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Abstract 21 

 22 

Harmful algal bloom events are increasing in a number of water bodies around the world with 23 
significant economic impacts on the aquaculture, fishing and tourism industries. As well as 24 
their potential impacts on human health, toxin exposure from harmful algal blooms (HABs) 25 
has resulted in widespread morbidity and mortality in marine life, including top marine 26 
predators. There is therefore a need for an improved understanding of the trophic transfer, and 27 
persistence of toxins in marine food webs. For the first time, the concentrations of two toxin 28 
groups of commercial and environmental importance, domoic acid (DA) and saxitoxin 29 
(including Paralytic Shellfish Toxin (PST) analogues), were measured in the viscera of 40 30 
different fish species caught in Scotland between February and November, 2012 to 2019. 31 
Overall, fish had higher concentrations of DA compared to PSTs, with a peak in the summer / 32 
autumn months. Whole fish concentrations were highest in pelagic species including Atlantic 33 
mackerel and herring, key forage fish for marine predators including seals, cetaceans and 34 
seabirds. The highest DA concentrations were measured along the east coast of Scotland and 35 
in Orkney. PSTs showed highest concentrations in early summer, consistent with 36 
phytoplankton bloom timings. The detection of multiple toxins in such a range of demersal, 37 
pelagic and benthic fish prey species suggests that both the fish, and by extension, piscivorous 38 
marine predators, experience multiple routes of toxin exposure. Risk assessment models to 39 
understand the impacts of exposure to HAB toxins on marine predators therefore need to 40 
consider how chronic, low-dose exposure to multiple toxins, as well as acute exposure during 41 
a bloom, could lead to potential long-term health effects ultimately contributing to mortalities. 42 
The potential synergistic, neurotoxic and physiological effects of long-term exposure to 43 
multiple toxins require investigation in order to appropriately assess the risks of HAB toxins 44 
on fish as well as their predators. 45 

 46 

 47 
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Introduction 53 

 54 

Toxins produced by harmful algal blooms (HABs) are known to cause mortality and serious 55 
detrimental health effects in humans and wildlife (Anderson and White, 1992; Coulson et al., 56 
1968; Landsberg, 2002; Lefebvre et al., 1999; Scholin et al., 2000; Sierra-Beltràn et al., 1997). 57 
HAB toxins can also result in important economic losses, especially for aquaculture and 58 
fisheries (Hoagland et al., 2002; Martino et al., 2020; Perl et al., 1990; Scholin et al., 2000; 59 
Sierra-Beltràn et al., 1997; White, 1981b) and for the tourism and recreation industries 60 
(Berdalet et al., 2016). There is concern that the observed global expansion of HABs represent 61 
a significant threat to human health, food production, ecosystem services and wildlife 62 
populations (Anderson, 2014). Measuring the progression of HAB toxins through marine food 63 
chains and understanding the key drivers of toxin distribution and uptake through ecosystems 64 
is therefore of increasing importance.  Here, the occurrence and uptake of toxins in fish from 65 
around the coast of Scotland are investigated for the first time. To our knowledge, there are no 66 
published data on the presence of HAB toxins in fish from Scottish waters. 67 

 68 

The exposure of marine top predators, including marine mammals and seabirds, to toxins from 69 
harmful algae occurs largely through ingestion (Landsberg, 2002). While the known risk to 70 
human health in Scottish waters from toxin consumption mainly comes from contaminated 71 
shellfish (Davidson et al., 2011), fish have also been shown to accumulate toxins, and therefore 72 
have the potential to act as toxin vectors with wide-ranging impacts on marine ecosystems 73 
(Lefebvre et al., 1999). Algal toxin uptake has also been documented in crabs, lobsters, 74 
gastropods (sea-snails, sea-slugs and limpets), and echinoderms (starfishes and sea-urchins) 75 
(Landsberg, 2002; Silva et al., 2018; Dean et al., 2020). This provides evidence of toxin 76 
exposure to benthic communities (Landsberg, 2002; Silva et al., 2013), not just pelagic species, 77 
and therefore increases the potential routes of exposure to top predators following the 78 
consumption of various contaminated prey. There is also evidence that some toxins persist in 79 
the food chain long after the HAB itself has ended (Burns and Ferry, 2007; Sekula-Wood et 80 
al., 2009). As such, trophic transfer of toxins over prolonged periods following a HAB event 81 
is an important factor to consider when assessing exposure risk. However, the extent to which 82 
these toxins are transferred through the food chain is not well known, particularly outside 83 
shellfish production regions, as there are few data on measured concentrations in a variety of 84 
potentially contaminated prey species, particularly outside an extensive HAB event. 85 

 86 

Pseudo-nitzschia is a globally widespread genus of marine diatoms, and while not all species 87 
of Pseudo-nitzschia produce toxins, those that do, produce the neurotoxin domoic acid (DA). 88 
DA poisoning causes neurological disorders in humans (for review see Lefebvre and 89 
Robertson, 2010) and top marine predators, and has resulted in mass mortalities and live 90 
strandings of marine mammals (Hernandez et al., 1998; Lefebvre et al., 1999; Scholin et al., 91 
2000; for review see Fire and Van Dolah, 2012). There are several reports of fish as vectors for 92 
DA, such as northern anchovies (Engraulis mordax) and mackerel (Scomber scrombus) 93 
(Altwein et al. 1995; Lefebvre et al., 1999; McGinness et al., 1995; Sierra-Beltràn et al., 1997; 94 
Work et al., 1993). Generally, with a few notable exceptions, fish appear to mostly accumulate 95 
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toxins in the viscera and not in the flesh (Bakke and Horsberg, 2010; Kwong et al., 2006; Lage 96 
and Costa, 2013; Mazzillo et al., 2010; Nakamura et al., 1984).  For example, the toxin is 97 
largely restricted to the gut content of mackerel, but low concentrations have been found in the 98 
brain and muscles of northern anchovies (Lefebvre et al., 2001). In 1991, DA intoxication was 99 
confirmed as the cause of mass mortalities of seabirds, Brandt's cormorants (Phalacrocorax 100 
penicillatus) and brown pelicans (Pelecanus occidentalis) along the California coast, with 101 
northern anchovies being the most likely primary toxin vectors (Fritz et al., 1992; Work et al., 102 
1993). Multispecies marine mammal mortality events have also been associated with DA 103 
exposure. For example, a large unusual mortality event occurred in the United States along the 104 
coast of California in 2002. This included the stranding of California sea lions (Zalophus 105 
californianus), long-beaked common dolphins (Delphinus capensis) and southern sea otters 106 
(Enhydra lutris nereis), among other species, all of which were linked to DA exposure (Riva 107 
et al., 2009). The main vectors for DA exposure were thought to be several species of 108 
planktivorous fish, notably sardines (Sardinops caeruleus) and anchovies.  Most recently, in 109 
2015 an unprecedented large scale Pseudo-nitzschia spp. HAB event occurred along the North 110 
American west coast resulting in exposure in shellfish, crabs, razor clams, and anchovies as 111 
well as both large and small cetaceans, phocids and otariids (McCabe et al., 2016).   112 

 113 

Marine dinoflagellate species, belonging to the genus Alexandrium, are also known to produce 114 
toxins. Specifically, they produce Paralytic Shellfish Toxins (PSTs) including saxitoxin (STX) 115 
and at least 21 derivatives that can be produced in various combinations and concentrations. 116 
PSTs can be extremely harmful to humans and result in Paralytic Shellfish Poisoning (PSP) 117 
following consumption of contaminated shellfish, and in the most severe cases can result in 118 
complete paralysis and death from respiratory failure (Bower et al., 1981; Shumway, 1990). 119 
There are also reports of lethal and sub lethal impacts involving exposure to PSTs, especially 120 
STX, in fish and top predators (Fire et al., 2012; Hernandez et al., 1998; Landsberg et al., 2006). 121 
For example, in 1976 in the Bay of Fundy (Canada), mortality of the Atlantic herring (Clupea 122 
harengus harengus) was documented in connection with an Alexandrium tamarense bloom and 123 
PST production, and later, in 1984, farmed salmon and trout mortality was reported in the Faroe 124 
Islands in connection with a bloom of Gonyaulax excavata (Mortensen, 1985), now called 125 
Alexandrium catenella (Fraga et al., 2015). In August 2008, an intense bloom of a toxin 126 
producing strain of A. tamarense (now A. catenella) in the St. Lawrence Estuary, Canada, 127 
resulted in the accumulation of PSTs, notably STX, through the food web and unprecedented 128 
mass mortalities of marine fish, birds and mammals (Starr et al., 2017), providing strong 129 
evidence for the trophic transfer of PSTs. A bloom of A. minutum resulted in mortalities of 130 
small pelagic fish in the Azores in 2013 (Santos et al., 2014), and an exceptional bloom of A. 131 
catenella resulted in mass mortalities of farmed salmon in Chile (Armijo et al., 2020). In the 132 
UK, PSTs have been associated with mortalities of seabirds and potentially sandeels in 1968 133 
(Adams et al., 1968; Coulson et al., 1968), and in January 2018, a number of dogs died from 134 
PSP in the south east of England after eating fish and starfish that had washed ashore after a 135 
storm (Turner et al., 2018). 136 

 137 

The aim of this study was to investigate the potential routes of trophic transfer of toxins 138 
produced by HABs to top marine predators in Scottish waters through their prey. The 139 
concentrations of domoic acid and saxitoxin (including PST analogues) were determined in the 140 
viscera of various fish species caught in Scotland across different seasons. For the first time, 141 
these data provide information on the accumulation of the most important toxins in Scottish 142 
waters by fish.  These data include commercially important species as well as those that are 143 
key prey species for marine predators. Fish were sampled in various coastal zones, and in 144 
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benthic, demersal and pelagic habitats.  In addition, these fish samples were not collected 145 
during specific bloom events or at locations of known high phytoplankton occurrence, and 146 
therefore represent the general occurrence of toxins in the marine ecosystem within selected 147 
Scottish marine regions.  As such, these data provide an indication of the range and variability 148 
of toxin uptake by fish with different ecological niches and will facilitate predator risk 149 
assessments, allowing exposure scenarios to be based on empirical data (Hall et al., in prep). 150 

 151 

 152 

Methods 153 

 154 

1. Fish Collection 155 

 156 

Fish were collected from four main regions around Scotland between February and November 157 
from 2012 to 2019.  These were East Scotland, the Moray Firth, Orkney and the Shetland 158 
Islands. A small number of fish were also collected from the Isle of Skye (Table 1). Samples 159 
were supplied by local fishermen or were collected during dedicated fish capture surveys using 160 
long line and rod and line. The fish capture surveys were approved by the University of St 161 
Andrews, School of Biology Animal Welfare and Ethics Committee. A scientific cruise in the 162 
Firth of Forth, carried out by Marine Scotland Science in 2012 also provided samples. In 163 
addition, fish were supplied by the NAFC Marine Centre, during their annual inshore fish 164 
survey around the west coast of Shetland in 2019.  165 

 166 

A total of 40 different species were collected (Supplementary Table 1) and were assigned to 8 167 
prey species groups to facilitate comparisons (Table 1). Fish species groups were based on 168 
work by Wilson and Hammond (2019), which assigned fish into general prey species groups 169 
based on predator diet information.  ‘Elasmobranchs’ included dogfish (Scyliorhinus canicula) 170 
and thornback rays (Raja clavata). ‘Gadids’ mainly included, but were not limited to, cod 171 
(Gadus morhua), haddock (Melanogrammus aeglefinus), hake (Merluccius merluccius), ling 172 
(Molva molva), pollock (Pollachius pollachius), rockling (Gaidropsarus vulgaris), pout 173 
(Trisopterus esmarkii), saithe (Pollachius virens) and whiting (Merlangius merlangus). 174 
‘Flatfish’ mainly included brill (Scopthalmus rhombus), dab (Limanda limanda), long-rough 175 
dab (Hippoglossoides platessoides), flounder (Platichthys flesus), lemon sole (Microstomus 176 
kitt) and plaice (Pleuronectes platessa). ‘Sandy benthic’ included butterfish (Pholis gunnellus) 177 
and dragonet (Callionymus lyra), and ‘Scorpion fish’ included bullrout (Myoxocephalus 178 
scorpius), grey and red gurnard (Eutrigla gurnardus, Chelidonichthys cuculus), hooknose 179 
(Agonus cataphractus) and sea scorpion (Taurulus bubalis). ‘Pelagic’ species included, but 180 
were not limited to, herring (Clupea harengus harengus), mackerel (Scomber scrombus), horse 181 
mackerel (Trachurus trachurus) and sprat (Sprattus sprattus). ‘Other’ species were 182 
miscellaneous species including, but not limited to, eelpout (Zoarces viviparus), blennies 183 
(Blenniidae spp.) and monkfish (Lophius piscatorius). Sandeels (Ammodytes spp.) were 184 
grouped separately. For full details of species group classifications see Supplementary Table 185 
1. The locations and number of samples obtained by prey species group are shown in Table 1. 186 

 187 
Due to the largely opportunistic nature of the fish collection, sampling effort was not equal 188 
either spatially or temporally, but, overall, 8 months of the year were sampled (between 189 
February and November).  The whole fish were weighed before the viscera (entire gut) were 190 
removed, weighed, and pooled into groups of up to six fish (depending on fish size) to provide 191 
a sample of ~30g for a single species used for both toxin extractions, where possible, and stored 192 
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at -20°C until analysis. Given the small size of sandeels, the viscera were not removed, and the 193 
fish were weighed (minimum mass was a 0.43g sandeel) and then pooled and processed whole 194 
in groups of up to 60 fish (depending on size). Due to their smaller size, a few of the gadid 195 
individuals were also processed whole. These were also all stored at -20°C until further 196 
analysis.  197 
 198 
Table 1.  Number of pooled fish group samples analysed for the presence of HAB toxins in 199 
fish viscera (with the exception of sandeels, and the smallest gadids that were processed whole) 200 
by region and by prey species group. NB. This is not the total number of individual fish 201 
collected as most of these measurements represent samples from pooled groups of between 2 202 
and 6 fish, depending on their size. 203 
 204 

 East Scotland Moray Firth Orkney Shetland Skye Sum 

Elasmobranch 1 0 1 3 0 5 

Flatfish 133 0 2 13 0 148 

Gadid 65 0 69 28 3 165 

Other 5 0 0 2 0 7 

Pelagic 24 0 15 10 1 50 

Sandeel 9 14 1 1 0 25 

Sandy benthic 2 0 1 1 0 4 

Scorpion fish 27 0 2 4 0 33 

Sum 266 14 91 62 4 437 

 205 
2. Toxin Extraction and Quantification  206 

 207 
2.1. ELISA Analyses 208 
 209 

2.1.1 Domoic Acid 210 
 211 
A minimum of 30g of viscera, or whole fish for sandeels specifically, was finely blended in a 212 
food processor. A 4g homogenate aliquot was subsequently extracted using 50% 213 
methanol/water (16 mL) and vortex mixed for 1 min. The homogenised samples were then 214 
centrifuged at 3000 x g for 10 min at room temperature. The supernatants were collected and 215 
diluted in sample buffer (10% methanol in phosphate buffered saline Tween 20) at 1:200 216 
dilution. These extracts were analysed using a commercial ELISA kit (Biosense Laboratories 217 
ASP kit, Bergen, Norway), following the kit instructions and quantifying the DA according to 218 
the method established for shellfish tissue. Following established protocols, blank wells were 219 
used to establish background absorbance, and Amax wells were used to establish maximum 220 
absorbance through maximum binding of the anti-DA-HRP conjugate to the plate-coated DA-221 
conjugate. The assay is specific for DA, with no cross-reactivity to non-toxic, structural 222 
analogues like kainic acid, L-glutamic acid, L-glutamine, formimino-L-glutamic acid, proline 223 
or g-aminobutyric acid (GABA). All samples were assayed in duplicate. For samples assayed 224 
multiple times, average inter-assay (n = 5) and intra-assay (n = 8) CVs were 17.2% and 7.9%, 225 
respectively. The kit was tested to assess its use with fish samples, and pooled, diluted sample 226 
extracts showed good parallelism with the standard curve (Supplementary Fig. 1). The 227 
concentration of DA in the extracts was calculated from the four-parameter logistic standard 228 
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curve of optical densities obtained from the plate reader at 450 nm.  Concentrations of DA in 229 
µg/g in the samples were then calculated as: 230 
 231 

𝜇𝑔
𝐷𝐴

𝑔
𝑣𝑖𝑠𝑐𝑒𝑟𝑎 =  𝜇𝑔

𝐷𝐴

𝑚𝑙
𝑒𝑥𝑡𝑟𝑎𝑐𝑡 × 𝐷𝐹 × 𝑉

𝑀𝑎𝑠𝑠𝑣𝑖𝑠𝑐𝑒𝑟𝑎
⁄  232 

Where: 233 
DF, dilution factor = 200,  234 
V, volume of extract = 16 ml  235 
Massviscera, mass of homogenate = 4 g. 236 
 237 
The Limit of Detection (LOD) was calculated to be 0.01 µg DA/g estimated from blank (n = 238 
22) and low concentration (n = 22) replicates. As 8.9% of the 429 (n = 38) samples processed 239 
for DA, showed concentrations lower than this estimated LOD, it was halved to 0.005 µg/g, as 240 
is standard practice when <15% of the samples analysed fall below the detection limit of an 241 
analytical procedure (EPA, 2006). 242 
  243 

2.1.2 Saxitoxin and PSTs  244 
 245 
Where the remaining sample mass was sufficient, a subset of the 30g finely blended viscera / 246 
whole fish samples used for DA extraction were also used to measure STX and STX 247 
equivalents, collectively referred to as PSTs, using a commercially available ELISA developed 248 
for the quantification of toxins in shellfish flesh (EuroProxima B.V. Arnhem, The 249 
Netherlands). The kit was tested to assess its use with fish samples. The kit uses a polyclonal 250 
rabbit antibody which shows the following cross-reactivities: saxitoxin (100%), GTX5 251 
(26.5%), decarbamoyl saxitoxin (19.2%), gonyautoxins GTX2/3 (5.6%), neosaxitoxin (1.4%), 252 
and decarbamoyl neosaxitoxin (0.5%). Extractions were carried out according to the 253 
manufacturers’ instructions in which 1g sample aliquots were mixed with 5 mL sodium acetate 254 
buffer and vortex mixed for 1 min.  Samples were centrifuged at 3000 x g for 10 min. The 255 
supernatants were collected and diluted 1 : 50 with the ELISA kit dilution buffer following 256 
assay recommendations. All samples were assayed in duplicate. For samples assayed multiple 257 
times, average inter-assay (n = 5) and intra-assay (n = 4) CVs were 23.8% and 9.66%, 258 
respectively, and pooled, diluted sample extracts showed good parallelism with the standard 259 
curve (Supplementary Fig. 1). The concentrations of PSTs in the extracts were calculated from 260 
the four-parameter logistic standard curve of optical densities obtained from the plate reader at 261 
450 nm. The LOD was calculated to be 0.0009 µg/g estimated from repeats of blank wells (n 262 
= 10). Concentrations of PSTs in µg STXeq /g in the samples were then calculated as: 263 
 264 

𝜇𝑔
𝑆𝑇𝑋

𝑔
𝑣𝑖𝑠𝑐𝑒𝑟𝑎 =  𝜇𝑔

𝑆𝑇𝑋

𝑚𝑙
𝑒𝑥𝑡𝑟𝑎𝑐𝑡 × 𝐷𝐹 × 𝑉

𝑀𝑎𝑠𝑠𝑣𝑖𝑠𝑐𝑒𝑟𝑎
⁄  265 

 266 
Where: 267 
DF, dilution factor = 50 268 
V, volume of extract = 6 ml  269 
Massviscera, mass of homogenate = 1 g. 270 
 271 
2.2. LC-MS/MS and LC-FLD Confirmation Analyses 272 
 273 

2.2.1. LC-MS/MS Confirmation Analyses for DA 274 
  275 
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Previous comparisons of ultra-high performance liquid chromatography-tandem mass 276 
spectrometry (UHPLC-MS/MS) DA quantification methods and ELISA quantification of DA 277 
in phocid fecal samples (n = 19) found good correlation between the two (Jensen et al. 2015). 278 
In this study, DA was extracted from 17 aliquots of homogenised fish viscera samples from 5 279 
species (mackerel, saithe, plaice, grey gurnard and sandeel) using a single dispersive 50% 280 
aqueous methanolic solvent (Quilliam et al., 1995). Specifically, 2.0 g tissue was weighed into 281 
a centrifuge tube and 18 mL solvent added prior to homogenization using a high speed vortex 282 
mixer, for 2 min. After centrifugation, supernatants were syringe-filtered (0.2 µm) into a glass 283 
autosampler vial ready for analysis.  A method was developed to detect and quantify DA in 284 
methanolic extracts of shellfish and fish. Analysis of filtered methanolic shellfish extracts was 285 
performed using a Waters (Manchester, UK) I-Class UHPLC coupled to a Xevo TQ-S tandem 286 
mass spectrometer (MS/MS). In all instances, samples were run alongside quality control (QC) 287 
samples incorporating an instrumental blank (IB), procedural blank (PB), and a positive control 288 
Laboratory Reference Material (LRM). For full details see Supplementary Materials. 289 
 290 
Measured DA concentrations were significantly positively correlated between the two methods 291 
(linear regression model: p < 0.001, Adjusted R2 = 0.80, Supplementary Figure 2a). Whilst 292 
there was a good correlation between the two methods, the LC-MS/MS results were 293 
consistently higher than the ELISA concentrations. The MRMs obtained indicate that these 294 
data are likely influenced by matrix components within the fish tissues. Specifically, the ion 295 
ratios quantified in the DA-positive fish sample extracts between the three MRM acquisitions 296 
for DA were different to those determined in pure DA toxin standard, thereby indicating that 297 
there were contributions to MRM signals from matrix co-extractives. Consequently, these data 298 
were used to confirm the presence of DA in the sub-set of samples tested rather than as an 299 
assessment of comparative method performance in fish tissues.  Future work will assess a 300 
variety of clean-up protocols to reduce such interferences in order to enhance the accuracy of 301 
the LC-MS/MS quantitation.  302 
 303 

2.2.2 LC-FLD Confirmation Analyses for PSTs 304 
 305 
Similarly to DA quantification, previous comparisons of ELISA quantified PST concentrations 306 
and HPLC-FLD quantified PST concentrations in phocid fecal samples (n = 6) found a good 307 
correlation between the two methods (Jensen et al. 2015). Here, given the absence of any 308 
validated methods for PSP analysis in fish tissues, a refined version of the AOAC 2005.06 309 
official method of analysis involving pre-column oxidation liquid chromatography with 310 
fluorescence detection (PreCox LC-FLD), also known as the Lawrence method (Anon, 2005; 311 
Turner et al., 2009; Hatfield et al., 2016) was used. Nine aliquots of homogenised fish viscera 312 
were subjected to a single dispersive extraction using 1% acetic acid (Boundy et al., 2015), as 313 
well as a further refined extraction method developed for the analysis of PSTs in crustaceans 314 
and gastropods involving a higher extraction solvent to sample ratio (Dean et al., 2020). For 315 
full extraction and clean up procedures see Supplementary Materials. An Agilent (Stockport, 316 
UK) fluorescence detector (1200 model FLD) was used for the detection of the PST oxidation 317 
products in the extracts. Samples were oxidised using both periodate and peroxide oxidation 318 
after reverse-phase solid phase extraction (SPE) clean-up and ion-exchanging SPE 319 
fractionation, and chromatographic results were reviewed to determine toxin oxidation peak 320 
retention times and peak area responses. Unoxidised extracts were also analysed to account for 321 
the presence of naturally fluorescent matrix co-extractives which could interfere with the 322 
detection of PST analogue oxidation products, causing false positives. In the case of isomeric 323 
pairs (e.g. GTX1&4), the highest Toxicity Equivalent Factor (TEF) was used for each pair. 324 
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TEFs were taken from the European Food Safety Authority (EFSA) recommendations (EFSA, 325 
2009c). For full details see the Supplementary Materials.  326 
 327 
Given the absence of a fully validated LC-FLD method for PSTs in fish tissues, results from 328 
the LC-FLD analysis were used to confirm the presence of PST analogues in each of the 329 
samples. Data indicated the detection of a few specific PST analogues, most notably STX, 330 
confirming the presence of the dominant analogue STX in the majority of samples. For full 331 
details see the Supplementary Materials. 332 
 333 

3. Statistical Analyses 334 
 335 

3.1 Adjusted Whole Fish Toxin Concentrations 336 
 337 

The concentrations of toxins in the fish were measured in the viscera (except for the sandeels 338 
and some of the smaller gadid samples) as previous studies have shown that, overall, negligible 339 
concentrations of toxin are found in fish flesh (Mazzillo et al., 2010). For meaningful 340 
interpretation in terms of the toxin concentrations transferred through the food chain to top 341 
predators, concentrations were adjusted to whole fish concentrations using fish-group specific 342 
viscera : whole mass ratios (Supplementary Table 2). Specifically, the average mass of the 343 
viscera was divided by the average mass of the whole processed fish, to provide a mass ratio 344 
specific to each fish group. This was to take into consideration that proportionally, the viscera 345 
make up a larger part of the body mass in some species compared to others. The measured 346 
viscera DA concentrations were then multiplied by the viscera : whole mass ratio to give a final 347 
whole fish DA concentration.  348 
 349 
Generalised Linear Models for Toxin Concentrations  350 
 351 
To investigate variation in whole fish toxin concentrations, the data were explored using 352 
Generalised Linear Models (GLMs) with a Gamma distribution and a ‘log’ link function (used 353 
to model non-normally distributed, right skewed data) in the statistical software package, R 354 
(version 3.6.2; 2019-12-12; R Development Core Team, 2018). For the DA data that were 355 
collected throughout the year, seasonality was incorporated into the analysis by using a 356 
parametric seasonal model called the cosinor model (Barnett and Dobson, 2010), which is 357 
based on a sinusoidal pattern. The sinusoid assumes a smooth seasonal pattern that is symmetric 358 
about its peak. We fit the Cosinor (in the ‘season’ package) as part of the GLM with the 359 
advantage that these cosinor models can be fitted to unequally spaced data. Model selection to 360 
identify the variables that best explain the variation in toxin concentrations, and thus to include 361 
in the final model was done manually based on the smallest Akaike’s information criterion 362 
(AIC), to rank the models with the inclusion of various combinations of the following three 363 
explanatory variables: month, region (5 areas shown in Table 1) and prey species group (8 364 
groups listed in Table 1). The AIC is a useful measure that balances goodness of fit of the 365 
model against model complexity (Akaike, 1974). Predictions from the final, best fitting model 366 
were plotted to visualise the relationships in the data. 367 
 368 
For the PSTs data, toxin concentrations were measured over just two months of the year, June 369 
and August, so seasonality was not included in the GLM. As such, month was treated as a 370 
categorical variable. A global model was generated for toxin concentrations measured in whole 371 
fish including the same three explanatory variables listed above. Backwards model selection 372 
using the dredge function (MuMIn package) was used to identify the variables that best explain 373 
the variation in toxin concentrations, and thus to include in the final model based on the 374 



9 
 

smallest AIC.  Where backwards model selection showed that two models were of equal fit to 375 
the data (the AICs were within two units of each other (Burnham and Anderson 2002)), this 376 
subset of models was then used for model averaging using the model.avg function (MuMIn 377 
package). Model averaging is used to average regression coefficients across multiple models 378 
in order to capture the overall effects of the different variables (Banner and Higgs, 2017). 379 
Model averaging is particularly useful when there is little to differentiate between a set of 380 
models, and avoids the justification of a single, final model. The model-averaged coefficients 381 
were calculated based on full averages, which sets the coefficients of absent variables to zero, 382 
rather than excluding them from the average (conditional averages).  The full average ensures 383 
that the presence of variables does not bias the model-averaged estimate away from zero. 384 
Interpretations of the averaged model coefficients were used to assess the effects of each 385 
variable, and ‘predict plots’ in the ggeffects package, were used to plot model predictions to 386 
visualise relationships in the data. 387 
 388 
 389 

Results 390 

 391 

1. Toxin Detection in Fish 392 
 393 
In total, 437 pooled viscera / whole fish samples corresponding to 40 different fish species 394 
were analysed for DA (n = 429), and PSTs (n = 79), and quantified using ELISA methods. DA 395 
was detected in 92.3% of the samples, corresponding to all of the fish species analysed. PSTs 396 
were detected in 96.2% of the samples, corresponding to 25 different fish species. Maximum 397 
and minimum (≥ LOD) measured concentrations in each prey species group are shown in Table 398 
2. The highest maximum DA viscera concentrations were measured in flatfish while maximum 399 
viscera PST concentrations were seen in pelagic species. Where sample mass was sufficient to 400 
allow for multiple extractions, a subset of samples from 7 of the species groups was processed 401 
for the quantification of both toxins. Toxin concentrations were not positively correlated (Fig. 402 
1). However, 97.2% of this subset of samples had measurable concentrations of both DA and 403 
PSTs (n = 72) (Fig. 1). 404 
 405 
 406 
 407 
 408 
 409 
 410 
 411 
 412 
 413 
 414 
 415 
 416 
 417 
 418 
 419 
 420 
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Table 2: ELISA measured minimum, median and maximum toxin concentration ranges 421 
measured in the viscera of each prey species group (with the exception of sandeels where these 422 
are whole fish concentrations). 423 
 424 

 DA concentrations 

(µg /g) 

PST concentrations 

(µg STXeq/g) 

Min. Med. Max. Min. Med. Max. 

Elasmobranchs 0.006 0.048 1.810 0.005 0.006 0.009 

Flatfish 0.020 0.260 469.6 0.007 0.017 0.035 

Gadids 0.006 0.067 10.62 0.001 0.011 0.170 

Other 0.040 0.040 0.234 0.012 0.006 0.012 

Pelagic 0.020 0.420 57.06 0.008 0.106 0.210 

Sandeel 0.006 0.003 0.040 0.005 0.006 0.007 

Sandy benthic 0.260 0.327 1.540 0.011 0.011 0.011 

Scorpion fish 0.020 0.040 3.500 0.008 0.012 0.014 

 425 
 426 
 427 
 428 
 429 
 430 
 431 
 432 
 433 
 434 
 435 
 436 
 437 
 438 
 439 
 440 
 441 
 442 
 443 
 444 
 445 
 446 
 447 
 448 
Fig. 1. Visceral DA and PST toxin concentrations measured in the same samples. Vertical 449 
and horizontal red-dashed lines indicate 0 µg/g. Over 97% of this subset of samples showed 450 
measurable concentrations of both toxins. Visceral DA and PST concentrations were not 451 
correlated. N.B. The DA concentrations on the y axis are plotted on a logarithmic scale as the 452 
range in these concentrations was larger than those measured for PSTs.  453 
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Toxin concentrations adjusted to whole fish mass showed that the highest measured 454 
concentrations of DA were found in flatfish and pelagic species, while the highest PST 455 
concentrations were measured in pelagic species and gadids (Fig 2). Overall, the most 456 
contaminated fish, by over an order of magnitude, were pelagic species, gadids and flatfish 457 
with high concentrations of DA (Fig. 2). For a full breakdown of toxin concentrations by 458 
month, region and prey species group see Supplementary Figures 3, and 4. 459 
 460 

Fig. 2. Adjusted whole fish toxin concentrations measured across prey species groups. 461 
The most highly contaminated fish were pelagic species, gadids and flatfish with DA. N.B. The 462 
left panel is an enlarged section of the right panel (greyed area) for a more detailed visualisation 463 
of the lower concentrations measured across prey species groups.   464 
 465 

2. Domoic Acid 466 
 467 
Model selection showed that the best fitting model for whole fish DA concentrations retained 468 
all three covariates; month, region and prey species group as important explanatory variables 469 
(ΔAIC > 50 to the next best fitting model), with a significant effect of each one on toxin 470 
concentration (p values all < 0.05). Model predictions showed that, overall, there was an 471 
increase in whole fish DA concentration from early in the year to the summer and autumn 472 
months (Fig 3a). The east coast and Orkney showed higher predicted mean concentrations than 473 
the Moray Firth and Shetland (Fig. 3b). The mean predicted concentration in Skye was high, 474 
although this was a small sample size of just 4 samples of pooled fish (mackerel and pollock), 475 
and was not significantly different to the predicted mean concentrations in other regions. 476 
 477 
There were significant differences in predicted DA concentrations between the prey species 478 
groups (Fig 3c). The highest individual DA concentration was measured in a plaice (30.2 479 
µg/gwhole; this individual was removed from further analysis as an outlier with exceptionally 480 
high concentrations). Other flatfish species found to be contaminated with DA included dab, 481 
lemon sole, long rough dab and brill. The highest concentrations were measured in a large 482 
variety of pelagic fish species including herring, horse mackerel, mackerel, sprat and argentine 483 
(Argentina silus), and were significantly higher than the concentrations measured in flatfish, 484 
gadids, sandeels, scorpion fish and ‘other’ species (p values < 0.05) (Fig. 3c).  High 485 
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concentrations were predicted in the elasmobranchs which consisted of dogfish and a thornback 486 
ray (Fig. 3c), although this was a small sample size of just 5 individuals.  Sandy benthic species 487 
and sandeels showed similar predicted mean concentrations, while the scorpion fish including 488 
sculpins (Cottoidea spp.), hooknose and red gurnard (Chelidonichthys cuculus) showed some 489 
of the lowest concentrations (Fig. 3c). 490 
 491 

 492 
Fig. 3. Predicted whole fish DA concentrations for the best-fitting, cosinor GLM. a) 493 
Predicted mean DA concentrations in fish increased over the year between February and 494 
November, ± 95% CIs. b) Predicted mean DA concentrations in fish varied across the five 495 
sampling regions of Scotland, ± 95% CIs. c) Predicted mean DA concentrations in fish varied 496 
between prey species groups, ± 95% CIs. 497 
 498 
 499 

3. Paralytic Shellfish Toxins  500 
 501 
The two best fitting models, within two AIC units of each other, included either all three 502 
covariates, or just region and prey species group as important explanatory variables. Results 503 
from the model averaging of these two best-fitting GLMs showed that, overall lower 504 
concentrations were predicted in August than in June (Fig. 4a) (p = 0.001). Orkney showed 505 
significantly higher concentrations than both the Moray Firth and Shetland (Fig. 4b) (p < 506 
0.001), and pelagic species had the highest predicted concentrations (Fig. 4c).  Specifically, the 507 
highest concentrations (0.024 - 0.03 µg STXeq/gwhole) were measured in mackerel. Higher 508 
concentrations were also measured in gadids including saithe, pollock, cod and Norway pout 509 
(Trisopterus esmarkii). Exposed flatfish included lemon sole, dab, long rough dab 510 
(Hippoglossoides platessoides) and flounder. Dragonet was the only sandy benthic species 511 
tested to be contaminated with PSTs. 512 
 513 
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 514 
 515 
Fig. 4. Prediction plots for the best-fitting GLM for whole fish PST concentrations. 516 
Predicted PST concentrations are shown on the y‐axis to visualize the effect of each 517 
explanatory variable while all others are held constant at their mean. a) Predicted mean PST 518 
concentrations in fish were significantly higher in June compared to August, ± 95% CIs. b) 519 
Predicted mean PST concentrations were highest in Orkney, ± 95% CIs. c) Predicted mean 520 
PST concentrations in fish varied between prey species groups, with the highest concentrations 521 
measured in pelagic species ± 95% CIs. 522 
 523 
  524 
Discussion  525 

 526 
HAB toxin concentrations in fish: Simultaneous exposure to multiple toxins 527 
 528 
A total of 40 different fish species were shown to contain measurable concentrations of specific 529 
HAB toxins. In addition, both toxins were shown to co-occur in almost all the samples tested 530 
simultaneously. Fish around Scotland therefore appear to be exposed to multiple toxins at the 531 
same time. There were no recorded HABs in the months where the fish sampling took place, 532 
so the concentrations reported here are unlikely to represent the acutely high doses ingested by 533 
fish during HAB events as seen in other regions (Sierra-Beltràn et al., 1997; Barrientos et al., 534 
2019). These concentrations are thus baseline values that have the potential to be transferred 535 
through the food chain in Scottish waters. Overall, there are limited data on the natural exposure 536 
and toxic effects of these two toxin groups in fish, but the concentrations of DA and PSTs 537 
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measured in the different species here are within the ranges previously reported in other studies, 538 
detailed below.  539 
 540 
For DA, sardines have been found to have high concentrations in various tissues (range: 11.8 - 541 
492.4 μg/gviscera, 0.4 - 3.5 μg/gmuscle and 0.2 - 1.7 μg/gbrain) (Vale and Sampayo, 2001). Similarly 542 
high concentrations have also been measured in Pacific mackerel (Scomber japonicus) up to 543 
142.9 μg/gviscera during a large Pseudo-nitzschia spp. bloom (Sierra-Beltràn et al., 1997). Lower 544 
concentrations of between 1.5 - 2.3 μg/gviscera were measured in Pacific mackerel outside a 545 
bloom event (Mazzillo et al., 2010), which are comparable to these data from Scotland. DA 546 
concentrations measured in a number of pelagic fish species ranging from 0.03 to 0.30  μg/gwhole 547 
in the North Pacific (Van Hemert et al., 2020) are also similar to the concentrations measured 548 
here. In anchovies, concentrations were much higher, and ranged between 9 - 148 μg/gviscera 549 
(Mazzillo et al., 2010). Through experiments carrying out intracoelomic injection of DA, it has 550 
been suggested that anchovies could experience neurotoxicity after exposure (Lefebvre et al., 551 
2001). In fact, it is thought that anchovies would then act as an easy prey target as a result of 552 
these neurotoxic effects, facilitating the uptake of DA to top predators, and, sinking dead 553 
anchovies could be a potential pathway of DA transfer to benthic communities.  In terms of 554 
benthic feeding species, Speckled sanddab (Citharichthys stigmaeus) along the US west coast 555 
have been reported to contain DA in the range of 2.9 - 4.5 μg/gviscera, while Staghorn sculpins 556 
(Leptocottus armatus) showed lower DA concentrations range of 0.25 - 0.4 μg/gviscera (Mazzillo 557 
et al., 2010), similar to the low concentrations measured in sculpins and other scorpion fish 558 
here.  559 
 560 
Overall, PSTs showed much lower concentrations than DA in fish from Scottish waters. 561 
Exceptionally high whole fish PST concentrations have been measured in the tissues of 562 
Caribbean sharpnose puffer fish (Canthigaster rostrata) (16.6–47.5 μg STXeq/gwhole) 563 
(Barrientos et al., 2019), and in southern (Sphoeroides nephelus), checkered (Sphoeroides 564 
testudineus), and bandtail (Sphoeroides spengleri) puffer fish in Florida (up to a maximum 565 
concentration of 221.04 μg STXeq/g in the ovaries) (Landsberg et al., 2006). Such high 566 
concentrations appear to be unusual, and potentially species specific. In other areas, saxitoxin 567 
was detected in 20.3% of forage fish samples (capelin (Mallotus villosus), herring, sand lance 568 
(Ammodytes americanus) and pollock) in the Gulf of Alaska, with maximum concentrations of 569 
0.055 μg/gwhole measured in Pacific herring (Van Hemert et al., 2020), in-keeping with average 570 
concentrations measured here. Whole body PST concentrations measured in Atlantic horse 571 
mackerel during a bloom of Gymnodinium catenatum were between 0.01 and 0.37 μg 572 
STXeq/gwhole (Lage and Costa, 2013), in line with concentrations measured across the range of 573 
species sampled here. PST concentrations in the liver of mackerel have been reported between 574 
2.09 and 3.67 μg STXeq/g in the North Atlantic (Castonguay et al., 1997). Concentrations 575 
measured in sardines (Sardinella spp.) in South East Asia were reportedly similar at 5.72 μg 576 
STXeq/gviscera during an algal bloom (Jaafar et al., 1984), but quantification methods have 577 
changed since these first reports of toxins in fish, and absolute concentrations are therefore 578 
potentially not comparable to concentrations measured in samples now. In one study, farmed 579 
Atlantic salmon (Salmo salar) showed very low STX-group toxins in Chile with levels at the 580 
LOD in the viscera, and undetectable concentrations in other tissues (Oyaneder Terrazas et al., 581 
2017), while a later study reported mass mortalities following an A. catenella bloom (Armijo 582 
et al. 2020). Experimental studies showed through oral administration of STX to flounder, 583 
salmon and cod, that these fish are susceptible to the effects of PSTs (White, 1981a). 584 
Experimental studies have also shown that PSTs cause morphological abnormalities in fish 585 
larval stages, and short term exposure could negatively impact larval survival rate (Lefebvre et 586 
al., 2004).  587 
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 588 
Widespread spatial exposure in Scotland: Ecosystem wide presence of toxins 589 
 590 
The east coast, the Moray Firth, Orkney, Shetland and the Isle of Skye were all found to have 591 
detectable levels of DA and PST in fish. Exposure thus appears to be widespread around 592 
Scotland, with the highest concentration of DA specifically seen along the East coast and in 593 
Orkney, and the highest PST concentrations also measured in Orkney. The Scottish west coast 594 
and islands (Inner and Outer Hebrides) record regular HAB events, primarily related to 595 
Alexandrium, Pseudo-nitzschia and Dinophysis blooms, with the ichthyotoxic species, Karenia 596 
mikimotoi,  increasingly also being present (Bresnan et al., 2020; Davidson et al., 2012; 597 
Davidson et al., 2009; Touzet et al., 2010). Spatial and temporal variation in the patterns of 598 
HABs in the North Sea have also been reported (Bresnan et al., 2013; Edwards et al., 2006; 599 
Martino et al., 2020). The presence of toxins in fish along both the north east Atlantic and North 600 
Sea coasts of Scotland in this study highlight the need for increased monitoring around the 601 
complex coastlines of the whole country.  602 
 603 
Measurable concentrations of toxins in a range of fish species demonstrates the presence of 604 
toxins throughout the marine food web; in planktivorous filter feeders, detritus feeders, 605 
zooplankton eating species and predatory species such as large cod. Furthermore, toxins were 606 
found in all species that are typically found in different habitats; demersal species, benthic 607 
species and pelagic species. There was not a clear order of most contaminated to least 608 
contaminated prey species group, as this varied largely by toxin type, but overall, pelagic 609 
species, consisting largely of mackerel and herring here, showed the highest toxin 610 
concentrations which has potential health implications for marine predators that forage 611 
predominately in the water column versus those that mainly forage on benthic / demersal 612 
species, for example. 613 
 614 
Widespread temporal exposure in Scotland: Persistence in the environment? 615 
 616 
These data have revealed the widespread temporal exposure of fish to DA over at least 8 months 617 
of the year, with peaks during the summer. Exposure is thus not limited to specific blooming 618 
events. Phytoplankton monitoring data has shown that Pseudo-nitzschia, which includes both 619 
toxic and non-toxic species, is recorded during every month of the year on the east coast of 620 
Scotland with increased abundances from April to October (Stubbs et al., 2013; Bresnan et al., 621 
2016). Although blooms of Pseudo-nitzschia are recorded, DA is not always detected in 622 
shellfish (Bresnan et al., 2017; Rowland-Pilgrim et al., 2019; Stubbs et al., 2013; Swan and 623 
Davidson, 2011). However, the presence of DA in fish throughout the year in this study, and 624 
over multiple years, may suggest that toxic blooms occur regularly along the east coast as well 625 
as other areas around Scotland. The presence of DA in fish throughout the year suggests that 626 
either, there is a slow depuration rate of DA in these species (and also their prey), as has been 627 
demonstrated in scallops, for example (Blanco et al., 2006), or that they are continually exposed 628 
to DA through bioaccumulation through the food web. Aggregates of marine snow composing 629 
of P. australis is considered as a source of DA for the benthos (Schnetzer et al., 2017) 630 
supporting the suggestion that marine sediments could potentially act as a reservoir of DA, and 631 
thus be a constant source of contamination for benthic feeding organisms (Parsons and Dortch, 632 
2002; Goldberg, 2003; Kaniou-Grigoriadou et al., 2005; Vale and Sampayo, 2001). Such 633 
organisms acting as a potential benthic reservoir of DA, could explain the persistent presence 634 
of DA in fish during the summer and into the autumn, adding further evidence to the persistence 635 
of the toxin in the food chain even after the main potential HAB peaks have subsided (Burns 636 
and Ferry, 2007; Sekula-Wood et al., 2009).  637 



16 
 

 638 
Historically, the east coast and Orkney were considered hotspots for Alexandrium abundances 639 
and PSTs in shellfish, with Alexandrium cyst beds present (Brown et al., 2010). Monitoring 640 
data from the Scottish phytoplankton monitoring group programme show that Alexandrium 641 
blooms have occurred on the east coast up to Shetland annually from April to June, with more 642 
sporadic occurrences from July to August (Bresnan et al., 2008; Stubbs et al., 2013; Swan and 643 
Davidson, 2011).  The higher concentrations of PSTs measured in fish in June in the present 644 
study, are therefore in-keeping with these temporal trends in Alexandrium blooms. As there are 645 
no data over a longer period, it is unknown how PSTs may persist in the food chain following 646 
a bloom. 647 
 648 
Implications for top marine predators: Potential population-level impacts? 649 
 650 
Detection of DA and PSTs in such a wide range of important fish species confirms that fish are 651 
ingesting toxins throughout most of the year in Scottish waters. Fish eating predators including 652 
grey (Halichoerus grypus) and harbour seals (Phoca vitulina), small odontocete cetaceans, 653 
large cetaceans including minke whales (Balaenoptera acutorostrata), and various sea bird 654 
species, could therefore all be affected to varying degrees.  In this study, a number of flatfish 655 
and pelagic fish exceeded the regulatory limits of 20 mg DA/kg for shellfish meat, while none 656 
of the fish sampled exceeded the regulatory limit of 800 µg PST/kg for shellfish meat (EFSA, 657 
2009a,b). However, evaluating concentrations measured with respect to the human health risk 658 
associated with a single dose exposure is probably not the best metric to assess the potential 659 
impacts on marine wildlife that consume considerably more of these toxin-positive prey, 660 
cumulatively, over prolonged periods or during concentrated foraging bouts. For example, 661 
adult harbour seals need to consume approximately 4 kg of fish per day to satisfy their daily 662 
energetic requirements (Harkonen and Heider-Jorgensen, 1991).  They also feed in bouts 663 
consuming much of their daily requirements in short foraging trips, returning to a haulout site 664 
to rest at low tide (Sharples et al., 2012).  An animal could thus reach a toxic threshold during 665 
a concentrated feeding bout.  666 
 667 
HAB toxin exposure has been reported in a number of marine mammal predators. DA exposure 668 
in California sea lions has led to high morbidity and mortality following the consumption of 669 
contaminated anchovies (Gulland et al., 2002; Lefebvre et al., 1999; Scholin et al., 2000). A 670 
mass mortality event of beluga (Delphinapterus leucas), harbour porpoises (Phocoena 671 
phocoena) and grey seals in the Gulf of St Lawrence, Canada, was linked to PST poisoning 672 
through various contaminated planktivorous fish and mollusc species (Starr et al., 2017). 673 
Humpback whales (Megaptera novaeangliae) have also been found to be exposed to DA 674 
through eating contaminated anchovies and sardines (Lefebvre et al., 2002), and to PST 675 
through contaminated mackerel (Geraci et al., 1989). In fact, it has been suggested that 676 
exposure to PSTs may be a contributing factor in the population decline of the endangered 677 
North Atlantic right whale (Eubalaena glacialis) where their primary copepod prey, Calanus 678 
finmarchicus, is likely to be the vector (Doucette et al., 2006; Doucette et al., 2012). 679 
Widespread exposure of 13 different marine mammal species (mysticetes, odontocetes, 680 
phocids, walruses and sea otters) to both domoic acid and saxitoxin has been documented in 681 
Arctic and sub-Arctic environments (Lefebvre et al., 2016). In fact, more recent recent data 682 
suggests that ice seals are suitable sentinels for monitoring HAB prevalence in the Pacific 683 
Arctic and subarctic (Hendrix et al., 2021). Other marine mammal populations affected by 684 
exposure to HABs continue to be reported with potential population-level impacts for some 685 
species where reproductive failure has been documented (Brodie et al., 2006), or populations 686 
are already threatened (Davis et al., 2019). In Scotland specifically, there has been a report of 687 
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DA in cetaceans, where a dead minke whale was found to have measurable concentrations 688 
following a large Pseudo-nitzschia bloom, although it was not established whether this was the 689 
cause of death (Turrell et al., 2006). Harbour seals around Scotland are exposed to both DA 690 
and PSTs at potentially lethal levels from consuming contaminated fish (Hall and Frame, 2010; 691 
Jensen et al., 2015). Exposure to these toxins could be important factors contributing to the 692 
harbour seal declines in some regions of Scotland (Jensen et al., 2015). 693 
 694 
In terms of sea birds, in the late 1960s and again in the late 1970s, hundreds of shags 695 
(Phalacrocorax aristotelis), kittiwakes (Rissa tridactyla), terns (Sterna spp.) and Eider ducks 696 
(Somateria mollissima) among other species, were killed in the Farne Islands, UK, as a result 697 
of an Alexandrium tamarense bloom producing PSTs (Armstrong et al., 1978; Coulson et al., 698 
1968). DA was also found to be responsible for a mass die off of 150 brown pelicans in just 5 699 
days in January 1996 in Baja California as they fed on Pacific mackerel contaminated with DA 700 
(Sierra-Beltrán et al., 1997). Most recently, exposure to both saxitoxin and domoic acid was 701 
suggested as a potential contributing factor to a mass die-off of common murres (Uria aalge) 702 
in Alaska in 2015 (Van Hemert et al., 2020). In a review study published in 2003, the impacts 703 
of toxin ingestion on seabirds summarised an array of physiological responses including a 704 
reduction in feeding activity, the inability to lay eggs, and the loss of motor coordination 705 
followed by death (Shumway et al., 2003). Severe impacts on recruitment have been observed 706 
in some seabird populations around the world (Shumway et al., 2003). As well as the current 707 
declines in harbour seal populations, there are ongoing declines in other important marine 708 
predators around Scotland; Arctic Skuas (Stercorarius parasiticus) (Perkins et al., 2018), 709 
puffins (Fratercula arctica) (Miles et al., 2015) and kittiwakes (Frederiksen et al., 2004). 710 
Declines in these seabird populations have been linked to marine food web alterations with 711 
changes in abundance of their main prey species as a result of fisheries management and 712 
climate change. Seabirds are thus highly vulnerable to rapid change in human-modified 713 
ecosystems, and it is possible that chronic exposure to low-dose toxins in their prey could be 714 
another potential, undetected, contributing factor to declines in these populations, as has been 715 
documented in other bird species (Shumway et al., 2003). 716 
 717 
While the neurotoxic effects and other physiological effects of HAB toxins have been 718 
demonstrated in marine predators in a handful of studies, the effects of chronic, simultaneous 719 
exposure to multiple toxins are unknown. For example, it is unknown how mixtures of different 720 
toxins could have potentially synergistic effects, and thus how toxicity thresholds may be 721 
affected by different toxicokinetics and elimination rates. The presence of both toxins in 722 
sandeels, for example, may be a particular cause for concern as these are major prey species 723 
for huge numbers of different marine predators (Monaghan, 1992). Similarly, while low doses 724 
of toxins may not be immediately lethal, it is not known how they may render marine predators 725 
more vulnerable to other stressors in their environment, ultimately leading to mortalities. This 726 
may be especially true of migratory species, or capital breeding species that have expended 727 
energetic reserves before feeding on biotoxin-positive shellfish or schooling fish. Under these 728 
already compromised conditions, it is unknown if smaller toxin doses could have potential 729 
health effects on individuals, especially if they are exposed, as seen here, to multiple toxins 730 
both simultaneously, and throughout the year.  731 
 732 
Conclusions  733 
 734 
This study presents the first record of algal toxins in fish from Scottish waters, confirming the 735 
potential for exposure in high trophic levels including marine mammals and seabirds. Exposure 736 
to various HAB toxins have been documented in non-shellfish vectors (Deeds et al., 2008). 737 
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These have involved various species including marine gastropods, crustacea, and fish. As a 738 
result of the spatial and/or temporal disconnect from the primary source of the algal bloom, 739 
monitoring and management of such ‘non-traditional’ toxin vectors is challenging. The 740 
findings of the present study add to an increasing body of literature highlighting the widespread 741 
nature of toxin uptake into marine food chains. Here, a wide variety of fish species caught 742 
around Scotland were found to contain measurable levels of two important toxin groups in UK 743 
waters; domoic acid and saxitoxin / PST analogues. These fish species are thus potential vectors 744 
for algal toxins to higher trophic levels, which suggests that a wide variety of piscivorous top 745 
predators could be at risk of any detrimental health effects associated with chronic, low-dose 746 
exposure. The simultaneous presence of multiple toxins need to be included in risk assessments 747 
of marine predator health through these varied ecological, spatial and temporal routes of 748 
exposure. 749 
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