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Simple Summary

Macroalgae have been incorporated into livestock diets as novel protein and carbohydrate
sources with bioactive compounds that could benefit both human and animal health. Recent
studies demonstrated that macroalgae can reduce methane production in ruminants without
affecting performance, supporting their use as a promising feed ingredient. In this study,
we first evaluated the in vitro gas kinetic and methane emission of Gigartina skosttsbergii
(red macroalgae), and secondly, we used in vivo assessment to obtain the effects of dietary
Gigartina skottsbergii (Gs) supplementation for grazing sheep on growth performance and
blood parameters. Our results showed that the dietary inclusion of Gs (at 450 g DM/d) for
sheep did not alter body weight, average daily gain, and most of the blood parameters. The
implementation of Gs mitigated enteric methane (CH4) emission, in vitro, at this inclusion
rate; however, this was accompanied by lower in vitro gas production (IVGP) and in vitro dry
matter degradability (IVDMD). Further research is needed to refine the potential impacts of
Gs on ruminal fermentation, methane emission, and product quality.

Abstract

Two experiments were carried out to evaluate the inclusion impacts of macroalgae Gigartina
skottsbergii (Gs) for grazing sheep. Experiment (Exp.) 1 studied the effect of Gs on in vitro
gas production (IVGP), dry matter (DM) digestibility (IVDMD), and methane (CH4) emis-
sion using three fistulated sheep and 96 h incubation of samples. In Exp. 2, ten Dohne
Merino ewes [5-year-old; 47 ± 0.14 kg body weight (BW)] were randomly assigned to
dietary treatments supplemented with Gs at 0 or 450 g DM/d per animal. The study lasted
31 days and was preceded by an adaptation period of 9 days. The BW, body conditional
score (BCS), and blood were sampled at the first and the last day of the trial. The results
of Exp. 1 showed that Gs supplementation reduced (MCP, p = 0.026) gas production (A),
lag time (p = 0.013), and IVDMD (p = 0.071), while it enhanced partition factor (PF96;
p = 0.004) and microbial crude protein (MCP) (p = 0.054). The concentration of CH4 de-
creased after 3 h (p = 0.0002), 6 h (p = 0.013), and 12 h (p = 0.010) with a tendency at 9 h
(p = 0.109) and 24 h (p = 0.068). In Exp. 2, there were no diet effects on the initial BW
(IBW, p = 0.77), final BW (FBW, p = 0.91), and average daily gain (ADG, p = 0.24) of ewes;
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however, Gs supplementation decreased BCS (p = 0.004). Of all blood parameters, only
the concentration of glucose (p = 0.021) and albumin (p = 0.011) decreased in the Gs group.
Overall, our results revealed that the dietary inclusion of Gs (at 450 g DM/d) affected
neither the BW nor ADG of ewes; however, Gs was accompanied by lesser IVGP and
CH4 emission.

Keywords: feed supplement; Gigartina skottsbergii; macroalgae; methane; sheep

1. Introduction
The increasing demand for ruminant feed, affected by pandemics and climate change,

necessitates the search for sustainable feed alternatives [1,2]. Macroalgae, also known as
seaweed, comprise one of the prospective solutions as a promising alternative feed source
for ruminants that are valued as a cost-effective and unconventional feed source over terres-
trial plants [3]. This is attributed to their ability to utilize salt water instead of fresh water,
minimize the need for industrial fertilization, and achieve superior biomass productivity
per unit of surface area [4]. Some evidence has demonstrated that the incorporation of
macroalgae contributes to the mitigation of the eco-environmental footprint of ruminant
production without impairing animal health and productivity, although research is still
in its infancy and continues to evolve [3–5]. In the last decade, the global cultivation of
macroalgae has doubled, reaching an annual fresh weight of approximately 32 million
tons [6]. It has been well established that macroalgae biomass is rich in crude protein, fatty
acids, minerals, vitamins, and bioactive compounds that makes it a useful ingredient when
conventional feedstuffs are of poor quality [4,7].

The Magallanes and Chilean Antarctic Region are characterized by extensive sheep
farming [8], with the feeding mostly based on native grasslands made up of low-quality
forage species, representing 96% of the total area used for grazing in the region [8]. The
nutritional characteristics of the forages in these natural pastures are characterized by
high dry matter (DM) and low crude protein (CP) content (10.5% in spring and 4.2% in
winter, DM basis) [4,9], which do not meet the production requirements of sheep and make
the use of supplementations inevitable. Chile has an extensive coastline that facilitates
the utilization of marine feed ingredients such as macroalgae [10]. Gigartina skottsbergii
(Gs) is one of the most important carrageenophytes in Chile, with production generated
entirely from wild populations [6]; it represents an abundant, local feed source that does
not compete with terrestrial feed source while showing nutritional potential as a ruminant
feed [9].

Recently, the macroalgae-based animal feeding has been extensively reviewed [3,4,9,11,12].
There is also available information from both in vitro and in vivo experiments on the feasibility
of different macroalgae for ruminants. It has been proposed that seaweed (Ulva lactuca) might
be a suitable feed supplement for sheep [13]. Rjiba-Ktita et al. [7] reported that green algae
can be included in the fattening lamb’s diet (up to 200 g/kg) as a replacement for protein
supplements without negative impacts on intake and performance. It has been also shown that
feeding red algae (Lithothamnion calcareum) to dairy cows [14] and brown algae (Ascophyllum
nodosum) to lactating ewes [15] led to a higher milk production. The addition of 10 g/day
(DM basis) of Ascophyllum nodosum has also has beneficial effects on forage digestibility in
low-quality forage diets in steers [16]. It has been demonstrated in vitro that the addition of
macroalgae (A. taxiformis and Z. farlowii) at a dose rate of 5% DM reduced methane production
by up to 74% [17]. The integration of seaweeds into sheep rations [13] has been used in
coastal areas in times of fodder shortage and has potential for use in ruminants [3,9]. However,
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an in vitro study [7] reported that the inclusion of aquatic plant species (Ruppia maritima,
Chaetomorpha linum, and Ulva lactuca) should not exceed 200 g/kg in concentrate feeds, due to
the reduction of the rate and extent of degradation. The large-scale application of macroalgae
in ruminant diets faces specific challenges, including a high level of ash (~20–40% of DM),
posing risks of mineral toxicity and low organic matter (OM) digestibility, which impairs the
degradation of fiber and protein [18].

Despite the promising prospects of macroalgae-based ruminant feeding in terms of miti-
gation, food–feed–fuel competition, and methane emission, as well as producing functional
foods [3,11], there is no study, to the best of our knowledge, regarding the use of Gs (red algae),
endemic macroalgae to the Magallanes Region and Chilean Antarctica, in sheep feeding.
Among the locally available macroalgae, red seaweed Gs is the only species harvested and
commercially processed in the Magallanes Region. Its legal status allows for large-scale wild
harvest and industrial dehydration, unlike brown macroalgae such as Macrocystis pyrifera,
which are ecologically protected [19,20]. This regional specificity, combined with Gs’s nu-
tritional potential and local availability through commercial processors in Punta Arenas,
supports its selection as a practical and sustainable supplement for ruminant feeding [19,20].
Hence, the present investigation aimed, first, to explore the additive effects of Gs on in vitro
fermentation parameters and methane (CH4) emission and, second, to evaluate the impacts of
dietary Gs supplementation for grazing sheep on growth performance and blood parameters.
Our hypothesis was that the supplementation of algae in grazing sheep had no deleterious
effects on the weight gain and blood parameters of the animals.

2. Materials and Methods
2.1. Ethical Statement

This research was carried out following the protocols established by the Professional
Committee for the Standardization of Experimental Animals of the Universidad Autonoma
del Estado de Mexico (project ID: 4974/2020 CIB).

2.2. Grassland and Algae Preparation

A total of two paddocks were used, one control paddock and one treatment paddock.
Both were used extensively with continuous grazing at Estancia Josefina, located 70 km
north of Punta Arenas, Magallanes, and Chilean Antarctica Region, on Route 255. Each
paddock had an area of 20 hectares and 5 sheep per paddock. To determine its botanical
composition, the percentage of coverage and presence of species were estimated, using a
50 × 50 cm quadrat, heterogeneously distributing 10 times the quadrant over the entire
surface of both paddocks [21], and then cutting of the plant material was carried out in each;
then, the fresh plant matter was dried at 60 ◦C for 48 h for the estimation of DM production
of the paddocks. Additionally, the Gs algae were provided by the Algina Chemicals plant,
located in the Magallanes and Chilean Antarctica Region. For this, 10 kg of dry matter of
Gs algae was sieved with the 4 mm Standard Test Sieve No. 5 (brand W.S. Tyler, Mentor,
OH, USA, STATE).

2.3. Exp 1. In Vitro Trial
2.3.1. Chemical Composition

Samples of grassland and algae were dried at 60 ◦C for 48 h and separately pooled
and grounded in a hammer mill with a 1 mm screen (Arthur Hill Thomas Corpo-
ration, Philadelphia, PA, USA) and analyzed (three replicates) for DM (930.15), CP
(Kjeldahl N × 6.25, 990.03), ether extract (EE) (945.16), and ash (967.05) according to Asso-
ciation of official analytical collaboration [22]. The ash-free neutral detergent fiber (NDF),
acid detergent fiber (ADF), and lignin content of samples were measured (Fibertec 1010,
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Tecator, Höganäs, Sweden) according to Van Soest et al. [23]. Mineral content (Ca and P)
was determined as described by Peters [24].

2.3.2. In Vitro Gas Production

Rumen fluid samples (approximately 300 g of liquid and 200 g of solids) from three
fistulated 5-year-old Dohne Merino ewes [with an average body weight (BW) of 47 ± 1.4 kg
(mean ± standard deviation, SD)] were collected, pooled, and homogenized prior to
incubation. The ewes were previously fed on natural grassland (control diet). The content
from all three animals was pooled and homogenized to ensure a representative microbial
inoculum, as recommended by González Ronquillo et al. [25]. The homogenized rumen
fluid was then filtered through four layers of cheesecloth to remove large particulate matter
and was immediately transferred to the laboratory in a pre-warmed thermos flask under
anaerobic conditions for use in in vitro incubations.

In vitro gas production (IVGP) was determined according to Theodorou et al. [26].
In brief, 0.800 g DM of each diet, including (1) 0.800 g of Grassland and (2) 0.560 g of
Grassland + 0.240 g Gs (70:30 ratio), was placed in 125 mL glass jars in triplicate (3 flasks
per treatment), with three incubation batches using a completely randomized design. Each
bottle contained 10 mL of sheep rumen fluid and 90 mL of a buffer solution, and they were
incubated in a water batch at 39 ◦C. The gas pressure was recorded at 3, 6, 9, 12, 24, 36,
48, 60, 72, 84, and 96 h of incubation using a digital pressure gauge (HD2124, Delta OHM,
Via Marconi, Caselle Di Selvazzano, Italy). After 96 h of incubation, pH and dry matter
disappearance (DMD) were determined. Additionally, the ammonia nitrogen (NH3-N)
concentration was measured using the phenol hypochlorite method [27]. Pressure readings
(PSI) were corrected and converted to gas volume (mL) by performing a linear regression
[y, gas volume (mL) = 2.1165 x, x = psi, R2 = 0.9979].

To estimate gas production kinetics, data (mL/g DM) were fitted with the NLIN
procedure of SAS according to Theodorou et al. [26], using the following model:
GP = B (1 − e−ct), where GP = gas production (mL gas/g DM); B = total gas produc-
tion (mL gas/g DM); c = degradation rate compared with the time (hours); and t = time
(h). In vitro DMD (IVDMD, mg/100 mg) and organic matter disappearance (IVOMD,
mg/100 mg), metabolizable energy (ME), short chain fatty acids (SCFA), and microbial
crude protein (MCP) production were also estimated as described by Getachew et al. [28].

After the incubation periods, the bottles were opened, and the contents were filtered
and then dried at 60 ◦C for 48 h, in order to evaluate the loss of dry matter (DMD 96 h).
In addition, gas production at 24 h (GY24) was determined by calculating the volume
generated (mL of gas/g DM) by dividing the amount of DMD (g), according to González
Ronquillo et al. [25].

Fermentation efficiency at 96 h (PF96) was estimated by the ratio of in vitro DMD (mg) to
the total volume of gas produced (GP96, mL), following the methodology of Blümmel et al. [29].

2.3.3. Methane (CH4) Production

To determine CH4 levels, 0.200 g DM samples of each diet were incubated in 100 mL
glass syringes in triplicate. This process was repeated in three incubation batches, with
20 mL of a buffer solution and 10 mL of sheep rumen fluid [26]. Gas volume
(mL gas/200 mg DM) and CH4 were measured after 4, 8, 12, and 24 h of fermentation.
For CH4 emission, a 1 mL sample of the gas generated in the upper space of each gas
handling syringe was taken with the help of a three-step stopcock, and it was diluted 1/100,
transferred to another 100 mL glass gas syringe (1100 TLL, Hamilton Company, Reno, NV,
USA), and passed through a CH4 detector (PHG100, PANGEA, Jiaxing, China) to record
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results in parts per million (ppm). The average value obtained from each sample was
adjusted to the volume of gas produced.

2.3.4. Moisture Retention Test

Water retention (Rh) was determined following Wang et al. [30]. Briefly, 1 g of DM of
each diet (in triplicate) was weighed on a Whatman paper filter and placed in a funnel with
a flask to collect excess water. An amount of 25 mL of water was added to each sample,
and the weight difference was recorded as the initial Rh at 0 h. Subsequently, the weight
was measured at 1, 2, 4, 6, 8, 12, 24, and 48 h. The moisture retention capacity (MRC) was
determined. Prior to the test, samples were dried at 60 ◦C for 24 h. The moisture retention
capacity was evaluated by calculating the weight in the dry sample (Ra) as a percentage: Ra
(%) = (Wn − W0)/W0, where W0 and Wn represent the weights of the sample before and
after the 48 h water test at 20 ◦C. Wet samples were prepared by adding 25 mL of water to
1000 g of DM, and moisture retention capacity was evaluated by the percentage of residual
water in the wet sample (Rh), as follows:

Rh (%) = Hn/H0 × 100,

where H0 and Hn are the weights of water in the sample before and after introducing the
silica gel at 20 ◦C after, 1, 2, 4, 8, 12, 24, and 48 h of the test.

Rh (%) = [(Wf − Wi)/Wi] × 100, where Wf = weight of final sample + water;
Wi = weight of initial sample as DM.

2.4. Exp 2. In Vivo Trial
Experimental Design and Sample Collection

A total of ten 5-year-old Dohne Merino ewes with average body weights (BW) of
47 ± 1.4 kg (mean ± standard deviation, SD) were used for the study. The sheep were not
lactating before the experiment, and they were in a stable maintenance state. The trial
lasted 31 days and was preceded by an adaptation period of 9 days. The following two
dietary treatments (5 animals each) were included: (i) Grassland group (24 h grazing) and
(ii) Grassland + Gs group [20 h of stabling for the supplementation of Gs (450 g DM/animal
per day) and 4 h (1500–1900 h) of continuous grazing]. The algae ration for each animal
per day was estimated from the literature [31,32] in relation to the total DM consumed by
the sheep in this assay (1500 g DM/animal per day) [33]. The purpose of using this level
was to explore the potential metabolic and physiological effects of Gs in sheep, particularly
considering that this is the first known study evaluating Gs in small ruminants. While this
level exceeds what might be used in practical ruminant feeding systems, it allows for the
clear detection of any biological responses or tolerance limits under controlled conditions,
which can inform future dose–response or optimization studies.

For the Grassland + Gs group, once grazing was completed, they were moved daily
in a house feeding for the supplementation of Gs. Daily consumption of the seaweed was
estimated at 32% of the total seaweed ration.

All animals were weighed following 16 h fasting using a calibrated scale, with the
averages BW measured at the initial and final evaluation, the average weight gain of both
groups was obtained, and the average daily gain (ADG, g/d) per animal and treatment
was adjusted. Body condition score (BCS) was assessed at the beginning (day 0) and
at the end of the experimental period (day 31) by palpation of the muscle and adipose
mass surrounding the spinous and transverse processes of the lumbar spine on a scale
from 1 to 5 (scale of 1 = very lean, 5 = very fat) [34]. Blood samples were collected after
overnight fasting through the jugular vein using 10 mL vacutainer tubes [BD® Vacutainer®

(Becton, Dickinson and Company, Franklin Lakes, NJ, USA) tube with SST™ II Advance
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gel Measure 13 × 75 mm, plastic, serum separator gel additive, yellow stopper] on days
0 and 31. Serum samples were obtained by centrifuging the blood tubes for 10 min at
3500× g at 10 ◦C and then were frozen at −20 ◦C until subsequent analysis. The serum sam-
ples were analyzed (three replicates) for glucose (Glu; mg/dL), total protein (TP; g/dL), and
albumin (Alb; g/dL) by an autoanalyzer (CS-T24O, Dirui Industrial Co., Ltd., Changchun,
China). Globulin (Glo; g/dL) was calculated as the difference between TP and Alb
(Glo = TP − ALB). Additionally, the minerals and electrolytes including calcium (Ca; mg/dL),
phosphorus (P; mg/dL), magnesium (Mg; mg/dL), sodium (Na; mEq/L), potassium (K;
mEq/L), and chlorine (Cl; mEq/L) were determined in an Electrolyte Analyzer (EasyLyte,
Medica Corporation, Bedford, MA, USA) according to the manufacturer’s instructions.

2.5. Statistical Analysis

In vivo data on BW, ADG, and BCS, as well as in vitro gas production parameters, were
analyzed using the general linear model (GLM) procedure of SAS version 9.2 (SAS/STAT,
SAS Institute Inc., Cary, NC, USA) using the following model: yij = µ + Ti + eij, where yij

is the dependent variable, µ is the overall mean, Ti is the treatment effect, and eij is the
error. One-way analysis of covariance (ANCOVA) was performed for ADG and Final BW
considering BW as a covariate. The partial eta squared statistic (η2) was applied, with small,
medium, and large effects considered for η2 values of 0.01, 0.06, and 0.14, respectively.

The blood parameters were analyzed based on a completely randomized design (CRD)
with two treatments (diets) and five replicates (sheep) by a mixed model of SAS version 9.2
for repeated measurements. The fixed effects in the model were the dietary treatment (diet),
the time of sampling (time), and their interaction (diet × time), while sheep was included
as a random factor. Least-square means (LSM) were calculated and tested for differences
by Tukey’s test. Significance was considered at p values ≤ 0.05, and values between
0.05 and 0.10 were considered tendencies.

3. Results
3.1. Exp 1. In Vitro Trial
3.1.1. Chemical Composition

The percentages of cover for each of the species present in the grassland were
Acaena magellanica (34.0 ± 10.0%), Poa sp. (29.2 ± 10.9%), Acaena pinnatifida (5.2 ± 8.1%),
Festuca gracillima (5.1 ± 6.4%), and to a lesser extent Trifolium repens (2.7 ± 4.2%). Table 1
shows the chemical composition of the grassland and the seaweed. The CP content of the
grass was 79.5 g/kg DM, while for the seaweed it was 85.6 g/kg DM, as for the EE and
NDF content it was higher for the grass than for the seaweed. The Ca and Cl contents were
higher for the grass, while the P and Na content were higher for the seaweed.

Table 1. Chemical composition of the grassland and the Gigartina skottsbergii (Gs).

Variable
Ingredient

Grassland Gs

DM, g/kg FM 550 980
OM, g/kg DM 904 722
Ash, g/kg DM 96 278
CP, g/kg DM 80 86

NDF, g/kg DM 488 239
ADF, g/kg DM 289 94
EE, g/kg DM 30 6

NFC, g/kg DM 145 56
Ca, g/kg DM 6 0.05
P, g/kg DM 1 1
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Table 1. Cont.

Variable
Ingredient

Grassland Gs

Mg, g/kg DM 2 9
Cl, g/kg DM 32 98
Na, g/kg DM 0.50 23.0

DM: dry matter; OM: organic matter; CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber;
NFC: non-fiber carbohydrate, estimated according to the equation: NFC = 100 − (NDF + CP + EE + Ash) [35]; Ca:
calcium; P: phosphorus; Mg: magnesium; Na: sodium; Cl: chlorine.

3.1.2. In Vitro Gas Production

The IVGP parameters are presented in Table 2. The Grassland group showed higher
(p = 0.026) potential cumulative gas production (A) compared to the Grassland + Gs treat-
ment. Additionally, the lag time was lower in the Grassland + Gs group (p = 0.013).
The DMD of the Grassland group was 8.3% higher than Grassland + Gs (p = 0.071).
However, the Grassland + Gs treatment was superior for PF96 (p = 0.004) and MCP
(p = 0.054), compared to the Grassland group. There were no diet effects for the NH3-N
concentration (p = 0.168).

Table 2. In vitro gas production and fermentation parameters of the experimental diets.

Variable 1
Diets 2

SEM 3 p-Value
Grassland Grassland + Gs

B 148.8 a 131.2 b 3.26 0.03
C 0.03 0.03 0.00 0.54

Lag time 2.50 a 1.10 b 0.25 0.01
Time (h)

3 h, mL gas/g DM 5.80 b 9.40 a 0.53 0.02
6 h, mL gas/g DM 14.5 18.5 0.92 0.11
9 h, mL gas/g DM 25.3 27.7 2.03 0.45

12 h, mL gas/g DM 37.5 37.3 1.79 0.96
24 h, mL gas/g DM 74.4 67.1 1.64 0.08
36 h, mL gas/g DM 99 a 87.9 b 2.47 0.03
48 h, mL gas/g DM 115.6 a 102.1 b 2.48 0.03
72 h, mL gas/g DM 132.4 a 116.5 b 2.77 0.02
96 h, mL gas/g DM 140.9 a 124.6 b 3.37 0.03

DMD, g/100 g 57.9 a 62.8 b 0.99 0.07
PF96, mL/g DMD 96 h 243.5 a 198.5 b 4.72 0.01

GP24 h, mL/200 mg DM 14.9 13.4 0.33 0.08
ME, MJ/kg DM 11.8 11.4 0.12 0.15
MCP, mg/g DM 546.4 b 598.0 a 9.58 0.05

SCFA, mL/200 mg DM 0.30 0.30 0.00 0.08
NH3-N, mg/dL 31.1 26.7 3.33 0.17

1 B = total gas production (mL gas/g DM); C = degradation rate compared with the time (hours); DMD = dry
matter disappeared at 96 h (g/100 g); PF96 = partition factor (mLgas/g DMD 96 h); GP24h = gas production at
24 h (mL gas/mg DM); ME = metabolizable energy (MJ/kg DM); MCP = microbial protein (mg/g DM);
SCFA = short chain fatty acids (mL/200 mg DM). 2 P = grassland, P + Gs = Grassland + Gs.
Gs = Gigartina skottsbergii. 3 SEM: Standard error of pooled means. ab Means within a row with different
superscripts differ (p ≤ 0.05).

3.1.3. Methane (CH4) Emission

The Grassland + Gs sheep showed lower concentrations of CH4 (as mL CH4/g DM)
after 3 h (p < 0.01), 6 h (p = 0.01), and 12 h (p = 0.01) of incubation in vitro compared
to the Grassland group (Table 3). CH4 levels also tended to decrease with macroalgae
supplementation at 9 h (p = 0.10) and 24 h (p = 0.07).
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Table 3. In vitro methane (CH4) production of the experimental diets.

Variable
mL CH4/g DM

SEM 1 p-Value
mL CH4/g DM Accumulated

SEM p-Value
Grassland Grassland + Gs Grassland Grassland + Gs

3 h 7.2 a 0.4 b 0.35 <0.01 7.2 a 0.4 b 0.35 <0.01
6 h 4.8 a 1.8 b 0.51 0.01 12 a 2.2 b 0.33 <0.01
9 h 8.7 4.1 1.57 0.10 20.7 a 6.3 b 1.78 <0.01
12 h 7.8 a 0.9 b 1.08 0.01 28.5 a 7.2 b 2.78 <0.01
24 h 41.9 28.5 3.92 0.07 70.4 a 35.7 b 1.31 <0.01

1 SEM: Standard error of pooled means. ab Means within a row with different superscripts differ (p ≤ 0.05).
Gs = Gigartina skottsbergii.

3.1.4. Moisture Retention Test

The Grassland + Gs group retained 1.46 times more water with respect to Grassland
at zero h (p < 0.01; Table 4), and this difference always remained constant, observing
that, at 48 h Grassland + Gs retained 1.4 times more water (p < 0.01). When expressed as
a percentage of its own retention volume, Grassland + Gs always retained more water
than Grassland, showing 25% more water retention for Grassland + Gs at 24 h compared
to Grassland (p < 0.01), and this ratio was maintained until 48 h, with 21% more water
retention for Grassland + Gs compared to Grassland (p < 0.01).

Table 4. Number of times water retention with respect to initial weight and water retention (%) of
experimental diets.

Variable
N Times Retention Water

SEM 1 p-Value
Rh (%) Water Retention

SEM 1 p-Value
Grassland Grassland + Gs Grassland Grassland + Gs

Time (h)
0 h 6.0 b 7.5 a 0.05 <0.01 100 100 0.00 >0.05
3 h 5.0 b 6.5 a 0.06 <0.01 82.3 b 87.5 a 0.26 <0.01
6 h 3.5 b 5.7 a 0.25 <0.01 58.8 b 75.7 a 3.65 <0.05
9 h 2.5 b 4.7 a 0.21 <0.01 41.8 b 62.6 a 3.20 <0.05

12 h 1.7 b 4.0 a 0.12 <0.01 29 b 54 a 1.83 <0.01
24 h 0.7 b 3.0 0.04 <0.01 11.9 b 39.7 a 0.49 <0.01
36 h 0.2 b 2.2 a 0.02 <0.01 4.0 b 30.0 a 0.27 <0.01
48 h −0.02 b 1.6 a 0.02 <0.01 0.0 b 21.8 a 0.204 <0.01

1 SEM: Standard error of pooled means. ab Means within a row with different superscripts differ (p ≤ 0.05).
Gs = Gigartina skottsbergii.

3.2. Exp 2. In Vivo Trial
3.2.1. Animal Performance

The animal performance results are given in Table 5. The average initial BW (IBW,
p > 0.05) and final BW (FBW, p = 0.91) of the animals from each treatment had no differences.
Similarly, the initial (p > 0.05) and final (p > 0.05) metabolic BW values of sheep were not
altered. No differences (p > 0.05) were observed between the Grassland and Grassland + Gs
groups for the ADG. However, Grassland treatment showed a higher final BCS than
Grassland + Gs at the end of the experiment (p < 0.01).

3.2.2. Blood Parameters

There were no diet effects on TP (p > 0.05), Ca (p > 0.05), P (p > 0.05), Na (p > 0.05),
K (p > 0.05), Mg (p > 0.05), and Cl (p > 0.05) levels in the serum due to the microalgae
supplementation (Table 6). However, the concentrations of Glu (p < 0.05) and Alb (p =
0.01) were lower in the Grassland + Gs group. The Ca:P ratio did not change (p < 0.05) by
the treatments.
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Table 5. The performance of grazing sheep fed on experimental diets.

Item
Diets 1

SEM 2 p-Value Effect Size
Grassland Grassland + Gs

Initial BW, kg 46.6 47.4 1.99 >0.05 0.384
Final BW, kg 48.4 48.1 1.90 >0.05 0.345

ADG, g/d 30.3 25.3 5.29 >0.05 0.332
MBW initial, kg0.75 17.1 18.1 0.53 >0.05 0.384
MBW final, kg0.75 18.4 18.3 0.66 >0.05 0.345

ADG, g/kg0.75 2.3 2.0 0.13 >0.05 0.332
Initial BCS, point 2.6 2.7 0.22 >0.05 0.321
Final BCS, point 3.0 a 2.2 b 0.1 <0.01 0.324

1 Diets were as follows: (i) Grassland group: 24 h grazing (n = 5); (ii) Grassland + Gs group: 20 h grazing and 4 h
of stabling for the supplementation of Gs (450 g DM/animal per day) (n = 5); BW: body weight; ADG: average
weight gain; MBW: metabolic body weight; BCS: body condition score. Gs = Gigartina skottsbergii. Effect size was
calculated using the partial eta squared statistic (η2). Small, medium, and large effects are reflected in η2 values
equal to 0.01, 0.06, and 0.14, respectively. 2 SEM: Standard error of pooled means. ab Means within a row with
different superscripts differ (p ≤ 0.05).

Table 6. The blood parameters of grazing sheep fed on experimental diets.

Variables
Diet 1 Time

SEM 2 p-Values

Grassland Grassland + Gs Initial Final Diet Time Diet × Time

Glu, mg/dL 74.9 a 64.5 b 71.9 67.5 2.89 <0.05 >0.05 >0.05
TP, g/dL 7.5 7.1 7.2 7.4 0.14 >0.056 >0.05 >0.05

Alb, g/dL 3.4 a 3.2 b 3.3 3.4 0.06 0.01 >0.05 >0.05
Glo, g/dL 4.1 3.9 3.9 4.0 0.09 >0.05 >0.05 >0.05
Ca, mg/dL 10.3 10.0 10.4 9.9 0.35 >0.05 >0.05 >0.05
P, mg/dL 5.8 6.2 6.1 5.9 0.64 >0.05 >0.05 >0.05

Na, mEq/L 147.1 147.0 146.0 148.1 0.92 >0.05 >0.05 >0.05
K, mEq/L 5.6 5.2 5.1 b 5.7 a 0.17 >0.05 0.01 >0.05

Mg, mg/dL 2.5 2.2 2.2 2.5 0.15 >0.05 >0.05 >0.05
Cl, mEq/L 100.9 101.7 99.5 b 103.1 a 0.67 >0.05 <0.01 >0.05
Ca/P ratio 2.0 1.7 1.9 1.8 0.21 >0.05 >0.05 >0.05

Glu, glucose; TP, total protein; Glo, globulin; Alb, albumin. 1 Diets were as follows: (i) Grassland group: 24 h
grazing (n = 5); (ii) Grassland + Gs group: 20 h grazing and 4 h of stabling for the supplementation of Gs (450 g
DM/animal per day) (n = 5). 2 SEM: Standard error of pooled means. ab Means within a row with different
superscripts differ (p ≤ 0.05).

4. Discussion
4.1. Exp 1. In Vitro Trial
4.1.1. Chemical Composition of Grassland and Macroalgae

Variations in the chemical composition of seaweeds are created by several factors,
including species, season of harvest, growth habitat, and environmental conditions. Indeed,
growth rate and chemical composition are influenced by factors such as sunlight exposure,
salinity levels, sea depth variations, and water currents [36]. The present results on chemi-
cal composition of Gs algae is in line with previously published data [37]. The CP, NDF,
and Ash content of 12 macroalgae species (namely A. esculenta, A. nodosum, F. serratus,
F. vesiculosus, H. elongate, L. digitate, P. canaliculata, S. latissimi, C. crispus, P. palmate,
P. umbilicalis, and U. lactuca) had ranges of 44–152, 271–599, and 10.5–33.7 g/kg DM,
respectively [18]. It has been well documented [3] that the proximate composition of
macroalgae differed in a phylum (Chlorophyta, Rhodophyta, and Ochrophyta) and seasonal
manner. It has been also well known [4] that the different habitats of macroalgae have
developed adaptations in their photosynthetic process to thrive in specific marine depths,
varying solar radiation levels, and the availability of nutrients in their growth environ-
ment. Macroalgae proteins have been identified as high-quality proteins, consisting of a
significant proportion of essential amino acids (~46% of the total amino acids) [3,18]. A
recent systematic review [4] showed that the red algae (the phylum of Gs) had the highest
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amounts of CP among macroalgae. In this regard, Min et al. [3] reported that the CP content
of red seaweed is comparable with that of high-protein plant feeds like soybean meal.
The OM and CP contents of Gs in the present study were lower than those reported by
Ortiz-Viedma et al. [37]. These variations in the chemical composition may be due to geo-
graphical variation and stage of maturation [3,7]. Macroalgae are recognized for their high
levels of minerals, surpassing those found in terrestrial plants [18]. Our results showed that
the Gs enriched in Na and Mg agrees with the previous reports [37]. Therefore, this alga
has the potential to serve as a valuable source of macrominerals for ruminants. However, it
is important to note that its high inclusion levels may raise concerns, as they could exceed
the maximum tolerable levels of certain minerals such as sodium chloride [3,4]. In this
scene, Pandey et al. [18] demonstrated that specific post-harvest processing techniques
are required for reduce the contents of critical minerals before their inclusion in the rumi-
nant diets. To sum up, the present results imply that Gs is an interesting potential source
of protein feed; however, more detailed research is required to determine its secondary
metabolites, amino acid composition, and fatty acid profile to create a better insight into its
use in ruminant diets.

4.1.2. In Vitro Gas Production

In the current experiment, the addition of macroalgae was accompanied with lower
potential cumulative gas production and lag time. In confirmation, Hidayah et al. [38]
demonstrated that marine algae exhibit relatively low ruminal degradability and gas
production, primarily due to their high ash content, which reduces the organic matter
content. Zitouni et al. [39] reported that the macroalgae contain high levels of minerals
and crude protein (CP), contributing more to biomass than gas production. It has also
well been established that certain algae are rich in polysaccharides, carrageenans, alginate,
fucoidans, agar, ulvans, xylans, laminarin, and florideans starch, which limits nutrient
availability for ruminal microbes [40]. Moreover, Gs as a red macroalga, is particularly rich
in sulfated galactans—especially carrageenans—which are complex, high-molecular-weight
polysaccharides with limited fermentability in the rumen [6,9]. A recent study [41] found
that the adverse impact of marine algae on rumen feed degradability was more pronounced
when macroalgae were incubated with grass/clover silage. The impacts of algae on IVGP
can be attributed, among other factors, to the presence of specific anti-nutritional phenolic
compounds, such as phlorotannins [42]. Similar to terrestrial tannins, phlorotannins can
bind with proteins and form complexes with them and fiber to a lesser extent and reduce
the fermentability of these fractions in rumen [3,43].

In the present study, although Gs showed higher DMD, it produced less cumulative gas
compared to the control. This seemingly contradictory result may be due to the presence of
bioactive compounds in Gs, such as phlorotannins and sulfated polysaccharides, which can
alter fermentation pathways or inhibit specific gas-producing microbes. These compounds
may shift fermentation toward microbial biomass synthesis or propionate production, both
of which yield less gas [43–46]. Furthermore, some non-fiber soluble fractions in Gs may be
digested or assimilated without substantial gas formation. Therefore, gas volume alone
may not fully reflect substrate degradability when fermentation-modulating agents are
present, and complementary parameters like microbial protein synthesis and partitioning
factor should also be considered.

In the literature, the in vitro fermentation of various seaweeds has been evalu-
ated using a range of inclusion levels. In line with these results, Rjiba-Ktita et al. [7]
showed that the gas production, fermentation rate, and DMD were lower for macroalgae
(Chaetomorpha linum and Ulva lactuca) than barley grass. Likewise, Machado et al. [47]
showed that all 20 species of macroalgae (seven green, six brown, and four red algae) had
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lower gas production than decorticated cottonseed meal. Guinguina et al. [43] showed that
the total gas production linearly decreased with the inclusion of B. hamifera (2.5%, 5.0%,
and 7.5% DM) in grass silage. The addition of macroalgae (20% of total DM; A. nodosum,
F. vesiculosus, F. serratus, F. vesiculosus, and P. palmata) to maze silage reduced in vitro gas
production [18]. The inclusion of A. taxiformis or Oedogonium at levels exceeding 10% (DM
basis) was associated with lower in vitro OMd of grass hay. However, green (U. rigida),
red (G. vermiculophylla), or brown (S. latissima) macroalgae inclusion at 25% DM in a single
total mixed ration did not affect gas production, while it enhanced DMD and OMD [45].
In our study, a 30% inclusion level was intentionally chosen to evaluate the fermentation
response at a high inclusion level, where bioactive compound effects may be more pro-
nounced. Similarly, in a recent meta-analysis [5], macroalgae generally had no effect on
both IVGP and digestibility. Contrasting effects of macroalgae supplementation on gas
production have been reported to be linked with several factors, including algae species,
basal feed, inclusion levels, and fermentation mothed [45]. It has been well established that
the differences between forage and aquatic plants can be attributed not only to the quantity
of fiber but also to its structure and constituents [3,7]. Seaweeds, as a source of dietary
fiber, possess distinct physicochemical properties compared to terrestrial plants, which can
impact ruminal fermentative processes. Seaweeds are rich in sulphated polysaccharides, a
component that is absent in terrestrial plants. The biochemical intricacy of algal cell wall
composition, potential cellulose association with other polymers, and the varying degree of
crystallinity of algal cellulose have been hypothesized to restrict microbial enzyme access
to these substrates [3]; however, this assumption requires further confirmation through
structural and histological analyses.

4.1.3. Methane (CH4)

Reducing methanogenesis can liberate molecular H2 for utilization in pathways that
result in the production of rumen fermentation end products (e.g., VFA) that can serve as
energy source for the host animal [3]. Our results revealed that the CH4 levels decreased
with macroalgae supplementation because of the reduction of microbial activity. Seaweeds
are known to contain over 1500 secondary metabolites and can be rich in halogenated
aliphatic organic compounds, such as chlorobromomethane and bromoform [42]. Moreover,
species within the Rhodophyta family (like Gs) have been characterized by their high and
broad-spectrum antimicrobial activity due to their high concentration and diversity of
volatile halogenated compounds [46]. Bromoform, a naturally occurring compound in red
seaweeds (Rhodophyta), is considered the main substance responsible for reducing methane
production. It acts by disrupting key microbial processes involved in methanogenesis [47].

The potential of marine algae to mitigate methane emissions has been frequently
approved using both in vivo and in vitro approaches [5]. An in vitro study [17] showed
that a dose of 5% DM, A. taxiformis, and Z. farlowii reduced methane production by up
to 74% and 11%, respectively. It has also been demonstrated with B. hamifera inclusions
at 2.5%, 5.0%, and 7.5% of grass silage [43]. Similarly, a recent in vivo study reported
that the low levels of red seaweed (A. taxiformis; 0.05% to 0.2% OM) in a beef TMR-based
diet reduced CH4 emissions by up to 98% [48]. Likewise, the addition of A. taxiformis
(0.25% to 0.20%, DM basis) decreased average daily CH4 emission and CH4 yield in dairy
cows by 65% and 55%, respectively [49]. Min et al. [3] reviewed the existing data, both
in vitro and in vivo, associated with the inclusion effects of macroalgae in ruminants,
confirming their mitigatory impact on enteric CH4 emissions. Additionally, a meta-analysis
revealed that the dietary inclusion of macroalgae species decreases CH4 production in
ruminant animals [5]. The effectiveness of macroalgae in reducing methane production
during rumen incubation has been linked to the concentration of halogenated bioactivity
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including bromoform and di-bromochloromethane [17]. In this sense, Tomkins et al. [50]
reported that the organobromine in marine algae inhibited microbial methanogenesis.
It has also been well established that, in methanogenesis, metalloenzymes within the
Wolfe cycle could be inhibited by bromoform. This cycle is described as a CO2 reduction
process involved in methane formation using hydrogen [4,51]. Additionally, coenzyme M
methyltransferase is competitively bound by bromoform, which suppresses the methyl
transfer mechanism essential for methane production [52]. Moreover, Pandey et al. [18]
showed that the CH4 mitigating properties of macroalgae were associated with a marked
reduction in the abundance of the dominant CH4 producing archaea (Methanobrevibacter,
phylum Euryarchaeota) in the post-fermentation rumen fluid.

Despite these promising findings, a key limitation of the current study is the lack
of data on in vitro fermentation end-products (e.g., VFA profiles) and differential rumen
microbial population analysis. Such data would have enabled a clearer understanding of the
mechanistic basis for CH4 reduction. We strongly recommend that future research integrates
VFA quantification and microbial community profiling to better elucidate how macroalgae
modulate in vitro ruminal fermentation pathways and microbial ecology. Moreover, the
anti-methanogenic potential of macroalgae should be validated in vivo to design optimal
strategies for implementation.

4.1.4. Moisture Retention Test

One of the characteristics of algae that should be taken into account when using them
in animal feed is their structure, since they are made up of polysaccharides, which form
a three-dimensional network, as well as forming polar hydrogen bonds, which favors
water encapsulation [53]. In the present study, it was observed that the Grassland + Gs
treatment retained up to 25% more water than the Grassland treatment alone, and it
remained constant up to 48 h. This water retention capacity could influence the hydration
of the animal, increasing its need for drinking water consumption to maintain the water
balance and the correct functioning of its organism. According to a study carried out with
the inclusion of M. pyrifera in the diet, it led to an increase in water consumption and
consequently urine excretion [31]. Another point to consider is that most algae are rich in
minerals, which could make them a less than ideal food in situations of water scarcity and
drought due to the high demand for drinking water needed to excrete minerals from the
body [54].

4.2. Exp 2. In Vivo Trial
4.2.1. Animal Performance

In the present study, there were no diet effects on the BW and ADG of sheep. Similarly,
the addition of macroalgae (Halimeda opuntia) powder (1% DM of diet) altered neither BW
nor the ADG of growing lambs [55]. It has also been reported that the dietary addition of
10 mg/kg of macroalgae (A. nodosum) had no effect on the BW and growth rate of steers [56].
No significant differences were found in the ADG of Angus-Hereford beef steers along
with no change in milk yield in Jersey cows fed TMR diets with low levels of A. taxiformis
(0.25–0.5% DM of diet) and A. nodosum (113 g/d), respectively [57,58]. Consistent with
our results, Sandvik [59] observed no significant effects of macroalgae inclusion (6% L.
hyperborean, DM basis) on the DMI and ADG of lambs in a 90 d trial. Ktita et al. [60] have
also found that the inclusion of macroalgae (Ruppia maritima and Chaetomorpha linum) at
a level of 20% in barley and soybean meal had no significant effect on the DMI, ADG,
nutrient digestibility, and nitrogen balance of lambs. Similarly, the dietary supplementation
of 10% (DM basis) seaweed (A. nodosum and Laminaria cloustoni) for Ayrshire dairy cows
did not affect milk yield or fat percentage [61]. However, a recent meta-analysis [62] of
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a total of 84 articles with beef cattle, sheep, and goat demonstrated that supplementing
diets with algae is linked to an inclination for weight gain consistent with the high nutrient
content characteristic. Similarly, beef cattle fed diets supplemented with algae have shown
positive growth responses, leading to increased weight gains of approximately 2.5% [63].
Additionally, research indicates that providing algal biomass can improve weight gain in
heat-stressed cattle [64]. Variability across studies may be explained by factors including
animal species, sex, physiological condition, type of algae utilized, and their respective
inclusion rates.

Moreover, no effects on ADF and gain-to-feed ratio (G:F) were observed in lambs with
the incorporation of algae (at 1% DM) in hay-based diets [65]. Consistently, the lambs fed
with Porphyra sp. had similar ADG compared to those fed soybean, showing that Porphyra
sp. can be an alternative high-quality protein for soybean in lamb’s diet [66]. Dietary
supplementation of A. nodosum at 2% DM of diet resulted in an improved ADG of steers
fed a corn-based diet for two 28-day feedlot trials [67]. Kinley et al. [48] found that the
ingestion of Asparagopsis spp. improved the weight gain of cows without adverse effects on
DMI. Similarly, Fike et al. [68] showed that the supplementation of A. nodosum extract (at 1.7
to 3.4 kg/ha) led to the enhanced weight gain of lambs fed with endophyte-infected fescue
pastures. Therefore, it has been suggested that the presence of biotic or abiotic stressors
renders the favorable effects of macroalgae on ruminant growth. A recent systematic
review [9] has shown that the positive impacts of dietary macroalgae incorporation on
productive performance in ruminants were associated with alga species, inclusion level,
and animal growth stage.

4.2.2. Blood Parameters

The blood parameters in both groups were in the normal physiological range for
grazing sheep [69]. The present results showed that there were no diet effects on most of the
blood parameters. Notably, despite the high sodium (23 g/kg DM) and chloride (98 g/kg
DM) content observed in Gs, serum electrolyte levels in the supplemented group remained
within normal physiological ranges (Na: 148.1 mEq/L; Cl: 103.1 mEq/L), indicating no
evidence of salt toxicity or systemic imbalance. These values align with reference intervals
for healthy sheep (Na: 139–152 mEq/L; Cl: 95–113 mEq/L) [70]. No clinical signs of
dehydration or reduced intake were observed, suggesting that sheep effectively regulated
electrolyte homeostasis during the 31-day trial. However, the elevated mineral content of
Gs should be carefully monitored in longer-term applications, particularly in production
settings or under limited water access.

However, the concentrations of Glu and Alb were lower in the macroalgae-fed group,
which could be related to the low daily forage intake in these animals, as the amount of DM
consumed is a key factor for delivering energy to the animal that consequently alters blood
Glu levels [59]. It has been shown [71] that the supplementation of macroalgae (Azolla
pinnata) in a finishing lamb ration did not alter plasma total protein, glucose, cholesterol,
triglyceride, albumin, LDL, and HDL metabolites. Additionally, Kannan et al. [72] reported
that the dietary addition of seaweed (S. latifolium) extract for goats resulted in an increase
in blood albumin concentration, which is consistent with our current findings. Unlike our
results, the dietary supplementation of 0.25% and 0.50% (DM basis) Asparagopsis taxiformis
for dairy cows did not affect blood Glu, Alb, and TP in a 28 d experiment [49]. Likewise,
blood concentrations of Glu in Jersey cows did not change with feeding brown seaweed (A.
nodosum at a level of 113 g/d) [57]. The addition of seaweed meal (546 k/kg of Ascophylum
nodosum) did not change the blood immunity parameters of sheep [73]. The macroalgae
supplementation seems to elicit differential glycogenolytic effects in the ruminants. In an
earlier study [74] with Boer goats, it was found that seaweed extract supplementation did
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not have a significant effect on plasma glucose concentration. However, higher plasma Glu
concentrations following macroalgae ingestion have been previously reported in goats [75].
More studies are needed to provide further insights about the potential involvement
of macroalgae with ruminant blood metabolites, particularly those involved in energy
metabolism and liver function.

5. Conclusions
The inclusion of Gs at 450 g DM/d in sheep diets did not alter BW, ADG, and blood

parameters, with the exception of Glu and Alb. The mitigation of enteric CH4 emission
was demonstrated under in vitro conditions at this inclusion level and thus should be inter-
preted as a laboratory finding rather than directly extrapolated to live animal responses.
This CH4 reduction was accompanied by lower in vitro gas production and IVDMD. Fu-
ture studies employing longer adaptation periods, larger animal numbers, and varied
supplementation strategies are needed to fully evaluate the potential of Gs to reduce CH4

emissions without adversely impacting animal health or productivity.

Author Contributions: Conceptualization, S.R.-S., C.G. and M.G.R.; methodology, S.R.-S. and M.G.R.;
software, L.E.R.-J. and M.G.R.; validation, L.E.R.-J., M.G.R. and C.G.; formal analysis, C.G., S.R.-S. and
M.G.R.; investigation, C.G. and M.G.R.; resources, S.R.-S.; data curation, L.E.R.-J. and M.G.R.; writing—
original draft preparation, C.G., S.R.-S., M.G.R. and N.G.; writing—review and editing, L.E.R.-J., M.G.R.
and N.G.; visualization, S.R.-S. and M.G.R.; supervision, S.R.-S. and M.G.R.; funding acquisition, S.R.-S.
and M.G.R. All authors have read and agreed to the published version of the manuscript.

Funding: This project was supported by Universidad de Magallanes, Chile by the Chilean Govern-
ment’s Contest for the Attraction of Advance Human Capital from Abroad, Short Stays Modality
(MEC 80190113), and the Universidad Autonoma del Estado de Mexico “Licencia con goce de sueldo,
employee support 20357”.

Institutional Review Board Statement: This research was carried out following the protocols es-
tablished by the Professional Committee for the Standardization of Experimental Animals of the
Universidad Autonoma del Estado de Mexico (project ID: 4974/2020 CIB date 1 March 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author (M.G.R.).

Acknowledgments: During the present study, M Gonzalez-Ronquillo stayed at the Universidad de
Magallanes, Chile, which was financed by the Chilean Government’s Contest for the Attraction of
Advance Human Capital from Abroad, Short Stays Modality (MEC 80190113), and the Universidad
Autonoma del Estado de Mexico. We cordially thank the Algina Chemical Products plant located
in Punta Arenas, Magallanes, and the Chilean Antarctica Region, Chile, for their cooperation and
contribution to this research with the delivery of the Gigartina skottsbergii algae, the raw material used
in the animal feed study. We would like to thank Don Hugo Vera for kindly providing his facilities at
Estancia Josefina for the development of the experiment.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Holka, M.; Kowalska, J.; Jakubowska, M. Reducing carbon footprint of agriculture—Can organic farming help to mitigate climate

change? Agriculture 2022, 12, 1383. [CrossRef]
2. Martin, G.B. Perspective: Science and the future of livestock industries. Front. Vet. Sci. 2024, 11, 1359247. [CrossRef]
3. Min, B.R.; Parker, D.; Brauer, D.; Waldrip, H.; Lockard, C.; Hales, K.; Augyte, S. The role of seaweed as a potential dietary

supplementation for enteric methane mitigation in ruminants: Challenges and opportunities. Anim. Nutr. 2021, 7, 1371–1387.
[CrossRef] [PubMed]

https://doi.org/10.3390/agriculture12091383
https://doi.org/10.3389/fvets.2024.1359247
https://doi.org/10.1016/j.aninu.2021.10.003
https://www.ncbi.nlm.nih.gov/pubmed/34786510


Animals 2025, 15, 1976 15 of 17

4. Narvaez-Izquiedo, J.; Fonseca-De La Hoz, J.; Kannan, G.; Bohorquez-Herrera, J. Use of macroalgae as a nutritional supplement
for sustainable production of ruminants: A systematic review and an insight on the Colombian Caribbean region. Algal Res. 2023,
77, 103359. [CrossRef]

5. Sofyan, A.; Irawan, A.; Herdian, H.; Harahap, M.A.; Sakti, A.A.; Suryani, A.E.; Jayanegara, A. Effects of various macroalgae
species on methane production, rumen fermentation, and ruminant production: A meta-analysis from in vitro and in vivo
experiments. Anim. Feed Sci. Technol. 2022, 294, 115503. [CrossRef]

6. FAO. Online Query Panels for Aquaculture and Capture Production of Seaweeds. 2019. Available online: http://www.fao.org/
fishery/statistics/global-aquaculture-production/query/en (accessed on 13 August 2020).

7. Rjiba-Ktita, S.; Chermiti, A.; Bodas, R.; France, J.; López, S. Aquatic plants and macroalgae as potential feed ingredients in
ruminant diets. J. Appl. Phycol. 2017, 29, 449–458. [CrossRef]

8. Castellaro, G.; Rodríguez, D.; y Sáez, L. Un Modelo de Simulacion de Sistemas de Produccion Ovina Para la Zona Austral de
Chile. Agric. Técnica 1994, 54, 147–159.

9. Costa, M.; Cardoso, C.; Afonso, C.; Bandarra, N.M.; Prates, J.A. Current knowledge and future perspectives of the use of seaweeds
for livestock production and meat quality: A systematic review. J. Anim. Physiol. Anim. Nutr. 2021, 105, 1075–1102. [CrossRef]

10. Mansilla, A.; Ávila, M.; Ramírez, M.E.; Rodriguez, J.P.; Rosenfeld, S.; Ojeda, J.; Marambio, J. Macroalgas marinas bentónicas del
submareal somero de la ecorregión subantártica de Magallanes, Chile. An. Inst. Patagon. 2013, 41, 51–64. [CrossRef]

11. González-Meza, G.M.; Elizondo-Luevano, J.H.; Cuellar-Bermudez, S.P.; Sosa-Hernández, J.E.; Iqbal, H.M.; Melchor-Martínez,
E.M.; Parra-Saldívar, R. New Perspective for Macroalgae-Based Animal Feeding in the Context of Challenging Sustainable Food
Production. Plants 2023, 12, 3609. [CrossRef]

12. Kulshreshtha, G.; Hincke, M.T.; Prithiviraj, B.; Critchley, A. A review of the varied uses of macroalgae as dietary supplements in
selected poultry with special reference to laying hen and broiler chickens. J. Mar. Sci. Eng. 2020, 8, 536. [CrossRef]

13. El-Waziry, A.; Al-Haidary, A.; Okab, A.; Samara, E.; Abdoun, K. Effect of dietary seaweed (Ulva lactuca) supplementation on
growth performance of sheep and on in vitro gas production kinetics. Turk. J. Vet. Anim. 2015, 39, 81–86. [CrossRef]

14. Neville, E.W.; Fahey, A.G.; Gath, V.P.; Molloy, B.P.; Taylor, S.J.; Mulligan, F.J. The effect of calcareous marine algae, with or without
marine magnesium oxide, and sodium bicarbonate on rumen pH and milk production in mid-lactation dairy cows. J. Dairy Sci.
2019, 102, 8027–8039. [CrossRef] [PubMed]

15. Caroprese, M.; Ciliberti, M.G.; Marino, R.; Santillo, A.; Sevi, A.; Albenzio, M. Polyunsaturated fatty acid supplementation: Effects
of seaweed Ascophyllumnodosum and flaxseed on milk production and fatty acid profile of lactating ewes during summer. J.
Dairy Res. 2016, 83, 289–297. [CrossRef] [PubMed]

16. Leupp, J.L.; Caton, J.S.; Soto-Navarro, S.A.; Lardy, G.P. Effects of cooked molasses blocks and fermentation extract or brown
seaweed meal inclusion on intake, digestion, and microbial efficiency in steers fed low-quality hay. J. Anim. Sci. 2005, 83,
2938–2945. [CrossRef]

17. Brooke, C.G.; Roque, B.M.; Shaw, C.; Najafi, N.; Gonzalez, M.; Pfefferlen, A.; Hess, M. Methane reduction potential of two pacific
coast macroalgae during in vitro ruminant fermentation. Front. Mar. Sci. 2020, 7, 561. [CrossRef]

18. Pandey, D.; Næss, G.; Fonseca, A.J.; Maia, M.R.; Cabrita, A.R.; Khanal, P. Differential impacts of post-harvest hydrothermal
treatments on chemical composition and in vitro digestibility of two brown macroalgae (Fucales, Phaeophyceae), Ascophyl-
lumnodosum and Fucusvesiculosus, for animal feed applications. J. Appl. Phycol. 2023, 35, 2511–2529. [CrossRef]

19. Ojeda, J.; Rozzi, R.; Rosenfeld, S.; Contadora, T.; Massardo, F.; Malebrán, J.; González-Calderón, J.; Mansilla, A. Interacciones
bioculturales del pueblo yagán con las macroalgas y moluscos: Una aproximación desde la filosofía ambiental de campo.
Magallania 2018, 46, 155–181. [CrossRef]

20. Ávila, M.; Cáceres, J.; Núñez, M.; Camus, P.; Pavez, H.; Cortés, H.; González, J.; Tapia, C.; Mejías, P.; Cornejo, S.; et al. Investigación
y Manejo de Praderas de Luga Roja en la XII Región; Instituto de Fomento Pesquero (IFOP): Valparaíso, Chile, 2002.

21. Mueller-Dombois, D.; Ellenberg, H. Aims and Methods of Vegetation Ecology; John Wiley: Nueva York, NY, USA, 1974; 547 p.
22. Association of Official Analytical Chemists. Official Methods of Analysis, 18th ed.; Official Methods of Analysis of AOAC

International: Arington, VA, USA, 2015.
23. Van Soest, P.V.; Robertson, J.B.; Lewis, B. Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in

relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583–3597. [CrossRef]
24. Peters, J.B. Wisconsin Procedures for Soil Testing, Plant Analysis and Feed & Forage Analysis; University of Wisconsin-Madison, Soil &

Plant Analysis Lab: Madison, WI, USA, 2007.
25. Gonzalez Ronquillo, M.; Fondevila, M.; Urdaneta, A.B.; Newman, Y. In vitro gas production from buffel grass (Cenchrus ciliaris L.)

fermentation in relation to the cutting interval, the level of nitrogen fertilisation and the season of growth. Anim. Feed Sci. Technol.
1998, 72, 19–32. [CrossRef]

26. Theodorou, M.K.; Williams, B.A.; Dhanoa, M.S.; McAllan, A.B.; France, J. A simple gas production method using a pressure
transducer to determine the fermentation kinetics of ruminant feeds. Anim. Feed Sci. Technol. 1994, 48, 185–197. [CrossRef]

https://doi.org/10.1016/j.algal.2023.103359
https://doi.org/10.1016/j.anifeedsci.2022.115503
http://www.fao.org/fishery/statistics/global-aquaculture-production/query/en
http://www.fao.org/fishery/statistics/global-aquaculture-production/query/en
https://doi.org/10.1007/s10811-016-0936-y
https://doi.org/10.1111/jpn.13509
https://doi.org/10.4067/S0718-686X2013000200004
https://doi.org/10.3390/plants12203609
https://doi.org/10.3390/jmse8070536
https://doi.org/10.3906/vet-1403-82
https://doi.org/10.3168/jds.2019-16244
https://www.ncbi.nlm.nih.gov/pubmed/31279544
https://doi.org/10.1017/S0022029916000431
https://www.ncbi.nlm.nih.gov/pubmed/27600962
https://doi.org/10.2527/2005.83122938x
https://doi.org/10.3389/fmars.2020.00561
https://doi.org/10.1007/s10811-023-03044-6
https://doi.org/10.4067/S0718-22442018000100155
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.1016/S0377-8401(97)00181-8
https://doi.org/10.1016/0377-8401(94)90171-6


Animals 2025, 15, 1976 16 of 17

27. Broderick, G.A.; Kang, J.H. Automated simultaneous determination of ammonia and total amino acids in ruminal fluid and
in vitro media. J. Dairy Sci. 1980, 63, 64–75. [CrossRef] [PubMed]

28. Getachew, G.; Makkar, H.P.S.; Becker, K. Tropical browses: Contents of phenolic compounds, in vitro gas production and
stoichiometric relationship between short chain fatty acid and in vitro gas production. J. Agric. Sci. 2002, 139, 341–352. [CrossRef]

29. Blümmel, M.; Steingaβ, H.; Bec Ker, K. The relationship between in vitro gas production, in vitro microbial biomass yield and
15N incorporation and its implications for the prediction of voluntary feed intake of roughages. Br. J. Nutr. 1997, 77, 911–921.
[CrossRef]

30. Wang, J.; Jin, W.; Hou, Y.; Niu, X.; Zhang, H.; Zhang, Q. Chemical composition and moisture-absorption/retention ability of
polysaccharides extracted from five algae. Int. J. Biol. Macromol. 2013, 57, 26–29. [CrossRef]

31. Mora Castro, N.; Casas Valdez, M.; Águila Ramírez, R.N.; Sánchez Rodríguez, I.; Hernández Contreras, H.; Sanginés García, L.
The kelp Macrocystis pyrifera as nutritional supplement for goats. Revista Científica. 2009, 19, 63–70.

32. Marín, A.; Casas-Valdez, M.; Carrillo, S.; Hernández, H.; Monroy, A.; Sanginés, L.; Pérez-Gil, F. The marine algae Sargassum spp.
(Sargassaceae) as feed for sheep in tropical and subtropical regions. Rev. Biol. Trop. 2009, 57, 1271–1281. [CrossRef]

33. Covacevich, N. El coironal y las Necesidades de los Ovinos. Manejo Sustentable de las Praderas Naturales de Magallanes; Tierra Adentro:
Edición Especial; INIA: Santiago, Chile, 2006; pp. 24–27.

34. Romero, O. Evaluación de la Condición Corporal y Edad de los Ovinos. Herramientas de Manejo Animal; Instituto de Investigaciones
Agropecuarias (INIA): Temuco, Chile, 2015; p. 4, Informativo Nº 79.

35. NRC. Nutrient Requirements of Small Ruminants: Sheep, Goats, Cervids, and New World Camelids; National Academy Press: Washing-
ton, DC, USA, 2007.

36. Øverland, M.; Mydland, L.T.; Skrede, A. Marine macroalgae as sources of protein and bioactive compounds in feed for monogastric
animals. J. Sci. Food Agric. 2019, 99, 13–24. [CrossRef]

37. Ortiz-Viedma, J.; Aguilera, J.M.; Flores, M.; Lemus-Mondaca, R.; Larrazabal, M.J.; Miranda, J.M.; Aubourg, S.P. Protective effect of
red algae (Rhodophyta) extracts on essential dietary components of heat-treated salmon. Antioxidants 2021, 10, 1108. [CrossRef]

38. Hidayah, N.; Kustantinah, K.; Noviandi, C.T.; Astuti, A.; Hanim, C.; Suwignyo, B. Evaluation of rumen in vitro gas production
and fermentation characteristics of four tropical seaweed species. Vet. Integr. Sci. 2023, 21, 229–238. [CrossRef]

39. Zitouni, H.; Arhab, R.; Boudry, C.; Bousseboua, H.; Beckers, Y. Chemical and biological evaluation of the nutritive value of
Algerian green seaweed Ulva lactuca using in vitro gas production technique fior ruminant animals. J. Adv. Res. 2014, 2, 916–925.

40. Burtin, P. Nutritional value of seaweeds. Elect. J. Environ Agri. Food Chem. 2003, 2, 498–503.
41. Thorsteinsson, M.; Weisbjerg, M.R.; Lund, P.; Battelli, M.; Chassé, É.; Bruhn, A.; Nielsen, M.O. Effects of seasonal and interspecies

differences in macroalgae procured from temperate seas on the Northern hemisphere on in vitro methane mitigating properties
and rumen degradability. Algal. Res. 2023, 73, 103139. [CrossRef]

42. Krizsan, S.J.; Hayes, M.; Gröndahl, F.; Ramin, M.; O’Hara, P.; Kenny, O. Characterization and in vitro assessment of seaweed
bioactives with potential to reduce methane production. Front. Anim. Sci. 2022, 3, 1062324. [CrossRef]

43. Guinguina, A.; Hayes, M.; Gröndahl, F.; Krizsan, S.J. Potential of the Red Macroalga Bonnemaisonia hamifera in Reducing
Methane Emissions from Ruminants. Animals 2023, 13, 2925. [CrossRef]

44. Machado, L.; Magnusson, M.; Paul, N.A.; de Nys, R.; Tomkins, N. Effects of marine and freshwater macroalgae on in vitro total
gas and methane production. PLoS ONE 2014, 9, e85289. [CrossRef]

45. Maia, M.R.; Fonseca, A.J.; Cortez, P.P.; Cabrita, A.R. In vitro evaluation of macroalgae as unconventional ingredients in ruminant
animal feeds. Algal Res. 2019, 40, 101481. [CrossRef]

46. Abbott, D.W.; Aasen, I.M.; Beauchemin, K.A.; Grondahl, F.; Gruninger, R.; Hayes, M.; Xing, X. Seaweed and seaweed bioactives
for mitigation of enteric methane: Challenges and opportunities. Animals 2020, 10, 2432. [CrossRef]

47. Machado, L.; Magnusson, M.; Paul, N.A.; Kinley, R.; de Nys, R.; Tomkins, N. Identification of bioactives from the red seaweed
Asparagopsis taxiformis that promote antimethanogenic activity in vitro. J. Appl. Phycol. 2016, 28, 3117–3126. [CrossRef]

48. Kinley, R.D.; Martinez-Fernandez, G.; Matthews, M.K.; de Nys, R.; Magnusson, M.; Tomkins, N.W. Mitigating the carbon footprint
and improving productivity of ruminant livestock agriculture using a red seaweed. J. Clean. Prod. 2020, 259, 120836. [CrossRef]

49. Stefenoni, H.A.; Räisänen, S.E.; Cueva, S.F.; Wasson, D.E.; Lage, C.F.A.; Melgar, A.; Hristov, A.N. Effects of the macroalga
Asparagopsis taxiformis and oregano leaves on methane emission, rumen fermentation, and lactational performance of dairy
cows. J. Dairy Sci. 2021, 104, 4157–4173. [CrossRef]

50. Tomkins, N.W.; Colegate, S.M.; Hunter, R.A. A bromochloromethane formulation reduces enteric methanogenesis in cattle fed
grain-based diets. Anim. Prod. Sci. 2009, 49, 1053–1058. [CrossRef]

51. Thauer, R.K. The Wolfe cycle comes full circle. Proc. Natl. Acad. Sci. USA 2012, 109, 15084–15085. [CrossRef] [PubMed]
52. Krone, U.E.; Laufer, K.; Thauer, R.K.; Hogenkamp, H.P. Coenzyme F430 as a possible catalyst for the reductive dehalogenation of

chlorinated C1 hydrocarbons in methanogenic bacteria. Biochemistry 1989, 28, 10061–10065. [CrossRef] [PubMed]
53. Zhang, T.; Guo, Q.; Xin, Y.; Liu, Y. Comprehensive review in moisture retention mechanism of polysaccharides from algae, plants,

bacteria and fungus. Arab. J. Chem. 2022, 15, 104163. [CrossRef]

https://doi.org/10.3168/jds.S0022-0302(80)82888-8
https://www.ncbi.nlm.nih.gov/pubmed/7372898
https://doi.org/10.1017/S0021859602002393
https://doi.org/10.1079/BJN19970089
https://doi.org/10.1016/j.ijbiomac.2013.03.001
https://doi.org/10.15517/rbt.v57i4.5464
https://doi.org/10.1002/jsfa.9143
https://doi.org/10.3390/antiox10071108
https://doi.org/10.12982/VIS.2023.018
https://doi.org/10.1016/j.algal.2023.103139
https://doi.org/10.3389/fanim.2022.1062324
https://doi.org/10.3390/ani13182925
https://doi.org/10.1371/journal.pone.0085289
https://doi.org/10.1016/j.algal.2019.101481
https://doi.org/10.3390/ani10122432
https://doi.org/10.1007/s10811-016-0830-7
https://doi.org/10.1016/j.jclepro.2020.120836
https://doi.org/10.3168/jds.2020-19686
https://doi.org/10.1071/EA08223
https://doi.org/10.1073/pnas.1213193109
https://www.ncbi.nlm.nih.gov/pubmed/22955879
https://doi.org/10.1021/bi00452a027
https://www.ncbi.nlm.nih.gov/pubmed/2559772
https://doi.org/10.1016/j.arabjc.2022.104163


Animals 2025, 15, 1976 17 of 17

54. Makkar, H.P.; Tran, G.; Heuzé, V.; Giger-Reverdin, S.; Lessire, M.; Lebas, F.; Ankers, P. Seaweeds for livestock diets: A review.
Anim. Feed Sci. Technol. 2016, 212, 1–17. [CrossRef]

55. Abu El-Kassim, M.A.; Abdou, S.G.; Hassan, E.H.; Abdullah, M.A.M. Effect of macroalgae and yeast culture on body performance,
blood metabolites, ruminal fermentation and digestibility coefficients of Ossimi lambs. Arch. Agric. Sci. J. 2021, 4, 156–167.
[CrossRef]

56. Bach, S.J.; Wang, Y.; McAllister, T.A. Effect of feeding sun-dried seaweed (Ascophyllumnodosum) on fecal shedding of Escherichia
coli O157: H7 by feedlot cattle and on growth performance of lambs. Anim. Feed Sci. Technol. 2008, 142, 17–32. [CrossRef]

57. Antaya, N.T.; Ghelichkhan, M.; Pereira, A.B.D.; Soder, K.J.; Brito, A.F. Production, milk iodine, and nutrient utilization in Jersey
cows supplemented with the brown seaweed Ascophyllumnodosum (kelp meal) during the grazing season. J. Dairy Sci. 2019,
102, 8040–8058. [CrossRef]

58. Roque, B.M.; Venegas, M.; Kinley, R.D.; de Nys, R.; Duarte, T.L.; Yang, X.; Kebreab, E. Red seaweed (Asparagopsistaxiformis)
supplementation reduces enteric methane by over 80 percent in beef steers. PLoS ONE 2021, 16, e0247820. [CrossRef]

59. 57 Sandvik, J. Macroalgae as an Alternative Ruminant Feed Ingredient: Impacts of Dietary Supplementation of Laminaria
Hyperborea on Feed Intake, Growth, Iodine Intake and Excretion in Sheep. Master’s Thesis, Nord Universitet, Bodø, Norway,
2023.

60. Ktita, S.R.; Chermiti, A.; Mahouachi, M. The use of seaweeds (Ruppia maritima and Chaetomorpha linum) for lamb fattening
during drought periods. Small Rumin. Res. 2010, 91, 116–119. [CrossRef]

61. Burt, A.W.A.; Bartlett, S.; Rowland, S.J. The use of seaweed meals in concentrate mixtures for dairy cows. J. Dairy Res. 1954, 21,
299–304.

62. Harahap, M.A.; Widodo, S.; Handayani, U.F.; Altandjung, R.I.; Sakti, A.A.; Baihaqi, Z.A. Examining performance, milk, and meat
in ruminants fed with macroalgae and microalgae: A meta-analysis perspective. Trop. Anim. Health Prod. 2024, 56, 243. [CrossRef]

63. Norman, M.M.; Carlson, Z.E.; Hilscher, F.H.; Erickson, G.E.; Brodersen, B.W.; Loy, J.D.; Watson, A.K. Evaluation of the safety of
an algal biomass as an ingredient for finishing cattle. Prof. Anim. Sci. 2018, 34, 618–630. [CrossRef]

64. Gutierrez, B.H.; Alvarez, E.; Arrizon, A.A.; Carrasco, R.; Salinas-Chavira, J.; Zinn, R.A. Influence of high-oil algae biomass as a
feed intake and growth-performance enhancer in feedlot cattle during period of high ambient temperature. J. Appl. Anim. Res.
2016, 44, 118–120.

65. Fike, J.H.; Saker, K.E.; O’keefe, S.F.; Marriott, N.G.; Ward, D.L.; Fontenot, J.P.; Veit, H.P. Effects of Tasco (a seaweed extract) and
heat stress on N metabolism and meat fatty acids in wether lambs fed hays containing endophyte-infected fescue. Small Rumin.
Res. 2005, 60, 237–245.

66. Lind, V.; Weisbjerg, M.R.; Jørgensen, G.M.; Fernandez-Yepes, J.E.; Arbesú, L.; Molina-Alcaide, E. Ruminal Fermentation, Growth
Rate and Methane Production in Sheep Fed Diets Including White Clover, Soybean Meal or Porphyra sp. Animals 2020, 10, 79.
Animals 2020, 10, 79.

67. Anderson, M.J.; Blanton, J.R., Jr.; Gleghorn, J.; Kim, S.W.; Johnson, J.W. Ascophyllumnodosum supplementation strategies that
improve overall carcass merit of implanted English crossbred cattle. Asian Australas. J. Anim. Sci. 2006, 19, 1514–1518. [CrossRef]

68. Fike, J.H.; Allen, V.G.; Schmidt, R.E.; Zhang, X.; Fontenot, J.P.; Bagley, C.P.; Wester, D.B. Tasco-Forage: I. Influence of a seaweed
extract on antioxidant activity in tall fescue and in ruminants. J. Anim. Sci. 2001, 79, 1011–1021.

69. Church, D.; Pond, W.; Pond, K. Fundamentos de Nutrición y Alimentación de Animales. LIMUSA Mex. 2004, 423, 433.
70. Kaneko, J.J.; Harvey, J.W.; Bruss, M.L. Clinical Biochemistry of Domestic Animals, 6th ed.; Academic Press: Cambridge, MA, USA,

2008.
71. Vahedi, V.; Hedayat-Evrigh, N.; Holman, B.W.; Ponnampalam, E.N. Supplementation of macro algae (Azolla pinnata) in a finishing

ration alters feed efficiency, blood parameters, carcass traits and meat sensory properties in lambs. Small Rumin. Res. 2021, 203,
106498. [CrossRef]

72. Kannan, G.; Saker, K.E.; Terrill, T.H.; Kouakou, B.; Galipalli, S.; Gelaye, S. Effect of seaweed extract supplementation in goats
exposed to simulated preslaughter stress. Small Rumin. Res. 2007, 73, 221–227. [CrossRef]

73. Wittwer, F. Manual de Patología Clínica Veterinaria; Ediciones Universidad Austral de Chile: Valdivia, Chile, 2021.
74. Novoa-Garrido, M.; Aanensen, L.; Lind, V.; Larsen, H.J.S.; Jensen, S.K.; Govasmark, E.; Steinshamn, H. Immunological effects of

feeding macroalgae and various vitamin E supplements in Norwegian white sheep-ewes and their offspring. Livest. Sci. 2014,
167, 126–136. [CrossRef]

75. Galipalli, S.; Gadiyaram, K.M.; Kouakou, B.; Terrill, T.H.; Kannan, G. Physiological responses to preslaughter transportation
stress in Tasco-supplemented Boer goats. S. Afr. J. Anim. 2004, 34, 198–200.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.anifeedsci.2015.09.018
https://doi.org/10.21608/aasj.2021.77678.1065
https://doi.org/10.1016/j.anifeedsci.2007.05.033
https://doi.org/10.3168/jds.2019-16478
https://doi.org/10.1371/journal.pone.0247820
https://doi.org/10.1016/j.smallrumres.2010.01.012
https://doi.org/10.1007/s11250-024-04080-1
https://doi.org/10.15232/pas.2018-01774
https://doi.org/10.5713/ajas.2006.1514
https://doi.org/10.1016/j.smallrumres.2021.106498
https://doi.org/10.1016/j.smallrumres.2007.02.006
https://doi.org/10.1016/j.livsci.2014.05.021

	Introduction 
	Materials and Methods 
	Ethical Statement 
	Grassland and Algae Preparation 
	Exp 1. In Vitro Trial 
	Chemical Composition 
	In Vitro Gas Production 
	Methane (CH4) Production 
	Moisture Retention Test 

	Exp 2. In Vivo Trial 
	Statistical Analysis 

	Results 
	Exp 1. In Vitro Trial 
	Chemical Composition 
	In Vitro Gas Production 
	Methane (CH4) Emission 
	Moisture Retention Test 

	Exp 2. In Vivo Trial 
	Animal Performance 
	Blood Parameters 


	Discussion 
	Exp 1. In Vitro Trial 
	Chemical Composition of Grassland and Macroalgae 
	In Vitro Gas Production 
	Methane (CH4) 
	Moisture Retention Test 

	Exp 2. In Vivo Trial 
	Animal Performance 
	Blood Parameters 


	Conclusions 
	References

