.026). Male lambs were heavier

(P = 0.001) at the end of the experiment and had higher growth

rate (P = 0.002) than female lambs.
3.5 Nitrogen digestibility

Total N intake (g/day) was similar between diets (P = 0.388) and

no differences in N output (feces or urine) were observed (Table 4).
4 Discussion

Seaweed is considered a natural product and as such can be

referred to as a supplement rather than a feed additive. Inclusion of

seaweed, or natural by-products from seaweed, in a diet to livestock,
TABLE 3 Average daily dry matter intake (DMI, kg) of grass silage, total dry matter intake (kg), average CH4 production (g/d), CH4 yield (g/kg DMI) and
CH4 intensity (g/kg live weight) for lambs fed Control and Algae diet in Period 1, 2 and 3, and male and female lambs.

P-value

Control Algae Male Female SEM Period Diet Sex PxS

P1 P2 P3 Average P1 P2 P3 Average

DMI
grass silage

0.78bc 1.01a 0.86bc 0.88 0.73c 0.94ab 0.79c 0.82 0.95a 0.74b 0.017 0.000 0.158 0.000 0.000

Total DMI 1.21de 1.56a 1.42bc 1.40 1.17e 1.49ab 1.36cd 1.34 1.46a 1.23b 0.018 0.000 0.224 0.001 0.000

g
methane/
day

33.3a 29.3bc 29.3bc 30.4 24.4c 33.4a 26.5c 28.1 32.1a 26.4b 0.551 0.001 0.214 0.006 0.7

g methane/
kg DMI

29.0a 21.0bc 19.4bc 23.1 21.4b 23.3b 17.4c 20.7 24.5a 19.3b 0.486 0.000 0.089 0.001 0.9

g methane/
kg
live weight

0.67a 0.53b 0.48b 0.57 0.52b 0.65a 0.47b 0.54 0.60a 0.51b 0.011 0.000 0.619 0.009 0.9

Start weight 41.4 40.2 41.8 39.8 0.76 – 0.41 0.20 0.94

Final
weight

58.5a 55.2b 59.4a 54.3b0.88 0.82 – 0.034 0.001 0.68

Growth
rate, g/d

195a 177b 200a 165b 6.7 – 0.026 0.002 0.40
frontier
Average initial and final live weight (kg), average daily weight gain (g/d) for lambs fed Control and Algae diet and male and female lambs. Standard Error of the Means and P-values.
SEM, Standard error of the means; a,b superscript indicate significant difference between treatments.
TABLE 2 Average percentage (%) L. hyperborea by-product in the Algae diet consumed by male (M) and female (F) lambs, and all lambs for Period 1, 2
and 3.

Period 1 Period 2 Period 3 SEM P-value

M F M F M F Period Sex PxS

% L. hyperborea 2.0d 3.0b 2.4bc 2.3cd 2.5bc 2.9ab 0.138 <0.001 0.01 <0.001

2.5 b 2.4b 2.7a <0.001
Standard Error of the Means and P-values.
SEM, Standard error of the means; a,b superscript indicate significant difference between treatments.
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thus do not need to go through a time-consuming European Food

Safety Authority (EFSA) or FDA regulatory approval processes.

Managing seaweed in the diets of livestock, however, needs

attention due to toxic levels of heavy metals including arsenic,

iodine, or other compounds, such as bromoform, that could affect

animal health or if detected as residues in milk and meat products

could be unsuitable or dangerous for human consumption.

Although there are promising findings describing the use of the

red seaweed Asparagopsis sp. as a CH4 mitigation feed supplement

in ruminants, there are also report of negative attributes in terms of

the bromoform content which is toxic to animal and human health

(Glasson et al., 2022). Also, harvested batches of Asparagopsis are
Frontiers in Animal Science 07
inconsistent in their mitigating ability, as it ages over time and thus

can lose effectiveness and activity in addition to being expensive to

purchase (Zhu et al., 2021). Due to these challenges, focus has been

changed to brown European coastal species. Several of the brown

species have shown contents of polyphenols and other possible

bioactive compounds to potentially mitigate enteric CH4 (Wang

et al., 2008), however with inconsistent results (Min et al., 2021;

Roskam et al., 2022). Hansen et al. (2003) investigated the primitive

sheep breed North Ronaldsay from the Orkney islands in Scotland

which survives with seaweeds as their sole feed source. They report

the occurrence of in vitro gas production by Laminaria ssp. which

indicate these seaweeds contain phenolic compounds. Furthermore,
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the authors show that Laminaria spp. accounted for approximately

90% of the sheep daily feed intake and they therefore suggest that

Laminaria spp have the potential to be used as an alternative feed

source for other sheep breeds. North Ronaldsay sheep have adapted

to these extreme conditions, and their metabolism may differ from

larger intensive breeds which are bred for composite purposes

(meat and wool) and as such are not comparable. Most of the

results reported to date on use of brown seaweed species to mitigate

enteric CH4 from ruminants are from in vitro studies as few in vivo

studies have been reported (e.g., Roskam et al., 2024). Due to the

inconsistencies associated with dietary supplementation with whole

brown seaweeds, there has been a renewed focus on the

examination of by-products and bioactives derived from seaweed

for their ability to consistently mitigate enteric CH4 emissions.
4.1 Feed intake

In the current study, a by-product from L. hyperborea, was

incorporated into a concentrate pellet. The inclusion rate of the by-

product in the diets to sheep was 2.5%, but varying between male

and female animals, and during the experiment. The increase in

feed intake over time is explained by the growth of the lambs even

though feed intake was highest in Period 2. The amount of

concentrate inclusion in the total diet increased from Period 1 to

Period 2 and was unchanged from Period 2 to Period 3. The largest

differences are related to intake of grass silage but is not explained

by differences in quality of the silages over the three periods (results

not shown). As lambs grow, their demand for intake of high-quality

feed increases. There were numerical differences in feed intake

between animals of the two diets. Roskam et al. (2024) observed no

differences in DMI with mature ewes supplemented with the brown

seaweed Ascophyllum nodosum. Palatability was not an issue in the

present experiment as all offered concentrate (which contained the

seaweed biomass) was consumed.
4.2 CH4 emissions

Overall, there were no difference in CH4 emissions between the

diets but differences were observed between experimental periods.
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The proportion of concentrate consumed was lower in period 1

which would explain the higher CH4 emissions and yield observed

in Period 1.,Similar differences were observed between male and

female lambs with male lambs emitting more CH4 compared to the

female lambs. The proportion of concentrate in the diet to females

were higher (42% DM) than that of diet to the male lambs

(35% DM).

Ascophyllum nodosum is the most tested brown seaweed for

nutritional and CH4 mitigation purposes. The mitigation effect of

inclusion as seaweed or as an extract are inconclusive as shown for

Roskam et al. (2024) who in one experiment found that inclusion of

the seaweed and extract, independently in the diet of sheep, reduced

CH4 emissions while similar results were absent in a repeat

experiment. Use of L. hyperborea to mitigate CH4 emissions in

ruminants has not been previously reported. Literature referring to

this brown seaweed species are focused on their effects in anaerobic

digesters on biogas production. Inclusion of L. hyperborea by-

product in the current study showed inconsistent results. In

Period 1, algae fed lambs had a significant reduction in enteric

CH4 emission and yield compared to those fed the control diet.

However, in Period 2, this was reversed and for Period 3, no

differences were discovered. The rumen microbiome is the main

driver for CH4 production (Tapio et al., 2017) and via the diet it is

possible to manipulate their efficiency. The reported effects of

polyphenols to mitigate CH4 thus is assumed to have an effect on

the lower emissions and yield for Period 1.

Bioactive substances like polyphenols can modify metabolism

in the rumen as identified previously by Vasta et al. (2019).

Polyphenols, like phlorotannins, that are known to be exclusively

found in brown seaweeds (e.g., Laminaria hyperborea), are thought

to impact enteric CH4 emissions through their bioactive

antimicrobial or antioxidant actions, which can interfere with the

metabolism of microorganisms including methanogens in the

rumen. In the present study, the phlorotannin content of the

polyphenols in L. hyperborea were not quantified specifically.

Further characterization work on the algal extracts is therefore

required. In An in vitro study, Vissers et al. (2017) examined

phlorotannin extracts from Laminaria digitata at various

concentrations and observed reductions in CH4 production at

dosages of 40 g/kg and greater (38-72% reduction). The

concentrations of polyphenols reported in this work, are in line

with values reported in previous studies focusing on the polyphenol

content of L. hyperborea. For example, Wekre et al. (2022) found

the content of polyphenols in L. hyperborea (expressed as mg GAE/

g DW) to vary from 5.51 to 8.32 mg GAE/g DW. Concentrations of

polyphenols were identified using qNMR in our study while the

total polyphenol content (TPC) was determined by Wekre

et al. (2019).

Considering it has been reported that the microorganisms adapt

to the new environment when the diet is altered (McGovern et al.,

2020), one would expect to observe less of a difference in the

reduction in CH4 emissions in the lambs fed the algae diet as the

rumen microbes had time to adapt. However, higher CH4 emissions

and yield were recorded for lambs fed the algal supplemented diet
frontiersin.or
TABLE 4 Average intake (g/d) and excretion (g/g intake) of nitrogen in
urine and feces of male lambs fed Control and Algae diet.

Control Algae SEM P-value

Total N intake 29.4 28.2 0.687 0.39

N output feces 9.46 9.22 0.254 0.65

N output urine 12.9 12.7 0.491 0.86

N feces/total N intake 0.33 0.33 0.086 0.85

N urine/total N intake 0.45 0.47 0.019 0.74

N excrete/N intake 0.78 0.80 0.025 0.68
SEM, Standard error of the means.
g
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compared to the controls in Period 2, which was unexpected. Based

on these results, it seems that the main effect on the CH4 emissions

is related to the level of concentrate in the diets rather than the

inclusion of L. hyperborea. This is consistent with findings of

Olijhoek et al. (2018) who found that increased levels of

concentrate relative to forage reduced CH4 emissions by 14 – 30%.

The largest differences in CH4 emissions between the diets were

found in the first period, and could possibly have been influenced by

the development of the rumen and the rumen microbiota. However,

in the Norwegian sheep production system, lambs are reared by

their dams and follow onto pasture for four to five months before

they are slaughtered. The rumen development of lambs occurs

within the first two months of life with rumen microbial

colonization achieved during the first month, rumen function at 2

months and anatomic development after 2 months (Jiao et al.,

2015). Weaning time and access to solid feed have implications on

the rumen development (Herath et al., 2021). The pre-experimental

management of lambs in the present study included milk and

concentrate feeding for two months before the lambs had access

to pasture where they additionally were fed concentrate. Therefore,

it is possible, but unlikely, that weaning time and pre-feeding

influenced our results in the present experiment.
4.3 Weight

The inclusion of L. hyperborea in the diet affected lambs’ growth

rate resulting in algae supplemented lambs being 3 kg lighter

following feeding for 4 months. Similarly, Roskam et al. (2024)

found a tendency towards the inclusion of seaweed or seaweed

extract affecting daily weight gain negatively. It is not ideal to feed

growing livestock ingredients or feed additives that affects

performance negatively as determined in this study. The

maintenance of animal performance is essential for farmers as it

directly impacts farm economy which, among other things, is based

on the carcass weight. However, the lambs were not slaughtered, so

this is an assumption based on previous experience of an observed

high correlation between animal live weight and fat free carcass

weight (Brooks, 2017; Nicol et al., 1968). In the in vitro trial by

Wang et al. (2008) ruminal fermentation and protein degradation

was reduced with inclusion of phlorotannins. As tannins are

considered to reduce ruminal degradation of proteins (Frutos

et al., 2004) it could be hypothesized that the phlorotannin

content in the algae diet resulted in reduced protein utilization.

On the other hand, nitrogen digestibility was not affected by the

inclusion of L. hyperborea in the diet which leaves more questions to

be investigated to find the true mechanisms. We did not expect L.

hyperborea to be a source of protein as previous analysis of different

seaweed species show that brown species in general are low in

digestible protein (Tayyab et al., 2016) and their amino acid

composition is not beneficial for livestock growth (Gaillard et al.,

2018). Red species, on the other hand, may have a more beneficial

protein content as we previously determined that lambs fed

Porphyra sp or soybean meal as the primary protein sources had

similar growth rate (Lind et al., 2020).
Frontiers in Animal Science 09
4.4 By-product as feed ingredient

By-products used in diets to livestock are low-input and

sustainable feeds. The costs of by-products are often less than

that of whole unprocessed materials (Salami et al., 2019) and the

authors summarize the benefits of plant by-products for ruminant

meat production. Using the by-products from alginate production

requires pressing and drying, as the dry matter is below 5%, in our

case was only 3%. Most of the water-soluble compounds of the L.

hyperborea biomass were removed during the extensive washings

during the alginate extraction, resulting in a lower ash content,

lower content of toxic heavy metals, and higher protein content

than in the native seaweed. However, the content of iodine, bound

to insoluble parts, was similar to the original material or even higher

in concentrations. Lind et al. (2023) investigated the pathway for

iodine in sheep fed L. hyperborea by-products and found that most

of the iodine was excreted in feces and none of the animals’ showed

signs of clinical intoxication. Costs and energy for the drying

process must be considered when calculating the entire cost and

benefits of the feed product. However, in a recent LCA analysis, the

L. hyperborea residue performed better than other seaweed species

and fractions due to the minimal processing requirements and

lower allocated burdens (Thomas et al., 2025).

Salami et al. (2019) highlight that the content of bioactive

compounds such as unsaturated fatty acids and phytochemicals

may decrease GHG emissions while improving meat nutritional

composition and shelf-life. However, there is little impact of A.

nodosum inclusion on meat quality (chemical composition and

sensory attributes) which was the only species reviewed when Costa

et al. (2021) did their review. Salami et al. (2019) suggest that

increased use of plant by-products may replace conventional

forages and thus improve the environmental performance of meat

production. In general, use of plant by-products can be a low-cost

and low-input feed.

This study addresses new knowledge in understanding how

brown seaweed species may affect enteric CH4 emissions in small

ruminants. To further understand the potential anti-methanogenic

effects of brown seaweed species, additional research on the

supplementation of the diets of adult ewes with brown seaweeds

and their by-products at different level should be performed. This

will address how they respond to the seaweed inclusion. As

mentioned, the content of iodine and toxic heavy metals are the

most limiting factors in the amount of some brown seaweed species

that can be included in the diet of ruminants. Extraction of these

compounds from the seaweeds must be achieved before we can

recommend higher inclusion rates of the brown species.
5 Conclusion

Discovering new feed ingredients or feed additives with anti-

methanogenic properties that are applicable at farm level, are

essential to meet our global targets in reducing enteric methane

emissions from ruminants. This study included a by-product from

the seaweed Laminaria hyperborea as a potential to mitigate enteric
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methane emissions from sheep. We tested if the inclusion of this by-

product would reduce methane but have no negative effect on DMI

or growth rate. The results showed that while methane was reduced

due to dietary supplementation with the algae diet in the first period

of the experiment, the overall production, yield, or intensity of

methane was not affected by diet over the entire duration of the

study. However, factors other than the algae inclusion may have

contributed to the observed effects, and more research, with more

comprehensive analyses, is needed to understand the effects on

growth and methane emissions.
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