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Highlights  19 

• A range of chemical constituents were determined for eight seaweed species collected 20 

and processed for supply to the food and drink sector 21 

• The chemical profiles of the individual seaweed species studied were consistent. 22 

• Little variation was found in chemical constituents as a result of differences in 23 

collection site and storage duration, however there was significant variation between 24 

species  25 

• Scottish seaweed contains chemicals that can be value-added products for food industry 26 

 27 
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Abstract (150 words) 29 

The limited understanding of the effect of pre-and post-harvest techniques still hinders 30 

the full exploitation of seaweed. Here, the effect of harvest site, long term storage and 31 

species on the elemental composition, fatty acid profile, lipid content, and antioxidant 32 

properties were determined in eight intertidal seaweed species common to Scotland, 33 

harvested for potential food application and stored for up to 128 weeks. Result showed 34 

that the most significant variation was due to species, with no statistical link found for 35 

the combined interaction effect of both storage duration and harvest site in most cases, 36 

except for the antioxidant parameters and some selected elements, which was limited 37 

to some seaweed species. Overall, our result showed that the chemical profiles of the 38 

seaweed species studied were remarkably consistent and unaffected by long term 39 

storage. Thus, suggesting that seaweeds sampled from Scotland could be a valuable 40 

resource for the development of functional foods. 41 

 42 

Keywords: Seaweed; Antioxidant; Nutritional constituent; Harvest site, long-term Storage, 43 

Species variation; Functional food. 44 
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1 Introduction  46 

Algae, especially seaweeds, are a valuable resource which are utilised by a range of industrial 47 

sectors. Chemicals isolated from, and extracts of, seaweeds have been utilised by the 48 

pharmaceutical and personal care product sectors for many years. Additionally, seaweed (and 49 

the chemicals isolated from them) have significant value within the food and drink sector 50 

(Holdt & Kraan, 2011). Whilst in certain parts of the world (i.e., Europe and N. America) 51 

seaweed consumption a part of the human diet is viewed as being relatively novel; it has been 52 

a significant part of some Asian diets (i.e., in Japan and China) for many centuries. The 53 

commercial exploitation of seaweed is also increasing globally, for example in 2016, 30 million 54 

tonnes was farmed – the majority (83 %) of which was directly or indirectly (i.e., as an extract 55 

or minor ingredient) consumed as food, with the remainder used for other non-food 56 

applications (i.e., as fertilisers, nutraceuticals, etc.) (Ferdouse, Holdt, Smith, Murúa, & Yang, 57 

2018). In Asia, 99 % of seaweeds used commercially are farmed, whilst in other parts of the 58 

world, seaweed farming is not as well established, and it is largely harvested from the wild 59 

(Ferdouse et al., 2018). Increased interest in the use of wild-harvested seaweeds outside Asia, 60 

(especially in Europe, Canada and Latin America) has prompted consideration of how best to 61 

sustainably undertake their harvesting (Stévant et al., 2017). Significant concerns regarding the 62 

impact of harvesting on wider biodiversity and ecosystem function have been raised. However, 63 

sustainable harvesting of wild seaweeds could potentially provide multiple benefits – not least 64 

because there are 1000’s of documented species, from which a huge variety of nutritionally 65 

beneficial chemical components could potentially be derived. 66 

As potentially important as wild harvested seaweeds are, they grow and inhabit ecosystems 67 

that constantly change (Stengel, Connan & Popper, 2011). Changes in key environmental 68 

parameters such as temperature, light quality and quantity, photoperiod, nutrient levels, 69 

salinity, water flow and interactions with other organisms, may all affect seaweed ‘quality’ (in 70 

the broadest sense). All of these parameters have been demonstrated to be crucial to seaweed 71 

growth, reproduction and development (Hurd et al., 2014) yet they can change diurnally and 72 

seasonally as well as differing from location to location. Such changes may also affect different 73 

seaweed species in different ways (Stengel, Connan & Popper, 2011). Alongside reproduction, 74 

development and growth; changes and variation in environmental parameters can also affect 75 

the biosynthesis, presence/absence and potential bioaccumulation of various chemical 76 

constituents – and thus, the nutritional ‘value’ of seaweeds (Guihéneuf, Gietl, & Stengel, 2018; 77 

McCauley, Meyer, Winberg, & Skropeta, 2016; Zou et al., 2018). A limited knowledge of how 78 

changes in environmental parameters influence levels of chemical constituents/bioactivity 79 

continue to hinder the full exploitation of seaweeds (as food, or for other purposes), especially 80 

as these changes may be both site and species-specific as well as varying over time (i.e., 81 

seasonally and diurnally) (Barbier et al., 2019; Schiener, Black, Stanley, & Green, 2014). 82 

A limited number of studies have also shown that postharvest procedures such as washing, 83 

drying and storage among others influence the chemical constituents of seaweed. For example, 84 

Nitschke and Stengel (2016) determined the levels of iodine in freshly sampled, dehydrated, 85 

rehydrated and boiled Alaria esculenta, Palmaria palmata and Ulva intestinalis and showed 86 

that boiling resulted in the loss of iodine. In another study, the effect of storage temperature of 87 

seaweed resulted in reduced biological activity (Paiva, Lima, Neto, & Baptista, 2016). One 88 

post-harvest variable that has received relatively little attention is storage duration where only 89 

a limited number of chemical constituents have been studied and only for relatively short 90 

storage terms. For example, Obluchinskaya and Daurtseva (2020) showed that storing seaweed 91 

at varying temperatures for up to 365 days resulted in a reduction in their total phenolic and 92 
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polysaccharide content. Similarly, the level of fatty acids in seaweeds stored for 22 days at a 93 

variety of temperatures resulted in changes in their fatty acid profile, with the most suitable 94 

storage conditions being at low temperatures (Schmid, Guihéneuf, & Stengel, 2016). 95 

Despite the abundance of seaweed species in Caithness (North Scotland), 129 seaweed species 96 

have been recorded: 42 Phaeophyceae, 62 Rhodophyceae and 21 Chlorophyceae, and a 97 

coastline of more than 350 km there is still limited knowledge regarding the chemical 98 

properties of seaweeds in this region (Mutton, 2012). This study, therefore, examines the 99 

different harvesting locations and storage term affect the elemental composition, lipid content, 100 

fatty acid profiles and antioxidant properties (radical scavenging activity, total antioxidant 101 

capacity, total phenolic and flavonoid contents) of eight of the most common species, with the 102 

potential to be used in foods, from this region. In undertaking this research, we sought to 103 

provide insights regarding species selection, optimal sampling location and post-harvest 104 

storage duration to maximise the amount of nutritionally beneficial chemicals in the final 105 

product. 106 

 107 

2 Methodology 108 

2.1 Sampling  109 

Seaweed samples were acquired directly from New Wave Foods Ltd (Wick, UK), a commercial 110 

seaweed harvesting operation in northern Scotland. Samples were obtained from eight species 111 

(and a total of 141 batches): Alaria esculenta (L) (Greville) (AE, n = 18 batches), Fucus spiralis 112 

Linnaeus (FP, n = 9), Fucus serratus Linnaeus (FT, n = 38), Fucus vesiculosus Linnaeus (FV, 113 

n = 28), Palmaria palmata (L.) F.Weber & D.Mohr (PP, n = 12), Pelvetia canaliculata (L.) 114 

Decaisne & Thuret (PC, n = 11), Laminaria digitata (Hudson) J.V. Lamouroux (LD, n = 17) 115 

and Himanthalia elongata (L.) S.F. Gray (HE, n = 8). These species were collected from sites 116 

along Caithness coastline: at Milltown (58.5653° N, 3.0667° W), Keiss (58.5311° N, 3.1158° 117 

W), Ackergillshore (58.4744° N, 3.1008° W), Gills Bay (58.6397° N, 3.1628° W), Easter 118 

Haven (58.6553° N, 3.2136° W), West Mey (58.6528° N, 3.2422° W) and Ham-to-Scarfskerry 119 

(58.6525° N, 3.2769° W); between March 2016 and September 2017 (Online Resource 1).  120 

2.2 Seaweed processing and storage 121 

All seaweed samples were processed consistently (to comply with strict food quality 122 

standards), i.e., cleaned with freshwater, sorted, separated, laid on stainless steel drying racks 123 

and dried in large walk-in drying chambers under continuous airflow (~40 °C) for 36 hours 124 

with high-capacity industrial-scale dehumidifiers (to control humidity). Seaweeds were then 125 

hand-cut and containerised before storing in sealed high-density polyethene (HDPE) bags 126 

placed inside 100 L plastic drums and stored at ambient temperature, typically 10-20 °C, with 127 

the exclusion of air and light. The moisture content of the seaweed was not determined during 128 

the drying process as the process was undertaken at a large/industrial scale and it is not essential 129 

to record this during the process. For analysis, sub-samples were collected from blue kegs and 130 

sealed in plastic bags before transporting to the lab. On return to the lab, sub-samples were 131 

milled to a fine powder (using a household blender) and then transferred into (and stored in) 132 

pre-cleaned, amber glass bottles, and stored at room temperature before analysis. 133 

 134 
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2.3 Analysis of nutritionally important chemical constituents 135 

The nutritionally important chemical constituents and antioxidant activities determined were 136 

essential elements, lipids and fatty acids, total phenolic and flavonoid content, radical 137 

scavenging activity and total antioxidant capacity. The methods used have been previously 138 

described in detail in Badmus et al., (2019), with the exception of elemental analysis. 139 

2.3.1 Methanolic extraction of seaweeds  140 

Milled seaweed (250 mg) was weighed into a 15 mL tube and 5 mL of methanol (analytical 141 

grade) was added. The mixture was vortexed for 20 seconds (three times), sonicated for 30 min 142 

at 55 °C, shaken for 4 hours on an orbital shaker at 300 rpm before being centrifuged at 2500 143 

rpm for 10 min at 24 °C. The resulting supernatant was decanted into a separate vial. The 144 

residue was then reextracted with 5 mL of methanol and the vortexing and centrifugation 145 

procedures repeated, before pooling the supernatants. The methanol extract was evaporated to 146 

dryness under nitrogen and stored at -20 °C. Prior to analysis, the extract was dissolved in 5 147 

mL of methanol. 148 

2.3.2 Total Phenolic Content (TPC)  149 

Seaweed methanol extract (100 µL) was added to an Eppendorf® tube followed by 1 mL of 10 150 

% Folin-Ciocalteu reagent and 0.8 mL of 7.5 % sodium carbonate. The tubes were vortexed 151 

and allowed to stand for 1 hour at room temperature. Standards (gallic acid) and blanks 152 

(methanol) were prepared and processed using the same method as for seaweed extracts. The 153 

absorbance of samples and standards were recorded using a UV/Vis spectrophotometer 154 

(Camspec M501) at 765 nm (wavelength). 155 

2.3.3 Total Antioxidant Capacity (TAC)  156 

Seaweed methanol extract (100 µL) was added to Eppendorf tubes before adding 1.5 mL of a 157 

solution containing: 0.6 M sulphuric acid, 28 mM sodium phosphate (dibasic) and 4 mM 158 

ammonium molybdate (1:1:1 v/v/v). The mixture was incubated for 90 minutes at 95 °C and 159 

then allowed to cool to room temperature. Standards (ascorbic acid) and blanks (methanol) 160 

were prepared and processed using the same method as for seaweed extracts. The absorbance 161 

of samples and standards were recorded using a UV/Vis spectrophotometer (Camspec M501) 162 

at 695 nm (wavelength). 163 

2.3.4 Radical Scavenging Activity (RSA)  164 

Seaweed methanol extract (100 µL) was added to an Eppendorf tube before adding 1 mL of 165 

0.1 mM 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH) in methanol. Samples were then 166 

vortexed and allowed to stand at ambient temperature in the dark for 30 minutes. Methanol was 167 

used as a negative control. The absorbance of samples and standards were recorded using a 168 

UV/Vis spectrophotometer (Camspec M501) at 515 nm (wavelength). 169 

2.3.5 Total Flavonoid Content (TFC) 170 

Seaweed methanol extract (100 µL) was added to an Eppendorf tube before adding 500 µL of 171 

Milli-Q water and 37.5 µL of 5 % sodium nitrite. After 6 minutes, 75 µL of 10 % aluminium 172 

chloride and 250 µL of 1 M sodium hydroxide was added to the tube, before making up to 1.5 173 

mL with Milli-Q water. Standards ((+)-catechin hydrate) and blanks (methanol) were prepared 174 

and processed using the same method as for seaweed extracts. The absorbance of samples and 175 
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standards were recorded using a UV/Vis spectrophotometer (Camspec M501) at 510 nm 176 

(wavelength). 177 

2.3.6 Lipid extraction  178 

Milled seaweed (200 mg) was weighed into a 15 mL glass centrifuge tube before adding 6 mL 179 

of methanol:chloroform (2:1 v/v). The tube was vortexed, sonicated for 30 min at room 180 

temperature, and shaken for 16 hours on an orbital shaker at 300 rpm at room temperature in 181 

the dark. 2 mL of chloroform and 3.6 mL of Milli-Q water were added to the mixture and the 182 

mixture vortexed before centrifuging at 1000 g for 3 min at 4 °C. The organic phase was 183 

decanted into a separate tube before re-extracting the residue and aqueous phase with 4 mL of 184 

chloroform. Vortexing and centrifugation were repeated, before again decanting the organic 185 

phase. The organic phases were pooled and evaporated to dryness under nitrogen. The lipid 186 

content was determined gravimetrically by subtracting the initial weight of an empty tube from 187 

the weight of the same tube after which the organic phase had been added and evaporated to 188 

dryness. 189 

2.3.7 Trans-methylation and GCMS analysis of fatty acids 190 

The lipid extract was trans-methylated for the determination of fatty acids (as their methyl 191 

esters). Briefly, dry seaweed lipid extract was dissolved with 30 L of 5 mg. mL-1 192 

pentadecanoic acid (in methanol), after which 1 mL of 1 % NaOH in methanol was added and 193 

the mixture was vortexed and placed in a water bath for 15 minutes at 55 C (with constant 194 

stirring). After 15 min, 2 mL of 5 % methanolic-HCl was added, and heating was continued 195 

for another 15 minutes at 55 C. After heating, 1 mL each of Milli-Q water and hexane was 196 

added and the mixture was vortexed. After vortexing, the hexane layer was transferred to a 197 

separate tube before re-extracting the aqueous phase with a further 1 mL of hexane and 198 

repeating the vortexing step (twice). The pooled hexane extracts were evaporated to dryness 199 

under nitrogen and re-dissolved in 1 mL of hexane before analysis by gas chromatography with 200 

mass spectrometry (GC-MS, Shimadzu QP2010). A DB5MS fused silica capillary column (60 201 

m x 0.25 mm x 0.25 m) was used, with helium as the carrier gas and the flow rate on velocity 202 

mode. Injection volume was 1 L and the temperature program started at 60 C for 1 min, 203 

ramped to 120 C at 25 C. min-1 followed by 245 C at 2 C. min-1 and 270 C at 40 C. min-204 
1 and held for 5 min. The MS ion source and interface temperatures were set at 200 C and 250 205 

C (respectively) with detector gain at 0.7 k. 206 

2.3.8 Trace, minor and macro elements  207 

Briefly, 100 (±10) mg of powdered seaweed was weighed into a digestion tube and 3 mL of 208 

concentrated trace metal grade nitric acid (~69 % assay) was added. The tube was loosely 209 

capped and kept in a fume cupboard for 22 hours before adding 1 mL of trace metal grade 210 

hydrogen peroxide (~30 % assay). The mixture was then digested using a microwave reaction 211 

system, using the settings outlined in Online Resource 2. After digestion, the solution was 212 

allowed to cool to room temperature before transferring to a 15 mL polypropylene tube and 213 

made up to 15 mL with Milli-Q water. The following certified reference materials (CRM): 214 

bovine muscle powder (RM8414; National Institute of Standard and Technology), bush, 215 

branches and leaves (BCR 482; from the Institute for Reference Materials and Measurements, 216 

IRMM) and lichen (NSCDC 73348; form China National Analysis Centre for Iron and Steel) 217 

were similarly digested for validating the accuracy of the analysis (French, Shaw, Gibb, & 218 

Taggart, 2017). The digested samples were analysed using an ICP-OES (Varian 720-ES) 219 
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utilising suitable emission wavelengths (Online Resource 3). Prior to selecting analytical lines, 220 

various emission lines were evaluated for all the elements studied. The ICP plasma flow and 221 

auxiliary flow were set 15 L and 1.5 L, respectively, with argon used as the plasma gas.  222 

 223 

2.4 Statistical analysis 224 

Both univariate and multivariate tests were carried out to determine if differences existed in 225 

measured chemical constituents due to differences in harvest site, storage duration and species. 226 

First, to examine the effect of storage duration and harvest site variation on chemical 227 

constituents, a linear mixed-effects model (LMEM) was used with storage days as a continuous 228 

predictor and harvest site as a categorical effect using the lmer function from the lmerTest 229 

package (Kuznetsova, Brockhoff & Christensen, 2015). To assess the differences in the 230 

chemical constituents within the seaweed species, a multivariate test (Bray-Curtis dissimilarity 231 

matrix) was undertaken and displayed by an unconstrained ordination plot using a principal 232 

coordinate analysis (PCoA) (Beals, 1984). PCoA was done using the vegdist and batadisper, 233 

functions from the vegan package (Oksanen, 2011). Subsequently, a permutation multivariate 234 

analysis of variance (PERMANOVA) (999 permutations) was applied to test for differences 235 

among multivariate dispersions between the species. Lastly, using Levene’s test, normality 236 

amongst the variances was assessed using the rstatix package. As normality of variances could 237 

not be assumed for all variables, a Welch one-way ANOVA was used to compare mean 238 

chemical constituents across the seaweed species using the welch_anova_test from rstatix. 239 

Significant differences amongst seaweed species were assumed for P < 0.05 and boxplots were 240 

plotted using ggplot2 package. All statistical were performed on R (version 4.0.2) in RStudio 241 

(version 1.4.1103). 242 

 243 

3 Results  244 

3.1 Effect of harvest site and post-harvest storage duration on the chemical constituents 245 

The effect of both harvest site and storage duration on the antioxidant potential, elemental and 246 

fatty acid content of eight different seaweed species that were airdried and stored for up to 900 247 

days was determined using a linear mixed-effects model (LMEM) (Online resource 4 and 5). 248 

The model shows that for most of the chemical constituents, storage term and site interaction 249 

was not significant (P > 0.05), with some exceptions. For instance, the antioxidant parameters 250 

showed significant variation with both storage term and collection site for A. esculenta, F. 251 

serratus, F. spiralis and F. vesiculosus, while fatty acid profile was largely unaffected, except 252 

in the cases of H. elongata and F. vesiculosus. Regarding elemental composition, only P. 253 

canaliculata showed a significant variation (P < 0.05, for more than one element (Ca, K, Mg, 254 

Mn and Na) with harvest site and storage duration, while other species showed significant 255 

changes in single elements, Ca (P. palmata), Mg (L. digitata), K (F. spiralis), Zn (F. 256 

vesiculosus), and Mn (A. esculenta) (P < 0.05).  257 

3.2 Species related variation in chemical constituents 258 

The multivariate Bray-Curtis dissimilarity matrix displayed by an unconstrained ordination 259 

plot using a principal coordinate analysis (PCoA) was used to assess the variation in the 260 

chemical constituents between species. As seen in Figure 1, PCoA 1 accounts for 58.73 % of 261 
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the variability and PCoA 2 accounts for 22.59 % variability, thus indicating that the first two 262 

components are significant enough for describing variability. Most notable is how P. palmata 263 

was largely separated from the rest of the seaweed and most of the cluster of Fucus spp. based 264 

on (dis)similarities in their overall chemical/antioxidant activity composition. 265 

 266 

Figure 1: Principal coordinate analysis (PCoA) plot showing multivariate dispersions of the 267 

Bray-Curtis dissimilarity matrix of the eight seaweed species. Explained variation in PCoA 268 

axes is shown in %. 269 

 270 

The pairwise PERMANOVA results show that significant differences are found between the 271 

seaweed species with regards to their multivariate dispersion (Online resource 6), as visualized 272 

in the PCoA plot (Figure 1). For both observed differences and permuted comparisons, across 273 

the analysed samples, F. serratus and P. palmata both show significant differences between 274 

each other and two other species each (Online resource 4). Additionally, F. spiralis and F. 275 

vesiculosus samples are significantly dissimilar to F. serratus and the same is observed for H. 276 

elongata and L. digitata compared to P. palmata. On the other, of all the species A. esculenta 277 

showed no dissimilarity to any species.  278 

Antioxidant potential 279 

Antioxidant potential was evaluated from four parameters: total antioxidant capacity (TAC), 280 

radical scavenging activity (RSA), total phenolic content (TPC) and total flavonoid content 281 

(TFC), using the methanol extracts of the seaweeds. As seen in Figure 2, TAC ranged from 282 

16−167 mg AAE (100 g DW)-1; with the highest and lowest average values occurring for F. 283 
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vesiculosus (111 ± 22 mg AAE (100 g DW)-1) and L. digitata (28 ± 9 mg AAE (100 g DW)-1), 284 

respectively. Radical scavenging activity (RSA) is reported here as the percentage inhibition 285 

of DPPH, i.e., the amount of DPPH radicals quenched, compared to a control (methanol). The 286 

RSA values ranged from 4−96 % inhibition of DPPH; with the highest and lowest average RSA 287 

values occurring for F. vesiculosus (92 ± 4 % inhibition) and A. esculenta (6 ± 1 % inhibition), 288 

respectively. TPC values ranged from 92−2050 mg GAE (100 g DW)-1, with the highest and 289 

lowest averages occurring for F. vesiculosus (1804 ± 170 mg GAE (100 g DW)-1) and L. 290 

digitata (171 ± 91 mg GAE (100 g DW)-1), respectively. TFC values ranged from 141−1129 291 

mg CE (100 g DW)-1 and the highest and lowest average values occurred for F. vesiculosus 292 

(506 ± 175 mg CE (100 g DW)-1) and P. palmata (181 ± 32 mg CE (100 g DW)-1), respectively. 293 

TAC, RSA, TPC and TFC values, all differed significantly (P < 0.001) between species.  294 

295 
Figure 2: Radical scavenging activity (RSA), total antioxidant capacity (TAC), total flavonoid 296 

content (TFC), and total phenolic content (TPC) of methanol extracts of eight seaweed species 297 

sampled in Caithness between March 2016 and September 2017. Box plot show average, 298 

interquartile ranges (minimum, median and maximum) and outliers. 299 

 300 

Lipid content and Fatty acid profiles 301 

Lipid content ranged from 2−9 g. 100 g-1 DW, with P. canaliculata (5.9 ± 1.6 g. 100 g-1 DW) 302 

and P. palmata (3.7 ± 0.8 g. 100 g-1 DW), showing the highest and lowest average values, 303 

respectively. Lipid content also differed significantly (P < 0.001) between species (Figure 3). 304 

The full fatty acid profile/content of all seaweed species were characterised before calculating 305 

values for saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated 306 

fatty acids (PUFA) and the index ratio of n6 to n3. Twenty-seven different fatty acids were 307 

identified and quantified in the seaweed samples – and the full dataset is provided (Online 308 

Resource 6). 309 
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 310 

Figure 3: SFA, MUFA, PUFA, n3, n6, index ratio of n6 to n3 and Lipid content (g. 100 g-1 311 

DW) of eight seaweed species commercial seaweed species collected in Caithness between 312 

March 2016 and September 2017. Box plots show the average, interquartile ranges (minimum, 313 

median and maximum) and outliers. 314 

 315 



 

 
12 

Figure 3 shows the variation in the percentage of total saturated fatty acids (SFA), 316 

monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) between 317 

seaweed species. The dominant SFA was palmitic acid (C16) followed by myristic acid (C14) 318 

(Online Resource 7); with both fatty acids making up more than 80 % of total SFA for all 319 

species. SFA values ranged from 13−57 % total fatty acid (TFA) with the highest and lowest 320 

average values found for P. palmata (42.6 ± 13.8 %TFA) and P. canaliculata (23.0 ± 2.7 321 

%TFA), respectively. The dominant MUFA was oleic acid (OLE, C18:1), which made up about 322 

90 % of the total MUFA in all species tested. MUFA values range from 12−60 %TFA, with 323 

the highest and lowest average values occurring in P. canaliculata (43.8 ± 8.2 %TFA) and A. 324 

esculenta (24.8 ± 1.8 %TFA), respectively. In contrast to the MUFAs and SFAs, the dominant 325 

PUFA varied with seaweed species. Eicosapentaenoic acid (EPA, C20:5 n3) dominated in P. 326 

palmata and L. digitata; in A. esculenta, stearidonic acid (SA, C18:4 n3) was dominant; in H. 327 

elongata, arachidonic acid (AA, C20:4 n6); in P. canaliculata, both AA (C20:4 n6) and linoleic 328 

acid (LA, C18:2 n6) dominated; while in F. spiralis, F. serratus and F. vesiculosus, LA (C18:2 329 

n6), AA (C20:4 n6) and eicosapentaenoic acid (EPA, C20:5 n3) were most prevalent. PUFA 330 

content values ranged from 18−53 %TFA, with the highest and lowest average values occurring 331 

for A. esculenta (48.2 ± 3.4 %TFA) and P. palmata (31.4 ± 6.3 %TFA), respectively. SFA, 332 

MUFA and PUFA content, all differed significantly (P < 0.001) between species. 333 

n6-FA values ranged from 3−29 %TFA, and the highest and lowest average values occurred in 334 

P. canaliculata (24.6 ± 4.7 %TFA) and P. palmata (5.2 ± 1.2 %TFA), respectively. n3-FA 335 

values ranged from 4−39 %TFA, with the highest average value occurring in A. esculenta (30.3 336 

± 4.0 %TFA) and the lowest in P. canaliculata (8.4 ± 4.4 %TFA). The n6/n3 ratio index is 337 

often used to determine the nutritional quality of fatty acids. Here, ratios ranging from 0.1–5 338 

were found, with the lowest and highest average values from P. palmata (0.2 ± 0.1 %TFA) and 339 

P. canaliculata (3.3 ± 0.6 %TFA), respectively. Of all eight seaweed species, only F. 340 

vesiculosus and P. canaliculata show n6/n3 ratios greater than two − which is often deemed 341 

ideal (Simopoulos, 2016). n3, n6 and n6/n3 ratios, all differed significantly (P < 0.001) between 342 

species. 343 

Elemental analysis 344 

For the elemental analysis of seaweeds – a range of quality control samples were also analysed. 345 

The results from the quality control and certified reference material (CRM) samples as well as 346 

the limits of detection (LOD) and quantification (LOQ) for the elements tested (Online 347 

Resource 8). The mean percentage recovery of all elements from the CRMs tested (Bush, 348 

Branches and Leaves − NCSDC 73348; Lichen BCR − 482) ranged from 83−122 %, except 349 

for selenium, where CRM values were below the LOD (i.e., recovery could not be calculated).  350 

Elemental content differed significantly (P < 0.001) between species (Figure 4 and 5). Ni, Cd, 351 

Co and Cu were present in seaweeds at trace levels (if detected), and levels varied significantly 352 

between species. The highest and lowest average Ni content was found in P. palmata (5.7 ± 2 353 

µg. g-1 DW) and L. digitata (0.6 ± 0.5 µg. g-1 DW), respectively. Cd was at its highest and 354 

lowest average in A. esculenta (1.1 ± 0.4 µg. g-1 DW) and L. digitata (0.02 ± 0.03 µg. g-1 DW), 355 

respectively. For Co, the highest and lowest average values occurred for F. spiralis (0.8 ± 0.9 356 

µg. g-1 DW) and L. digitata (0.02 ± 0.09 µg. g-1 DW), respectively. The highest Cu content 357 

occurred in P. palmata (4.2 ± 1.2 µg. g-1 DW) with the lowest in P. canaliculata (1.2 ± 0.23 358 

µg. g-1 DW).  359 
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 360 

Figure 4: Ca, Cd, Co, Cu, Fe and K concentrations of eight seaweed species commercial 361 

seaweed species collected in Caithness between March 2016 and September 2017. Box plots 362 

show the average, 363 

interquartile ranges (minimum, median and maximum) and outliers.Fe content ranged from 364 

9−1215 µg. g-1 DW, with the highest and lowest average values occurring for P. palmata (247.9 365 

± 315.9 µg. g-1 DW) and H. elongata (20.0 ± 7.6 µg. g-1 DW), respectively. Mn ranged from 366 

2−207 µg. g-1 DW, with the highest and lowest averages occurring in F. serratus (108.0 ± 37.1 367 

µg. g-1 DW) and L. digitata (3.1 ± 0.6 µg. g-1 DW), respectively. Zn content ranged from 9−360 368 

µg. g-1 DW and the highest and lowest averages occurred in A. esculenta (60.7 ± 16.3 µg. g-1 369 

DW) and P. canaliculata (22.1 ± 13.1 µg. g-1 DW), respectively. Fe, Mn and Zn levels all 370 

differed significantly (P < 0.001) between species. 371 

K, Mg, Na and Ca occurred in seaweeds at high levels and varied significantly with species. 372 

Ca ranged from 984−113600 µg. g-1 DW, with the highest and lowest averages in L. digitata 373 

(74824 ± 17246 µg. g-1 DW) and P. palmata (14104 ± 10936 µg. g-1 DW), respectively. K 374 

ranged from 11997−84599 µg. g-1 DW, with the highest and lowest averages found in H. 375 

elongata (72577 ± 8190 µg. g-1 DW) and P. canaliculata (16244 ± 2795 µg. g-1 DW), 376 

respectively. Mg ranged from 1453−8556 µg. g-1 DW, with the highest and lowest averages 377 

found in H. elongata (7784 ± 582 µg. g-1 DW) and P. palmata (1832 ± 352 µg. g-1 DW), 378 
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respectively. Na ranged from 5397−51933 µg. g-1 DW and the highest and lowest averages 379 

occurred in H. elongata (43405 ± 6233 µg. g-1 DW) and P. palmata (7655 ± 2017 µg. g-1 DW), 380 

respectively. K, Mg, Na and Ca all differed significantly (p < 0.001) between species. 381 

 382 
Figure 5: Mg, Mn, Na, Ni, and Zn concentrations of eight seaweed species commercial 383 

seaweed species collected in Caithness between March 2016 and September 2017. Box plots 384 

show the average, interquartile ranges (minimum, median and maximum) and outliers. 385 

 386 

4 Discussion 387 

Understanding the links between environmental parameters and the chemical constituents 388 

found in seaweed (and associated bioactivity/nutritional value) continues to be a topical subject 389 

in applied phycology. Whilst efforts continue, defining clear links is challenging, given the 390 

diversity of the responses exhibited by seaweed species – and, the myriad environmental 391 

variables (Barbier et al., 2019) – it is widely accepted that environmental conditions influence 392 

the growth and constituent of seaweed (Stengel, Connan & Popper, 2011; Hurd, Harrison, 393 

Bischof, & Lobban, 2014). The commercial exploitation and associated product development 394 

from seaweeds generally require collecting and storing seaweeds over some extended period 395 

until the appropriate amounts are in stock. This allows producers to supply sufficient material 396 

needed for product development and production. The provision of sufficiently sized batches is 397 
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mainly achieved through combining harvests from multiple seasons and sites. Hence, seaweed 398 

storage is a crucial step in seaweed exploitation in any industry. Thus the impact of storage on 399 

the quality of the product is potentially important, given that the presence/activity of various 400 

chemical components may be an important driver behind the exploitation of many seaweeds, 401 

whether for the extraction of key bioactive chemicals or as food marketed as having specific 402 

health benefits (Holdt & Kraan, 2011). Here, multiple chemical constituents (elements, lipids, 403 

fatty acids and antioxidant potential) were quantified in samples (destined for food production) 404 

of eight seaweed species from Scotland (A. esculenta, F. serratus, F. spiralis, F. vesiculosus, 405 

H. elongata, L. digitata, P. canaliculata and P. palmata) to provide some insight into their 406 

variation between species and within the same species harvested at various sites and stored for 407 

different durations. Such information could be used (i.e., by the food sector) to optimise 408 

harvesting protocols – perhaps permitting a focus on certain species and/or chemical 409 

components which may be of particular interest and establish sampling protocols that ensure 410 

product consistency for individual species.  411 

4.1 Harvest site and post-harvest storage duration on the chemical constituents 412 

Our result showed that sampling site and storage duration influences the chemical profile of 413 

seaweed to some degree. Although, these factors contributed minimally to variation in 414 

chemical constituents compared to differences in species studies here. For example, of all the 415 

seaweed species studied here, only A. esculenta, F. serratus, F. spiralis, F. vesiculosus and P. 416 

canaliculata showed significant changes with storage duration and collection site and then only 417 

for the antioxidant parameters and some selected elements. However, the observed effect was 418 

minimal and clear trends absent for these species, despite these species having the largest 419 

sample sizes and ranges in storage days and collection sites. This is surprising considering few 420 

studies have shown that variation in sampling location, as well as storage duration, can affect 421 

the chemical content in seaweeds. For instance, In Daurtseva (2020), wherein the effect of 422 

long-term storage (over 365 days) on the phytochemical composition of Fucus vesiculosus, 423 

Fucus distichus and Ascophyllum nodosum was compared, the results showed that long storage 424 

durations resulted in reduced levels of biochemicals, and this was more pronounced in some 425 

species than others, with total phenolic and polysaccharide content more significantly impacted 426 

than the other chemical constituents determined. Similarly, evidence from the study that 427 

compared pigments and mycosporine-like amino acids in three seaweed species sampled from 428 

the west of Ireland showed markable variation in these biochemicals due to differences in the 429 

sampling sites (Guihéneuf, Gietl, & Stengel 2018). This indicates that changes in the chemical 430 

constituents of seaweeds due to differences in harvest site and storage time may be limited to 431 

only some chemicals and this may also be species-specific.  432 

Furthermore, despite the fact that the environmental conditions in the harvest sites were 433 

unaccounted for in this study, it is important to highlight how these may contribute to the 434 

variations amongst and between species, as well as the combined effect with storage. This is 435 

crucial, as evidence has shown that differences in environmental parameters ( i.e., light (levels 436 

and photoperiod), nutrient availability, salinity and temperature) of harvest sites, that vary both 437 

temporally and spatially can influence the accumulation, secretion and metabolism of a range 438 

of biochemicals (Stengel, Connan, & Popper, 2011; Hurd, Harrison, Bischof, & Lobban, 2014). 439 

Additionally, evidence of such variation is provided by Schmid, Guihéneuf, & Stengel (2017) 440 

who showed the variation of pigments and fatty acids in seaweeds sampled from eight different 441 

sites in the west of Ireland and showed clear variations in the chemical profiles in seaweeds 442 

collected from different in sites. Overall, our results indicate that differences in harvest site and 443 
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storage duration is likely limited to specific chemicals and such changes are likely to be 444 

species-specific. 445 

4.2 Species related variation in chemical constituents 446 

Unsurprisingly, our result showed that chemical constituents varied between seaweed species. 447 

For example, antioxidant activity quantified in seaweed extracts varies by species, with P. 448 

palmata (Rhodophyceae) largely differing in their overall chemical/antioxidant activity from 449 

the rest of the seaweed species (that were all Phaeophyceae) (Figure 1). The variation, in 450 

antioxidant activities and the quantities of individual chemicals, between species is expected 451 

considering seaweeds are a diverse group of organisms with inter-species differences in 452 

metabolic systems, cell wall patterns and habitats (Hurd, Harrison, Bischof, & Lobban, 2014). 453 

Additionally, these variations are broadly in agreement with those reported in other studies. 454 

For instance, Matanjun, Mohamed, Mustapha, Muhammad, & Ming (2008) analysed the total 455 

phenolic content (TPC) and antioxidant activity of eight edible seaweeds, showing that these 456 

parameters differed between species and that the phenolic content and antioxidant activities 457 

were higher in extracts of brown seaweeds than in red and green species. Similarly, Nunes, 458 

Ferraz, Valente, Barreto, & Pinheiro de Carvalho (2017) determined the flavonol and TPC 459 

content of seven seaweed species harvested from the Madeira Archipelago (Portugal) and 460 

found that both the TPC and flavonol content varied between species. This is somewhat in 461 

agreement with what was found in Roleda et al. (2019) and here, although the species studied 462 

were quite different. Here, extracts of F. vesiculosus and F. serratus displayed higher TPC 463 

levels and greater RSA inhibition compared to those for A. esculenta, L. digitata and P. 464 

palmata. This finding is similar to that of (Wang, Jónsdóttir, & Ólafsdóttir, 2009) who 465 

compared antioxidant potentials of Icelandic seaweeds (including F. vesiculosus, F. serratus, 466 

L. digitata and P. palmata). They found that F. vesiculosus had higher TPC, as was the case in 467 

a study by Tibbetts, Milley, & Lall (2016), who compared F. vesiculosus with A. esculenta and 468 

P. palmata. Similarly, Sabeena Farvin & Jacobsen (2013) showed higher antioxidant activities 469 

in Fucaceae (F. serratus, F. vesiculosus, F. spiralis) than in other seaweeds; and, TPC levels 470 

followed the order Fucaceae > L. digitata > P. palmata, as found here. Heffernan, Smyth, Soler-471 

Villa, Fitzgerald, & Brunton (2014), also demonstrated a higher antioxidant content and 472 

activity in F. serratus compared to L. digitata.  473 

In terms of lipids, here values for total lipid ranged from 1-9 % DW and varied by species. 474 

Maehre, Malde, Eilertsen, & Elvevoll (2014) have reported lipid content in seaweeds ranging 475 

from 0.63-5.81 % DW, with the highest levels being found in P. canaliculata (5.8 %) and F. 476 

vesiculosus (3.5 %) and low level in P. palmata (1.3 %). Similarly, Verma, Kumar, Mishra, & 477 

Sahoo (2017) characterised lipid levels in 30 different seaweed species, which ranged between 478 

0.55-3.69 % DW (generally less than those found here). The lipid content of seaweeds reported 479 

here was also higher than those reported by Gressler et al. (2010) (1.1-6.2 % DW) and Frikha 480 

et al. (2011) (0.80-2.15 % DW), however, in these cases, the seaweeds in question differed to 481 

those reported here. Generally, seaweeds do not tend to contain particularly high lipid levels 482 

(in comparison to some terrestrial plants), but they do often contain potentially valuable 483 

essential fatty acids that are not present in many terrestrial plants. Hence, determining the fatty 484 

acid profiles of seaweeds is important. Here, seaweed fatty acid content showed significant 485 

species-related variation. For instance, fatty acids in P. canaliculata showed a trend of MUFA 486 

> PUFA > SFA; while for L. digitata and H. elongata, it was PUFA > SFA > MUFA. This 487 

agrees with findings reported by Schmid, Guihéneuf & Stengel (2014) who reported similar 488 

variations. For P. palmata, the trend was SFA > PUFA > MUFA; as reported by Mæhre et al. 489 

(2014). Also here, higher MUFA content (than other fatty acid groups) occurred for F. spiralis, 490 
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F. serratus, F. vesiculosus and P. canaliculata, and this agrees with what was reported in other 491 

studies. For example in Schmid, Guihéneuf & Stengel (2014) where in higher MUFA than 492 

other fatty acid was reported for F. vesiculosus; Maehre, Malde, Eilertsen & Elvevoll (2014) 493 

showed higher MUFA in P. canaliculata and F. serratus and Paiva et al. (2014) F. spiralis.  494 

In terms of trace, micro and macro elements; significant variation between species was seen 495 

here, most of which agreed with findings from other studies. For example, Biancarosa et al. 496 

(2018) characterised elements in 21 seaweeds and found that the elemental content in seaweeds 497 

varied between the three main taxonomical classes and also highlighted the potential benefits 498 

of seaweeds as a source of essential elements for food and feed. Further, Maehre, Malde, 499 

Eilertsen & Elvevoll (2014) compared the mineral content in 10 seaweed species from Norway 500 

and found higher zinc content in A. esculenta compared to L. digitata, F. vesiculosus, P. 501 

canaliculata and P. palmata, alongside high copper content in P. palmata and manganese 502 

content in F. vesiculosus. Similar trends were seen here, with higher average zinc, copper and 503 

manganese levels found for A. esculenta, P. palmata and F. vesiculosus. The generally low 504 

levels of selenium found in all the seaweeds in this study corresponds to that reported by 505 

Biancarosa et al. (2018). Also, the higher sodium content in Fucus spp. compared to dulse (P. 506 

palmata) found here agrees with what was reported by Romaris-Hortas, Garcia-Sartal, 507 

Barciela-Alonso, Moreda-Pineiro, & Bermejo-Barrera (2010). 508 

Variations in chemical constituents between species can be driven by multiple factors, 509 

including physiology (Stengel, Connan & Popper, 2011). Differences in physiology can (for 510 

example) result in differences in the accumulation and utilisation of essential elements – which 511 

in turn may be linked to biosynthesis, metabolic processes, growth and development (Hurd, 512 

Harrison, Bischof, & Lobban, 2014). Further, factors such as shore position (of seaweed), will 513 

(in part) determine access to nutrients (Hurd, Harrison, Bischof, & Lobban, 2014). For instance, 514 

P. canaliculata inhabits the upper shore, which can be sheltered and only submerged at very 515 

high tides; P. palmata, (on the other hand) tends to inhabit the mid-shore, which can be 516 

occasionally submerged even at low tides, while F. serratus and A. esculenta (lower shore) will 517 

be submerged for the majority of the time (even during extremely low tides). These differences 518 

in preferential shore position will likely influence access to nutrients, temperature and sunlight 519 

as well as resulting in variability in water motion around the seaweed and desiccation (among 520 

other environmental parameters), which may then impact the accumulation, secretion and 521 

metabolism of various chemical constituents (Hurd, Harrison, Bischof, & Lobban, 2014). This 522 

notion was supported by the study by Connan, Deslandes, & Gall (2007) that compared the 523 

phenolic content and antioxidant capacity of three Fucales that are regularly found in the high 524 

(P. canaliculata), mid (Ascophyllum nodosum) and low (Bifurcaria bifurcata) tidal shore 525 

positions, and showed that differences in the immersion, air temperature, as well as sunlight, 526 

might have resulted in variation in antioxidant content/capacity of these seaweeds. Connan, 527 

Deslandes, & Gall (2007) have also shown that variation in chemical constituents responsible 528 

for antibacterial activity were likely influenced by shore position, as the lower intertidal 529 

seaweeds displayed greater antibiotic activity than those found on the upper shore, which tends 530 

to undergo desiccation and limited access to nutrients. However, other factors such as 531 

competition for space, as well as interactions with other organisms (i.e., endophytes and 532 

epiphytes) could not be ruled out. 533 

4.2 Nutritional implications of chemical constituents’ variation of seaweeds: with 534 

elemental and fatty acid content as examples  535 

Comprehensive data regarding the chemical constituents of seaweeds – from both a nutritional 536 

and toxicological perspective – is important. Seaweeds generally contain variable levels of 537 
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many elements, with iodine, sodium, potassium, magnesium and calcium often present at high 538 

concentrations and other toxic elements (such as arsenic, lead and mercury) present at lower 539 

concentrations (Circuncisão, Catarino, Cardoso, & Silva, 2018; Holdt & Kraan, 2011). If 540 

seaweed is used in human food, the concentration of these elements needs to be carefully 541 

monitored as they could pose a risk to consumers (i.e., human and animal health), whilst even 542 

certain essential elements (normally beneficial) could also be toxic if ingested at very high 543 

levels (Circuncisão, Catarino, Cardoso, & Silva, 2018). Hence, it is important to consider levels 544 

of elements in seaweed and assess these in relation to recommended daily reference nutrient 545 

intake values (RNI) for humans – in order to ensure that levels do not surpass tolerable upper 546 

intake levels (UL) (EFSA, 2017; IOM, 2011). The Scientific Committee on Food (SCF) and 547 

the European Food Safety Authority (EFSA) Panel on Dietetic Products (2018) define the 548 

tolerable upper intake level (UL) as the maximum level of an element that (if consumed) would 549 

pose no risk, but anything above that may pose a risk to consumers.  550 

  551 
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Table 1: Minimum and maximum amounts of individual elements (mg.kg-1 DW) found across the seaweed species studied. Calculated daily 552 

reference nutrient intake values (RNI), calculated mass needed to meet RNI (g) and the daily tolerable upper intake levels (UL) in milligram per 553 

day (mg. d-1) for an adult; also the calculated mass of seaweed required to exceed the UL in grams dry weight (g DW) based on EFSA (or IOM) - 554 

taking into consideration the minimum and maximum levels detected here for individual elements. 555 

Element Range  Mass in seaweed 

(mg. kg-1 DW) 

Daily reference intake 

value (mg. day-1) 

Mass of seaweed needed for 

15 % RNI (g DW) 

Mass of seaweed needed 

for RNI (g DW) 

UL (mg. 

day-1) 

Mass needed to 

exceed UL (g DW) 

Seaweed 

species  

Ca min 984 950 145 966 2500 2541 P. palmata  
max 113545 950 1 8 2500 22 F. vesiculosus  

Cu min 1 1.6 357 2383 5 7448 A. esculenta   
max 6 1.6 37 249 5 780 P. palmata 

Fe min 9 16 267 1782 45a 5011 H. elongata  
max 1216 16 2 13 45a 37 P. palmata 

K min 11997 3500 44 292 nd nd F. spiralis  
max 84599 3500 6 41 nd nd H. elongata 

Mg min 1454 350* 36 241 250* 172 P. palmata  
max 8556 350* 6 41 250* 29 H. elongata 

Mn min 2 3 211 1403 11a 5146 L. digitata  
max 207 3 2 15 11a 53 F. serratus  

Na min 5398 1500a 42 278 2300a 426 P. palmata  
max 51933 1500a 4 29 2300a 44 H. elongata 

Se min <0.01 0.07 74 492 0.4 2811 F. vesiculosus   
max 2 0.07 7 45 0.4 258 F. vesiculosus  

Zn min 8 11 195 1299 25 2952 F. spiralis  
max 360 11 5 31 25 69 F. vesiculosus  

a - value from the US Food and Nutrition Board, IOM (Institute of Medicine) 2011, all other values are obtained from EFSA (for adults). 556 
nd - no data available. 557 
*stated value for magnesium does not include naturally occurring in food, only inorganic forms like in salts 558 

  559 
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Table 1 shows that the seaweeds in this study contain quantities of individual elements that can 560 

help attain the RNI while not surpassing the UL. A suitable amount of seaweed (<8 g of dry 561 

seaweed) can begin providing the required level of essential elements such as sodium, calcium, 562 

potassium, and magnesium, while to attain 15 % RNI (a level considered as nutritionally 563 

relevant) 1−357 g of dry seaweed would be required for all the elements studied. In all cases, 564 

<10 g DW would be sufficient to provide a 15 % RNI level where element levels are at a 565 

maximum, except for Cu. Overall, this data shows the importance of understanding the levels 566 

of individual elements present in seaweed species – especially where there is interest in 567 

nutritional benefit and/or potential toxicity. Looking ahead, biofortification of seaweed may 568 

become viable and food diversification (for elements such as selenium, iron, zinc, etc.) is likely 569 

to become more important as new solutions are explored to feed and nutritionally sustain an 570 

ever-growing human population (White & Broadley, 2009). However, it is also important to 571 

note that several seaweeds could contain potentially harmful elements such as arsenic, 572 

cadmium, mercury, and  iodine (Circuncisão, Catarino, Cardoso, & Silva, 2018). 573 

Additionally, evidence suggests that a link exists between the consumption of foods with a high 574 

n6/n3 index ratio and increased chance of chronic conditions such as cardiovascular diseases, 575 

diabetes, cancer, rheumatoid arthritis and obesity, among others, in humans (Simopoulos, 576 

2016). This suggests that foods with low n6/n3 are likely more beneficial than those with a 577 

high ratio. In the study presented here, n6/n3 (omega-6/omega-3) index ratios of less than three 578 

were found for most of the seaweed species, with the exceptions being F. vesiculosus and P. 579 

canaliculata (with values between 3 and 5). Also, these index ratios agree with findings in 580 

other studies. For example, Schmid, Guihéneuf & Stengel (2014) found index ratios ranging 581 

from 0.5-2.8 from the fatty acid profiles of 16 different seaweeds sampled in Ireland, with the 582 

highest values being found for P. canaliculata. In another study, Maehre, Malde, Eilertsen & 583 

Elvevoll (2014), found index ratios of less than one for all seaweeds studied except for F. 584 

vesiculosus and P. canaliculata, which had values greater than two. The low n6/n3 index ratios 585 

found in many seaweeds are not common in most conventional foods, which have been shown 586 

to generally have high (>16) n6/n3 index ratios, (Simopoulos, 2016). Hence, it could be argued 587 

that seaweed, especially those with lower n6/n3 index ratios, are worth considering when 588 

developing functional foods with optimal PUFA index ratios, which may help to reduce the 589 

chance of developing chronic diseases. On a different note, it has also been shown here that 590 

determining the PUFA index ratio of seaweed could help select seaweeds that can help meet 591 

the nutritional demand of consumers. 592 

 593 

5 Conclusion 594 

Seaweeds are currently considered functional foods because they contain chemicals that may 595 

have therapeutic properties. As seen from the results presented here, seaweeds contain a 596 

reasonable amount of fatty acid, lipid, minerals and antioxidant-related compounds and these 597 

were surprisingly consistent, despite long-term storage and variation in harvests sites around 598 

the region. The most pronounced significant variation in the chemical constituents was due to 599 

differences in seaweed species, this is not unexpected considering the diversity of the sampled 600 

seaweed species. We found the effects of storage and harvest site, in the majority of cases, to 601 

be insignificant in terms of their impact on the chemical contents determined here, except for 602 

the antioxidant parameters and the levels of some selected elements. Again, such variation was 603 

limited to certain species, namely A. esculenta, F. vesiculosus and F. serratus. Overall, our 604 

result showed that the chemical profiles of the seaweed species studied were remarkably 605 

consistent, and the effect of harvesting site and storage time may vary by species and the 606 
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chemicals in question. In choosing a seaweed species for a food product or as a functional 607 

ingredient it is clear that some species will be a better choice than others. Of all the species 608 

studied, F. vesiculosus is the most promising in terms of the levels and consistency of most of 609 

the chemical constituents quantified and A. esculenta showed promise as a potential source for 610 

essential polyunsaturated fatty acids. Overall, we have demonstrated that seaweeds harvested 611 

from the north of Scotland (Caithness) contain nutritionally important chemicals and if 612 

adequately exploited, can provide value-added products for the food and drink sector either as 613 

a whole or as ingredients. 614 

  615 
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Online Resource 1a: Map of Scotland showing the seaweed sampling locations in Caithness 

and the geographical location of Caithness within Scotland (inset) 

 

Online Resource 1b: Seaweed species provided by New Wave Foods Ltd (Wick, UK), 

detailing the total number of samples (batches sampled) and month, year and location(s) of 

sampling. 

 Species 
Total 

(n) 
Sampling month Location 

1 Alaria esculenta (AE) 18 Mar, Apr, May, Aug, Sept 2016; Jan to May 2017 Ham to Scarfskerry 

  
 Mar-May 2016; May-July 2017 Milltown 

2 Fucus spiralis (FP) 9 Jan to Apr 2017 Gills Bay 

  
 Jun, July 2016; Feb 2017 Ham to Scarfskerry 

  
 Mar, Jun 2016 Milltown 

3 Fucus serratus (FT) 38 Jun, July, Nov 2016; Mar-July 2017 Ackergillshore 

  
 Oct-Dec 2016; Jan, Feb 2017 Easter Haven 
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 Feb, Apr 2017 Gills Bay 

  
 May, Jun-Sept, Nov, Dec 2016; Feb, Apr, May, June 2017 Ham to Scarfskerry 

  
 

Jul, Aug, Nov Dec 2016; Jan, Feb, Mar, Apr, June, July 

2017 
Keiss 

  
 Mar, Apr, Jun 2016; May 2017 Milltown 

  
 July 2017 West Mey 

4 Fucus vesiculosus (FV) 28 Jun, Jul, Sept, Oct, Nov 2016; Mar, May, Jun 2017 Ackergillshore 

  
 Oct, Dec 2016 Easter Haven 

  
 Jan 2017 Gills Bay 

  
 Aug, Sept, Nov 2016; Jan, Mar 2017 Ham to Scarfskerry 

  
 Sept, Oct, Dec 2016; Jan to May 2017 Keiss 

  
 Mar, May, Oct 2016; May 2017 Milltown 

5 
Himanthalia elongata 

(HE) 
8 Apr, May, Jun 2016; May, Jun 2017 Ham to Scarfskerry 

  
 Apr, Jun 2016; May 2017 Milltown 

6 Laminaria digitata (LD) 17 Jun, Aug, Sept 2016 Ackergillshore 

  
 Jul, Aug, Sept 2016 Ham to Scarfskerry 

  
 Jun to Sept 2016 Keiss 

  
 Apr, Jun, Jul, Sept, Oct 2016; Jul 2017 Milltown 

7 Pelvetia canaliculata (PC) 11 Mar, Apr 2017 Gills Bay 

  
 May, Jun, July, Oct, Nov 2016; Feb to May 2017 

Ham to 

Scarfskerry, 

8 Palmaria palmata (PP) 12 Oct, Nov, Dec 2016; Jan, Feb 2017 Easter Haven 

  
 Aug, Oct, Dec 2016; Jan, Mar, Sept 2017 Ham to Scarfskerry 

  
 Dec 2016; Sept 2017 West Mey 
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Online Resource 2: Microwave digestion program used for this study 

Step Max 

Power 

(W) 

Initial 

temperature (°C) 

Final 

temperature (°C) 

Ramp time 

(min) 

Hold time 

(min) 

1 1500 Room temp 110 20 20 

2 1500 110 150 10 40 

3 1500 150 55 N/A N/A 
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Online Resource 3: Analytical wavelengths considered suitable for elemental analysis in this 

study. 

Element Wavelength (nm) 

Aluminium 394.401 

Calcium 317.933 

Cadmium 226.502 

Cobalt 228.615 

Copper 324.754 

Iron 259.940 

Potassium 769.897 

Magnesium 279.553 

Manganese 257.610 

Sodium 330.237 

Nickel 231.604 

Zinc 213.857 
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Online Resource 4: Linear mixed-effects model (LMEM) outcome examining the effect of storage duration on anti-oxidant and fatty acid profiles 

for each species 

Species Effect Lipid Inh. perc. TAC TFC TPC DFn DFd SFA MUFA PUFA n6 n3 n6.n3 DFn DFd 

A. esculenta Storage 0.190 0.014* 0.492 0.003** 0.000** 1 14 0.429 0.094 0.885 0.975 0.823 0.618 1 14 

 Site 0.575 0.741 0.716 0.738 0.025* 1 14 0.286 0.584 0.244 0.804 0.361 0.363 1 14 

 Interaction 0.261 0.418 0.891 0.551 0.011* 1 14 0.26 0.530 0.214 0.967 0.291 0.327 1 14 

F. serratus Storage 0.022* 0.000** 0.001** 0.04* 0.014* 1 25 0.572 0.928 0.492 0.696 0.476 0.869 1 25 

 Site 0.004** 0.000** 0.003** 0.110 0.164 6 25 0.654 0.983 0.909 0.854 0.950 0.983 6 25 

 Interaction 0.003** 0.000** 0.002** 0.093 0.153 5 25 0.681 0.963 0.827 0.960 0.780 0.734 5 25 

F. spiralis Storage 0.393 0.931 0.679 0.446 0.717 1 3 0.849 0.614 0.639 0.677 0.931 0.481 1 12 

 Site 0.558 0.915 0.620 0.484 0.484 2 3 0.097 0.135 0.093 0.832 0.365 0.048* 2 12 

 Interaction 0.622 0.911 0.549 0.388 0.440 2 3 0.079 0.183 0.106 0.889 0.389 0.058 2 12 

F. vesiculosus Storage 0.282 0.182 0.152 0.944 0.446 1 17 0.888 0.989 0.919 0.733 0.746 0.661 1 17 

 Site 0.174 0.006** 0.126 0.961 0.003** 5 17 0.915 0.045* 0.140 0.901 0.025* 0.230 5 17 

 Interaction 0.131 0.004** 0.095 0.855 0.003** 4 17 0.863 0.021* 0.171 0.938 0.021* 0.158 4 17 

H. elongata Storage 0.755 0.095 0.064 0.895 0.828 1 4 0.056 0.006** 0.031* 0.777 0.058 0.023* 1 4 

 Site 0.582 0.567 0.898 0.449 0.593 1 4 0.242 0.023* 0.629 0.001** 0.111 0.004** 1 4 

 Interaction 0.687 0.513 0.895 0.511 0.644 1 4 0.296 0.070 0.768 0.004** 0.206 0.018* 1 4 

L. digitata Storage 0.502 0.654 0.458 0.497 0.874 1 9 0.134 0.254 0.054 0.159 0.052 0.107 1 9 

 Site 0.991 1.000 0.726 0.552 0.534 3 9 0.491 0.845 0.364 0.233 0.334 0.493 3 9 
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 Interaction 0.969 0.992 0.763 0.557 0.551 3 9 0.409 0.873 0.324 0.283 0.312 0.482 3 9 

P. palmata Storage 0.849 0.856 0.375 0.454 0.275 1 7 0.537 0.737 0.942 0.815 0.941 0.998 1 6 

 Site 0.802 0.522 0.391 0.270 0.803 1 7 0.247 0.104 0.461 0.926 0.541 0.838 2 6 

 Interaction 0.708 0.681 0.378 0.322 0.768 1 7 0.144 0.928 0.587 0.875 0.694 0.899 2 6 

P. canaliculata Storage 0.896 0.538 0.653 0.583 0.743 1 6 0.230 0.860 0.486 0.829 0.048* 0.345 1 7 

 Site 0.968 0.583 0.724 0.625 0.783 2 6 0.231 0.863 0.489 0.808 0.044* 0.319 1 7 

 Interaction 0.956 0.579 0.722 0.625 0.781 2 6 0.235 0.881 0.509 0.800 0.05* 0.351 1 7 

*Significant at Pr(>F) = 0.05, **Significant at Pr(>F) = 0.01 
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Online Resource 5: Linear mixed-effects model (LMEM) outcome examining the effect of storage duration on elemental for each species . 

Species Effect Ca Cd Co Cu Fe K Mg Mn Na Ni Zn DFn DFd 

A. esculenta Storage 0.876 0.840 0.771 0.003** 0.167 0.771 0.480 0.001** 0.151 0.912 0.057 1 14 

 Site 0.719 0.299 0.232 0.120 0.871 0.525 0.157 0.001** 0.334 0.006** 0.373 1 14 

 Interaction 0.785 0.139 0.301 0.186 0.893 0.836 0.225 0.004** 0.310 0.011* 0.345 1 14 

F. serratus Storage 0.836 0.865 0.120 0.243 0.255 0.492 0.468 0.626 0.672 0.547 0.851 1 25 

 Site 0.996 0.540 0.230 0.385 0.655 0.851 0.822 0.812 0.870 0.880 0.901 6 25 

 Interaction 0.976 0.727 0.463 0.232 0.572 0.856 0.876 0.940 0.887 0.849 0.908 5 25 

F. spiralis Storage 0.028* 0.616 0.253 0.168 0.104 0.018* 0.339 0.167 0.591 0.281 0.213 1 12 

 Site 0.188 0.077 0.257 0.059 0.136 0.012* 0.299 0.141 0.661 0.196 0.052 2 12 

 Interaction 0.096 0.116 0.295 0.066 0.204 0.017* 0.344 0.175 0.714 0.202 0.064 2 12 

F. vesiculosus Storage 0.019* 0.571 0.360 0.246 0.529 0.248 0.289 0.340 0.332 0.206 0.000** 1 17 

 Site 0.050* 0.014* 0.581 0.628 0.087 0.928 0.753 0.493 0.967 0.841 0.004** 5 17 

 Interaction 0.075 0.012* 0.835 0.512 0.221 0.897 0.972 0.447 0.960 0.997 0.001** 4 17 

H. elongata Storage 0.488 0.882 0.258 0.163 0.596 0.143 0.108 0.133 0.083 0.485 0.206 1 4 

 Site 0.168 0.692 0.250 0.237 0.302 0.535 0.727 0.285 0.511 0.368 0.114 1 4 

 Interaction 0.223 0.537 0.206 0.268 0.430 0.604 0.830 0.657 0.527 0.278 0.207 1 4 

L. digitata Storage 0.919 0.02* 0.682 0.292 0.789 0.019* 0.003** 0.087 0.010* 0.642 0.152 1 9 

 Site 0.708 0.173 0.865 0.734 0.962 0.406 0.051 0.362 0.198 0.969 0.165 3 9 

 Interaction 0.661 0.172 0.843 0.769 0.974 0.460 0.048* 0.373 0.205 0.978 0.173 3 9 
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P. palmata Storage 0.023* 0.642 0.335 0.872 0.921 0.890 0.923 0.812 0.883 0.872 0.324 1 6 

 Site 0.019* 0.605 0.227 0.461 0.799 0.632 0.795 0.153 0.890 0.224 0.167 2 6 

 Interaction 0.028* 0.793 0.241 0.496 0.816 0.731 0.909 0.159 0.924 0.232 0.203 2 6 

P. canaliculata Storage 0.000** 0.541 0.132 0.435 0.808 0.028* 0.019* 0.008** 0.015* 0.434 0.910 1 7 

 Site 0.000** 0.498 0.086 0.468 0.758 0.028* 0.017* 0.017* 0.015* 0.424 0.892 1 7 

 Interaction 0.000** 0.512 0.124 0.467 0.795 0.03* 0.018* 0.007** 0.016* 0.452 0.897 1 7 

*Significant at Pr(>F) =0.05, **Significant at Pr(>F) = 0.01 
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Online resource 6: A) Permutation test for homogeneity of multivariate dispersions and B) 

pairwise comparison results from the permutation test of groups dispersions with both P-values 

of permutation test (n = 999) (above diagonal) and observed P-values (below diagonal). 

A) Distance DF SS MSS F N.Perm Pr(>F)    

Species 7 0.133 0.019 2.565 999 0.014*    

Residuals 274 2.039 0.007       

          

B) Species A. esculenta F. serratus F. spiralis F. vesiculosus H. elongata L. digitata P. canaliculata P. palmata 
Sample 

size 

A. esculenta - 0.712 0.057 0.219 0.626 0.813 0.849 0.039 36 

F. serratus 0.699 - 0.005** 0.022* 0.623 0.998 0.991 0.001** 76 

F. spiralis 0.074 0.006** - 0.113 0.136 0.063 0.151 0.572 18 

F. vesiculosus 0.215 0.027* 0.121 - 0.126 0.144 0.262 0.246 56 

H. elongata 0.585 0.633 0.146 0.132 - 0.776 0.867 0.029* 16 

L. digitata 0.795 0.996 0.066 0.140 0.756 - 0.996 0.022* 34 

P. canaliculata 0.839 0.986 0.150 0.256 0.830 0.993 - 0.104 22 

P. palmata 0.046 0.001** 0.522 0.257 0.034* 0.032* 0.108 - 24 

*Significant at P = 0.05, **Significant at P = 0.01 
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Online Resource 7: Average (± standard deviation) of interspecies variation of fatty acids (in 

%TFA) in lipid extracts of seaweed species. 

 
AE 

(n=18) 

FP 

(n=9) 

FT 

(n=38) 

FV 

(n=28) 

HE 

(n=8) 

LD 

(n=17) 

PC 

(n=11) 

PP 

(n=12) 

C12 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

C14 4.8 ± 1 10.1 ± 1.6 9.5 ± 0.8 12.3 ± 0.8 5 ± 0.4 5.5 ± 0.3 8.7 ± 0.8 6.8 ± 1.2 

C16 17.6 ± 1.8 12.9 ± 1.6 16.7 ± 1.8 14.4 ± 1.5 26.1 ± 1.5 22 ± 2.9 10.1 ± 0.9 28.8 ± 13.8 

C17 0.1 ± 0 0.1 ± 0 0.2 ± 0.1 0 ± 0.1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

C18 4.2 ± 1.1 1.9 ± 0.5 1.3 ± 0.2 1.7 ± 0.3 2.1 ± 0.6 3.8 ± 0.8 2.8 ± 0.5 6.5 ± 2.3 

C19 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

C20 0.3 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0.2 ± 0 0.3 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 

C21 0 ± 0 0 ± 0 0.3 ± 1.5 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0.1 

C24 0 ± 0 0.1 ± 0.1 0.7 ± 2.8 0.8 ± 3 0.1 ± 0 1 ± 4 1 ± 3.1 0.1 ± 0.2 

SFA 27 ± 2.9 25.5 ± 1.2 29 ± 3.2 29.6 ± 2.5 33.5 ± 1.9 32.7 ± 3.5 23 ± 2.7 42.6 ± 13.8 

C14:1 0 ± 0 0.1 ± 0 0.1 ± 0 0.1 ± 0 0 ± 0 0 ± 0 0.1 ± 0 0 ± 0 

C16:1 2.1 ± 1.2 2.2 ± 1.1 2.6 ± 1.6 1.5 ± 0.1 1.5 ± 0.4 4.1 ± 0.9 1.7 ± 0.2 4.2 ± 3 

C18:1 22.2 ± 1.6 35.5 ± 4.3 34 ± 4.1 35.4 ± 4.2 24 ± 1.7 24.2 ± 1.7 41.7 ± 8.1 21.6 ± 15 

C19:1 0 ± 0 0.1 ± 0 0.1 ± 0 0.1 ± 0 0 ± 0 0 ± 0 0.1 ± 0 0 ± 0 

C20:1 n9 0.4 ± 0.2 0.7 ± 0.1 0.7 ± 0.2 1 ± 0.2 0.1 ± 0 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 

MUFA 24.8 ± 1.8 38.4 ± 3.6 37.5 ± 4.7 38 ± 4.3 25.5 ± 1.8 28.4 ± 2.3 43.8 ± 8.2 25.9 ± 15.7 

C16:2 n9 0.2 ± 0.2 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0 0.2 ± 0.1 0.2 ± 0.2 0.1 ± 0 0.6 ± 0.7 

C18:2 n6 5.1 ± 0.6 9.1 ± 1.2 10.2 ± 1 10 ± 1.1 7.2 ± 2.6 5.2 ± 0.7 9.7 ± 4.2 2.3 ± 0.7 

C18:3 n3 0 ± 0 0.2 ± 0.1 0.1 ± 0 0.3 ± 0.1 0.2 ± 0 0.1 ± 0 0.1 ± 0.1 0 ± 0 

C18:3 n6 0 ± 0 0.5 ± 0.3 0.4 ± 0.1 0.3 ± 0 0.3 ± 0.1 0.4 ± 0 1.4 ± 1.2 0.7 ± 0.2 

C18:4 n3 18.9 ± 4 5.9 ± 2.8 5.4 ± 1.8 4 ± 1.6 9 ± 4 10.7 ± 3 3.2 ± 4 4.5 ± 1.8 

C20:2n6 0.1 ± 0.1 0.7 ± 0.2 0.3 ± 0.1 0.7 ± 0.2 0.2 ± 0 0.1 ± 0 1.3 ± 0.2 0 ± 0 

C20:3 n3 0.2 ± 0.1 1 ± 0.3 0.7 ± 0.1 0.1 ± 0.2 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

C20:3 n6 0 ± 0.1 0.3 ± 0.1 0.1 ± 0.1 0.3 ± 0.1 0 ± 0 0 ± 0.1 0.5 ± 0.1 0 ± 0 

C20:3 n9 1 ± 0.2 0.2 ± 0.4 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

C20:4 n3 0 ± 0 0.1 ± 0 0 ± 0 0.1 ± 0 0.1 ± 0.1 0 ± 0 0.1 ± 0.1 0.1 ± 0.1 

C20:4 n6 11.6 ± 1.2 10.4 ± 1 9.4 ± 0.9 10 ± 1.5 13.3 ± 1.3 7.7 ± 0.5 11.7 ± 1.3 2.1 ± 0.5 

C20:5 n3 10.4 ± 0.9 7.2 ± 1.6 6.6 ± 1.4 6.2 ± 1.9 10 ± 1 14.1 ± 1.8 4.8 ± 0.8 21 ± 6.7 

C22:6 n3 0.7 ± 0.2 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.2 ± 0.1 0 ± 0 

PUFA 48.2 ± 3.4 36 ± 3.9 33.4 ± 4 32.3 ± 4.4 41 ± 3.1 38.9 ± 4.1 33.1 ± 8 31.4 ± 6.3 

Note: values with different letters are significantly different at P < 0.05. A. esculenta (AE), F. spiralis (FP), F. serratus (FT), F. vesiculosus (FV), H. elongata (HE), L. digitata (LD), P. canaliculata (PC), P. palmata 

(PP). Below detection limit (BDL). 
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Online Resource 8: Certified reference material (CRM) recovery details (in %), with limits of 

detection (LOD) and quantification (LOQ). Two certified reference materials (CRMs) were 

used to ensure data quality whilst ascertaining the elemental content of seaweeds using ICP-

OES. 

 Bush Branches and Leaves NCSDC 73348   Lichen BCR ─482    

Eleme

nt line 

Cert value 

(µg.g-1) 

Measured 

value (µg.g-1) 

Recove

ry (%) 

RSD 

(%) 

 Cert value 

(µg.g-1) 

Measured 

value (µg.g-1) 

Recove

ry (%) 

RSD 

(%) 

 LOD 

(µg.g-1) 

LOQ 

(µg.g-1) 

Ca 

317.93
3 

22200 20815 93.8 10.5 

 

- - - - 

 

225.7 752.2 

Cd 
226.50

2 

0.14 0.13 93.0 19.6 
 

0.56 0.47 83.6 14.9 
 

0.19 0.62 

Co 
228.61

5 

0.39 0.34 86.9 24.8 
 

- - - - 
 

0.21 0.71 

Cu 

324.75

4 

5.2 5.9 114.2 11.7 

 

- - - - 

 

1.17 3.89 

Fe 
259.94

0 

1020 999 98.0 17.7 
 

- - - - 
 

1.59 5.28 

K  
769.89

7 

8500 7637 89.8 17.9 
 

- - - - 
 

645.8 2152.7 

Mg 
279.55

3 

2870 2620 91.3 9.6 
 

- - - - 
 

12.6 41.9 

Mn 
257.61

0 

58 68 117.7 8.5 
 

- - - - 
 

0.18 0.61 

Na 
330.23

7 

11000 9515 86.5 14.8 
 

- - - - 
 

438.3 1460.9 

Ni  
231.60

4 

1.7 1.6 96.2 30.6 
 

2.47 2.82 114.2 31.5 
 

0.96 3.20 

Zn 
213.85

7 

20.6 25.1 121.9 4.0 
 

100.6 113.1 112.4 7.7 
 

0.91 3.04 

 

 

 

 

 

 

 


