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Summary of content  

The increase in global food demand coupled with competition for arable land use has 

led to substantial growth in the aquaculture industry, and in particular, finfish farming. 

Consequently, farming of species such as salmon has placed increasing pressures on 

wild fish stocks to supply the fish meal demand for feeding these farmed fish. Partial 

replacement of fishmeal through the use of plant-derivative meals (e.g. cereals, 

soybean) has resulted in a reduction in the proportion of fish meal used in finfish diets. 

However, the demand for plant meals can add further pressure on arable land, finite 

fertilisers (e.g. phosphorous), and freshwater resources. Seaweeds have gained focus as 

a sustainable feed ingredient due to their limited land-based resources requirement. This 

comprehensive study will examine commercially important seaweeds found in Ireland 

for their viability in farmed Atlantic salmon (Salmo salar) diets. An initial appraisal of 

Irish green seaweed blooms (Ulva spp.) showed that many of the collection sites were 

within national and international safety limits for toxic metals. The testing of U. rigida 

and Palmaria palmata in separate salmon feeding experiments revealed that up to 15% 

was tolerated by the salmon with no detrimental effect on growth performance, blood 

parameters, and immunological status. Further analysis was carried out on the quality of 

the salmon fillet muscle and the accumulation of toxic metals in the fish tissue revealing 

no negative influence. This research showed the potential of seaweeds as a feed 

supplement; however, like terrestrial plant meals, there is a need for further processing 

(i.e. to reduce carbohydrate content and release complex nutrients) to enhance 

digestibility, functionality, and overall economic competitiveness. The development of 

a sustainable marine-based product for inclusion in farmed finfish diets will have 

substantial benefits for both the environment and for generating wealth and jobs for 

coastal communities.    
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1.1. Current status of formulated aquafeed production 

The continuing stagnation in the production of fish meal (FM) and fish oil (FO) from 

fisheries coupled with a rising demand for finfish diets, has led to an overall increase in 

feed costs (Shepherd and Jackson, 2013).  Consequently, there is a driving force for 

both research institutions and feed manufacturers to find a cheap and sustainable source 

of feed materials which can ultimately replace FM and FO, maintaining growth, overall 

health/survival and fillet quality of farmed fish.  

 

Although it can contain high protein content, fish diets produced from waste streams of 

terrestrial animal origin (e.g. offal and bone meal) are highly restricted, in both the 

European Union (EC No 956/2008) and the United States (US FDA CPG Sec. 675.400). 

Such constraints have been the result of bovine spongiform encephalopathy (BSE) 

disease outbreaks in the European countries during the mid-1990s. Contributing to this, 

and together with the factors of availability, and low-cost production, plants has been 

the principle alternative to FM and FO that is used in aquafeeds (Gatlin et al., 2007; 

Naylor et al., 2009). Treating plant meals through the use of exogenous enzymes, 

chemicals, and physical means has allowed manufacturers to overcome the effects of 

anti-nutritional factors (ANF) which are present in plant meals. This has enabled higher 

plant meal inclusion levels in feeds for less tolerant carnivorous finfish species, e.g. 

rainbow trout (Oncorhynchus mykiss) and Atlantic salmon (Salmo salar) (Drew et al., 

2007). 

 

In recent years, the world has seen a wave of governmental subsidies and venture 

capital investments into the renewable energy sector  (FAO, 2009). Aimed at lowering 

carbon dioxide emissions, farmers have taken advantage of these new incentives and 

moved from food to biofuel crop production (Harvey and Pilgrim, 2011; Rathmann et 

al., 2010). Furthermore, the non-renewable phosphate rich minerals used for fertilising 

plant crops are gradually becoming scarce (Kraan, 2010). These factors, combined with 

an increasing global demand for food (FAO, 2009), will probably see the price of plant 

meals and oils increase in the future to make it less attractive as an alternative to FM 

and FO. 

 

An alternative to plant meal is marine macroalgae; produced without needing arable 

land, freshwater and the fertilisers associated with terrestrial crop production. 

Macroalgae, or seaweed, encompasses algae that are multicellular, macroscopic and 
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typically have a benthic lifestyle (Guiry, 2013). Seaweeds are a diverse assemblage of 

algal species due to an early divergence in their divisions which include: Division 

Rhodophyta (red), Division Chlorophyta (green) and the Division Ochrophyta, Class 

Phaeophyta (brown). Marine macroalgae are found in the intertidal, subtidal coastal 

zones and estuarine habitats.  Life in these habitats can be a challenge, and the 

organisms living there can experience a variety of physical stressors, e.g. temperature, 

light, salinity, desiccation and wave action, alongside biological pressures, e.g. 

predation, competition, parasitism and allelopathy (Akakabe and Kajiwara, 2008; Paul 

et al., 2006). Many of the secondary metabolites produced by the algae are seen as 

adaptive responses to these selective pressures. These metabolites include functional 

proteins (Cruces et al., 2012), peptides (Harnedy and FitzGerald, 2011), microsporian-

like amino acids (Carreto and Carignan, 2011), carotenoids, phenolics (Dethier et al., 

2005), fatty acids (Alamsjah et al., 2007; Wang et al., 2008), vitamins (Pinto et al., 

2003), functional carbohydrates (Karsten et al., 1996) and other secondary metabolites 

(Oliveira et al., 2013; Svensson et al., 2013). Many of the compounds found in 

macroalgae are not yet fully understood. In addition to aiding macroalgal survival, some 

of these compounds have been found to have a beneficial effect (e.g. improved growth, 

physiology, and health) on animals when they are administered into feeds (Christaki et 

al., 2012; Harnedy and FitzGerald, 2011; Ibañez and Cifuentes, 2013; Rae et al., 2012). 

These compounds could be more beneficial to aquaculture than just simply filling a 

nutritional role in aquafeeds.  

 

1.2. Nutritional components of macroalgae for aquafeeds. 

1.2.1. Moisture content  

Like terrestrial plants, the proximate composition in macroalgae can be highly variable 

between divisions, genus and species (Table 1). Seasonality and geographic locality can 

also play an important role in influencing the nutritional composition found in the algal 

species. For example, crude protein levels in red macroalgae Palmaria palmata are 

much higher during the winter and spring months, then summer and autumn (J 

Fleurence, 1999). While Sargassum horneri and Cystoseira hakodatensis total lipid 

content have been found to be 15% higher during the winter months than any other 

season (Nomura et al., 2012). 
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Table 1: Proximate composition of economically important seaweeds.  
 

 Moisture Protein* Lipid* Fibre* Ash* Ref 
Chlorophyta       

Caulerpa lentillifera 94.0 9.7 7.2 - 46.4  (McDermid and Stuercke, 2003) 
Ulva (Enteromorpha) clathrata  - 19.2-23.4 1.0 4.6 16.0  (Peña-Rodríguez et al., 2011) 
Ulva compressa 83.1 26.6 - 41.2 -  (Patarra et al., 2010) 
Ulva fasciata 83.4-86.1 8.8-12.3 3.6-5.1 - 25.4-32.2  (McDermid and Stuercke, 2003) 
Ulva (Enteromorpha) intestinalis  - 6.15 7.13 - -  (Chakraborty and Santra, 2008) 
Ulva lactuca 79.6 8.5-17.44 2.5-7.9 2.8-54.0 19.6-32.9  (Marsham et al., 2007; Yaich et al., 2011; Yildirim et 

al., 2009) 
Ulva (Enteromorpha) linza - 14.1 2.2 33.1 32.6  (Yildirim et al., 2009) 
Ulva reticulata - 21.06 0.8 55.8 17.6  (Ratana-arporn and Chirapart, 2006) 
Ulva (Enteromorpha) prolifera 80.9 10.9 3.2 5.2 14.3  (Asino et al., 2011) 

Rhodophyta        
Palmaria palmata  - 12.3 - 45.3 15.5  (Marrion et al., 2005) 
Eucheuma denticulatum 89.9 4.9 2.2 - 43.6  (McDermid and Stuercke, 2003) 

Chondrus crispus  

 

15.7-20.9 2.7-4.2 34.3 19.8-22.8  

(Rupérez and Saura-Calixto, 2001; Tibbetts et al., 
2016) 

Mastocarpus stellatus 64.9 25.4 3.0 1.8 15.6  (Marsham et al., 2007) 
Pyropia spp. 79.9 25.8-26.6 2.1 41.0-45.6 21.0  (Dawczynski et al., 2007b; Patarra et al., 2010) 
Gracilaria lemaneiformis - 19.1 0.5 - 19.7  (Xuan et al., 2013) 
Gracilaria spp. 90.4 5.6-24.0 - 30.5 15.2-23.6  (Marrion et al., 2005)  
Gracilaria changgi - 6.9 3.3 24.7 22.7  (Norziah and Ching, 2000) 
Gelidium microdon 71.4 15.2 - 57.4 -  (Patarra et al., 2010) 

Phaeophyceae        

Alaria esculenta 82.6 9.1-13.1 1.3-7.1 - 17.6-24.6  (Maehre et al., 2014; Tibbetts et al., 2016) 
Ascophyllum nodosum - 6.8-8.2 2.7-8.6 3.5 21.2-24.9  (Cruz-Suárez et al., 2009; Tibbetts et al., 2016) 
Hizikia fusiformis  - 11.6-13.9 0.4-2.4 43.8-59.0 26.6  (Dawczynski et al., 2007b; Jang et al., 2012) 
Laminaria digitata 86.1 15.9 0.5 7.7 23.6  (Marsham et al., 2007) 
Laminaria hyperborea 83.3 11.4-14.2 5.0 - 28.8  (Maehre et al., 2014) 
Macrocystis pyrifera - 5.3-6.1 0.7 10.5 31.1  (Cruz-Suárez et al., 2009) 
Laminaria (Saccharina) japonica - 10.6 1.6 66.0 21.6  (Jang et al., 2012) 
Saccharina latissima - 14.2 0.1 36.4 9.7  (Jard et al., 2012) 
Undaria pinnatifida - 18.3-19.8 1.8-4.5 45.9-52.0 28.0  (Dawczynski et al., 2007b; Jang et al., 2012) 

*dry weight. 
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One common attribute amongst all macroalgae is their high degree of water content, 

ranging from 64.9 to 94% (Table 1). In order to preserve this highly perishable biomass, 

drying offers a simplistic method for biomass preservation (Ratti, 2001). Practically, 

this can be a problematic process, which can affect the success of exploiting algae as a 

feed component on an industrial scale. Large amounts of fresh biomass are required for 

producing the same weight of dry material when compared to the drier terrestrial plants 

materials (Gatlin et al., 2007). In addition, facilities for processing the fresh biomass 

need to be near to collection sites to reduce transportation costs (Hart et al., 1976) and 

degradation of the composition. The process of drying also represents one of the largest 

production costs, where fossil fuels are used to generate the necessary drying 

temperatures (Sagar and Suresh Kumar, 2010), and as such remains a large obstacle for 

macroalgae to be fully exploited in feeds for farmed finfish.   

 

Raising seaweed drying temperature can bring a reduction in: drying time, labour and 

other associated cost with prolong drying time, however heat labile compounds (e.g. 

vitamins, proteins, unsaturated fatty acids, phenols and carotenoids) would 

consequently be vulnerable to degradation during the drying process (Gupta et al., 

2011b; Niamnuy et al., 2008). Macroalgae produced in subtropical and tropical 

countries have a lower drying cost because these areas can take advantage of the 

naturally higher air temperatures and consistent sunlight. Unfortunately, ionising UV 

radiation from natural solar drying can also result in a nutrient loss in the form of 

vitamins, phenols and carotenoids (Arsi et al., 2005; Chan et al., 2009, 1997). Reviews 

such as Abascal et al. (2005), Ratti (2001), and Sagar and Suresh Kumar, (2010), 

describe a number of drying methods including ultrasonic, freeze-drying, flash drying, 

microwave drying and pulse electric field, which could be applied for reducing algal 

water content.   

 

1.2.2. Proteins, peptides and amino acid  

Some of the highest protein content in seaweeds is found in the Rhodophyta division, 

these include Chondrus crispus, Gracilaria and Pyropia species (Table 1). Protein 

levels in Pyropia spp. can amount to 50% of the dry weight (McHugh, 2003), and much 

of this can be attributed to the proteinic pigment- phycoerythrin (Harnedy and 

FitzGerald, 2011). Phycoerythrin can represent a large proportion of the protein fraction 

in many red algae species. For example, in the red unicellular algae Porphyridium 

cruentum, 50% of the protein composition can be made up of phycoerythrin (J 
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Fleurence, 1999). Seasonal variations in phycoerythrin have been also described in 

Palmaria palmata, ranging from above 2 to just below 12 mg g-1 (Martínez and Rico, 

2002). These compounds are commercially exploited as food colourants and fluorescent 

components in bioassays, but these functional proteins can also have a range of 

bioactive properties which include in anti-oxidant capacity, anti-inflammatory and 

hepatoprotective activity (Sekar and Chandramohan, 2007). In contrast, commercially 

important brown macroalgal species found in the Western hemisphere, such as kelps 

and Fucus spp. possesses some of the lowest protein content in all three macroalgae 

groups, ranging from 5.3 to 19.8% in dry weight, Table 1 (Harnedy and FitzGerald, 

2011).  

 

The amino acid composition in many macroalgae can be considered relatively complete. 

Many algal species contain most of the essential and non-essential amino acids 

(Gressler et al., 2010; Ortiz et al., 2006; Wahbeh, 1997). Although some commercially 

important species like the red macroalgae Palmaria palmata lack the essential amino 

acid cysteine, or P. palmata has high aspartic acid and glycine levels, with comparable 

levels of total essential amino acid to soya protein (Galland-Irmouli et al., 1999). 

Similarly, Himanthalia elongata (sea spaghetti), Undaria pinnatifida (wakame), and 

Pyropia umbilicalis can have low amounts of methione, isoleucine and phyalanine 

(Cofrades et al., 2010).  

 

Proteins and peptides derived from seaweeds have an extensive range of bioactivity that 

could be applied to pharmaceutical and nutraceutical products (Harnedy and FitzGerald, 

2011). Much of these activities can be developed by degrading seaweed proteins using 

hydrolysis. An example of this is the use of enzymatic hydrolysis on Pyropia columbina 

to produce hydrolysates that have significant amounts of biological activity (e.g. 

antihypertensive, antioxidative and immunosuppressive activity) when compared to the 

untreated seaweed (Cian et al., 2012).  

 

Algal cell walls are formed from structural carbohydrates and form a barrier to the 

digestion of cytoplasmic proteins (Bobin-Dubigeon et al., 1997). Physical treatments, 

fermentation and enzyme treatments have all shown to improve seaweed protein 

availability. For example, Palmaria palmata has low protein digestibility when it is 

untreated, however, after a combination of physical treatment (freeze-drying and 110 °C 
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exposure) and fermented with Trichoderma pseudokoningii microbe, in vitro protein 

digestibility increased by nearly four-fold (Marrion et al., 2003).  

 

1.2.3. Lipids  

Lipids are high energy-dense compounds, higher so than proteins and carbohydrates, or 

any other nutritional component found in food. Aquafeeds are often formulated with 

high lipid content, and the resulting effect can have a protein sparing capability (e.g. a 

protein is not metabolised for normal function), improve feed conversion efficiency, and 

enhancing growth performance (Guillaume et al., 2001). For the consumer, 

polyunsaturated fatty acid (PUFA), in particular long chained highly unsaturated fatty 

acids (HUFA) with a ω-3 configuration are regarded as a ‘functional food’ component. 

In Atlantic salmon, a limited increase in dietary ω-3 HUFA can have a beneficial role in 

producing a leaner fish, improving fatty acid β-oxidation capacity (Todorcević et al., 

2009). While in humans, the consumption of foods that are rich in ω-3 HUFAs can have 

a beneficial effect as an anti-inflammatory, improving cardiac health, and brain 

development and function (Ruxton et al., 2004).   

 

Some of the highest lipid content can be found in the brown algal group.  Gosch et al. 

(2012) found the brown algae Spatoglossum macrodontum had over 10% in total lipids. 

From that, 50% of the lipid extracted was free fatty acids. Similarly, two other brown 

alga species from the same order (Dictyotales): Dictyota acutiloba and Dictyota 

sandvicensis, were reported to have a total lipid content of 16.1% and 20.0% (dry 

weight), respectively (McDermid and Stuercke, 2003).  The extensive review carried 

out by Miyashita et al. (2013) found cold water brown algae species produced more 

lipids than those growing in tropical seas. However as shown in Table 1, many of the 

commercially important seaweeds can be limited in their lipid content. While, 

macroalgae may not possess as high a lipid content as microalgae and terrestrial plants 

(e.g. sunflower, linseed and rapeseed), there may be compensation in terms of lipid 

quality. Many of the macroalgae species produce a high proportion of HUFA and 

polyunsaturated fatty acids (PUFA), in particular ω-3 fatty acids, such as 

eicosapentaenoic acid (EPA, 20:5n-3), stearidonic acid (SDA, 18:4n-3), α-linolenic acid 

(ALA, 18:3n-3) and arachidonic acid (ARA, 20:4n-6) (Miyashita et al., 2013).  
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By modifying different elements of the environmental conditions, it is possible to 

enhance both total lipid content and the fatty acid profile. For example, Floreto and 

Teshima (1998) were able to increase fatty acid content in Grateloupia sparsa, when 

exposing the red alga to a combination of low light intensity and high salinity. More 

importantly, the authors observed that exposure to high irradiance levels had 

beneficially increased the ω-3 fatty acids, particularly EPA, ARA and SDA fatty acids. 

Likewise, exposure of the Rhodophyte Tichocarpus crinitus to high photosynthetically 

active radiation led to a 1.5 fold increase in storage lipids, and significantly higher 

levels in 18:1and 16:1 monounsaturated fatty acid (Khotimchenko and Yakovleva, 

2005).  

 

1.2.4. Carbohydrates 

Simple sugars and polysaccharides are principal chemical energy stores in seaweeds. 

Many of these carbohydrates serve additional functions, where it provides structural 

support in the aquatic environment (Percival, 1979). These principal compounds also 

make up one of the largest fraction of the algae composition, with carbohydrate 

concentrations ranging from 1.8 to 66% (dry weight, Table 1). Kelp species 

(Phaeophyceae) in particular possess some of the highest carbohydrate levels in any 

macroalgal group, ranging from 50-60% of dry weight (Kraan, 2010). Polysaccharides 

such as cellulose, hemicellulose and lignin can be commonly found in seaweeds; 

however as shown in Table 2, distinct polysaccharides can be found within each 

division, class, order, and even genus (Cian et al., 2015; Jiménez-Escrig and Sánchez-

Muniz, 2000). 
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Table 2: Macroalgae polysaccharides, their commercial uses and biological activities. 

Seaweed 
polysaccharide 

Example species  Sugar monomers Biological activity & commercial value Reference 

Chlorophyta     

Ulvan Ulva sulfates, rhamnose, xylose, 
iduronic & glucuronic acid 

Anti-tumour, anti-oxidant, anti-thrombolytic immunal 
modulation, anti-influenza, and anti-coagulant.   
Iduronic acid could be used in heparin synthesis. 
Desulfated ulvan is patented for its ability to induce mucin 
production to treat gastric ulcers 

(Lahaye and Robic, 
2007).   

Rhodophyta     

Carrageenan Chondrus crispus, 
Euchema,  
Kappaphycus 

D-galactose and 3,6-anhydro-
galactose (3,6-AG) 

Anti-coagulant, platelet aggregation inhibition, anti-viral, 
anti-tumor activity. Ι and Κ-carrageenan show enhancement 
in immunal parameters  
 

(Cheng et al., 2008; 
Prajapati et al., 
2014) 

Porphyran Pyropia  β-D-galactosyl and α-l-
galactosyl 6- sulfate or 3,6-
anhydro-α-L-galactosyl  

Degraded and untreated porphyran possesses scavenging 
free radical activity and functions reducing power. Can 
induce murine macrophage phagocytic activity. 
 

(Yoshizawa et al., 
1995; Zhao et al., 
2006) 

Agar Gracilaria, 
Gelidium  

D-galactose and 3,6 anhydro 
L-galactose  

Extracted for gelling and stabilising capabilities. (Ramnani et al., 
2012) 

Phaeophyceae     

Laminarin  Laminaria, 
Saccharina, 
Fucus  

β (1→3)-glucan & β(1→6) 
glucan 

Anti-tumour, anti-inflammatory, immune-stimulatory, anti-
coagulant and anti-oxidant activity  
 

(Kadam et al., 2015; 
Rioux et al., 2010).   

Alginate Ascophyllum 
nodosum, 
Laminaria, 
Macrocystis   

α-L-guluronic 
acid and β-L-mannuronic acid  

Commercial alginate salts have immunal modulation 
properties  

(Caipang et al., 
2011; Cheng et al., 
2008) 

Fucoidan Fucus, 
Saccharina, 
Laminaria,  
Sargassum  

(1→3)α-l-fucopyranosyl, 
(1→4)α-l-fucopyranosyl, 
sulphated sugar groups, 
fucose, fuco-oligosaccharide, 
uronic acid, xylose, manose 
galactose, glucose.  

Anti-viral, anti-tumour, immune-stimulatory, anti-oxidant, 
anti-inflammatory, anti-coagulant and anti-thrombotic 
activity. Ability to reduce cholesterol, triglyceride and LDL-
C, and increase HDL-C. Gastric protection (e.g. antiulcer, 
anti-adhesion for Helicobacter pyroli), protection against 
urinary tract, kidney and liver diseases  

(Caipang et al., 
2011; Li et al., 2008) 
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Several of the algal polysaccharides have physical-chemical properties that allow 

formation of gels, colloids and emulsions (Table 2).  Known as phycocolloids, these 

polysaccharides (e.g. agar, alginates, carrageenan) have been the principal extracts from 

seaweeds for use in foods, cosmetics, pharmaceuticals and industrial products (Campo 

et al., 2009; Holdt and Kraan, 2011).  It was estimated that during 2009 the global 

phycolloid industry had an estimated value of over USD 1 billion (Bixler and Porse, 

2010).  

 

The presence of algal polysaccharides in the feed meal can have a number of influences 

on the overall quality of an extruded diet. As these compounds act as emulsifiers and 

colloids, it would invariably change feed stability, such as the rate of nutrient leaching 

when exposed to the water column. Diet viscosity and texture will be modified, 

especially when diets with the presence of phycolloids are subjected to the high 

temperatures and pressures associated with the feed extrusion process (Borgogna et al., 

2011). Very little is known on how phycolloids would impact on the diet quality and 

acceptability when fed to finfish. What is currently known is that when Ulva or 

carrageenan supplemented diets were subjected water immersion, algal diets had 

maintained lower mass loss compared to non-algal inclusion (Hashim and Saat, 1992). 

Contrary to this, carrageenan used as the binder component in white sturgeon 

(Acipenser transmontanus) larvae diets did not increase feed stability during prolong 

water exposure (Gawlicka et al., 1996). Polysaccharides with the ability to form 

emulsions and gels may also have applications in microencapsulation technology for 

aquaculture, where algal polysaccharides have been used for effective oral 

administration o vaccines and pharmaceutical drugs (Borgogna et al., 2011). 

 

Beyond uses, for gels and stabilisers, polysaccharides also have the potential of eliciting 

a favourable physiological response in animals and humans. Ulvan, for example, has 

been demonstrated to produce promising results as an anti-bacterial, and antiviral agent 

against influenza and herpes simplex virus (Lahaye and Robic, 2007). Compounds 

acting as immunostimulants to either innate or/and adaptive immune system has been of 

much interest to finfish aquaculture (Magnadóttir, 2006). Dietary inclusion of sodium 

alginate or κ-carrageenan in brown-marbled grouper (Epinephelus fuscoguttatushas) 

demonstrated that these compounds had the capacity to enhance the fish innate 

immunity (leukocyte count, respiratory burst, phagocytic activity and phagocytic 

index), and increase survival rate when challenged against the pathogen Vibrio 
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alginolyticus (Cheng et al., 2008). The use of Ulva rigida polysaccharide extracts 

stimulated turbot (Psetta maxima) respiratory burst activity (Castro et al., 2006). Both 

studies speculated that the observed enhancement in immunity was due to seaweed 

polysaccharides or their breakdown products acting as ligands to the leukocyte cell 

receptors. Another set of compounds that have drawn increasing interest in the 

aquaculture industry are the β-glucan sugar monomers, with a number of studies 

showing it may act to stimulate the fish immune system (Meena et al., 2013). Although 

there have been few studies reporting on the use of algal glucan in farmed fish. 

Sulphated laminaran (composed of β(1 ,3)-D-glucan) from Laminaria hyperborea, was 

shown to have the capacity to enhance components of the immune system (head kidney 

macrophage superoxide anion production and acid phosphatise activity) in Atlantic 

salmon (Salmo salar, Dalmo and Seljelid, 1995). β-1,3/1,6-glucan monomer derived 

from Laminaria digitata fed to gilthead seabream (Sparus aurata), also produced 

favourable enhancement in certain immune parameters, e.g. higher phagocytic ability 

and phagocytic capacity (Guzmán-Villanueva et al., 2014).  

 

The use of prebiotics in finfish aquaculture has drawn much interest in recent years as 

an alternative to the growing problems associated with prophylactic antimicrobial 

treatments, e.g. antibiotics and pharmaceutical drugs (Cabello, 2006). With reference to 

indigestible compounds e.g. oligosaccharides and polysaccharides, these may benefit 

gut health by selectively stimulating the growth of beneficial microbes or microbial 

communities (Ringo et al., 2010). A review by O’Sullivan et al. (2010) discusses the 

potential of carbohydrates in seaweed to have potential prebiotic properties. For 

example, low molecular weight oligosaccharides derived from degraded agar (Gelidium 

sesquipidale) can enhance in vitro bifidobacterial populations (Ramnani et al., 2012). 

Long-chained glucans such as those found in laminarin have shown the capacity to 

stimulate probiotic bacteria (e.g. Lactobacillus spp. and Lactobacillus spp.) in farmed 

pigs (Lam and Chi-Keung Cheung, 2013). Several other farmed animal studies have 

reported the beneficial effects of dietary seaweeds inclusion on the gut microbial 

community (Dierick et al., 2009; Goñi et al., 2001; Ishihara et al., 2010), although 

currently there are no known studies describing the effects of dietary seaweeds have on 

gut microflora in farmed finfish. While certain carbohydrate fractions can have 

functional effects, other complex carbohydrates in fish feed, and in particular, insoluble 

fibres, can have detrimental influences on nutrient absorption, growth performance and 

gut morphology (Francis et al., 2001). This is particularly significant in many of the 
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farmed carnivorous fish, where carbohydrates are often poorly digested and metabolised 

as an energy source (Krogdahl et al., 2005).  

 

1.2.5. Phenolics  

Phenolics, also known as polyphenols, are multi- benzenoid ring compounds that have 

been widely described in plant meals used in aquafeeds, including cottonseed, canola 

and rapeseed (Drew et al., 2007; Francis et al., 2001). These phytocompounds are 

known to have a range of biological effects; some have therapeutic functions, while 

others are known for their toxicological effect and/or anti-nutritional properties. For 

example, the phenolic group known as gossypol are commonly found in cottonseed 

meal (Gossypium genus). Incorporating untreated cottonseed meals into fish feeds has 

shown a range of detrimental effects, including slow growth rates, organ deformities 

and sequestering of methionine amino acids through gossypol-protein complexes 

(Francis et al., 2001).  The effects are so significant that the European Union legislation 

(Directive 2002/32/EC) has set maximum permissible levels of gossypol. In 

comparison, there are no national or international legislations or recommendations, 

restricting phenolics in seaweed meal for use in animal feeds. This reflects knowledge 

gaps in how macroalgae phenolics affect cultured fish. In a dietary investigation on 

Wistar rats, extracts of phlorotannin compounds from Ascophyllum nodosum and Fucus 

vesiculosus caused a significant decrease in carbohydrate assimilation through 

depressed α-amylase and α-glucosidase activity (Roy et al., 2011). While experiments 

on phenolic extracts from Ecklonia radiata, reduced lipid peroxidation when added into 

fish oils (Kindleysides et al., 2012). These findings suggest possible treatments for 

obesity and diabetes in humans if used as a functional food component, however, some 

phenolic compounds can also represent an element that could be unfavourable to farmed 

fish (Francis et al., 2001; Costas et al., 2014). This was evident from decreased 

voluntary feed intake in rock prickleback (Xiphister mucosus) fish fed with >10kDa 

phlorotannins, while <5kDa had no effect (Boettcher and Targett, 1993). Contrary to 

these reported negative effects, some phlorotannins have demonstrated beneficial effects 

on photoprotection (Cha et al., 2012), and in reducing oxidative stress (Kang et al., 

2013). Furthermore, there has been great interest in the application of algal phenolic 

compounds as a therapeutic treatment and for enhancing shelf-life stability in foods 

(Gupta and Abu-Ghannam, 2011; Liu et al., 2011). 
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Bromophenols, like many other groups of algal phenolic compounds, can have 

antioxidant, anticancer, and antibacterial activities (Xu et al., 2010). Another 

noteworthy quality which could be exploited in aquaculture is that low molecular 

weight bromophenols can enhance ‘sea-like’ flavours (Liu et al., 2011). A feeding study 

on silver seabream (Sparus sarba) found that it was possible to enhance muscle fillet 

flavour when fish were fed with diets which included Sargassum siliquastrum and 

Padina arborescens (Ma et al., 2005). Accumulation of total bromophenols in the fish 

muscle was most effective in the S. siliquastrum inclusion diet, where levels were 

reported to be two times higher (133.8 ng g-1 dry weight) than with no algal inclusion 

(39.2 ng g-1 dry weight).  

 

In relation to taste, freshwater finfish can have a muddy and earth-like taste which 

results in a lowered market value compared to marine finfish (Tucker, 2000). The 

causative agent for this unpalatable taste is geosmin and 2-methylisoborneol, which 

accumulate in lipid-rich tissues in the fish (Peterson et al., 2014). These volatile organic 

compounds are excreted by microorganisms such bacteria, microalgae and 

cyanobacteria that are found inhabiting freshwater environments, and they are readily 

absorbed by finfish (Yarnpakdee et al., 2014). 

 

1.2.6. Carotenoids and vitamins  

Carotenoids play fundamental roles in seaweeds in photoprotection and photosynthesis.  

The distinct range of pigments synthesised by each algal group has traditionally been 

used as a means of algal classification. The structure of carotenoids consists of a 

polyisoprenoid backbone, with an aromatic ring at one or both ends of the hydrocarbon 

chain (Figure 1). The π electrons found in the double bonds along the hydrocarbon 

chain are highly delocalised.  Subsequently, small energy is required to change their 

transition state which gives rise to the compounds unique coloration of yellow, orange 

and red; or the visible light wavelength 400-500nm (Britton et al., 2008). 

 

With over 750 known carotenoids being identified, this large family of lipophilic 

compounds can be chemically separated into two distinct groups: carotenes (e.g. β-

carotene and lycopene) and xanthophylls (e.g. lutein, astaxanthin and canthaxanthin) 

(Maoka, 2011a). The distinction between the two is that the latter possesses oxygen side 

group(s), while the former does not. Carotenoids possess a range of functional 

properties that include being a strong antioxidant, a free-radical scavenger, and singlet 
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oxygen quencher (Ambati et al., 2014; Sarada et al., 2009). In addition, several 

carotenoids have demonstrated anti-inflammatory activity, anti-tumoural activity and 

been shown to improve the immune system (Christaki et al., 2012). Several carotenoids 

(α-carotene, β-carotene and β-crytoxanthin) are also known as precursors to the 

nutritionally important vitamin A and retinol (Britton et al., 2008). The addition of 

xanthophylls such as astaxanthin and lutein into animal feeds has been extensively 

applied to poultry and salmonid farming as a means to increase yolk and flesh 

pigmentation.  

   

 

Figure 1:  Schematic view of the β-carotene, canthaxanthin and astaxanthin (Guillaume 

et al. 2001).   

 

Seaweeds are a source of water-soluble vitamin B2 (riboflavin), B12 (cobalamin), C 

(ascorbic acid), and lipid soluble vitamin E (α, β, γ, δ tocopherol and α, β, γ, δ 

tocotrienol).  Acting as co-enzymes and forming complexes, the family of vitamin B 

compounds are essential for normal cell metabolic function. Deficiency in the vitamins 

can result in an array of physiological symptoms in fish. Depending on the specific 

deficiency they can range from degenerative organs, haemorrhages, cataracts, poor 

growth and feed conversion ratio etc (2002). Dagnelie (1991) observed bioavailability 

of macroalgae derived vitamin B12: the compound was able to be absorbed, but did not 

have any therapeutic effect. This was indicated by the increase in plasma B12 

concentration and not significant improvement in mean corpuscular volume. Dagnelie 

(1991) theorised that algae vitamin cobalamin were either pseudo-forms or bound to 
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other compounds (e.g. polysaccharides) in the algae which make the vitamin 

biounavailable to humans. Little is known on whether this also applies to farmed finfish, 

and how these ligands can affect other sources of dietary cobalamin. 

 

Both vitamin C and E play roles in promoting immunological responses, but also have 

antioxidant activity, particularly vitamin E (Gatlin 2002). Vitamin E from seaweeds can 

be especially important in aquaculture feeds, as it can serve as an internal antioxidant 

preventing the macroalgal PUFA from becoming oxidised. Variations in vitamin 

content between species are common in seaweeds, evident in one study that found 

predominately the γ-tocotrienol form of vitamin E in Durvillaea antarctica and Ulva 

lactuca, but the former had higher amounts of the more potent antioxidant, α-tocopherol 

(Ortiz et al., 2006). Holdt and Kraan (2011) found that, in general, Ulva species had 

high levels of total vitamin E compared to Ascophyllum, Fucus, and Laminaria spp.   

 

1.2.7. Macro and trace elements  

Macroalgae have the ability to accumulate high concentrations of macro (e.g. Na, Mg, 

P, Ca and K) and trace elements (e.g. Mn, Fe, Co, Ni, Zn and Se) from their 

surrounding environment (Dawczynski et al., 2007a). The rate of accumulation can be 

influenced by growth rate, the age of the alga and abiotic factors, such as temperature, 

nutrient availability, light intensity, and salinity (Malea et al., 1995; Mamboya et al., 

2009). Reviews carried out by Ruperez (2002) and Holdt and Kraan (2011) have 

described the potential of macroalgae as a mineral additive to animal formulated diets. 

In one particular study, it was noted that commercially available red and brown 

macroalgae contained high levels of iron, manganese, zinc, copper, selenium, and iodine 

than the green algal species (Dawczynski et al., 2007a).  

 

Many of the macro and trace elements are essential nutritional metals for maintaining 

normal cellular metabolic function (Lall, 2003). However, if the concentration of an 

element exceeds dietary requirements, then it is possible that the element can induce 

toxicological effects on the organism, e.g. copper and selenium (Watanabe et al., 1997). 

Some elements can be referred as potentially toxic elements (e.g. V, Cr, As, Ag, Cd, Sn, 

Sb, Hg and Pb), where toxicological effects occur at lower concentrations. For instance, 

dietary exposure of copper >35 mg kg-1 in Atlantic salmon (Salmo salar) showed 

reduced growth, increased intestinal cell proliferation, and apoptosis rates, but when 

compared to dietary cadmium, these effects were observed at a lower concentration of 5 
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mg kg-1 (Lundebye et al., 1999). Anthropogenic inputs from agriculture, aquaculture, 

domestic and industrial activities can very often lead to elevated levels of potentially 

toxic elements in the aquatic system, which could result in high metal content 

accumulated in the local seaweed population (Davis et al., 2003; Ryan et al., 2012). 

Furthermore, the nutrient enrichment (e.g. nitrogen and phosphorous) from 

anthropogenic inputs can also enhance metal uptake rate in macroalgae. For example, 

Ulva fasciata exposed to elevated nitrate levels can increase cadmium accumulation 

rate, while the increase in phosphate concentrations enhanced chromium accumulation 

(W.-Y. Lee and Wang, 2001). 

 

The level of affinity to a type of element can be specific to a particular division, genus, 

or species of seaweed (Philips, 1990). In some algal species, high levels of potentially 

toxic metals can be found naturally. Hijiki, for example, (Phaeophyceae- Sargassum 

fusiforme) is commonly sold in the United Kingdom as a human food product, yet 

contained arsenic levels that were 30-50 fold higher (67-98 mg kg-1) than the daily 

recommended allowance in adults (Rose et al., 2007). Besada et al. (2009) had 

expressed similar concerns in relation to commercially available seaweeds in Spain: 

substantial levels of cadmium and arsenic were measured in species that included 

Eisenia bicyclis, Hizikia fusiforme, Chondrus crispus, and Undaria pinnatifida.  

 

Many of the elements present in seaweeds can be found in their organicmetallic forms, 

e.g. methyl, sugars and even bound to amino acids (Coelho et al., 2005; Rose et al., 

2007; Yan et al., 2004). In seaweeds, arsenic is predominately found as organic species, 

where it is bound to ribose forming arsenosugars. Studies have shown that these 

arsenosugars exhibit lesser acute toxicological effects than inorganic arsenic species 

(Andrewes et al., 2004; Besada et al., 2009). Elements can also interact with 

carbohydrates, chelate the metals and modify the overall toxicity and bioavailability 

(Gyurcsik and Nagy, 2000). Seaweeds are inherently rich in carbohydrates and possess 

unique polysaccharides (e.g. ulvan, alginate, agar, and laminarin) which are used for 

selective absorption of cations, and cell wall and internal matrices formation (Kim, 

2014). The estimation of metal bioavailability in seaweeds using dialysability method 

found positive correlations between metal bioavailability (Cr, Co, Ni, As and Se) and 

carbohydrate content (García-Sartal et al., 2013; Moreda-Piñeiro et al., 2012). However, 

the same study found that there were negative correlations between metal bioavailability 

and protein concentrations.  
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It must be noted that most current legislation on maximum permissible levels of toxic 

elements in feeds and foods relate to total content, and does not distinguish metal 

speciation (with the exception of arsenic) or the levels of other nutrients present in the 

matrix. Nevertheless, there is a real concern that dietary inclusion of seaweeds could 

increase overall potentially toxic element content in fish compound diets, resulting in a 

violation of regulatory limits in animal feeds, e.g. 2002/32/EC legislation on 

undesirable substances in animal feed (EU, 2002). There is a fundamental need for 

examine how metals from dietary macroalgae may affect farmed fish, how these 

elements may be accumulated in the tissues of the fish, and whether the potentially toxic 

elements from the seaweed are accumulated to a degree that breaches legislative limits 

in seafood (e.g. EC1881/2006, maximum levels for certain contaminants in foodstuffs, 

EU 2006) and posing a risk to human health.  

 

1.3. Current status of global and Irish Atlantic salmon aquaculture  

Promotion of salmon as a nutritional source of high-quality proteins, long-chained 

PUFAs (ω-3), vitamins, and trace minerals has been associated with a dramatic increase 

in the farming of this species. In the 1990s annual world salmon production was below 

300,000 tonnes, but by 2011 this has reached to 1.93 million tonnes (FAO, 2014a). 

Countries including Canada, Scotland, Norway and Ireland have long carried out 

salmon farming, but more recently, the increase in demand has led to farms being 

established in Oceania (New Zealand and Australia) and South America (Chile, FAO, 

2014a).  

 

In terms of aquaculture species, salmon has progressed to be one of the dominant 

marine species farmed within the European Union (FAO, 2016). Although Irish 

aquaculture only represents 1.06% of the European total production (FAO, 2017), 

marine salmonid production forms 34.3% of the Irish aquaculture industry, with a 

reported production level of over 13,000 tonnes in 2015 (Figure 2, BIM, 2016. 

Moreover, Ireland has built a highly demanded niche market with salmon farmed 

through organic practices that meet EU organic status (BIM, 2013). Geographically, 

much of the on-growing of salmon are carried out in sea cages located mainly on the 

west coast of Ireland (Figure 2).  
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Figure 2: Breakdown of the Irish Atlantic salmon and trout production during 2015, 

values are given in tonnes (BIM, 2016). 

 

1.4. The biology and nutritional requirements of Atlantic salmon 

(Salmo salar L. 1758) 

Atlantic salmon (Salmo salar) are naturally distributed in the Northern Atlantic Ocean, 

ranging from the lower latitudes of Portugal and Connecticut (USA) to Northern Russia 

and Quebec Canada (MacCrimmon and Gotts, 1979). They are a diadromous finfish 

species, where they breed and begin their early stages of their lifecycle in freshwater 

habitats and later move to the open seas to feed and grow to adulthood (Figure 3).   

 

 

 

 

A B 
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Figure 3: Atlantic salmon Salmo salar L. A) salmon parr, B) adult salmon (FAO, 2014) 

Note the grey/black bars on the side of the parr’s body, while in adulthood this is 

replaced by black spots.  

  

Figure 4: A) The natural lifecycle of Atlantic salmon (Salmo salar, Willoughby, 2009), 

B) Commercial salmon production lifecycle (FAO, 2014b). 

 

Salmon farming involves the use of pedigree brood stocks with favourable traits e.g. 

fast growth, triploidy, disease resistance, low deformities, where eggs (and milt) are 

artificially stripped, fertilised and sold to hatchery farms. These fertilised eggs are then 

hatched and brought to full smolt size before being moved into sea cages. Hatcheries 

can produce smolts from six months (termed Ss) to 2-year-olds (termed S2s) but 

A 

B 
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typically will produce Ss and 1 year (S1s) smolt stock in order to maximise production 

(Figure 4, Willoughby, 2009). In addition, they can produce either a spring or autumn 

smolt (using artificial light regime), or both types of stock. Much of the lifecycle has 

been shortened, with the growth rate enhanced by high protein diets and selective 

breeding programmes. 

 

Figure 5: Timetable of Atlantic salmon production from A) ½ year (Ss), B) 1yr old 

(S1s), C) 1½ yr old (S1½s), D) 2 yr old (S2s) smolt (Willoughby, 1999). 

 

1.5. Salmon fillet quality  

Salmon fillet is regarded as a high-quality food source and has been thoroughly 

reviewed in the literature in relation to its nutritional benefits. For example, a high 

protein content ~ 20 g 100g-1 (wet weight) can be found in salmon fillets (FAO, 2014b). 

One of the nutritional benefits that have been highly promoted in salmon is their high 

levels of polyunsaturated fatty acid (PUFA) and HUFA. They are particularly rich in 

very long chained omega-3 PUFAs: eicosapentaenoic acid (20:5n-3; EPA) and 

docosahexaenoic acid (22:6n-3; DHA), and have been described as having a number of 

A

B

C

D
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functional human health benefits including decreasing the risk of cardiovascular 

disease, reducing inflammatory disease, improving mental health and brain function 

(Larsson et al., 2014; Mente et al., 2003). In addition, clinical intervention trials in 

humans have shown that the consumption of salmon fillets improves a variety of health 

blood markers (Ruxton et al., 2004). Levels of carotenoids (Lara et al., 2007; Miles et 

al., 2011), trace minerals (Ambati et al., 2014), and vitamins E and D (Foran et al., 

2005; Megdal et al., 2009) have also been highly regarded in salmon.  

 

In commercially farmed salmon, nutritional quality reflects the quality of the formulated 

feed.  Increasing dietary replacement of fish oil with plant derived oils has led to altered 

fillet fatty acid profiles and lowered the ω-3:ω -6 content (Foran et al., 2005; Megdal et 

al., 2009).  A number of studies have been carried out on enhancing the nutritional 

quality of farm salmon in such a way as to make it comparable to their wild counterpart. 

For example, Simmons et al (2011) were able to enhance ω-3 PUFA and decrease ω-6: 

ω-3 in brook trout (Salvelinus fontinalis), using flaxseed oil supplemented diet.  

 

1.6. Fillet pigmentation  

One of the definable qualities of salmonids is their reddish to pinkish muscle fibres.  In 

wild salmon, this is naturally acquired by their diet of crustaceans, arthropods and fish.  

These organisms derive the pigment (astaxanthin) by feeding on the microalgae that 

produce it.  Astaxanthin is a xanthophyll, primarily responsible for the pigmentation of 

Atlantic salmon (Salmo salar) muscle. Other salmonids, such as those found in the 

Pacific Ocean, can also possess canthaxanthin. Depending on the life history of the 

individual, wild salmon can acquire a range of xanthophyll pigments (Table 3, Bird, 

1992). Furthermore, the colour in wild and farmed salmon muscle can vary from a light 

pink to a deep orange/red depending on the pigment inclusion level. For many 

consumers, the intensity and colouration of the muscle is an indicator of the product 

quality and acceptability, where increasing intensity and colouration is identified as a 

better product (Johnston et al., 2006). As such, muscle colouration is one of the quality 

markers which dictate product market value and intended use e.g. smoking, canning or 

fresh.  
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Table 3: Xanthophylls previously found in salmonids tissues (Bird, 1992). 

 

Measuring muscle colouration at fish farms and processors is typically performed by 

visual assessment, whereby a comparison is made between colouration of the fish and a 

commercial pigment colour chart (Figure 6). While this is a rapid and cheap method of 

measurement, subtle variations are difficult to separate. In addition, variances in the 

colour value allocated to the muscle may occur under different conditions such as light, 

background colour and the assessor (Skrede et al., 1990). For more accurate colour 

determination and detecting subtle variations, spectrometric or colorimetric methods are 

used and typically expressed as an industrial standard value e.g. Hunter 1948 (L, a, b) or 

CIE 1976 (L*, a*, b*).  

 

Pigmentation in intensively farmed salmon and trout has been achieved with the use of 

synthetic derived astaxanthin (Carophyll Pink®, DSM Nutritional Products, DSM, 

Basel, Switzerland; Lucantin Pink®, BASF, Ludwigshafen, Germany), or astaxanthin in 

combination with canthaxanthin (Carophyll Red®, DSM Nutritional Products, DSM, 

Basel, Switzerland; Lucantin Red®, BASF, Ludwigshafen, Germany).  

 

Xanthophylls Systematic name 
Adonixanthin 3,3' -dihydroxy-4-keto-β-carotene 
Adonirubin 3-hydroxy-4,4' -diketo-β,β-carotene 
Antheroxanthin 3,3' -dihydroxy-5,6-epoxy-β, β-carotene 
Astacene 3,4,3' ,4' -tetraketo- β –carotene 
Astaxanthin 3,3'-dihydroxy-4,4'-diketo- β -carotene 
Canlhaxanthin 4,4' -diketo- β –carotene 
Carotene-diol 3,3' -dihydroxy- β –carotene 
Carotene-triol 3,3' ,4-trihydroxy-cr-carotene 
Cryptoxanthin 3-hydroxy- β –carotene 
Cynthiaxanthin 3,3' -dihydroxy-7,S,7' ,S' -tetradehydro-r-carotene 
Diadinoxanthin 3,3' -dihydroxy-7,S-didehydro-5' ,6' -dihydro-5' ,6' -epoxy- 

β –carotene 
Diatoxanthin 3,3' -dihydroxy-7,S-didehydro- β -carotene 
Doradexanthin (α+ β) 3.3' ~dihydroxy-4-keto- β –carotene 
Echinone 4-keto- β ~carotene 
3' -Epilutein 3-hydroxy-3' -keto- β –carotene 
4' -Hydroxyechinone 4' -hydroxy-4-keto- β –carotene 
Idoxanthin 3,3' ,4 ' -trihydroxy-4-keto- β -carotene 
Lutein  3,3' -dihydroxy- β –carotene 
Neoxanthin 
 

3,3' ,5' -trihydroxy-5,6,5' -trihydro-6' ,7' -didehydro-5,6-
epoxy- β –carotene 

Salmoxanthin 3,3' ,6' -trihydroxy-5,6-epoxy-cr-carotene 
Tunaxanthin 3,3' ,6,6' -ε,ε-carotene-diol 
Violaxanthin 5,6,5' ,6'-diepoxy-3,3'-dihydroxy- β -carotene 

Zeaxanthin 3,3' -dihydroxy-β-carotene 

4-keto-zeaxanthin 4-keto-3,3' -dihydroxy- β –carotene 
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Figure 6: SalmoFanTM (BASF, Ludwigshafen, Germany) used by farmers and fish 

processor for assessing salmon pigmentation. 

 

In salmon, the bioavailability of astaxanthin is higher in its free form than either its 

monoester or diester forms (Skrede et al., 1990). Depending on the prey organism or the 

source of astaxanthin, the levels of these three forms can also vary (Borowitzka, 2013). 

To increase the dispersal of this pigment throughout the feed pellet and also the 

digestibility, synthetic free forms of astaxanthin are microencapsulated with a 

carbohydrate.  The addition of synthetically derived pigments into animal feeds such as 

canthaxanthin, lutein, and astaxanthin has raised public concerns over its safety and 

metabolic function. Within the European Union, legal limits have been set under 

regulation (EC) 70/524/EEC for a maximum inclusion level of 100 mg kg-1 synthetic 

astaxanthin (E161j) in salmonid feeds (Ambati et al., 2014), While in the United States, 

The Food and Drug Administration (FDA) has set a more conservative inclusion limit 

of 80 mg kg-1 of astaxanthin in finished fish diets (FDA: 21CFR73.35, FDA 2013).  

 

The chemical nature of astaxanthin allows it to form three optical isomers: 3R,3’S, 

3R,3'S and 3R,3′R  (EU, 2004). Schiedt et al. (1981), found that wild salmon had a 

natural astaxanthin distribution of 80:5:15 of (3S,3'S), (3R,3'S), and (3R,3'R), compared 

to  chemically produced astaxanthin which typically has a ratio of 1:2:1 (3S,3′S, 3R,3′S, 

and 3R,3′R) (Bjerkeng, 1997). Together with health concerns over its use and the high 

cost of production, a number of companies have attempted to produce this high-value 

compound through biological means (Moretti et al., 2006). The methods employed 

include producing the compound from single-cell organisms like yeast 

(Xanthophyllomyces dendrorhous and Phaffia rhodozyma; Bjerkeng et al., 2007; Wu et 
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al., 2011), microalgae (Haematococcus pluvialis; Li et al., 2011) and higher organisms 

like plants (Tagetes erecta and Calanus spp.; Yanar et al., 2007; Hynes et al., 2009) and 

crustaceans (Themisto libellula and Thysanoessa inermis; Suontama et al., 2007). It is 

also worth noting that the production of astaxanthin from certain sources (e.g. 

microalgae) can require substantial energy and resource inputs, which consequently 

limits its use in high volume products like organic animal feeds, cosmetics and human 

food products (Borowitzka, 2013).   

 

1.7. Aims and objectives 

Atlantic salmon (S. salar) has been chosen as the model fish for this research study, as it 

represents one of the most commercially important farmed finfish species in Ireland and 

Northern Europe. While several studies have described the effects of algae inclusion on 

other salmonid species (i.e. rainbow trout, O. mykiss), at present, there are limited 

reports on the influences in salmon.   

 

Past feeding experiments have shown benefits of using seaweed in fish diets. However, 

none of these have addressed the safety concerns on the toxic metal content in seaweeds 

and how they could pose a health risk to fish and humans. Using green tides (Ulva) as a 

model, a survey study was carried out to identify whether seaweeds found in Ireland are 

viable and safe to be used in aquafeed production (Chapter 3). The study entails the 

molecular identification of the Ulva blooms, biomass scale in relation to the quality of 

the water body determined by EU Water Framework Directive assessment parameters 

and metal composition including both nutritional and potentially toxic elements. 

 

This research study will proceed to focus on two very different seaweed species (Table 

4 and Figure 7): Ulva rigida (Chapter 4) and Palmaria palmata (Chapter 5), which 

have been selected because of their commercial importance and abundance along the 

Irish coastline. The results from past studies have shown that there are benefits to the 

feeding fish with seaweed, however, the work has been principally restricted to growth 

responses, digestibility, muscle fatty acid and amino acid profiling. To this end, the 

research program will undertake a holistic evaluation of the potential effects of dietary 

macroalgal inclusion on the physiology and health of Atlantic salmon (S. salar), as well 

as the potential benefits to final product quality (Figure 8).  
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Table 4: Taxonomic classification of macroalgae meal used in the feed experiments.   

 
 

 

 

 

 

 

Assembled from Guiry & Guiry, 2014. 

 

  

Figure 7: The diagrammatic view of A) Ulva rigida and B) Palmaria palmata 

morphology. 

 

Drawing from the samples collected in the Ulva and Palmaria feeding experiments, an 

investigation was performed on the fish muscle quality in order to identify potential 

modification in fatty acid composition, fillet muscle pigmentation and metal 

composition. The evaluation of metal content will have particular significance towards 

food safety as potentially toxic metals could be accumulated from the dietary inclusion 

of seaweed (Chapter 6). To conclude the overall investigation, a review was carried out 

on the practicalities of using seaweed in commercial feed production; this includes the 

future outlook of how to sustainably source seaweed, improve seaweed digestibility and 

functionality, and meet current international legislation (Chapter 7).  

  

Common name Sea lettuce Dillisk 

Kingdom Plantae Plantae 
Division Chlorophyta Rhodophyta  
Class Ulvophyceae Florideophyceae 
Order Ulvales Palmariales 
Family Ulvaceae Palmariaaceae 
Genus  Ulva Palmaria 

Species rigida  palmata 

A 

B 
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Figure 8: A diagrammatic view of the biological indicators used to assess the possible 

changes in the experimental fish health, physiology and muscle quality. As part of the 

NutraMara marine functional food program, this research study collaborated with 

University College of Cork, School of Food & Nutritional Sciences, a project partner, in 

further examining the potential changes from dietary algal inclusion on fish muscle 

shelf-life stability, sensory perception and nutritional composition.   
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1.1. Experimental animals, aquarium system, maintenance and 

facility  

Feeding trials were performed during the period of spring 2010 to winter 2013, at Carna 

Research Station, Ryan Institute, Carna, Ireland (Figure 1). The experiments used 

commercially available post salmon smolts that were sourced from local hatchery farms 

(Figure 2). Freshwater smolts were collected either in the spring (Mar-Apr) or autumn 

(Oct-Nov) smoltification period. Salmon smolts were transported from the farm sites 

using transport containers and were directly acclimatised to the seawater experimental 

systems (Figure 3). Fish were fed sparingly on the following day with the frequency and 

quantity of feeding gradually increased over subsequent weeks.  

Figure 1: A) [●] Location of Carna Research Station, Ryan Institute, Carna, Co. 

Galway (Scale bar represents 50 km), Ireland; B) Feeding trials carried out in Marine 

Innovation Building (MIB) at Carna Research Station.  

B 

● 

A 
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Figure 2: Collection of experimental animals from commercial Atlantic salmon 

hatchery farm on Lough Beaghcayneen, Connemara, Co. Galway, Ireland: A) 

Freshwater salmon cage brought to the shore, B) Siphon pipe to remove smolts, C) Fish 

counter tower, D) Transfer of smolts to the transport tank, E) Smolts loaded onto the 

transport tank with oxygenation, F) After arrival at Carna, smolts were moved into 

experimental systems. 

 

 

A B 

C D 

E F 



Chapter 2: General materials and methods 

Page | 63  

 

Figure 3: A) Schematic (courtesy of Joe Casey) and C) photograph of the aquarium 

system used in Feed Trial 1 and 2, B) Schematic (courtesy of Joe Casey) and D) 

photograph of the aquarium system used in feed trial 3. 

 

1.2. Macroalgae collection, processing and experimental feed 

production  

Three native macroalgae species were tested in the experimental feed studies (Table 1 

and Figure 4). Algal meal was collected during periods of the year when it contained 

high levels of protein (Harnedy and FitzGerald, 2011), or when the seaweed could be 

collected in large amounts. Seaweed was collected in the intertidal zones of the 

coastline (Figure 4) and was brought back to the laboratory facilities for processing. 

Seaweeds were washed to remove debris and dried in a dehumidifying oven set at 40 °C 

for 48- 60 hr. Dried macroalgae were subsequently powdered to <1 mm using a Timatic 

hammer mill [Timatic, Spello, Italy], as shown in Figure 5. Experimental diets were 

formulated using FeedSoft professional [Ver. 3.1, Texas, USA] to give the same overall 

proximate composition: iso-nitrogenous (40 %), iso-lipidic (25 %) and iso-energetic (26 

MJ kg-1). Feed production was carried out at Carna Research Station’s Feed 

Formulation Laboratory. A commercial food mixer [SP-30HI, Metcalfe, Gwynedd, UK] 

was used to homogenise the feed components, and hot water (<80 °C) was added to 

allow binding of the feed components and gelatinization of the carbohydrates (Figure 

D 

A B 

C 
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6). Subsequently feed mixtures were cold extruded [PM-80, Bottene, Vicenza, Italy] 

using either 2 mm (~80 to 200g fish) or a 4 mm (~ 200g to 600g fish) cast die, with a 

pellet length of ~2-5 mm. Finished diets were dried at 40 °C in a dehumidifying oven 

for 48 hr, and stored in dry sealed buckets for later use. 

 

Table 1:  Macroalgae species used in the experimental feeding trials. 

Trial  Macroalgae  Location 

1 Ulva rigida Harbour view bay, Courtmacsherry, Co. 
Cork. 

2 Palmaria palmata  Spiddal, Co. Galway; Blackhead, Co. Clare.  

 

 

Figure 4: Location of seaweed collection. A-C) Collection of algal bloom (Ulva rigida) 

in Harbour View Bay, Co. Cork, Ireland.  

B 

C 

A 
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Figure 5: Particle reduction of dried macroalgae used for fish feed formulation, A) TP2 

Timatic hammer mill; B-C) Levels of particle reduction in seaweed meal.   

 

Figure 6: Carna Research Station’s Feed Formulation Laboratory: A) food mixer; B) 

Pellet extruder; C) Feed air drier cabinet.     

  

1.3. Fish measurements and growth performance indices  

Prior to the fortnightly morphological measurements, fish were starved for 36 hours to 

allow the gut to be cleared. A suite of morphological measurements was made on the 

individual fish to monitor growth performance. It was then possible to adjust feed 

rations to account for the increase in growth every fortnight. Individual full body fish 

B 

C 

A B C 

A 
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weight (g) was taken, and length (cm) was determined either by full body length (Trial 

1), or it’s fork tail length (Trail 2-3) was used (Figure 7). 

 

Figure 7:  Morphometric parameters used to assess growth in Atlantic salmon (Salmo 

salar); A) Fork tail length; B) Total length.  

 

The following calculations were used as a measure of growth performance: 

𝐓𝐨𝐭𝐚𝐥 𝐰𝐞𝐢𝐠𝐡𝐭 𝐠𝐚𝐢𝐧 (𝐖𝐆) =  Final Total Weight (𝑔)  −  Initial  Total Weight (𝑔) 

𝐂𝐨𝐧𝐝𝐢𝐭𝐢𝐨𝐧 𝐟𝐚𝐜𝐭𝐨𝐫 (𝐊)  =  
Body weight (𝑔) 

Body length3(𝑐𝑚)
  

𝐅𝐞𝐞𝐝 𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 𝐫𝐚𝐭𝐢𝐨 (𝐅𝐂𝐑) =  
Total Feed Intake (𝑔) 

Total Weight Gain (𝑔)
 

𝐒𝐩𝐞𝐜𝐢𝐟𝐢𝐜 𝐠𝐫𝐨𝐰𝐭𝐡 𝐫𝐚𝐭𝐞 (𝐒𝐆𝐑)

=  
Ln (Final Total Body Weight(𝑔))– Ln (Initial Total Body Weight (𝑔))

Time (𝑑𝑎𝑦𝑠)
  

  



Chapter 2: General materials and methods 

Page | 67  

1.4. End of feed trial harvesting and fillet yield sampling  

At the conclusion of the feeding trials, fish were harvested to assess harvest yields, i.e. 

the proportion of fish total weight to body viscera, liver and fillet muscle. Sampling was 

carried out within one day following a 36-hour starvation period to allow food to clear 

from the gut. A professionally trained salmon filleter performed the filleting to maintain 

consistency and commercial standard for fillet yield assessment (Figure 8 and 9). Fillets 

were cut to according to Irish Seafood Producers Group [Kilkieran, Connemara, 

Ireland] high-end D+ trim standard, which involves the removal of the backbone, 

bellybone, backfin, collarbone, tailpiece, pinbone, belly membrane, fin tissue left on, 

and fully trimmed. Harvest morphometric indices and fillet yields were calculated using 

the following equations: 

𝐇𝐞𝐩𝐚𝐭𝐢𝐜 𝐬𝐨𝐦𝐚𝐭𝐢𝐜 𝐢𝐧𝐝𝐞𝐱 (𝐇𝐒𝐈)  =  
Liver weight (𝑔) 

Body weight (𝑔)
 ×  100 

𝐕𝐢𝐬𝐜𝐞𝐫𝐚 𝐬𝐨𝐦𝐚𝐭𝐢𝐜 𝐢𝐧𝐝𝐞𝐱 (𝐕𝐒𝐈)  =  
Viscera weight (𝑔)

Body weight (𝑔)
 ×  100 

𝐅𝐢𝐥𝐥𝐞𝐭 𝐲𝐢𝐞𝐥𝐝 =  
Fillet weight (g)

Body weight (g) 
 × 100 

 

Figure 8: Kilkerrin (ISPG) salmon filleting standard- Trim D. T=Trim, F=Fillet.  
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Figure 9: Harvesting experimental salmon after the feeding trial: A) Freshly harvested 

salmon prior to processing, B) Morphometric measurements and gutting, C) Gutted 

salmon waiting to be filleted, (background viscera being weighed), D) Filleting, E) 

Fillet salmon weight measurement, F) Fillets packed into bags and heat sealed for 

storage at -80 oC until further analysis. 

 

1.5. Blood collection  

Collection of blood was carried out by anaesthetising fish in an aerated bath (~120 mg 

L-1, tricane methane sulphonate- MS 222, Pharmaq, Fordingbridge, UK). Six fish (3 fish 

A B 

C D 

E F 
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for serum and 3 fish for plasma analysis) from each tank were sampled for blood at the 

caudal ventral vein, using a 5 mL syringe and a 21-gauge needle. Needles and syringes 

used for plasma collection were heparinised with lithium-heparin (250 U mL-1) [Sigma-

Aldrich, Poole, UK]. Whole blood was immediately centrifuged at 13,000 g for 11 mins 

and the collected supernatant was subjected to a further 1 min centrifuge at 13,000 g 

with an aliquot removed for storage at -80 °C. For serum collection, blood was allowed 

to clot for 24 hours at 2-4 °C, centrifuged at 13,000 g for 11 minutes and the supernatant 

was centrifuged for a further 1 minute. The supernatant was stored at -80 °C for later 

analysis of basic haematology, blood chemistry and blood immunology.  

 

1.6. Basic haematology 

1.6.1. Pack cell volume 

Pack cell volume is a measure of the proportion of erythrocyte cells in the blood. The 

assay was performed using the micro-hematocrit method using heparinised micro 

hematocrit tubes (Marienfeld, GmbH & Co. KG). Freshly collected whole blood was 

drawn into the tube via capillary action. Once filled to ~70 % full, tubes were sealed 

with putty at one end.  Tubes were then centrifuged in a hematocrit centrifuge [Helios, 

Themo Scientific, USA] for 13 min at 13,000 g. Percentages of samples composed of 

erythrocytes were then measured on a micro-hematocrit tube reader (Hawksley, Sussex, 

UK). 

1.6.2. Total erythrocyte and leukocyte count 

Total erythrocyte and leukocyte counts were simultaneously counted on an improved 

neubauer haemocytometer (Marienfeld, Germany). Twenty microlitres of fresh whole 

blood was diluted into 980 µL improved Dacie fluid (1 g Brilliant cresyl blue, 31.3 g 

sodium citrate, 10 mL formaldehyde made to 1 L with distilled water, and filtered 

through 0.45 µm syringe filter) with a dilution factor of 1:50 (Lewis et al., 2006). 

Counts were performed in duplicates, and results were expressed as cells L-1.  

 

1.6.3. Haemoglobin  

Haemoglobin determination was carried out using cyanmethemoglobin method (Van 

Kampen & Zijlstra, 1961). Fifty microlitres of heparinised whole blood were mixed 

with 5 mL of Drabkin’s fluid (50 mg potassium cyanide, 20 mg potassium ferricyanide, 

and 1 sodium bicarbonate made to 1 L with distilled water). The mixture was vortex and 
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allowed to stand for five minutes at room temperature before the absorbance was 

measured at 540 nm on a spectrophotometer. Unknown Samples with unknown 

amounts of haemoglobin were calculated using known amounts of human haemoglobin.  

 

1.6.4. Blood indices  

Blood indices allow the measure of physical characteristics of red blood cells and are 

used for diagnosis of anaemia and a measure of general health (Lewis et al., 2006). The 

following blood parameters were calculations: 

 

Mean Corpuscular Volume (MCV) fL =haematocrit / total erythrocyte count;  

 

Mean Corpuscular Haemoglobin (MCH) pg cell-1 = (haemoglobin x 10) / total 

erythrocyte count;  

 

Mean Corpuscular Haemoglobin Concentration (MCHC) g dL-1 = haemoglobin / 

hematocrit. 

 

1.7. Blood chemistry 

1.7.1. Glucose 

Plasma glucose was performed through the oxidase-peroxidase method (Tinder, 1969). 

Plasma samples (20 μL) were incubated with 3 mL of oxidase-peroxidase reagent (16 

mg 4-aminoantipyrine, glucose oxidase (1800 units, source: fungal, EC 1.1.3.4) 

[(Sigma-Aldrich, Poole, UK.], peroxidise (100 units, source: horseradish, EC 1.11.1.7) 

[Sigma-Aldrich, Poole, UK.], 105 mg phenol, and 0.01 % (v/v) Tween-20, made up to 

100 mL with sodium phosphate buffer (100nm, pH 7.0)) for 15 min at 37 oC water bath. 

The reaction was ended by rapid cooling on ice, and light absorbance was immediately 

read on a spectrophotometer at 505 nm. A standard calibration curve was created using 

serial dilutions of glucose solution (100 mg L-1 in dH2O). 

 

1.7.2. Total protein  

Total protein content was assayed using a modified Bradford’s dye method based on a 

96 multiwell plate (Bradford, 1976). Prior to assay, serum samples were diluted forty-

fold in distilled water. Twenty microlitres of diluted plasma were mixed with 180 μL of 
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Bradford’s solution (100 mg Coomassie Brilliant Blue G-250 in 50 ml 95 % ethanol and 

100 ml 85% (w/v) phosphoric acid made to 1 L using distilled water and filtered 

through Whatman #1 filter paper) in the multiwell plate. Samples were left in the dark 

for 10 minutes to complete reaction and absorbance was measured at 595 nm on a 

multiwell plate reader. Samples were calculated for total protein content by using a 

standard curve created from known amounts of bovine albumin. 

 

1.7.3. Albumin and albumin:globulin ratio 

Albumin is a principal blood protein, which can be measured using anionic dyes. Four 

millilitres of the dye solution (8 mL BCG (0.7 g bromocresol green, BCG dissolved in 

1mL 1N sodium hydroxide) mixed with 500 mL buffer (5.9 g succinic acid, 100mg 

sodium azide, 1g sodum hydroxide in 500 mL distilled water) made to 1 L with distilled 

water) was reacted with 20 μL of test serum and left for 10 mins at room temperature 

before being measured for its absorbance at 630nm (Spencer & Price, 1977). 

Concentrations of albumin were calculated using a human albumin calibration curve. 

The globulin and albumin/globulin ratio (A/G) were calculated using the following 

formula (Rao & Deshpande, 2005): 

 

Globulin = total protein – albumin;  

 

A/G = (globulin / albumin) x100. 

 

1.7.4. Lipid peroxidation 

The level of lipid peroxidation can be inferred from the end breakdown product of 

malondialdehyde (MDA). Determination of this compound is carried out based on  

 Gerard-Monnier et al. (1998) 1-methyl-2-phenylindole colorimetric method. For 

determining MDA levels in blood serum, 650 μL reacting agent (64 mg 10.3mM 1-

methyl-2-phenylindole dissolved in 30 mL acetonitrile, mixed with 0.04408g 2,6-Di-

tert-butyl-4-methylphenol dissolved in 10mL methanol) was added to 200 μL plasma 

sample, together with 100 μL 37 % hydrochloric acid. This was vortex mixed and 

incubated in a water bath at 45 oC for 40 mins. The reaction was ended through 

immediate cooling in ice and centrifuged at 13,000 g for 10 min. The supernatant was 

spectrophotometrically read at 586 nm [Thermo fisher, Dublin, Ireland]. Liver and 

muscle samples were washed with salt water (0.9 g L-1 sodium chloride in dH2O) and 
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blotted dry with lab tissue. Four hundred milligrammes of the sample were weighed into 

a 15 mL centrifuge tube and four parts of Tris buffer (20mM Tris-HCL buffer pH 7.4 at 

4C). Tubes were placed in a beaker of ice and samples were homogenised for 30 

seconds with an Ultra Turrax (Ika, Staufen, Germany). Homogenates were centrifuged 

at 3000 g for 20 mins at 4 oC. Using the same method as assaying MDA in plasma 

samples, 200 μL of supernatant assayed in the MDA reacting reagent. A standard curve 

was created through serial dilutions of diluted (200 fold) 1,1,3,3-tetraethoxypropane 

standard solution (16.5 μL of 10 mM 1,1,3,3-tetramethoxypropane in 10 mL 20 mM 

Trizma-Base buffer pH 7.4). 

 

1.8. Liver function  

1.8.1. Alanine transaminase  

Alanine transaminase activity (ALT) was measured using an enzyme-based assay (Rao 

& Deshpande, 2005). Two millilitres of L-alanine-tris buffer (500nM L-alanine and 

6.25 μM EDTA in 100mL 25 nM Tris-HCL buffer at pH 7.4) was added to 0.05 mL of 

lactate dehydrogenase (200 U mL-1 lactate dehydrogenase [EC 1.1.1.27, porcine source] 

in distilled water), 0.1 mL NADH solution (3.6 nM NADH in alanine-tris buffer) and 

150 μL serum sample, and incubated at 37 °C in a dry bath for 15 mins. Two hundred 

microlitres 2-oxoglutarate solution (150 nM of 2-oxoglutarate in water at pH 7.4) were 

added and absorbance (340 nm) was measured every minute for a period of 10 minutes 

at 37 °C. The rate of absorbance decrease was measured from 3-9 min to account for 

enzyme activity lag, and enzyme activity was calculated using the following formula 

 

ALT activity = (Rate of decline in absorbance between 3-9 mins / molar absorption of 

NADH (6.22)) x 16670 

 

1.8.2. Aspartate transaminase 

The determination of aspartate transaminase (AST, Rao & Deshpande, 2005) was 

performed by incubating 150 μL serum sample with 2 mL L-aspartate-tris buffer 

(250nM L-aspartate 6.25μM EDTA in 100mL 25 nM Tris-HCL buffer at pH 7.4), 50 μL 

malate dehydrogenase enzyme (200 U mL-1 dehydrogenase [EC 1.1.1.37, porcine 

source] in distilled water), 0.1 mL NADH solution (3.6 nM NADH in alanine-tris 

buffer) for 10 mins at 37 °C. Absorbance was read in 37 °C at 340 nm every minute for 
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10 minutes after the solution was further mixed with 200 μL 2-oxoglutarate solution 

(150 nM of 2-oxoglutarate in water at pH 7.4). The rate of decrease in absorbance was 

calculated from minute 3 to 9 and used the following equation for determining enzyme 

activity: 

 

AST activity = (absorbance per min / molar absorption of NADH (6.22)) x 16.67 x 1000 

 

1.9. Blood immunology 

1.9.1. Alternative complement activity  

Measurement of serum haemolytic complement activity through the alternative pathway 

(ACP) was made as described by Yano (1992), using washed rabbit red blood cell (2 x 

108 cells mL-1) (RaRBC) as the target cells [TCS, Botolph Claydon, England]. Briefly, 

the three serum samples from the same tank were pooled together (250 μL) and diluted 

by 20 fold using Mg2+-EGTA-GVB buffer (20 mL of 4.15 g NaCl, 0.51 g 

C4H3N2NaO3, 1.75 mL 1 N HCl, dissolved in 100 mL dH2O, pH 7.5; 10 mL of 3.8 g 

EGTA, 2.03 g magnesium chloride hexahydrate, 0.7 g NaOH, dissolved in dH2O, 

pH7.5; 70 mL of 0.1 g gelatin, dH2O, pH 7.5). Diluted serum was mixed with 100 μL 

of RaRBC suspension and incubated for 90 mins (20 oC), with occasional shaking. The 

reaction was ceased by adding 3.15 mL cold phosphate buffer saline to suspension and 

centrifuged at 10,000 rpm for 5 min. The supernatant was measured for its maximal 

absorbance at 414 nm. Total haemolysis was carried out by adding 100 μL RaRBC 

suspension to 3.4 mL dH2O. The extent of haemolysis for each serial dilution was 

calculated by the following equation:  

 

ACH50 = 1/k x (reciprocal of initial dilution) x 0.5. 

 

k = amount of serum giving 50% RaRBC hemolysis 

 

1.9.2. Lysozyme activity 

Lysozymes are part of the fish innate immune system and their activity is measured 

using a gram positive bacterial turbidimetric method (Demers & Bayne, 1997). The 

assay used 175 μL of bacterial suspension (0.015 % (w/v) lyophilised Micrococcus 

lysodeikticus in 66 nM potassium phosphate buffer, pH 6.24 at 25 °C) incubated with 
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μL serum sample and absorbance was measured every 30 seconds for 5 minutes at 450 

nm. 

 

1.10. Proximate composition analysis 

The proximate composition is an index of food items for the basic nutritional 

components: moisture, protein, lipid, ash, fibre or energy contents (Greengate and 

Southgate, 2003). Measurements of these parameters used the established analytical 

method standards from Association of Analytical Chemistry (AOAC, 1995), as 

described in the following sections. 

 

1.10.1. Moisture  

Moisture of both feed stuff and formulated diets was measured by heating 2 g of sample 

in a foil tray at 105 °C for 48 hr. Moisture was calculated as % change in dry weight. 

Whole body composition and fillet moisture were determined by drying measured 

sampled fish in a foil tray in an oven at 103 °C for 48 hr.  

 

 % 𝐌𝐨𝐢𝐬𝐭𝐮𝐫𝐞 =  
Final Tray (𝑔) − Inital Tray(𝑔)

Sample (𝑔)
× 100 

 

1.10.2. Crude Protein 

Crude protein was measured using the Kjeldahl method, where total nitrogen was 

quantified, and a correction factor of 6.25 was used to adjust to protein (AOAC, 1995).  

Approximately 100 mg of sample was wrapped in nitrogen-free paper [Fisher Scientific, 

Ballycoolin, Dublin, Ireland], and placed into a 250 mL round bottom flask. Fifteen 

millilitres of 98% nitrogen free sulphuric acid and a Kjeldahl catalyst [Merck-

chemicals, Ireland] were dispensed into the flask, and digested by heating the content on 

an electric mantle (Figure 10A). Samples were digested until a clear solution was 

produced. Once cooled, 200 mL of dH2O and 70 mL 40 % KOH were added to the flask 

to increase the pH allowing free nitrogen be converted to ammonia (Fig 10B).  

 

The distilled ammonia was collected in a 50 mL boric acid solution (40 mg boric and 6 

mL pH 4.5 indicator [VWR, Ireland] made up to 1 L with distilled H2O), and the sample 

was titrated using 0.1N HCl.    

 



Chapter 2: General materials and methods 

Page | 75  

 

 

Figure 10: Crude protein determination through the Kjeldahl method: A) Digestion of 

samples, Kjeldahl catalyst tablets and sulphuric acid on a heating mantle; B) Distilling 

the nitrogen (ammonia) from the sample. Percentage of crude protein content was 

calculated using the following equation: 

 

% 𝐂𝐫𝐮𝐝𝐞 𝐏𝐫𝐨𝐭𝐞𝐢𝐧 =
1.401 × HCL 𝑚𝐿 (0.1𝑁) × 0.1 

Sample (𝑔)
× 6.25 

 

1.10.3. Crude lipid  

Crude lipid was determined gravimetrically using a Soxhlet extraction method. Samples 

(~100 mg) were placed into a cellulose extraction thimble, filled with glass wool. The 

extraction thimble was then placed into the Soxhlet apparatus (Figure 11). A 250 mL 

round bottom collection flask was weighed, along with a few anti-bumping chips. 

Approximately two hundred millilitres of petroleum ether 40-60 °C (P/1440/21, Fisher 

Scientific, Ballycoolin, Ireland) was added to the flask and this was connected to the 

Soxhlet extraction apparatus. The flask was gently heated on an electric mantle, 

producing a condensing rate of the ether of ~3 drops per second. The reflux extraction 

process was allowed to run for 6 hours, and the solvent in the flask was evaporated to 

dryness using a vacuum rotary evaporator (IKA-Werke GmbH & Co. KG, Staufen, 

Germany). Flasks were left in a fume cupboard overnight or heated at 80 °C in an oven 

to evaporate residual solvent. Finally, each flask was subsequently reweighed, and the 

following equation used to calculate the crude lipid content in the sample. 

 

A B 
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% 𝐂𝐫𝐮𝐝𝐞 𝐋𝐢𝐩𝐢𝐝 =
Final Flask (𝑔) −  Initial Flask (𝑔)

Sample (𝑔) 
  ×  100  

 

 

Figure 11: A six sample Soxhlet extraction system used in the determination of crude 

lipid content in samples. 

  

1.10.4. Ash 

Ash content is the remnant material left when a food or feed sample is heated to a 

temperature where carbon and nitrogen are burned off. Residue ash material comprises 

of the trace metals which includes calcium, magnesium, manganese, sodium, potassium 

and silicon. To achieve this, a ~100 mg sample was placed in a porcelain crucible and 

heated to 550 °C for 16 hours. Crucibles were then cooled in a desiccator and the weight 

was subsequently measured. Ash content was calculated using the equation below: 

  

% 𝐀𝐬𝐡 =  
Final Crucible (𝑔) − Intial Crucible (𝑔)

Sample (𝑔)
× 100 

 

1.10.5. Energy value  

Energy values were measured via bomb calorimetry, using a Parr 6100 compensated 

calorimeter [Parr Instrument Company, Illinois, USA]. This instrument measures the 

energy values of both solid and liquid by combusting the sample [~100 mg dry weight] 

in a pressurised oxygen combustion vessel (Figure 12). The bomb vessel is placed into 

A 
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the bucket jacket with a known quantity of distilled water. Electrodes are then attached 

to the ports on the bomb vessel, and the rotating blade is then activated to homogenise 

the water temperature. Once the temperatures are stabilised an electrical charge is sent 

from the calorimeter unit into the vessel, where the fuse wire arc ignites the samples and 

combustion occurs. The rate of temperature released from the vessel into the jacket 

water temperature is calculated by the calorimeter onboard computer, and the level of 

energy is expressed as MJ kg-1. The calorimeter instrument was calibrated at regular 

intervals using known quantities of benzoic acid tablets [Parr Instrument Company, 

Illinois, USA]. 

 

Figure 12: Bomb calorimeter for energy determination: A) Bomb calorimeter unit; B) 

bomb vessel and sample holder with a nickel wire connecting the electrical circuit to 

form the ignition point.  

 

1.11. Fatty acid  

Fatty acid analysis was determined by initially extracting the lipids from the samples 

using the Bligh & Dyer method (Kumari et al., 2011), followed by transesterification 

with methyl chloride and measurement on a gas chromatography-flame ionisation 

detector system. The extraction process involved homogenising fillet samples using a 

domestic food processor. Approximately 5 g of each sample was placed into a 50 mL 

falcon tube. To this, 7.5 mL methanol, 3.75 mL chloroform and 3.75 mL pure water 

were added. Using an Ultra-turrax basic [Ika, Staufen, Germany] tissue homogeniser, 

A 

B 

B 
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samples were homogenised at 4,000 rpm for 2 mins. Samples were centrifuged at 3000 

g for 10 mins, at 2 °C. The upper phase of the supernatant which consists of methanol 

and water was removed as waste. The lower phase containing the chloroform, lipid and 

disrupted tissue was filtered through a double layer of hydrophobic filter paper using a 

vacuum pump. The residue from the tube and the fish meat waste was washed three 

times with chloroform. Chloroform in the collected samples was subsequently removed 

through vacuum rotary evaporation. Anhydrous sodium sulphate (~1 g) was added to 

the dried sample to further remove and 5 mL of hexane was added to resolubilise the 

lipid. Aliquots of 2 mL of the samples were stored in amber vials under -80 °C for later 

processing. 

 

The transestertification of the lipid samples were carried out in a fume cabinet under 

subdued lighting using the improved PUFA analysis method by Xu et al. (2010). Using 

a falcon tube, fifty microlitres of the extracted lipid sample was added to 2 mL of 

methanol: benzene (4:1, v/v) solution, and while on ice, 20 µL of methyl chloride 

[Sigma-Aldrich, Ireland] was slowly added to the mixture. Sample tubes were flushed 

with nitrogen and capped, and then left in the dark and at room temperature for 24 hours 

to allow full transestertification to occur. To remove excess methyl chloride, 5 mL 6 % 

aqueous potassium carbonate solution was added to the sample and then subjected to 

centrifugation at 3,000 g for 10 minutes at 2 °C. The supernatant which contains 

esterfied lipids together with hexane was removed, and stored in amber vials for gas 

chromatography analysis.   
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Figure 13: Agilent 6850 gas chromatography with flame ionization detection using a 

autosampling torrent, and fuelled by a hydrogen generator.  

 

Fatty acid methyl esters were subsequently analysed by a 6850 GC-FID gas 

chromatography with a flame ionisation detector [Agilent, Cork, Ireland], equipped with 

a 7683B auto sampler torrent [Agilent, Cork, Ireland], shown in Figure 13. The flame 

was fuelled by hydrogen generated by a HydroGen PH [Peak Scientific UK, Inchinnan, 

UK]. Known methyl ester standards [Nu-chek Prep, Inc. Waterville, Minnesota, USA] 

were used to calibrate the system. The method of fatty acid determination carried out 

involved the instrument programme shown in Table 2. Measurement of signal and peak 

integration was carried out using ChemStation revision B.04.01 [Agilent, Cork, 

Ireland].  

 

Table 2: Conditions used to separate and measure fatty acids through gas 

chromatography 

Gas chromatography analytical method 

Sample injection volume 2 µL 
Split/splitless Splitless, 10:1 
Inlet temperature 250oC  
Carrier gas  Helium, 1mL min-1 

Column HP-88, 60m, ID 0.25mm, 0.2 µm  
Oven temperature program 140 oC (5 min), 4 oC min-1 240oC 
Solvent delay  4 min 
Detector  FID, Hydrogen  
Makeup gas Air and helium 

 



Chapter 2: General materials and methods 

Page | 80  

1.12. Chroma  

Quantitative colour assessment on the experimental fish was performed using a Konica 

Minolta CR-400 chroma meter [Konica Minolta Sensing Europe, Warrington, UK], 

equipped with a 8 mm measurement area, and calibrated with a calibration plate (Y87.3, 

x 0.3159, y 0.3228; 2° observer) [CR-A43, Konica Minolta Sensing Europe, 

Warrington, UK, Figure 25A]. To examine possible pigment compartmentalisation in  

the fish muscle, surface colour measurements were collected from three vertical 

sections: anterior, mid, and posterior, across the fish body (Figure 14). Colour values 

were expressed as L*, a*, b* (CIE 1976) colour space coordinates, where increasing L* 

values represent lightness, +a* redness, - a* greenness, +b* yellowness and - b* 

blueness (Fig 15).  

 

 

 

 

 

 

Figure 14: Sampling point on the salmon for the steak cuts used in the colour 

measurements: A) Anterior; B) Mid; C) Posterior. 
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Figure 15: A) Measuring fillet colouration through a Konica Minolta CR-410 with data 

processor DP-400; B) CIE L* a* b* colour space coordinates (Modified from 

HunterLab 2012.  

 

1.13. Metal composition 

At the conclusion of the feeding experiment, three fish from each tank were randomly 

sampled for white fillet muscle, skin and liver tissue. Fish were euthanised by a sharp 

blow to the head, followed by pithing the cranial region. Samples were individually 

bagged and washed with pure water [18.3 MΩ·cm, Millipore, Bedford, USA] to remove 

debris. All samples were subsequently frozen at -20 oC, and freeze-dried on a – 50 °C 

FreeZone 12L Freeze dry system [Labconco, Missouri, USA]. In order to maintain 

consistency, muscle and skin samples were collected from the upper muscle mass that is 

adjacent to the operculum, as shown in Figure 16. 
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Acid digestion of samples and metal determination were carried out in the Ryan 

Institute’s Chemical Monitoring Facility Cleanroom facility (ISO 6 and 7). 

Approximately 100 mg of sample (fillet, skin or liver) from each fish were digested 

within 1 cm3 30 % H2O2 [TraceSelect® Ultra, Sigma-Aldrich, St. Louis, USA], 2.5 cm3 

65 % HNO3 [trace metal-free grade, Fisher Scientific, Loughborough, UK] and 2.5 cm3 

pure water [18.3 MΩ·cm, Millipore, Bedford, USA] in a closed vessel microwave 

digestion setting for fish samples [Multiwave 3000, Anton Paar, Graz, Austria]. 

Certified reference material (CRM) of Sea Lettuce- Ulva lactuca [BCR 279 European 

Joint Research Centre; Institute for reference materials and measurements-IRMM, Geel, 

Belgium]; fish muscle (Pollachius virens) [ERM- BB422, European Joint Research 

Centre; Institute for reference materials and measurements-IRMM, Geel, Belgium] and 

dogfish (Squalus acanthias) liver [DOLT-4, National Research Council Canada, 

Measurement Science and Standards, Ontario, Canada] were used for analytical quality 

assurance. CRM mean values found in this study, and certified reported values are 

presented in Table 2. The elemental determination was performed using an Inductively 

Coupled Plasma – Mass Spectrometry, ICP-MS, [Elan DRC-e, Perkin-Elmer, Waltham, 

MA, USA] in standard mode.  

 

Figure 16: The position of skin and muscle (A) tissue sample collected for metal 

analysis.   



Chapter 2: General materials and methods 

Page | 83  

References 

AOAC., 1995. Official method of analysis (15th Ed.). Association of Official Analytical 

Chemists International, Maryland, USA. 

 

Harnedy, P.A., FitzGerald, R.J., 2011. Bioactive proteins, peptides, and amino acids 

from macroalgae. J. Phycol. 47, 218–232. doi:10.1111/j.1529-8817.2011.00969.x 

 

Greenfield, H., Southgate, D. A. T., Chapter 7: Review of methods of analysis. In Food 

composition data: production, management and use. Food and Agriculture Organization 

of the United Nations, Rome. Accessed on 12/11/14 

http://www.fao.org/docrep/008/y4705e/y4705e12.htm 

 

Kumari, P., Reddy, C.R.K., Jha, B., 2011. Comparative evaluation and selection of a 

method for lipid and fatty acid extraction from macroalgae. Anal. Biochem. 415, 134–

44. doi:10.1016/j.ab.2011.04.010 

 

Lewis, S. M., Barbara, B. J., Bates, I., 2006. Dacie and Lewis: Practical haematology. 

10th edition, Churchill Livingstone Elsevier, Philadelphia, USA. 

 

Rao, B. S., Deshpande, V., 2005. Experimental biochemistry; A student companion. 

I.K. Internation Pvt. Ltd. India.  

  

Spencer, K., Price, C. P., 1977, Influence of reagent quality and reaction conditions on 

the determination of serum albumin by the bromcresol green dye-binding method. Ann. 

Clin. Biochem. 12, 105-115. 

  

Van Kampen, E., Zijlstra, W. G., 1961. Standardization of hemoglobinometry. II. The 

hemiglobincyanide method. Clin Chim Acta. 6, 538–544. 

 

Xu, Z., Harvey, K., Pavlina, T., Dutot, G., Zaloga, G., Siddiqui, R., 2010. An improved 

method for determining medium- and long-chain FAMEs using gas chromatography. 

Lipids 45, 199–208. doi:10.1007/s11745-009-3382-7 

  



 

Page | 84  

 

Chapter 3: Assessment and 

characterisation of Ireland's 

green tides (Ulva species) 
 

This chapter has been published in PLOS ONE   



Chapter 3: Assessment and characterisation of Ireland's green tides (Ulva species) 

Page | 85  

Abstract  

Enrichment of nutrients and metals in seawater as a consequence of anthropogenic 

activities can threaten aquatic ecosystems. As such, nutrient concentrations, water 

turbidity, and metal concentrations are parameters used to define water quality. The 

European Union’s Water Framework Directive (WFD) utilises indices to assess the 

Ecological Status (ES) of transitional water bodies (e.g. estuaries and lagoons). One 

assessment is based upon the abundance of opportunistic Ulva species, as an indicative 

of eutrophication. The objective of this study was to characterise Ireland’s Ulva blooms 

through the use of WFD assessment, metal concentrations and taxonomic identity. 

Furthermore, the study will identify whether the ecological assessment is on a par with 

the metal composition in the Ulva, or whether the two complements each other to give a 

comprehensive status of the waterbody. WFD algal bloom assessment revealed that the 

largest surveyed blooms had an estimated biomass of 2164 metric tonnes (w/w). 

Molecular sequences identified biomass from all locations as Ulva rigida, with the 

exception of New Quay, which was Ulva rotundata. Some blooms contained significant 

amounts of As, Cu, Cr, Pb and Sn. The obtained results showed that all metal 

concentrations yielded a negative trend (except Se) with the Ecological Quality Ratio 

(EQR). However, only in the case of Mn, these differences were significant (p= 0.038). 

Overall, the metal composition and concentrations found in Ulva were site dependent, 

and not related to the ES. Nevertheless, sites with a moderate or poor ES had a higher 

variability in the metals levels than in estuaries with a high ES.  
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3.1. Introduction 

Anthropogenic activities occurring in the coastal areas can produce an array of stressors 

on the local biological communities. These stressors can change the aquatic conditions 

producing different forms of pollution (e.g. eutrophication, acidification, metal toxicity, 

biological invasions, and pollution by organic compounds and organic matter) that 

degrade the environment. This environmental degradation is particularly significant in 

the coastal zone, where human activities have been historically concentrated (Lotze et 

al., 2006). In this sense, the Atlantic coast of Europe and the Mediterranean basin have 

been inhabited for millennia, being the alteration of environmental conditions and 

anthropogenic pressures stronger than in other coastal areas of the world (Airoldi and 

Beck, 2007; Coll et al., 2010). Eutrophication has been identified as the principal 

pressure in the European marine ecosystems, and decreasing nutrient loading to these 

systems have been identified as the main restoration solution (Hering et al. 2010). The 

effects of this pressure can also alter irradiance levels and substrate composition and 

consequently reduce the composition diversity of the aquatic and benthic communities 

(Arévalo et al., 2007 Nielsen et al., 2002; Schubert and Forster, 1997). Past studies have 

shown that the anthropogenic release of potentially toxic metals into the water column 

can be three times the amount of natural inputs (Chase et al., 2001; Gheggour et al., 

2002; Schindler, 1991). It has been well documented that exposure to priority pollutants 

(e.g. arsenic, cadmium, chromium, and lead) can be a risk to both ecosystems 

(Schindler, 1991) and human health (Desideri et al., 2016). 

 

To monitor coastal pollution, environmental surveys often primarily involve the 

measurement of physical and chemical attributes to give a sense of water quality. 

However, the exclusive use of such methods can give a localised and transient 

measurements, and overall offer little indication of the long-term effects of pollutants on 

the benthic ecology (Licata et al., 2004). 

The use of bioindicators as an ecological monitoring tool has advantages over 

physicochemical indicators. The core principle of using bioindicators is that it gives a 

direct measure of the effect of pollution on the organisms. Bioindicators could also give 

an indication of pollutant effect in the benthic communities once the pollutant has 

disappeared from the aquatic system or once when contaminates are too low for 

accurate determination to be carried out by analytical instruments (Licata et al., 2004). 

Moreover, the need to carry out measurements on the bioindicator is typically less 

frequent when compared to direct water sampling due to movement of water bodies 
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(e.g. estuaries and coastal zones) and temporal variations in contaminant concentration 

(Ostapczuk et al., 1997). As such, bioindicators can give comprehensive information on 

the effects of the pollutant on the ecosystem compared to direct measurements of the 

physical/chemical parameters.  

 

Thus, the WFD is based on an ecological approximation rather than a traditional 

physicochemical one, to assess the degree of degradation caused by anthropogenic 

pressures, especially eutrophication. This degradation must be assessed using different 

biological quality elements (BQE). One of the BQE used to assess the Ecological Status 

(ES) in coastal and transitional water bodies are based on the composition and 

abundance of the marine macroalgae. In this sense, the presence ‘blooms of green 

opportunistic macroalgae’, mainly Ulva and Enteromorpha, have been primarily used 

for assessment of transitional waters in Ireland (EPA, 2006) and other European 

countries (Scalan et al., 2007).  

 

Green macroalgae of the genus Ulva (commonly known as ‘Sea Lettuce’; Ulvophyceae, 

Chlorophyta) are cosmopolitan, able to tolerate a wide range of salinities and 

consequently are found in freshwater, estuarine systems and on open coasts (e.g. 

Messyasz & Rybak, 2011). Under favourable environmental conditions, such as 

elevated irradiance, raised water temperature, and reduced wave action (Mamboya et 

al., 2009; Nelson et al., 2008), Ulva spp. can thrive to such an extent that they become 

an environmental problem in the form of persistent blooms. Blooms may be stimulated 

or prolonged by anthropogenic nutrient inputs from agriculture, aquaculture, industrial 

and domestic waste (Monteiro et al., 1997; Keesing et al., 2011; Smetacek and Zingone, 

2013). Growth and accumulation of Ulva may result in anoxic decomposition and 

release of gaseous sulphur compounds (e.g. hydrogen sulphide, carbon disulphide, 

methyl sulphide). Exposure to these noxious gases can lead to health risks in both 

humans and wildlife (Reiffenstein et al., 1992). Environmental impacts of the 

development and degradation of Ulva blooms include impacts on local biogeochemistry 

and biodiversity (Charlier et al., 2008). These negative influences on the local 

environment and the socio-economics of the affected region are often exacerbated by 

the scale of algal biomass being deposited. This can be illustrated by Brittany’s annual 

Ulva blooms where during 1992, 14,560 m3 of Ulva seaweed was removed from the 

shoreline at a cost of €1.8 million (Charlier et al., 2008). Similarly, the removal of over 

one million tonnes of green algal biomass in the Qingdao region of China during the 



Chapter 3: Assessment and characterisation of Ireland's green tides (Ulva species) 

Page | 88  

2008 Ulva blooms cost €200 million (Ye et al., 2011). Although the economic impact 

can be significant, it has been suggested that managing the biomass could bring revenue 

to the local economy (Smetacek and Zingone, 2013). In this sense, seaweed biomass 

could be used for animal feeds, fertilisers, and pharmaceuticals among other uses (Holdt 

and Kraan, 2010), but the concentration of toxic metals could preclude these 

applications since it could pose a risk to human health.  

 

Interspecific variations in growth and physiology can lead to different responses to 

environmental change, and differences in biomass quality for human uses (e.g. varying 

concentrations in ulvan, trace metals, and bioactive compounds). For instance, although 

the genus Entermorpha was subsumed into the genus Ulva (Hayden et al., 2003), an 

earlier study observed that Enteromorpha-like taxa possessed higher concentrations of 

trace elements than ulvoid taxa (Villares et al., 2001). Furthermore, the presence of a 

combination of different species can also stimulate or prolong the intensity and duration 

of the bloom, since a temporal and spatial succession can occur (Guidone and Thornber, 

2013). In this sense, the arrival of cryptic non-native species could explain the 

occurrence of macroalgal tides in places where nutrients conditions remain more or less 

constants (Yabe et al., 2009; Yoshida et al., 2015). For these reasons, the taxonomical 

clarification of the Ulva species that are forming green tides is key to understanding the 

occurrence of these blooms, and maybe to determine its possible applications. However, 

Ulva species are morphologically simple but taxonomically complex due to their lack of 

well-defined basal structures and little or no differentiation in the blades (Malta et al., 

1999). Therefore, microscopic morphological characterisation and/or molecular genetic 

information are needed to identify particular taxa, with the latter method proving the 

most definitive classification (Malta et al., 1999; Hayden et al., 2003).  

 

In this context, the principal aims of the present study were: i) to assess the Ecological 

Status (ES) of different Irish transitional water bodies under different anthropogenic 

pressures based on the presence of ‘blooms of green opportunistic macroalgae’; ii) to 

establish the taxonomical identity of Ulva bloom-forming species; and iii) to ascertain 

the possible correlation between the ES and metal content in the Ulva blooms. The 

study concludes with an evaluation of possible management strategies with the 

consideration of environmental and socio-economics implications (e.g. uses in animal 

feeds, pharmaceuticals, and fertilisers).  
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3.2. Materials and Methods 

3.2.1. Site selection  

The WFD requires EU member states to have a national monitoring programme for 

sampling and assessment of the biological quality elements (BQE) used for assigning 

ecological status (EU, 2000). As part of this programme, a series of water bodies are 

assessed for opportunistic macroalgal BQE on an annual or three-yearly basis (EPA, 

2006). A subset of eight Irish waterbodies representing both agricultural and urban 

pressures was selected for the present study (Figure 1). Water bodies were chosen in 

areas known to experience a dominance of bladed Ulva proliferations at the differing 

scale of impact (i.e. excluding dominant tubular (enteromorphoid) bloom species, such 

as Ulva compressa L. and U. intestinalis L.). To minimise potential confounding of 

variation among estuaries with seasonal variability, samples were collected in August, 

2010. 
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Figure 1: The location of Irish Ulva bloom sampling sites. Darkened areas on the map 

show the distribution of Ulva blooms. Tick marks on border are at 1km intervals. 
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3.2.2. WFD assessment  

The Irish WFD monitoring tool based on the abundance of opportunistic macroalgae is 

described by Scanlan et al. (2007) and Ní Longphuirt et al. (2015). This tool considers 

spatial cover, biomass and persistence of algal growth to classify water bodies relative 

to undisturbed conditions (Scanlan et al., 2007). Following WFD specification, the 

degradation assessment provided by this tool is quantified into a single numerical value 

between 0 and 1, the Ecological Quality Ratio (EQR), which represents the ratio 

between the current and the reference (i.e. pristine or near-pristine) condition. 

Furthermore, this tool allows classify water in five categories (Bad, Poor, Moderate, 

Good and High), the Ecological Status (ES). 

 

Table 1: Boundary conditions for each of the algal bloom assessment sub-metrics for 

calculated ecological status. 

 

Quality status 

%cover 

AIH 

Biomass 

(g m2) 

AIH 

Biomass 

(g m2) 

AA 

%entrained 

AA 

AA 

(ha)* 

AA/AIH 

(%)* EQR 

Lower limit 0 0 0 0 0 0 1.0  

High/Good 5 100 100 1 10 5 0.8  

Good/Moderate 15 500 500 5 50 15 0.6  

Moderate/Poor 25 1000 1000 20 100 50 0.4  

Poor/Bad 75 3000 3000 50 250 75 0.2  

Upper limit 100 6000 6000 100 6000 100 0.0  

AA, affected area; AIH, available intertidal habitat; EQR, Ecological Quality Ratio. 

*Only the lower of the two asterisked criteria is used in calculating the final overall 

water body EQR. Adapted from Scanlan et al. (2007). 

 

3.2.3. Sample Collection  

Materials for elemental analysis were collected from twenty 0.25m2 quadrats, 

haphazardly placed across the algal patches. Three entire thalli without epiphytic 

attachments or signs of herbivory were collected within each quadrat. Ulva plants were 

individually placed into clean polyethene bags, and stored in a cool box for transport to 

the laboratory. Samples were washed with Milli-Q water [18.3 MΩ·cm, Millipore, 

Bedford, USA] to remove debris and any adhering particulate material and then freeze-

dried at -52 °C [FreeZone 12, Labconco, Missouri, USA].  
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3.2.4. Phylogenetic analysis  

DNA was extracted from freeze-dried thallus fragments (~10 mg) using a commercial 

kit [NucleoSpin® Plant II, Macherey-Nagel, Düren, Germany], following the 

manufacturer's instructions. The large subunit of the plastid-encoded Ribulose 

Bisphosphate Carboxylase-Oxigenase (RuBisCO) gene region (rbcL) was amplified in a 

polymerase chain reaction (PCR) using published primers SHF1 and SHR4 (Heesch et 

al. 2009). The reaction of 25 µL contained 2.5 µL diluted DNA extract, 12.5 µL of a 

Taq polymerase premix [GoTaq® Green Master Mix, Promega, Madison, USA] and 0.5 

µL 10uM of each primer [Eurofins, Ebersberg, Germany]. Amplifications were 

performed in a Techne® TC-3000G thermal cycler [Bibby Scientific Ltd., Stone, UK] 

employing the following protocol: initial denaturation (94 °C, 2 min), 35 cycles of 

denaturation (94 °C, 30 s), annealing (55 °C, 1 min) and elongation (72 °C, 2 min), and 

a final elongation step (72 °C, 10 min). PCR products were purified using a commercial 

kit [PureLink® PCR Purification Kit, Invitrogen, Germany] and sequenced using the 

same primers by a commercial service employing an Applied Biosystems 3730xl DNA 

Analyzer [GATC, Constance, Germany]. Sequence quality was assessed by eye in 

4Peaks v.1.7.2 (Griekspoor & Groothuis 2005).   

 

To confirm the taxonomic identity of the "Certified Reference Material (CRM) for 

analytical quality assurance of 'Ulva lactuca'- BCR-279" [European Joint Research 

Centre; Institute for Reference Materials and Measurements - IRMM, Geel, Belgium], a 

subsample was subjected to the same methods. Since the DNA of the CRM showed 

signs of degradation, its rbcL region was amplified and sequenced in two parts, using an 

internal primer pair developed for ancient Ulva samples (C. Maggs, personal 

communication). Care was taken not to contaminate the CRM by performing all 

procedures separately from field-sampled Ulva. 

 

The resulting eight sequences were included in an alignment containing 46 published 

sequences, 42 representatives of the genus Ulva and four of the related genus 

Umbraulva, which served as an outgroup (see Fig. 2 for GenBank accession numbers 

and references). Sequences were aligned by eye in Se-Al v.2.0a11 (Rambaut 2007). The 

alignment was analysed under the Maximum Likelihood (ML) criterion using the 

default GTRgamma model of rate heterogeneity in RAxML v.7.2.2 (Stamatakis, 2006). 

Node support was assessed based on 1000 bootstrap replicates. 
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3.2.5. Sample acid digestion and metal measurement   

Pooled samples (~200 mg of the three samples per quadrat) were digested in 1 mL 30 % 

H2O2 [TraceSelect® Ultra, Sigma-Aldrich, St. Louis, USA] and 5 mL 65 % HNO3 

[trace metal free grade, Fisher Scientific, Loughborough, UK] using microwave 

digestion [Multiwave 3000, Anton Paar, Graz, Austria]. The Ulva lactuca CRM [BCR-

279] was used for quality assurance (Table 2). Elemental (Al, As, Ba, Cd, Co, Cr, Cu, 

Mn, Mo, Ni, Se, Sr, Sn, Pb, Ti, V, and Zn) determination was performed using an Elan 

DRC-e Inductively Coupled Plasma – Mass Spectrometry, ICP-MS, [Perkin-Elmer, 

USA] (Staunton et al., 2015 Ratcliff et al., 2016).  
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Table 2: Observed results of the metal determination in certified reference material 

(CRM)-Ulva lactuca [BCR-279] found in the present study (mg kg-1, dry weight). 

1Reported values were derived from Ulva lactuca CRM no 279 BCR reference material 

report. 

 

3.2.6. Statistical analysis  

Statistical analyses were performed using PERMANOVA+ PRIMER 6 [Plymouth 

Routines in Multivariate Ecological Research], and SPSS software [V17, SPSS, IBM, 

Corporation, USA]. In all statistical analyses, significance was set at p-value <0.05 

probability, and when it was necessary they were based on 9999 permutations.  

 

To assess differences in metal concentrations and composition between the different 

Ecological Status Classes (ESC), a two-way Permutational Analysis of Variance 

(PERMANOVA) was carried out considering ESC as fixed factor, and Site as a random 

factor nested on ESC. In the case of metal composition dataset was initially normalised. 

All analyses were based on Euclidean Distance. Additionally, a distance-based test for 

homogeneity of multivariate dispersion (PERMDISP; Anderson et al., 2008), and a 

Principal Component Analysis (PCA) was performed to interpret and visualise 

multivariate analysis of metal composition. Furthermore, Pearson’s correlations were 

used to quantify the associations between metals. To ascertain whether levels of metals 

found in seaweed were related to ecological quality ratio, and a Speakman’s correlation 

was conducted.  

 

 Reported1 Found 

Certified values    

As 3.09 ±0.21 3.24 ±0.19 
Cd 0.27 ±0.02 0.24 ±0.02 
Cu 13.10 ±0.40 12.38 ±0.79 
Pb 13.50 ±0.40 13.17 ±5.10 
Se 5.90 ±0.40 5.14 ±1.79 
Zn 51.30 ±1.20 51.86 ±9.49 

Indicative values    

Cr 10.73 ±0.70 9.61 ±0.80 
Mn 2090.00 ±50.00 2245.07 ±270.93 
Ni 15.90 ±0.40 13.90 ±1.83 
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3.3. Results  

3.3.1. Site assessment 

Following Scalan et al. (2007) criteria, three estuaries were classified as in high 

Ecological Status (Spiddal, Murrisk, and New Quay), three as moderate (Tolka, 

Dungarvan, and Moy) and two as poor (Clonakilty and Courthmacsherry). In the three 

localities in high ES the Ulva cover of the intertidal area was lower than 5% and no 

biomass estimation was made at these sites. Full surveys were undertaken for the other 

five locations. The EQR score of these five locations ranged between 0.57 in Tolka and 

0.38 in Courthmacsherry (Table 3). The survey revealed that Courtmacsherry and 

Clonakilty had the largest algal blooms, with an estimated biomass of 2164 and 845 

metric tonnes, respectively. Both sites were categorised as ‘Poor’, and had the lowest 

EQR scores in this study.  
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Table 3: Details of Ulva bloom sites and the designation of water quality in the study sites and estimated landuse. 

 

 

 

 

 

 

 

 

WFD-Water Framework Directive status for algal biomass monitoring tool (Scanlan et al., 2007). Five potential quality statuses can be used: ‘High’, ‘Good’, 

‘Moderate’, ‘Poor’ and ‘Bad’. EQR- Ecological Quality Ratio- scale from 1-0, high is 1, and bad is 0 (Scanlan et al., 2007). Spatial cover- Total area covered by 

algae, mapped in situ. *Biomass was not assessed here as coverage was below WFD criteria for biomass assessment.

No Site Lat Long WFD  EQR 

Spatial 
Cover 
(ha) 

Mean Biomass 
(g m2) 

Total 
Biomass(tonnes) 

1 Tolka -6.17233 53.36048  Moderate  0.57  40.63  1329.53  540.19  
2 Dungarvan -7.62002 52.07497  Moderate  0.54  108.71  302.50  328.85  

3 Courtmacsherry -8.72488 51.63683  Poor  0.38  128.78  1680.51  2164.16  
4 Clonakilty -8.86716 51.60880  Poor  0.38  76.12  1110.42  845.25  
5 Spiddal -9.31508 53.23941  High  1  <1  N/A  N/A  
6 Murrisk* -9.64144 53.78255  High  0.93  28.57  N/A  N/A  
7 Moy  -9.15267 54.19604  Moderate  0.47  98.99  402.00  397.94  
8 New Quay -9.07403 53.15596  High  1  <1  N/A  N/A  
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3.3.2. Molecular analysis 

Genetic identification showed that seven of the Irish Ulva blooms included in this study 

were identified as U. rigida, while New Quay contained U. rotundata Bliding: the rbcL 

sequence from this site was almost identical to two other samples from sites in Galway 

Bay, Ireland identified as U. rotundata by Loughnane et al. (2010), forming a 100% 

supported clade at the base of the Ulva ingroup in the phylogenetic tree (Fig. 2). The 

rbcL sequences from all blooms were identical or almost identical, and comprised a 

well-supported (82%) clade at the top of the phylogenetic tree (Fig. 2), together with 

GenBank sequences identified as U. rigida, U. scandinavica Bliding and U. armoricana 

P. Dion, B.de Reviers & G. Coat. The U. rigida clade also contained the sequence of the 

CRM, thus making the reference material a direct match for seven of the eight Irish 

Ulva bloom samples.  
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Figure 2: Phylogenetic tree inferred from a Maximum Likelihood analysis of partial 

rbcL sequences of Ulva species. Numbers above lines indicate bootstrap support values 

(branches without number received 50% support or less). Species names are followed 

by information on the sampling location, the GenBank/ENA accession number and the 

respective publication: 1: Hayden et al. 2003; 2: Shimada et al. 2003; 3: Hayden 

&Waaland 2004; 4: Hiraoka et al. 2004; 5: Loughnane et al. 2008; 6: Heesch et al. 2009; 

7: this study, set in bold).  
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3.3.3. Metals concentrations  

Ulva metal concentrations are presented in Table 3 (Al, Ti, Mn, Co, Zn, Se, Sr, Mo, and 

Ba) and potentially toxic metals in Figure 3 (V, Cr, Ni, Cu, As, Cd, Sn, and Pb). 

PERMANOVA results for all metals showed that Ulva tissue concentrations differed 

significantly between different sites (P-values < 0.01, Table 6), but no significant effect 

in metal concentration was observed for ESC (data not shown). Ulva from Dungarvan 

showed the greatest overall accumulation of metals and generally had the highest 

concentrations. For metals across all sites, Al occurred in highest quantities. Ulva from 

Dungarvan and Tolka had significant amounts of Al in comparison to other sites 

(P<0.001). The variability in Al contents between sites was also high, ranging from 

23.45 ± 6.18mg kg-1 in Spiddal to 1591.43 ±294.72 mg kg-1 in Dungarvan.  
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Table 4: Metal content found in Irish Ulva blooms (mean ± SE, n = 20, mg kg-1, dry weight).

 

Sites 

Tolka Dungarvan Courtmacsherry Clonakilty Spiddal Murrisk Moy New Quay 

Al 1081.55 ±116.80 1591.43 ±294.72 548.75 ±86.33 509.79 ±96.50 23.45 ±6.18 336.81 ±57.24 234.93 ±47.29 90.58 ±21.54 

Ti 23.52 ±1.90 25.29 ±3.71 13.11 ±1.09 18.38 ±2.27 7.62 ±0.35 13.09 ±1.49 14.48 ±1.53 9.08 ±0.42 

Mn 128.56 ±30.82 131.56 ±24.73 212.06 ±57.64 144.57 ±49.87 25.58 ±4.28 125.95 ±25.50 20.71 ±2.26 15.81 ±2.29 

Co 0.85 ±0.05 0.78 ±0.07 0.66 ±0.06 0.72 ±0.09 0.14 ±0.01 0.57 ±0.04 0.31 ±0.02 0.09 ±0.01 

Zn 31.71 ±1.71 31.38 ±3.11 17.21 ±1.18 24.70 ±1.61 10.84 ±0.31 26.45 ±2.40 17.68 ±1.37 12.59 ±0.34 

Se 2.67 ±0.24 2.94 ±0.26 2.92 ±0.29 3.05 ±0.43 5.53 ±0.57 4.04 ±0.40 3.93 ±0.50 2.51 ±0.23 

Sr 71.19 ±4.34 97.33 ±7.86 91.72 ±4.85 114.70 ±5.09 90.93 ±2.73 94.45 ±2.95 78.00 ±4.59 73.99 ±4.63 

Mo 0.22 ±0.02 0.13 ±0.01 0.10 ±0.01 0.14 ±0.02 0.11 ±0.01 0.10 ±0.01 0.07 ±0.01 0.09 ±0.01 

Ba 5.83 ±0.54 5.98 ±1.08 3.22 ±0.34 6.51 ±0.79 0.30 ±0.04 4.24 ±0.46 3.72 ±0.27 1.59 ±0.39 
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Figure 3: Mean concentrations of potentially toxic metals (A) V, (B) Cr, (C) Ni, (D) 

Cu, (E) As, (F) Cd, (G) Sn and (H) Pb in Ulva blooms at the different sampling sites. ± 

S.E. Different superscript represents statistical significant differences (P<0.05). 
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Table 6: Permutational multivariate analysis of variance on the differences between 

ecological status and metal composition. 

PERMANOVA df MS Ps-F p (MC) 

Ecological Status 2 9.27 x106 2.5433 0.1412 

Site 5 3.65 x106 10.777 <0.0001 

Residual 144 3.38 x105   

PERMDis p-value 
Ecological 

Status 
Mean Dispersion 

High-Moderate <0.0001* High 170.81 ±19.90 

High-Poor 0.0003* Moderate 720.15 ±90.83 

Moderate-Poor 0.021* Poor 392.65 ±40.48 

* indicates value has statistical significance (P<0.05), ± S.E. 

 

Ulva collected from Courtmacsherry and Clonakilty had relatively low amounts of Cr, 

Pb, Sn, Se, and Zn, when compared to Tolka or Dungarvan blooms. By contrast, the 

levels of Cu, Cd, Mn and Sr were significantly (P<0.001) higher at Courtmacsherry and 

Clonakilty than at many of the sites, including Tolka and Dungarvan. The bloom in 

Moy had the highest recorded cadmium concentration (ANOVA, P<0.001, Figure 3F). 

Spearman correlation analyses between individual Ulva metal concentrations and the 

EQR had shown a general negative correlation, with the exception of Se (Table 5). Only 

Mn was observed with a significant negative correlation with EQR (-0.735, P= 0.038).  
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Table 5: Spearman’s correlation coefficient showing the relationship between metal 

concentration and ecological quality ratio (EQR). 

Metal EQR 

Al -0.554 
Ti -0.590 
V -0.337 
Cr -0.313 
Mn -0.735* 
Ni -0.193 
Co -0.530 
Cu -0.590 
Zn -0.277 
As -0.229 
Se 0.084 
Sr -0.470 
Mo -0.193 
Ag -0.036 
Cd -0.327 
Sn -0.602 
Sb -0.627 
Ba -0.554 
Tl -0.313 
Pb -0.602 
Bi -0.602 

MCI -0.530 

 

MCI, Metal Content Index. * indicates correlation value has statistical significance 

(P<0.05). 
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3.3.4. Metal composition 

Analysis carried out on the metal composition in Ulva using PERMANOVA has 

revealed that metal concentrations are site specific (P<0.001, Table 6) for all metals, 

and were not dependent on ESC (P=0.141). Permutational dispersion analysis also 

showed that there are differences in data dispersion between the ESC (P<0.05). The 

level of dispersion was greatest in the ‘Moderate’ category, while ‘High’ status had the 

lowest.  

 

A principal component analysis (PCA) was conducted based on the metal levels from 

the eight sites (Figure 4). Over 66.9% of the variation between samples can be 

explained by the two principal components. The score plot showed that metal values 

found in Spiddal Ulva were closely clustered together (Figure 4A) due to lower metal 

concentrations. A similar clustering effect was observed with other sites including 

Murrisk, Courtmacsherry and Tolka; however, discrete groupings were less discernible 

due to overlapping score values with other sites. Weak clustering was found in the 

plotted scores for Clonakilty, Moy and Dungarvan, where high variations within each 

site’s score values led to a wider scattering over the score plot. The loading plot for all 

measured metals (Figure 4B) indicates that Se, Cd, Ni, Sr, and As did not correlate 

strongly with other metals (Pearson’s correlations, r2<0.635). In contrast, metals such as 

Al, Ti, Cr, V, Co, Sn, Ba and Pb generally correlated with one another (Pearson’s 

correlations, p<0.001, r2>0.821). Furthermore, the plot highlights two metals (Al, Sn) 

that were relatively closely associated with Pb (Pearson’s correlation, p<0.01, r2=0.871, 

and r2=0.901, respectively).  
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Figure 4: Principle component analysis with component 1 and 2 explaining 66.9% of 

the sample variation. (a) Eigenvalues of the first and second principal component for 

metal concentration in relation to the sampled sites. (b) Eigenvector plot of first and 

second principal component of the relationship between metals within all the sites. 
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3.4. Discussion 

3.2.1. Algal bloom characteristics  

One of the earliest reports of green algal blooms in Ireland was from Belfast Lough 

(Cotton, 1911), and over the decades more occurrences were documented from other 

parts of the Irish coastline, including Dublin Bay (Jeffrey, 1993), and Rogerstown 

Estuary (Fingal County Council, 2003). More recently, blooms found at 

Courtmacsherry and Clonakilty have been reported to have increased in severity (Sea 

Lettuce Task Force, 2010). In the present study, it was found that Courtmacsherry and 

Clonakilty had the largest algal blooms. These severe blooms may be linked to 

eutrophic conditions (nitrate 9.170-26.50 mg L-1) caused by nutrient loading from the 

surrounding catchment (EPA, 2010; Teagasc, 2013; Shortle, 2014). The high nitrogen 

loading has been implicated by the area’s highest stocking rate in dairy farms in Ireland 

(Teagasc, 2013) and is considered the main nutrient factor for affecting the Ulva bloom 

(Ní Longphuirt et al, 2015). Similarly, nutrient enrichment linked to pig-farming was 

implicated in the Ulva blooms in Brittany (Perrot et al. 2014), producing over 100,000 

m3 of algae annually (Charlier et al., 2008). While, the presence of consistently high 

phosphorous concentrations (>0.056 mg L-1) throughout the year could be responsible 

for a substantial Ulva bloom in Tolka (EPA, 2010).  

 

3.2.2. Ulva species composition  

Previous studies have shown that Ulva blooms can be composed of one or several 

species (Malta et al., 1999; O’Kelly et al., 2010; Ye et al., 2011; Guidone and Thornber, 

2013). The presence of a greater number of bloom-forming species can favour the 

occurrence of blooms, prolong the duration, and intensity, since they have different 

environmental requirements and a temporal and spatial succession may occur (Guidone 

and Thornber, 2013). In this sense, the arrival of cryptic non-native species have been 

invoked to explain the occurrence of macroalgal tides in places where nutrients 

conditions remain constants or even improved, and macroalgal tides were not observed 

previously (Yabe et al., 2009; Yoshida et al., 2015). In the current study, the majority of 

the sampled blooms (seven out of eight) were composed of Ulva rigida irrespective of 

the quantity of the biomass present. This suggested that the development of the blooms 

could not be attributed to interspecific differences in growth or ecophysiology between 

different Ulva species, but more likely explained by environmental conditions. This 

supports the use of Ulva as an indicator of water quality since the effect of species-

specific variations was avoided. 
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It is worth noting that the mislabelling of the Ulva CRM as "Ulva lactuca" by the 

provider (Griepink & Muntau, 1987), but genetically identified in this study as U. 

rigida, highlights the importance of correct, preferably genetic, identification of any 

studied organisms including certified reference materials. In the present study, the 

misidentification of the CRM was inconsequential, as it comprised the same species as 

most of the studied blooms. However, errors from the misidentification of reference 

material could become more problematic where studies confound species-specific 

variation with other factors.  

 

3.2.3. Metal concentrations  

The presence of elevated levels of macronutrients (e.g. nitrogen and phosphorus) in the 

water can often enhance metal accumulation in Ulva; laboratory experiments by Lee 

and Wang (2001) showed enhanced uptake of cadmium in Ulva fasciata Delile when 

exposed to elevated nitrate, and greater accumulation of chromium with increased 

phosphate concentration. Enhanced elemental uptake is consistent with the nutrient-rich 

estuaries of Clonakilty and Courtmacsherry (EPA, 2010) where Ulva showed elevated 

metal concentrations in the present study. The lower levels of metals in Ulva at Spiddal, 

may conversely reflect relatively low macronutrient input and trace element availability 

in the surrounding environment (EPA, 2010). Ulva samples from the Tolka Estuary 

(Dublin) which typically receives industrial and domestic effluent from the surrounding 

urban environment (Hartnett et al., 2011; Wilson, 2003) had some of the highest levels 

of priority metal pollutants (Cu, Sn, and Pb, Figure 4). 

 

Relationships with anthropogenic input and metal content do not, however, explain all 

the patterns: Ulva samples from Dungarvan Bay had relatively high concentrations of 

potentially toxic trace elements (V, As, Cu, Cr, and Pb), despite Dungarvan having less 

urban influence and lower estuarine nutrient levels (EPA, 2010). A leather tannery 

operated at one time in this area, and the estuary had historically received effluents 

including metal salts such as chromium used in the tanning process (Walsh & 

O'Halloran, 1997). It is possible that the detection of elevated metals in the algal bloom 

could be responding to these activities (Figure 3). 

 

Murrisk also had significant amounts of cadmium compared to sites that receive more 

anthropogenic inputs. However, the high levels of cadmium measured at these sites may 

be geogenic in origin, with background release in the surrounding environment through 



Chapter 3: Assessment and characterisation of Ireland's green tides (Ulva species) 

Page | 108  

weathering and erosion of bedrock (Rybak et al., 2012). This could also explain the 

significantly higher amounts of arsenic observed in Ulva rigida from Murrisk (Figure 

3E) associated with the natural weathering of arsenopyrite in the quartz veins in the 

surrounding mountainous region (Aherne et al., 1992; Gilligan et al., 2016). This can 

lead to elevated arsenic concentrations in the water that flows into the nearby 

embayment (Clew Bay, Morrison & Petrunic, 2012).This was similarly demonstrated by 

arsenic levels in Ulva rigida collected from the Gulf of Thessaloniki, NE Greece, where 

measured values correlated with those found in the sediment samples (Malea and 

Kevrekidis, 2014). This highlights the potential influence of local geogenic sources on 

concentrations of metal in Ulva.  

 

Measured levels of metals in Ulva found in the present study were comparable to those 

found in Ulva blooms from associated with the Moroccan phosphate mining region 

(Gaudry et al., 2006). While, the metal concentrations (Al, Cr, Mn, Co, Ni, Cu, Zn, Cd 

& Pb) in the Irish Ulva tended to be at the lower limits of those reported in Ulva from 

the Venice Lagoon (Caliceti et al., 2002). In contrast, U. rigida collected near industrial 

and sewage outflows (Turkey) (Ustunada et al., 2011), had lower amounts of copper, 

zinc and cadmium, when compared to the current study.  

 

3.2.4. Relationship between ES assessment and metals 

The work conducted in the present study revealed that there was a general negative 

trend between ESC and metal composition. This supports the concept of metal 

concentration in Ulva as an indicator of anthropogenic activities and introduces the 

concept that green tides in Ireland are not a natural process. However, most of these 

correlations were not significant. In general terms, the indices developed in the context 

of the WFD have focused on the assessment of eutrophication effects at the community 

level, since this pressure was identified as the most important threat for European 

aquatic ecosystems (Scalan et al., 2007). Although high nutrient and metal 

concentrations are frequently correlated due to their anthropogenic origin (Bermejo et 

al., 2012), there is not a causative relationship between these pollutants. In this sense, 

the origin of anthropogenic sources of contamination (agricultural or industrial) in a 

specific area strongly influence the nutrient/metal ratio and the elemental composition 

of inputs. While, some activities such as agriculture will produce effluent with a high 

nutrient/metal ratio, industrial activities are expected to produce effluents with a lower 

nutrient/metal ratio with a very specific metal signature depending on the activity 

(Nriagu and Pacyna, 1998). Moreover, the anthropogenic variability must be considered 
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alongside the variability associated with natural geogenic sources, e.g. the metal 

composition in Ulva in Murrisk. While, the PERMANOVA results based on metal 

concentrations and composition failed to reveal a relationship with ES, the PERMDISP 

analysis and the PCA indicated that sites with moderate and poor ES had a higher 

dispersion in metallic composition in comparison to sites with high ES. This suggested 

that data dispersion for tissue metal content of Ulva may be an indication of this 

anthropogenic pressure. Nonetheless, the relationship between ES and metal 

contamination cannot be fully established in the present study. The determination of 

Ulva metal concentrations provided additional useful information on the status of 

marine communities, which is important for a wider understanding of the anthropogenic 

pressures in the coastal environment. Furthermore, this information is essential, if the 

Ulva biomass is considered for commercial exploitation. 

 

3.2.5. The environmental and socio-economics of Ulva blooms  

This study has shown several Ulva bloom sites may warrant intervention, if the 

magnitude of bloom events become more severe in the near future. In order to limit 

environmental and economic degradation to the affected areas, a number of approaches 

have been suggested to obviate the problems associated with large mats of decomposing 

Ulva along the shore. These strategies involve either removing biomass to landfill or 

finding an alternative use for the biomass, such as animal feedstock, bioplastics, or 

biofuel production (Allen et al., 2013; Asino et al., 2011; Chiellini et al., 2008). 

Removal of biomass to landfill or other disposal methods can incur large costs from 

transport and labour to mechanical collection (Morand and Merceron, 2005). 

Calculations by the Irish government-established Sea Lettuce Task-Force (2010) 

estimated the cost of disposal of Ulva blooms on arable land at €16 per tonne compared 

to a landfill disposal cost of €260 per tonne. Using the estimated cost of landfill 

disposal, the expenditure required for removing the most severe blooms from this study 

would cost the following: Courtmacsherry €562,682, Clonakilty €219,765, and Tolka 

€139,516. While, disposal on arable land would amount to a total value of €56,737 

(€34,627, €13,524 and €8,586) for the three affected sites.  

 

Landfill and composting has been used as a means of disposal for Ulva blooms in 

France and China (Charlier et al., 2008; Liu et al., 2013). However, the present study 

emphasises that bloom biomass may contain relatively high concentrations of 

potentially hazardous metals suggesting that such disposal methods may have 

environmental implications. Decaying Ulva could leach metals over time into a landfill 
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site or over agricultural ground, and thus contaminate the surrounding soil, 

groundwater, or surface waters. This was evident from the risk of groundwater arsenic 

contamination following the application of seaweed (Ascophyllum nodosum (L.) Le Jol) 

fertiliser in a golf course setting (O’Neill et al., 2014). The estimated total algal biomass 

from Tolka (540.19 tonnes, ww; 160 tonnes, dw, (if ww moisture level is 79.6 %; 

Marsham et al., 2007; Table 3) could potentially comprise the following metals if the 

entire bloom was collected: V- 0.46 kg, Cr- 0.37 kg, Ni- 0.38 kg, Cu- 1.05 kg, As- 0.76 

kg, Cd- 0.01 kg, Sn-0.04kg and Pb-1.06 kg (calculated from Ulva dw biomass x metal 

concentration). The algal bloom in Courtmacsherry (2164.16 tonnes, ww; 441.49 

tonnes, dw) could contribute: V- 1.06 kg, Cr- 0.54 kg, Ni- 0.70 kg, Cu- 2.43 kg, As- 

1.86 kg, Cd- 0.05 kg, Sn-0.04 kg and Pb- 0.90 kg. While composting Ulva on 

agricultural land may be more cost-effective than landfill (Sea Lettuce Task Force, 

2010), the increase in soil metal content from Ulva disposal could lead to the potential 

contamination of crops increasing the probability of human exposure (Nabulo et al., 

2011). There are many factors that could influence the quantities and impact of metals 

released into the surrounding soil, including: land surface area used for algal disposal, 

interaction between the leached metals and surface soil and precipitation levels. The 

number of variables precludes any robust modelling of impact and highlights the 

possible implications of disposing the algal biomass on land; particularly when the same 

land is repeatedly used for algal disposal, if the collected biomass increases, or metal 

accumulation in the Ulva bloom was enhanced. Further research is required to elucidate 

the effects of seaweed disposal on surface soils and provide better risk assessments for 

disposal of Ulva blooms, particularly in relation to NaCl and other salts, and their 

effects on soil structure. (Sea Lettuce Task Force, 2010) 

 

Depending on bioavailability and mobility, metals may exhibit more or less 

toxicological effects on organisms (Handy and Depledge, 1999). For example, organic 

forms of arsenic (e.g. arsenosugars) are considered less toxic to humans and animals, 

than the inorganic species, e.g. free arsenic III and V (Andrewes et al., 2004). 

Carbohydrates present in Ulva (e.g. ulvan and xyloglucan) are known to form metal 

complexes, rendering the metals less biologically available or inert (Gyurcsik and Nagy, 

2000). The determination of the metal content of Ulva blooms indicates whether these 

could be safely exploited, or if industrial processing would potentially lead to the 

development of a safer product. For instance, treating the Ulva through anaerobic sludge 

blanket (UASB) reactors, followed by metal removal from imminodiacetic acid (IDA) 

polyacrylamide cryogel carrier could generate valued products such as biogas generated 
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by anaerobic digestion and liquid fertilisers or biologically active extracts from the 

detoxified substrate (Nkemka and Murto, 2010). 

 

Nevertheless, many EU and other international regulations and recommended maximum 

allowable limits for metals in foods, feeds, and seaweeds, refer only to total metal 

concentrations. In general, the blooms sampled in this study complied with most EU 

and Canadian regulations for metal concentrations in animal feeds (2002/32/EC and 

RG-8 regulatory guidance; contaminates in feed, Table 7). Data from the Moy, showed 

that the mean cadmium levels exceeded a Canadian regulatory limit of 0.2 mg kg-1 for 

equine feeds, but not for other livestock (0.4 mg kg-1, Canadian Food Inspection 

Agency, 2012, Figure 3 and Table 7). A comparison between the metal levels found in 

the algal blooms and the legislative limits for seaweeds in Australia and New Zealand, 

and the European Union, revealed As, Sn, Cd, and Pb were within acceptable regulatory 

tolerances (EU, 2006; EU, 2009, Australia New Zealand Food Standards Code, 2013, 

Codex Standard 1). In contrast to animal feeds, legal metal thresholds in foods for 

human consumption are lower, and consequently, many of the metals determined in 

Irish Ulva blooms exceeded these limits (albeit with some extrapolation for cases where 

no specific ‘seaweed’ limit is defined). One example is Pb, where concentrations were 

higher than the international legal limits (0.1-2 mg kg-1) for seafood, terrestrial animals, 

and plant materials (MHPRC, 2005; EU, 2006; FAO & WHO, 2011; Canadian Food 

Inspection Agency, 2012; Australia New Zealand Food Standards Code, 2013, Food 

and Drug Regulation, 2014). Scientific knowledge on safe consumption limits and 

toxicological effects of metals in seaweeds remains relatively unexplored, and many of 

the safe tolerances of metals (other than Cd, As, Sn and Pb) are still undefined by 

legislation and remained unregulated. Nevertheless, the present study did show that 

many of the surveyed sites could potentially be used for direct and indirect human 

consumption. 
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Table 7: International legislative/recommended maximum limits of toxic elements in foods and animal feeds (mg kg-1, dry weight). 

 Cd As Sn Pb Reference  

Australia and New Zealand        

Fish   2* 250 0.5  Australia New Zealand Food Standards Code, 
2013 Crustacean and Molluscs 2 1-2 250 2  

Seaweed  1* 250    
Vegetables and Plants  0.1-0.5  250 0.1-0.3   

Canada       

Animal Feeds 0.2-0.4 8  8  Canadian Food Inspection Agency, 2012 
Fish protein   3.5  0.5  Food and Drug Regulations, 2014 
Plant & Vegetable  0.1  0.2-1.5  

European Union       

Food (general)   0.20   EU, 2006 
Bivalve  1-3   1.5   
Crustacean 0.5   0.5   
Fish  0.05-0.3   0.3   
Plants & Vegetables  0.05-0.2  0.02 0.1-0.3   
Seaweed  3.0 40(0.2

*) 
 10   

Calcareous algae   10    EU, 2009 
Animal Feeds and feedstuff 1-10 4-10  5-40  EU, 2002 

FAO        

Fish and meats   50-250 0.1  FAO & WHO, 2011 
 Plants and Vegetables  0.05-0.4 0.1 250 0.1-1.5  

Crustacean and Mollusc 2      

Hong Kong & China       

Fish and shellfish  2 6-10 230 6  Centre for food safety, 2007 
Plants and Vegetables  0.1 1.4 230 6   
General foods (wet weight) 0.2   0.3  MHPRC, 2005 

* refers to inorganic arsenic. 
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3.5. Conclusion and recommendations 

The present assessment and characterisation of Ireland green tides has shown that the 

majority of blade Ulva species that form the blooms were comprised of U. rigida. The 

greatest bloom biomass was recorded at Courtmacsherry and Clonakilty, however, these 

substantially lower than other affected regions in Europe and Asia. While the highest 

metal concentrations were generally associated with lower bloom EQR values, no clear 

link between the algal WFD assessment criteria and metal content was established. In 

general, based on international regulations concerning algal tissue metal content the 

blooms surveyed were still suitable for commercial exploitation. Further development 

of uses for algal bloom biomass depends on the specific application and the site-specific 

profile of metal concentrations. Ulva blooms are becoming a regular and increasingly 

severe problem in estuarine systems and coastal seas, and the present assessment and 

characterisation of algal blooms will inform decision-makers and policy regarding in the 

management of green macroalgal blooms.  
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Abstract  

Blooms of green macroalgae have been increasing in prevalence, frequency, and 

severity along coastal areas. The build-up of biomass and decay on the shoreline result 

in the release of toxic sulphurous compounds and ammonia and these can have 

profound detrimental effects on the local environment, wildlife, humans, and the local 

economy. As an alternative to the potentially costly disposal of the biomass through 

landfill or composting, green algal blooms may represent a commodity in aquaculture. 

To this end, a feed study was carried out for 14 weeks to evaluate the potential of 

exploiting nuisance algae (Ulva rigida) as a feed component in Atlantic salmon (Salmo 

salar) diets. Five experimental feeds were formulated to have iso-nitrogenous (41 %), 

iso-lipidic (25 %) and iso-energetic (21 MJ kg-1) nutritional profile. Dried and milled 

Ulva was included at fractions of 5, 10 and 15 % by weight, as a replacement for fish 

meal and starch. There were no significant differences in growth performance and 

morphological indices between diets, including a control and a positive control (with 

astaxanthin). Haematological tests revealed no significant effect on a panel of blood 

variables, suggesting that Ulva bloom material did not have a detrimental effect on the 

physiological function of the experimental salmon. Salmon body proximate 

composition (moisture, protein, lipid and energy content) also did not vary among the 

experimental diets. Fish fed with 15 % Ulva rigida inclusion diet did, however, show an 

increase in the body ash content when compared to the rest of the treatment groups. The 

present study demonstrated that fractions up to 15 % of U. rigida could be included in 

feeds without detrimentally affecting fish growth performance, yield quality, 

haematological and body proximate composition.  
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4.1. Introduction 

Under hypereutrophic and certain hydrographical conditions (e.g. sea currents and 

increase sea temperature), coastal and estuarine waters can experience a rapid growth 

and accumulation of green macroalgal blooms (Viaroli et al 2005; Guidone and 

Thornber 2013; Han et al 2013). Commonly referred to as green tides, these green algal 

blooms are often dominated by only a few members from the Chlorophyeace, including 

the genera Ulva, Cladophora and Chaetomorpha (Viaroli et al., 2005). In particular, 

species of the Ulva genus have been widely reported in blooms with increasing 

prevalence and severity around the world (Thompson et al., 1994; Ye et al., 2011; 

Guidone and Thornber 2013). Such events have often been attributed to the increasing 

effluent discharges from agricultural, aquaculture, industrial and domestic activities 

(Huang et al., 2006; Liu et al., 2009; Fan et al., 2013). One such example is in the 

coastal region of Brittany, France, where high nutrient loading from local pig farming 

had a significant impact on green algal blooms (Conan et al., 2003). It was estimated 

that, in 2010, a total of ~74,000 m3 of green algae bloom material was collected from 

the Brittany shoreline (CEVA, 2011). This figure is, however, dwarfed by the world’s 

largest green tides occurring in the Yellow Sea of China, which had a dramatic effect on 

the Qingdao coastal province. During the summer of 2008, ~1.5 million tonnes of Ulva 

prolifera were collected from Qingdao; however, it was estimated that the bloom event 

as a whole had produced ~20 million tonnes of algal biomass (Gao et al., 2010). 

 

Algal biomass deposition along the shoreline can lead to rapid anaerobic decomposition 

and the production of toxic gases such as hydrogen sulphide and ammonia (Schmitt and 

De Haro, 2013; Wang et al., 2011). The repercussions of a large blooming algal mass 

can have detrimental impacts on the local ecology, tourism, aquaculture and fisheries 

(Bohórquez et al., 2013; Cummins et al., 2006; Smetacek and Zingone, 2013; Wang et 

al., 2011; Ye et al., 2011). In an attempt to mitigate such impacts, many local authorities 

have sought to remove the beached biomass for landfill disposal or composting (Maze 

et al. 1993; Charlier et al. 2008; Ye et al. 2011). Removal can be an effective means of 

minimising the effects, but this can be a costly solution. Depending on the affected area 

and the type of equipment used for collection, costs range from €7.60 to €122.00 per 

tonne to remove the algae (Charlier et al., 2008). Experimental studies have suggested 

Ulva blooms could be used as a means of generating income or valued product. For 

example, biomass could be used for biofuel production (Allen et al., 2013), 
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thermoplastic composite materials (Chiellini et al., 2008), or as chemical bioadsorbents 

(Vijayaraghavan et al., 2005).  

 

Another novel use for green algal blooms is exploiting the biomass as a feed component 

in aquaculture formulated feeds (Liu et al., 2013). Like many other algal species, Ulva 

can have a variable nutritional profile depending on the species and the prevailing 

ambient environmental conditions e.g. seasonality, locality, water movement and 

nutrients (Msuya and Neori, 2008; Patarra et al., 2010; Wong and Cheung, 2000). Past 

studies have found that protein levels can range from 7.06 to 27.2 % (dry weight), while 

lipid content can vary between 0.3 to 6.6 % (dry weight) (Wahbeh 1997; Ortiz et al 

2006; Patarra et al 2010). These levels may be considered rather low when compared to 

standard fish and/or plant meals; however, Ulva does have unique protein and lipid 

compositional profiles. For example, amino acid profiling has revealed that Ulva 

lactuca  possesses all the essential amino acids and was particularly rich in lysine, 

phenylalanine, methionine, leucine and valine (Ortiz et al., 2006). Similarly, Pereira et 

al. (2012a) noted that Ulva spp. contained 16 % higher α-linolenic acid than linoleic 

acid levels, giving an overall higher n3 to n6 polyunsaturated fatty acid (PUFA) ratio. 

Furthermore, Ulva spp are regarded as having a range of beneficial macro and micro 

nutrients, such as high calcium and phosphorus concentrations (Michalak and 

Chojnacka, 2009; Taboada et al., 2010).  

 

Furthermore, Ivanova et al. (1994) demonstrated that ulvan polysaccharide isolate had 

potent antiviral activity and was capable of inhibiting both human and avian influenza 

virus reproduction. Extracts and secondary metabolites (phenols, flavonoids and 

carotenoids)  from Ulva showed a range of other bioactivities, which include free-

radical scavenging, antimicrobial, antiparasitic, and anti-inflammatory activity (Silva et 

al., 2013).  

 

Ulva spp (both wild and cultivated) have been examined as a feed component for a 

range of fish species e.g. Black seabream (Acanthopagrus schlegeli; Nakagawa et al. 

1984; Nakagawa et al. 1987a), Common carp (Cyprinus carpio; Diler et al. 2007), 

European seabass (Dicentrarchus labrax; Wassef et al. 2013), Rainbow trout 

(Oncorhynchus mykiss; Yildirim and Ergun 2009; Güroy et al. 2011; Güroy et al. 2012), 

Red seabream (Pagrus major; Nakagawa and Kasahara 1986), Tilapia (Oreochromis 

niloticus; Kut Guroy et al. 2007; Azaza et al. 2008; Ergün et al. 2008; Marinho et al. 
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2013). However, to the author’s knowledge, Ulva macroalgae from known tidal blooms 

have yet to be examined as a finfish feed material. This study aimed to evaluate green 

algal blooms as a potential diet component of Atlantic salmon (S. salar) using 

increasing inclusion levels of bladed Ulva rigida (a non-tubular or filamentous Ulva 

species) in test diets. The study evaluated the growth, morphometric, physiological and 

haematological parameters as well as proximate composition of the experimental fish.  

 

4.2. Materials and Method 

4.2.1. Diet preparation and proximate composition  

Green algae bloom (Ulva rigida, Chapter 3, Courtmacsherry site) material was collected 

at Harbour View Bay (Co. Cork, Ireland), between July and August 2010 at its 

maximum productivity (Sea Lettuce Task Force, 2010). Collected algae were washed in 

freshwater and dried in a dehumidifying oven (40 oC) for 48 hr. The dried Ulva was 

milled and passed through a 0.75 mm sieve to make a crude meal. Proximate analysis 

on the dried Ulva meal showed that it had the following content: moisture 6.3 %; crude 

protein 7.96 %; crude lipid 0.51 %, ash 18.70 %; and energy level of 12.40 MJ kg1. 

 

Diets were formulated by mixing the various component materials in a commercial food 

mixer (SP-30HI, Metcalfe, Gwynedd, UK), and cold extruded (PM-80, Bottene, 

Vicenza, Italy). Finished diets were air dried in a dehumidifying oven at 40 oC for ~48 

hr. Five experimental diets were formulated to be iso-nitrogenous (41 %), iso-lipidic (25 

%) and iso-energetic (26 MJ kg1). Three diets were prepared with increasing levels of 

U. rigida: 5 % (U5); 10 % (U10); and 15 % (U15). For basal comparisons, two control 

diets were formulated without seaweed inclusions. In these control diets, commercial 

astaxanthin was added (CTRL+) to one diet while the other one was left without 

astaxanthin (CTRL). Proximate composition of the feed ingredients, finished diets and 

fish body at the end of the trial were analysed using AOAC (1995) standard methods 

and expressed as a % (dry) weight values, unless otherwise stated. The formulation and 

the proximate composition of the various experimental diets are presented in Table 1.  
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Table 1. The formulation and proximate composition of the experimental Atlantic 

salmon (Salmo salar) diets. 

Experimental diets: C, control; C+, control positive; U5, 5 %; U10, 10 %; U15, 15 % 

Ulva rigida inclusion. 

a United fish Industries Ltd., Donegal, Ireland. 

b Sigma –Aldrich Company Ltd., Wicklow, Ireland. 

c Roquette UK Ltd., Northants, UK. 

d Premier nutrition products Ltd., Staffordshire, UK.  

(Manufacturer’s analysis: Ca 11.50 %, Ash 78.71 %, Na 8.86 %, Vitamin A 1.0 μg kg-

1, Vitamin D3 0.10%, Vitamin E 7.0 g kg-1, Cu 250 mg kg-1, Mg 15.6 g kg-1 and P 0.64 

g kg -1) 

e BASF, Ludwigshafen, Germany. 

f Kemin Europa N.V., Belgium. 

g n=4 

 

 

 

 Diets 

 Ctrl+ Ctrl U5 U10 U15  

Diet formulation (%)       

Fish meala 39.68 39.68 39.10 38.53 37.97  

Fish oila 21.28 21.28 21.30 21.33 21.36  

Ulva rigida. - - 5.00 10.00 15.00  

Starchb 18.51 18.54 14.08 9.63 5.17  

Lysaminec 9.00 9.00 9.00 9.00 9.00  

Glutalysc 9.00 9.00 9.00 9.00 9.00  

Vitamin and mineral 

premixd 

2.00 2.00 2.00 2.00 2.00  

Lucantin Pinke 0.03 - - - -  

Barox Plus 

antioxidant f 

0.50 0.50 0.50 0.50 0.50  

Proximate composition (%) g        

Crude protein  40.98 40.61 41.67 41.50 41.88  

Crude Lipid 25.5 25.1 25.0 25.2 25.5  

Crude Ash 9.91 9.97 10.39 10.98 12.20  

Gross energy; MJ Kg -1  21.09 21.08 22.35 22.04 21.32  
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4.2.2. Research facility and experimental design 

The feeding trial was carried out at Carna Research Station (Ryan Institute, National 

University of Ireland Galway) over a period of 22 weeks. Farmed freshwater Atlantic 

salmon smolts (Salmo salar) were obtained from Lough Beaghcauneen, Connemara, 

Ireland [commercial supplier Mannin Ltd., Clifden, Ireland]. The smolts were 

acclimated directly into seawater tanks and grown for a period of 10 weeks feeding on a 

commercial diet [Skretting Ltd., Westport, Ireland].  

 

After this acclimation period, graded fish with an initial mean weight of 174.63 ± 0.43 g 

(± S.E., n=35) were stocked into the research tank system consisting of 15 tanks of 1000 

L, fed by continuous ambient flow-through seawater. Each tank was fed with a flow rate 

of ~12 L min-1, at ambient water temperatures of 11.9 ± 2.7 °C (S.D.) and a mean 

dissolved oxygen level of 7.08 ±0.89 mg L-1 (S.D.). Photoperiod was set at a diurnal 

cycle of 12:12 hour, light:dark, using daylight fluorescent lighting. The five 

experimental diets produced for the current study were each fed to three replicate tanks 

randomised over the system for the following 12 weeks. The daily feed ratio (2% body 

weight adjusted fortnightly) were delivered equally over five feeding times (9 am, 11 

am, 1 pm, 3 pm and 5 pm). Growth response was assessed fortnightly, where fork 

length (cm) and weights (g) were measured after a 24-hour starvation period.  

 

4.2.3. Growth and biometric calculations 

The following indices were calculated as a measure to evaluate growth performance 

between the treatment diets:  

Weight gain (WG) = Final weight [g] - Initial weight [g];  

Feed conversion ratio (FCR)= Feed intake [g]/ Weight gain [g]; 

Condition factor (K) = (Body weight [g] / (Fork length3 [cm]) ×100;  

Specific growth rate (SGR) = 100 x Ln (Final weight [g] – Initial weight [g]) / time 

[days];  

Protein efficiency ratio (PER)= 100 x (Weight gain [g]/ Protein ingested [g]). 

4.2.4. Haematological analysis  

At the conclusion of the feeding trial, six fish were randomly taken from each 

experimental tank for blood collection (n=3, fish for serum; and n=3 fish for plasma). 

Blood samples were taken from the caudal vein of these fish having been anaesthetised 

in an aerated Tricaine methanesulphonate, MS-222 bath [Pharmaq Ltd, Hants, UK]. 
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Needles and syringes used for plasma collection were pre-heparinised with bovine 

lithium-heparin [Sigma-Aldrich, Wicklow, Ireland]. For plasma, the blood samples 

were immediately centrifuged at 17,000 g for 12 min: the supernatant was collected and 

further subjected to five minutes of centrifuge at 17,000 g. Blood used for serum 

samples was allowed to fully coagulate for 24 hr at 2 °C and then processed as the 

plasma material. Both plasma and serum material were divided into aliquots (0.2 ml) 

and were subsequently stored at -80 °C for later analysis.   

 

4.2.5. Basic haematology 

Changes in diets can modify physiological processes in the fish and that these changes 

can often be detected in basic blood components (Congleton and Wagner 2006). 

The percentage of erythrocyte cell volume in the blood (pack cell volume) was 

determined using the micro haematocrit (Hct) method (Dacie & Lewis, (1984). 

Haemoglobin (Hb) determination was performed using the cyanmethaemoglobin 

method (Dacie & Lewis, 1984). For total erythrocyte (RBC) and total leukocyte counts, 

whole blood was fixed in Dacie’s fluid (Dacie & Lewis, 1984), and counts carried out 

by the method described in Handy & Depledge (1999). Haematological indices were 

calculated using the following calculations:  

Mean Corpuscular Volume (MCV, fL) = (Hct [%] x 10) / RBC [x1012];  

Mean Corpuscular Haemoglobin (MCH, pg cell-1) = (Hb [g dL-1] / x 10) / RBC [x1012];  

Mean Corpuscular Haemoglobin Concentration (MCHC, g dL-1) = Hb [g dL-1] / Hct 

[%]. 

4.2.6. Blood biochemistry  

Total protein was measured using the Bradford method (Bradford, 1976). Blood 

glucose, albumin and globulin levels, albumin:globulin ratio and aspirate transaminase 

(AST) and alanine transaminase (ALT) activities were determined by standard methods as 

described in Rao & Desphande (2005). Plasma triacylglycerols (GPO-PAP colorimetric 

end-point assay), high density lipoprotein (HDL) cholesterol and total cholesterol 

(CHOD-PAP colorimetric end-point assays) were measured using the ILab 650 

chemistry analyser and employing commercially available test kits [Randox 

Laboratories Ltd, Crumlin, Antrim, United Kingdom] following the manufacturer’s 

protocols. Plasma low density lipoprotein (LDL) cholesterol was calculated from 

measured lipid profile parameters using the Friedewald formula (Tremblay et al., 2004). 
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4.2.7. Body composition and harvest yield 

At the end of the 12-week experiment, three experimental fish were randomly selected 

from each tank and were analysed for their body proximate composition using AOAC 

(2001) methods. A further 20 salmon were randomly sampled from each experimental 

tank to evaluate morphometric parameters and fillet yield. To maintain filleting 

consistency, one professionally trained salmon filleter was used to fillet all the salmon 

samples. Fillets were cut according to the Irish Seafood Producers Group (Kilkieran, 

Connemara, Ireland) high end D+ trim standard; this fillet standard involves the 

removal of the backbone, bellybone, backfin, collarbone, tailpiece, pinbones, belly 

membrane, fin tissue left on, and fully trimmed. The following morphometric indices 

were calculated on the (whole) harvested salmon:  

Hepatic somatic index (HSI) = (Liver weight [g] / Body weight [g]) ×100;  

Viscera somatic index (VSI) = (Viscera weight [g] / Body weight [g]) ×100;  

Fillet Yield (FY) = (Fillet weight [g] / Body weight [g]) ×100. 

 

4.2.8. Statistical Analysis 

Results are expressed as mean values and reported along with the corresponding 

standard error or standard deviation of the mean (S.E. or S.D.). Datasets were initially 

tested for homogeneity using Cochran’s test (Underwood, 1997) and variables which 

failed the test were transformed to achieve homogeneity. For each measured parameter, 

the 95 % confidence interval for the positive control (CTRL+) treatment was calculated 

as an indication of the sensitivity of the design in detecting change. The confidence 

interval approach is now recommended instead of retrospective analyses of statistical 

power, which are no longer recommended (Nakagawa, 2004). Measurements 

aggregated for individual tanks (e.g. FCR and SGR) were analysed using one-way 

Analysis of Variance (ANOVA). Where replicates were available for individuals (e.g., 

initial weight and final weight) a nested ANOVA was used. Significant differences 

among pairs of means were identified using post-hoc Fisher’s Least Significant 

Difference (LSD) test. Datasets which did not pass Cochran’s test, even after 

transformation, were examined with Kruskal-Wallis tests.  

 

4.3. Results  

In the present study, growth performance and morphometric results in the various 

dietary test groups are presented in Table 2. Final mean weights ranged from 485.45 to 



Chapter 4: Green macroalgal blooms (Ulva rigida) as a feed component in Atlantic 

salmon (Salmo salar) diets: Effect on health, physiology and proximate composition 

Page | 137  

536.51 g fish-1, with approximately a three-fold weight increase during the 12-week 

experimental feeding period. Statistical analysis between the two control experimental 

diet groups (CTRL and CTRL+) showed there were no statistical significant differences 

in the end growth response and the measured morphological indices (ANOVA, p>0.05). 

Fillet yield mean values remained unchanged between experimental dietary algae 

groups (53.52-53.91 %), but were lower than the two controls (53.18-55.43 %).  

 

In the current study, the highest Ulva dietary group (15 %, U15) was typically observed 

to have lower mean growth performance and morphometric values than the dietary 

control fed salmon. While, there was not enough evidence to identify a statistical 

significant negative effect (p>0.05), the direction of change suggests that inclusion rates 

beyond 15% may lead to significant detrimental influences on salmon growth after the 

12 weeks.  
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Table 2: Effects of dietary green algal bloom (Ulva rigida) inclusion in test diets on growth performance and feed utilisation parameters in Atlantic salmon 

(Salmo salar) over a 12-week trial (± S.E. n= 3).  

 

Experimental diets: Ctrl, control negative; Ctrl+, control positive; U5, 5 %; U10, 10 %; U15, 15 % U. rigida inclusion. Confidence limits (CI) are given with 

reference to the mean of the positive control diet (Ctrl+).

 

Diets    

Ctrl Ctrl+ U5 U10 U15 
f-value 
(df) 

p-value 95% CI  
Lower Upper 

Growth Parameters               

Initial weight; g fish-1 174.46 ±0.21 174.25 ±0.27 174.13 ±0.31 175.23 ±0.32 175.07 ±0.41 3.244,10 0.06 172.80 175.12 
Final weight; g fish-1 536.51 ±24.17 541.53 ±8.21 525.41 ±15.46 526.35 ±33.83 485.45 ±18.86 0.904,10 0.50 498.81 569.43 
Weight Gain; g fish-1 362.05 ±24.02 360.15 ±7.94 351.28 ±15.67 351.12 ±33.70 310.38 ±18.63 0.944,10 0.48 326.00 394.30 
Feed conversion ratio; FCR 1.09 ±0.04 1.05 ±0.01 1.10 ±0.04 1.16 ±0.12 1.25 ±0.06 1.394,10 0.30 1.01 1.11 
Specific growth rate; SGR,  1.36 ±0.14 1.44 ±0.02 1.41 ±0.04 1.40 ±0.08 1.31 ±0.05 0.474,10 0.76 1.36 1.51 
Protein efficiency ratio; PER,  2.32 ±0.17 2.19 ±0.13 2.35 ±0.10 2.19 ±0.18 2.36 ±0.12 1.254,10 0.35 2.26 2.48 

Morphometric measurements              

Fillet weight; g fish-1 308.76 ±7.97 320.58 ±7.53 305.30 ±6.71 304.45 ±8.33 277.21 ±7.71 0.554,10 0.71 302.16 330.37 
Condition Factor; K 1.08 ±0.01 1.09 ±0.02 1.08 ±0.01 1.06 ±0.01 1.05 ±0.01 1.024,10 0.44 1.07 1.120 
Liver weight; g fish-1 6.85 ±0.18 7.20 ±0.17 7.27 ±0.17 7.41 ±0.19 6.73 ±0.19 0.724,10 0.60 7.16 7.78 
Viscera weight; g fish-1 56.09 ±1.65 57.29 ±1.48 58.22 ±1.49 57.74 ±1.70 52.97 ±1.74 0.334,10 0.85 54.68 60.45 
HSI 1.24 ±0.02 1.24 ±0.02 1.28 ±0.02 1.32 ±0.02 1.31 ±0.02 1.044,10 0.44 1.25 1.34 
VSI 10.10 ±0.27 9.83 ±0.14 10.20 ±0.12 10.25 ±0.16 10.21 ±0.14 0.774,10 0.57 9.65 10.20 
Fillet yield; % 55.43 ±0.84 55.18 ±0.78 53.52 ±0.23 53.91 ±0.46 53.69 ±0.46 3.294,10 0.58 53.48 55.74 
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Table 3: Body proximate composition of harvested Atlantic salmon (Salmo salar) after being fed with Ulva rigida supplemented diets during a 12-week trial (± 

S.E. n= 3).  

Experimental diets: Ctrl, control negative; Ctrl+ control positive; U5, 5 %; U10, 10 %; U15, 15 % U rigida inclusion. Different superscript letters in the same 

row indicate significant difference (ANOVA, *P<0.05). Confidence limits (CI) are given with reference to the mean of the positive control diet (Ctrl+). 

 

 

 Diets    

 
Ctrl Ctrl+ U5 U10 U15 

f-value 
(df) 

p-value 
95% CI 

Growth Parameters; % Lower Upper 

Moisture  67.41 ±0.75 65.75 ±0.73 66.09 ±0.43 65.19 ±1.13 65.02 ±1.55 1.00 4,10 0.44 63.32 67.59  
Protein 50.38 ±0.73 48.89 ±1.05 50.87 ±0.63 46.88 ±1.92 48.49 ±1.75 1.00 4,10 0.55 43.78 53.63  

Lipid 30.34 ±0.94 32.15 ±0.75 33.63 ±0.58 33.67 ±1.16 33.30 ±0.55 1.70 4,10 0.20 33.13 36.08  
Ash 6.18 ±0.23B 6.01 ±0.13 B 6.59 ±0.14 AB 6.37 ±0.21 AB 7.13 ±0.32A 4.84 4,10 0.01* 5.49 6.37  
Energy; MJ kg-1 25.34 ±0.25 26.19 ±0.30 25.31 ±0.24 24.79 ±0.24 25.10 ±0.39 0.94 4,10 0.47 24.42 27.61  



Chapter 4: Green macroalgal blooms (Ulva rigida) as a feed component in Atlantic 

salmon (Salmo salar) diets: Effect on health, physiology and proximate composition 

Page | 140  

Proximate analysis on the harvested salmon revealed that the U. rigida did not 

significantly modify moisture, protein, lipid or energy content in the experimental 

salmon (ANOVA; p>0.05, Table 3). Crude ash content in the salmon body followed an 

increasing trend when Ulva inclusion was raised in the diet. Significant differences were 

found in salmon that were fed with the highest Ulva inclusion diet (U15, P<0.05).  

 

The comprehensive examination of the blood components showed that there was no 

statistically significant negative impact on the basic blood parameters (P>0.05, Table 

3). Similarly, the biochemistry of the salmon blood also remained unaffected (P>0.05, 

Table 3), and in general, the mean values measured were within the dual controls. 

Furthermore, within each haematological parameter and indices, observed variances in 

the experimental dietary groups were within the calculated 95 % confidence level limit 

of the positive control diet (Ctrl+). Although in the current study there were no 

observable changes in lipid storage blood factors (cholesterol, triglyceride, LDL and 

HDL). 
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Table 4: Basic and biochemical haematological parameters of Atlantic salmon (Salmo salar) fed on Ulva rigida inclusion diets.  

Experimental diets: Ctrl, control negative; Ctrl+ control positive; U5, 5 %; U10, 10 %; U15, 15 % Ulva rigida inclusion. ± S.E. n= 3 for each test diet, 

different superscript letters in the same row indicate significant difference (ANOVA, *P<0.05). Confidence limits (CI) are given with reference to the 

mean of the positive control diet (Ctrl+). Mean haemoglobin concentration; MCH, Mean corpuscular haemoglobin; MCV, Mean corpuscular volume 

AST, aspartate transaminase.  

 

 

Diets  
 

Ctrl Ctrl+ U5 U10 U15 f-value (df) 
p-value 95%CI 

Lower Upper 

Basic haematology               

Packed cell volume; % 44.44 ±2.03 42.89 ±2.73 44.89 ±1.85 46.33 ±1.52 41.89 ±1.52 0.294,10 0.88 37.00 48.77 
Haemoglobin; mg dL-1 10.41 ±0.71 11.17 ±0.75 10.43 ±0.57 10.84 ±0.53 10.69 ±0.16 1.644,10 0.95 9.43 12.91 
Total erythrocyte; 1012 cells L-1 0.94 ±0.05 0.99 ±0.05 0.91 ±0.06 0.91 ±0.03 0.91 ±0.07 0.554,10 0.70 0.87 1.11 
Total leucocyte; cells x109 L-1 2.65 ±0.27 2.13 ±0.18 2.05 ±0.32 2.16 ±0.28 1.91 ±0.16 0.684,10 0.62 1.73 2.54 
MCHC; g dL-1 23.72 ±1.84 26.83 ±2.41 23.58 ±1.61 23.43 ±0.93 25.82 ±1.09 4.144,10 0.80 21.28 32.38 
MCH; pg 113.50 ±10.41 112.26 ±2.62 118.75 ±10.58 119.28 ±5.53 124.32 ±5.53 4.744,10 0.75 106.22 118.31 
MCV; fL 482.75 ±30.02 446.77 ±44.09 512.92 ±43.26 512.21 ±21.97 487.85 ±50.80 0.404,10 0.81 345.10 538.44 

Biochemical haematology               

Glucose; mg dL-1 88.33 ±8.42 83.56 ±8.29 93.58 ±6.42 95.72 ±2.04 89.43 ±5.39 0.324,10 0.856 68.63 98.48 
Total protein; mg dL-1 43.87 ±1.87 45.89 ±1.68 45.23 ±2.19 45.20 ±1.41 42.71 ±2.18 0.354,10 0.841 40.32 46.33 
Albumin; mg dL-1 28.89 ±2.00 26.08 ±1.08 26.02 ±1.77 27.85 ±0.50 28.10 ±1.87 0.684,10 0.621 21.43 30.73 
Globulin; mg dL-1 14.97 ±3.69 19.80 ±1.52 19.21 ±3.32 17.35 ±3.41 14.61 ±4.72 0.464,10 0.762 13.26 26.34 
Albumin/Globulin ratio 2.22 ±0.60 1.34 ±0.17 1.46 ±0.32 1.76 ±0.40 2.94 ±1.57 0.684,10 0.622 0.62 2.05 
AST; U L-1 27.69 ±0.57 28.44 ±0.84 27.49 ±1.10 28.34 ±0.99 27.44 ±2.00 2.254,10 0.136 23.82 32.20 
Cholesterol; mg dL-1 2.04 ±0.17 1.77 ±0.10 2.10 ±0.15 2.40 ±0.34 1.81 ±0.11 2.244,10 1.380 1.11 2.42 
Triglyceride; mg dL-1 7.64 ±0.41 7.29 ±0.38 7.77 ±0.54 7.70 ±0.37 6.85 ±0.61 0.394,10 0.813 6.34 8.24 
LDL; mg dL-1 4.08 ±0.25 4.12 ±0.23 4.57 ±0.44 4.41 ±0.27 4.23 ±0.38 0.104,10 9.790 4.01 4.24 
HDL; mg dL-1 2.63 ±0.18 2.36 ±0.15 2.41 ±0.20 2.51 ±0.16 2.04 ±0.16 1.394,10 0.305 1.97 2.75 
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4.4. Discussion  

In the current study and previously reported feeding experiments have shown that up to 10 

% dietary Ulva inclusion could maintain fish growth performance. These studies included 

the use of U rigida in European sea bass (D. labrax; Valente et al. 2006), Nile tilapia (O. 

niloticus; Kut Guroy et al. 2007; Azaza et al. 2008), and Ulva spp. Nile tilapia (O. 

niloticus; Marinho et al. 2013). However, contrary to these studies and to the present study, 

improvement in FCR was observed in rainbow trout (O. mykiss) that was fed with a 10 % 

U. rigida inclusion diet (Güroy et al., 2012). While, increasing Ulva inclusion level to 15 

% had attributed to a decrease in fish growth performance, such as Ulva being added to 

Nile tilapia (Marinho et al., 2013) and European seabass (Wassef et al., 2013) diets. In 

feeding an experimental diet with 20 % Ulva rigida inclusion to Nile tilapia (O. niloticus) 

had produced no statistically significant decrease in fish growth performance (Azaza et al., 

2008). Furthermore, improved weight gain was observed in large yellow croaker 

(Pseudosciaena crocea) after being fed nine weeks on 20 % Ulva prolifera inclusion diet 

(Asino et al., 2011). Other growth performance metrics (e.g. final weight, daily weight 

gain and SGR) were enhanced in striped mullet (Mugil cephalus) fingerlings when fed at a 

25 % Ulva spp. inclusion diet (Wasseff et al., 2001).  

 

The decrease in fish growth performance after being fed with Ulva supplemented diets 

could be responding to the presence of cell wall polysaccharides, such as cellulose, 

hemicellulose, ulvan, cellulose, xyloglucan and glucuronan can inhibit protein digestion 

(Joël Fleurence, 1999; Lahaye and Robic, 2007). For Fleurence et al. (1999), they found 

that U. armoricana polysaccharide fractions had the ability to interfere with protein 

digestion and absorbance through the gut wall in an in vitro digestion system. Therefore, 

the varying growth responses observed from the different tested fish species could be the 

result in the ability to digest the complex polysaccharides. Processing methods, such as 

microbial fermentation or enzymatic treatments, could degrade anti-nutritional factors, and 

improve protein digestibility while preserving labile compounds (e.g. carotenoids and fatty 

acid) in the seaweed (Joël Fleurence, 1999; Marrion et al., 2003). With selective 

fermentation techniques, polysaccharides could be degraded to produce bioactive sugars 

and functional oligosaccharides, which could have prebiotic (O’Sullivan et al., 2010; 

Ramnani et al., 2012), or immune stimulatory effects (Castro et al., 2006; Chiu et al., 
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2008). Such pre-treatments were not used in this study and, consequently, there may have 

been active anti-nutritional factors (ANFs) in the test diets.  

 

Proximate analysis on the harvested salmon revealed that the U. rigida did not significantly 

modify moisture, protein, lipid or energy content in the experimental salmon (ANOVA; 

p>0.05, Table 3). Similar results were also found when Ulva was tested as a feed 

supplement in other farmed finfish species. For instance, common carp (C. carpio) fed 

with up to 20 % U. rigida inclusion showed no apparent changes in both body moisture 

and protein content (Diler et al., 2007). In other studies, farmed species such as black sea 

bream (A. schlegeli) had similarly responded with no measurable differences in both body 

moisture or protein levels after being fed with 10 % U. pertusa inclusion diet (Nakagawa et 

al., 1987). 

 

Ash represents the inorganic fraction, containing metals, minerals and salts. Ulva is rich in 

macro and trace elements as seen in the high ash content in the initial proximate analysis 

on the Ulva meal, and furthermore by the increasing ash content in the diets as algal 

inclusion increases. In the present study, it was observed that higher body ash content was 

recorded in experimental salmon that were fed with U. rigida supplementation. Significant 

differences were found in salmon that were fed with the highest Ulva inclusion diet (U15, 

P<0.05). Comparing this to Ulva inclusion diets that were fed to salmon, ash content in the 

muscle fillets remained unchanged (Moroney et al. 2015). The discrepancy for higher ash 

content in the body composition could be the result of these inorganic components being 

deposited in other fish tissue besides the muscle, e.g. bone and organs (Watanabe et al., 

1997).  

 

In other feed studies, which investigated dietary Ulva spp. supplements in farmed fish, they 

have reported no apparent changes in ash levels (Güroy et al., 2011; Kut Guroy et al., 

2007; Nakagawa et al., 1987; Valente et al., 2006). Equally, this was true when Ulva 

(Enteromorpha) prolifera were supplemented into large yellow croaker (P. crocea) diets 

and no observable significant difference in body ash levels between the basal and algal diet 

was reported (Asino et al., 2011). However, further examination of the yellow croaker 

body mineral composition revealed that the use of U. prolifera had enhanced several 

nutritionally important elements e.g. copper, iron potassium, magnesium, sodium, nickel 

and phosphorus. While the current study has found that the body proximate composition 
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remained unchanged with the exception of the ash content, it is possible that other food 

quality parameters may be modified, e.g. shelf-life quality, and organoleptic properties. In 

Chapter 6, salmon fillet samples collected in the present study will be analysed for muscle 

fatty acid composition, fillet colouration, and macro and trace element concentrations. This 

work will help clarify whether the salmon fed with Ulva supplemented diets meets market 

acceptance. 

 

Deficiencies or excesses of a particular nutrient can have an effect in the blood 

composition of the fish (Hemre et al. 1995; Wagner and Congleton 2004; Congleton and 

Wagner 2006). Testing novel feed ingredients with a complex matrix of compounds in a 

test diet can also bring synergistic changes to the blood parameters (Balfry et al., 2006). 

The present study investigated whether the Ulva meal had an effect on basic, biochemical 

and immunological parameters in the salmon, and was found to be unchanged regardless of 

increasing dietary inclusion of Ulva rigida to 15%. In comparison, a previous study found 

that feeding 10 % U. pertusa inclusion diet to black sea bream (A. shlegeli) had resulted in 

a decrease in both plasma lipid and triglycerides levels (Nakagawa et al., 1984). In 

addition, it was observed that these lipid metabolic changes had also resulted in an increase 

in fish dorsal muscle and viscera lipid content. While, the inclusion of 10 % U. rigida into 

Sprague Dawley rat compound diet, there was a change in lipid metabolism by decreasing 

the low density lipoprotein (LDL) (Taboada et al., 2010). However, other blood lipid 

parameters for example serum cholesterol and high density lipoprotein (HDL) remained 

unchanged when compared to the control diet. 

 

Seaweeds are organisms are able to accumulate high concentrations of metals in their 

cellular structure from their environment (Ruperez, 2002). This is particularly significant 

when considering potentially toxic metals, such as arsenic, cadmium, chromium, and lead, 

are known to be accumulated at high levels in Ulva (Favero et al., 1996; W.-Y. Lee and 

Wang, 2001; Viaroli et al., 2005). Depending on the local anthropogenic inputs (e.g. heavy 

industries, domestic or mining wastes), seaweeds could accumulate higher than normal 

quantities of toxic elements (Favero et al., 1996; Gaudry et al., 2006). Excessive amounts 

of metals in a fish’s diet can bring negative physiological changes, and can often be 

observed by modifications in the blood composition. These typically include anaemia, 

abnormal blood cells, and a depressed immune system (Handy and Depledge, 1999; 

Vosylienė et al., 2003). From the current study, it was observed that there were no 
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significant changes in the blood component (e.g. PCV, total erythrocytes and leukocyte 

counts) between the dietary groups to indicate metal toxicity related physical change. 

Moreover, basic blood component levels were comparable to those previously reported by 

Hemre et al. (1995, PCV 45 %, haemoglobin 10.2 g dL-1, and MCHC 23.0 g dL-1). 

 

4.5. Conclusion  

Ulva blooms are natural phenomena which can be exacerbated by increasing 

anthropogenic inputs into coastal seas and estuarine systems. The quantities produced from 

these events can provide a substantial source of material for aquafeed production. The 

present investigation set out to examine the feasibility of supplementing Ulva rigida 

(bloom) into Atlantic salmon (Salmo salar) diets at increasing inclusion levels. From a 

twelve-week feeding experiment, it was found that the salmon could tolerate up to 15 % 

Ulva rigida inclusion to their diet, without significant loss of growth performance. 

Assessment of haematology, fillet yield parameters and proximate composition in 

experimental salmon showed no apparent negative changes, although higher ash values 

were recorded at the highest inclusion levels. The present study investigated the potential 

of minimum processing (drying and milling) on the algal bloom in salmon feeds. Dried 

Ulva is, therefore, a potentially low-cost replacement for fish meal and starch as long as 

inclusion rates were not beyond 10%. The salmon did not benefit from any of the potential 

dietary benefits of seaweed inclusion (e.g., amino acid balance, lipid composition, dietary 

fibre). It is possible that further processing techniques (fermentation or hydrolysis) could 

enhance nutrient digestibility and demonstrate positive, rather than neutral, performance 

with respect to control diets. 
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Abstract 

A feed study was carried out for fourteen weeks to evaluate the effects of partial inclusion 

of 5, 10 and 15% of Dillisk, Palmaria palmata (PP), into formulated Atlantic salmon 

(Salmo salar) diets. Two control diets, negative (without pigment) and positive (with 

commercial astaxanthin) were also fed to salmon. These five diets were formulated to be 

iso-nitrogenous (40 %), iso-lipidic (25 %) and iso-energetic (26 MJ kg-1). Salmon growth 

(final body weight, weight gain, feed conversion ratio (FCR), specific growth rate (SGR)) 

were comparable across algal and control diets, with no significant differences amongst the 

treatments (P >0.05). Comparisons of liver weight, viscera weight, and viscerosomatic 

index (VSI) also suggested that the macroalgal inclusion did not affect fish growth 

(P>0.05). Fish health indicators across haematological, immunological and hepatic 

function were significantly the same between the experimental diets. The exceptions to this 

pattern included a significant decrease in alanine transaminase activity (P <0.05) in the diet 

with 15 % P. palmata inclusion compared to other experimental diets. This may indicate 

that higher PP inclusion improved hepatic function. Seaweed inclusion at 5 % also had 

positive effects on body lipid and energy content when compared to the control diets.  In 

conclusion, P. palmata can be a suitable feed ingredient and replacement protein in 

Atlantic salmon (S. salar) diets. 
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5.1. Introduction 

One of the consequences of a predicted global human population of 9.7 billion by 2050 is a 

growing food demand (United Nations, 2015). Trends in global food demand and declines 

in fish stocks have caused aquaculture to become one of the world’s fastest growing food 

production industries (FAO, 2012). Furthermore, the expansion and intensification of 

aquaculture have resulted in an increased demand for fish meal (FM) and fish oil (FO) to 

feed the cultured fish (Hardy, 2010), along with increased feed cost. Plant-derived feed 

materials can help offset the rising cost of fish meal and fish oil (Gatlin et al., 2007). 

However, plant-derived materials may also be subject to rising costs as a result of 

increasing competition for arable land for food/fodder crops and biofuel production 

(Rathmann et al., 2010). Macroalgae, which do not compete with crops grown on land or 

freshwater could serve as a marine-derived feed alternative. 

 

Marine macroalgae are widely used in the food industry, particularly as sources of 

polysaccharides such as agar, carrageenan and alginate. These complex carbohydrates or 

phycocolloids have the ability to retain water and increase viscosity. As a result, they have 

been employed as emulsifying, gelling, thickening and stabilising agents in food, cosmetics 

and pharmaceutical applications (Saha and Bhattacharya, 2010). Other algal-derived 

compounds (e.g. phenols, functional peptides, and mycosporine-like amino acids) are of 

interest in nutraceutical and pharmaceutical applications (Holdt and Kraan, 2011). 

Furthermore, a wide range of bioactivities has been described from macroalgal extracts 

(Rindi et al., 2012), including antifungal (Guedes et al., 2012), antibacterial (Bansemir et 

al., 2006), and/or antiparasitic (Hutson et al., 2012) properties.  

 

Macroalgae contain all the essential amino acids, high of n-3/n-6 polyunsaturated fatty acid 

ratios (Dawczynski, et al., 2007), vitamins (Macartain et al., 2007), and trace elements 

(Ruperez, 2002). The use of macroalgae as a feed component in formulated diets has been 

evaluated in, for example, yellow croaker (Pseudosciaena crocea; Asino et al., 2011), 

European sea bass (Dicentrarchus labrax; Valente et al., 2006), rainbow trout 

(Oncorhynchus mykiss; Xu et al., 2011; Soler-Vila et al., 2009; Kut Guroy et al., 2007; Xu 

et al., 2010), common carp (Cyprinus carpio; Diler et al., 2007), Atlantic cod (Gadus 

morhua; Walker et al., 2009) and thick lipped grey mullet (Chelon labrows; Davies et al., 

1997). Several of these studies revealed that macroalgae can be successfully formulated 
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into diets, without deleterious effects and with beneficial modifications in both body 

composition, in particular, the fatty and amino acid profile (Ergün et al., 2008; Güroy et 

al., 2012). Surprisingly, despite salmon aquaculture using the greatest volume of FM and 

FO in finfish aquaculture, there is limited reported studies on the application of macroalgae 

in salmon diets. 

 

Palmaria palmata (Linnaeus) Weber & Mohr, commonly known as Dillisk or Dulse, is a 

red, marine intertidal macroalga. Recent research has shown that extracts derived from P. 

palmata could be exploited for their antioxidant and anti-carcinoma proliferation properties 

(Yuan et al., 2005; Yuan et al., 2009). At present, little is known about the effects of P. 

palmata inclusion in finfish diets. Therefore, the aim of this study was to evaluate whether 

P. palmata is suitable for inclusion in formulated diets for Atlantic salmon (Salmo salar). 

Suitability was assessed in relation to comparative growth performance, with a broader 

screening for physiological changes in basic haematology, immunological and hepatic 

markers.  

5.2. Materials and Methods 

5.2.1. Research facility and experimental design 

A 14-week feed trial was carried out at Carna Research Station, National University of 

Ireland, Galway. Atlantic salmon smolts (Salmo salar) were obtained from a commercial 

smolt producer in Lough Fee, Connemara, Ireland. Fish were transferred directly into a 

flow-through seawater system, where they were fed on a commercial diet [EM NL 25, 

Skretting, Westport, Ireland] over an 8-week acclimation period. The experimental unit 

consisted of 15 glass reinforced plastic (1000 L) tanks fed by flow-through, filtered, 

seawater at ambient temperature. Each tank had a flow rate of approximately 10 L min-1, a 

mean temperature 12.9 ± 1.5oC (S.D.), with dissolved oxygen saturation of >90 % [YSI 

professional plus, YSI hydrodata, Letchworth, UK]. Photoperiod was set on a diurnal cycle 

of 12:12, light:dark.   

 

After 8 weeks of acclimation, fish were graded to remove large and under-sized fish.  

Experimental fish were within a narrow range of an initial mean weight of 170.4 ± 1.02 g 

(± S.E., n=33) and were stocked into each experimental tank. The experimental design 

consisted of five experimental formulated diets, each with three replicate groups 
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randomised over the fifteen tanks. Morphometric measurements were taken fortnightly 

after a 24 hr starvation period. The allocated daily diet was calculated as a percentage of 

the total body weight in each tank and was administered in equal aliquots five times across 

the course of the 12 hr daylight.  

 

5.2.2. Proximate composition  

Proximate analysis was carried out on all feed ingredients and diets, which are expressed 

as a percentage of the dry matter. Moisture content was measured by drying samples at 105 

°C to a constant weight for 24 hours. Protein was analysed by the Kjeldahl method (N x 

6.25), and lipid content was determined gravimetrically using Soxhlet extraction method 

with petroleum ether. Ash content was measured by incinerating samples in a muffle 

furnace at 550 °C for16 hours. (AOAC, 1995) Energy content was determined through 

bomb calorimetry [6100, Parr Instrument company, Illinois, US], with values expressed as 

MJ kg-1.  

 

5.2.3. Diet preparation   

Palmaria palmata was collected in Galway Bay, Ireland, between December 2009 and 

February 2010. The winter collection period was chosen as previous studies have shown 

protein content in macroalgae is higher at this time (Fleurence, 1999). Algae were washed 

and dried in a dehumidifying oven (40 oC) for 24 hours. Prior to feed formulation, 

seaweeds were milled and graded to a particle size of <0.75 mm. Analysis of the 

macroalgal proximate composition revealed the following values (dry weight): moisture 9 

%; crude protein 22 %; crude lipid 1 %, ash 25 % and energy 15 MJ kg-1. A total of five 

experimental diets were formulated to be iso-nitrogenous (40 %), iso-lipidic (25 %) and 

iso-caloric (26 MJ kg-1). Three diets contained increasing inclusion levels of Palmaria 

palmata: 5 % (P5), 10 % (P10) and 15 % (P15) by weight. Two control diets were also 

formulated without seaweed in them. One control diet being a basal diet, with no added 

pigment (control, CTRL), and the other having a commercial astaxanthin added (positive 

control, CTRL+). Feed formulation and final proximate composition of each diet are 

summarised in Table 1. Diets were formulated by mixing feed components in a 

commercial food mixer (SP-30HI, Metcalfe, Gwynedd, UK), and extruded (PM-80, 

Bottene, Vicenza, Italy) into pellets. These were subsequently dried in an oven at 40 °C for 

48 hours. 
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Table 1. Formulation and proximate composition of experimental diets with Palmaria 

palmata inclusion for Atlantic salmon (Salmo salar).  

CTRL= negative control, CTRL+= positive control, P5= 5 %, P10= 10 %, P15= 15 % 

Palmaria palmata inclusion. 

a United fish products Ltd., Donegal, Ireland. 

b Laboratory grade, Sigma –Aldrich Company Ltd., UK. 

c Purified feed ingredients, Roquette, France. 

d Premier nutrition products Ltd., UK. (Manufacturers analysis: Ca-12.09 %, Ash-78.71 %, 

Na-8.86 %, Vitamin A-1.0μg kg-1, Vitamin D3 0.10 %, Vitamin-E 7.0 g kg-1, Cu-250 mg 

kg -1, Mg 15.6 g kg-1, P 5.2 g kg-1) 

e BASF, Ludwigshafen, Germany. 

f Barox plus liquid, Kemin Europa N.V., Belgium. 

g n=4 

 

5.2.4. Growth performance and morphometric calculations 

Growth performance was measured using the following indices: Mean Weight Gain (WG) 

= Final mean weight (g) - Initial mean weight (g); Condition factor (K) = 100 x Body 

weight (g) / body length3 (cm); Feed Conversion Ratio (FCR) = Feed intake (g) / Weight 

gain (g); Specific growth rate (SGR) = (Ln Final body weight (g) – Ln Initial body weight 

(g)) / (days fed) x 100); Hepaticsomatic Index (HSI) = Liver weight (g) / Body weight (g) 

x 100; Viscerosomatic Index (VSI) = Gut weight (g) / Body weight (g) x 100. 

 Diets 
 CTRL CTRL+ P5 P10  P15 

Diet formulation; %       

Fish meala 40.74 40.74 39.08 37.41 35.75   
Fish oila 20.00 20.00 20.14 20.28 20.41   
P. palmata - - 5.00 10.00 15.00   
Corn starchb 18.76 18.73 15.28 11.81 8.34   
Lysaminec 9.00 9.00 9.00 9.00 9.00   
Glutalysc 9.00 9.00 9.00 9.00 9.00   
Mineral & vitamin premixd 2.00 2.00 2.00 2.00 2.00   
Lucantin Pinke - 0.03 - - -   
Antioxidantf 0.50 0.50 0.50 0.50 0.50  

Proximate compositiong; %       

Moisture 6.3 6.2 6.1 6.1 6.6  
Protein  40.7 40.6 40.6 40.8 40.6  
Lipid 25.1 25.5 25.0 25.2 25.5  
Ash 8.3 8.3 8.4 9.6 9.9  
Energy; MJ Kg-1  26.2 26.5 26.6 26.4 26.1  
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5.2.5. Blood collection  

At the conclusion of the feed trial, a collection of blood was carried out by anaesthetising 

fish in an aerated anaesthetic bath with approximately 130 mg L-1, tricane methane 

sulphonate, MS222 [Pharmaq Ltd, Hants, UK]. A random sub-sample of fish (n=6) from 

each tank were sampled for blood (n=3 for serum and n=3 for plasma). The blood sample 

was taken from the caudal ventral vein, using a 5 mL syringe and a 21 gauge needle. 

Needles and syringes used for plasma collection were flushed with a lithium-heparin 

solution [250 U mL-1, Sigma-Aldrich, Arklow, Ireland]. Whole blood was immediately 

centrifuged at 17,000 g for 13 min and the supernatant was decanted and subjected to a 

further 5 min centrifugation at 17,000 g. Serum collection involved the collection of blood 

samples using unheparinised syringes and needles. Samples were allowed to clot for 24 hr 

at 2 °C and then followed the same method as plasma sample processing. Aliquots of both 

plasma and serum were, subsequently, stored at -80 °C for later analysis. 

 

5.2.6. Basic haematology 

Analysing the blood components can give indications of the physiological status and health 

of the experimental salmon. Pack Cell Volume (PCV) was determined using the 

microhematocrit method (Bain et al., 2006). Haemoglobin (Hb) determination was 

performed using the cyanmethemoglobin method (Bain et al., 2006). For total erythrocyte 

and total leukocyte counts, whole blood was fixed in Dacie fluid (Bain et al., 2006) and, 

subsequently, counted using a haemocytometer. As part of the blood panel, blood indices 

were calculated: Mean Corpuscular Volume (MCV) fL = (PCV x 10) / total erythrocyte; 

Mean Corpuscular Haemoglobin (MCH) = (Hb x 10) / total erythrocyte; Mean Corpuscular 

Haemoglobin Concentration (MCHC) = Hb / PCV. 

 

5.2.7. Biochemical haematology 

Plasma glucose was analysed using the oxidase-peroxidase method (Trinder, 1969). 

Samples were incubated with oxidase-peroxidase stock solution for 15 min at 37 °C. 

Samples were cooled in ice and the absorbance measured immediately at 505 nm. Total 

serum protein was assayed using a modified Bradford’s dye method based on a 96 multi-

well plate (Bradford, 1976). Values were read using a microplate reader [LT-4000MS 
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Labtech, Tralee, Ireland] at 595 nm. Albumin serum was determined using a bromocresol 

green (BCG) binding method (Spencer & Price, 1977). Absorbance was read at 630 nm 

using a spectrophotometer [UV-VIS, Thermo, Ballycoolin, Ireland]. Linear standardisation 

of both methods was carried out using known concentrations of bovine and human serum 

albumin [Sigma-Aldrich, Wicklow, Ireland], respectively. Levels of lipid peroxidation 

were determined by the amount of 4-hydroxyalkenal and malondialdehyde present in the 

sample as described in Gérard-Monnier et al. (1998). 

 

5.2.8. Immunological haematology 

Serum lysozyme activity determination was achieved using the turbidimetric method as 

described by Siwicki. Lysozyme activity is defined as one unit of enzyme producing an 

absorbance decrease of 0.001 per minute. Serum haemolytic complement activity through 

the alternative pathway (ACH) was performed as described by Yano (1992), using rabbit 

red blood cell (2 x 108 cells mL-1) as the target cells [TCS, Botolph Claydon, England]. The 

extent of sample ACTRL+ was calculated by the following equation: ACH50 = 1/k x 

(reciprocal of initial dilution) x 0.5. Both aspirate transaminase and alanine transaminase 

activity were analysed using methods described in Rao & Desphande (2005).  

 

5.2.9. Statistical Analysis 

Results are expressed as means with the corresponding standard error (S.E.) values, with 

statistical significance at p <0.05. Homogeneity of variances in data was tested using 

Cochran’s test (Underwood, 1996). Where appropriate, a transformation was applied to 

ensure variance homogeneity. Datasets were analysed using either nested or one-way 

ANOVA, and significant differences among means were tested post-hoc, using least 

significant difference (LSD) test. Kruskal-Wallis tests were performed on datasets which 

had heterogeneous variances even with transformation applied. The 95 % confidence 

interval (CI) for the positive control (CTRL+) diet treatment mean is reported as a guide to 

the sensitivity of the analyses (Nakagawa, 2004). A matrix of Pearson’s correlation 

coefficients was examined to identify possible relationships among the growth variables 

and physiological values.  
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5.3. Results 

Results of the growth performance and morphometric data of the salmon from the 

experimental feeding trial are presented in Table 2. After 14 weeks of feeding on the 

experimental diets, mean weight gain of the fish ranged from 223.63 to 249.34 g fish-1. The 

growth parameters (final weight and WG) and growth performance indices (K, FCR and 

SGR) did not show significant differences between the seaweed inclusion diets (P5, P10 

and P15) and the control diets (CTRL and CTRL+, p >0.05). There were no significance 

differences (p >0.05) in morphometric measurements such as (liver weight and visceral 

weight,) and indices (K and VSI) among the experimental groups. The ANOVA for HSI 

was not significant, although a subsequent nonparametric test was significant. 
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Table 2: Effect of dietary Palmaria palmata inclusion on growth performance and feed utilisation parameters in Atlantic salmon (Salmo salar) (n=3, ±SE).  

Growth Parameters 

Diets    

CTRL CTRL+ P5 P10 P15 f-valuedf p-value 
Homo-
geneity 

95%CI 

Lower Upper 

Initial weight; g  168.73 ±1.80 171.48 ±0.26 170.95 ±0.12 168.47 ±1.35 170.42 ±0.74 1.1364,10 0.394 Yes 166.501 174.045 
Final weight; g  408.28 ±12.30 423.05 ±10.75 406.82 ±10.53 398.51 ±10.58 404.06 ±11.47 0.4734,10 0.755 No 383.842 432.710 
Weight gain; g  232.00 ±28.85 237.15 ±1.80 227.13 ±8.77 229.20 ±9.73 241.04 ±1.14 1.0664,10 0.422 Yes 165.965 285.249 
Condition factor; k 1.00 ±0.01 1.02 ±0.01 1.01 ±0.02 1.01 ±0.01 1.00 ±0.01 0.3244,10 0.856 Yes 0.990 1.020 
Liver weight; g  3.79 ±0.16 3.81 ±0.13 3.37 ±0.14 3.54 ±0.16 3.53 ±0.13 1.0374,10 0.435 Yes 3.477 4.105 
Viscera weight; g 38.78 ±2.45 38.54 ±2.42 33.91 ±1.60 34.43 ±2.18 35.37 ±1.52 0.5294,10 0.718 Yes 33.881 43.676 
Hepato-somatic Index; % 0.90 ±0.02a 0.86 ±0.01a 0.81 ±0.02b 0.89 ±0.02a 0.85 ±0.02b 1.4154,10 0.010**† No 0.863 0.929 
Viscera-somatic index; % 8.84 ±0.49 8.51 ±0.34 8.18 ±0.22 8.53 ±0.28 8.46 ±0.25 0.6244,10 0.656 Yes 8.319 9.369 
Feed conversion ratio; FCR 1.28 ±0.10 1.36 ±0.02 1.40 ±0.05 1.37 ±0.07 1.32 ±0.03 2.1524,10 0.148 Yes 1.194 1.593 
Specific growth rate;SGR % 
day-1 

0.88 ±0.01 1.01 ±0.05 0.92 ±0.15 0.92 ±0.02 0.90 ±0.02 3.3014,10 0.057 Yes 0.793 1.227 

Experimental diets: CTRL, control negative; CTRL+ control positive; P5, 5 %; P10, 10 %; 15 % P. palmata inclusion. Different superscript letters in the same 

row indicate significant difference (ANOVA, *p<0.05, ** p <0.01). †P value from nonparametric test due to heterogeneity of variances in HSI data. Confidence 

limits (CI) are given with reference to the mean of the positive control diet (CTRL+). 
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 Table 3: Haematological and biochemical parameters of Atlantic salmon (Salmo salar) fed on Palmaria palmata inclusion diets (n=3, ±SE).  

Experimental diets: CTRL, control negative; CTRL+ control positive; P5, 5 %; P10, 10 %; 15 % P. palmata inclusion. MCHC, Mean corpuscular haemoglobin 

concentration; MCH, Mean corpuscular haemoglobin; MCV, Mean corpuscular volume. (ANOVA, * p <0.05, ** p<0.01; value of 0.05 significant as estimated 

p below 0.05 at greater than 3 decimal places). Confidence limits (CI) are given with reference to the mean of the positive control diet (CTRL+). 

 

  

 

Diets    

CTRL CTRL+ P5 P10 P15 f-valuedf p-value 
Homo-
geneity 

95%CI 
Lower Upper 

Basic haematology parameters               

Packed cell volume; % 45.78 ±0.85 46.00 ±1.43 43.11 ±1.41 42.56 ±1.75 42.78 ±0.88 2.243(4,10) 0.137 Yes 43.826 47.729 
Total erythrocyte; x 1012 cells L-1 0.85 ±0.05 0.89 ±0.03 0.88 ±0.02 0.90 ±0.04 0.78 ±0.03 0.735(4,10) 0.589 Yes 0.739 1.237 
Haemoglobin; mg dL-1 15.08 ±0.50 14.76 ±0.19 15.80 ±0.64 14.77 ±0.41 14.42 ±0.46 0.611(4,10) 0.664 Yes 14.075 16.142 
MCV; fL  552.80 ±30.61 517.66 ±20.33 493.77 ±24.09 478.88 ±27.60 555.06 ±21.15 0.265(4,10) 0.894 Yes 484.170 616.676 
MCH; pg 181.40 ±10.17 166.51 ±6.32 174.95 ±4.24 165.79 ±7.18 188.49 ±12.30 0.384(4,10) 0.815 Yes 159.758 203.662 
MCHC; g dL-1 32.94 ±0.87 32.14 ±0.92 36.91 ±1.82 35.02 ±1.27 34.11 ±1.18 1.095(4,10) 0.410 Yes 30.931 34.947 

Biochemical haematology parameters              

Glucose; mg dL-1 115.94 ±4.07 118.03 ±4.83 111.38 ±2.88 125.65 ±1.43 104.94 ±1.79 2.108(4,10) 0.154 Yes 103.122 128.768 
Total protein; mg dL-1 11.43 ±0.43 11.62 ±0.30 11.59 ±0.29 11.72 ±0.35 12.18 ±0.62 0.460(4,10) 0.763 Yes 10.445 12.419 
Albumin; mg dL-1 4.04 ±0.34 4.21 ±0.33 4.34 ±0.23 3.57 ±0.31 3.19 ±0.66 3.045(4,10) 0.070 Yes 2.597 5.483 
Globulin; mg dL-1 7.39 ±0.28 7.41 ±0.58 7.26 ±0.49 8.15 ±0.79 8.98 ±0.66 1.553(4,10) 0.261 Yes 6.168 8.614 
Albumin/Globulin ratio 1.84 ±0.09a 1.80 ±0.25a 1.69 ±0.20a 2.35 ±0.42ab 2.81 ±0.17b 3.483(4,10) 0.050* Yes 1.453 2.235 
Malondialdehyde; μM mL-1 0.13 ±0.02 0.13 ±0.02 0.08 ±0.01 0.07 ±0.01 0.13 ±0.03 1.086(4,10) 0.414 Yes 0.074 0.177 
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Table 4: Immunological and hepatic parameters of Atlantic salmon (Salmo salar) fed on Palmaria palmata inclusion diets (n=3, ±SE).  

 

Experimental diets: CTRL, control negative; CTRL+ control positive; P5, 5 %; P10, 10 %; 15 % P. palmata inclusion. ACH50, Alternative complement 

activity; AST, aspartate transaminase; ALT, alanine transaminase. Different superscripts in the same row indicate significant difference (ANOVA, *p<0.05). 

Confidence limits (CI) are given with reference to the mean of the positive control diet (CTRL+). 

 

Diets    

CTRL CTRL+ P5 P10 P15 f-value (df) p-value Homo-
geneity 

95%CI 
Lower Upper 

Immunological parameters             

Total Leukocyte; cells x109 L-1 1.50 ±0.15 1.92 ±0.15 1.61 ±0.13 1.35 ±0.28 1.48 ±0.13 0.854(4,10) 0.523 Yes 1.122 1.878 
Lysozyme; U mL-1 63.33 ±23.65 71.30 ±22.13 105.00 ±29.30 66.67 ±13.88 66.85 ±19.94 0.593(4,10) 0.676 Yes 38.419 165.085 
ACH50; U mL-1 209.00 ±34.85 257.17 ±39.78 176.18 ±19.27 217.61 ±24.60 176.16 ±45.14 0.935(4,10) 0.463 Yes 59.056 358.954 

Hepatic function parameters             

ALT; U L-1 41.57 ±3.66a 49.98 ±3.05a 32.30 ±2.67b 48.16 ±7.60a 28.76 ±1.57b 7.035(4,10) 0.045* Yes 32.616 50.516 
AST; U L-1 35.92 ±3.55 31.04 ±1.68 32.35 ±0.74 31.06 ±0.94 32.87 ±1.37 1.217(4,10) 0.363 Yes 26.085 45.767 
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Figure 5: Proximate composition in experimental Atlantic salmon (Salmo salar) fed 

with Palmaria palmata inclusion diets (dry matter, n=3, ±SE). 

 

The haematological results (Table 3) also show few significant changes in either basic 

haematological values or biochemical haematological parameters (p >0.05). Increasing 

algal inclusion did not significantly increase oxidative stress marker- malondialdehyde 

levels. Furthermore, there were no observable significant changes within the biological 

markers when compared to the dual control diets (p= 0.833). An examination of the 

immunological variables in experimental fish showed no effect of algal dietary 

inclusion (Table 4). There was no evidence of changes in total leukocyte counts. 

Lysozyme activity was found to be highly variable between individuals, as 

demonstrated the standard error values and 95 % confidence interval for the positive 

control feed (CTRL+) range. Enzyme activity associated with the hepatic function is 

also shown in Table 4. Significant differences in alanine transaminase (ALT) activity 

values were observed with the lowest and the highest macroalgae inclusion (P5 and 
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P10), where the results show a significantly lower ALT activity when compared to 

control diets (p<0.05).  However, a decrease was not found in another liver function 

related enzyme- aspartate transaminase (AST) activity, where no observable significant 

differences were found between the test diets (p>0.05).  

 

All datasets which were still heterogeneous regardless of transformation had shown no 

change in the statistical outcome when K-W tests were carried out. This was with the 

exception of HSI, where the K-W test detected a difference in rank values in low and 

high inclusion (P5 and P15) treatment diet, compared to the other experimental 

treatment groups (p=0.01). Both ALT and HSI mean values showed no apparent 

gradient in change associated with the varying dietary algal inclusion levels (i.e. no 

suggestion of a linear dose-response). Extensive statistical analysis on the datasets 

suggested no additional correlations between the observed growth parameters, and the 

physiological variables (Pearson’s correlations, p>0.05).  

 

The evaluation of the salmon body proximate composition revealed that there were no 

significant differences between the experimental control diets (CTRL and CTRL+, 

p>0.05, Table 5). Furthermore, protein and ash content in salmon that were fed with 

seaweed supplemented diets proved to be unchanged. It was found that both lipid and 

energy concentrations increased in salmon that was fed with 5 % Palmaria inclusion 

diet (post-hoc tests), but the same enhancement effect was not replicated in the other 

dietary seaweed groups.  

 

5.4. Discussion and conclusion 

Inclusion of up to 15 % of Palmaria palmata into Atlantic salmon diets had no 

detrimental effect on growth performance when compared to control diets over a 14 

week feeding period. These results suggest that this macroalgal species could be used as 

a supplement in fish feed diets. The results of the current study are comparable to 

finding with inclusions of other algal species into finfish diets like Porphyra dioica in 

rainbow trout (Oncorhynchus mykiss; Soler-Vila et al., 2009), Ulva rigida and 

Gracilaria bursa-pastoris in European sea bass (Dicentrarchus labrax; Valente et al., 

2006) and in common carp (Cyprinus carpio; Diler et al., 2007). In addition to 

supporting growth, some studies have observed that a low level of algal inclusion has 

actually enhanced relative growth. For example, feed trials carried out by Asino et al., 
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(2011) have shown that Enteromorpha prolifera inclusion into large yellow croaker 

(Pseudosciaena crocea) diets resulted in both an increased weight gain and specific 

growth rate.  

 

The absence of an effect of P. palmata inclusion in salmon diets runs contratory to other 

feeding experiments that also tested macroalgal inclusion diets. These feeding trials 

have resulted in decreased growth performance and depressed nutrient digestibility. 

Examples include: Porphyra purpurea added to thick-lipped grey mullet diets (Chelon 

labrosus; Davies et al., 1997), Gracilaria cornea added in gilt-head bream (Sparus 

aurata; Vizcaino et al., 2015) and Ulva rigida in Nile tilapia diets (Oreochromis 

niloticus; Azaza et al., 2008). It is possible that these observations of negative effects on 

growth are result of antinutrients (e.g. complex carbohydrates and phenols) present in 

the algae that is preventing nutrient digestion and absorption through the fish gut wall. 

For example, large molecular weight pholorotannins found in brown algae species and 

also lesser extent in non-Phaeophyta species can have adverse effects by inhibiting the 

action of fish digestive enzymes (Boettcher and Target, 1993, Perez-Lorenzo et al., 

1998).  

 

An alternative explanation is the high presence of complex heterogeneous carbohydrates 

in the seaweed (e.g. cellulose, agar, porphyrans, carrageenan, or/and ulvan), which are 

acting as barriers to absorption of cytoplasmic proteins (Shiau & Liang, 1994; 

Sturmbauer, 1991; Storebakken & Austreng, 1987). By utilising food manufacturing 

processes (e.g. fermentation and enzymatic hydrolysis), improved P. palmata protein 

digestibility was observed as carbohydrate content decreased (Marrion et al., 2003). 

While, the growth response from the present study demonstrated that dietary P. palmata 

inclusion into Atlantic salmon (S. salar) diets did not produce a significant negative 

effect on growth performance. Enhancement in growth performance could be possibly 

attained by improving P. palmata digestibility through a manufacturing processes.  

 

In comparison, antinutrients from terrestrial plants are known to cause other 

physiological effects on finfish, such as the supressed immune parameters (Bakke-

McKellep et al., 2000) and pathological degradation of the gut (Krogdahl et al., 2003). 

While the current study did not evaluate the effect has on gut physiology, it is possible 

to infer from the clinical blood analysis that P. palmata does not contain anti-nutritional 

factors, or concentrations are not sufficient to have had an observable effect on the 
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salmon immune system. Moreover, the presence of pathogens, stress and/or 

malnutrition can also affect the blood composition. The latter has been shown to have 

profound effects on blood proteins levels (Kader et al., 2010), lipid peroxidation 

susceptibility (Gao et al., 2012) and the immune system (Petropoulos et al., 2009). The 

suite of haematological analysis carried out in this study suggested that this was not the 

case because the lack of observable change in the measured salmon blood parameters. 

Although, it has been shown that the addition of 5 % Gracilaria vermiculophylla in 

rainbow trout diets (O. mykiss) had the ability to enhance both lysozyme activity and 

alternative complement activity by over 60 % when compared to the dietary control 

(Araújo et al., 2015).  

 

Hepatocellular injury in fish can often be attributed to nutrition (Olsvik et al., 2011), 

stress (Costas et al., 2011), pollutants (Ortiz-Ordoñez et al., 2011) or pathogenic 

infection (Saksida et al., 2012). Very often these can be detected via the different 

elements within the blood. For example, an increase in enzyme activity associated with 

hepatic function like, alanine transaminase (ALT) and aspartate transaminase (AST), are 

used as indicators of liver damage (Jahanbin et al., 2012; Li et al., 2011). The present 

study revealed that ALT activity was significantly lowered in fish feed with the low and 

high algal inclusion (P5 and P15), while smolts fed with medium macroalgae inclusion 

(P10) remained unchanged, when compared to control diet groups. Interestingly, the 

ALT results seem to suggest that varying P. palmata inclusion level did not yield a 

gradient effect on enzyme activity. It is possible to assume that certain compound(s) 

present in P. palmata meal have led to the promotion of hepatic function. When 

incorporating either synthetically or naturally derived astaxanthin in rainbow trout diet, 

Nakano et al., (1995) observed a marked decrease in AST activity, which also suggests 

a benefit to the liver health. The current study revealed that this is not the case in 

Atlantic salmon (S. salar) as there was no measurable difference in AST and ALT 

activity between no inclusion (CTRL), and with inclusion of astaxanthin (CTRL+). It is 

possible to infer that another bioactive compound could have contributed to the possible 

improvement in liver function. The conflicting results with HSI also merit further 

investigation in this context. 

 

In past studies, the addition of seaweed into compound diets had significant influences 

on the final finfish body proximate composition. A five percent increase in body protein 

content was reported in Nile tilapia (O. niloticus) when fed with 30 % dietary inclusion 
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of Pyropia yezoensis Ueda (Stadtlander et al., 2013). While 5 and 10 % 

supplementation of Pterocladia capillacea into seabass (D. labrax) diet enhanced body 

lipid content by over 50 % (Wassef et al., 2013). When compared to the present study, 

an increase in lipid content was observed at 5 % P. palmata inclusion level, but the 

significant enhancement was not detected in the higher algae inclusion diets. As lipids is 

a high energy dense nutritional component, a similar pattern was observed in energy 

content, where significant increase was observed in the 5 % dietary inclusion. Changes 

in fish lipid composition can ultimately alter the sensory quality of the salmon. For 

example, an increase in lipid concentration from three to eleven percent had a positive 

correlation in texture and flavour parameters in both smoked and cooked salmon (Robb 

et al., 2002).  

 

In conclusion, the present study has provided evidence that inclusion of P. palmata in 

salmon diets did not affect growth performance up to 15 % inclusion into the diet over a 

14-week trial period. The addition of the seaweed supplement has partially reduced the 

level of fish meal and starch inclusion. In order, to fully realise Palmaria as a 

commercial feed supplement for replacing fish meal, it is necessary to develop the 

technologies to enhance either/or the protein content, fish growth performance, and 

nutrient digestibility. Although, the current results suggest that inclusion of the P. 

palmata may have a beneficial effect on liver health. Therefore, the use of this species 

of algal meal could serve as a functional component in formulated Atlantic salmon 

(Salmo salar) diets.  
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Abstract  

Past studies on testing macroalgae as a potential feed supplement have generally 

focused on growth performance and feed digestibility studies. The present investigation 

broadens the evaluation of dietary macroalgae inclusion (of Ulva rigida U5 (5%); U10 

(10%); U15 (15%) and Palmaria palmata P5 (5%); P10 (10%); P15 (15%)) by 

examining influences on the end product quality in Atlantic salmon (Salmo salar). This 

was achieved by assessing possible changes in the muscle colouration, fatty acid profile, 

and macro and trace elements after experimental salmon were fed with seaweed 

supplemented diets. Fish muscle colouration was significantly influenced by the dietary 

macroalgae supplementation (p<0.001). Increasing the dietary inclusion of Ulva had a 

positive effect on spatial colour coordinate values of the salmon muscle: greenness (-a*) 

and yellowness (+b*).  The highest increase in colour values were observed with 15% 

Ulva inclusion (U15). However, the rate of colour increase declined after 10%, which 

suggests a maximal rate of pigment deposition in the muscle. Colour change was also 

observed in Palmaria experimental diets (p<0.001), but the levels of colour 

enhancement (-a* and +b*) were approximately 50% lower than salmon that was fed 

with the Ulva experimental diets. Both feed experiments revealed that the surface 

yellowness +b* was higher in the posterior fillet steaks, when compared to the anterior 

and mid-section samples. The supplementation of either Ulva or Palmaria into the 

salmon diets resulted in no significant modifications in muscle fatty acid composition 

when compared between the different treatment groups (p>0.05). In both experimental 

feed trials, the measured metal (Mg, Si, Na, Ca, K, B, Al, Ti, Mn, Fe, Co, Ni, Cu, Zn, 

Se, Sr, & Mo) contents in the experimental salmon showed no significant influences in 

the muscle, skin and liver (p>0.05). The inclusion of either Ulva or Palmaria seaweed 

into salmon diets revealed that concentrations of potentially toxic metals (V, Ag, As, Cr, 

Cd, Sn, Sb, & Pb) in the sampled fish tissues were not significantly modified. Overall, 

levels of toxic metals in feed ingredients and experimental feeds conformed to European 

animal feed regulatory standards (As, Cd & Pb, EU Directive 2002/32/EC), while metal 

concentrations in the salmon muscle were within European food regulation guidelines 

(Cd, As, Sn, & Pb, EU Commission Regulation 1881/2006). Summaries of metal 

contents using Principal Component Analysis (PCA) revealed that metal composition in 

the measured salmon tissues formed discrete clusters, suggesting tissue preferences in 

metal deposition. Overall, the use of U. rigida and P. palmata in Atlantic salmon diets 

showed no measurable effects on the product quality and meet consumer food safety 

regulations.  
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6.1. Introduction 

Additives and feed supplements used in farmed fish diets can bring changes in the 

muscle quality parameters. For example, the addition of plant materials such as a 

mixture of wheat, soya and rapeseed can alter the composition of n-3 polyunsaturated 

fatty acids (PUFA) in salmon muscle fillets, leading to an overall decrease in n-3 

content (Pratoomyot et al., 2010). The exclusive addition of soybean meal into salmon 

diets can also decrease carcass crude lipid and energy content (Øverland et al., 2009). 

Even the dietary addition of a single crystalline amino acid can amount to a change in 

fish product quality. For instance the inclusion of glutamate at 1.5% in Atlantic salmon 

(Salmo salar) feeds can have a significant influence in the muscle fatty acid 

composition (e.g. increase in saturated fatty acid, higher total n-3 fatty acid and n-3/n-6 

ratio) and increased fillet firmness (Larsson et al., 2014). It is imperative to evaluate 

new novel feed ingredients to determine their level of influence on the final fish product 

quality and whether it meets consumer acceptance.  

 

Compounds found in seaweeds have previously been identified as of potential benefit to 

farmed finfish (Holdt and Kraan, 2011; Mohamed et al., 2012). For instance, 

carotenoids can exhibit a number of both cellular and overall biological functions, these 

include: anti-oxidative activities (quenching singlet oxygen and inhibition lipid 

peroxidation), pro-vitamin activity, anti-tumoural activity, camouflage, and behavioural 

signalling used in sexual reproduction (Christaki et al., 2012; Maoka, 2011b).  

 

Carotenoids are synthesised de novo in algae, plants and bacteria and are used as 

accessory pigments in photosynthesis. Comprised of ~750 naturally occurring forms 

they give rise to much of the colouration found in seaweeds (Maoka, 2011b). A 

subfamily of the carotenoids which is characterised by the presence of oxygenated 

group(s) is known as xanthophylls. Xanthophyll compounds, e.g. astaxanthin, 

canthaxanthin, lutein and zeaxanthin, holds high commercial value in their use in 

farmed finfish species for food and ornamental pet finfish trade (Dharmaraj and 

Dhevendaran, 2011). Wild finfish accumulate xanthophylls through dietary means (e.g. 

crustaceans) which are then either metabolised, or deposited in the fish tissue, e.g. skin, 

organs and eggs (Goodwin, 1986). For salmonids, the majority of these compounds can 

be found in the muscle, where they are bound to α-actinin myofibrillar proteins 

(Matthews et al., 2006). Although astaxanthin has a poor absorption efficiency, it is the 

principal xanthophyll for giving salmonids their distinct pink-red fillet hue (Bjerkeng 



Chapter 6: Effects of dietary seaweed on salmon muscle quality and food safety 

Page | 182  

and Berge, 2000; Maoka, 2011a; Rüfer et al., 2008). The lack of natural astaxanthin-rich 

prey in aquafeeds has led to synthetically (e.g. Carophyll pink® and Lucantin® pink) or 

biologically (e.g. yeast- Phaffia rhodozyma, krill, microalgae-Haematococcus pluvialis) 

produced astaxanthin to be used as a dietary additive to deliver the muscle colouration 

needed for market acceptability (Breithaupt, 2007; Suontama et al., 2007). In 

comparison, seaweeds predominately possess xanthophyll pigments such as lutein, 

zeaxanthin and fucoxanthin (Marquardt and Hanelt, 2004; Terasaki et al., 2012), which 

have absorbance spectra outside the red spectrum which astaxanthin is known for 

(Britton et al., 2008). Consequently, these carotenoids may not be suitable for the 

purpose of giving the distinctive red/pink muscle pigmentation that consumers typically 

associate with salmonids. Other than flesh pigmentation, seaweeds could provide 

functional benefit to farmed fish and consumers because many xanthophylls have 

antoxidative capacity, and furthermore, both lutein and zeaxanthin have been linked to 

prevention of retinal degeneration and cardiac diseases, and both have 

immunomodulatory properties (Mares-Perlman et al., 2002).   

 

Both wild and farmed salmon are considered to be a source of n -3 fatty acids, and are 

recommended as a means of improving human health (Elvevoll et al., 2006; Miles et al., 

2011). However the growing use of sustainable and cheap plant-based oils in farmed 

salmon diets has consequently lowered n -3 PUFA content, whilst increasing the n -6/n -

3 fatty acid ratio (Montero et al., 2003; Torstensen et al., 2005). In comparison to plant 

oils, macroalgae possess low amounts of lipids (<8% dry weight, Chapter 1), however, 

the fatty acid profile in seaweeds is dominated by the presence of n -3 long-chain PUFA 

(Miyashita et al., 2013). A previous study that examined dietary Macrocystis pyrifera 

supplementation in rainbow trout (Oncorhynchus mykiss) revealed that there was a 

positive influence in the experimental fish lipid profile. The fatty acid analysis in the 

trout muscle showed that 1.5 and 3% algal inclusion significantly enhanced total n- 3 

PUFA content by over 60%. In particular, it increased α-linolenic acid (18:3 n-3) by 83 

%, eicosapentaenoic acid (EPA, 20:5 n-3) by 78%, and docosahexaenoic acid (DHA, 

22:6 n-3) by 58% when compared to no algal inclusion (Dantagnan et al., 2009). As 

such, using macroalgae could be a method to conteracting the increasing omega-6 to 

omega-3 fatty aicd ratio caused by the use of plant based oils in finfish diets. 

 

Like fatty acids, certain trace elements (e.g. cobalt, manganese, selenium and zinc) are 

essential nutrients in maintaining normal finfish growth, health and metabolic function 
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(Watanabe et al., 1997). In the case of selenium, this element has a role in protecting 

finfish from oxidative damage (Rayman, 2012). Selenium works through the activation 

of glutathione peroxidases (Type 1-4), where the enzymes catalyse oxidative products 

such as fatty acid hydroperoxides into fatty acid alcohols and water (Watanabe et al., 

1997). Many of the seaweed species possess the capacity to accumulate high levels of 

macro and trace elements in their cellular structure (Malea and Kevrekidis, 2014; Rey-

Crespo et al., 2014). However, there have been limited investigations of the role which 

dietary seaweed inclusion might play in modifying the normal physiological parameters 

(e.g. liver function, health, and resistance to stress), and the composition of metals that 

are accumulated in fish tissues. This is particularly relevant for potentially toxic 

elements that can also be found in seaweeds in high concentrations, e.g. arsenic, 

cadmium, and lead (Ratcliff et al., 2016). Exposure to low levels of potentially toxic 

elements (heavy metals) can lead to an array of damaging effects on an organism, e.g. 

cellular, organ, and genetic material (Castro-González and Méndez-Armenta, 2008). 

The present study aims to examine how increasing supplementation of seaweeds (Ulva 

rigida and Palmaria palmata) in Atlantic salmon (Salmo salar) diets might influence 

the fillet harvest quality parameters, which include muscle colouration, fatty acid 

composition and mineral content. Consideration of compliance with existing legislation 

regarding metal content of feedstuffs (macroalgae), finished animal diets (experimental 

feeds), and human foodstuffs (salmon) is given in the discussion. 

 

6.2. Materials and Methods 

6.2.1. Feeding experiment  

Two separate feeding experiments were performed in order to test whether dietary 

inclusion of seaweeds could have an effect on Atlantic salmon muscle quality and food 

safety. Five experimental diets were formulated for each feeding experiment (Table 1). 

Three diets were formulated within each experimental trial, with increasing inclusion 

levels of algae: 5% (U5), 10% (U10), 15% (U15) of Ulva rigida for trial 1 (Chapter 3); 

and 5% (P5), 10% (P10), 15% (P15) inclusion of Palmaria palmata in trial 2 (Chapter 

4). For each feeding trial, an additional basal diet (Ctrl1 & Ctrl2), and a positive control 

diet (with synthetic astaxanthin, Ctrl+1 & Ctrl+2) were incorporated, acting as basal and 

commercial comparisons. Experimental diets were formulated to be iso-nitrogenous 

(40% protein), iso-lipidic (20% lipid) and iso-energetic (22 MJ kg-1). For further details 

on the experimental facility, design and feed formulation, see both Chapter 4 & 5
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Table 1: Formulation and proximate composition of the experimental salmon diets (%, dry weight). 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 Experimental diets 

Diet formulation Ctrl1 Ctrl+1 U5 U10 U15 Ctrl2 Ctrl+2 P5 P10 P15  

Fish meala 39.68 39.68 39.10 38.53 37.97 40.74 40.74 39.08 37.41 35.75  

Fish oila 21.28 21.28 21.30 21.33 21.36 20.00 20.00 20.14 20.28 20.41  

Ulva rigida - - 5.00 10.00 15.00 - - - - -  

Palmaria palmata - - - - - - - 5.00 10.00 15.00  

Corn starchb 18.54 18.51 14.08 9.63 5.17 18.76 18.73 15.28 11.81 8.34  

Lysaminec 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00  

Glutalysc 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00  

Mineral & vitamin premixd 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00  

Lucantin Pinke - 0.03 - - - - 0.03 - - -  

Antioxidantf 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50  

Proximate composition*            

Crude protein 40.98 40.61 41.67 41.50 41.88 40.28 40.38  40.24 39.26 39.36  

Crude Lipid 25.5 25.1 25.0 25.2 25.5 25.1 25.5 25.0 25.2 25.5  

Crude Ash 9.91 9.97 10.39 10.98 12.20 7.66 7.90 9.37 9.72 10.58  

Gross energy (MJ Kg-1)  22.09 22.08 21.35 22.04 22.32 22.01 22.83 22.77 22.54 22.68  

 
Ctrl & Ctrl1, basal control; Ctrl+ &Ctrl+1, positive control (with astaxanthin); U5, 5%; U10, 10%; U15, 15%; Ulva rigida inclusion; P5, 5%; P10, 
10%; P15,15% Palmaria palmata inclusion. 

a United fish products Ltd., Donegal, Ireland.  
b Laboratory grade, Sigma –Aldrich Company Ltd., UK. e BASF, Ludwigshafen, Germany. 
c Purified feed ingredients, Roquette, France. f Barox plus liquid, Kemin Europa N.V., Belgium. 
d Premier nutrition products Ltd., UK.  

(Manufacturers analysis: Ca 12.09%, Ash 78.71%, Na 8.86%, Vitamin A 1.0 μg kg-1, 
Vitamin D3 0.10%, Vitamin E 7.0 g kg-1, Cu-250 mg kg-1, Mg 15.6 g kg-1 and P 5.2 g kg-1) 

*n=4 
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6.2.2. Fillet sampling 

At the conclusion of the feeding experiment (Ulva and Palmaria, see chapter 4 & 5 for 

further details), ninety fish were randomly sampled for fatty acid (45 fish, n=3) and 

metal (45 fish, n=3) analysis. Fish were euthanized by a sharp blow to the head, 

followed by pithing the cranial region. Fillet cuts were produced using ISPG [Irish 

Seafood Producers Group, Kilkieran, Connemara, Ireland] D+ trim standard (see 

Chapter 2). Fillet and liver samples were individually bagged and stored at -80 °C for 

later analysis.  

 

6.2.3. Colour measurement   

To discern possible pigment compartmentalisation through the experimental fish body, 

three vertical steak cuts: anterior, mid and posterior, were made from each sampled 

salmon (Kong et al., 2007), as described in Chapter 2 - materials and methods. Colour 

measurements on salmon muscle colouration were performed using a Konica Minolta 

CR-400 chroma meter and data processor DP-400 [Konica Minolta Sensing Europe, 

Basildon, UK], equipped with a 8 mm measurement area, and calibrated with a 

calibration plate-Y87.3, x 0.3159, y 0.3228; 2o observer [CR-A43, Konica Minolta 

Sensing Europe, UK], Chapter 2- Figure15A. Measured values were expressed in the 

industrial L*, a*, b* (CIE 1976) colour spatial coordinates, where increasing L* values 

represents lightness, +a* redness, - a* greenness, +b* yellowness and - b* blueness.  

 

6.2.4. Fatty acid analysis 

The fatty acid analysis of the experimental diets (Table 2 & 3), and fish muscle are 

discussed in Chapter 2- materials and methods. Briefly fish fillet samples were thawed 

from storage at 2 °C, and were washed with pure water [18.3 MΩ cm, Millipore, 

Bedford, USA]. Samples were subsequently homogenised using a domestic food 

processor. Approximately 1 g of sample was weighed and extracted using a modified 

Bligh and Dyer (1959) method. The extracted lipids were subsequently subjected to 

transmethylation using acetyl chloride as described by Xu et al. (2010).  
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Transmethylated fatty acid measurements were carried out using a gas chromatograph 

equipped with a flame ionisation detector [Agilent Technologies 6850 GC-FID, Santa 

Clara, CA, USA]. Signal peaks were compared to known fatty acid standard calibration 

curves and fatty acids from samples were quantified using Agilent Chemstation 

[ver.B.04.01, Santa Clara, CA, USA]. n-3/n-6 fatty acid ratios were calculated using the 

following formula:  

 

𝑛 − 3/𝑛 − 6 ratio =
Σ (𝑛−3 )

Σ (𝑛−6)
.  
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Table 2: Fatty acid composition of Atlantic salmon diets supplemented with Ulva rigida (%, n=3, ±SE). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Experimental diets 

 Ctrl1 Ctrl+1 U5 U10 U15 

12:0 0.25  0.26  0.26  0.21  0.20  
14:0 5.07  5.21  5.43  5.71  5.16  
16:0 16.43  16.90  18.99  18.63  19.09  
18:0 3.87  3.99  4.76  3.87  3.84  
20:0 0.28  0.28  0.40  0.20  0.19  
22:0 0.07  0.08  0.15  0.09  0.08  

Σ SFA 25.97  26.72  30.00  28.72  28.57  

14:1n-5 0.37  0.38  0.36  0.34  0.30  
16:1n-7 7.13  7.32  6.71  7.44  6.54  
18:1n-9 15.68  16.12  16.99  17.70  18.93  
20:1n-9 10.11  11.51  11.21  10.88  9.15  
24:1n-9 1.38  1.41  1.55  1.55  1.30  

Σ MUFA 34.67  36.74  36.81  37.91  36.21  

18:2n-6 5.07  5.20  4.36  4.55  5.29  
18:3n-6 1.55  1.60  1.46  1.41  1.32  
18:3n-3 4.22  4.34  3.71  3.80  4.47  
20:2n-6 0.04  0.04  0.07  0.06  0.09  
20:3n-6 0.46  0.47  0.47  0.22  0.18  
20:3n-3 0.89  0.92  0.84  0.62  0.69  
20:5n-3 0.06  0.06  0.11  0.12  0.11  
22:2n-6 9.76  10.02  9.18  9.53  10.05  
22:4n-6 0.42  0.43  0.38  0.41  0.42  
22:5n-3 1.96  2.02  2.19  1.95  2.34  
22:6n-3 11.14  11.44  10.42  10.71  10.26  

Σ PUFA 35.58  36.55  33.19  33.38  35.22  
Σ n-3  27.98  28.74  26.34  26.60  27.81  
Σ n-6  7.60  7.80  6.85  6.77  7.41  
n-3/n-6 3.68  3.68  3.84  3.93  3.75  
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Table 3: Fatty acid composition of Atlantic salmon diets supplemented with Palmaria palmata (%, n=3). 

 
 Experimental diets 

 Ctrl1 Ctrl+1 P5 P10 P15 

12:0 0.21  0.22  0.26  0.23  0.21  
14:0 5.59  5.77  5.51  5.86  5.89  
16:0 18.54  18.86  18.96  19.08  19.95  
18:0 4.04  3.80  4.35  3.88  3.51  
20:0 0.23  0.23  0.31  0.26  0.20  
22:0 0.06  0.05  0.04  0.05  0.08  

Σ SFA 28.67  28.93  29.43  29.36  29.84  

14:1n-5 0.32  0.31  0.39  0.34  0.30  
16:1n-7 7.44  7.36  7.22  6.95  6.81  
18:1n-9 17.55  17.39  17.22  17.83  17.95  
20:1n-9 11.26  11.38  10.69  10.69  9.77  
24:1n-9 1.49  1.52  1.57  1.56  1.31  

Σ MUFA 38.06  37.97  37.09  37.37  36.15  

18:2n-6 5.16  5.17  4.86  4.70  4.95  
18:3n-6 1.44  1.43  1.45  1.36  1.45  
18:3n-3 3.88  3.80  3.91  3.58  3.84  
20:2n-6 0.16  0.26  0.28  0.16  0.29  
20:3n-6 0.32  0.57  0.31  0.30  0.35  
20:3n-3 0.17  0.22  0.41  0.55  0.52  
20:5n-3 0.09  0.09  0.27  0.94  0.98  
22:2n-6 9.05  8.86  9.17  9.45  9.51  
22:4n-6 0.41  0.40  0.38  0.37  0.38  
22:5n-3 1.82  1.77  1.76  1.66  1.89  
22:6n-3 10.77  10.53  10.69  10.21  9.87  

Σ PUFA 33.27  33.11  33.48  33.28  34.02  
Σ n-3  16.65  16.32  16.76  16.00  16.12  
Σ n-6  7.57  7.93  7.55  7.82  8.39  
n-3/n-6 2.20  2.06  2.21  2.04  1.92  
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6.2.5. Metal analysis 

Fish meal, seaweed meal (Table 4), and finished experimental diets (Table 5) were 

directly analysed for elemental content. While, fish samples were washed with pure 

water [18.3 MN·cm, Millipore, Bedford, USA] to remove surface debris, and were 

freeze-dried using a -52 °C FreeZone 12L Freeze dry system [Labconco, Missouri, 

USA] prior to analysis. In order to maintain consistency, samples of muscle and skin 

were taken from the upper muscle mass region, which is adjacent to the operculum and 

above the lateral line (Chapter 2, Figure 16). Acid digestion (ISO 6) of samples, and 

metal analysis (ISO 7) were carried out in the Ryan Institute’s Chemical Monitoring 

Facility. Approximately 100 mg of sample were digested with 1 mL 30% H2O2 

[TraceSelect® Ultra, Sigma-Aldrich, St. Louis, USA], 2.5 mL 65% HNO3 [Trace 

metal-free grade, Fisher Scientific, Loughborough, UK] and 2.5 mL pure water [18.3 

MN·cm, Millipore, Bedford, USA] in a closed vessel microwave digestion [Multiwave 

3000, Anton Paar, Graz, Austria]. Certified reference material (CRM) of Ulva lactuca 

[BCR-279, European Joint Research Centre; Institute for reference materials and 

measurements-IRMM, Geel, Belgium], fish muscle (Pollachius virens) [ERM- BB422, 

European Joint Research Centre; Institute for reference materials and measurements-

IRMM, Geel, Belgium], and dog fish (Squalus acanthias) liver [DOLT-4, National 

Research Council Canada, Measurement Science and Standards, Ontario, Canada] was 

used for analytical quality assurance. CRM mean values found in this study, and 

certified reported values are presented in Appendix - Table S1. Elemental analysis was 

performed using an Elan DRC-e Inductively Coupled Plasma–Mass Spectrometry, ICP-

MS, [Perkin-Elmer, Dublin, Ireland] in standard mode. A total of four macro-elements 

were measured: magnesium (Mg), silicon (Si), calcium (Ca), and potassium (K), and 

twenty trace-elements were analysed: aluminium (Al), arsenic (As), boron (B), 

cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), manganese (Mn), 

molybdenum (Mo), nickel (Ni), antimony (Sb), selenium (Se), silver (Ag), strontium 

(Sr), tin (Sn), lead (Pb), titanium (Ti), vanadium (V), zinc (Zn).  
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Table 4: Macro and trace metals in fish meal and macroalgae (dry weight, n= 5).  

 Trial 1 Trial 2 

 Fish meal Ulva rigida Fish meal Palmaria palmata 

Macro-elements; g kg-1      

Mg 1.35  25.07  2.19  3.30  

Si 0.67  5.03  0.02  0.61  

Ca 16.56  33.27  31.32  4.91  
K 3.87  14.22  9.05  -   

Trace-elements; mg kg-1     

B 2.30  53.75  6.70  196.91  

Al 74.05  4369.28  41.49  172.35  

Ti 27.11  73.59  63.23  11.94  

V 0.35  8.85  0.35  23.31  

Cr 1.56  35.32  1.02  1.06  

Mn 72.72  59.73  9.98  19.29  

Fe 247.22  3157.40  262.47  604.90  

Co 0.11  1.55  0.07  0.29  

Ni 0.76  16.60  0.88  6.43  

Cu 5.92  33.89  2.84  4.51  

Sr 0.03   0.17  77.88  23.48  

Zn 41.01  19.61  4.27  9.17  

As 3.06  4.59  3.01  2.32  

Se 1.27  2.84  0.07  0.06  

Mo 0.23  0.78  0.13  0.57  

Ag <0.01  0.04  0.01  0.19  

Cd 0.04  0.11  0.10  0.23  

Sn 0.15  0.36  0.01  0.07  

Pb 0.23  3.79  0.08  1.33  

- Over the limit of detection.  
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Table 5: The composition of macro and trace metals in experimental diets (dry weight, n=5). 

Ctrl, control; Ctrl+, control with astaxanthin; U5, 5%; U10, 10%; U15, 15% U. rigida inclusion; P5, 5%; P10, 10%; P15, 15% P. palmata inclusion.

 Experimental diets 

 Ctrl1 Ctrl+1 U5 U10 U15 Ctrl2 Ctrl+2 P5 P10 P15 

Macro-elements; g kg-1                  

Mg 1.54  1.62  2.74  3.85  5.04  1.50  1.47  1.78  1.85  1.93  
Si 0.85  0.89  0.96  0.96  0.99  0.75  0.70  0.75  0.75  0.76  
Ca 27.25  28.20  28.86  29.13  30.94  17.85  17.75  17.69  17.42  14.66  
K 5.07  5.49  5.83  6.23  6.78  4.76  4.72  11.83  12.98  19.64  

Trace-elements; mg kg-1                  

B 2.44  2.53  5.45  8.48  11.99  2.87  3.00  24.35  27.00  48.80  
Al 99.11  101.18  131.66  140.23  159.86  55.83  60.43  76.05  77.84  87.14  
Ti 33.50  35.66  35.93  35.76  37.88  28.26  27.60  26.74  25.50  21.96  
V 0.55  0.61  0.64  0.81  0.86  0.65  0.66  3.17  3.46  5.90  
Cr 1.49  1.71  1.59  1.73  1.98  1.46  1.45  1.26  1.29  1.55  
Mn 74.27  77.00  86.21  86.72  95.15  75.69  74.35  75.83  78.40  78.47  
Fe 232.84  354.76  279.54  300.88  420.52  236.19  251.60  272.98  393.18  292.75  
Co 0.14  0.15  0.16  0.17  0.20  0.12  0.12  0.14  0.14  0.15  
Ni 0.96  1.10  1.10  1.28  1.51  0.75  0.72  1.21  1.23  1.75  
Cu 6.48  8.97  8.81  8.65  8.20  5.84  6.47  7.17  7.37  7.04  
Zn 40.66  47.46  47.49  50.91  52.88  48.26  48.08  48.36  45.00  40.19  
As 4.80  5.18  5.26  5.42  5.11  3.85  3.70  4.28  4.28  4.64  
Se 1.51  1.78  1.82  1.94  2.17  2.07  1.96  1.92  1.97  1.84  
Sr 0.13  0.14  0.14  0.15  0.16  0.06  0.06  0.06  0.07  0.06  
Mo 0.31  0.34  0.33  0.35  0.40  0.15  0.16  0.20  0.20  0.27  
Ag 0.04  0.04  0.04  0.04  0.04  0.00  0.00  0.02  0.02  0.04  
Cd 0.11  0.13  0.12  0.13  0.12  0.26  0.23  0.20  0.22  0.18  
Sn 0.15  0.36  0.29  0.23  0.24  0.14  0.16  0.24  0.22  0.21  
Pb 0.22  0.23  0.32  0.37  0.61  0.20  0.19  0.37  0.35  0.44  
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6.2.6. Calculations and Statistical analysis 

Datasets are presented as means, where appropriate with the corresponding standard 

error (SE) value. Prior to statistical analysis, datasets were tested for homogeneity of 

variance using Corchran’s C test, and were subsequently transformed if the data did not 

meet the assumption. Differences were considered significant differences when p< 0.05.  

To discern possible pigment compartmentalisation, repeated measures ANOVA 

(rmANOVA) was used to analyse colour spatial coordinate values of anterior, mid and 

posterior fillet steak (dependent) within the individual fish (independent). Results were 

initially assessed using the Mauchly test for data sphericity, and subsequently test 

results were examined for within dietary effects (‘Position’ and ‘Position x Diet’). If 

needed an appropriate epsilon correction was applied to meet the data sphericity 

assumption. Cohen’s (1988) interpretation of partial η squared results (η2<0.02 = small; 

0.13 = medium and >0.26 = large) was used to compare the effect size. Pairwise 

comparisons were carried out to examine significant differences between sampled 

‘Positions’. Overall dietary treatment effects were tested within the rmANOVA model, 

and Tukey’s postshoc test was applied to discern differences between the treatment 

diets. Analyses of the distribution of metals and fatty acid in salmon tissue were 

performed using Permutational Multivariance Analysis of Variance - PERMANOVA 

[PERMANOVA+, PRIMER ver. 6, Plymouth, UK]. A multivariate test was preferred to 

a series of multiple univariate tests with the associated issues of increased Type I error 

(false rejections of the null hypothesis). Datasets were normalised, prior to 

PERMANOVA pair-wise comparison testing on the basis of Euclidean distances. The 

design of the PERMANOVA used the Monte Carlo asymptotic distributions test with a 

nested design: fatty acid [‘Diet’ x ‘Tank (Diet)] or metal composition [‘Diet’ x ‘Tissue 

(Diet)’].  

 

6.3. Results  

6.3.1. Fillet pigmentation  

The measurements in the L*a* b* colour values for the fillet muscle from feeding 

experiment 1 and 2, are shown in Figure 1. Both positive control diets (Ctrl+1 & Ctrl+2) 

from the feed experiments show statistically significant increases in a* (redness) and b* 

(yellowness) compared to all other diets (p<0.05, Table 6). While the basal dietary 

control group (Ctrl1 & Ctrl2, with no algal inclusion and synthetic astaxanthin) had low 

a* and b* values.  
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When compared with the basal dietary group (Ctrl 1), salmon fed with U. rigida 

inclusion diets (U5, U10 & U15) were shown to have significant enhancement in 

muscle colouration. This was shown by the decrease of -a* greenness and increase +b* 

yellowness values (p < 0.05, Figure1). Highest spatial colour differences were observed 

in salmon that was fed with the 15% U. rigida inclusion diet. Beyond 10% Ulva 

inclusion both -a* and +b* rate of change decreased and showed signs that the curve is 

reaching asymptote. Using a quadratic regression model, the rate of change in colour 

can be described by the following equation: -a*= 0.0088 x (% Ulva)2 - 0.2501 x (% 

Ulva) - 0.5276 (F=55.10, df= 4, p<0.001, adjusted R² = 0.62), and +b*= -0.0372 x (% 

Ulva)2 + 1.2259 x (% Ulva) + 2.9447 (F=103.60, df=4, p<0.001, adjusted R² = 0.75). 

Similarly, muscle L* (lightness) decreased as a function of increasing Ulva inclusion, 

but the correlation was lower than the other spatial coordinates values (F=9.72, 

p=0.004, adjusted R² = 0.20). The use of P. palmata in the experimental diets also 

resulted in significant increases in the measured muscle surface colour L, a* and 

b*values (p<0.05). Comparing between the two feeding experiments, dietary inclusion 

of U. rigida (U5, U10, and U15) gave a higher muscle colour change than any of the P. 

palmata diets (P5, P10, and P15), with an over two-fold increase being measured in 

parameter b*.  

For the Palmaria feeding experiment the less substantial colour change and a wide 

variability in the measured parameters consequently resulted in weak regression models: 

adjusted R2 of L* = 0.35, a* = 0.32, and b* = 0.41.  

 

In both feed experiments, repeated measures ANOVA carried out on L* and a* 

discerned that there was no significant change in salmon muscle colouration throughout 

the different sampled body positions: anterior, mid and posterior (p>0.05, Table 6). 

However, this was with the exception of yellowness (+b*) values, where it showed 

significant differences between the sampling ‘Positions’ for both trial 1 and 2 (p<0.001 

and p<0.003, respectively). The strength of differences was considered large as the 

calculated partial η2 for Trial 1 and 2 were 0.370 and 0.346, respectively. Pairwise 

comparisons discerned that both mid and posterior sampling positions remained 

statistically the same for both Ulva and Palmaria feed experiments (p>0.05). Mean +b* 

values for the latter trial showed some dietary groups in which the posterior was higher 

than the mid-section (Figure 2).  
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For both experiments, significant decreases in measured yellowness were observed in 

the anterior position when compared to the other body sections (p<0.05). The overall 

+b* differences between anterior and posterior reached a maximum of 24% for Trial 1 

and 88% for Trial 2. No statistically significant interaction effects were observed 

between ‘Position x Diet’ in the trials (p > 0.05). 

 

Figure 1: The relationship between dietary seaweed inclusion and Atlantic salmon (S. 

salar) muscle colouration. (A & B) L* lightness; (C & D) a* +redness/-greenness, (E 

& F) b* +yellowness/- blueness. Quadratic regression model was used as the line of 

best fit due to the highest adjusted R2 value attained compared to other models (e.g. 

linear, cubic, and polynomial), with exception of figure B and D where adjusted R2 was 

<0.1. Horizontal line represents the intersecting point at 0.   

A B 

C D 

E F 
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Table 6: Repeated measures of analysis of variance (ANOVA) on the salmon muscle 

pigmentation when fed with increasing inclusion of U. rigida and P. palmata (Trial 1 

n=3, Trial 2 n=4, ±SE). 

 Trial 1- U. rigida 

Between diets L* a* b* 

Ctrl1 49.87 ±0.37b -0.83 ±0.27c 2.71 ±0.16a 
Ctrl1+ 49.87  ±0.28a 2.56 ±0.21d 7.47 ±0.36b 
U5 49.77  ±0.28b -1.34 ±0.23bc 8.89 ±0.31bc 
U10 48.50  ±0.36b -2.21 ±0.10ab 10.66 ±0.54c 
U15 47.75  ±0.27a -2.26 ±0.10a 13.29 ±0.39d 

F-valuedf 7.149 4,10  69.6704,10  67.6184,10  
p-value  <0.001†  <0.001†  <0.001†  

Within diets F-valuedf p-value F-valuedf p-value F-valuedf p-value 

Position  0.5851.5 0.533 0.0601.5 0.988 16.4311.5 <0.001† 
Position x Diet  2.2275.9 0.490 1.8155.9 0.107 0.6065.9 0.769 

 Trial 2- P. palmata 

Between diets L* a* b* 

Ctrl1 48.52 ±0.38ab 0.54 ±0.10ab 4.51 ±0.34ab 
Ctrl1+ 43.98 ±0.26a 4.82 ±0.47c 7.62 ±0.41c 
P5 52.39 ±2.42a 1.25 ±0.40ab 2.46 ±0.27a 
P10 59.20 ±0.24b 2.55 ±0.06bc 2.48 ±0.14a 
P15 46.13 ±1.49ab -0.05 ±0.35a 4.91 ±0.40b 

F-valuedf 5.8654  11.484  28.8114  
p-value  0.005†  <0.001†  <0.001†  

Within diets F-valuedf P-value F-valuedf P-value F-valuedf P-value 

Position  2.2572 0.144 0.0582 0.943 7.3932 0.003† 
Position x Diet  1.2878 0.3108 1.6198 0.1648 0.9618 0.481 

Ctrl, control; Ctrl+, control with astaxanthin; U5, 5%; U10, 10%; U15, 15% U. rigida; 

P5, 5%; P10, 10%; P15, 15% P. palmata dietary inclusion. †Statistical significance was 

considered when P<0.05.  
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Figure 2: The change in spatial colouration (yellowness, b*) in the Atlantic salmon (S. 

salar) body. [●] Ctrl, control; [●] Ctrl+, control with astaxanthin; [▼] 5%; [▲] 10%; 

[∎] 15%, dietary macroalgae inclusion. A) U. rigida (n=9 fish); B) P. palmata (n=4 

fish) (± SE). 

 

 

 

[ b
*]

0

2

4

6

8

10

12

14

16

Anterior Mid Posterior

[ b
*]

0

2

4

6

8

10

 

A 

B 



Chapter 6: Effects of dietary seaweed on salmon muscle quality and food safety 

Page | 197  

6.3.2. Fillet fatty acid profile  

Measurements performed on the fatty acid composition in the Ulva rigida and Palmaria 

palmata meals are presented in Table 2, and the seaweed inclusion salmon diets are 

shown in Table 3. The fatty acid composition in the salmon fillet muscle showed that n-

3 fatty acid were the highest PUFA fraction, with EPA and DHA being the most 

abundant PUFAs (Table 7 and Table 8). Analysis carried out on the fillet fatty acid 

composition in both feeding trials revealed there were no significant changes between 

the seaweed and the dietary control salmon groups (p>0.05). Correlation PCA on the 

fatty acid profile had further shown there was no distinct clustering for any of the 

dietary groups (Figure 3 and 4). Both Ulva and Palmaria feeding trial PCA had a 

combined first and second principal component of 54.2% and 58.3%, respectively. 

  



Chapter 6: Effects of dietary seaweed on salmon muscle quality and food safety 

Page | 198  

Table 7: The muscle fatty acid composition of Atlantic salmon (Salmo salar) fed with 

increasing inclusion of Ulva rigida diet (%, n= 3, ±SE). 

 Experimental diet 

 Ctrl Ctrl+ U5 U10 U15 

14:0 3.24 ±0.14 3.42 ±0.10 3.53 ±0.16 3.36 ±0.17 2.98 ±0.17 
16:0 25.28 ±2.33 21.39 ±0.69 19.03 ±2.90 23.16 ±1.29 23.89 ±1.98 
18:0 11.19 ±1.87 8.57 ±0.54 8.59 ±0.45 8.67 ±1.39 9.86 ±1.28 
20:0 0.26 ±0.04 0.24 ±0.06 0.25 ±0.05 0.24 ±0.05 0.23 ±0.04 
22:0 0.65 ±0.14 0.51 ±0.09 0.38 ±0.09 0.47 ±0.07 0.52 ±0.08 

Σ SFA 40.62 ±4.52 34.13 ±1.49 31.77 ±3.65 35.91 ±2.97 37.49 ±3.55 

14:1n-5 0.13 ±0.02 0.20 ±0.05 0.18 ±0.02 0.12 ±0.02 0.13 ±0.01 
16:1n-7 3.16 ±0.62 4.00 ±0.28 4.43 ±0.23 3.75 ±0.62 3.75 ±0.54 
18:1n-9 16.73 ±1.05 18.11 ±0.61 18.65 ±0.99 17.81 ±0.91 16.22 ±0.72 
20:1n-9 6.74 ±0.58 7.28 ±0.26 7.46 ±0.17 5.95 ±0.95 6.28 ±0.44 
22:1n-9 0.18 ±0.03 0.18 ±0.04 0.20 ±0.04 0.43 ±0.23 0.14 ±0.03 
24:1n-9 1.07 ±0.21 1.48 ±0.11 1.49 ±0.18 1.64 ±0.19 1.36 ±0.08 

Σ MUFA 28.00 ±2.50 31.25 ±1.35 32.40 ±1.61 29.71 ±2.92 27.89 ±1.81 

18:2n-6 4.46 ±0.31 4.72 ±0.18 4.75 ±0.26 4.68 ±0.22 4.45 ±0.22 
18:3n-6 1.52 ±0.07 1.50 ±0.06 1.56 ±0.08 1.42 ±0.23 1.47 ±0.10 
18:3n-3 3.34 ±0.18 3.40 ±0.16 3.72 ±0.20 3.43 ±0.15 3.17 ±0.17 
20:2n-6 0.23 ±0.06 0.26 ±0.06 0.31 ±0.07 0.35 ±0.17 0.15 ±0.01 
20:3n-6 0.16 ±0.04 0.18 ±0.03 0.21 ±0.04 0.33 ±0.11 0.18 ±0.03 
20:3n-3 0.27 ±0.10 0.14 ±0.05 0.16 ±0.05 0.17 ±0.05 0.27 ±0.15 
20:5n-3 5.83 ±0.69 6.29 ±0.24 6.84 ±0.47 6.06 ±0.47 6.40 ±0.28 
22:2n-6 0.40 ±0.32 0.12 ±0.03 0.28 ±0.23 0.07 ±0.02 0.06 ±0.02 
22:4n-6 0.46 ±0.12 0.36 ±0.02 0.47 ±0.04 0.35 ±0.04 0.38 ±0.05 
22:5n-3 2.59 ±0.19 2.81 ±0.06 2.88 ±0.14 2.62 ±0.09 2.52 ±0.12 
22:6n-3 12.11 ±0.90 14.84 ±0.68 14.63 ±0.76 14.91 ±1.02 15.56 ±1.14 

Σ PUFA 31.38 ±2.99 34.62 ±1.56 35.83 ±2.34 34.38 ±2.57 34.62 ±2.30 
Σ n-3  24.14 ±2.06 27.48 ±1.18 28.23 ±1.62 27.19 ±1.77 27.92 ±1.87 
Σ n-6 7.23 ±0.93 7.14 ±0.38 7.60 ±0.72 7.19 ±0.80 6.70 ±0.43 
n-3/n-6 3.34  3.85  3.72  3.78  4.17  

Ctrl, control; Ctrl+, control with astaxanthin; U5, 5%; U10, 10%; U15, 15% of U. 

rigida inclusion.  
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Table 8: Fatty acid composition of Atlantic salmon (Salmo salar) fed with increasing 

inclusion of Palmaria palmata diets (%, n= 3, ±SE).  

 Experimental diet 

 Ctrl Ctrl+ U5 U10 U15 

14:0 3.47 ±0.09 3.35 ±0.09 3.42 ±0.06 3.45 ±0.06 3.35 ±0.06 
16:0 20.99 ±0.61 20.66 ±0.62 21.35 ±0.74 19.97 ±0.69 20.37 ±0.71 
18:0 6.94 ±0.50 6.86 ±0.32 6.98 ±0.45 6.12 ±0.55 6.74 ±0.40 
20:0 0.34 ±0.01 0.27 ±0.04 0.34 ±0.01 0.22 ±0.05 0.29 ±0.03 

Σ SFA 31.73 ±1.21 31.14 ±1.07 32.08 ±1.26 29.75 ±1.34 30.75 ±1.20 

14:1n-5 0.14 ±0.01 0.15 ±0.01 0.14 ±0.01 0.16 ±0.01 0.16 ±0.01 
16:1n-7 5.08 ±0.25 5.38 ±0.33 4.90 ±0.34 5.73 ±0.34 5.19 ±0.27 
18:1n-9 19.54 ±0.35 19.04 ±0.51 19.19 ±0.55 19.51 ±0.32 19.57 ±0.42 
20:1n-9 7.85 ±0.29 8.16 ±0.22 7.74 ±0.18 8.65 ±0.38 8.12 ±0.24 
22:1n-9 0.40 ±0.11 0.50 ±0.18 0.12 ±0.06 0.55 ±0.21 0.35 ±0.19 
24:1n-9 1.60 ±0.03 1.42 ±0.09 1.57 ±0.05 1.48 ±0.11 1.57 ±0.04 

Σ MUFA 34.63 ±1.03 34.65 ±1.34 33.67 ±1.19 36.08 ±1.38 34.96 ±1.18 

18:2n-6 5.05 ±0.06 4.94 ±0.17 5.05 ±0.11 5.11 ±0.10 5.10 ±0.11 
18:3n-6 1.33 ±0.02 1.35 ±0.06 1.45 ±0.08 1.20 ±0.12 1.51 ±0.09 
18:3n-3 2.59 ±0.07 2.56 ±0.09 2.62 ±0.06 2.78 ±0.08 2.68 ±0.07 
20:2n-6 0.18 ±0.02 0.31 ±0.10 0.22 ±0.01 0.53 ±0.18 0.44 ±0.15 
20:3n-6 0.30 ±0.01 0.32 ±0.06 0.28 ±0.01 0.50 ±0.14 0.40 ±0.07 
20:5n-3 6.34 ±0.15 6.22 ±0.06 6.36 ±0.09 6.58 ±0.13 6.28 ±0.15 
22:2n-6 0.09 ±0.01 0.06 ±0.01 0.05 ±0.01 0.17 ±0.10 0.06 ±0.01 
22:4n-6 0.33 ±0.01 0.36 ±0.02 0.32 ±0.02 0.33 ±0.02 0.35 ±0.02 
22:5n-3 2.63 ±0.06 2.54 ±0.07 2.58 ±0.10 2.32 ±0.27 2.58 ±0.06 
22:6n-3 14.80 ±0.24 15.55 ±0.49 15.32 ±0.27 14.63 ±0.58 14.91 ±0.36 

Σ PUFA 33.64 ±0.65 34.21 ±1.12 34.25 ±0.75 34.16 ±1.73 34.29 ±1.10 
Σ n-3  26.36 ±0.52 26.87 ±0.70 26.88 ±0.52 26.32 ±1.05 26.44 ±0.64 
Σ n-6 13.62 ±0.28 13.56 ±0.48 13.73 ±0.33 14.42 ±0.80 14.13 ±0.60 
n3/n6 1.93  1.98  1.96  1.83  1.87  

Ctrl, control; Ctrl+, control with astaxanthin; P5, 5%; P10, 10%; P15, 15% P. palmata 

inclusion. 

 

Table 9: Permutational Analysis of Variance (PERMANOVA) on fatty acid composition 

in salmon fillet muscle.  

 Pseudo F value df P-value   

Trial 1- Ulva rigida     

Diet 1.338 4 0.154  

Tank (Diet) 0.90310 0.691  

Trial 2- Palmaria palmata   

Diet 0.7754              0.708        
Tank (Diet) 1.68110 0.01*  

Statistical significance was considered when P<0.05. 
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Figure 3: Principal component analysis (PCA) plot on the muscle fatty acid 

composition in Atlantic salmon fed with Ulva rigida inclusion diets. Points show the 

relative similarities of fish muscle samples in terms of their fatty acid composition: [▲] 

Control, [▼] Control positive, [∎]5, []10, [●] 15%. Ulva inclusion level. Letter 

denotes the corresponding eigenvectors, which shows the relationship of each fatty acid 

to another: [A] Myristate (C14:0); [B] Myristoleate (C14:1n5); [C] Palmitate (C16:0); 

[D] Palmitoleate (C16:1n7); [E] Sterate (C18:0); [F] Oleate (C18:1n9c); [G] Linoleate 

(C18:2n6c); [H] Archidate (C20:0) [I] y-linoleate (C18:3n6); [J] Gondoic (C20:1n9); 

[K] Linolenate (C18:3n3); [L] Eicosadienoate (C20:2n6); [M] Behenic (C22:0); [N] 

Homo-y-linolenate (C20:3n6); [O] Erucate (C22:1n9); [P] Eicosatrienoate (C20:3n3); 

[Q] Cis-Docosadienoic (C22:2 n-6); [R] Eicosapentaenoate (C20:5n3); [S] Nervosate 

(C24:1n9); [T] Docosatetraenoate (C22:4n6); [U] DPA3 (C22:5n3); [V] DHA 

(C22:6n3).The PCA had a cumulative variation for the first two components of 54.2%.  
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Figure 4: Principal component analysis (PCA) plot on the muscle fatty acid 

composition in Atlantic salmon fed with Palmaria palmata inclusion diets. Points show 

the relative similarities of fish muscle samples in terms of their fatty acid composition: 

[▲] Control, [▼] Control positive, [∎]5, []10, [●] 15%. Ulva inclusion level. Letter 

denotes the corresponding eigenvectors, which shows the relationship of each fatty acid 

to another: Letter denotes: [A] Myristate (C14:0); [B] Myristoleate (C14:1n5); [C] 

Palmitate (C16:0); [D] Palmitoleate (C16:1n7); [E] Sterate (C18:0); [F] Oleate 

(C18:1n9c); [G] Linolelaidic (C18:2n6 t); [H] Linoleate (C18:2n6c); [I] Archidate 

(C20:0); [J] y-linoleate (C18:3n6); [K] Gondoic (C20:1n9); [L] Linolenate (C18:3n3); 

[M] Eicosadienoate (C20:2n6); [N] Homo-y-linolenate (C20:3n6); [O] Erucate 

(C22:1n9); [P] Cis-Docosadienoic (C22:2 n-6); [Q] Eicosapentaenoate (C20:5n3); [R] 

Nervosate (C24:1n9); [S] Docosatetraenoate (C22:4n6); [T] DPA3 (C22:5n3); [U] 

DHA (C22:6n3). The PCA had a cumulative variation for the first two components of 

58.3%. 

6.3.3. Macro and trace element composition  

Analysis carried out on the Ulva and Palmaria meals showed that for the majority of the 

measured metals their content was on average >10 (Ulva) and >9 times (Palmaria) 

higher than in the fish meals used in the experiment (Table 4). The largest metal 

concentrations difference was aluminium in Ulva, with measured levels being recorded 

Principal Component 1 
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over 59-fold higher than the fish meal. Subsequently, metal content of the seaweed 

inclusion diets generally increased with increasing level of seaweed inclusion. Analysis 

of metal composition in fish muscle is presented in Table 9 and 10, while measured skin 

and liver metal content is shown in Table S2 to S5 (supplementary data). Both feed 

trials show similar macro-elemental composition with potassium consistently being the 

most abundant metal in the muscle and liver, while calcium was the most prominent 

element in the skin tissue. Of the trace elements, zinc was present in large amounts in 

both liver and skin tissues. Both iron and copper were the highest determined trace 

metals in the liver, however, titanium was the greatest measured element in the salmon 

muscle.  

 

Using PERMANOVA it was possible to discern that the metal content profile of the 

salmon tissues (muscle, skin and liver) was not significantly influenced by the increased 

dietary Ulva inclusion (F4=0.084, p= 0.986, Table 12). Equally, the inclusion of 

Palmaria did not have significant impact on salmon tissue metal composition (F=0.075, 

p=0.878).  

 

Overall, it was determined that the three analysed tissue types in both feeding 

experiments were distinct from each other (Trial 1, F10= 19.162, p <0.001; Trial 2, F10= 

20.106, p <0.001). Furthermore, none of the potentially toxic metals (vanadium, silver, 

arsenic, cadmium, tin, antimony and lead) in the fish tissue were found to be affected by 

any of the various experimental diets (Figure 5). For example, both B and V were found 

to be at higher concentrations in the seaweed and subsequent diets with seaweed 

inclusion, but this was not conferred into the fish tissues, with the exception of V 

content in fish muscle that was fed with 15% Palmaria inclusion diet.  

 

High variations in the measured metals were observed in both skin and liver samples, 

however, muscle tissue metal measurements were more tightly clustered as illustrated in 

the PCA plots (Figure 6).  
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Table 10: Macro and trace metals content in Atlantic salmon (Salmo salar) muscle fed 

with Ulva rigida inclusion diets (dry weight, n=3, ±SE). 

Ctrl, control; Ctrl+, control with astaxanthin; U5, 5%; U10, 10%; U15, 15% U. rigida 

inclusion.  

  

 Experimental diets 

 Ctrl Ctrl+ U5 U10 U15 

Macro elements [g kg-1]         

Mg 1.01 ±0.12 1.24 ±0.04 1.33 ±0.12 1.18 ±0.07 1.15 ±0.06 

Si 0.02 ±0.00 0.03 ±0.00 0.03 ±0.00 0.03 ±0.00 0.03 ±0.00 

Na 4.22 ±0.60 4.33 ±0.44 4.24 ±0.23 4.53 ±0.25 4.48 ±0.38 

Ca 0.57 ±0.32 0.87 ±0.44 1.19 ±0.52 0.68 ±0.29 1.02 ±0.42 

K 13.90 ±1.76 17.30 ±0.51 18.55 ±1.91 16.60 ±0.89 16.37 ±0.65 

Trace elements [mg kg-1]        

B 0.17 ±0.06 0.19 ±0.05 0.35 ±0.10 0.17 ±0.03 0.24 ±0.17 

Al 3.60 ±2.35 1.09 ±0.18 1.14 ±0.15 0.92 ±0.15 1.86 ±0.89 

Ti 24.89 ±3.03 28.01 ±1.41 32.91 ±3.85 29.39 ±1.25 26.38 ±1.63 

Mn 0.54 ±0.13 0.76 ±0.23 0.83 ±0.21 0.72 ±0.11 0.68 ±0.16 

Fe 9.11 ±2.00 13.46 ±2.15 13.09 ±1.89 12.93 ±1.53 11.32 ±1.68 

Co 0.01 ±0.00 <0.01 ±0.00 0.01 ±0.00 0.01 ±0.00 0.02 ±0.00 

Ni 0.08 ±0.04 0.04 ±0.02 0.08 ±0.03 0.06 ±0.02 0.10 ±0.03 

Cu 1.28 ±0.19 1.85 ±0.51 1.40 ±0.07 1.36 ±0.18 1.30 ±0.11 

Zn 11.25 ±1.43 12.93 ±0.89 13.96 ±1.34 13.01 ±0.63 12.82 ±0.93 

Se 0.91 ±0.12 0.93 ±0.04 1.04 ±0.07 0.88 ±0.04 0.97 ±0.05 

Sr <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 

Mo <0.01 ±0.00 0.01 ±0.00 0.03 ±0.01 0.05 ±0.02 0.01 ±0.00 
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Table 11: Macro and trace metals content in Atlantic salmon (Salmo salar) muscle fed 

with increasing inclusion of Palmaria palmata diets (dry weight, n=3, ±SE). 

Ctrl, control; Ctrl+, control with astaxanthin; P5, 5%; P10, 10%; P15, 15% P. palmata 

inclusion.  

 Experimental diets 

 Ctrl Ctrl+ P5 P10 P15 

Macro elements [g kg-1]         

Mg 1.13 ±0.05 1.14 ±0.05 1.23 ±0.04 0.95 ±0.06 1.17 ±0.05 
Si 0.02 ±0.00 0.02 ±0.00 0.02 ±0.00 0.04 ±0.00 0.02 ±0.00 
Na 1.37 ±0.07 1.24 ±0.12 1.41 ±0.08 1.35 ±0.10 1.50 ±0.15 
Ca 1.08 ±0.27 0.72 ±0.24 0.36 ±0.03 0.46 ±0.07 0.77 ±0.21 
K 15.52 ±0.84 14.23 ±0.61 16.35 ±0.66 12.22 ±0.89 15.94 ±0.80 

Trace elements [mg kg-1]         

B 0.32 ±0.02 0.47 ±0.08 0.32 ±0.05 0.36 ±0.05 0.38 ±0.07 
Al 0.58 ±0.06 1.26 ±0.49 0.70 ±0.10 1.12 ±0.28 0.80 ±0.06 
Ti 24.91 ±1.21 22.46 ±1.15 25.11 ±1.09 19.08 ±1.22 23.89 ±1.07 
Mn 0.77 ±0.15 0.55 ±0.12 0.39 ±0.02 0.40 ±0.04 0.54 ±0.07 
Fe 11.38 ±0.67 9.59 ±2.22 9.38 ±1.04 7.58 ±0.76 10.64 ±0.84 
Co 0.01 ±0.00 0.01 ±0.00 0.01 ±0.00 0.01 ±0.00 0.01 ±0.00 
Ni 0.04 ±0.01 0.16 ±0.11 0.03 ±0.01 0.06 ±0.02 0.07 ±0.02 
Cu 1.32 ±0.10 1.47 ±0.12 1.18 ±0.07 1.28 ±0.16 1.28 ±0.08 
Zn 11.36 ±0.35 10.29 ±0.62 10.36 ±0.33 9.37 ±0.32 10.36 ±0.47 
Se 0.69 ±0.02 0.69 ±0.03 0.78 ±0.03 0.60 ±0.04 0.70 ±0.03 
Sr <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 
Mo <0.01 ±0.00 0.01 ±0.00 0.01 ±0.00 0.02 ±0.01 0.01 ±0.00 
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Figure 5: Concentrations of potentially toxic metals in salmon muscle tissue fed with 

seaweed inclusion diets: Ulva rigida [∎]; Palmaria palmata [∎], mg kg-1, dry weight, 

n=3, error bars represents SE. 
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Figure 6: Principal Component Analysis (PCA) of metal distribution in Atlantic salmon 

(Salmo salar) tissues after being fed with supplemented A: Ulva rigida (64.1% 

cumulative variation in 1st and 2nd component); B: Palmaria palmata (70.9% 

cumulative variation in 1st and 2nd component) experimental diets. Points show the 

relative similarities of fish muscle samples in terms of their fatty acid composition: [1] 

Ctrl, [2] Ctrl+, [3] 5%, [4] 10%, [5] 15% algae inclusion, [▲] muscle, [▼] skin, [■] 

liver. [▲] Control, [▼] Control positive, [∎]5, []10, [●] 15%. Ulva inclusion level. 

Letter denotes the corresponding metal eigenvectors, which shows the relationship of 

each metal to another:   
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Table 12: Analysis on the metal distribution in salmon tissue after being fed with 

macroalgae inclusion diet using Permutational Analysis of Variance (PERMANOVA). 

 

 Pseudo F value df P-value   

Trial 1- Ulva rigida     

Diet 0.075 4 0.998  
Tissue (Diet) 29.93510 0.001*  

Trial 2- Palmaria palmata   

Diet 0.132 4                    0.871  
Tissue (Diet) 19.48910 0.001*  

* Statistical significance was considered when P<0.05. 

 

6.4 Discussion  

6.4.1. Muscle pigmentation  

The use of feed additives and fish meal replacers have previously been reported to show 

a range of beneficial qualities that include: increased growth performance, physiological 

improvements and/or enhancement in the immunological parameters. The complex 

nature of feed additives can also influence the overall food quality of farmed finfish. For 

instance, plant meals, such as a mixture of wheat, corn, pea and rapeseed, can have 

significant effect on gilthead sea bream (Sparus aurata) fatty acid profile, muscle 

quality and skin colouration (De Francesco et al., 2007).  

 

Marine macroalgae offers a source of functional feed supplements for finfish diets, 

however at present there have been only a limited of studies that have described the 

changes in the fillet quality, e.g. fatty acid, shelf-life stability and consumer quality 

(Moroney et al., 2015; Norambuenal et al., 2016; Moroney et al., 2016). The 

colourations of the skin and fillet muscle are a major attribute by which consumers 

assess product quality and determine acceptability, and this substantially affects overall 

market value (Bjerkeng, 2008). Work carried out using the red macroalgae Porphyra 

dioica in rainbow trout (Oncorhynchus mykiss) diets has shown its ability to enhance 

muscle pigmentation to an orange hue (Soler-Vila et al., 2009). In comparison, the 

present study showed that muscle pigmentation was significantly higher in treatment 

groups fed with Ulva inclusion diets than those fed on diets without algae. However, the 

use of Ulva in salmon diets did not give the typical commercial pink muscle 

colouration, but instead only increased b* colour spatial coordinates resulting in an 

overall yellow hue.  
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Increased inclusion rates of the green alga led to higher degree of yellowness in the 

fillet muscle. Similarly, greater dietary inclusion of P. palmata increased the yellow 

colouration of the fillets, but not to the same extent as the Ulva dietary groups. The 

alteration in salmon muscle colour could be regarded as commercially unfavourable, 

because it lacks the redness that consumers typically associate with a ‘good quality’ 

salmon product (Moretti et al., 2006). Previous studies have found differences in colour 

distribution over the tissues of salmonids. Namely, 30-40% more carotenoids were 

found in the caudal area of salmonids then the anterior body parts: neck and back 

(Bjerkeng, 2000). The colour measurement findings from the present study agreed with 

this colour distribution pattern, where yellowness parameter was higher in the posterior 

then the anterior sampled section.  

 

Like other seaweed species, both Ulva and Palmaria possess a complement of water 

soluble (e.g. chlorophylls and carotenes) and lipid soluble (e.g. xanthophylls) pigments. 

It is these lipid soluble oxygenated lycopene chained compounds that includes 

astaxanthin and canthaxanthin are responsible for the pink pigmentation in the muscle 

of wild and farmed salmonids (Baker, 2001; Skrede et al., 1990). For Ulva species, a 

number of xanthophylls has been reported including:  violaxanthin, myxaxanthin, 

lycopene antheraxanthin, astazanthein, cryptoxanthin, neoxanthin, zeaxanthin and lutein 

(Abd El-Baky et al., 2009; Mikami and Hosokawa, 2013). A previous study speculated 

that both lutein and zeaxanthin present in seaweeds are being absorbed into the fish and 

contribute to the observed colour changes (Soler-Vila et al., 2009). This was particularly 

evident in the present study as both compounds have a yellow hue, and Ulva and 

Palmaria are a significant source of these pigments.  

 

Analysis of carotenoid composition of skin samples from Nile tilapia (Oreochromis 

niloticus) fed with dietary supplementation of Ulva spp. (U. rigida and U. lactuca) 

revealed that violaxanthin was more effectively deposited in the tissue than either lutein 

or zeaxanthin (Valente et al., 2015). However, the study also noted that another 

xanthophyll was found to be present in the salmon skin, which resembled astaxanthin. It 

is possible that the astaxanthin-like compound could be the result of metabolic 

degradation from another xanthophylls. However, the xanthophyll in question was also 

present in the basal diet treatment group which lacked any algal inclusion, and therefore 

suggests that the experimental fish are gaining the pigment from another source in the 
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feed. For example corn gluten has been known to possess substantial amounts of lutein 

and zeaxanthin, and can lead to unfavourable finfish muscle colouration (Saez et al., 

2016). The ability of salmon to deposit xanthophyll pigments has been well 

documented, but what is unknown is whether seaweed pigments are metabolically 

changed in the salmon.  

 

While the current study on macroalgal derived pigmentation in salmon muscle may not 

meet consumer acceptance (i.e. yellowness found in Ulva fed salmon), the presence of 

these additional carotenoids could be viewed as nutritionally beneficial to the 

consumers. To variable degrees, xanthophylls possess antoxidative activity, and more 

importantly pigments such as lutein and zeaxanthin etc. are known as provitamin A, and 

are subsequently metabolised into retinol (vitamin A), an essential vitamin in normal 

human health (Christaki et al., 2012; Fraser and Bramley, 2004). In plant crop research, 

enhancing pro-vitamin A content through molecular engineering in cereals and other 

edible plants has been a popular research topic (e.g. ‘Golden Rice’), as a means to 

supply these nutritionally important compounds to people that lack food variety and 

availability (Beyer et al., 2002). As such presence of these alternative xanthophylls from 

a dietary algae source could open a niche market as a fortified fish product. While, 

yellow colouration in salmon does not meet consumer acceptability, the use of 

macroalgae could more appropriately be applied to ornamental finfish species (e.g. koi 

carp, livebearers, cichlids) with enhancement in fish skin colouration is a highly desired 

trait in feed products (Rama Nisha et al., 2014; Yuangsoi et al., 2011). Nevertheless, 

removal of the undesirable xanthophylls (lutein and zeaxanthin) in the Ulva meal could 

improve commercial acceptance as a feed component for farmed food fish species. For 

example, maize gluten can contain amounts of lutein and zeaxanthin and treating with 

either through an ethanol or butanol solvent extraction can result in a reduction of up to 

94% in total carotenoid content (Park et al., 1997).  

 

In both feeding experiments for the current study experimental diets with seaweed 

inclusion were without astaxanthin based additives, which would be typically found in 

commercial on-growing salmon feeds. Perhaps a combined diet of the tested macroalgae 

and an astaxanthin additive could result in an increase in muscle redness (a*) leading to 

market acceptance. Further research is required to understand whether multiple 

xanthophyll compounds could interact with each other (Olsen and Baker, 2006), where 
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one pigment could suppress or enhance the absorption/deposition of another leading to 

possible synergistic effects.  

 

6.4.2. Fillet fatty acid composition  

Polyunsaturated fatty acids (PUFA), but more specifically n -3 highly unsaturated fatty 

acid (HUFA) such as eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid 

(DHA, 22:6 n-3) can have significant beneficial role in maintaining normal human and 

finfish health (Montero et al., 2003; Ruxton et al., 2004). The increase in replacement of 

marine fish oils in aquafeeds with cheaper and more sustainable plant derived oils has 

consequently lowered the n-3/n-6 PUFA ratio (Torstensen et al., 2005). This can be 

illustrated by lower levels of n-3 long chained PUFA: EPA (20:5, n-3) and DHA (22:6, 

n-3) in farmed salmon after being fed with vegetable based oil diets (Henriques et al., 

2014). A low n-3/ n-6 ratio diet in fish and humans could lead to negative health effects 

such as cancer, cardiovascular, inflammatory and autoimmune diseases (Simopoulos, 

2002). When analysed, both algal species used in the present study showed relatively 

low amounts of total lipids, as has been reported in previous studies: Ulva ~0.11% and 

Palmaria ~ 1.8%, (Ergün et al., 2008; Mouritsen et al., 2013). Furthermore, both 

macroalgae species possess substantially high proportions of palmitic acid (C16:0), 

oleic acid (C18:1 n-9), EPA and DHA, the latter two being attractive for fish and human 

nutrition (Mouritsen et al., 2013; Ortiz et al., 2006).  

 

Little is known about how dietary macroalgae inclusion affects fish fatty acid profiles. 

Although in some fish feed studies dietary seaweed inclusion showed positive 

enhancements in the fish muscle lipid quality. This was evident in the use of both 

autoclaved treated and untreated Ulva rigida meal in rainbow trout (Oncorhynchus 

mykiss) diets where significant increases in muscle n-3 PUFA content and a decrease n-

3/ n-6 ratio were observed (Güroy et al., 2012). Similarly, trout (O. mykiss) that have 

been fasted for three weeks after being fed on an Ulva rigida supplemented diet for 

twelve weeks resulted in enhancements of fillet n-3 fatty acid levels, with elevated 

amounts of α-linolenic acid (ALA), EPA and DHA (Güroy et al., 2011). In comparison 

to other studies, no significant changes in muscle fatty acid composition was observed 

in the supplementation of Porphyra spp. (5%) in red sea bream diets (Pagrus major, 

Kalla et al., 2008).  
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Using a commercially available Ulva ohnoi derived feed supplement product 

(VerdeminTM, MBD Nutrition, Victoria, Australia) at an inclusion level of 2.5% in 

Atlantic salmon diet, the subsequent 12 week feeding trial demonstrated no positive 

enhancement in body fatty acid profile (Norambuena et al., 2015). However, at 5% Ulva 

inclusion level the salmon fillet muscle was reported to have gained 3.5% higher 

amount of total long chained omega-6 fatty than in fish that were fed without algal 

inclusion. The lack of significant fatty acid enhancement in the present study, and that 

in the commercial U. ohnoi supplement feeding experiment could be related to the 

amount of total lipid that is present in the salmon test diet. Given that salmon diets are 

typically formulated with a high lipid content as a means to spare the protein for 

growth, it is possible that the enhancement from the seaweed are being masked by other 

lipids sources in the diet (i.e. fish oil and fish meal), which are substantially higher than 

the seaweed. The hypothesis may also explain why that the present studies lacked 

observable effects in the feed or in the resulting salmon fillet muscle. 

 

It is possible to alter seaweeds prior to harvest to induce higher fatty acid production, 

for example, augmenting individuals through exposure to specific environmental 

conditions could enhance nutritional and bioactive components. In one particular study, 

exposure to low light irradiance (8–10% photosynthetically active radiation, PAR) in 

Tichocarpus crinitus had increased the proportion of DHA by 13%, when compared to 

70–80% PAR level (Khotimchenko and Yakovleva, 2005). The use of these methods 

could condition seaweeds prior to harvest allowing the product to meet specific niche 

markets, like those for farmed finfish food or for bioactive extraction. Another method 

of attaining significant quantities of seaweed derived lipid for animal feeds is by 

selecting macroalgae species that are rich in lipids. Most notably, the brown algae order 

Dictyotales has the some of the highest known lipid producing species, with Dictoyta 

acutiloba and D. sandvicensis being able to yeild 16.1 and 20.2% respectively of total 

lipid from the dry seaweed biomass (McDermid and Stuercke, 2003). 

 

Deriving oils from seaweeds as a standalone product could be seen as uneconomical 

alternative to fish oils, as evident by the low amount of total lipid found in the present 

and past studies. However, algae lipid production could be sourced as a by-product from 

a more lucrative enterprise, e.g. phycolloid production. It has been estimated that 

approximately 369,800 tonnes of dried seaweed were collected for the production of 

agar (72,300 tonnes), alginate (95,000 tonnes) and carrageenan (202,500 tonnes) during 
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2009 (Bixler and Porse, 2010). By adding an initial solvent extraction step to the 

phycocolloid production process, it is possible to recover up to 18,490 tonnes of algae 

oil (assuming a 5% lipid content, Gosch et al., 2012). Additionally, new emerging 

extraction technologies such as supercritical fluid extraction and pressurised liquid 

extraction could allow higher efficiency in lipid extraction (Kadam et al., 2013). 

Nevertheless, the amount of extractable lipid from seaweed are only the maximum 

estimated levels, and as such does not take into account for loss during the extraction 

process, or the financial cost of processing and investment needed for extraction process 

(e.g. solvents and commercial scale lipid extraction equipment). To the author’s 

knowledge, there are currently no published reports on the economic viability of 

deriving lipids from seaweeds.   

 

6.4.3. Macro and trace metals  

Marine macroalgae could be an ideal source of mineral supplement in aquafeeds as they 

possess significant amounts of the macro elements calcium, iron, potassium and 

magnesium. Trace elements such as selenium, cobalt, and chromium are essential 

components in normal finfish growth and health (Watanabe et al., 1997), and previous 

studies have shown that macroalgae are an important source of these nutritional 

elements (Malea and Kevrekidis, 2014; Sawidis et al., 2001). The present study concurs 

with these trends as high amounts of both macro and trace elements were observed in 

the measured U. rigida and P. palmata meals. Similarly, in the experimental diets, 

metal concentrations were generally enhanced when seaweed inclusion increased (e.g. 

Mg, Fe, Mn, Zn and Se).  

 

In the previous Chapters 4 and 5, it was observed that crude ash content was increased 

in the salmon after feeding on the either Palmaria palmata or Ulva rigida inclusion 

diets. The assessment of crude ash levels is a proxy measure of macro and trace 

minerals in foods and feeds (Hardy and Barrows, 2002). However, measurements 

carried out in the current study showed that neither the muscle, skin nor liver in the 

experimental salmon had elevated metal levels. The discrepancy could lie with the 

proximate composition being assessed on the entire fish, while metal measurements 

were carried out on specific fish tissues. Consequently, the increase in dietary mineral 

content could be attributed to another part of the salmon. For example, metals could 

have been preferentially accumulated in the skeletal tissue, as many of the macro (e.g. 

calcium and phosphorous) and trace (e.g. zinc, manganese, and copper) elements are 
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required for the mineralisation of normal bone growth and function (Lall and Lewis-

McCrea, 2007). Further metal analysis on other salmon tissue types would clarify where 

metals are preferentially deposited as already shown by the current study’s PCA score 

plots.  

 

Little is known on how dietary seaweed inclusion can affect metal composition in 

farmed finfish. In a previous study it was revealed that the inclusion of Ulva 

(Enteromorpha) prolifera in large yellow croaker (Pseudosciaena crocea) diets 

significantly increased body macro element content: calcium (71%), copper (142%), 

iron (20%), potassium (32%), magnesium (46%), sodium (104%) and nickel (12%) 

(Asino et al., 2011). In the present study, no significant increase in metal concentrations 

was observed in salmon that were fed with macroalgal supplemented diets. It is possible 

that the lack of metal content increase in salmon tissues (muscle, skin and liver) could 

be the result of poor metal bioavailability in the tested seaweeds. One possible reason is 

the presence of complex heterogeneous polysaccharides (e.g. alginates, ulvan and 

fucoidan) interacting with metals to form complexes (Gyurcsik and Nagy, 2000). 

Indeed, in vitro digestion experiments using an Atlantic horse mackerel (Trachurus 

trachurus) model has shown that the level of metal digestibility was positively 

correlated with the amount of carbohydrate present in the seaweed (Moreda-Piñeiro et 

al., 2012). For many carnivorous fish species such as salmonids, they lack the necessary 

endogenous digestive enzymes to break down the indigestible carbohydrates, e.g. 

complex polysaccharides (Refstie et al., 2005).  

 

Improving the metal bioavailability in seaweeds could provide a viable alternative to 

mineral supplements that are currently used in aquafeeds (Rey-Crespo et al., 2014). In 

order to achieve this goal, the use of saccharification manufacturing processes, such as 

enzymatic hydrolysis and microbial fermentation, could liberate the bound metals by 

breaking down the algal polysaccharides (Refstie et al., 2005; Wang et al., 2015). 

However, the aim to enhance metal bioavailability should be exercised with caution, as 

the same manufacturing processes could also increase the biological availability of 

certain toxic elements in the seaweed, e.g. Cd, As, Sn and Pb (Watzke, 1998).  

 

In the present study, levels of all recognised toxic elements: arsenic, cadmium and lead 

in P. palmata and U. rigida meals complied with EU’s legislative limits on toxic metals 

(arsenic 40 mg kg-1, cadmium 3 mg kg-1 and lead 10 mg kg-1) in seaweeds that are for 
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animal feed materials (EU, 2012, 2002). Moreover, experimental diets with seaweed 

inclusion complied with EU Directive 2002/32/EC on maximum permissible limits of 

toxic metals in animal feeds (arsenic 5-40 mg kg-1, cadmium 1-10 mg kg-1 and lead 5-40 

mg kg-1). Compliance to international maximum permissible limits on toxic metals in 

seafood and other food items, (e.g. EU, 2006, FAO and WHO, 2011, and Australia and 

New Zealand Food Standards Code, 2013) was also found in muscle tissue from salmon 

that was fed with algal inclusion diets. This is particularly pertinent to the Ulva meal 

used in the present study as this was sourced from the annual green tides in Harbour 

View Bay, Co. Cork, Ireland, and typically mass algae proliferations are often 

associated with higher nutritional and toxic metal levels (W. Lee and Wang, 2001).   

 

Arsenic levels in the salmon muscle (<14.12 mg kg-1, Trial 1 and 2) did however exceed 

the maximum permissible limits on seafood products in force in Australia and New 

Zealand (1-2 mg kg-1 Australia New Zealand Food Standards Code, 2013), Canada (3.5 

mg kg-1, Food and Drug Regulations, 2014) and Hong Kong (6-10 mg kg-1 Centre for 

Food Safety, 2007). This could have been caused by salmonids being a relatively oily 

fish species, and adipocytes are abundantly found in the muscle fibres (Nanton et al., 

2007). In marine fish species, much of the arsenic is the form of arsenolipids and 

consequently is often associated with these fatty tissues (Sele et al., 2012).  

 

6.5. Conclusion  

Seaweeds possess a variety of metabolites, which can have dietary applications in 

farmed finfish species. However, little is known about how these sustainable marine 

resources could affect the product quality when fed to the farmed fish. From the current 

study, dietary seaweed supplementation has induced a limited range of influences on the 

salmon product quality. The most significant modification was salmon muscle 

colouration, with dietary U. rigida inclusion at 15% producing the highest increase in 

muscle yellowness and greenness values, resulting in an overall yellow hue appearance. 

Overall, the resulting muscle colouration from dietary inclusion of U. rigida or P. 

palmata are not suitable for immediate or direct application in commercially farmed 

salmon. In order to meet consumer acceptability, additional experimentation would be 

required to enhance the colouration of fish muscle to the acceptable red/pink 

pigmentation through the addition of other pigments, e.g. astaxanthin. The addition of 

seaweeds also increased macro and trace metal concentrations in the salmon diets. 
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However, the presence of higher element content in the experimental diets did not 

significantly enhance macro or trace metal levels in the salmon tissues (muscle, skin 

and liver). This may suggest that metal bioavailability in Ulva and Palmaria are poor, 

and further treatment beyond drying and milling the seaweed is required in order to 

improve the bioavailability. Measurements carried out on potentially toxic metals: 

vanadium, silver, arsenic, cadmium, chromium, tin, antimony and lead, in the tested 

algal meal and diets revealed that the concentrations meet national and international 

legislation maximum allowable limits (e.g. EU) for animal feeds. Moreover, potentially 

toxic metals in the sampled salmon tissues showed no significant changes in the 

concentration when compared to the dietary controls. Overall toxic metal levels in the 

salmon tissues: muscle, skin and liver were within the regulatory limits for human 

consumption. While manufacturing processes (e.g. hydrolysis and fermentation) could 

improve seaweed metal bioavailability, the increase could also make toxic metals more 

readily available to the fish. Consequently, there would be a need for further 

experiments using processed algal meals in fish diets to examine whether this concern is 

warranted. 
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Supplementary data  

Table S1: Observed results of the metal determination in certified reference material found in the present study (mg kg-1, dry weight, n=5, ±SE). 

 

 

  

 

 Fish Liver [DOLT-4] Fish Muscle [ERM-BB422] Ulva [BCR-279] 

Certified values Reported1 Found Reported1 Found Reported1 Found 

Mn     0.37 ±0.03 0.39 ±0.02     

Fe 1833.00 ±75.00 1616.27 ±39.07 9.40 ±1.40 8.90 ±0.52     

Ni 0.97 ±0.11 0.75 ±0.05          

Cu 31.20 ±1.10 29.38 ±1.12 1.67 ±0.16 1.81 ±0.19 13.10 ±0.40 11.22 ±0.42 
Zn     16.00 ±1.10 15.03 ±1.63 51.30 ±1.20 40.87 ±1.67 

As 9.66 ±0.62 8.57 ±0.37 12.70 ±0.70 12.26 ±1.33 3.09 ±0.21 2.81 ±0.07 
Se 8.30 ±1.34 8.14 ±0.42 1.33 ±0.13 1.41 ±0.12     

Ag 0.93 ±0.07 0.77 ±0.03          

Cd 24.30 ±0.80 20.55 ±0.86 0.01 ±0.00 0.02 ±0.01 0.27 ±0.02 0.23 ±0.00 

Pb 0.16 ±0.04 0.12 ±0.01     13.50 ±0.40 10.05 ±0.19 
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Table S2: Macro and trace metals content in the skin tissue of Atlantic salmon (Salmo 

salar) fed with increasing inclusion of Ulva rigida diets (dry weight, n=3, ±SE). 

 

 

  

 Experimental diets 

 Ctrl Ctrl+ U5 U10 U15 

Macro elements [g kg-1] 

Mg 1.01 ±0.13 0.97 ±0.07 1.18 ±0.06 0.92 ±0.08 1.18 ±0.06 
Si 0.02 ±0.01 0.03 ±0.00 0.03 ±0.00 0.03 ±0.01 0.02 ±0.00 
Ca 28.09 ±3.98 27.40 ±4.04 36.17 ±2.45 27.44 ±3.23 32.29 ±2.88 
Na 1.35 ±0.22 2.47 ±0.34 1.94 ±0.19 2.29 ±0.18 1.33 ±0.10 
K 6.08 ±0.76 5.50 ±0.36 6.75 ±0.52 5.15 ±0.49 7.27 ±0.45 

Trace elements [mg kg-1] 

Al 2.16 ±0.55 1.14 ±0.12 1.15 ±0.17 1.82 ±0.39 1.21 ±0.23 
Ti 54.03 ±8.01 48.11 ±6.09 61.67 ±3.23 55.65 ±5.78 56.67 ±4.55 
V 0.14 ±0.02 0.17 ±0.02 0.19 ±0.02 0.21 ±0.03 0.22 ±0.02 
Cr 1.35 ±0.21 1.73 ±0.10 1.78 ±0.13 1.82 ±0.20 1.37 ±0.09 
Mn 9.48 ±1.37 10.67 ±1.25 13.86 ±1.35 11.07 ±1.14 8.69 ±0.66 
Fe 89.41 ±12.96 86.72 ±10.04 110.68 ±6.15 92.41 ±9.97 97.00 ±7.21 
Co 0.04 ±0.01 0.04 ±0.01 0.05 ±0.00 0.04 ±0.00 0.05 ±0.00 
Ni 0.96 ±0.13 0.90 ±0.14 1.22 ±0.08 1.04 ±0.12 1.06 ±0.08 
Cu 1.16 ±0.17 1.07 ±0.05 1.14 ±0.06 1.34 ±0.11 1.21 ±0.10 
Zn 24.44 ±3.61 26.94 ±2.29 27.53 ±1.65 29.43 ±2.04 27.24 ±2.03 
As 4.79 ±0.71 3.56 ±0.43 4.76 ±0.35 3.63 ±0.42 4.66 ±0.21 
Se 0.76 ±0.10 0.88 ±0.05 0.93 ±0.03 0.89 ±0.04 0.76 ±0.04 
Sr 0.14 ±0.02 0.13 ±0.02 0.16 ±0.01 0.13 ±0.02 0.15 ±0.01 
Mo 0.01 ±0.00 0.01 ±0.00 0.03 ±0.01 0.04 ±0.02 0.01 ±0.00 
Ag <0.01 ±0.01 0.01 ±0.00 <0.01 ±0.00 0.01 ±0.00 <0.01 ±0.00 
Cd 0.02 ±0.01 0.02 ±0.00 0.01 ±0.00 0.02 ±0.01 0.01 ±0.00 
Sn <0.01 ±0.00 0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 
Pb 0.01 ±0.00 <0.01 ±0.00 0.01 ±0.00 <0.01 ±0.00 0.01 ±0.00 
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Table S3: Macro and trace metals content in the liver tissue of Atlantic salmon (Salmo 

salar) fed with increasing inclusion of Ulva rigida diets (dry weight, n=3, ±SE). 

 

 

 

 

 

 

 

  

 Experimental diets 

 Ctrl1 Ctrl+1 U5 U10 U15 

Macro elements [g kg-1] 

Mg 0.88 ±0.12 0.99 ±0.10 0.97 ±0.04 0.99 ±0.06 0.97 ±0.08 
Si 0.02 ±0.00 0.02 ±0.00 0.02 ±0.00 0.02 ±0.00 0.02 ±0.00 
Ca 0.20 ±0.03 0.22 ±0.02 0.25 ±0.04 0.24 ±0.03 0.30 ±0.06 
Na 4.22 ±0.60 4.33 ±0.44 4.24 ±0.23 4.53 ±0.25 4.48 ±0.38 
K 15.61 ±2.06 17.27 ±1.74 16.88 ±0.81 17.01 ±1.00 17.16 ±1.46 

Trace elements [mg kg-1] 

Al 1.26 ±0.31 1.40 ±0.33 0.99 ±0.09 1.33 ±0.25 2.44 ±1.38 
Ti 23.77 ±3.06 26.51 ±2.75 25.24 ±1.31 25.43 ±1.21 26.02 ±2.03 
V 0.31 ±0.06 0.50 ±0.07 0.43 ±0.05 0.53 ±0.06 0.40 ±0.05 
Cr 0.78 ±0.11 0.82 ±0.07 0.72 ±0.05 0.84 ±0.02 0.76 ±0.07 
Mn 5.55 ±0.73 6.26 ±0.75 5.90 ±0.40 6.30 ±0.30 6.06 ±0.49 
Fe 217.68 ±47.22 308.89 ±37.03 303.32 ±33.22 286.78 ±45.62 278.16 ±45.57 
Co 0.08 ±0.01 0.11 ±0.02 0.10 ±0.01 0.11 ±0.01 0.10 ±0.01 
Ni 0.05 ±0.02 0.03 ±0.01 0.01 ±0.01 0.05 ±0.01 0.07 ±0.06 
Cu 337.88 ±66.09 377.83 ±40.65 340.67 ±32.28 329.35 ±37.48 365.42 ±48.30 
Zn 68.62 ±9.20 77.67 ±7.20 72.30 ±4.23 78.22 ±5.59 71.66 ±5.08 
As 5.76 ±0.76 7.04 ±0.86 6.15 ±0.24 6.30 ±0.48 6.12 ±0.46 
Se 8.75 ±1.33 9.54 ±0.70 9.29 ±0.84 8.71 ±0.75 8.28 ±0.93 
Sr <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 
Mo 0.67 ±0.10 0.71 ±0.07 0.66 ±0.05 0.70 ±0.06 0.64 ±0.05 
Ag 0.91 ±0.15 0.94 ±0.05 0.89 ±0.08 1.01 ±0.10 0.95 ±0.14 
Cd 0.01 ±0.00 0.02 ±0.00 0.02 ±0.00 0.04 ±0.01 0.02 ±0.01 
Sn <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 
Pb 0.02 ±0.01 0.01 ±0.00 <0.01 ±0.00 0.01 ±0.00 <0.01 ±0.00 
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Table S4: Macro and trace metals content in the skin tissue of Atlantic salmon (Salmo 

salar) fed with increasing inclusion of Palmaria palmata diets (dry weight, n=3, ±SE). 

 

 

  

 Experimental diets 

 Ctrl2 Ctrl+2 P5 P10 P15 

Macro elements [g kg-1] 

Mg 1.50 ±0.01 1.47 ±0.02 1.78 ±0.02 1.85 ±0.03 1.93 ±0.02 

Si 0.75 ±0.01 0.70 ±0.02 0.75 ±0.01 0.75 ±0.02 0.76 ±0.02 

Ca 17.85 ±0.46 17.75 ±0.49 17.69 ±0.69 17.42 ±0.28 14.66 ±0.25 

Na 7.67 ±0.03 7.52 ±0.09 9.35 ±0.09 9.83 ±0.13 10.81 ±0.15 

K 4.76 ±0.01 4.72 ±0.03 11.83 ±0.14 12.98 ±0.36 19.64 ±0.15 

Trace elements [mg kg-1] 

B 2.87 ±0.02 3.00 ±0.04 24.35 ±0.57 27.00 ±1.19 48.80 ±0.60 

Al 55.83 ±1.90 60.43 ±2.80 76.05 ±1.31 77.84 ±2.56 87.14 ±3.40 

Ti 28.26 ±0.35 27.60 ±0.43 26.74 ±0.66 25.50 ±0.37 21.96 ±0.26 

V 0.65 ±0.04 0.66 ±0.05 3.17 ±0.06 3.46 ±0.13 5.90 ±0.02 

Cr 1.46 ±0.08 1.45 ±0.03 1.26 ±0.04 1.29 ±0.04 1.55 ±0.30 

Mn 75.69 ±0.49 74.35 ±1.13 75.83 ±0.40 78.40 ±1.03 78.47 ±0.60 

Fe 236.19 ±6.04 251.60 ±10.17 272.98 ±18.33 393.18 ±85.01 292.75 ±10.15 

Co 0.12 ±0.00 0.12 ±0.00 0.14 ±0.00 0.14 ±0.00 0.15 ±0.00 

Ni 0.75 ±0.03 0.72 ±0.03 1.21 ±0.02 1.23 ±0.03 1.75 ±0.03 

Cu 5.84 ±0.17 6.47 ±0.49 7.17 ±0.51 7.37 ±0.30 7.04 ±0.05 

Zn 48.26 ±0.88 48.08 ±0.33 48.36 ±0.88 45.00 ±0.44 40.19 ±0.42 

As 3.85 ±0.05 3.70 ±0.06 4.28 ±0.04 4.28 ±0.06 4.64 ±0.02 

Se 2.07 ±0.03 1.96 ±0.03 1.92 ±0.02 1.97 ±0.04 1.84 ±0.01 

Sr 0.06 ±0.00 0.06 ±0.00 0.06 ±0.00 0.07 ±0.00 0.06 ±0.00 

Mo 0.15 ±0.00 0.16 ±0.01 0.20 ±0.00 0.20 ±0.01 0.27 ±0.01 

Ag <0.01 ±0.00 <0.01 ±0.00 0.02 ±0.00 0.02 ±0.00 0.04 ±0.00 

Cd 0.26 ±0.00 0.23 ±0.01 0.20 ±0.00 0.22 ±0.00 0.18 ±0.01 

Sn 0.14 ±0.04 0.16 ±0.04 0.24 ±0.03 0.22 ±0.04 0.21 ±0.02 

Pb 0.20 ±0.02 0.19 ±0.03 0.37 ±0.13 0.35 ±0.06 0.44 ±0.15 
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Table S5: Macro and trace metals content in the liver tissue of Atlantic salmon (Salmo 

salar) fed with increasing inclusion of Palmaria palmata diets (dry weight, n=3, ±SE). 

 

 

  

 Experimental diets 

 Ctrl2 Ctrl+2 P5 P10 P15 

Macro elements [g kg-1] 

Mg 0.76 ±0.05 0.83 ±0.03 0.78 ±0.03 0.80 ±0.03 0.78 ±0.02 

Si 0.01 ±0.01 0.02 ±0.01 0.01 ±0.00 0.01 ±0.01 0.02 ±0.01 

Ca 0.12 ±0.07 0.17 ±0.04 0.07 ±0.03 0.11 ±0.03 0.18 ±0.07 

Na 3.84 ±0.21 3.76 ±0.19 3.63 ±0.15 3.80 ±0.26 3.59 ±0.17 

K 13.53 ±0.66 14.10 ±0.46 13.66 ±0.39 14.27 ±0.24 14.14 ±0.14 

Trace elements [mg kg-1] 

B 0.42 ±0.04 0.45 ±0.04 0.48 ±0.10 0.52 ±0.06 0.43 ±0.04 

Al 3.85 ±1.17 1.77 ±0.19 4.48 ±1.71 4.05 ±1.42 2.11 ±0.35 

Ti 40.18 ±1.76 40.96 ±0.94 40.21 ±0.56 41.85 ±0.45 38.81 ±1.64 

V 1.69 ±0.50 3.11 ±0.29 3.25 ±0.29 3.08 ±0.37 2.73 ±0.42 

Cr 0.93 ±0.08 0.99 ±0.06 0.92 ±0.05 0.99 ±0.09 0.85 ±0.05 

Mn 5.73 ±0.29 6.01 ±0.20 6.05 ±0.22 5.76 ±0.15 5.68 ±0.19 

Fe 369.49 ±34.78 378.17 ±30.68 352.91 ±35.08 363.30 ±12.25 368.11 ±28.38 

Co 0.16 ±0.01 0.16 ±0.01 0.18 ±0.01 0.17 ±0.01 0.17 ±0.01 

Ni 0.09 ±0.03 0.06 ±0.02 0.09 ±0.03 0.10 ±0.04 0.03 ±0.00 

Cu 585.84 ±60.72 406.89 ±65.14 330.92 ±58.90 373.07 ±44.25 372.01 ±63.30 

Zn 86.79 ±4.38 86.31 ±3.00 88.30 ±1.90 90.45 ±1.76 83.69 ±2.69 

As 9.51 ±0.62 8.83 ±0.51 8.82 ±0.41 9.60 ±0.57 8.62 ±0.41 

Se 11.47 ±0.68 9.53 ±0.64 9.52 ±0.54 9.98 ±0.48 9.22 ±0.87 

Sr <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 <0.01 ±0.00 

Mo 0.72 ±0.03 0.79 ±0.03 0.76 ±0.02 0.77 ±0.02 0.70 ±0.02 

Ag 2.49 ±0.41 2.71 ±0.58 2.40 ±0.33 2.18 ±0.20 2.15 ±0.35 

Cd 0.03 ±0.01 0.04 ±0.01 0.03 ±0.01 0.03 ±0.01 0.05 ±0.01 

Sn 0.01 ±0.00 0.01 ±0.00 0.01 ±0.00 0.00 ±0.00 0.01 ±0.00 

Pb 0.05 ±0.03 0.02 ±0.00 0.02 ±0.00 0.02 ±0.00 0.02 ±0.00 
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7.1. Seaweeds as feed component 

Testing dietary seaweed supplementation on salmon, in this thesis programme, has 

revealed that the feedstuff can partially replace fishmeal and starch without the loss of 

growth performance. Furthermore, the seaweed species that were tested demonstrated a 

selective range of physiological and fillet muscle quality enhancements. While previous 

chapters examined the technical and biological aspects of seaweed inclusion in salmon 

diets, this chapter will focus on the practicality of applying seaweeds in aquafeeds at a 

commercial level. The evaluation will encompass such aspects as the legislation that 

could affect seaweed use, sourcing and sustainability of seaweed for fish farming, 

economical assessment, and furthermore how selectively tailoring seaweeds could 

enhance its suitability for aquafeeds.  

 

7.2. Macroalgae as an aquafeed component 

In order for the incorporation of a macroalgae species into compound fish diet to be 

successfully commercialised, the alga should possess the following salient 

characteristics:  

 

 suitable nutritional profile for the intended fish species,  

 limited number of anti-nutritional factors,  

 cost effect production,  

 readily available all year round, 

 sufficient quantities to meet feed manufacturer demands.  

 

Matching the nutritional compatibility of seaweeds to the requirements of the intended 

fish could be achieved through targeted selective breeding programs, such as those used 

to create new breeds of plants, i.e. traditional breeding techniques or genetic 

modification.  In the Far-East, commercial cultivation of the highly demanded Pyropia 

(nori) for sushi making has been documented since 1670 (Oladokun et al., 2013).  In 

Japan in particular, this has led to 30 known cultivars, with certain cultivar lines having 

traits such as improved seaweed blade length (JP, 1990; Niwa et al., 2008).  

Furthermore with improved understanding of the sometimes cryptic and complex 

developmental life-history of seaweeds (e.g. Pyropia), it has enabled phycologists to 

manipulate algae by producing new morphological hybrid cultivars (Charrier et al., 

2015). In addition to their proven efficacy at producing plants with higher crop yields, 
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molecular techniques could also bring a host of other favourable attributes (e.g. 

improving lipid content or decreasing carbohydrate levels) by introducing new genes to 

manufacture a bioactive compound or altering expression of genes or changes to the 

ploidy (Robinson et al., 2013).  Such modifications, however, may pose biosecurity 

issues through the introduction of foreign genes into local wild algal populations when 

these are cultivated in an open system or by accidental release (e.g. storm damage or 

fragmentation during seeding and harvesting).  Equally these concerns were raised by 

the use of genetically modified microalgae cultivation for biofuel production (Henley et 

al., 2013). By producing distinct algal cultivars it can lead to a condensed gene pool and 

increase susceptibility to diseases and environmental change (Halling et al., 2012).  

With proper management and planning, algal strains could be produced with improved 

nutritional content that is tailored to benefit fish aquaculture by enabling the 

replacement of unsustainable feed materials in aqua diets, e.g. fish meal and fish oil. 

However, this also requires considerable financial investment and commitment over a 

longer time frame, as such then genomic approach may be achieved more rapidly. 

 

An alternative method of augmenting seaweeds in order to meet aquafeed requirements 

is exposing algae to specific environmental conditions during cultivation. As described 

earlier, it has been observed that seaweeds can physiologically and metabolically 

respond to an environmental change. For example, Palmaria palmata is known for its 

higher protein content during the winter-spring months (Galland-Irmouli et al., 1999), 

and the presence of elevated nitrogen and phosphate levels in the water column results 

in increased trace metal content (e.g. cobalt and manganese) in Ulva rigida (Munda and 

Veber, 2004). Thus, may even be possible to passively manipulate some algae species 

prior to harvest to achieve the necessary nutritional improvement with little economic 

input. For example, it has been reported in several algal species that it is possible to 

improve lipid content, fatty acid profile, and PUFA levels by simply changing the light 

intensity (Floreto et al., 1994; Gosch et al., 2015; Khotimchenko and Yakovleva, 2005).  

 

7.3. Sourcing macroalgae as a feed component 

While nutritional compatibility of a novel feed component is a prerequisite for use in 

aquafeeds, another factor is sourcing the necessary quantities of the prospective feed 

ingredient to meet feed manufacturer demand. It has been estimated that 28,000 

macroalgae species are known to exist (Guiry, 2012). However only a minority of the 
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seaweeds are found naturally in sufficient amounts that could be harvested 

commercially and meet the proportions needed for aquafeed production (Morand and 

Merceron, 2005; Seeley and Schlesinger, 2012; Thompson et al., 2010; Vea and Ask, 

2010). At present only a fraction of these species are collected at commercial scale 

including, Ecklonia radiata, Ascophyllum nodosum, Laminaria spp., Lessonia spp. and 

Macrocystis spp. (Guiry and Morrison, 2013; Vásquez, 2008; Vea and Ask, 2010; 

Zemke-White et al., 1999), and these are typically destined for phycocolloid extraction 

(Bixler and Porse, 2010).  

 

To ensure sustainability and habitat protection, many countries which practice 

commercial-scale wild seaweed harvesting are regulated by legislation and local quotas 

(Thompson et al., 2010). Set legal harvest limits and harvest management practices are 

especially important for slower growing species, e.g. Ascophyllum nodosum and kelp 

species (Guiry and Morrison, 2013; Maehre et al., 2014; Vásquez, 2008). If commercial 

finfish aquaculture should choose algae as a sustainable component in compound feeds, 

then initial availability would be limited to ‘off-the-shelf’ (wild) and cultivated seaweed 

species, which are sought after by phycocolloid manufacturers and food industries. If 

demands grow from the feed manufacturers then the competition with the phycocolloid 

industry could lead to higher market prices for the seaweed, and in turn could limit the 

use of seaweeds in aquafeeds.  

 

It is also important to consider the method of wild harvesting, as collection from the 

intertidal zones can invariably incur large costs due to labour intensive work, hazardous 

collection conditions and restrictive tidal conditions. Subtidal macroalgae such as the 

kelps can be collected through a more automated and mechanical means. These are 

usually performed on ships with specially adapted collection apparatus, such as the 

scoubidou in France (SEI, 2009) and seaweed trawler in Norway (Vea and Ask, 2010). 

The use of these devices has raised concerns over their ability to over collect and 

damage the seabed and marine habitats  (Hughes et al., 2013). 

 

Cultivating seaweeds could serve as an alternative supply and meet the necessary 

biomass demands for aquafeed production. Seaweed farming has long been practiced in 

the Far-East, and with the principal nations: China, Japan, Malaysia, Philippines, and 

South Korea, contributing towards a $6.4 billion per annum global industry (FAO, 

2014a). Comparing this to the western hemisphere, macroalgae farming is still at its 
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infancy and algal production has been limited to wild collections (Guiry and Morrison, 

2013; Seeley and Schlesinger, 2012; Vásquez, 2008; Vea and Ask, 2010). Several 

studies have shown culturing algal species can be successfully performed either at sea 

(Edwards and Dring, 2011; Peteiro et al., 2013), or on land-based installations (Hafting 

et al., 2011; Marinho et al., 2013). Furthermore the success of culturing algae will 

depend on the life cycle of the algae, with some species such as Euchema and 

Kappaphycus being easily propagated from break off fronds reattaching to cultivation 

lines, while species like Laminaria digitata require cultivation through the life-cycle 

(Edwards and Watson, 2011) 

 

Producing macroalgae meal using Integrated Multi-Trophic Aquaculture (IMTA) 

systems could also be a viable option, with the primary intention of mitigating the 

ecological effects of the highest trophic farmed species, i.e. fish. The concept involves 

the co-culturing of different trophic-level organisms (e.g. salmon> bivalve>macroalgae) 

in the same locality, where effluent produced by the highest trophic level (e.g. fish 

faeces and uneaten food) is taken up by the lower trophic levels as a nutritional source 

(Troell et al., 2009). These lower trophic levels could include filter feeders, such as 

bivalve species that could utilise the particulate organic matter (POM), while dissolved 

organic matter (DOM) is absorbed by the cultured seaweeds. Algae that are grown in a 

high nutrient environment may also bring nutritional advantages compared to stand 

alone seaweed production units. In an IMTA land-based system (sole and turbot), 

Gracilaria vermiculophylla had up to 37% higher nitrogen content in the tissue than 

their wild population counterparts (Abreu et al., 2011). However, there may be a 

negative effect on the seaweed quality grown in recirculating aquaculture system 

(RAS), as elevated nitrogen and phosphate levels in the water can enhance uptake of 

metals, and in particular toxic elements (W.-Y. Lee and Wang, 2001).   

 

Attaining substantial macroalgae biomass in a short space of time could also be 

achieved by exploiting algae blooms. A prevalent and significant annual phenomenon, 

species from Ulva (Zhang et al., 2014), Codium (Israel et al., 2010), Caulerpa (Walters, 

2009), and Sargassum (Gower and King, 2011) are the principal algae which can 

proliferate in significant quantities and in a short period of time. Commercial-scale 

viability is most likely for Ulva and Sargassum blooms because of the natural beaching 

events associated with these blooms. This has advantage over collecting from the sea as 
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it allows non-specialised machinery (e.g. farm-yard tractors) to collect the biomass from 

the shoreline at a relatively low cost (Charlier et al., 2008).  

 

7.4. Economic analysis: A case study in the economic value of using 

Ulva seaweed in aquafeeds. 

 

Aquafeeds represents a significant production cost to a fish farm operation, and the 

price of fish meal and fish oil are the most prominent elements in feed cost formulation 

(FAO, 2009b). Feed manufacturers must balance between maximising fish 

growth/health and the cost of the compound feed that the farmer is willing to pay. 

Cheap plant meals has been developed as a  replacer to these expensive fish derived 

components, and feed manufacturers have benefited through lower feed production cost 

while meeting the increase in global aquafeed demand (Naylor et al., 2009).  

 

Green algae blooms are naturally occurring events in estuarine systems and coastal 

shores, and unlike terrestrial plant crops which are also used for replacing fishmeal, they 

do not require energy (e.g. fossil fuels, labour and nutrients) input to grow the biomass. 

Depending on the country and the labour cost, the price of collecting the bloom can 

vary. In Ireland, the establishment of the Sea Lettuce Task Force (2010) reported that 

collecting the Ulva bloom in Courtmacsherry, Ireland (2009), would cost 16 euro per 

metric tonne, while Brittany’s Ulva bloom (France) was estimated to range from 7.60 to 

122 euro per metric tonne, depending on the area covered and machinery used (Charlier 

et al., 2007). The removal of the high water content through drying would be another 

costly exercise in getting the Ulva to the open market. Blooms which occur in tropical 

and sub-tropical countries would have a benefit of lower drying cost due to higher 

irradiance levels and air temperatures, whilst more temperate and colder climates would 

incur larger drying costs because of the reliance of fossil fuels for the equivalent high 

drying air temperatures (Fudholi et al., 2013). Methods of dewatering a large proportion 

of the water through mechanical treatment could also offer a cost effective means of 

decreasing water content. These methods might include initial mechanical pressing and 

shredding (Hart et al., 1976).  

 

The primary reason for using macroalgae, as it is for many other novel feed ingredients, 

is to replace the fishmeal component in the compound fish diet. A cost-benefit analysis 



Chapter 7: A future outlook of seaweeds in aquafeeds 

Page | 237  

approach can be used to assess Ulva meal as a case study in evaluating the economic 

viability of seaweed inclusion in high energy and high protein diets, i.e. salmon 

compound feed. From the analysis (Table 1), it shows that a formulation model 

comprising of a 10% Ulva inclusion level resulted in a saving of 1.27% fishmeal. This 

relatively small saving is the result of lower protein levels present in Ulva blooms 

(crude protein 7.69% in the present study), which is negligible compared to those of 

other fish meal alternatives like soya (dehulled, 48.5%), canola (38%) and wheat 

(12.9%, Gatlin et al., 2007). Using Scenario 1, where the seaweed is calculated on the 

basis of collection and processing cost would result in a financial saving of €20.21 per 

tonne of fish feed when the Ulva inclusion level was at 10%. However, at the higher 

15% inclusion rate, the cost would result in a greater estimate saving of €85.62 per 

tonne of feed. If the Ulva meal was to be purchased through a commercial supplier 

(Scenario 2), then the financial savings are only apparent with the 15% inclusion level 

(€56.11), while 10% had €0.54 cent saving per tonne. Considering the amount of 

aquafeed produced globally, which was estimated at 40 million metric tonnes during 

2013, the economic savings of utilising macroalgae are more apparent (€0.8 billion = 

€20.21 x 40 million at 10% inclusion, Alltech, 2014). The economical savings will 

fluctuate depending on a range of factors, which includes the size of the Ulva harvest, 

processing operation, capital equipment prices, fossil fuel, and market price of fishmeal 

and fillers.  
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Table 1: Economical analysis of the use of Ulva spp. blooms as a feed component in 

Atlantic salmon (Salmo salar) diet. 

aSea Lettuce Task Force (2010) 

b Calculation performed on Iowa State University grain cost calculator, suing the following assumptions: 

Moisture content: Initial 79.6% (Marsham et al., 2007) and final 9% (Wan et al., 2016) 

Drying capacity: 15.86 tonne hr-1  

Propane gas cost: €0.38 litre 

Electricity cost: €0.11 Kwh-1  

www.extension.iastate.edu/agdm/crops/xls/a1-20dryingcostcalculator.xls  

c Labour rate €25.00 hour-1 

d Mean price from Jan-Dec 2015, data from Worldbank.org through Indexmundi.com  

http://www.indexmundi.com/commodities/?commodity=fish-meal 

http://www.indexmundi.com/commodities/?commodity=corn&months=12&currency=eur 

e Accessed on 14-07-16, Alibaba.com, dried material $340  

f Basal salmon feed formulation; 40% protein, 25% lipid; energy 25 MJ kg-1  

Feed component cost 

Material  Description Price: € tonne-1 

Calculated Ulva feed component cost (not inc. capital cost) 

Collection a Machinery, labour and transport 16.00 
Dryingb Using gas & electric recirculation air drying system (inc. 

Labourc)  
64.45 

Milling  <1 mm powder grade (inc. Labourc) 28.03 

Total  108.48 

Current commercial market price of feed components 

Fish meal d With a 60% protein content 1,412.57 
Maize starch d  Filler  149.50 
Ulva spp.e  305.18 

Cost for one metric tonne of salmon feedf 

Without replacement 

   kg Cost € 

Fish meal    442.15  624.57 
Maize starch   143.35 21.43 

Total    646.00 

With Ulva replacement inclusion  

 @ 10% inclusion @ 15% inclusion 
 kg Cost €   kg Cost €  

Fishmeal  429.47  606.65  379.71 536.37 
Maize starch  55.46 8.29  51.74 7.74 

Scenario 1      
Ulva (Calculated) 100.00 10.85  150.00 16.27 
Total cost scenario 1  625.79   560.38 

Scenario 2      
Ulva  (Commercial)  100.00 30.52  150.00 45.78 
Total cost scenario 2  645.46   589.89 

Total savings for scenario 1  20.21  85.62 
Total savings for scenario 2 0.54  56.11 

http://www.extension.iastate.edu/agdm/crops/xls/a1-20dryingcostcalculator.xls
http://www.indexmundi.com/commodities/?commodity=fish-meal
http://www.indexmundi.com/commodities/?commodity=corn&months=12&currency=eur
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There are a number of factors which could affect the feasibility of using seaweed in 

aquafeeds and these are typically driven by market trading forces, which influence 

fishmeal prices, fossil fuel prices (Indexmundi, 2014), and labour costs (collecting the 

seaweed). Due to lack of available information, it is not possible to assess the 

production cost of other seaweed species production systems, such as those produced in 

open or closed Integrated-Multi-Trophic-Aquaculture systems (IMTA). Production 

costs can be affected by a multitude of parameters from biological (e.g. growth rate, 

level of technical knowledge required), to the economics (e.g. cost of labour, drying 

cost and capital equipment needed). In comparison with other macroalgae species and 

especially those produced in aquaculture operations, the cost of purchasing such 

seaweeds may not be economically as viable as Ulva. It has been reported that the 

market sale value for Palmaria palmata ranges from €16,000 to 18,000 tonne-1, and for 

Laminaria digitata the cost would be estimated at €10,000 to 16,000 tonne-1 (Edwards 

and Watson, 2011, Watson et al. 2012). However, these values (current) are niche 

market prices. With increasing seaweed production and more efficient culturing 

practices, production costs could lower to a level that is feasible for exploiting into 

aquafeeds. Furthermore, Edwards and Watson (2011) reported that co-culturing 

seaweeds with scallops on existing mussel cultivation sites would reduce the costs 

almost two-fold. It worth noting that these economical assessments are in the context of 

seaweeds acting as fish meal replacer (protein), and does not take into account the 

contribution of seaweeds in nutrients and (e.g. macro and trace metals, carotenoids, ω-3 

PUFAs, vitamins and antioxidants) and bioactive components (e.g. immunomodulation 

and binding properties) that may bring beneficial attributes to the feed.  

 

7.5. Harnessing the functional properties of multiple seaweeds 

It has been shown that different macroalgae species can confer different favourable 

enhancements to the finfish. For example, the use of Ulva rigida in rainbow trout 

(Oncorhynchus mykiss) diets showed a favourable enhancement in the muscle ω-3 fatty 

acid levels (Güroy et al., 2012). While, the use of 15% Porphyra dioica in rainbow trout 

(O. mykiss) diets was demonstrated to improve final fish weight (Soler-Vila et al., 

2009). In contrast, dietary inclusion of Macrocystis pyrifera had positively raised 

experimental trout body lipid and ash content (Dantagnan et al., 2009). For feed 

manufacturers, they may want to take advantage exploit these beneficial properties into 

a combined feed additive product. However, mixtures of different materials can also 



Chapter 7: A future outlook of seaweeds in aquafeeds 

Page | 240  

bring synergetic or antagonistic response patterns. The former can be illustrated by the 

observed enhancement of antioxidant capacity and lipid peroxidation resistance in 

cultured largemouth bass (Micropterus salmoide), when fed with a diet supplemented 

with high levels of selenium and vitamin E (Y.-J. Chen et al., 2012). While with the 

latter, the effects were found by the addition of high dietary copper and selenium in 

Atlantic salmon (Salmo salar) fry feed. The combination of both metals in the diet form 

metal complexes in the fish gut and caused a reduction in overall body selenium 

concentration and growth performance (Berntssen et al., 1999). 

 

Regardless of how each macroalgae species could bring physiological or nutritional 

changes to farmed finfish, economic feasibility can also play a significant factor in 

influencing the formulator’s choice of using a particular feed ingredient and the level at 

which is formulated into the compound feed. These choices can be affected by aspects 

of availability, market price, nutritional composition, and level of beneficial effects that 

it brings to the farmed finfish. For the latter, is when a specific alga is too costly to 

provide the conventional nutritional requirements; regardless of this, the manufacturer 

may still want to attain those favourable benefits which the alga delivers to the fish 

feed. Overall, the manufacturer may want to lower inclusion level to a point where it is 

still possible to attain a favourable attribute from the alga. 

 

To the authors’ knowledge, modelling the dietary effects of seaweed mixtures in 

aquafeeds has yet to be reported in the literature, nor has it been previously described in 

farmed Atlantic salmon. It is possible to speculate that the lack of such knowledge in 

public domains is due to knowledge having commercial value and patents and hence 

being unreleased. Nevertheless, there is a need for scientific understanding to the 

possible interactions from mixtures of different feed ingredients, in order to reveal 

antagonism or synergy in the different components of an aquafeed. Mixture experiments 

are typically carried out in the food industry in order to develop a new product for the 

consumer market. For example, a simplex centroid model can be used to investigate the 

effects of a three component mixture experimental design (Figure 1 and Table 2). The 

observed responses at the conclusion of the experiment will yield a set of values which 

will give a surface response, and depending on best fit models such as, linear, quadratic, 

cubic, or special cubic, is used to describe the values that were observed (Cornell, 

2002). Proprietary software such as Design-Expert ® [State-Ease, Minneapolis, USA] 
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can create these models and a feed manufacturer to find the optimal mixture formulation 

for the best possible response, e.g. growth or enhancement in the innate immunity.  

 

Figure 1: Simplex centroid matrices design using three different macroalgae species 

(e.g. Ulva rigida, Palmaria palmata and Laminaria digitata). Macroalgae combination 

is determined by the position of circled number on the matrix design. The value of χ=1 

represents the individual seaweed forming 100% of the algae matrices. 

 

Table 2: Percentage composition of the macroalgae elements in the simplex centroid 

design given in Figure 1 (above). 

 

 

 

 

 

 

 

 

 

 

 

Diets % 
Ulva 

rigida 
Palmaria 
palmata 

Laminaria 
digitata 

 

1   0.00 0.00 0.00  
2   11.25 3.75 0.00  
3    3.75 11.25 0.00  
4    0.00 11.25 3.75  
5    0.00 3.75 11.25  
6    3.75 0.00 11.25  
7   11.25 0.00 3.75  
8   12.00 1.50 1.50  
9   1.50 12.00 1.50  
10   1.50 1.50 12.00  
11   6.00 4.50 4.50  
12   4.50 6.00 4.50  
13   4.50 4.50 6.00  
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7.6. Future perspectives of seaweeds as aquafeed components 

There are many qualities of seaweed that might facilitate their exploitation for use as 

aquafeed components. In recent years, there has been strong interest amongst the 

European states to develop renewable energy sources using macroalgae as the feedstock 

(Hughes et al., 2013; Kraan, 2010). With the focus of using algae carbohydrates for 

producing 3rd generation biofuels, there is an opportunity to exploit the seaweed waste-

residue (e.g. proteins, minerals and oils) for aquafeed production. 

 

The use of readily available phycocolloids on the global markets could also be another 

stream for aquafeeds. Although high concentrations of these indigestible compounds 

could have an adverse effect on farmed finfish, it possible that small quantities could be 

used as a functional feed component. For example, phycocolloids could be used as feed 

binders (Dy Peñaflorida and Golez, 1996), as well as encapsulating sensitive 

compounds in the feed, e.g. medications, enzymes and probiotics (Borgogna et al., 

2011). With the addition of hydrolysis treatment to the phycocolloids, the resulting 

bioactive oligosaccharides could benefit fish gut health by acting as a prebiotic agent 

(Ramnani et al., 2012). 

 

Seaweeds are a complex feed ingredient with some components that could nutritionally 

benefit farmed fish, and other elements that can have a negative influence. To remove 

these factors, further processing such as chemical, physical, or biological methods, will 

need to be employed for seaweeds to be fully utilised in aquafeeds (Figure 2). Methods 

of processing could follow similar patterns to those currently applied to terrestrial plant 

crops. This would reduce the need to develop innovative manufacturing processes, 

reducing time needed from research testing to market application, and overall reducing 

development cost. In addition, there may be a need for seaweeds to undergo a pre-

treatment stage, such as particle size reduction for the purpose of increasing surface to 

volume ratio, or the removal of salts to prevent interference with the further processing 

of the seaweed (Kadam et al., 2013). 
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Figure 1: A roadmap to the future potential of macroalgae in fish diets. Blue- Raw macroalgae, Green boxes-manufacturing processes, red 

circles- commercial products, and direction of arrow represents flow of seaweed material. 
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7.6.1. Physical processing  

As reviewed in earlier chapters, the current understanding of the influences of seaweeds 

in aquafeeds is still in its infancy. Past investigations have largely comprised of 

evaluating dried milled seaweed used as a supplement in compound finfish diets 

(Chapter 1). Moreover, there are several studies which have investigated the efficacy of 

dietary supplementation of extracted seaweed polysaccharides (phycocolloid), where it 

was found that these complex molecules have the capacity to improve elements of fish 

health (Caipang et al., 2011; Van Doan et al., 2014). Nevertheless, there is a need for 

future research to focus on processing algae meals designed to enhance bio-availability 

and digestibility and, therefore, be more appealing for feed manufacturers to adopt as a 

feed ingredient. Physical processing of seaweeds with the intention of improving 

digestibility could be attained by number of methods translated from techniques used to 

treat higher plants. These include temperature, pressure, extrusion (Vauchel et al., 2008) 

or a combination of these methods. 

 

At present, there is only one reported study attempting to improve digestibility. The 

authors examined the merits of using heat, which in higher plants has been an effective 

method of enhancing digestibility (Zia-ur-Rehman and Salariya, 2005). The study 

comprised of using autoclaved Ulva rigida meal in rainbow trout diets (Oncorhynchus 

mykiss) and, it was found that no growth improvement was observed in the 

experimental fish. Moreover, the use of treated algae meal showed a trend of lower 

growth performance when compared to unprocessed Ulva supplemented diets (Güroy et 

al., 2012). It is possible that the reduced growth performance is due to degradation of 

labile compounds such as vitamins, fatty acids, phenolics, and carotenoids (Gupta et al., 

2012) which are needed for normal growth. Or possibly, the autoclave treatment 

resulted in the production of free radicals and pro-oxidative products. There are a 

number of other processing methods (e.g. fermentation, enzymatic hydrolysis, chemical 

hydrolysis and solvent extraction) that can also be employed to produce highly 

digestibility seaweed products for aquafeed manufacturing.  

 

7.6.2. Fermentation 

For centuries, fermentation has been a key method in preserving plant and animal food 

materials without the need for drying. Using the sugars present in the stock material 

microbes metabolically convert these molecules into acids, gases and alcohols. This has 
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significant application for seaweeds as fermentation can reduce the amount of 

indigestible complex carbohydrates, which have been shown to reduce nutritional 

digestibility (Marrion et al., 2003). In addition, fermentation can also reduce the amount 

of antinutritional factors present in plant meals. For example, soybean fermented with 

Lactobacillus brevis bacteria resulted in an end-product that was void of sucrose, and 

had reduced raffinose and trypsin inhibitor activity (Refstie et al., 2005). Similarly, the 

fermentation of duckweed (Lemna polyrhiza) using isolated microbiota from common 

carp (Cyprinus carpio) intestine produced negligible amounts of tannins and phytic acid 

in the fermented meal (Bairagi et al., 2002).  

 

During fermentation a large amount of cellular water is liberated through the breakdown 

of the cell walls and cellular membranes (van Laere et al., 2000). This has advantages 

for seaweed as the large water content present could be removed cheaply by methods 

such as filtration and pressing rather than the costly method of thermal drying. If 

needed, a dry algae feed material could be achieved with lower energy cost because of 

the already reduced water content.  

 

There are a number of microbes (yeast, fungi, and bacteria) that can be utilised for the 

fermentation process, but the strains or species used are dependent on the fermentation 

substrate (Vogel and Todaro, 1997). For instance, Van Laere et al. (2000) studied the 

fermentation of different plant cell walls and found certain Bifidobacterium spp. were 

more capable of degrading complex carbohydrates than some of the tested Clostridium 

species. 

Lactobacillales is one of the key bacterial Orders which have been heavily used in 

commercial fermentation processes. Referred to as lactic acid bacteria, the principal 

advantage of these microbes are their ability to produce copious amounts of lactic acid. 

The substantial production of lactic acid in the medium can rapidly lower the pH (< 

pH4.5) to a point where the growth of pathogens is suppressed, e.g. Salmonoella and 

Escherichia coli (Lindgren, 1992). Along with the production of other antimicrobial 

compounds (e.g. carbon dioxide, hydrogen peroxide and bacteriocins), lactic acid 

bacteria fermentation can extend the shelf-life in the feed material, without the need for 

drying (Lindgren and Dobrogosz, 1991).  

 

The use of microbial fermentation on seaweeds can also yield a range of beneficial by-

products. Functional improvements such as increased total phenolic and DPPH radical 
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scavenging activity can be observed in Laminaria japonica when subjected to 

Aspergillus oryzae fungal fermentation (Bae and Kim, 2010). Equally, fermenting 

Sargassum spp. inoculated with lactic acid bacteria resulted in a two-fold increase in 

DPPH scavenging activity and hydrogen peroxide scavenging activity (Shobharani et 

al., 2013). The breakdown of the indigestible algal carbohydrates by the microbial 

community can provide a source of prebiotic (O’Sullivan et al., 2010; Ramnani et al., 

2012) and immune-stimulatory (Magnadottir et al., 2006; Zhao and Cheung, 2011) 

products. If the microbiota is kept viable in the fermented seaweed meal (Wu et al., 

2007), it is possible the seaweed product could also provide an additional probiotic 

function (enhancing the gut microbiome). Although, negative changes may also occur 

such as the breakdown of carotenoids by the microbial community (Mendes-Pinto, 

2009).  

 

Seaweeds can be a resistant material for microbial communities to digest. In the case of 

the three brown algae Himanthalia elongata, Laminaria digitata and Saccharina 

latissima, testing showed that it was not possible to sustain lactic bacteria growth 

without prior processing of the algae, e.g. heat treatment (Gupta et al., 2011a). The 

resistant nature of seaweed to microbial digestion is a result of high concentrations of 

heterogeneous complex carbohydrates and the possible presence of anti-microbial 

compounds (Gupta and Abu-Ghannam, 2011). The use of more compatible microbial 

strains/communities could enable successful fermentation of the seaweeds. This could 

be achieved by cultivating the gut flora in marine fish species that have adapted to a 

natural diet of seaweeds (Bairagi et al., 2002; Mountfort et al., 2002; Ringø and 

Gatesoupe, 1998). 

 

7.6.3. Hydrolysis 

Hydrolysis is a process where water is used to chemically breakdown compounds. 

Applied to seaweeds, it could have the potential to enhance nutrient bioavailability by 

breaking the glycosidic linkages between sugar monomers that form the indigestible 

polysaccharide algal cell wall (Hehemann et al., 2012). These indigestible 

polysaccharides can be made up by an array such as cellulose, hemicellulose, ulvan and 

xyloglucan (Lahaye and Robic, 2007; Taboada et al., 2010). By performing hydrolysis 

on Palmaria palmata, R-phycoerythrin extraction was sixty-two times more efficient 

then with un-treated (or un-hydrolysed) seaweed (Dumay et al., 2013) Hydrolysis can 
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be achieved through various means such as physical (e.g. steam and autoclave), 

chemical (e.g. acid and alkaline) or enzymatic, however, the effectiveness and the end-

quality of the resulting feed material differs between methods (Willför et al., 2009). 

While physical and chemical hydrolysis can be considered an economically cost 

effective manufacturing process, it can have a deleterious impact on compounds present 

in the feed materials. For egg white protein, an increase in chemical hydrolysis resulted 

in a gradual decline of antioxidant capacity, and angiotensin-converting enzyme- ACE 

(Chen et al., 2012). Enzymatic hydrolysis carried out on the feed would need to be 

tailored to suit a specific feed material. In the case of seaweeds, the breakdown algal 

cell walls composed of complex heterogeneous polysaccharide structure can interfere 

with the efficacy of hydrolysis (Jiménez-Escrig and Sánchez-Muniz, 2000). It was 

shown that by using carbohydrases and proteases in tandem, that the highest amount of 

antioxidant activity measurement was achieved when compared to singular enzymatic 

hydrolysis treatment (Siriwardhana et al., 2004). 

 

The use of enzymatic hydrolysis can selectively break down specific compounds 

present in the seaweed without the need of exposing labile compounds to destructive 

conditions. Moreover, enzymatic hydrolysis can allow the recovery of labile compounds 

in feed materials, e.g. carotenoids (De Holanda and Netto, 2006). However, utilising 

enzymes as a means to carry out hydrolysis in feed materials can be a costly process due 

to the production cost of the enzymes, reduced enzyme activity due to inhibitory 

compounds, and high enzyme-substrate specificity (Hahn-Hägerdal et al., 2006).  

 

The application of hydrolysis can also allow the recovery of proteinaceous materials 

from protein rich animal by-products to become viable feed materials. These include 

fish viscera (Aspmo et al., 2005), terrestrial animal by-products (Fasakin et al., 2005; 

Sundar et al., 2011), and shellfish waste (De Holanda and Netto, 2006). By applying 

hydrolysis specifically to the protein component in seaweeds the extraction yield can be 

substantially enhanced (Galland-Irmouli et al., 1999). Moreover, hydrolysing seaweed 

proteins can produce peptides that have a variety of positive therapeutic influences, 

including ACE inhibition, antioxidant, immuno-stimulatory and anticoagulation 

activities (Cian et al., 2012; Harnedy and FitzGerald, 2011; Samarakoon and Jeon, 

2012). At present these functional compounds have yet to be tested in farmed fish, but 

its integration into feeds may prove to have additional physiological benefits besides 

providing nutritional sustenance.  
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7.6.4. Extraction systems  

The use of solvent extraction has been traditionally favoured in laboratories and 

industries as a method for isolating compounds of interest in feed materials and foods. 

The process to separates molecules on the basis of their relative solubility. Solvent 

extraction is a used in removal of anti-nutrients such as tannins, phytic acid and 

isothiocyanate in plant meals (Das Purkayastha et al., 2013), or even to decrease the 

amount of other unwanted compounds in feed materials e.g. carotenoids in maize meal 

(Park et al., 1997) and oil content in camelina meal (Ye et al., 2016). The application of 

solvent extraction to seaweeds can allow the recovery of nutritional and labile 

compounds in seaweeds that would otherwise be degraded during the manufacturing 

processing e.g. drying and milling (Gupta et al., 2011b). Furthermore, by carrying out 

the extraction prior to seaweeds being used for phycococolloid production, a range of 

secondary high-value products could be generated, e.g. carotenoids, phenoics, lipids, 

and vitamins (Tierney et al., 2010). Although organic solvents (e.g. dichloromethane, 

hexane and 1,1,1,2-tetrafluoroethane) used for the extraction process can be toxic and/or 

environmentally damaging and the level of solvent residue in the extracted product is 

therefore often regulated by legislation, e.g. Directive 2009/32/EC (EU, 2009a).  

 

In the review by Kadam et al. (2013), the authors discuss the alternatives to solvent 

extraction that could be applied to seaweeds and are both cost-effective and 

environmentally-friendly. These include enzyme-assisted extraction (EAE), microwave-

assisted extraction (MAE), ultrasound-assisted extraction (UAE), pressurised liquid 

extraction (PLE) and supercritical fluid extraction (SFE). Employing carbon dioxide at 

high pressure, the use of SFE is a highly effective method in the recovery of compounds 

in algae species. It was reported that 98.7% lipid yield was recovered from Pavlova spp. 

microalgae using SFE, while traditional solvent extraction produced under half the yield 

(Cheng et al., 2011). Similarly, when tested on the brown seaweed Sargassum 

hemiphyllum, total lipid, total ω-3 and many of the individual fatty acids were extracted 

at signifncatly higher concentrations than Soxhlet solvent extraction (Cheung et al., 

1998). While each extraction method has provided favourable results compared to 

solvent extraction, process expense means viability at a commercial scale may be 

limited to high value products, or compounds that bring a substantial enhancement 

when fed to the farm finfish, e.g. carotenoids and fatty acids. 
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7.7. Legislation and safety 

Under the EU’s Catalogue of Feed Materials (EU Regulation 68/2013, EU, 2013a), 

seaweeds could be marketed using the term ‘seaweed meal’, as the product is derived 

from drying and crushing of macro-algae. However, beyond this, seaweeds which has 

been subjected to other manufacturing processes would fall under the remit of ‘novel 

feed ingredient’, and are therefore subject to European Regulation (EC) 767/2009 ‘the 

placing on the market and use of feed’ (EU, 2009b). There are no specific restrictions 

on the species of algae, but all seaweed meal products must declare the crude ash 

content. The use of calcified macroalgae in the product would also warrant additional 

feed material naming. Specifically, the catalogue refers to these as ‘Maerl’ or 

‘Lithothamn’ (Phymatolithon calcareum), which are ground or granulated with a 

declaration of calcium and ash levels. 

 

Beyond these stated feed materials, the catalogue also refers to several feed materials 

under the term ‘Algae’ (No. 7.1.1-7.1.5, Regulation 68/2013, EU, 2013a). Although the 

use of ‘Algae’ is ambiguous as this can refer to microalgae as well as macroalgae the 

series of feed material categories using this term seems to be more relevant to 

microalgae, e.g. algae oil. Nevertheless, there is a lack of named feed material 

categories for seaweed products that are derived from manufacturing processes other 

than dry and milling, e.g. fermentation or hydrolysis. Until revisions are made to 

account for these materials in the Catalogue of Feed Materials, seaweed feed products 

will need to notify relevant representatives in the European feed business sector 

(Regulation (EC) 767/2009), and make public the notification on the Feed Materials 

Register (Feedmaterialsregister.eu). Furthermore, depending on the claims made, 

seaweed product could be deemed as a ‘feed additive’ rather than a ‘feed material’, e.g. 

‘favourably affect the characteristics of animal product’ (2011/25/EU, EU, 2011). If 

seaweeds were to be deemed an additive then the material will be legislated by 

Regulation 1831/2003, which requires authorisation from the European Food Safety 

Authority (EFSA) before products could enter the European market (EU, 2003).  

 

In non-EU nations, regulation of seaweeds as feed materials differs to that of the EU. In 

Canada, feed materials are governed by the Feeds Regulations, 1983 (SOR/83-593) 

which permits the use of seaweeds as animal feed components, but is limited to dried 
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and ground algae and is restricted to the following macroalgae families: Gelidiaceae, 

Gigartinaceae, Gracilariaceae, Solieriaceae, Palmariaceae, Bangiaceae, Laminariaceae, 

Lessoniaceae, Alariaceae, Fucaceae, Sargassaceae, Monostromataceae and Ulvaceae. 

For algae species which are not listed, or are derived by a method other than drying and 

milling, governmental approval will be required (Canada Justice Laws, 2015). While 

governmental regulations in Australia permit the use of seaweeds in fish diets, 

registration of the seaweed feed material is required as it is not deemed as ‘animal feed 

materials and ingredients’ (i.e. ‘they are fed as part of the normal diet of an animal’). As 

such, seaweed meals will need to conform to regulations under feed medication, 

supplement or additive (APVMA, 2015). Since the Agricultural and Veterinary 

Chemicals Legislation Amendment 2015 (F2015L00247, Comlaw, 2015), however, 

seaweeds could potentially be excluded from the registration if it meets a series of 

defining parameters (Registration Self-Assessment Tool Veterinary, 2015). 

 

Current EU regulation concerning contaminants present in feed materials is within the 

remit of EU Directive 2002/32/EC. The legislation specifically states the maximum 

legal limit on named substances, and these include: toxic elements (e.g. lead, mercury, 

arsenic and cadmium), mycotoxins (e.g. alfatoxin), antinutritional factors (e.g. gossypol 

and hydrocyanic acid), and persistent organic pollutants (e.g. DDT, dioxins and other 

PCBs , EU, 2002). At present, arsenic is the only named substance that specifically 

states the maximum level allowed in seaweeds (40 mg kg-1) and complete feeds with the 

addition of seaweed material (10 mg kg-1) (Regulation 1275/2013, EU, 2013b). 

However, this is with the exception of calcareous algae where arsenic has maximum 

content of 10 mg kg-1, fluorine 1,000 mg kg-1, and lead 15 mg kg-1. 

 

Environmental analyses carried out on collected wild seaweeds have shown that 

macroalgae can potentially accumulate large concentrations of these potentially harmful 

metals (Malea and Kevrekidis, 2014; Ryan et al., 2012). As discussed in earlier chapters 

of this thesis, there are a number of factors (biotic and abiotic) that can influence the 

accumulation of metals in seaweeds (Gaudry et al., 2006; Ryan et al., 2012).  The 

implications of this on the long-term viability and sustainability of collecting seaweeds 

for use in aquafeed production can be substantial.  At present, there are no legislation in 

the EU pertaining to a maximum allowable level of any metal in seaweeds in relation to 

its use in animal feeds or in human foods, with the notable exception of arsenic.  

Furthermore, any recommended/legislative safe limits for toxic elements in seaweeds, 
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animal feeds or food products are likely to vary between countries and institutions 

(Chapter 3: Table 5). Many of these safe limits only focus on what are considered as 

‘typical’ pollutants: arsenic, mercury, cadmium, chromium, lead and tin.  Recent 

research; however, indicates that other metals (e.g. antimony, silver, thallium and 

vanadium) could also have damaging health effects when they are present in the 

environment in even minute quantities (EPA, 2014).  

 

The environmental survey performed in this study revealed that many of the Ulva 

blooms in Ireland could be safely exploited as a component in animal feeds (Chapter 3).  

In general, the measured toxic elements (arsenic, cadmium, chromium and lead) in the 

Ulva samples were below limits set in EU and other international 

legislation/recommendations for foods and animal feeds.  In contrast, a study on the 

impact of the production method (monocultivation, IMTA and wild) has on metal 

accumulation in kelp (Laminaria digitata, Ratcliff et al., 2016) found that all surveyed 

L. digitata possessed substantial amounts of total arsenic (44 to 90 mg kg-1), many of 

which were above the EU’s legislative limit on arsenic in animal feeds (40 mg kg-1, 

Directive 2002/32/EC, EU, 2002). 

 

Further investigations are needed to clarify whether the arsenic is bioavailable and poses 

a health risk to farmed animals and humans.  For example, in studies such as Rose et al. 

(2007), the authors reported that commercially available Sargassum fusiforme (hijiki) 

products in the UK contained high amounts of total arsenic (ranging from 7.9-31 mg kg-

1).  This was in stark contrast to other seaweed species (Ecklonia bicyclis, Undaria 

pinnatifida, Saccharina japonica, Pyropia spp.) analysed in the same study, which had 

typical total arsenic levels ranging from 0.9 to 6.5 mg kg-1.  Upon further analysis much 

of the arsenic in Sargassum fusiforme was in an inorganic form (~ 71% of the total 

arsenic), which is widely accepted as one of the most toxic forms of arsenic. It would be 

prudent to fully evaluate new seaweed candidates for their toxic metal content to 

determine their potential use in animal feeds.   

 

Considered in a wider context, seaweeds are not the only feed material that can contain 

significant amounts of toxic metals.  For example, a survey carried out on Norwegian 

fish meals and fish oils found that these products can also be a potential source of 

arsenic (Sloth et al., 2005).  The average total arsenic reported was 7.7 mg kg-1 in fish 

meal and 11.2 mg kg1 in fish oil with measured inorganic arsenic in the samples 
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representing less than 1.2% of the total arsenic content.  Nevertheless, the authors noted 

that such high total arsenic contravened EU’s maximum allowable limit in complete 

feeding stuffs for fish and complete feeding stuffs for fur animals (10 mg kg -1 EU, 

2013).  

 

7.8. Conclusion  

Seaweeds form a major primary food source in coastal seas and estuarine ecosystems. It 

also offers as a new feed ingredient to an expanding fish farming industry. Green algal 

blooms from annual mass proliferation of the Ulva species, and the quantities generated 

can meet the necessary demands from finfish aquaculture. However, occurrences of 

green tides are often responding to nutrient rich conditions, and are often associated 

with anthropogenic inputs and the accumulation of potentially toxic metals. In the 

present study, it was shown that many of the Ulva blooms can safely be exploited in 

animal feeds, which meets within maximum legal limits of toxic metals. The addition of 

the Ulva biomass at incremental levels up to 15% in Atlantic salmon diets showed 

evidence that growth performance was maintained in the experimental fish. Similarly, 

this was also the case for Palmaria palmata supplementation in a subsequent feed 

experiment. Both feeding experiments provided evidence that the seaweeds used had 

influences on the fish physiology, and with the fillet quality. Furthermore, the current 

study has also addressed concerns over the safety of using algae in compound feeds, 

where experimental fish was found not to have accumulated hazardous levels of 

potentially toxic metals in the fish tissues. There are still many questions unanswered 

from the present investigation and previous reported studies (e.g. gut barrier status, anti-

nutritional factors, and isolating compounds which ), and for market uptake in utilising 

macroalgae as a sustainable novel feed material, it would be paramount for further 

studies to develop the related fields, e.g. diversifying the seaweed species used as a feed 

ingredient, enhancing nutrient bioavailability through manufacturing processes, 

developing a continuous supply chain, and exploiting the macroalgae waste streams 

from other industries. As the world human population continues to grow there is an 

increasing likelihood of global food insecurity. Macroalgae could play a role in 

delivering an alternative to fishmeal and also act as a functional feed supplement in the 

expansion of finfish aquaculture. 
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Abstract

Enrichment of nutrients and metals in seawater associated with anthropogenic activities can

threaten aquatic ecosystems. Consequently, nutrient and metal concentrations are parame-

ters used to define water quality. The European Union’s Water Framework Directive (WFD)

goes further than a contaminant-based approach and utilises indices to assess the Ecologi-

cal Status (ES) of transitional water bodies (e.g. estuaries and lagoons). One assessment is

based upon the abundance of opportunistic Ulva species, as an indication of eutrophication.

The objective of this study was to characterise Ireland’s Ulva blooms through the use of

WFD assessment, metal concentrations and taxonomic identity. Furthermore, the study

assessed whether the ecological assessment is related to the metal composition in the

Ulva. WFD algal bloom assessment revealed that the largest surveyed blooms had an esti-

mated biomass of 2164 metric tonnes (w/w). DNA sequences identified biomass from all

locations as Ulva rigida, with the exception of New Quay, which was Ulva rotundata. Some

blooms contained significant amounts of As, Cu, Cr, Pb and Sn. The results showed that all

metal concentrations had a negative relationship (except Se) with the Ecological Quality

Ratio (EQR). However, only in the case of Mn were these differences significant (p = 0.038).

Overall, the metal composition and concentrations found in Ulva were site dependent, and

not clearly related to the ES. Nevertheless, sites with a moderate or poor ES had a higher

variability in the metals levels than in estuaries with a high ES.

Introduction

Anthropogenic activities occurring in the coastal areas can produce an array of stressors on

the local biological communities. These pressures can change the aquatic conditions produc-

ing different forms of pollution (e.g. dystrophy caused by an excess of eutrophication, acidifi-

cation, metal toxicity, biological invasions, and pollution by organic compounds and organic

matter) that degrade the environment. This environmental degradation is particularly signifi-

cant in the coastal zone, where human activities have been historically concentrated [1]. The
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Atlantic coast of Europe and the Mediterranean basin have been inhabited for millennia, and

consequently alteration of environmental conditions and anthropogenic pressures are typically

more pronounced than in other coastal areas of the world [2]. Eutrophication has been identi-

fied as a principal pressure in European marine ecosystems, and decreasing nutrient loading

to these systems has been identified as the main restoration solution [3]. The effects of this

pressure can also alter irradiance levels and substrate composition and consequently reduce

the composition diversity of the aquatic and benthic communities [4, 5, 6]. Past studies have

shown that the anthropogenic release of potentially toxic metals into the water column can be

three times the amount from natural inputs [7, 8, 9]. It has been well documented that expo-

sure to priority pollutants (e.g. arsenic, cadmium, chromium, and lead) can be a risk to both

ecosystems [9] and human health [10].

To monitor coastal pollution, environmental surveys often primarily involve the measure-

ment of physical and chemical attributes to give a sense of water quality. However, the exclu-

sive use of such methods can give a localised and transient measurement, and overall offers

little indication of the long term effects of pollutants on the benthic ecology [11]. The use of

bioindicators as an ecological monitoring tool has advantages over physico-chemical indica-

tors. The core principle of using bioindicators is that they give a direct measure of the effect of

pollution on the organisms. Bioindicators could also give an indication of pollutant effects in

the benthic communities once the pollutant has disappeared from the aquatic system or when

levels of contaminants are too low for accurate determination to be carried out by analytical

instruments [11]. Moreover, the need to carry out measurements on the bioindicator is typi-

cally less frequent when compared to direct water sampling due to movement of water bodies

(e.g. estuaries and coastal zones) and temporal variations in contaminant concentration [12].

As such, bioindicators can give comprehensive information on the effects of the pollutant on

the ecosystem compared to direct measurements of the physical/chemical parameters.

The assessment of ecological health in marine system is governed by two primary pieces of

legislation, the Water Framework Directive (WFD) and the Marine Strategy Framework

Directive (MSFD). The WFD is based on an ecological assessment rather than a traditional

physico-chemical one, to assess the degree of degradation caused by anthropogenic pressures

[13]. This degradation must be assessed using different biological quality elements (BQE). One

of the BQE used to assess the Ecological Status (ES) in coastal and transitional water bodies is

based on the composition and abundance of the marine macroalgae. The presence of ‘blooms

of green opportunistic macroalgae’, mainly of the genus Ulva, have been primarily used for

assessment of transitional waters in Ireland [14, 15] and other European countries [16]. The

WFD assessment of opportunistic algae can also be considered when assessing the MSFD

descriptor in Eutrophication (D5) in coastal waters. However, for these investigations the sites

are transitional waters so outside to scope of the MSFD. The definitions of Good status differ

between the two directives, with the Water Framework Directive (WFD) aiming for at least

Good Ecological status and the Marine Strategy Framework Directive (MSFD) aiming for

Good Environmental status. There are differences between the directives as to how such an

environmental position is defined with the WFD focusing on Biological, chemical and sup-

porting elements to describe status and the MSFD looking at a wider range of descriptors of

the entire marine ecosystem. There are also differences in the scale of the assessment. The

WFD is concerned with all surface and ground water bodies in member states up to 1 nautical

mile from the land. The MSFD covers the entire marine waters of member states with the

inner MSFD boundary incorporating coastal waters as defined under the WFD, but does not

include the transitional waters (brackish and estuarine waters). In the coastal areas the overlap

between the directives the MSFD is considered where it adds new elements not covered under

the WFD.
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Green macroalgae of the genus Ulva (commonly known as ‘Sea Lettuce’; Ulvophyceae,

Chlorophyta) are cosmopolitan, able to tolerate a wide range of salinities and consequently are

found in freshwater, estuarine systems and on open coasts [17]. Under favourable environ-

mental conditions, such as elevated irradiance, raised water temperature, and reduced wave

action [18, 19], Ulva spp. can thrive to such an extent that they become an environmental

problem in the form of persistent blooms. Blooms may be stimulated or prolonged by anthro-

pogenic nutrient inputs from agriculture, aquaculture, industrial and domestic waste [20, 21,

22]. Growth and accumulation of Ulva may result in anoxic decomposition and release of gas-

eous sulphur compounds (e.g. hydrogen sulphide, carbon disulphide, methyl sulphide). Expo-

sure to these noxious gases can lead to health risks in both humans and wildlife [23].

Environmental impacts of the development and degradation of Ulva blooms include impacts

on local biogeochemistry and biodiversity [24]. These negative influences on the local environ-

ment and the socio-economics of the affected region are often exacerbated by the scale of algal

biomass being deposited. This can be illustrated by Brittany’s annual Ulva blooms where dur-

ing 1992, 14,560 m3 of Ulva seaweed was removed from the shoreline at a cost of €1.8 million

[24]. Similarly, the removal of over one million tonnes of green algal biomass in the Qingdao

region of China during the 2008 Ulva blooms cost €200 million [24]. Although the economic

impact can be significant, it has been suggested that managing the biomass could bring reve-

nue to the local economy [25]. In this sense, this biomass could be used for animal feeds, fertili-

sers, and pharmaceuticals, among other uses [26]. However, the concentration of toxic metals

could preclude these applications since it could pose a risk to human health.

Interspecific variations in growth and physiology can lead to different responses to envi-

ronmental change, and differences in biomass quality for human uses (e.g. varying concen-

trations in ulvan, trace metals, and bioactive compounds). For instance, tubular species

(which were formerly distinguished with the separate genus Enteromorpha) possess higher

concentrations of trace elements than bladed taxa [27]. Furthermore, the presence of a com-

bination of different species can also stimulate or prolong the intensity and duration of the

bloom, since a temporal and spatial succession can occur [28]. The arrival of cryptic non-

native species could explain the occurrence of macroalgal tides in places where nutrients

conditions remain more or less constants [29]. For these reasons, the taxonomical clarifica-

tion of the Ulva species that are forming green tides is key to understanding the occurrence

of these blooms, and maybe to determine its possible applications. However, Ulva species are

morphologically simple, but taxonomically complex: due to insufficiently reliable morpho-

logical characters to separate species [30, 31], a microscopic morphological identification

often does not allow a definitive classification of Ulva species—molecular genetic informa-

tion is needed to identify particular taxa, [30, 31].

The principal aims of the present study were: i) to assess the Ecological Status of different

Irish transitional water bodies under different anthropogenic pressures based on the presence

of ‘blooms of green opportunistic macroalgae’; ii) to establish the taxonomic identity of Ulva
bloom-forming species; and iii) to ascertain the possible correlation between the status and

metal content in the Ulva blooms. The study concludes with an evaluation of possible manage-

ment strategies with the consideration of environmental and socio-economics implications

(e.g. uses in animal feeds, pharmaceuticals, and fertilisers).

Materials and Methods

2.1 Site selection

The WFD requires EU member states to have a national monitoring programme for sampling

and assessment of the biological quality elements (BQE) used for assigning ES [13]. As part of
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this programme, a series of water bodies are assessed for opportunistic macroalgal BQE on an

annual or three-yearly basis [14]. A subset of eight Irish waterbodies representing both agricul-

tural and urban pressures were selected for the present study (Fig 1). Water bodies were cho-

sen in areas known to experience a dominance of bladed Ulva proliferations at differing scale

of impact (i.e. excluding dominant tubular (enteromorphoid) bloom species, such as Ulva
compressa L. and U. intestinalis L.) [32, 33, 34]. To minimise the effect of seasonal biomass var-

iability, all samples were collected in the same month, August 2010. Specific permissions were

not required for access or sampling and the species being investigated are not protected.

2.2 WFD assessment

The Irish WFD monitoring tool based on the abundance of opportunistic macroalgae is

described by Scanlan et al. [16] and Nı́ Longphuirt et al. [15]. This tool considers spatial cover,

biomass and persistence of algal growth to classify water bodies relative to undisturbed condi-

tions [16]. Following WFD specification, the assessment provided by this tool is quantified

into a single numerical value between 0 and 1, the Ecological Quality Ratio (EQR), which rep-

resents the ratio between the current and the reference (i.e. pristine or near-pristine) condi-

tion. Lower numbers lower ecological status (ES), so that EQR and ES are interchangeable.

This consist of calculating the area of the intertidal available for growth of attached algae

excluding areas such as channel edges, soft silt-banks and other areas not suitable for algal

growth (Available Intertidal Habitat, AIH). This was undertaken using GIS prior to the field

survey with desk-based assessments ground-truthed in situ. An initial assessment of the entire

water body was undertaken to estimate roughly the areas of AIH affected by algal mats (the

affected area, AA), and if algal cover (AA/AIH) exceeded 5% then a more detailed survey was

undertaken. The outer edges of the patches of algae were mapped in situ using GPS. Multiple

transects were taken through each patch depending on the overall size of the patch. A mini-

mum or 1 and up to 4 transects were taken in each patch with a 500m separation between

them. A minimum of 10 quadrats (0.25 m2) were placed haphazardly along each transect. The

percentage cover and algal biomass in each quadrat was recorded. Cover was estimated by

counting the number of squares in a 5x5 gridded quadrats filled with algae. Percentage cover

was estimated in the field. Photographs of each quadrat were also taken for quality control

checks in the lab after the survey. The presence of algae entrained into the sediment in each

quadrat was recorded and total biomass was calculated by multiplying spatial cover by mean

biomass. Assessments of cover and biomass were undertaken in situ at low water. The data

were compiled into five sub-metrics to provide a WFD assessment for the water body and

compared to the boundaries in Table 1.

1. Total percentage cover of the available intertidal area;

2. The lower of Total patch size of the affected area (AA), or the affected area (ha) as a percent-

age of the total available intertidal habitat (ha) (AA/AIH%);

3. Average biomass of algae on the available intertidal area;

4. Average biomass in affected area;

5. Percentage of quadrats with algae entrained into sediment.

Each sub-metric was scored with an EQR from 0–1 calculated as follows:

EQR ¼ upper EQR range �
value � lower class range

class width

� �

� EQR band width
� �
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Fig 1. The location of Irish Ulva bloom sampling sites. Darkened areas on the map show the location of Ulva populations

forming blooms. Tick marks on border are at 1km intervals.

doi:10.1371/journal.pone.0169049.g001
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For example, if site χ % cover of 20 lies between 15–25, so

Upper EQR range ¼ 0:6;

Lower class range ¼ 15;

Class width ¼ 25 � 15 ¼ 10;

EQR band width ¼ 0:2

EQR ¼ 0:6 �
20 � 15

10

� �

� 0:2

� �

¼ 0:5

The final Ecological Quality Ratio (EQR) was calculated as the average of all the sub-

metrics.

The WFD tool is used to classify water into five Ecological Status categories (ESC: Bad,

Poor, Moderate, Good and High) with boundary levels set on the basis of expert judgement

and intercalibration exercises.

2.3 Sample collection

Materials for elemental analysis were collected from twenty 0.25m2 quadrats in each site, hap-

hazardly placed across the algal patches. Three entire thalli without epiphytic attachments or

signs of herbivory were collected within each quadrat. Ulva plants were individually placed

into clean polythene bags, and stored in a cool box for transport to the laboratory. Samples

were washed with Milli-Q water [18.3 MO�cm, Millipore, Bedford, USA] to remove debris and

any adhering particulate material and then freeze-dried at -52˚C [FreeZone 12, Labconco, Mis-

souri, USA].

2.4 Molecular analyses

DNA was extracted from the freeze-dried material used for the metal analyses. Since this mate-

rial consisted of mixed, small flakes, the extracted subsamples (10–20 mg) may potentially

have belonged to more than one specimen. The extraction with a commercial kit [NucleoS-

pin1 Plant II, Macherey-Nagel, Düren, Germany] followed the manufacturer’s instructions.

The large subunit of the plastid-encoded Ribulose Bisphosphate Carboxylase-Oxigenase

(RuBisCO) gene region (rbcL) was amplified in a polymerase chain reaction (PCR) using

Table 1. Boundary conditions for each of the algal bloom assessment sub metrics for calculated ecological status categories.

Quality status %cover AIH Biomass (g m2) AIH Biomass (g m2) AA %entrained AA AA (ha)* AA/AIH (%)* EQR

Lower limit 0 0 0 0 0 0 1.0

High/Good 5 100 100 1 10 5 0.8

Good/Moderate 15 500 500 5 50 15 0.6

Moderate/Poor 25 1000 1000 20 100 50 0.4

Poor/Bad 75 3000 3000 50 250 75 0.2

Upper limit 100 6000 6000 100 6000 100 0.0

AA, affected area; AIH, available intertidal habitat.

*Only the lower of the two asterisked criteria is used in calculating the final overall water body Ecological Quality Ratio (EQR). EQR is synonymous with

ecological status or ES. Adapted from Scanlan et al. [16].

doi:10.1371/journal.pone.0169049.t001
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published primers SHF1 and SHR4 [31] at an annealing temperature of 55˚C. In all other

aspects, amplification, purification of PCR products and sequencing followed methods given

in Heesch et al. [35].

To confirm the taxonomic identity of the "Certified Reference Material (CRM) for analyti-

cal quality assurance of ’Ulva lactuca'- BCR-279" [European Joint Research Centre; Institute

for Reference Materials and Measurements—IRMM, Geel, Belgium], a small scoop of the pow-

dered material (~10 mg) was subjected to the same methods. Since the DNA of the CRM

showed signs of degradation, its rbcL region was amplified and sequenced in two parts, using

an internal primer pair developed for ancient Ulva samples (C. Maggs, personal communica-

tion). Care was taken not to contaminate the CRM by performing all procedures separately

from field-sampled Ulva.

The resulting nine sequences were included in an alignment containing 46 published

sequences, 42 representatives of the genus Ulva and four of the related genus Umbraulva,

which served as outgroup (see Fig 2 for GenBank accession numbers and references).

Sequence alignment and phylogenetic analysis under the Maximum Likelihood (ML) criterion

followed Heesch et al. [35].

2.5 Sample acid digestion and metal measurement

Twenty pooled samples per sampling location (~200 mg of the three samples per quadrat)

were digested in 1 mL 30% H2O2 [TraceSelect1 Ultra, Sigma-Aldrich, St. Louis, USA] and 5

mL 65% HNO3 [trace metal free grade, Fisher Scientific, Loughborough, UK] using micro-

wave digestion [Multiwave 3000, Anton Paar, Graz, Austria]. The Ulva lactuca CRM [BCR-

279] was used for quality assurance. There was a good match between the reported values for

the CRM and the metal concentrations found in the current study (Table 2). Elemental (Al,

As, Ba, Cd, Co, Cr, Cu, Mn, Mo, Ni, Se, Sr, Sn, Pb, Ti, V, and Zn) determination was per-

formed using an Elan DRC-e Inductively Coupled Plasma—Mass Spectrometry, ICP-MS,

[Perkin-Elmer, USA] [36].

2.6 Statistical analysis

Statistical analyses were performed using PERMANOVA+ PRIMER 6 [Plymouth Routines in

Multivariate Ecological Research], and SPSS software [V17, SPSS, IBM, Corporation, USA]. In

all statistical analyses, significance was set at p-value<0.05, with randomizations based on

9999 permutations.

To assess differences in metal concentrations and composition between the different Eco-

logical Status categories, a two-way Permutational Analysis of Variance (PERMANOVA)

was carried out with ESC as a fixed factor, and Site as a random factor nested in ESC. In the

case of metal composition, the dataset was initially normalised. All analyses were based on

Euclidean Distance. Additionally, a distance-based test for homogeneity of multivariate dis-

persion (PERMDISP [37]), and a Principal Component Analysis (PCA) was performed to

interpret and visualise the multivariate analysis of metal composition. Furthermore, Pear-

son’s correlations were used to quantify the associations between metals. To ascertain

whether levels of metals found in seaweed were related to ecological quality ratios, Spear-

man’s correlation were used. Where correlation coefficients were averaged to summarize

patterns, values were first z-transformed to reduce this bias in estimated means and confi-

dence intervals [38]. Where PERMANOVA indicated significant differences among levels,

these were explored (for a subset of potential toxic metals: V, Cr, Ni, Cu, As, Cd, Sn, and Pb)

using univariate ANOVA.
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Fig 2. Phylogenetic tree inferred from a Maximum Likelihood analysis of partial rbcL sequences of Ulva species.

Numbers above lines indicate bootstrap support values (branches without number received 50% support or less). Species names

are followed by information on the sampling location, the GenBank/ENA accession number and the respective publication: 1:

Hayden et al. [40]; 2: Shimada et al., [41]; 3: Hayden &Waaland [42]; 4: Hiraoka et al. [43]; 5: Loughnane et al. [39]; 6: Heesch et al.

[31]; 7; present study, set in bold.

doi:10.1371/journal.pone.0169049.g002
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Results

3.1 Site assessment

Three sites were classified as high Ecological Status (Spiddal, Murrisk, and New Quay), three

as moderate (Tolka, Dungarvan, and Moy) and two as poor (Clonakilty and Courthmac-

sherry). At the three localities of high status, the Ulva cover of the intertidal area was lower

than 5%, and no biomass estimation was made at these sites. Full surveys were undertaken for

the other five locations. The EQR score of these five locations ranged between 0.57 in Tolka

and 0.38 in Courthmacsherry (Table 3). The survey revealed that the two sites categorised as

‘Poor’, with the lowest EQR scores in this study, i.e. Courtmacsherry and Clonakilty, had the

largest algal blooms, with an estimated biomass of 2164 and 845 metric tonnes, respectively.

3.2 Molecular genetic identification

The nine rbcL sequences produced in this study were between 1082 (sample from Tolka) and

1197 (Ulva CRM) bases long. Sequence comparisons showed that seven of the Irish Ulva
blooms included in this study contained U. rigida, while the New Quay bloom comprised U.

Table 2. Observed results of the metal determination in certified reference material (CRM)-Ulva lac-

tuca [BCR-279] found in the present study (mg kg-1, dry weight).

Reported1 Found

Certified values

As 3.09±0.21 3.24±0.19

Cd 0.27±0.02 0.24±0.02

Cu 13.10±0.40 12.38±0.79

Pb 13.50±0.40 13.17±5.10

Se 5.90±0.40 5.14±1.79

Zn 51.30±1.20 51.86±9.49

Indicative values

Cr 10.73±0.70 9.61±0.80

Mn 2090.00±50.00 2245.07±270.93

Ni 15.90±0.40 13.90±1.83

1Reported values were derived from Ulva lactuca CRM no 279 BCR reference material report.

doi:10.1371/journal.pone.0169049.t002

Table 3. Details of Ulva bloom sites and the designation of water quality in the study sites and estimated land use.

No Site Lat Long WFD EQR Spatial Cover (ha) Mean Biomass (g m2) Total Biomass (tonnes)

1 Tolka -6.17233 53.36048 Moderate 0.57 40.63 1329.53 540.19

2 Dungarvan -7.62002 52.07497 Moderate 0.54 108.71 302.50 328.85

3 Courtmacsherry -8.72488 51.63683 Poor 0.38 128.78 1680.51 2164.16

4 Clonakilty -8.86716 51.60880 Poor 0.38 76.12 1110.42 845.25

5 Spiddal -9.31508 53.23941 High 1 <1 N/A N/A

6 Murrisk* -9.64144 53.78255 High 0.93 28.57 N/A N/A

7 Moy -9.15267 54.19604 Moderate 0.47 98.99 402.00 397.94

8 New Quay -9.07403 53.15596 High 1 <1 N/A N/A

WFD-Water Framework Directive status for algal biomass monitoring tool [16]. Five potential quality categories are used: ‘High’, ‘Good’, ‘Moderate’, ‘Poor’,

and ‘Bad’. EQR- Ecological Quality Ratio- scale from 1–0, high is 1, and bad is 0 [15]. Spatial cover- Total area covered by algae, mapped in situ.

*Biomass was not assessed here as coverage was below WFD criteria for biomass assessment

doi:10.1371/journal.pone.0169049.t003
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rotundata Bliding: the rbcL sequence from this site was identical to two other samples from sites

in Galway Bay, Ireland identified as U. rotundata by Loughnane et al. [39], forming a 100% sup-

ported clade at the base of the Ulva ingroup in the phylogenetic tree (Fig 2). The rbcL sequences

from all other blooms were identical or almost identical (a lower quality of the sequence from

Tolka resulted in some unidentified bases, of which only two were in informative positions

(thus equaling a potential 0.2% sequence divergence), while the others were in positions conser-

vative to all Ulva species included in the alignment). These seven sequences comprised a well-

supported (82%) clade at the top of the phylogenetic tree (Fig 2), together with GenBank

sequences identified as U. rigida, U. scandinavica Bliding and U. armoricana P. Dion, B.de

Reviers & G. Coat. The U. rigida clade also contained the sequence of the CRM, thus making

the reference material a direct match for seven of the eight Irish Ulva bloom samples.

3.3 Metals concentrations

Ulva metal concentrations are presented in Table 4 (Al, Ti, Mn, Co, Zn, Se, Sr, Mo & Ba) and

potentially toxic metals in Fig 3 (V, Cr, Ni, Cu, As, Cd, Sn & Pb). PERMANOVA results for all

metals showed that Ulva tissue concentrations differed significantly between different sites (P-

values< 0.01, Table 5), but no significant effect in metal concentration was observed for ESC.

Ulva from Dungarvan generally had the greatest metals concentrations in any site. While

across all sites, Al occurred in highest quantities. Ulva from Dungarvan and Tolka contained

significantly higher amounts of Al in comparison to other sites (P<0.001). The variability in

Al contents between sites was also high, ranging from 23.45 ± 6.18 mg kg-1 in Spiddal to

1591.43 ±294.72mg kg-1 in Dungarvan.

Ulva collected from Courtmacsherry and Clonakilty had relatively low amounts of Cr, Pb,

Sn, Se, and Zn, when compared to Tolka or Dungarvan blooms. By contrast, the levels of Cu,

Cd, Mn and Sr were significantly (P<0.001) higher at Courtmacsherry and Clonakilty than at

many of the sites, including Tolka and Dungarvan. The bloom in Moy had the highest

recorded cadmium concentration (P<0.001, Fig 3F).

Spearman correlation coefficients between Ulva metal concentrations and site EQR were

negative on average (Table 6, mean -0.43, CI -0.3272 to -0.5233). This implies a higher metal

concentration at low EQR. However, there was variation between metals, with Se and Ag hav-

ing correlations close to zero. Only Mn had a significant negative correlation with EQR

(-0.735, P = 0.038). The evidence for generalizing patterns of metal concentration across EQR

values is therefore weak and there was no evidence that potentially toxic metals were more or

less strongly associated with EQR (F1,19 = 0.26, p> 0.05).

Table 4. Metal content found in Irish Ulva blooms (mean ± SE, n = 20, mg kg-1, dry weight).

Sites

Tolka Dungarvan Courtmacsherry Clonakilty Spiddal Murrisk Moy New Quay

Al 1081.55±116.80 1591.43±294.72 548.75±86.33 509.79±96.50 23.45±6.18 336.81±57.24 234.93±47.29 90.58±21.54

Ti 23.52±1.90 25.29±3.71 13.11±1.09 18.38±2.27 7.62±0.35 13.09±1.49 14.48±1.53 9.08±0.42

Mn 128.56±30.82 131.56±24.73 212.06±57.64 144.57±49.87 25.58±4.28 125.95±25.50 20.71±2.26 15.81±2.29

Co 0.85±0.05 0.78±0.07 0.66±0.06 0.72±0.09 0.14±0.01 0.57±0.04 0.31±0.02 0.09±0.01

Zn 31.71±1.71 31.38±3.11 17.21±1.18 24.70±1.61 10.84±0.31 26.45±2.40 17.68±1.37 12.59±0.34

Se 2.67±0.24 2.94±0.26 2.92±0.29 3.05±0.43 5.53±0.57 4.04±0.40 3.93±0.50 2.51±0.23

Sr 71.19±4.34 97.33±7.86 91.72±4.85 114.70±5.09 90.93±2.73 94.45±2.95 78.00±4.59 73.99±4.63

Mo 0.22±0.02 0.13±0.01 0.10±0.01 0.14±0.02 0.11±0.01 0.10±0.01 0.07±0.01 0.09±0.01

Ba 5.83±0.54 5.98±1.08 3.22±0.34 6.51±0.79 0.30±0.04 4.24±0.46 3.72±0.27 1.59±0.39

doi:10.1371/journal.pone.0169049.t004
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Fig 3. Mean concentrations of potentially toxic metals. (A) V, (B) Cr, (C) Ni, (D) Cu, (E) As, (F) Cd, (G) Sn

and (H) Pb in Ulva blooms at the different sampling sites. ± S.E. Different superscript represents statistical

significant differences (P<0.05).

doi:10.1371/journal.pone.0169049.g003
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3.4 Metal composition

Metal concentrations relative to each other were not consistent across sites. Permutational dis-

persion analyses also showed differences in data dispersion between the ESC (P<0.05)

(Table 5). The level of dispersion was greatest in the ‘Moderate’ category, while ‘High’ status

had the lowest.

A principal component analysis (PCA) was conducted based on the metal levels from the

eight sites (Fig 4). Over 66.9% of the variation between samples could be explained by the two

Table 5. Permutational multivariate analysis of variance on the differences between ecological status and metal composition.

PERMANOVA df MS Ps-F p (MC)

Ecological Status 2 9.27 x106 2.5433 0.1412

Site 5 3.65 x106 10.777 <0.0001

Residual 144 3.38 x105

PERMDis p-value Ecological Status Mean Dispersion

High-Moderate <0.0001* High 170.81±19.90

High-Poor 0.0003* Moderate 720.15±90.83

Moderate-Poor 0.021* Poor 392.65±40.48

* indicates value has statistical significance (P<0.05), ± S.E.

doi:10.1371/journal.pone.0169049.t005

Table 6. Spearman’s correlation coefficient showing the relationship between metal concentration

and ecological quality ratio (EQR).

Metal EQR

Al -0.554

Ti -0.590

V -0.337

Cr -0.313

Mn -0.735*

Ni -0.193

Co -0.530

Cu -0.590

Zn -0.277

As -0.229

Se 0.084

Sr -0.470

Mo -0.193

Ag -0.036

Cd -0.327

Sn -0.602

Sb -0.627

Ba -0.554

Tl -0.313

Pb -0.602

Bi -0.602

MCI -0.530

MCI, Metal Content Index is s calculated as the geometric mean of all metals concentrations,.

* indicates correlation value has statistical significance (P<0.05).

doi:10.1371/journal.pone.0169049.t006
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Fig 4. Principle component analysis. (a) Score biplot of the first and second principal component for metal concentration and sampled sites. (b)

Loading plot of first and second principal component of the relationship between metals within all the sites. Component 1 and 2 explains 66.9% of

the sample variation.

doi:10.1371/journal.pone.0169049.g004
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principal components. The score plot showed that metal values found in Spiddal Ulva were

closely clustered together (Fig 4A) due to lower metal concentrations. A similar clustering

effect was observed at other sites including Murrisk, Courtmacsherry and Tolka; however, dis-

crete groupings were less discernible due to overlapping score values with other sites. Weak

clustering was found in the plotted scores for Clonakilty, Moy and Dungarvan, where high var-

iations within each site’s score values led to a wider scattering over the score plot. The loading

plot for all measured metals (Fig 4B) indicated that Se, Cd, Ni, Sr, and As did not correlate

strongly with other metals (Pearson’s correlations, r<0.635). In contrast, metals such as, Al,

Ti, Cr, V, Co, Sn, Ba and Pb generally correlated with one another (Pearson’s correlations,

p<0.001, r>0.821). Furthermore, the plot highlighted two metals (Al, Sn) that were relatively

closely associated with Pb (Pearson’s correlation, p<0.01, r = 0.871, and r = 0.901,

respectively).

Discussion

4.1 Algal bloom characteristics

One of the earliest reports of green algal blooms in Ireland was from Belfast Lough [44], and

over the decades more occurrences were documented from other parts of the Irish coastline,

including Dublin Bay [32], and Rogerstown Estuary [33]. More recently, blooms observed at

Courtmacsherry and Clonakilty have been reported to have increased in severity [34]. In the

present study, Courtmacsherry and Clonakilty had the largest algal blooms. In comparison to

other blooms found in other parts of the world, the scale of the biomass produced in Ireland is

dwarfed by both Brittany (France [24]) and Qingdao (China [25]).

These severe blooms may be linked to eutrophic conditions caused by nutrient loading

from the surrounding catchments, with, for example, nitrate ranging between 9.170 and 26.50

mg L-1, respectively [45, 46, 47]. The high nitrogen loading has been implied by the highest

stocking rate of dairy farms in Ireland [46] and this has been considered the main nutrient fac-

tor for affecting the Ulva bloom [15]. Similarly, nutrient enrichment linked to pig-farming was

implicated in the Ulva blooms in Brittany [48], producing over 100,000 m3 of algae annually

[24]. On the other hand, the presence of consistently high phosphorous concentrations

(>0.056 mg L-1) throughout the year could be responsible for a substantial Ulva bloom in

Tolka [45].

4.2 Ulva species composition

Previous studies have shown that Ulva blooms can be composed of one or several species [37,

49, 25, 28]. The presence of a greater number of bloom-forming species can favour the occur-

rence of blooms, prolong the duration, and intensity, since different species have different

environmental requirements, leading to a temporal and spatial succession [28]. In this sense,

the arrival of cryptic non-native species have been invoked to explain the occurrence of macro-

algal tides in places where nutrients conditions remain constants or even improved, and

macroalgal tides were not observed previously [29]. The molecular analyses suggest that the

majority of the sampled blooms (seven out of eight) would be composed of Ulva rigida irre-

spective of the quantity of the biomass present. This suggested that the development of the

blooms could not be attributed to interspecific differences in growth or ecophysiology between

different Ulva species, but are more likely explained by environmental conditions, supporting

the occurrence of Ulva as an indicator of water quality regardless of species affiliation. Never-

theless, the possibility that at some sites more than one species was present should not be dis-

counted since only a specimen per locality was identified using molecular techniques.
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The mislabelling of the Ulva CRM as "Ulva lactuca" by the provider [50], which was geneti-

cally identified in this study as U. rigida, highlights the importance of correct, preferably genetic,

identification of any studied organisms including certified reference materials. In the present

study, the misidentification of the CRM was inconsequential, as it comprised the same species

as most of the studied blooms. However, errors from misidentifications of reference material

could become problematic where studies confound species-specific variation with other factors.

4.3 Metal concentrations

The presence of elevated levels of macronutrients (e.g. nitrogen and phosphorus) in the water

can often enhance metal accumulation in Ulva; laboratory experiments by Lee and Wang [51]

showed enhanced uptake of cadmium in Ulva fasciata Delile when exposed to elevated nitrate,

and greater accumulation of chromium with increased phosphate concentration. Enhanced

elemental uptake is consistent with the nutrient-rich estuaries of Clonakilty and Courtmac-

sherry [46] where Ulva showed elevated metal concentrations in the present study. The lower

levels of metals in Ulva at Spiddal may conversely reflect relatively low macronutrient input

and trace element availability in the surrounding environment [46]. Ulva samples from the

Tolka Estuary (Dublin), which typically receives industrial and domestic effluent from the sur-

rounding urban environment [52, 53], had some of the highest levels of priority metal pollut-

ants (Cu, Sn & Pb, Fig 4).

Relationships with anthropogenic input and metal content do not, however, explain all the

patterns: Ulva samples from Dungarvan Bay had relatively high concentrations of potentially

toxic trace elements (V, As, Cu, Cr & Pb), despite Dungarvan having less urban influences and

lower estuarine nutrient levels [46]. A leather tannery operated at one time in this area, and

the estuary had historically received effluents including metal salts such as chromium used in

the tanning process [54]. It is possible that the detection of elevated metals in the algal bloom

could be a response to these historic activities potentially due to metals accumulated in the sed-

iment (Fig 3).

Murrisk also had significant amounts of cadmium compared to sites that receive more

anthropogenic inputs. However, the high levels of cadmium measured at these sites may be

geogenic in origin, with background release in the surrounding environment through weath-

ering and erosion of bedrock [55]. This could also explain the significantly higher amounts of

arsenic observed in Ulva rigida from Murrisk (Fig 3E) associated with the natural weathering

of arsenopyrite in the quartz veins in the surrounding mountainous region [56, 57]. This can

lead to elevated arsenic concentrations in the water that flows into the nearby embayment

(Clew Bay [58]). This was similarly demonstrated by arsenic levels in Ulva rigida collected

from the Gulf of Thessaloniki, NE Greece, where measured values correlated with those found

in the sediment samples [59] highlighting the potential influence of local geogenic sources on

concentrations of metal in Ulva.

Levels of metals in Ulva measured in the present study were comparable to those found in

Ulva blooms associated with the Moroccan phosphate mining region [60]. On the other hand,

the metal concentrations (Al, Cr, Mn, Co, Ni, Cu, Zn, Cd & Pb) in the Irish Ulva tended to be

at the lower limits of those reported in Ulva from the Venice Lagoon [61]. In contrast, U. rigida
collected near industrial and sewage outflows (Turkey [62]) had lower amounts of copper, zinc

and cadmium, when compared to the current study.

4.4 Relationship between ecological status assessment and metals

The work conducted in the present study revealed that there was a generalised negative trend

(20 out of 21 metals) between ES and metal composition; however, most of these correlations
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were not significant. The indices developed in the context of the WFD have focused on the

assessment of eutrophication effects at the community level, since this pressure was identified

as the most important threat for European aquatic ecosystems [16]. Although high nutrient

and metal concentrations are frequently correlated due to their anthropogenic origin [63],

there is not a causative relationship between these pollutants. The origin of anthropogenic

sources of contamination (agricultural or industrial) in a specific area strongly influences the

nutrient/metal ratio and the elemental composition of inputs. While some activities such as

agriculture will produce effluent with a high nutrient/metal ratio, industrial activities are

expected to produce effluents with a lower nutrient/metal ratio with a very specific metal signa-

ture depending on the activity [64]. Moreover, the variability due to anthropogenic activities

must be considered alongside the variability associated with natural geogenic sources, e.g. in

the metal composition in Ulva in Murrisk. While the PERMANOVA results based on metal

concentrations and composition failed to reveal a relationship with ESC, the PERMDISP analy-

sis and the PCA indicated that sites with moderate and poor ESC had a higher dispersion in

metallic composition in comparison to sites classified as high ESC. This suggested that data dis-

persion for tissue metal content of Ulva may be an indication of this anthropogenic pressure.

Nonetheless, a relationship between ES and metal contamination could not be fully established

in the present study. However, the determination of Ulva metal concentrations provided addi-

tional useful information on the status of marine communities, which is important for a wider

understanding of the anthropogenic pressures in the coastal environment. Furthermore, this

information is essential, if the Ulva biomass is considered for commercial exploitation.

4.5 The environmental and socio-economics of Ulva blooms

In order to limit environmental and economic degradation to the affected areas, a number of

approaches have been suggested to obviate the problems associated with large mats of decom-

posing Ulva along the shore. These strategies involve either removing biomass to landfill or

finding an alternative use for the biomass, such as animal feedstock, bioplastics, or biofuel pro-

duction [65, 66, 67]. Removal of biomass to landfill or other disposal can incur large costs

from transport and labour to mechanical collection [68]. Calculations by the Irish govern-

ment-established Sea Lettuce Task-Force [34] estimated the cost of disposal of Ulva blooms on

arable land at €16 per tonne compared to a landfill disposal cost of €260 per tonne. Using the

estimated cost of landfill disposal, the expenditure required for removing the most severe

blooms from this study would cost the following: Courtmacsherry €562,682, Clonakilty

€219,765, and Tolka €139,516. On the other hand, disposal on arable land would amount to a

total value of €56,737 (€34,627, €13,524, and €8,586) for the three affected sites.

Landfill and composting have been used as a means of disposal for Ulva blooms in France

[24] and China [69]. However, the present study emphasises that bloom biomass may contain

relatively high concentrations of potentially hazardous metals suggesting that such disposal

methods may have other implications. Decaying Ulva could leach metals over time into a land-

fill site or over agricultural ground, and thus contaminate the surrounding soil, groundwater,

or surface waters. This was evident from the risk of groundwater arsenic contamination fol-

lowing the application of seaweed (Ascophyllum nodosum (L.) Le Jol) fertiliser in a golf course

setting [70]. The estimated total algal biomass from Tolka (540.19 tonnes, ww; 160 tonnes, dw,

(if ww moisture level is 79.6% [71]; Table 3) could potentially comprise the following metals if

the entire bloom was collected: V- 0.46 kg, Cr- 0.37 kg, Ni- 0.38 kg, Cu- 1.05 kg, As- 0.76 kg,

Cd- 0.01 kg, Sn-0.04kg and Pb-1.06 kg (calculated from Ulva dw biomass x metal concentra-

tion). The algal bloom in Courtmacsherry (2164.16 tonnes, ww; 441.49 tonnes, dw) could con-

tribute: V- 1.06 kg, Cr- 0.54 kg, Ni- 0.70 kg, Cu- 2.43 kg, As- 1.86 kg, Cd- 0.05 kg, Sn-0.04 kg
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and Pb- 0.90 kg. While composting Ulva on agricultural land may be more cost-effective than

landfill [34], the increase in soil metal content from Ulva disposal could lead to the potential

contamination of crops increasing the probability of human exposure [72]. There are many

factors that could influence the quantities and impact of metals released into the surrounding

soil, including: land surface area used for algal disposal, interaction between the leached metals

and surface soil and precipitation levels. The number of variables precludes any robust model-

ling of impact and highlights the possible implications of disposing the algal biomass on land,

particularly when the same land is repeatedly used for algal disposal, if the collected biomass

increases, or metal accumulation in the Ulva bloom was enhanced. Further research is

required to elucidate the effects of seaweed disposal on surface soils and to provide better risk

assessments for disposal of Ulva blooms, particularly in relation to NaCl and other salts, and

their effects on soil structure [34].

Many EU and other international regulations that recommended maximum allowable lim-

its for metals in foods, feeds and seaweeds as a food source refer only to total metal concentra-

tions [34, 73, 74] (Table 7). In general, the blooms sampled in this study complied with most

EU and Canadian regulations for metal concentrations in animal feeds (2002/32/EC [73] and

RG-8 regulatory guidance [75]; contaminates in feed). Data from the Moy showed that the

mean cadmium levels exceeded a Canadian regulatory limit of 0.2 mg kg-1 for equine feeds,

Table 7. International legislative/recommended maximum limits of toxic elements in foods and animal feeds (mg kg-1, dry weight).

Cd As Sn Pb Reference

Australia and New Zealand

Fish 2* 250 0.5 [79]

Crustacean and Molluscs 2 1–2 250 2

Seaweed 1* 250

Vegetables and Plants 0.1–0.5 250 0.1–0.3

Canada

Animal Feeds 0.2–0.4 8 8 [76,82]

Fish protein 3.5 0.5

Plant & Vegetable 0.1 0.2–1.5

European Union

Food (general) 0.20 [75,77, 78]

Bivalve 1–3 1.5

Crustacean 0.5 0.5

Fish 0.05–0.3 0.3

Plants & Vegetables 0.05–0.2 0.02 0.1–0.3

Seaweed 3.0 40(0.2*) 10

Calcareous algae 10

Animal Feeds and feedstuff 1–10 4–10 5–40

FAO

Fish and meats 50–250 0.1 [81]

Plants and Vegetables 0.05–0.4 0.1 250 0.1–1.5

Crustacean and Mollusc 2

Hong Kong & China

Fish and shellfish 2 6–10 230 6 [80, 83]

Plants and Vegetables 0.1 1.4 230 6

General foods (wet weight) 0.2 0.3

* refers to inorganic arsenic.

doi:10.1371/journal.pone.0169049.t007
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but not for other livestock (0.4 mg kg-1 [76], Fig 3 and Table 7). A comparison between the

metal levels found in the algal blooms and the legislative limits for seaweeds in Australia, New

Zealand and the European Union revealed As, Sn, Cd, and Pb were within acceptable regula-

tory tolerances [77, 78, 79]. In contrast to animal feeds, legal metal thresholds in foods for

human consumption are lower, and consequently many of the metals determined in Irish Ulva
blooms exceeded these limits (albeit with some extrapolation for cases where no specific ‘sea-

weed’ limit is defined). One example is Pb, where concentrations were higher than the interna-

tional legal limits (0.1–2 mg kg-1) for seafood, terrestrial animals, and plant materials [77, 76,

79, 80, 81]. Scientific knowledge on safe consumption limits and toxicological effects of metals

in seaweeds remains relatively unexplored, and many of the safe tolerances of metals (other

than Cd, As, Sn and Pb) are still undefined by legislation and remained unregulated. The pres-

ent study showed that many of the surveyed sites could potentially be used for direct and indi-

rect human consumption.

Conclusion and Recommendations

The present assessment and characterisation of Irish green tides has shown that the majority

of bladed Ulva populations forming the blooms were U. rigida. The greatest bloom biomass

was recorded at Courtmacsherry and Clonakilty. While the highest metal concentrations were

generally associated with lower bloom EQR values, no clear link between the algal WFD assess-

ment criteria and metal content was established. In general, based on international regulations

concerning algal tissue metal content, the blooms surveyed were still suitable for commercial

exploitation. Further development of uses for algal bloom biomass depends on the specific

application and the site-specific profile of metal concentrations. Ulva blooms are becoming a

regular and increasingly severe problem in estuarine systems and coastal seas, and the present

assessment and characterisation of algal blooms will inform decision-makers and policy

regarding in the management of green macroalgal blooms.
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Abstract A feeding study was carried out for fourteen weeks
to evaluate the effects of partial inclusion of 5, 10 and 15 % of
dillisk, Palmaria palmata, into formulated Atlantic salmon
(Salmo salar) diets. A further fourth diet was produced with-
out the presence of algae and was used as a basal reference
diet. All the four diets were formulated to be iso-nitrogenous
(40 %), iso-lipidic (25 %) and iso-energetic (26 MJ kg−1).
Salmon growth (final body weight, weight gain, feed conver-
sion ratio (FCR), specific growth rate (SGR)) were compara-
ble across algal and control diets, with no significant differ-
ences amongst the treatments (P>0.05). Comparisons of liver
weight, viscera weight and viscerosomatic index (VSI) also
suggested that the macroalgal inclusion did not affect fish
growth (P>0.05). Fish health indicators across haematologi-
cal, immunological and hepatic function were generally sim-
ilar between the experimental diets. The exceptions to this
pattern included a significant decrease in alanine transaminase
activity (P<0.05) in the diet with 5 and 15 % P. palmata
inclusion compared to other experimental diets. This may in-
dicate that higher P. palmata inclusion improved hepatic func-
tion. Seaweed inclusion at 5 % also had positive effects on
body lipid content when compared to the control diets. In
conclusion, the findings demonstrated that P. palmata can be
a suitable feed supplement in Atlantic salmon (S. salar) diets.

Keywords Atlantic salmon . Seaweed .Macroalgae .

Dillisk .Palmaria palmata . Blood parameters

Introduction

One of the consequences of a predicted global human popu-
lation of 9.1 billion by 2050 (FAO 2009) is a growing food
demand. Trends in global food demand and declines in fish
stocks have led aquaculture into becoming one of the world’s
fastest growing food production industries (FAO 2014).
Furthermore, the expansion and intensification of aquaculture
has resulted in an increased demand for fish meal (FM) and
fish oil (FO) to feed the cultured fish (Hardy 2010), along with
increased feed costs. Plant-derived feed materials can help
offset the rising costs of fish meal and fish oil (Gatlin et al.
2007). However, plant-derived materials may also be subject
to rising costs as a result of increasing competition for arable
land for food/fodder crops and biofuel production (Rathmann
et al. 2010). Macroalgae, which do not compete with terres-
trial crops for land or freshwater, could serve as a marine-
derived feed alternative.

Marine macroalgae are widely used in the food industry,
particularly as sources of polysaccharides such as agar, carra-
geenan, and alginate. These complex carbohydrates or
phycocolloids have the ability to retain water and increase
viscosity. As a result, they have been employed as emulsify-
ing, gelling, thickening and stabilising agents in food, cos-
metics and pharmaceutical applications (Saha and
Bhattacharya 2010). Other algal-derived compounds are of
interest in nutraceutical and pharmaceutical applications
(Holdt and Kraan 2011). Furthermore, a wide range of bioac-
tivities have been described from macroalgal extracts (Rindi
et al. 2012), including antifungal (Guedes et al. 2012),
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antibacterial (Bansemir et al. 2006), and/or antiparasitic
(Hutson et al. 2012) properties.

The nutritional composition of many macroalgae species
can have high n-3/n-6 polyunsaturated fatty acid ratio (Pereira
et al. 2012), vitamins (Macartain et al. 2007), and macro and
trace minerals (Ruperez 2002) that could have attractive ap-
plications in compound finfish diets. Previous studies have
reported that the use of macroalgae as a feed component in
formulated diets has been tested on yellow croaker
(Pseudosciaena crocea; Asino et al. 2011), European sea bass
(Dicentrarchus labrax; Valente et al. 2006), rainbow trout
(Oncorhynchus mykiss; Soler-Vila et al. 2009), common carp
(Cyprinus carpio; Diler et al. 2007), Atlantic cod (Gadus
morhua; Walker et al. 2009), and thick-lipped grey mullet
(Chelon labrows; Davies et al. 1997). Several of these studies
revealed that macroalgae can be successfully formulated into
diets, without deleterious effects and with beneficial modifi-
cations in both body composition, in particular the fatty and
amino acid profile (Ergün et al. 2008; Güroy et al. 2012).
Surprisingly, although salmon aquaculture uses some of the
greatest volumes of FM and FO in aquafeeds (Naylor et al.
2009), there are limited reported studies on the application of
macroalgae in salmon diets.

Palmaria palmata (Linnaeus) Weber & Mohr, commonly
known as dillisk or dulse, is a red marine intertidal macroalga.
Previous studies have shown that the proximate composition
of P. palmata can comprise of 8–35 % protein, 0.3–3.8 %
lipid, 5.4–45.3 % fibre and ash 12–37 % (Morgan et al.
1980; Marrion et al. 2005). While fatty acid composition in
P. palmata is predominately made up of palmitic acid (C16:0),
oleic acid (C18:1 n-9) and eicosapentaenoic acid (C20:5 n-3),
andwith alanine, aspartic acid, glutamic acid, glycine, leucine,
serine, and valine being the major amino acids (Galland-
Irmouli et al. 1999; Mouritsen et al. 2013). Recent bioactive
research has shown that extracts derived from P. palmata
could be exploited for their antioxidant and anti-carcinoma
proliferation properties (Yuan et al. 2005; Yuan et al. 2009).
At present, little is known about the effects of P. palmata
inclusion on finfish diets. Therefore, the aim of this study
was to evaluate whether or not P. palmata is suitable for in-
clusion into formulated diets for Atlantic salmon (Salmo
salar). Suitability was assessed in relation to comparative
growth performance, with a broader screening for physiolog-
ical changes in basic haematology, immunological, hepatic
markers, and whole salmon body proximate comoposition.

Materials and methods

Research facility and experimental design

A 14-week feeding trial was carried out at Carna Research
Station, National University of Ireland, Galway. Atlantic

salmon smolts (Salmo salar) were obtained from a commer-
cial smolt producer in Lough Fee, Connemara, Ireland. Fish
were transferred directly into an indoor flow-through seawater
system, where they were fed on a commercial diet [EM NL
25, Skretting, Westport, Ireland] over an eight-week acclima-
tion period.

The experimental feed system consisted of 15 glass rein-
forced plastic (1000 L) tanks fed by flow-through, filtered,
seawater at ambient sea temperature. Each tank had a flow
rate of approximately 10 L min−1, a mean temperature 12.9
±1.5 °C (S.D.), with dissolved oxygen saturation of >90 %
[YSI professional plus, YSI hydrodata, UK]. Photoperiod was
set on a diurnal cycle of 12:12, light:dark. After 8 weeks of
acclimation, fish were graded to remove large and under-sized
fish. Experimental fish were within a narrow range of an initial
mean weight of 170.4±1.02 g (±S.E., n=495), and thirty-
three experimental salmon were stocked into each experimen-
tal tank. The experimental design consisted of five experimen-
tal formulated diets, each with three replicate groups
randomised over the fifteen tanks. Morphometric measure-
ments were taken fortnightly after a 24-h starvation period.
The allocated daily diet was calculated as a percentage
(~1.5 %) of the total body weight in each tank and was ad-
ministered by hand in equal aliquots five times across the
course of the 12 h of daylight.

Proximate composition

Proximate analysis was carried out on all feed ingredients and
diets, which are expressed as a percentage of the dry matter.
Three fish from each tank were harvested at the end of the
experimental study for analysis in whole body proximate
composition. Moisture content was measured by drying sam-
ples at 105 °C to a constant weight for 24 h. Protein was
calculated by measuring nitrogen content in the sample
through the Kjeldahl method and a nitrogen to crude protein
(CP) factor of CP=N×6.25, and lipid content was determined
gravimetrically using Soxhlet method with petroleum ether as
the extraction solvent. Ash content was measured by inciner-
ating samples in a muffle furnace at 550 °C for 16 h (AOAC
1995). Gross energy content was determined through bomb
calorimetry [6100, Parr Instrument company, USA], with
values expressed as MJ kg−1.

Diet preparation

Palmaria palmata was collected in Galway Bay, Ireland, be-
tween December 2009 and February 2010. The winter collec-
tion periodwas chosen as previous studies have shown protein
content in macroalgae is higher at this time (Fleurence 1999).
Algae were washed and dried in a dehumidifying oven (40 °C)
for 24 h. Prior to feed formulation, seaweeds were milled and
graded to a particle size of <0.75 mm. Analysis of the
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macroalgal proximate composition revealed the following
values (dry weight): moisture 9 %, crude protein 22 %,
crude lipid 1 %, ash 25 % and energy 15 MJ kg−1. A
total of five experimental diets were formulated to be iso-
nitrogenous (40 %), iso-lipidic (25 %) and iso-caloric
(26 MJ kg−1). Three diets were prepared with increasing
inclusion levels of Palmaria palmata: 5 % (P5), 10 %
(P10) and 15 % (P15) by weight. A further fourth diet
was formulated without the addition of seaweed was used
a basal reference diet (CTRL). Feed formulation and final
proximate composition of each diet are summarised in
Table 1. The inclusion of algae in the experimental diets
was at the expense of starch (3–10 %) and fish meal (2–
5 %). Diets were formulated by mixing feed components
in a commercial food mixer (SP-30HI, Metcalfe,
Gwynedd, UK) and extruded (PM-80, Bottene, Vicenza,
Italy) into pellets. These moist pellets were subsequently
dried in an oven at 40 °C for 48 h.

Growth performance and morphometric calculations

Experimental fish were individuallymeasured for the body length
and weight. From each experimental tank, twenty fish were
randomly harvested to calculate the hepatosomatic index (HIS)
and viscerosomatic index (VSI). Growth performance and mor-
phometric indices were calculated using the following formulae:

Weightgain WGð Þ
¼ finalmeanweight gð Þ − initialmeanweight gð Þ;

Condition factor Kð Þ
¼ bodyweight � bodylength3 cmð Þ � 100;

Feedconversionratio FCRð Þ
¼ feed intake gð Þ � weightgain gð Þ;

Specificgrowth rate SGRð Þ

¼ Lnfinalmeanweight gð Þð − Lninitialmeanweight gð Þð Þ

� days fed
�

� 100;

Hepatosomatic index HSIð Þ
¼ liverweight gð Þ � bodyweight gð Þ � 100;

Viscerosomatic index VSIð Þ
¼ gutweight gð Þ � bodyweight gð Þ � 100:

Haematological analysis

At the conclusion of the feed trial, collection of bloodwas carried
out by anaesthetising fish in an aerated anaesthetic bath with
approximately 130 mg L−1, tricane methane sulphonate,
MS222 [Pharmaq Ltd, UK]. A random sub-sample of fish
(n=6) from each tank were sampled for blood (n=3 for serum
and n=3 for plasma). The blood sample was taken from the
caudal ventral vein, using a 5-mL syringe and a 21-gauge needle.
Needles and syringes used for plasma collection were flushed
with a lithium-heparin solution [250 U mL−1, Sigma–Aldrich,
Ireland]. Whole blood was immediately centrifuged at 1700×g
for 13 min, and the supernatant was decanted and subjected to a
further 5-min centrifugation at 1700×g. Serum collection in-
volved collection of blood samples using unheparinised syringes
and needles. Samples were allowed to clot for 24 h at 2 °C and
then followed the same method as plasma sample processing.
Aliquots of both plasma and serum were, subsequently, stored
at −80 °C for later analysis.

Basic haematology

Analysing the blood components can give indications of the
physiological status and health of the experimental salmon.

Table 1 Formulation and proximate composition of experimental diets
with Palmaria palmata inclusion for Atlantic salmon (Salmo salar)

Diets

CTRL P5 P10 P15

Diet formulation; %

Fish meala 40.74 39.08 37.41 35.75

Fish oila 20.00 20.14 20.28 20.41

P. palmata – 5.00 10.00 15.00

Corn starchb 18.76 15.28 11.81 8.34

Lysaminec 9.00 9.00 9.00 9.00

Glutalysc 9.00 9.00 9.00 9.00

Mineral and vitamin premixd 2.00 2.00 2.00 2.00

Antioxidante 0.50 0.50 0.50 0.50

Proximate compositionf; %

Moisture 6.3 6.1 6.1 6.6

Protein 40.7 40.6 40.8 40.6

Lipid 25.1 25.0 25.2 25.5

Ash 8.3 8.4 9.6 9.9

Energy; MJ kg−1 26.2 26.6 26.4 26.1

Palmaria palmata proximate composition: moisture 9 %, crude protein
22 %, crude lipid 1 %, ash 25 % and energy 15 MJ kg−1

CTRL control, P5 5 %, P10 10%, P15 15% Palmaria palmata inclusion
a United fish products Ltd., Donegal, Ireland
b Laboratory grade, Sigma–Aldrich Company Ltd., UK
c Purified feed ingredients, Roquette, France
d Premier nutrition products Ltd., UK. (Manufacturer’s analysis: Ca—
12.09 %, ash—78.71 %, Na—8.86 %, vitamin A—1.0 μg kg−1 , vitamin
D3 0.10%, vitamin E—7.0 g kg−1 , Cu—250mg kg−1 ,Mg—15.6 g kg−1

and P—5.2 g kg−1 )
e Barox plus liquid, Kemin Europa N.V., Belgium
f n= 4
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Packed cell volume (PCV) was determined using the micro
haematocrit method (Bain et al. 2006). Haemoglobin (Hb)
determination was performed using the cyanmethaemoglobin
method (Bain et al. 2006). For total erythrocyte and total leu-
kocyte counts, whole blood was fixed in Dacie’s fluid (Bain
et al . 2006) and, subsequent ly, counted using a
haemocytometer. As part of the blood panel, blood indices
were calculated as follows:

Meancorpuscular volume MCV; fLð Þ
¼ PCV � 10ð Þ � total erythrocyte;

Meancorpuscular haemoglobin MCH; pgð Þ
¼ Hb � 10ð Þ � total erythrocyte;

Meancorpuscular haemoglobinconcentration MCHC; g dL‐1
� �

¼ Hb � PCV:

Biochemical haematology

Plasma glucose was analysed using the oxidase–peroxidase
method (Trinder 1969). Samples were incubated with oxi-
dase–peroxidase stock solution for 15 min at 37 °C. Samples
were cooled in ice, and the absorbance was measured imme-
diately at 505 nm. Total serum protein was assayed using the
Bradford method on a 96-multi-well microplate reader [LT-
4000MS Labtech, Ireland] at 595 nm (Bradford 1976). Serum
albumin was determined using a bromocresol green (BCG)
binding method (Spencer and Price 1977). Absorbance was
read at 630 nm. Linear standardisation of both methods was
carried out using known concentrations of bovine and human
serum albumin [Sigma–Aldrich, Ireland], respectively. Levels
of lipid peroxidation were determined by the amount of 4-
hydroxyalkenal and malondialdehyde present in the sample
as described in Gérard-Monnier et al. (1998).

Immunological haematology

Serum lysozyme activity determination was achieved using the
turbidimetric method as described by Siwicki and Anderson
(1993). Lysozyme activity is defined as one unit of enzyme
producing an absorbance decrease of 0.001 per minute at
450 nm. Serum haemolytic complement activity through the
alternative pathway was performed as described by Yano
(1992), usingwashed rabbit red blood cell (RaRBC, 2×108 cells
mL−1) as the target cells [TCS, Botolph Claydon, England]. The
amount of plasma sample needed to haemolyse 50 % of the
RaRBC was calculated by the following equation: ACH50=1/
k×(reciprocal of initial dilution)×0.5. Both aspartate transami-
nase and alanine transaminase activities were analysed using
methods described in Rao and Deshpande (2005).

Statistical analysis

Results are expressed as means with the corresponding stan-
dard error (S.E.) values. Homogeneity of variances in data
was examined using Cochran’s test (Underwood 1996).
Where appropriate, the use of 1/(χ) transformation was ap-
plied to improve variance homogeneity. Datasets were
analysed using either nested or one-way ANOVA, and signif-
icant differences among means were tested post hoc, using a
Tukey’s honest significant difference (HSD) test. ANOVA is
robust to ‘considerable’ variance heterogeneity, particularly
when group sizes are equal (Zar 1996). Results for ANOVA
are therefore presented even when Cochran’s test suggested
variance heterogeneity. To take a conservative approach in the
face of heterogeneity of variances, Kruskal-Wallis tests were
also performed on data that had heterogeneous variances even
with transformation applied. Consistency between the non
parametric test and ANOVAwas taken as support for the con-
clusions of the ANOVA. The 95 % confidence interval (CI)
for the control (CTRL) diet treatment mean is reported as a
guide to the sensitivity of the analyses (Nakagawa 2004).

Results

Results of the growth performance and morphometric data of
the salmon from the experimental feeding trial are presented in
Table 2. After 14 weeks of feeding on the experimental diets,
mean weight gain of the fish in the different test groups ranged
from 224 to 249 g fish−1, or 230 to 242% relative weight gain.
The growth parameters (final weight and WG) and growth
performance indices (K, FCR and SGR) did not show signif-
icant differences between the seaweed inclusion diets (P5, P10
and P15) and the control diets (CTRL, p>0.05). There were
no significant differences (p>0.05) in morphometric mea-
surements such as (liver weight and visceral weight) and in-
dices (K, HSI and VSI) among the experimental groups.

The haematological results (Table 3) also show few signif-
icant changes in either basic haematological values or bio-
chemical haematological parameters (p>0.05). Increasing al-
gal inclusion did not significantly increase oxidative stress
marker—malondialdehyde levels. An examination of the im-
munological variables in experimental fish showed no effect
of algal dietary inclusion (Table 4). There was no evidence of
changes in total leukocyte counts. Lysozyme activity was
found to be highly variable between individuals, as demon-
strated by the standard error values and 95 % confidence in-
terval for the control feed (CTRL) range. Enzyme activity
associated with hepatic function is also shown in Table 4.
Significant differences in alanine transaminase (ALT) activity
values were observed with the lowest and the highest
macroalgae inclusion (P5 and P15), where the results show a
significantly lower ALT activity, when compared to the
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control diets (p<0.05). ALT mean values showed no apparent
gradient in change associated with the varying dietary algal
inclusion levels (i.e. no suggestion of a linear dose–response).
However, the same trend was not found in aspartate transam-
inase (AST) activity (p>0.05).

An evaluation of the salmon body proximate composition
revealed that there were no significant differences across the
experimental and control diets (p>0.05, Fig. 1). Furthermore,
protein and ash content in salmon that were fed with seaweed
supplemented diets proved to be unchanged when compared

Table 2 Effect of dietary Palmaria palmata inclusion on growth performance and feed utilisation parameters in Atlantic salmon (Salmo salar) (n= 3,
±SE)

Growth parameters Diets

CTRL P5 P10 P15 f valuedf p value Homogeneity 95 %CI

Lower Upper

Initial weight; g 168.7 ± 1.8 171.0 ± 0.1 168.5 ± 1.4 170.4 ± 0.7 0.562(3,8) 0.655 Yes 166.501 174.045

Final weight; g 408.3 ± 12.3 406.8 ± 10.5 398.5 ± 10.6 404.1 ± 11.5 0.109(3,8) 0.953 Yes 327.108 490.65

Weight gain; g 232.0 ± 28.9 227.1 ± 8.8 229.2 ± 9.7 241.0 ± 1.1 1.76(3,8) 0.916 Yes 202.551 264.589

Condition factor; K 1.00 ± 0.01 1.01 ± 0.02 1.01 ± 0.01 1.00 ± 0.01 0.333(3,8) 0.802 Yes 0.990 1.020

Liver weight; g 3.79 ± 0.16 3.37 ± 0.14 3.54 ± 0.16 3.53 ± 0.13 0.778(3,8) 0.539 Yes 3.477 4.105

Viscera weight; g 38.78 ± 2.45 33.91 ± 1.60 34.43 ± 2.18 35.37 ± 1.52 0.486(3,8) 0.701 Yes 33.881 43.676

Hepato-somatic index; % 0.90 ± 0.02 0.81 ± 0.02 0.89 ± 0.02 0.85 ± 0.02 1.481(3,8) 0.291 No 0.863 0.929

Viscera-somatic index; % 8.84 ± 0.49 8.18 ± 0.22 8.53 ± 0.28 8.46 ± 0.25 0.305(3,8) 0.631 Yes 8.319 9.369

Feed conversion ratio; FCR 1.28 ± 0.10 1.40 ± 0.05 1.37 ± 0.07 1.32 ± 0.03 1.401(3,8) 0.312 Yes 1.194 1.593

Specific growth rate; SGR, % day−1 0.88 ± 0.01 0.92 ± 0.15 0.92 ± 0.02 0.90 ± 0.02 0.188(3,8) 0.902 Yes 0.757 1.163

Confidence limits (CI) are given with reference to the mean of the control diet (CTRL)

Experimental diets: CTRL control, P5 5 %, P10 10 %, P15 15 % P. palmata inclusion

Table 3 Haematological and biochemical parameters of Atlantic salmon (Salmo salar) fed on Palmaria palmata inclusion diets (n= 3, ±SE)

Diets

CTRL P5 P10 P15 f valuedf p value Homogeneity 95 %CI

Lower Upper

Basic haematology parameters

Packed cell volume; % 45.78 ± 0.85 43.11 ± 1.41 42.56 ± 1.75 42.78 ± 0.88 1.433(3,8) 0.303 Yes 43.826 47.729

Total erythrocyte; ×1012

cells L−1
0.85 ± 0.05 0.88 ± 0.02 0.90 ± 0.04 0.78 ± 0.03 1.147(3,8) 0.387 Yes 0.741 0.951

Haemoglobin; mg dL−1 15.08 ± 0.50 15.80 ± 0.64 14.77 ± 0.41 14.42 ± 0.46 1.150(3,8) 0.386 Yes 13.931 16.236

MCV; fL 552.80 ± 30.61 493.77 ± 24.09 478.88 ± 27.60 555.06 ± 21.15 1.309(3,8) 0.337 Yes 484.170 616.676

MCH; pg 181.40 ± 10.17 174.95 ± 4.24 165.79 ± 7.18 188.49 ± 12.30 0.628(3,8) 0.617 Yes 159.758 203.662

MCHC; g dL−1 32.94 ± 0.87 36.91 ± 1.82 35.02 ± 1.27 34.11 ± 1.18 1.061(3,8) 0.418 Yes 30.931 34.947

Biochemical haematology parameters

Glucose; mg dL−1 115.94 ± 4.07 111.38 ± 2.88 125.65 ± 1.43 104.94 ± 1.79 4.194(3,8) 0.460 Yes 103.122 128.768

Total protein; mg dL−1 11.43 ± 0.43 11.59 ± 0.29 11.72 ± 0.35 12.18 ± 0.62 0.340(3,8) 0.798 Yes 10.445 12.419

Albumin; mg dL−1 4.04 ± 0.34 4.34 ± 0.23 3.57 ± 0.31 3.19 ± 0.66 3.837(3,8) 0.057 Yes 2.597 5.483

Globulin; mg dL−1 7.39 ± 0.28 7.26 ± 0.49 8.15 ± 0.79 8.98 ± 0.66 1.829(3,8) 0.220 Yes 6.168 8.613

Albumin/Globulin ratio 1.84 ± 0.09 1.69 ± 0.20 2.35 ± 0.42 2.81 ± 0.17 4.010(3,8) 0.052 Yes 1.453 2.235

Malondialdehyde; μM mL−1 0.13 ± 0.02 0.08 ± 0.01 0.07 ± 0.01 0.13 ± 0.03 0.594(3,8) 0.636 Yes 0.074 0.177

Confidence limits (CI) are given with reference to the mean of the control diet (CTRL)

Experimental diets:CTRL control, P5 5%,P10 10%,P15 15% P. palmata inclusion.MCHCmean corpuscular haemoglobin concentration,MCHmean
corpuscular haemoglobin, MCV mean corpuscular volume
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to the dietary control treatment groups. However, it was found
that both lipid (p=0.018) concentrations increased in salmon
that were fed with 5 % Palmaria inclusion diet, but the same
enhancement effect was not replicated in the other dietary
seaweed groups. A similar pattern was also found in the gross
energy values, but statistical testing subsequently found that
this was not significant (p=0.053).

Discussion

Inclusion of up to 15 % of P. palmata into Atlantic salmon
diets had no detrimental effect on growth performance when

compared to the control diets. These results suggest that this
macroalgal species could be used as a supplement in fish feed
diets. The results of this study are similar to other studies that
illustrates neutral effects of dietary seaweed inclusion on fish
growth performance, e.g. Porphyra dioica in rainbow trout
(Oncorhynchus mykiss; Soler-Vila et al. 2009), Ulva rigida
and Gracilaria bursa-pastoris in European sea bass
(Dicentrarchus labrax; Valente et al. 2006) and in common
carp (Cyprinus carpio; Diler et al. 2007). In addition to
supporting growth, some studies have observed that a low
level of algal inclusion has actually enhanced growth perfor-
mance. For example, feed trials carried out by Asino et al.
(2011) have shown that Ulva (Enteromorpha) prolifera inclu-
sion into large yellow croaker (Pseudosciaena crocea) diets
resulted in both an increase in weight gain and specific growth
rate. Similarly, Mustafa et al. (1995) found higher growth
performance (biomass increase, weight gain and daily growth
rate) in red seabream (Pagrus major) after being fed with
either Ascophyllum nodosum, or Ulva pertusa, or Pyropia
(Porphyra) yezoensis. The absence of an effect of P. palmata
inclusion in salmon diets contrasts with examples, where feed-
ing trials using macroalgal inclusion diets have resulted in
decreased growth performance and depressed nutrient digest-
ibility. For thick-lipped grey mullet (Chelon labrosus) that
were fed with either 16.5 or 33 % inclusion of Porphyra
purpurea diets, growth performance (weight gain, SGR, daily
feed intake, FCR, feed efficiency, protein efficiency ratio and
net protein utilisation) was inferior than the basal diet (0 %) as
algal inclusion rate increased (Davies et al. 1997). Decrease in
growth performance was also reported in gilt-head bream
(Sparus aurata) when Gracilaria cornea (5, 15 and 25 %)
was supplemented into the compound diet. The study reported
significantly lower SGR and higher FCR values amongst the
25 % inclusion treatment group when compared to any other

Table 4 Immunological and hepatic parameters of Atlantic salmon (Salmo salar) fed on Palmaria palmata inclusion diets (n= 3, ±SE)

Diets

CTRL P5 P10 P15 f value (df) p value Homogeneity 95 %CI

Lower Upper

Immunological parameters

Total leukocyte; cells × 109 L−1 1.50 ± 0.15 1.61 ± 0.13 1.35 ± 0.28 1.48 ± 0.13 0.245(3,8) 0.863 Yes 1.122 1.878

Lysozyme; U mL−1 63.33 ± 23.65 105.00 ± 29.30 66.67 ± 13.88 66.85 ± 19.94 0.778(3,8) 0.539 Yes 38.419 165.085

ACH50; U mL−1 209.00 ± 34.85 176.18 ± 19.27 217.61 ± 24.60 176.16 ± 45.14 0.447(3,8) 0.726 Yes 59.056 358.954

Hepatic function parameters

ALT; U L−1 41.57 ± 3.66a 32.30 ± 2.67b 48.16 ± 7.60a 28.76 ± 1.57b 5.048(3,8) 0.025 Yes 32.616 50.516

AST; U L−1 35.92 ± 3.55 32.35 ± 0.74 31.06 ± 0.94 32.87 ± 1.37 0.584(3,8) 0.640 Yes 26.085 45.767

Different superscripts in the same row indicate significant difference (ANOVA, *p< 0.05). Confidence limits (CI) are given with reference to themean of
the control diet (CTRL)

Experimental diets: CTRL control, P5 5 %, P10 10 %, P15 15 % P. palmata inclusion. ACH50 alternative complement activity, AST aspartate
transaminase, ALT alanine transaminase
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Fig. 1 Whole body proximate composition of Atlantic salmon
(Salmo salar) after being fed for 14 weeks on different levels of
Palmaria palmata inclusion diets (±S.E.)
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tested dietary groups (Vizcaíno et al. 2015). The observed
varying growth responses between different finfish species
could be explained by their natural feeding behaviour (e.g.
herbivore, omnivore and carnivore) and whether their natural
habitat is marine, brackish or freshwater. These factors can
define the overall ability (e.g. gut morphology, production of
necessary digestive enzymes and enzyme activity) of the fish
being able to efficiently digest and absorb the nutrients in the
seaweed inclusion diets (Halver and Hardy 2002).
Furthermore, it is possible that these observations of negative
effects on growth are also the result of anti-nutrients present in
the algae that are preventing normal nutrient absorption
through the fish gut wall. For example, largemolecular weight
pholorotannins found in brown algae species and also to a
lesser extent in non-Phaeophyta species can have adverse ef-
fects by inhibiting the action of fish digestive enzymes
(Boettcher and Target 1993; Perez-Lorenzo et al. 1998).

In the present study, the growth response demonstrated that
dietary P. palmata inclusion into Atlantic salmon (S. salar)
diets did not produce a significant negative effect on growth
performance. It is possible that the high presence of complex
heterogeneous carbohydrates in the seaweed (e.g. cellulose,
agar, porphyrans, carrageenan or/and ulvan) are acting as bar-
riers to the absorption of cytoplasmic proteins (Shiau and
Liang 1994; Sturmbauer 1991; Storebakken and Austreng
1987). This is similar to plant meals which typically contain
large amounts of non-starch polysaccharides-NSP (e.g. cellu-
lose, peptic polysaccharides and mannans) and have been
documented to decrease nutrient absorption and produce neg-
ative effects on fish growth performance (Refstie et al. 1999).
Therefore, the removal or breakdown of these complex carbo-
hydrates in the seaweed could allow higher nutrient absorp-
tion efficiency and fish growth. The application of food
manufacturing processes to the seaweed could allow this goal
to be achieved. For example, an in vitro study demonstrated
that P. palmata treated with microbial fermentation resulted in
higher estimated protein digestibility values and lower xylose
content, when compared to untreated Palmaria samples
(Marrion et al. 2003).

In comparison, anti-nutrients from terrestrial plants are
known to cause other physiological effects in finfish
(Francis et al. 2001), such as the suppression of immune pa-
rameters (Bakke-McKellep et al. 2000) and pathological deg-
radation of the gut (Krogdahl et al. 2003). For the latter, intes-
tinal changes were observed in Nile tilapia (Oreochromis
niloticus) that has been fed either with Porphyra dioica or
Gracilaria vermiculophylla inclusion diets (10 %). Both ex-
perimental fish group were found to have shorter intestinal
villi length than the dietary control group individuals (Silva
et al. 2015). While the current study did not evaluate the effect
of algae supplementation has on fish gut histology, it is pos-
sible to infer from the clinical blood analysis that P. palmata
does not contain anti-nutritional factors, or their

concentrations are not sufficient to have had an observable
effect on the salmon immune system. Moreover, the presence
of pathogens, stress and/or imbalances in nutrition can also
affect the blood composition. Improper balance of nutrients
(e.g. amino acids, fatty acids and vitamins) can lead to chang-
es in blood proteins levels (Kader et al. 2010), lipid peroxida-
tion susceptibility (Gao et al. 2012), and immune system func-
tion (Petropoulos et al. 2009). The suite of haematological
analysis carried out in this study suggested that this was not
the case as evidenced by the lack of observable change in the
measured blood parameters.

This was with the exception of albumin:globulin (A:G) ra-
tio, where the levels were seems to show higher values in the 10
and 15 % Palmaria inclusion dietary group. A:G ratio can be
used as an indicator of general health, and increase in levels
could be associated with a better innate immune response
(Mehrabi et al. 2012; Wiegertjes et al. 1996). In comparison,
the addition of 5%Gracilaria vermiculophylla in rainbow trout
diets (O. mykiss) had the ability to enhance both lysozyme
activity and alternative complement activity by over 60%when
compared to the dietary control (Araújo et al. 2016).

Hepatocellular injury in fish can often be attributed to im-
balance in nutrition (Olsvik et al. 2011), stress (Costas et al.
2011), pollutants (Ortiz-Ordoñez et al. 2011), or pathogenic
infection (Saksida et al. 2012). Very often, these can be de-
tected via the different elements within the blood. For exam-
ple, an increase in enzyme activity associated with hepatic
function like alanine transaminase (ALT) and aspartate trans-
aminase (AST) are used as biological marker for indicating
liver health status (Jahanbin et al. 2012; Li et al. 2011). The
present study observed that ALT activity was significantly
lower in fish fed with the low and high algal inclusion (P5
and P15), while smolts fed withmediummacroalgae inclusion
(P10) remained the same as the basal control group. It is pos-
sible that certain compound(s) present in P. palmata meal led
to the promotion of hepatic function. For example, the supple-
mentation of synthetic (0.91 g kg−1), or naturally derived
(Phaffia rhodozyma) astaxanthin (freeze-dried 9.80 g kg−1,
chemically treated 10.20 g kg−1 and milled 11.36 g kg−1) diet
fed to rainbow trout produced up to twofold lower serumAST
activity than the basal dietary group (Nakano et al. 1995). As
such, the authors suggested that the reduced enzyme activity
could indicate improved hepatic health. Interestingly, in the
present study, the ALT results seem to suggest that varying P.
palmata inclusion level did not yield a gradient effect on en-
zyme activity; as such, it is difficult to draw a conclusion to the
research findings.

In past studies, the addition of seaweed into compound
diets had significant influences on the final finfish body prox-
imate composition. A five percent increase in body protein
content was reported in Nile tilapia (O. niloticus) when fed
with 30 % dietary inclusion of Pyropia yezoensis (Stadtlander
et al. 2013). Similarly, the inclusion of the 5 and 10 %
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Pterocladia capillacea into seabass (D. labrax) diet had re-
sulted in the enhancement of body lipid content by over 50 %
when compared to no algal inclusion (Wassef et al. 2013).
When compared to the present study, an increase in lipid con-
tent was observed at the 5 % P. palmata inclusion level, but
the significant enhancement was not detected in the higher
algae inclusion diets. As lipids are high-energy dense com-
pounds, a similar pattern was observed in gross energy levels,
although statistical testing revealed that there was no signifi-
cant difference observed in the 5 % dietary inclusion. Changes
in fish lipid composition can, ultimately, alter the sensory
quality of the salmon. For example, an increase in lipid con-
centration from three to eleven percent had a positive correla-
tion in texture and flavour parameters in both smoked and
cooked salmon (Robb et al. 2002).

In conclusion, the present study has provided evidence that
inclusion of P. palmata at levels of up to 15 % in Atlantic
salmon extruded diets did not affect growth performance diet.
Furthermore, the results suggest that inclusion of the P.
palmata at 5 and 15 % may have a beneficial effect on liver
health. Therefore, the use of this species of algal meal could
serve as a functional component in formulated Atlantic salm-
on (Salmo salar) diets.
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