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Abstract: This study evaluates the levels of macrominerals (Ca, Mg, P, K, Na, S), essential trace 21 

elements (Co, Cr, Cu, Fe, I, Mn, Mo, Ni, Se, Zn) and potentially toxic trace elements (Cd, Hg, 22 

Pb, As (inorganic and organic)) in seven species of macroalgae and in their extracts. The potential 23 

maximum levels of inclusion of macroalgal biomass and extracts in feed were assessed in multiple 24 

livestock (swine, ruminant, poultry, leporine and pisciculture). Overall, macroalgae contained 25 

high levels of I, reaching its highest levels in S. latissima (4131 mg/kg DM) and L. ochroleuca 26 

(2780 mg/kg DM). Arsenic concentrations ranged from 4.10 mg/kg DM in Ulva spp. to 68.9 27 

mg/kg DM in S. latissima. Arsenic was mainly present as arsenosugars, of relatively low toxicity. 28 

Extracts had higher macrominerals and I levels, and lower essential and toxic trace elements levels 29 

compared to the biomass. Macroalgal biomass and extracts can be added to feed at 1-5% to fulfill 30 

the physiological needs of multiple livestock, being I contents the main factor limiting highest 31 

inclusion rates. Inclusion of S. latissima and L. ochroleuca should be limited to 0.72 and 0.66%, 32 

respectively. Maximum level of inclusion of different macroalgal products, as dried biomass or 33 

extracts, must be finely tuned. Low levels of inclusion of macroalgae and/or extracts in feed can 34 

be considered as an efficient and natural strategy to fulfill the macrominerals and iodine needs of 35 

multiple livestock. 36 

Keywords: essential trace and toxic elements, feed, seaweed, iodine, inorganic arsenic, organic 37 

arsenic 38 

 39 

Abbreviations: Ca: calcium; Mg: magnesium; P: phosphorus; K: potassium; Na: sodium; S: 40 

sulphur; Co: cobalt; Cu: copper; Fe: iron; Mn: manganese; Mo: molybdenum; Se: selenium; Zn: 41 

zinc; I: iodine; Cd: cadmium; Pb: lead; Hg: mercury; As: arsenic; iAs: inorganic arsenic; DMA: 42 

dimethylarsinic acid; MMA: monomethylarsonic acid; AsB: arsenobetaine; ICP-MS: inductively 43 

coupled plasma mass spectrometry; HPLC: high performance liquid chromatography system; LD: 44 

limit of detection; CRM: certified reference material; NRC: National Research Council.  45 
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1. Introduction 46 

Macroalgae are able to produce unique compounds to ensure the survival of the biomass in the 47 

extreme and changeable aquatic environments in which they grow (Biris-Dorhoi et al., 2020; 48 

Garcia-Vaquero et al., 2021). There are thousands of species of macroalgae capable of producing 49 

a wide array of compounds with multiple biological properties that can be used as 50 

pharmaceuticals, cosmetics, biofertilizers, biofuels, human food and animal feed (Evans and 51 

Critchley, 2014). Macroalgae, as a source of food and feed, offer advantages over traditional crops 52 

in terms of sustainability, as their production does not require freshwater, arable land or fertilizers 53 

(Mahadevan, 2015). 54 

In animal feed, the inclusion of macroalgae has been studied for its prebiotic, antioxidant 55 

or immunomodulatory effects (De Jesus Raposo et al., 2016). Macroalgae are sources of dietary 56 

fibre, high-quality protein, vitamins, polyunsaturated fatty acids and polyphenolic compounds 57 

(Mahadevan, 2015; Øverland et al., 2019). Moreover, this biomass can provide greater amounts 58 

of minerals, with ash levels ranging from 8 to 40% of dry matter (DM), compared to terrestrial 59 

plants (5-10%) (Feedipedia, 2024). Thus, macroalgae could be exploited in animal feed 60 

production as an alternative and sustainable source of minerals to meet the animals’ recommended 61 

daily intakes (Cabrita et al., 2016; Costa et al., 2021). However, the composition of the macroalgal 62 

biomass varies greatly depending on the class (i.e. green, red or brown macroalgae), species, 63 

geographical localization or environmental conditions (Biris-Dorhoi et al., 2020). Moreover, 64 

recent trends in the macroalgal processing sector include the extraction of compounds by 65 

innovative technologies, resulting in extracts of variable chemical nature that can be added to 66 

feed. Thus, the conditions used during the generation of these extracts represents a new source of 67 

variation in the composition of macroalgal-derived products worthy of further exploration 68 

(Garcia-Vaquero et al., 2021). 69 

Macroalgae have been previously described as a source of macrominerals (calcium (Ca), 70 

magnesium (Mg), phosphorus (P), potassium (K), sodium (Na) and sulphur (S)), and trace 71 

minerals (cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), selenium (Se) 72 
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and zinc (Zn)) (Cabrita et al., 2016; Circuncisão et al., 2018). Some brown macroalgae, 73 

particularly from the order Laminariales, contain higher amounts of iodine (I), reaching up to 74 

12.500 mg/kg DM (Garcia-Vaquero et al.,2021), compared to terrestrial plants (Circuncisão et al., 75 

2018). In fact, macroalgae have been previously explored as feed supplements of I in multiple 76 

livestock (López-Alonso et al., 2016; Øverland et al., 2019; Rey-Crespo et al., 2014). However, 77 

it is crucial to ensure that the levels of I do not surpass the maximum levels permitted for this 78 

mineral in animal feed (EC 1334/2003). Thus, processing the biomass to lower the I content of 79 

the resulting macroalgal products (i.e. extracts) may be a desirable outcome if the contents of this 80 

mineral are a limiting factor restricting the inclusion of macroalgae in animal feed. 81 

Macroalgae can accumulate undesirable elements, mainly arsenic (As), cadmium (Cd), 82 

lead (Pb) and mercury (Hg), depending on the uptake capacity of each species, the environmental 83 

conditions (i.e. salinity, temperature, pH) and the level of pollution of the surrounding 84 

environment (Costa et al., 2021). Thereby, the high As concentrations found in some macroalgal 85 

species (up to 600 mg/kg DM; Garcia-Vaquero et al., 2021) can be a challenging factor for an 86 

increased utilization of macroalgae. Previous research demonstrated that the majority of the As in 87 

macroalgae is usually present in its low-toxic organic forms (Díaz et al., 2012; Wolle et al., 2021), 88 

which do not pose a significant risk in animal nutrition (Biancarosa et al., 2018). However, 89 

measures must be taken when using macroalgae in feed, ensuring that the levels of total and 90 

inorganic As (iAs) do not surpass the maximum limits established in animal feed (EC 32/2002, 91 

EC 1275/2013).  92 

The use of macroalgae in animal feed has been previously explored; however, there are 93 

knowledge gaps related to the variable mineral composition of the biomass and their extracts. In 94 

fact, there are limited reports on the mineral contents of macroalgal products (biomass and/or 95 

extracts) used as feed supplements in recent studies. Moreover, the accumulation of potentially 96 

toxic elements, such as iAs, is mentioned by these researchers as a common concern when using 97 

macroalgal products in feed. However, most studies report only the levels of total As due to the 98 

complex analytical procedures needed for the speciation of As into organic and inorganic forms. 99 
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Furthermore, the levels of inclusion of macroalgal products in the feed of multiple livestock 100 

production systems considering the current European Union (EU) regulations is worth further 101 

exploration to ensure compliance. Therefore, this study provides detailed information on the 102 

feasibility and safety of using macroalgae and their extracts as feed ingredients, establishing 103 

guidelines that could support their incorporation as an alternative source of minerals in animal 104 

nutrition. 105 

The aim of this study was to analyze the mineral contents (essential macro and 106 

microminerals and potentially toxic elements, including iAs) of seven macroalgal species, 107 

including brown (Fucus vesiculosus, Himanthalia elongata, Undaria pinnatifida, Laminaria 108 

ochroleuca, Saccharina latissima), green (Ulva spp.) and red macroalgae (Mastocarpus stellatus) 109 

from the Atlantic coast of Galicia (NW Spain), as well as their extracts. The maximum 110 

concentrations of essential and toxic elements allowed in animal feed in the EU were used to 111 

assess the maximum levels of inclusion of both macroalgae and macroalgal extracts in the feed 112 

of multiple livestock production systems (swine, ruminant, poultry, leporine and pisciculture). 113 

2. Material and methods 114 

2.1. Macroalgal biomass and extracts 115 

Seven macroalgal species were selected for this study, including brown (Fucus vesiculosus, 116 

Himanthalia elongata, Undaria pinnatifida, Laminaria ochroleuca and Saccharina latissima), 117 

green (Ulva spp.) and red (Mastocarpus stellatus) macroalgae. All samples were harvested from 118 

the Atlantic coasts of Galicia (NW Spain) by Porto-Muíños S.L. (Cerceda, A Coruña, Spain). S. 119 

latissima was cultivated in the same geographical region, as harvesting wild populations of this 120 

species is not permitted in the area. These species were selected for their potential in animal 121 

nutrition according to different criteria (for more details see (Al-Soufi et al., 2023)). Samples were 122 

washed with fresh water to remove external epitopes, oven-dried (< 40 °C, 4-5 days), ground and 123 

milled (Komodin K-160 P, Lleal, Granollers, Spain) to 1 mm particle size. 124 
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Macroalgal extracts were generated in this study from biomass discards produced during 125 

their industrial processing. Aqueous extracts were produced using a pressure reactor (Parr 126 

Instrument Company, IL, USA) operated in non-isothermal mode (160 °C, 110 psi), using water 127 

as solvent at a macroalgae:solvent ratio of 1:30 w/v. After the extraction process, the supernatants 128 

were collected and spray-dried (Büchi B-290, Flawil, Switzerland). Spray-drying was performed 129 

at 115 ºC inlet temperature, 4 mL/min feed solution flow rate, 1050 L/h atomization air flow rate 130 

and 4.1 bar pressure (Al-Soufi et al., 2023). The samples were then vacuum-packed and preserved 131 

at -20 °C for further analyses. 132 

DM of biomass and extracts was determined by oven-drying the samples (105 °C, 16 h) 133 

until achieving constant weigh, following the official methods of analysis as described by 134 

AOAC.942.05 (Horwitz, 2010). 135 

2.2. Sample preparation and trace element analyses 136 

Trace element analyses were performed from macroalgal biomass and their freeze-dried extracts. 137 

Each sample was analysed in triplicate and an analytical quality control was performed throughout 138 

the process.  139 

2.2.1. Acid digestion 140 

0.3 g of each sample were mixed with 3 mL of concentrated 69% nitric acid (TMA, Hiperpure, 141 

PanReac, Barcelona, Spain) and 1 mL of ultrapure water. The mixtures were then digested in a 142 

microwave-assisted digestion system (Ethos Plus, Milestone, Sorisole, Italy) at 260 °C and 40 bar 143 

for 1 h (de Oliveira Filho et al., 2022; Garcia-Vaquero et al., 2021). All digested samples were 144 

transferred to polypropylene tubes and diluted to 50 mL with ultrapure water.  145 

2.2.2. Alkaline extraction 146 

Iodine was analysed following the European Standard guidelines for inductively coupled plasma 147 

mass spectrometry or ICP-MS (EN 15111:2007). Briefly, 0.1 g of samples were mixed with 5 mL 148 

of ultrapure water and 1 mL of tetramethylammonium hydroxide solution (TMAH, Sigma 149 
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Aldrich, Merck, Darmstadt, Germany). The mixtures were placed in a pre-heated oven (90 °C, 3 150 

h). All the samples were cooled to room temperature, their volume adjusted to 25 mL with 151 

ultrapure water, and centrifuged (4,000 rpm, 15 min). Supernatants were filtered (0.45 µm) before 152 

the determination of I by ICP-MS within a day. 153 

2.2.3. ICP-MS 154 

The concentrations of macrominerals (Ca, Mg, P, K, Na and S) and microminerals (Co, Cr, Cu, 155 

Fe, I, Mn, Mo, Ni, Se and Zn) and of potentially toxic elements (Cd, Hg, Pb and As,) were 156 

determined by ICP-MS 7900 (Agilent, USA) following the conditions as described by de Oliveira 157 

Filho et al. (de Oliveira Filho et al., 2022). 158 

The results of the control of analytical quality of this study are summarised in Table 1. 159 

Blank samples were included in all batches of samples. The limits of detection (LD) were 160 

calculated as three times the standard deviation (SD) of the blanks. Certified reference samples 161 

were analysed following the same procedures, and their recoveries were consistent with the 162 

certified levels of the 2 certified reference materials (CRMs). The 2 CRMs used were (1) apple 163 

leaves (NIST-1515), supplied by National Institute of Standards & Technology, Gaithersburg, 164 

USA; and (2) seaweed (ERM-CD200) supplied by Institute for Reference Materials and 165 

Measurements, Geel, Belgium. In the case of minerals not certified by these CRMs (Na, and I), 166 

spiked samples were used at concentrations producing intensity values up to 10 times the expected 167 

values, yielding recoveries of 86-93%. 168 

Table 1. Limits of detection (LD) (µg/kg) of each element, certified levels (mg/kg) and % of 169 

recovery of the certified reference materials. 170 

  Apple leaves (NIST 1515) Seaweed (ERM-CD200) 

Minerals LD Certified levels (mg/kg) Recovery (%) Certified levels (mg/kg) Recovery (%) 

Ca 9.56 15250 109 - - 

Mg 0.31 2710 94 - - 

P 7.72 1593 113 - - 

K 7.37 16080 106 - - 
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S 6.13 1800 125 - - 

Co 0.005 0.09 99 - - 

Cr 0.03 0.3 87 - - 

Cu 0.013 5.69 93 1.71 111 

Fe 0.19 82.7 91 - - 

Mn 0.02 54.1 88 - - 

Mo 0.006 0.095 95 - - 

Ni 0.014 0.936 92 - - 

Se 0.005 - - 0.088 124 

Zn 0.18 12.45 88 25.3 123 

Cd 0.005 0.0132 96 0.95 96 

Hg 0.013 0.0432 102 0.0186 69 

Pb 0.002 0.470 75 0.51 73 

As 0.006 - - 55 104 

2.3. Arsenic speciation 171 

For As speciation, the samples were digested using the microwave-assisted hot block method 172 

(Foster et al., 2007). Briefly, 0.5 g samples were mixed with 10 mL of 1% HNO3 in 173 

polytetrafluoroethylene tubes (Milestone, Sorisole, Italy). The tubes were capped and placed in a 174 

pre-heated digestion block system (95 °C, 90 min). The samples were then cooled to room 175 

temperature, centrifuged (3,500 rpm, 10 min) and the supernatants filtered (0.45 µm). One g of 176 

the filtered supernatants was diluted with the mobile phase (10 mM ammonium phosphate, pH 177 

8.25), achieving sample pHs ranging between 6 and 8.5. Sample solutions were then placed into 178 

polypropylene vials. The As speciation was performed based on the method described by Juskelis 179 

et al. (Juskelis et al., 2013) using high performance liquid chromatography system/inductively 180 

coupled plasma mass spectrometry (HPLC-ICP-MS). The samples were analysed using an 181 

Agilent 7900 equipment (USA) connected to a HPLC (Agilent 1260, USA) with an anion-182 

exchange column (Hamilton PRPX100). 183 

The different arsenic fractions were determined after calibrating the equipment with the 184 

standard solutions for each arsenic species (Juskelis et al., 2013). Total inorganic As (iAs) was 185 

calculated as the sum of As (III) and As (V), and organic As was determined as the sum of 186 
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dimethylarsinic acid (DMA), monomethylarsonic acid (MMA), arsenosugars and arsenobetaine 187 

(AsB). Due to the absence of calibration standards, arsenosugars were quantified by applying a 188 

compound independent calibration method according to the calibration curves of the nearest 189 

eluting standard species (Marschner et al., 2018; Morales-Rodríguez et al., 2022). The other As 190 

species were validated by the inclusion of blank solutions for the determination of LD and 191 

replicates of the CRM rice flour (SRM 1568b), provided by the National Institute of Standards & 192 

Technology, Gaithersburg, USA. The results of this quality control for As speciation are provided 193 

in Table 2. 194 

Table 2. Limits of detection (µg/L) of each element, certified levels (mg/kg) and % recovery of 195 

the certified reference material for arsenic speciation. 196 

  Rice flour (SRM 1568b) 

 LD Certified levels (mg/kg) Recovery (%) 

DMA 0.196 0.180 118 

MMA 0.0262 0.0116 108 

iAs 0.3823 0.092 101 

LD: limits of detection; DMA: dimethylarsinic acid; MMA: monomethylarsonic acid; iAs: As (III) + As 197 

(V). 198 

2.4. Calculation of maximum level of inclusion of macroalgae and extracts in animal feed 199 

The maximum level of inclusion of macroalgal biomass and their extracts were calculated for 200 

each essential and potentially toxic trace element in porcine, broilers, laying hens, ruminants, 201 

dairy cows, rabbits and fish. These calculations were based on: (1) the total concentration allowed 202 

by current EU legislation in complete feed (Regulation EC 1334/2003 and EU 1039/2018 – were 203 

used in the case of Co, Cu, Fe, Mn, Se and Zn; and Regulation EC 1459/2005 – was used in the 204 

case of I; Directive EC 32/2002 and Regulation EC 1275/2013 – were the references used in the 205 

case of As, Cd, Hg, Pb). (2) The basal mineral concentration of standard diets from different 206 

livestock species, without additional mineral supplements (Van Paemel et al., 2010). 207 
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Since there is no legislation regarding maximum levels of macrominerals in animal feed, the 208 

maximum mineral tolerance of each species (National Research Council, 2005) were used in the 209 

calculations as described in Eq. 1.  210 

[M]diet x (100 - I algae) + [M]algae x I algae = [M]total x 100  Eq.1 211 

[M]diet: Basal mineral concentration in the standard diet (expressed in mg/kg DM). 212 

[M]algae: Mineral concentration in the macroalgal product (expressed in mg/kg DM). 213 

[M]total: Maximum concentration of mineral permitted in the prevailing legislation (expressed in 214 

mg/kg DM; converted from complete feed considering 88% DM). 215 

I algae: Maximum level of inclusion of macroalgae in the diet (expressed in %). 216 

3. Results 217 

3.1. Mineral composition of dried macroalgal biomass 218 

The concentrations of macrominerals in selected dried macroalgal species in this study are 219 

presented in Table 3. Ca concentrations were quite similar in most macroalgal species (12.3-31.1 220 

g/kg macroalgae on dry matter basis (DM)), while P was the least abundant macromineral in all 221 

macroalgal species (3.41-13.5 mg/kg DM). The concentrations of Mg in Ulva spp. (54.04 g/kg 222 

DM) and S in Ulva spp. and M. stellatus of 121.8 and 134.0 g/kg DM, respectively; were 223 

remarkably high compared to the rest of the species analyzed. The levels of other macrominerals 224 

showed remarkable variations between the species analyzed. Thereby, K was present at very high 225 

levels in most of the brown macroalgae (47.32-160.2 g/kg DM) compared to red and green 226 

macroalgae (12.3-31.1 g/kg DM). In the case of Na, this macromineral was present at levels 227 

ranging between 28.6 and 67.2 g/kg DM in red and brown macroalgae, being the highest values 228 

the ones of H. elongata and the lowest levels described in green macroalgae. 229 

 230 

 231 
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Table 3. Average concentrations (expressed as mean ± standard deviation, n=3) of macrominerals 232 

(g/kg DM) in selected macroalgal species from the Atlantic coast of Galicia (NW Spain).   233 

Species Ca Mg P K Na S 

F. vesiculosus 23.6±3.7 12.5±4.5 13.5±1.58 47.3±0.9 28.3±7.6 49.4±11.7 

H. elongata 17.2±2.9 11.1±3.9 10.5±6.4 148.9±3.4 67.2±3.4 25.6±6.6 

U. pinnatifida 17.2±2.0 8.89±1.96 8.71±3.27 126.5±50.5 59.8±10.0 15.2±2.5 

L. ochroleuca 23.7±0.9 10.5±2.2 5.16±1.81 160.2±7.8 54.4±21.0 21.3±0.3 

S. latissima 21.4±8.4 7.27±3.29 4.39±2.58 144.6±3.4 54.0±3.4 12.6±4.7 

Ulva spp. 12.3±3.1 54.0±11.0 3.41±0.84 12.3±2.1 16.4±0.5 121.8±20.0 

M. stellatus 31.1±9.4 14.5±0.3 3.85±0.47 31.1±3.1 66.1±20.7 134.0±4.1 

 234 

Essential trace element concentrations were very variable (up 2-fold differences) in the 235 

macroalgal species studied (see Table 4). F. vesiculosus was remarkably rich in most elements, 236 

being one order of magnitude higher than those in other macroalgal species. In the case of Cr, Fe 237 

and Ni, F. vesiculosus had levels comparable only to those present in M. stellatus. All macroalgal 238 

species studied contained exceptionally high amounts of iodine compared to other minerals, with 239 

Ulva spp. containing the lowest amount of I (92.8 mg/kg DM), and S. latissima the highest levels 240 

of I (4131 mg/kg DM) followed by L. ochroleuca (2780 mg/kg DM).  241 

 242 

Table 4. Average concentrations (expressed as mean ± standard deviation, n=3) of essential trace 243 

elements (mg/kg DM) in selected macroalgal species from the Atlantic coast of Galicia (NW 244 

Spain). 245 

 246 

Species Co Cr Cu Fe I Mn Mo Ni Se Zn 

F. vesiculosus 1.85±1.07 15.7±8.4 5.83±0.43 1233±107 396±64 597±74 1.070±0.281 8.45±2.80 0.296±0.016 92.4±70.7 

H. elongata 1.41±0.06 2.01±0.47 2.06±0.16 57±8 134±7 53.8±12.4 0.280±0.010 3.25±2.80 0.096±0.032 53.2±3.0 

U. pinnatifida 0.353±0.029 1.53±1.32 0.84±0.10 97±24 284±27 10.3±2.2 0.232±0.026 0.957±0.42 0.143±0.041 23.2±6.61 

L. ochroleuca 0.256±0.018 1.62±0.78 1.43±0.24 122±38 2780±216 10.8±3.8 0.224±0.031 0.881±0.334 0.183±0.021 25.0±2.4 

S. latissima 0.196±0.064 4.12±1.80 1.18±0.29 446±174 4131±202 14.1±6.21 0.320±0.087 1.47±0.342 0.149±0.043 32.4±8.6 

Ulva spp. 0.283±0.042 4.29±2.94 2.65±0.39 460±155 92.8±4.42 37.7±10.1 0.257±0.038 5.01±0.17 0.144±0.034 10.4±0.7 

M. stellatus 0.582±0.070 12.5±6.23 3.86±1.90 1403±103 204±118 45.9±17.9 0.567±0.058 9.88±2.99 0.172±0.038 50.9±28.9 
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Regarding potentially toxic trace elements, the macroalgae evaluated in this study accumulated 247 

lower levels of Cd (ranging from 0.095 to 1.18 mg/kg DM), Hg (0.004-0.039 mg/kg DM) and Pb 248 

(0.267-1.48 mg/kg DM) (see Table 5) compared to the aforementioned levels of macrominerals 249 

and essential trace elements. By contrast, As was the only toxic element detected at similar levels 250 

of magnitude to those of macrominerals and essential trace elements. Brown macroalgal samples, 251 

had the highest contents of As (46.3-68.9 mg/kg DM), while the lowest levels of this toxic element 252 

were detected in Ulva spp. (4.10 mg/kg DM).  253 

 254 

Table 5. Average concentrations (expressed as mean ± standard deviation, n=3) of potentially 255 

toxic trace elements (mg/kg DM) in selected macroalgal species from the Atlantic coast of Galicia 256 

(NW Spain).  257 

Species Cd Hg Pb As 

F. vesiculosus 0.693±0.151 0.012±0.004 1.480±0.628 54.6±10.6 

H. elongata 0.383±0.017 0.004±0.001 0.267±0.039 46.3±2.69 

U. pinnatifida 0.388±0.055 0.012±0.007 0.541±0.310 48.1±4.49 

L. ochroleuca 0.225±0.113 0.010±0.003 0.347±0.087 56.0±2.0 

S. latissima 0.264±0.095 0.019±0.005 0.452±0.085 68.9±13.0 

Ulva spp. 0.095±0.002 0.007±0.000 0.624±0.059 4.10±0.37 

M. stellatus 1.184±0.531 0.039±0.025 0.447±0.116 14.1±0.35 

The speciation of As into its inorganic and organic forms was performed in all the 258 

macroalgal samples as summarized in Table 6. This analysis aimed to elucidate the most common 259 

As species and potential risks associated to the total As concentrations described previously. Total 260 

recoveries ranged between 60 and 90% of total As. iAs occurred as As (III) and As (V), and the 261 

concentrations of these species in all macroalgae were below 1 mg/kg DM. Most As was present 262 

in an organic form, being the arsenosugars the most relevant fraction of those studied. DMA, 263 

MMA and AsB concentrations were, by comparison, the least common As species in all samples. 264 

Table 6. Average concentrations (expressed as mean ± standard deviation, n=3) of As speciation 265 

(mg/kg DM) in selected macroalgal species from the Atlantic coast of Galicia (NW Spain). 266 
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Abbreviations within the table are as follows DMA (dimethylarsinic acid), MMA 267 

(monomethylarsonic acid), AsB (arsenobetaine) and LD (limit of detection). 268 

Species As III As V As-sugars DMA MMA AsB 

F. vesiculosus 0.189±0.167 0.089±0.100 26.11±11.5 0.801±0.158 0.538±0.483 0.119±0.124 

H. elongata 0.337±0.337 0.093±0.087 16.79±5.11 0.577±0.046 0.127±0.012 0.061±0.004 

U. pinnatifida 0.149±0.243 0.001±0.001 27.58±2.76 1.088±0.001 0.124±0.095 0.077±0.147 

L. ochroleuca 0.362±0.296 0.126±0.101 31.81±6.24 0.779±0.054 0.158±0.065 0.049±0.040 

S. latissima 0.193±0.280 0.406±0.051 49.87±11.66 0.938±0.389 0.342±0.203 0.188±0.067 

Ulva spp. 0.004±0.004 0.182±0.018 1.39±0.17 0.478±0.638 0.737±0.720 0.113±0.052 

M. stellatus <LD 0.150±0.107 7.60±0.36 0.318±0.186 0.349±0.007 0.010±0.013 

 269 

3.2. Variation of mineral concentrations in macroalgal extracts 270 

The variation in mineral concentrations between extracts with respect to the intact biomass are 271 

represented in Figure 1. There were high variations in the levels of the majority of macrominerals 272 

(except Ca and P) between the extracts and the biomass. Overall, the levels of macrominerals in 273 

the extracts were higher, ranging from to 6-162%, compared to the ones detected in the intact 274 

macroalgae, except in the case of S. latissima and M. stellatus. The concentration of K in the 275 

extracts of U. pinnatifida (331.9 g/kg DM) and L. ochroleuca (313.4 g/kg DM), and the 276 

concentration of most minerals in the extract from Ulva spp., were higher compared to those of 277 

the dried biomass. The concentrations of essential trace elements were generally lower (by 20-278 

98%) in the extracts compared to those of the biomass, with a few exceptions (i.e. Cr in H. 279 

elongata). The concentration of I was maintained or increased greatly in the extracts of most 280 

species compared to those of the intact macroalgal biomass, especially in the case of L. ochroleuca 281 

and M. stellatus that showed increases of 110 and 197%, respectively. By contrast, the extraction 282 

process had a positive effect on the content of potentially toxic trace elements, as the levels of 283 

most of these elements were greatly reduced by 20-97% compared to those of the biomass. In the 284 

case of As, the extraction had variable effects depending on the species, being at slightly lower 285 

(20-25%) or sometimes higher (7-40%) concentrations in the extracts compared to those 286 

described in the dried biomass. In turn, iAs was significantly lower (up to 100%) in the extracts 287 
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of most macroalgal species, being only slightly higher in H. elongata and M. stellatus, compared 288 

to those of the original macroalgae. Extracts of Ulva spp. had levels of iAs 200% higher than 289 

those of the original biomass. Nonetheless, iAs was present at concentrations below 0.6 mg/kg 290 

DM in all extracts studied.  291 

 292 

Figure 1. Variation of the mineral concentrations in macroalgal extracts represented as percentage of 293 

increase (blue) or decrease (green) relative to those the dried macroalgae (200% scale range). 294 

3.3. Limits of inclusion of macroalgal biomass and extracts in animal feed 295 

According to our results, I was the main limiting factor when including macroalgal 296 

products (biomass and extracts) in animal feed. The limits of inclusion calculated for macroalgal 297 

biomass and extracts are presented in Table 7. These limits were calculated considering the 298 

amount of I already provided by feed materials in standard diets (without mineral 299 

supplementation; data taken from Van Paemel et al. (Van Paemel et al., 2010)) and the maximum 300 

I concentration allowed in complete feed (Regulation EC 1459/2005). The levels of inclusion 301 

varied between the different livestock species/categories, as the maximum I concentration in feed 302 

allowed by legislation varies between livestock. Thereby, maximum I concentration varied from 303 
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5 mg/kg, allowed in the complete feed of laying hens and dairy cows, to 20 mg/kg allowed in 304 

complete feed of fish. The background iodine in standard diets is relatively low and similar 305 

between all livestock species studied, except in the case of fish diets. 306 

Most macroalgal species could be included in animal feed at rates ranging between 1 and 307 

3% (F. vesiculosus, H. elongata, U. pinnatifida and M. stellatus) and 5% (Ulva spp.) when used 308 

as dried biomass for laying hens and dairy cattle. These levels of inclusion increased by 4 times 309 

when considering their use in fish diets and 2 times in other livestock species studied. Overall, as 310 

seen in Table 7, the limits of inclusion of macroalgal extracts were lower than those of the original 311 

biomass in all cases, except for Ulva spp. The rates of inclusion for L. ochroleuca and S. latissima, 312 

were lower compared to the other macroalgal species studied due to their iodine contents. L. 313 

ochroleuca could be added at a rate between 0.16 and 0.66% when used as dried biomass, and 314 

between 0.076-0.32% when using their extracts. Regarding S. latissima, the dried macroalgae 315 

could be added at a rate ranging between 0.11 and 0.45%, while the amount of extracts was limited 316 

to 0.18-0.72%. 317 

Table 7. Maximum levels of inclusion in the diet (expressed in %) of the macroalgal biomass and 318 

extracts from selected macroalgal species in multiple livestock species. 319 

Livestock species Porcine Broilers Laying 
hens Ruminants Dairy 

cows Rabbits Fish 

I concentration standard diet (mg/kg) 0.177 0.103 0.073 0.491 0.538 0.252 1.61 

Maximum I regulatory limits (mg/kg)1 10 10 5 10 5 10 20 

F. vesiculosus 
Biomass 2.48 2.50 1.25 2.41 1.13 2.47 4.67 

Extract 1.43 1.44 0.72 1.39 0.65 1.42 2.69 

H. elongata 
Biomass 7.32 7.37 3.67 7.10 3.33 7.27 13.9 

Extract 5.35 5.39 2.68 5.19 2.44 5.31 10.1 

U. pinnatifida 
Biomass 3.46 3.48 1.73 3.35 1.57 3.43 6.51 

Extract 2.65 2.67 1.33 2.57 1.21 2.63 4.98 

L. ochroleuca 
Biomass 0.35 0.36 0.18 0.34 0.16 0.35 0.66 

Extract 0.17 0.17 0.084 0.16 0.076 0.17 0.32 

S. latissima Biomass 0.24 0.24 0.12 0.23 0.11 0.24 0.45 
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1 Regulation EC 1459/2005. 2 For Ulva spp. and M. stellatus the recommended inclusion rates according to 320 

the S content should be used. 321 

Apart from I, most essential trace elements were found in macroalgae at concentrations 322 

one order of magnitude lower than the limits established by legislation (Table 8) for the different 323 

livestock species/categories. However, some macroalgal products exceeded these limits for some 324 

minerals. Thereby, the limits of Fe (450-750 mg/kg) were exceeded by F. vesiculosus and M. 325 

stellatus biomass; those of Mn (100-150 mg/kg) were surpassed by dried F. vesiculosus; and in 326 

the case of Co (1 mg/kg) this limit was exceeded by dried F. vesiculosus, and extracts from H. 327 

elongata. Nevertheless, for all these macroalgal products, the iodine content restricted the amount 328 

of macroalgae that could be included in the diet, and therefore, the limits of inclusion of the other 329 

essential trace elements (> 20%; data not shown) would always be fulfilled by small % of 330 

inclusion of macroalgal products in feed. 331 

Table 8. Maximum levels of essential trace elements allowed in complete feed (mg/kg complete 332 

feed, moisture: 12%)1. 333 

 334 

 335 

 336 

 337 

 338 

1 Regulation EC 1334/2003 and EU 1039/2018. 2 In pigs and sows: 25 mg/kg; in sucking and weaned piglets 339 

up to 8 weeks after weaning: 150 mg/kg; from 5-8 weeks after weaning: 100 mg/kg. 3 Bovine species before 340 

the start of rumination: 15 mg/kg; other bovines: 30 mg/kg. 341 

Extract 0.39 0.39 0.19 0.37 0.18 0.38 0.72 

Ulva spp.2 
Biomass 10.6 10.7 5.31 10.3 4.84 10.5 20.2 

Extract 10.6 10.7 5.33 10.3 4.85 10.6 20.2 

M. stellatus 2 
Biomass 4.83 4.87 2.42 4.68 2.19 4.80 9.11 

Extract 1.62 1.63 0.81 1.57 0.74 1.61 3.04 

Maximum level Porcine Poultry Bovine Ovine Caprine Rabbits Fish 

Co 1 1 1 1 1 1 1 

Cu 25 (100-150)2 25 30 (15)3 15 35 25 25 

Fe 750 450 450 500 750 750 750 

Mn 150 150 150 150 150 150 100 

Se 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Zn 150 120 120 120 120 150 150 
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When considering the concentrations of potentially toxic elements in the macroalgae 342 

evaluated in our study, Cd, Pb and Hg were in all cases below the maximum levels allowed for 343 

feed materials (1, 5 and 0.1 mg/kg feed with a moisture content of 12 %; Directive EC 32/ 2002 344 

and Regulation EC 1275/2013) (Table 9). By contrast, total As concentrations were above the 345 

maximum allowed concentration for seaweed meal and feed materials derived from seaweed (40 346 

mg/kg relative to a feed with a moisture content of 12 %, equivalent to 45.5 mg/kg DM) in all 347 

brown macroalgal species, even though iAs was in all cases lower than 2 mg/kg feed. Nonetheless, 348 

the maximum levels of inclusion of macroalgae in complete feed (maximum total As 349 

concentration of 10 mg/kg feed) were in all cases higher (> 12%) than those estimated for I.  350 

Table 9. Maximum allowed levels of potentially toxic trace elements in complete feed (mg/kg 351 

complete feed, moisture:12%)1.  352 

Mineral Cd Hg Pb As 

Feed materials derived from seaweed 1 0.1 10 402 

Complete feed 0.5 0.1 5 10 

1 Directive EC 32/ 2002 and Regulation EC 1275/2013. 2 Upon request by the competent authorities, the 353 

responsible operator must perform an analysis to demonstrate that the content of inorganic arsenic is lower 354 

than 2 mg/kg. This analysis is of particular importance for the macroalgal species Hizikia fusiforme. 355 

No legal limits have been established yet in the EU regarding macrominerals in animal 356 

feed. The maximum mineral tolerances (Table 10) established by the National Research Council 357 

(National Research Council, 2005) were used to estimate the maximum amounts of macroalgae 358 

that can be included in the diets. Livestock species generally tolerate macromineral concentrations 359 

in the diet that are higher than those of the present study. Only two exceptions were appreciated, 360 

the case of Mg for Ulva spp., and S for both Ulva spp. and M. stellatus. Mg was mostly limiting 361 

in the case of porcine diets, and S was mainly limiting for ruminants. Therefore, in these livestock, 362 

the levels of inclusion in feed of both macroalgal species would have to be adjusted. Out of these 363 

two minerals, S was the main limiting for both macroalgal species, as it limited the amounts of 364 

macroalgae that could be included in livestock’s diets: 1.67% inclusion of Ulva spp. biomass, and 365 

1% of its extract; and 1.5% of dried M. stellatus, and 1.84% for its extract (considering the amount 366 
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of S already present in ruminants’ diets). These inclusion rates would be similar in other livestock 367 

species, for which the maximum recommended levels of S are just slightly higher (4 g/kg in swine 368 

and poultry) than those described in ruminants.  369 

Table 10. Maximum mineral tolerance (% in complete feed) for macrominerals in different 370 

livestock species (NRC, 2005). 371 

Maximum level (%) Porcine Broilers Laying hens Ruminants Rabbits Fish 

Ca 1 1.5 5 1.5 2 0.9 

Mg 0.3 0.5 0.75 0.6 - - 

P 1.5 1 0.8 1 1 - 

K 3 3 3 3 3 3 

Na 0.1 0.15 - 3 - - 

S 0.4 0.4 - 0.3 - - 

4. Discussion 372 

4.1. Mineral composition of dried macroalgal biomass 373 

Only a broad comparison of our macromineral results can be made with previous data, as 374 

previously published findings often refer to an entire genus (e.g. Laminaria or Fucus) or to 375 

macroalgal species similar to those of this study, but not identical (i.e. L. ochroleuca was selected 376 

while most reports focus on Laminaria digitata). Moreover, as mentioned previously, the levels 377 

of minerals in macroalgae can be influenced by the season of collection and geographical location 378 

of the biomass used in each study (Garcia-Vaquero et al., 2021). 379 

Overall, the macromineral composition reported in this study was similar to that of 380 

previous reports (see Supplementary Table 1). The levels of K, Na, Mg, Ca and S accounted for 381 

more than 97% of total mineral content of macroalgae (Biris-Dorhoi et al., 2020; Cabrita et al., 382 

2016; Circuncisão et al., 2018), while the levels of P were lower compared to those of the other 383 

macrominerals. Previous studies reported differences in mineral content between brown, red and 384 

green macroalgae. The contents of Na and K in brown macroalgae were described as higher 385 

compared to any other macroalgal types; red macroalgae contained remarkably higher Ca levels 386 
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compared to those of brown and green macroalgae; and green macroalgae was described as a 387 

biomass rich in Mg (Circuncisão et al., 2018). Sulphur is a main component of sulphated 388 

polysaccharides, such as fucoidans from brown macroalgae, ulvans in green macroalgae and 389 

galactans in red macroalgae (Rupérez, 2002), fact that could possibly explain the relatively high 390 

concentrations of this element in F. vesiculosus, Ulva spp. and M. stellatus compared to other 391 

species (Circuncisão et al., 2018). 392 

When comparing the macromineral levels of the macroalgae studied with other commonly used 393 

ingredients in animal nutrition (INRA feed tables), the concentrations of most macrominerals 394 

were at least one order of magnitude higher in macroalgae than in most cereals and legumes. For 395 

instance, Ca was present at low concentrations in most cereals and legumes (0.4-5.5 g/kg DM), 396 

while the values of this micromineral reached levels ranging from 12.3 to 31.1 g Ca/kg DM in 397 

macroalgae. Calcium concentrations in macroalgae were comparable to other ingredients of 398 

animal origin, such as those of fish meal and processed animal proteins (20.9-48.6 g/kg DM). 399 

Likewise, in the case of P, this element was present at similar levels in macroalgae (3.41-13.5 400 

g/kg DM) and in most processed animal proteins (6.4-44.4 g/kg DM), but at higher levels than 401 

those reported in most cereals and legumes (2.4-6.3 g/kg DM). Macroalgae had much higher 402 

concentrations of Mg, K, Na and S than any other animal feed ingredient, since those were found 403 

at very low levels in all cereals (Mg: 1-2; K: 2-5.5; Na: 0.04-0.35; S: 0.5-1.8 g/kg DM), legumes 404 

(Mg: 1.3-4; K: 8.2-20.2; Na: 0-0.95; S: 1.6-3.6 g/kg DM) and animal-based ingredients (Mg: 0.7-405 

9.1; K: 1.4-11.9; Na: 0.99-11.7; S: 1.2-18.2 g/kg DM). Indeed, complete feed for livestock is 406 

usually supplemented with mineral premixes which include essential macrominerals (National 407 

Research Council, 2005) to counteract the low levels of most of these elements in commonly used 408 

feed ingredients (Bhanderi et al., 2016). Thus, macroalgae are a source of these minerals, and 409 

their inclusion at the doses recommended in this study in different livestock’s feed would help to 410 

provide the majority of the macromineral requirements needed by the animals. This would help 411 

to overcome the economic challenge of the soaring prices of macrominerals in modern animal 412 
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production systems due to a growing global demand and limited availability of traditional mineral 413 

natural resources (Yıldız, 2022). 414 

Regarding essential trace elements composition, the findings of this study were in 415 

agreement with those published in recent literature (Supplementary Table 2). However, the levels 416 

of Fe and Mn reported in this study were relatively higher than those reported elsewhere for F. 417 

vesiculosus, and M. stellatus; while the concentrations of Se were lower in S. latissima or Ulva 418 

spp. compared to previous reports. The I contents in this study were within the range of those 419 

previously reported; although the levels of I reported in some species, such as L. ochroleuca and 420 

S. latissima, varied widely across studies. 421 

Unlike macrominerals, most essential trace elements were present in macroalgae within 422 

the same concentration ranges as those described for the main ingredients used in livestock 423 

nutrition (INRA feed tables) including cereals (Zn: 15-34; Cu: 3-13; Se: 0.08-0.5; Co: 0.03-0.3; 424 

Mo: 0.2-1 mg/kg DM) and legumes (Zn: 29-52; Cu: 3-61; Se: 0.01-0.8; Co: 0.01-0.4; Mo: 0.2-4 425 

mg/kg DM). However, in some cases their concentrations were lower compared to those of 426 

animal-based ingredients (Zn: 24-138; Cu: 10-40; Se: 0.4-2; Co: 0.1-3; Mo: 0.1-1 mg/kg DM), 427 

with I being the most remarkable exception, as it exceeded the content of any other feed ingredient 428 

(range 0.01-3 mg I/kg DM) by several orders of magnitude, especially in L. ochroleuca and S. 429 

latissima. The concentrations of Fe were high in F. vesiculosus (1233 mg/kg DM) and M. stellatus 430 

(1403 mg/kg DM) compared to most cereals and legumes (40-422 mg/kg DM), and they were 431 

similar to those of animal-based ingredients (59-5131 mg/kg DM). The concentration of Mn was 432 

higher in F. vesiculosus (597 mg/kg DM) than in most feed ingredients (8-65 mg/kg DM in cereals 433 

and legumes, 3-258 mg/kg DM in animal-based ingredients).  434 

These findings support the idea that macroalgae, particularly F. vesiculosus, M. stellatus, 435 

L. ochroleuca and S. latissima, can be potentially used as sources of Fe, Mn and I (Lozano Muñoz 436 

and Díaz, 2020). Furthermore, these macroalgal species could be included in animal feed to meet 437 

the mineral requirements of livestock (Cabrita et al., 2016; Costa et al., 2021; Øverland et al., 438 
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2019), while enriching animal-derived products with some essential minerals (Circuncisão et al., 439 

2018; Morais et al., 2020). In fact, some macroalgae have been used historically to prevent goitre, 440 

and their addition to animal feed, as an alternative to iodized salts, has been explored as a 441 

mechanism to prevent iodine deficiency in many European countries (Circuncisão et al., 2018; 442 

Rey-Crespo et al., 2014). 443 

The levels of toxic trace elements reported in this study were also in agreement with 444 

previous findings (Supplementary Table 3), although there are relatively few studies using the 445 

macroalgal species selected in this study. As mentioned previously, the absorption of toxic 446 

substances by macroalgae is dependent on many environmental factors, as well as on the 447 

polysaccharide composition of each macroalgae, as these polymers have variable affinity for 448 

different toxic trace elements (Circuncisão et al., 2018). Overall, the data reported in the literature 449 

on the toxic trace elements of macroalgae is extremely variable, with levels similar to those 450 

described in other terrestrial feedstuffs from relatively unpolluted regions (López-Alonso, 2012). 451 

However, total As residues in macroalgal species, particularly in brown algae, are up to some 452 

orders of magnitude higher compared to those in most terrestrial feedstuffs/feed ingredients (Van 453 

Paemel et al., 2010). 454 

The results for As speciation in this study showed good recoveries of total As, similarly 455 

to previous studies analysing macroalgae (Wolle et al., 2021). Contents below 1 mg/kg DM of 456 

iAs were reported in this study for all macroalgae, similarly to previous reports (Rose et al., 2007; 457 

Wolle et al., 2021). The high proportion of organic forms, like arsenosugars, has been previously 458 

reported in several macroalgal species (Biancarosa et al., 2018; Díaz et al., 2012; Wolle et al., 459 

2021). Arsenosugars have not been defined yet as non-toxic, therefore, their level of consumption 460 

has to be considered as a potential health risk (Camurati and Salomone, 2020). Other As species 461 

considered as having low levels of toxicity, i.e. dimethylarsinic acid (DMA) and 462 

monomethylarsonic acid (MMA), or with no risk of toxicity, i.e. arsenobetaine (AsB), were 463 

present at negligible concentrations. Similar patterns of As speciation have been reported in most 464 

macroalgal species (Camurati and Salomone, 2020; Rose et al., 2007), indicating the capacity of 465 
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macroalgae to metabolize the toxic iAs species (As III and As V) present in seawater to less toxic 466 

forms, such as DMA, MMA and arsenosugars. However, other macroalgae (e.g. brown 467 

macroalgal species from the Sargassaceae family or Hijiki) do not have this capacity; and 468 

therefore, most As of this biomass is composed of iAs, which constitutes a risk for consumers 469 

(Rose et al., 2007). Our results confirm that in these particular macroalgal species, As would not 470 

pose a risk either to animals or to consumers of animal-derived products. 471 

4.2. Variation of mineral concentrations in the macroalgal extracts 472 

In recent years, extracts from macroalgae have been incorporated in animal feed due to their 473 

prebiotic content or potential immunomodulatory properties. Our findings indicate that 474 

macroalgal extracts can provide valuable contents of macrominerals, especially I, which at the 475 

same time constitute a limitation for the inclusion of high amounts of extracts in animal feed. It 476 

is worth noting that the results of this study refer to extracts generated using a specific processing 477 

technology. However, variations in the extraction technology used (conventional versus 478 

innovative technologies) and even processing conditions used with the same technology (i.e. 479 

temperature, solvents, pH) have a significant influence on the chemical composition of the 480 

extracts achieved from the initial biomass (Kadam et al., 2013), and thus, the levels of minerals 481 

in extracts may vary widely depending on the processing conditions of the biomass. Further 482 

research will be needed exploring the effect of these technologies and other processing conditions 483 

on the mineral levels of the resulting macroalgal products. 484 

4.3. Limits of inclusion of macroalgal biomass and extracts in animal feed 485 

In order to guarantee safety to animals, consumers and the environment, the EU has established 486 

maximum permissible levels of essential trace and potentially toxic elements in complete feed. 487 

The maximum I concentrations allowed in animal feed were exceeded by up two-fold in all the 488 

macroalgal species studied. Thus, the maximum level of inclusion of different macroalgal 489 

products, as dried biomass or extracts, must be finely tuned. 490 
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The ranges of inclusion of macroalgae calculated in this study are in agreement with 491 

current inclusion rates of dried macroalgae in animal studies, since the beneficial effects of the 492 

addition of macroalgae are generally appreciated at levels of inclusion of less than 2% macroalgae 493 

in feed (Evans and Critchley, 2014). The limits of inclusion of extracts recommended in this study 494 

are lower than those of their original biomass (except in the case of Ulva spp.), supporting also 495 

the addition of less than 1 % of extract in animal studies. L. ochroleuca and S. latissima deserve 496 

special attention due to their extremely levels of I, and therefore, lower amounts of these 497 

macroalgae and their extracts can be included in animal feed compared to the other macroalgal 498 

species studied. 499 

It is important to note that all inclusion rates were calculated from the values obtained for 500 

the macroalgae under study, which, as already discussed, can vary widely depending on multiple 501 

factors. Therefore, these values only provide an idea of the range of inclusion of some species 502 

and highlight the importance of analysing macroalgae before their inclusion in animal feed.  503 

5. Conclusions 504 

This study provides a detailed mineral profiling (essential macro and microminerals and 505 

potentially toxic elements) of multiple macroalgal species growing on the Atlantic coast of Galicia 506 

(NW Spain) and their extracts. Additionally, the study demonstrates the suitability of macroalgal 507 

biomass and their derived extracts for their inclusion in animal feed as source of minerals to meet 508 

the physiological requirements of multiple livestock. In comparison with other feed ingredients, 509 

macroalgae had high levels of most macrominerals (Ca, Na, K, Mg, S) and in some species, 510 

essential trace elements, mainly I, as well as Fe and Mn. Although macroalgae had high levels of 511 

As compared to other feed ingredients, this element was mainly present in its organic form, mostly 512 

as arsenosugars, of relatively low toxicity, while the inorganic and toxic As form was 513 

comparatively present at really low levels in all samples. Therefore, the inclusion of these 514 

macroalgal species and extracts will not constitute a risk when used at the doses currently used in 515 

animal feed. Overall, the generation of aqueous extracts increased the concentrations of all 516 

macrominerals and I, and reduced those of essential and potentially toxic trace elements compared 517 
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to the original biomass. Calculation of the limits of inclusion in feed according to the EU 518 

maximum regulatory concentrations in animal nutrition demonstrated that I was the main element 519 

limiting the inclusion of macroalgal biomass and extracts in all animal species studied. Most of 520 

these products can be used in feed at the current levels of inclusion reported in the literature, 521 

ranging from 1 to 5%, without negative effects. The recommended levels of inclusion in feed 522 

were lower in the case of L. ochroleuca and S. latissima compared to the other species studies due 523 

to their exceptionally high levels of I. Thus, the inclusion of these species in animal feed should 524 

be finely measured. 525 

Overall, this study demonstrates that macroalgal biomass and their extracts are an excellent source 526 

of macrominerals, mainly I, and that their inclusion in feed can be considered as good quality 527 

source of minerals in animal feed. This strategy could help to overcome the challenge of the 528 

soaring prices of these minerals used as feed supplements in multiple livestock production 529 

systems. Future research should explore in detail the economic and sustainability implications of 530 

this shift in mineral supplementation if implemented at larger scale globally for all livestock’s 531 

feed, aiming to confirm the potential benefits of the inclusion of macroalgae compared to the 532 

traditional sources of minerals. 533 
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