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Abstract 

Toxin producing harmful algal blooms (HABs) are one of the principal challenges 

facing the shellfish aquaculture industry. This is important because biotoxins are a serious 

threat to human health. Symptoms of algal toxin poisoning can range from the embarrassing 

and debilitating to neurological damage and death. It is imperative that shellfish are sold to 

consumers only if they are safe in order to maintain the confidence that clients have in them. 

This is especially important for the Shetland Islands, where approximately 80% of the UK’s 

farmed mussels are grown. 

Results of cell abundance measurements from routine coastal monitoring were 

analysed and have shown that Dinophysis spp. can accumulate very rapidly near Shetland 

mussel farms. Abundance measurements were compared to environmental conditions to 

show there is an undeniable link between exceptional Dinophysis spp. blooms and strong 

westerly winds. A particle tracking model was developed using current velocities modelled 

by AMM15. This particle tracking model also showed that Dinophysis spp. blooms can be 

advected to Shetland from as far away as the European shelf edge. These findings have 

demonstrated increased care should be taken when harvesting of mussels after prolonged 

periods of westerly winds. 

CTD transects completed during 2017 and 2018 were graphically represented in a 

way which demonstrated the density and distribution of chlorophyll in the water column. 

Analysis of these data demonstrated the presence of a front near the most offshore 

manifestation of the 100 m isobath west of Shetland during late spring and early summer, 

and an additional front at the mouth of a restricted region of exchange. Previous studies 

hypothesising the presence of a front near the 100 m isobath were thus corroborated, 

although the influence of this front on advected HABs has not been confirmed during this 

study.   

Contrary to a recent study, no evidence of increasing Dinophysis spp. abundance 

measured by continuous plankton recorder with increasing sea surface temperature was 

detected in the North Sea or around Shetland between 1982 and 2016. A significant positive 

relationship was found with the potentially toxic Pseudo-nitzschia seriata complex and 

increasing temperatures in the North Sea, exemplifying the differences between HAB genera 

around Scotland.  
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Firth and Aith Voe. Plots show (a) LT concentration as the year progressed (b) concentration of 

OA group toxins making up the LT profile, measured in µg/kg (c) percentages of each component 

in the toxin profile. The dashed lines denote the LOQ (16 µg/kg). 

Figure 3.9. Results of UHPLC-MS/MS analysis for LT concentrations in SPATT resin taken from 

Shetland during 2017. Dates are displayed on the x-axis, colour coded by sites Scalloway 

Harbour, Busta Voe, Olna Firth and Aith Voe. Plots show (a) LT concentration against date; (b) 

concentrations of various toxins making up the LT profile, measured in ng toxin g-1 SPATT resin; 

(c) percentages of each component in the toxin profile. The dashed lines denote the LOQ (0.8 ng g-1 

resin). 

Figure 3.10. Percentages of free and ester forms of OA, DTX-1 and DTX-2 found in shellfish 

samples from Busta Voe, Olna Firth and Aith Voe. Only samples above the LOQ of LTs in 

shellfish tissue have been shown in this way. 

Figure 3.11. Proportion of OA (OA.tot), total  DTX-1 (DTX-1.tot) and DTX-2 (DTX-2.tot) 

making up the total lipophilic toxin load found in shellfish taken from (A) Aith Voe, (B) Busta Voe 

and (C) Olna Firth. The line shows the percentage of Dinophysis acuta making up the total 

abundance of Dinophysis spp. found during entire transects from Olna Firth to the 100 m isobath 

west of St Magnus Bay. 

Figure 3.12. Proportion of OA (OA.tot), total DTX-1 (DTX-1.tot) and DTX-2 (DTX-2.tot) making 

up the total lipophilic toxin load found in shellfish taken from (A) Aith Voe, (B) Busta Voe and (C) 
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Olna Firth. The line shows the percentage of Dinophysis acuta making up the total abundance of 

Dinophysis spp. found in Olna Firth. 

Figure 3.13. Proportion of OA (OA.tot), total DTX-1 (DTX-1.tot) and DTX-2 (DTX-2.tot) making 

up the proportion of the sum of these toxins found in SPATT resin deployed on shellfish farms in 

(A) Aith Voe, (B) Busta Voe and (C) Olna Firth. The line shows the percentage of Dinophysis 

acuta making up the total abundance of Dinophysis spp. found during entire transects from Olna 

Firth to the 100 m isobath west of St Magnus Bay. 

Figure 3.14. Proportion of OA (OA.tot), total DTX-1 (DTX-1.tot) and DTX-2 (DTX-2.tot) making 

up the proportion of the sum of these toxins found in SPATT resin deployed on shellfish farms in 

(A) Aith Voe, (B) Busta Voe and (C) Olna Firth. The line shows the percentage of Dinophysis 

acuta making up the total abundance of Dinophysis spp. found in Olna Firth. 

Figure 3.15. Results of analyses carried out on SPATT resin deployed in Scalloway Harbour by 

MSS, showing (a) Concentration of toxins in SPATT resin and (b) Toxin profiles showing the 

percentage of each LT found in SPATT resin. Toxins tested for are displayed at the top of (a), 

where black shapes denote when OA group toxins are tested for. An Asterix (*) denotes where one 

SPATT bag in 2012 was deployed for 14 days instead of the usual seven days. 

Figure 3.16. Results of analyses carried out on SPATT resin deployed in Scalloway Harbour by 

MSS, showing (a) Concentration of OA group toxins in SPATT resin and (b) Toxin profiles 

showing the percentage of toxin. An Asterix (*) denotes where one SPATT bag in 2012 was 

deployed for 14 days instead of the usual seven days. 

Figure 4.1 Showing the transect route taken during 2017 and 2018. Red contours mark 100 m 

isobaths. Purple areas show licensed areas for finfish aquaculture, light green boxes show licensed 

areas for shellfish aquaculture. 

Figure 4.2 An example of a vertical profile for sea temperature (red) and salinity calculated by the 

CTD (black) versus corrected salinity values (green). The median filter applied to salinity is 

marked in yellow. 

Figure 4.3. Density differences between measurements taken at the surface and values measured at 

30 m depth at differing distances along the transect displayed in Figure 1. All CTD deployments 

along the transect route during years 2017 and 2018 have been displayed, except those from Station 

15 where the water depth was too shallow. Station 1A is located at 0 km which is the furthest distance 

from the coast. Station 6 is at approximately 20 km in approximately the centre of the transect and 

Station 13 is situated near the mouth of Olna Firth at approximately 38 km on the figure. 

Figure 4.4 Plot of CTD data along a transect line from offshore of the 100 m isobath towards 

Olna Firth (see Figure 1) on 10th May 2017. Dotted vertical lines indicate where the CTD 

was deployed, and numbers are Station names. Data shown are (a) absolute salinity (g kg-1), 

(b) conservative temperature (°C), (c) potential density anomaly (kg m-3) and (d) chlorophyll 

(μg L-1). Bathymetry data, plotted in black, were procured from Defra's 1 arc second Marine 

Digital Elevation Model. The red line indicates where the transect finished, in this case 

Station 15. 

Figure 4.5 As Figure 4.4, apart from data were collected on 7th June 2017. 

Figure 4.6 As Figure 4.4, apart from data were collected on 22nd June 2017.  

Figure 4.7 As Figure 4.4, apart from data were collected on 13th July 2017.  

Figure 4.8 As Figure 4.4, apart from data were collected on 8th August 2017.  

Figure 4.9 As Figure 4.4, apart from data were collected on 24th August 2017.  

Figure 4.10 As Figure 4.4, apart from data were collected on 8th September 2017.  

Figure 4.11 As Figure 4.4, apart from data were collected on 22nd September 2017.  

Figure 4.12 As Figure 4.4, apart from data were collected on 18th October 2017.  

Figure 4.13 As Figure 4.4, apart from data were collected on 23rd May 2018.  

Figure 4.14 As Figure 4.4, apart from data were collected on 31st May 2018.  

Figure 4.15 As Figure 4.4, apart from data were collected on 8th June 2018.  

Figure 4.16 As Figure 4.4, apart from data were collected on 28th June 2018.  

Figure 4.17 As Figure 4.4, apart from data were collected on 4th July 2018.  

Figure 4.18 Nutrient concentrations at stations 2, 8, 10 and 15 on the 22nd of June 2017. Nutrient 

concentrations displayed are (a) Total Oxidised Nitrogen (TOxN), (b) Phosphate and (c) Silicate. 

Distance is measured from Station 1A at the most offshore point of the transect. Error bars extend 

above and below points (x). 
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Figure 4.19 As Figure 4.18, apart from transect was completed on the 13th of July 2017. 

Measurements from the estimated chlorophyll max are displayed in green and labelled with the depth. 

Figure 4.20 As Figure 4.18, apart from transect was completed on the 8th of August 2017. 

Figure 4.21 As Figure 4.18, apart from transect was completed on the 24th of August 2017. 

Figure 4.22 As Figure 4.18, apart from transect was completed on the 8th of September 2017.  

Figure 4.23 As Figure 4.18, apart from transect was completed on the 22nd of September. 2017. 

Figure 4.24 As Figure 4.18, apart from transect was completed on the 18th of October. 2017. 

Figure 4.25 Abundance of Dinophysis spp. in cells L-1 on (a) 13th July 2017, (b) 8th August 2017, (c) 

24th August 2017, (d) 8th September and (e) 22nd September 2017.  No Dinophysis spp. were observed 

in water samples collected on the 18th of October. 

Figure 4.26 Abundance of different Dinophysis species in cells L-1 on (a) 24th August 2017, (b) 8th 

September and (c) 22nd September 2017. 

Figure 4.27 Abundance of Pseudo-nitzschia spp. in cells L-1 on (a) 13th July 2017, (b) 8th August 

2017, (c) 24th August 2017, (d) 8th September 2017, (e) 22nd September 2017 and (f) 18th October 

2017. 

Figure 4.28 Abundance of Pseudo-nitzschia, divided into delicatissima and seriata groups, in cells 

L-1 on (a) 13th July 2017, (b) 8th August 2017, (c) 24th August 2017, (d) 8th September 2017, (e) 22nd 

September 2017 and (f) 18th October 2017. 

Figure 4.29 Percentage of total Pseudo-nitzschia spp. abundance made up of P. delicatissima 

complex cells from samples taken on transects during 2017. Standard deviation is marked by the 

dotted lines, between the values of 0 and 100 %. 

Figure 4.30 Wind rose displaying mean hourly wind speeds and direction recorded for the week 

preceding the 10th of May 2017 at Scatsta airport. Wind direction denotes the direction winds are 

coming from. 

Figure 4.31 As for Figure 4.30, except for the 7th of June 2017.  

Figure 4.32 As for Figure 4.30, except for the 22nd of June 2017. 

Figure 4.33 As for Figure 4.30, except for the 13th of July 2017. 

Figure 4.34 As for Figure 4.30, except for the 8th of August 2017. 

Figure 4.35 As for Figure 4.30, except for the 24th of August 2017. 

Figure 4.36 As for Figure 4.30, except for the 9th of September 2017. 

Figure 4.37 As for Figure 4.30, except for the 22nd of September 2017. 

Figure 4.38 As for Figure 4.30, except for the 18th of October 2017. 

Figure 4.39 As for Figure 4.30, except for the 23rd of May 2018. 

Figure 4.40 As for Figure 4.30, except for the 31st of May 2018. 

Figure 4.41 As for Figure 4.30, except for the 8th of June 2018. 

Figure 4.42 As for Figure 4.30, except for the 28th of June 2018. 

Figure 4.43 As for Figure 4.30, except for the 4th of July 2018. 

Figure 5.1 Map of the study area. Isobaths have been marked at 100 m, 500 m, 1000 m, and 1500 

m depth taken from Digimap®. Specific islands and archipelagos have been marked using coastline 

data from Digimap®. 

Figure 5.2 Starting position of particles from tracking models which have been run over 28 days 

starting from (a) 21st May 2006, (b) 4th June 2006, (c) 18th June 2006, (d) 2nd July 2006, (e) 16th 

July 2006 and (f) 30th July 2006. Particles have been influenced by surface currents derived from 

AMM15. Particles have been colour coded depending on where they were located after 28 days; 

yellow particles were still on the map after 28 days, red particles landed on the Faroe or Orkney 

Islands or Fair Isle, magenta particles have landed on the Shetland Islands or Foula and turquoise 

particles have exceeded the boundaries of the map. Grey translucent lines mark the approximate 

location of the European shelf edge, or the 200 m isobath surrounding Shetland, Orkney and the Faroe 

Islands. 

Figure 5.3 As Figure 5.2, except starting position of particles are from tracking models 

which have been run over 28 days starting from (a) 20th May 2007, (b) 3rd June 2007, (c) 

17th June 2007, (d) 1st July 2007, (e) 15th July 2007, and (f) 29th July 2007.  

Figure 5.4 As Figure 5.2, except starting position of particles are from tracking models 

which have been run over 28 days starting from (a) 23rd May 2013, (b) 2nd June 2013, (c) 

16th June 2013, (d) 30th July 2013, (e) 14th July 2013, and (f) 28th July 2013.  
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Figure 5.5 As Figure 5.2, except starting position of particles are from tracking models 

which have been run over 28 days starting from (aa) 5th May 2018, (a) 20th May 2018, (b) 

3rd June 2018, (c) 17th June 2018, (d) 1st July 2018, (e) 15th July 2018, and (f) 29th July 

2018.  

Figure 5.6 As Figure 5.2, except starting position of particles are from tracking models 

which have been run over 28 days starting from (a) 19th May 2008, (b) 2nd June 2008, (c) 

16th June 2008, (d) 30th June 2008, (e) 14th July 2008, and (f) 28th July 2008.  

Figure 5.7 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 10th of May 2017. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same 

area as the CTD transect is displayed in (c). 

Figure 5.8 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 7th of June 2017. Red points show results from the CTD transect, while error 

bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same 

area as the CTD transect is displayed in (c). 

Figure 5.9 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 22nd of June 2017. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same 

area as the CTD transect is displayed in (c). 

Figure 5.10 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 13th of July 2017. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same 

area as the CTD transect is displayed in (c). 

Figure 5.11 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 8th of August 2017. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same 

area as the CTD transect is displayed in (c). 

Figure 5.12 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 24th of August 2017. Red points show results from the CTD transect, 

while error bars show the IQR of the week surrounding the date of the transect as 

measured by AMM15. A graphical representation of the density measured by AMM15 

over the same area as the CTD transect is displayed in (c). 

Figure 5.13 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 8th of September 2017. Red points show results from the CTD transect, 

while error bars show the IQR of the week surrounding the date of the transect as 

measured by AMM15. A graphical representation of the density measured by AMM15 

over the same area as the CTD transect is displayed in (c). 

Figure 5.14 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 22nd of September 2017. Red points show results from the CTD transect, 

while error bars show the IQR of the week surrounding the date of the transect as 

measured by AMM15. A graphical representation of the density measured by AMM15 

over the same area as the CTD transect is displayed in (c). 

Figure 5.15 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 18th of October 2017. Red points show results from the CTD transect, 

while error bars show the IQR of the week surrounding the date of the transect as 

measured by AMM15. A graphical representation of the density measured by AMM15 

over the same area as the CTD transect is displayed in (c). 

Figure 5.16 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 23rd of May 2018. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same 

area as the CTD transect is displayed in (c). 
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Figure 5.17 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 31st of May 2018. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same 

area as the CTD transect is displayed in (c). 

Figure 5.18 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 8th of June 2018. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same 

area as the CTD transect is displayed in (c). 

Figure 5.19 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 28th of June 2018. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same 

area as the CTD transect is displayed in (c). 

Figure 5.20 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 4th of July 2018. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same 

area as the CTD transect is displayed in (c). 

Figure 5.21 Results of model validation experiments which ran from 30th May until the 19th of 

June 2018 showing (a) drifter pathways after deployment west of Shetland and (b) Particles 

allowed to move under the influence of currents modelled by AMM15. Drifter tracks are displayed 

in yellow, the starting locations of drifters are blue, and end locations of drifters are red. Particle 

tracks are coloured green, the last location of particles are green and if particles have landed, they 

are coloured red. 

 Figure 5.22 Results of model validation experiments which ran from 4th July until the 10th of July 

2018 showing (a) drifter pathways after deployment west of Shetland and (b) Particles allowed to 

move under the influence of currents modelled by AMM15. Drifter tracks are displayed in yellow, 

the starting locations of drifters are blue, and end locations of drifters are red. The Island of Foula 

has been marked with the symbol, and  marks the location of Papa Stour. 

Figure 5.23 Modelled 1 km2 resolution of surface chlorophyll as estimated by the merged product 

by the ACRI-ST Company (see methods) during 2006. Modelled area is limited by 55° and 62.74° 

N, and -12° and 2.5° E. Letters (a), (b), (c), (d), (e) and (f) distinguish different dates, which are 

given above each figure. White regions are when uncertainty exceeded 50%, likely due to 

persistent cloud cover.  

Figure 5.24 As Figure 5.23, except from data displayed here are from 2007. 

Figure 5.25 As Figure 5.23, except from data displayed here are from 2013. 

Figure 5.26 As Figure 5.23, except from data displayed here are from 2018. 

Figure 6.1 Study areas for this chapter. The top box shows the area around the Shetland Islands 

with CPR samples marked in grey. The lower box shows the area specified by Gobler et al. (2017a) 

in the North Sea, with CPR tracks marked in grey.  

Figure 6.2 Monthly standardised temperature anomaly for the study area around the Shetland 

Islands. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.3 Monthly standardised chlorophyll index anomaly for the study area around the Shetland 

Islands. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.4 Monthly standardised diatom abundance anomaly for the study area around the 

Shetland Islands. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.5 Monthly standardised dinoflagellate abundance anomaly for the study area around the 

Shetland Islands. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.6 (a) Monthly standardised Pseudo-nitzschia delicatissima complex and (b) P. seriata 

complex abundance anomaly for the study area around the Shetland Islands. Colour bar shows 

monthly standardised difference from monthly means (°C). 

Figure 6.7 Monthly standardised Dinophysis spp. abundance anomaly for the study area around the 

Shetland Islands. Colour bar shows monthly standardised difference from monthly means (°C). 
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Figure 6.8 Monthly standardised temperature anomaly for the study area around the North Sea. 

Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.9 Monthly standardised chlorophyll index anomaly for the study area around the North 

Sea. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.10 Monthly standardised diatom abundance anomaly for the study area around the North 

Sea. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.11 Monthly standardised dinoflagellate abundance anomaly for the study area around the 

North Sea. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.12 Monthly standardised Dinophysis spp. abundance anomaly for the study area around 

the North Sea. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.13 (a) Monthly standardised Pseudo-nitzschia delicatissima complex and (b) P. seriata 

complex abundance anomaly for the study area around the North Sea. Colour bar shows monthly 

standardised difference from monthly means (°C). 

Figure 6.14 Mean annual SST (°C) taken from ICES datasets. Linear models have been applied to 

these data and drawn as solid lines in the figures. Plots have been colour coded to show mean SST 

measured during the whole year (black) and between the months of April and October (red). 

Records have come from (a) the area around the Shetland Islands and (b) the North Sea (see Figure 

6.1). 

Figure 6.15 Mean annual Dinophysis spp. abundance measured by the CPR plotted against mean 

annual SST (°C) taken from ICES datasets between 1958 and 2016. Linear models have been 

applied to these data and drawn as solid lines in the figures. Plots have been colour coded to show 

mean abundance and SST measured during the whole year (black) and the subset of these data 

between the months of April and October only (red). Records are from (a) the area around the 

Shetland Islands and (b) the North Sea (see Figure 1). 

Figure 6.16 Following the same outline as Figure 6.15, apart from using mean annual total 

dinoflagellate abundance instead of mean annual Dinophysis spp. abundance. 

Figure 6.17 Following the same outline as Figure 6.15, apart from using mean annual total diatom 

abundance instead of mean annual Dinophysis spp. abundance. 

Figure 6.18 Following the same outline as Figure 6.15, apart from using mean annual Pseudo-

nitzschia seriata abundance instead of mean annual Dinophysis spp. abundance. 

Figure 6.19 Following the same outline as Figure 15, apart from using mean annual Pseudo-

nitzschia delicatissima abundance instead of mean annual Dinophysis spp. abundance. 

Figure 6.20 The number of days in each year that the abundance of Dinophysis spp., as detected by 

the CPR, was greater than the mean in (a) the area around Shetland or (b) The North Sea. 
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CTD – Conductivity Temperature Depth 

DA – Domoic Acid 

DSP – Diarrhetic Shellfish Poisoning 

DST – Diarrhetic Shellfish Toxin 

DTX – Dinophysis toxin 

EFSA – European Food Safety Authority 

ESMF – East Shetland Mixing Front 

ESC – European Slope Current 

EWS – Early Warning System 

EURLMB – European Union Reference Laboratory for Marine Biotoxins 

g - gram 

GAM – Generalised Additive Model 

GYM – Gymnodinium  

HAB – Harmful Algal Bloom 

HCl – Hydrochloric acid 

HILIC – Hydrophilic Interaction LIquid Chromatography  

HPLC – High performance liquid chromatography 
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ICES – International Council for the Exploration of the Sea 

kg – kilogram   

L – Litre  

LC-FLD – Liquid Chromatography with FLuorometric Detection 

LC-MS – Liquid Chromatography coupled with Mass Spectrometry 

LC-UV – high performance Liquid Chromatography with Ultra-Violet detection   

LOD – Limit Of Detection 

LOQ – Limit Of Quantification 

LT – Lipophilic Toxin 

MBA – Mouse BioAssay 

M – Mol  

µg - microgram 

µm - micrometre 

µL - microLitre 

mm – millimetre 
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Chapter 1: Introduction and literature review 

 

1.1 Introduction 

The Shetland Islands are an important location for the aquaculture industry. The 

Shetland Islands Marine Spatial Plan cited a total of 303 aquaculture sites active in Shetland 

(NAFC SIMSP July 2013), although there is a high turnover rate and at times plots can 

remain fallow (Whyte, personal communication). This represents a large proportion of 

aquaculture sites within both Scotland and the UK, which is why approximately 81% of all 

Scottish mussels grown in aquaculture are harvested from Shetland (Munro, 2020; 

ShetlandSeafood, 2021). The aquaculture industry is an important employer in Scotland, 

particularly in rural and isolated areas like islands (Munro, 2020; Scotland Food and Drink, 

2016). For example, the aquaculture industry provides approximately 12-13% of jobs in the 

Shetland Islands and is an important part of the local economy (Marine Scotland, 2014). The 

importance of aquaculture to rural Scotland in particular provides some context for the 

planned expansion of operations to double output by 2030 (Gatward et al., 2017; Scotland 

Food and Drink, 2016).     

 In the context of preserving and increasing output and employability of Shetland 

shellfish aquaculture, it is important to understand any risks that may adversely impact the 

industry. This is particularly important as it has been shown climate change is almost 

certainly due to anthropogenically released greenhouse gases like carbon dioxide 

(Rosenzweig et al., 2008). Mussels grown in aquaculture have a relatively low carbon 

footprints compared to other animal derived protein sources (Muthu, 2019; Yaghubi et al., 

2021).  

One of the principal risks to shellfish grown in aquaculture are biotoxins produced 

by harmful algal blooms (HABs), which are dangerous for human consumption. If enough 

toxin producing algal cells are ingested by filter feeding shellfish, toxins can accumulate and 

induce illnesses in humans and other birds and mammals (discussed later). Following 

execution of the EU Shellfish Hygiene Directive (91/492/EEC), toxin concentration and 

abundance of causative phytoplankton at specific reference monitoring points (RMPs) have 

been measured regularly throughout the UK. This involved using appropriate chemical and 

bioassay methods for the testing of toxin concentration in shellfish, and phytoplankton 

abundance determined from water samples using the Utermöhl method (Davidson and 

Bresnan, 2009; Parks et al., 2019) (Chapters 2 and 3). Compulsory harvesting bans due to 
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harmful algal blooms (HABs) occur if the toxin concentration within shellfish in an area 

becomes too high (Campbell et al., 2001; Parks et al., 2019; Whyte et al., 2014). The Scottish 

Association for Marine Science (SAMS) has undertaken weekly monitoring of potentially 

causative phytoplankton species as part of the Food Standards Scotland (FSS) official 

control monitoring programme since 2006 (Parks et al., 2019). FSS also requires monitoring 

of toxin concentration in representative shellfish from harvesting sites, which is undertaken 

at the Cefas laboratory in Weymouth (Parks et al., 2019; Rowland-Pilgrim et al., 2019). 

Amending earlier legislation requiring toxin concentration of the entire shellfish (regulation 

EC No 854/2004), to only edible parts needing to be analysed, has had an economic benefit 

to the shellfish aquaculture industry as harvesting is stopped less often (Campbell et al., 

2001). Unlike other regions of the EU however, compulsory shellfish harvesting closures 

are only imposed as a response to dangerous toxin concentrations, rather than phytoplankton 

cell densities (Reguera et al., 2012).  

Even with routine regulatory assessment of HABs and toxin concentration in 

shellfish, human consumption of algal toxins remains a major risk in the UK (Davidson and 

Bresnan, 2009). For example, there are occasions when harmful cells and associated toxins 

can accumulate faster than regular monitoring for abundance of potentially harmful 

phytoplankton can elucidate (Whyte et al., 2014; Young et al., 2019). During the summer of 

2013, at least 70 people showed signs of diarrheic shellfish poisoning after eating 

contaminated mussels harvested from aquaculture sites in Shetland, and sold in a London 

restaurant (Whyte et al., 2014). Monitoring had not provided enough evidence to warrant the 

closure of harvesting because cells had accumulated so rapidly. Analysis after this occasion 

showed that Dinophysis spp. cells had probably been very quickly advected in due to changes 

in prevailing wind conditions (Whyte et al., 2014). 

 This review seeks to summarise what is known about the potentially harmful algae 

which can form blooms around Shetland. It will also describe conditions surrounding the 

formation and breakdown of HABs, such as oceanographic phenomena and nutrient 

concentrations within the water column. Looking at the environmental conditions associated 

with past HAB events around Shetland will help to improve the ability to predict HABs. 

Throughout this introduction references will be made to chapters throughout this thesis 

where studies relating to the topic have been discussed. 
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1.2 Illnesses caused by ingestion of toxins produced by algae found around 

the Shetland Islands 

There have been many reviews outlining the knowledge of toxin producing algae and 

their associated toxins (Bresnan et al., 2020; Hinder et al., 2011; Reguera et al., 2012; Reis 

Costa, 2014; Scoging, 1998; Visciano et al., 2016). Ingestion of marine algal toxins can 

cause humans to become poisoned. Specific toxins can cause different symptoms and have 

been given a variety of names. Around Scotland and the Shetland Islands, there are three 

common types of poisoning which monitoring has been designed to prevent. The symptoms 

of amnesic shellfish poisoning (ASP), diarrhetic shellfish poisoning (DSP) and paralytic 

shellfish poisoning (PSP) are discussed here.  

Interest in understanding more about algal toxins and how to predict HABs is 

increasing (Aleynik et al., 2016; Davidson et al., 2021, 2011, 2009; Gillibrand et al., 2016; 

Raine et al., 2010). This increased interested is in part due to the increasing proportion of 

our diets that is fulfilled by shellfish produced in aquaculture farms. Approximately 680,000 

tonnes of shellfish were harvested from European aquaculture sites during 2018, and this is 

likely to increase in the future (FAO, 2020). This section will describe the current knowledge 

of toxin producing algae which may affect aquaculture around the Shetland Isles, and what 

may be done to improve our collective knowledge of these organisms.   

 

1.2.1 Amnesic shellfish poisoning  

Acute ASP was first reported after an event on Prince Edward Island (PEI), Canada 

(Waldichuck, 1989). During 1987, 63000 kg of mussels (Mytilus edulis) grown in culture 

around PEI were consumed by people in Canada (Waldichuck, 1989). Soon after these 

mussels were consumed at least 107 cases of acute domoic acid (domoic acid and isomers 

will hereafter be referred to as DA) intoxication were reported, although one study suggested 

the actual number was 153 cases (Perl et al., 1990; Wright et al., 1989). The most distinctive 

symptoms were of memory loss, which was detected in a quarter of mostly elderly patients 

and is the reason for the name this was given (Perl et al., 1990).  

As well as short term memory loss, gastrointestinal distress was also a common 

symptom (Perl et al., 1990). Hospitalisation of 19 people was required, 12 of whom required 

intensive care (Perl et al., 1990). When brain tissue was obtained from three of the four dead 

patients, neuronal necrosis was found particularly in the hippocampus and amygdaloid 

nucleus, suggesting reasons for the damage to memory function (Teitelbaum et al., 1990). 
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Other patients who were admitted into hospital showed severe memory deficits and other 

neurological problems more than twelve months after the event (Teitelbaum et al., 1990; 

Waldichuck, 1989). 

 

1.2.1.1 A history of detection methods for domoic acid 

The toxin group implicated in ASP was DA (Figure 1.1) (Bates et al., 1998; Wright 

et al., 1989). DA was first found to occur naturally in the red seaweed Chondria armata and 

its use in human anthelmintic therapy has been explored (Takemoto and Daigo, 1958). 

Interest in the ability of Pseudo-nitzschia spp. to produce DA increased after the PEI event, 

and so far known producers of DA include at least 14 species of the pennate diatom Pseudo-

nitzschia, as well as at least one species of the similar Nitzschia (Lelong et al., 2012).  

The severity of symptoms and the length of time they persisted has contributed to 

almost every country around the globe having set the regulatory limit for the concentration 

of DA in edible parts of shellfish at 20 mg kg-1 (La Barre et al., 2014). A mouse bioassay 

(MBA) was developed to test whether shellfish tissue contained DA at concentrations 

potentially dangerous for human consumption (Quilliam and Wright, 1989). Death occurred 

after approximately 30 minutes after as much as 200 μg of isolated DA was delivered 

through ip injection (Quilliam and Wright, 1989; Wright et al., 1989). Chemical methods of 

detection were developed shortly after the MBA was, and chemical detection of DA is the 

preferred method globally (Quilliam et al., 1995; Quilliam and Wright, 1989).  

 

Figure 1.1. Structure of domoic acid (from Bates et al., 1998) 



5 

DA has been monitored in shellfish harvested from Scottish waters since 1999, and 

was first detected in Scottish scallops in the same year (Campbell et al., 2001; Gallacher et 

al., 2001). Scallop harvesting along western Scotland was stopped during the Summer of 

1999 and again in 2001, due to the concentration of DA in shellfish exceeding the regulatory 

limit of 20 mg kg-1 (Campbell et al., 2001; Hinder et al., 2011). A later amendment to the 

EU directive meant DA only needed to be below 20 mg kg-1 in the edible gonad and adductor 

tissue of shellfish, rather than the entire animal (Regulation (EC) 854/2004). As most of the 

DA toxic load is confined to the digestive gland, which is not typically consumed, this 

allowed Scottish fishermen to continue to land more shellfish  (Regulation (EC) 854/2004). 

It is worth noting that although toxin monitoring of shellfish was limited to edible tissues, 

some restaurants have been known to use non-edible tissues like shellfish gills to produce a 

stock. This practice is potentially dangerous.  

The methodology for LC-UV testing of DA used by toxin monitoring laboratories in 

the EU including the United Kingdom was adopted from the methodology developed in 

Canada (Quilliam et al., 1995). Data from the official monitoring programmes in the UK 

suggests there has been no increase in toxic Pseudo-nitzschia spp. blooms in the UK in the 

last 10 years (Rowland-Pilgrim et al., 2019). The official monitoring programmes measure 

toxin concentrations within shellfish, which can depend on biotic processes like depuration 

and diet choice (Blanco et al., 2006; Krogstad et al., 2009; Rouillon et al., 2005). Confirming 

no increase in toxin production with progressing time using an abiotic method may be 

elucidating. It has been shown for example that high concentrations of dissolved toxins in 

the water column will not be incorporated into shellfish in the absence of causative 

phytoplankton cells (Fux et al., 2009). When toxic phytoplankton cells are consumed by 

shellfish, toxins can be absorbed into shellfish flesh; knowing if there is a high concentration 

of toxins in water surrounding shellfish is therefore important (Fux et al., 2009; MacKenzie, 

2010).  

 

1.2.1.2 Domoic acid poisoning in the natural environment 

Acute DA poisoning has been found outside of human consumption. The first wide 

scale damage to ecological systems that was attributed to blooms of Pseudo-nitzschia spp. 

occurred 1991, in Monterey Bay, California (Work et al., 1993). Birds exhibited tremoring 

of muscles and could only fly distances of approximately 10 m as their feet could not be 

retracted (Work et al., 1993). Birds often crashed into the water from flights, and vomiting 

was often seen when birds were on land (Work et la 1993). This was similar to primates 
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given ip and intravenous (IV) injections of DA during laboratory investigations (Tryphonas 

et al., 1990). Particularly ill birds would lose their righting reflex and lie on their back still 

or with slowly moving feet before dying (Work et al., 1993). DA has also been found in the 

faecal matter of various marine mammals and fish along the Pacific coast of the US  

(Lefebvre et al., 2002). 

Around the UK there is evidence that since the early 2000s there has been a large-

scale decrease in the abundance of harbour seals (Phoca vitulina) (Lonergan et al., 2007). 

Apart from apparent increases in abundance in the Inner Hebrides, abundance around 

Scotland has decreased; in particular the population of P. vitulina around Shetland has 

decreased by 40% in the period 2001-2006 (Lonergan et al., 2007). Although there are many 

possible reasons for this, there is concern that intoxication from algal toxins may be one 

possible factor (Hall and Frame, 2010). A study of faeces, urine and blood taken from P. 

vitulina in Scotland showed that seals had been exposed to DA, most probably through diet 

(Hall and Frame, 2010; Jensen et al., 2015). Analyses showed that DA content of seals was 

highest around Shetland and Orkney, and lowest around the west coast of Scotland (Hall and 

Frame, 2010); this is intriguing because these areas are locations of abundance increase and 

decrease, respectively (Lonergan et al., 2007). As well as consuming DA, evidence suggests 

P. vitulina had also consumed saxitoxin (Jensen et al., 2015). When compared with the 

Scottish West coast, concentrations of DA were higher in the Northern Isles and the East 

coast (Jensen et al., 2015).  

 

1.2.1.3 Risks of chronic exposure to domoic acid 

No clinical differences were observed when experimental and control rats were force 

fed constant volumes of DA solutions via gavage at concentrations of 0, 0.1 and 5 mg g-1 

body weight day-1 (Truelove et al., 1996). This may have been a function of small sample 

size used (5 male and 5 female rats dose-1) and the study thus cannot be considered altogether 

conclusive (Truelove et al., 1996). The effects of long term ingestion of seafood with DA 

concentrations below the regulatory limit has continued to cause researchers concern 

(Lefebvre and Robertson, 2010). 

Of particular risk are human populations which use seafood, and especially shellfish, 

as their primary source of protein. This includes populations of people from traditionally 

more secluded areas, such as members of the Quinault Tribe on the Pacific coast of the 

United States. Razor clams (Siliqua patula) are harvested by members of this tribe for 
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subsidence, and have ceremonial importance; S. patula may be consumed throughout the 

year without being tested for toxin concentration (Lefebvre and Robertson, 2010). Razor 

clams have been shown to accumulate high concentrations of DA with no detrimental effects 

(Trainer and Bill, 2004). They also have a low rate of DA depuration (Horner et al., 1993), 

so it is likely that people groups with no official controls of toxin monitoring for algal toxins 

consume high DA doses. Civilisations with dedicated monitoring programs are also at risk, 

because although harvesting stops when DA concentration rises above 20 mg kg-1 shellfish 

tissue, repeated low-level doses may cause health issues. Using beta-binomial-normal 

(BBN) modelling (Beardall et al., 2009), it was estimated that approximately 5-6% of the 

population of Belgium were at risk of ingesting more than the tolerable daily intake of DA 

(Andjelkovic et al., 2012).  

 These examples show that consumers operating at high trophic levels, like humans 

and other marine mammals, may experience chronic poisoning from DA. Humans may 

develop symptoms similar to Californian sea lions, which have been shown to consume DA 

in their relatively generalist diet and can exhibit symptoms of epilepsy (Goldstein et al., 

2008). This has led to questions about whether DA consumption can lead to increased risk 

of epilepsy in humans (Ramsdell and Gulland, 2014; Stewart, 2010), and whether the 20 mg 

DA kg-1 shellfish limit should be lowered in populations where seafood makes a larger 

proportion of the diet. 

 

1.2.2 Paralytic shellfish poisoning 

The most serious poisoning due to accumulated toxins in shellfish consumed by 

humans is PSP, as this is most likely to be fatal if the regulatory limit is exceeded (Etheridge, 

2010). PSP is a condition usually brought on by the consumption of shellfish contaminated 

with saxitoxin and derivatives of this molecule (Figure 1.2), hereafter called STX (Andrinolo 

et al., 1999; Brown et al., 2010; Kao and Nishiyama, 1965). Although shellfish are the most 

common vector to humans, fish and crustaceans have also been found to contain paralytic 

shellfish toxins (PSTs) (Reis Costa, 2014; Wyatt and Saborido-Rey, 1993). 

 

1.2.2.1 A history of research into paralytic shellfish toxins and detecting their presence 

STX competitively blocks sodium ions from binding sites in mammalian nerve cells 

and muscle synapses, which then leads to paralysis (Kao and Nishiyama, 1965). STX was 

not confirmed as the causative toxin until Kao and Nishiyama published their study in 1965. 
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PSP has been present before this finding, for example in Nova Scotia during 1936 two 

separate cases were reported (Gibbard et al., 1947; Murphy, 1936). In the first case, two 

young boys cooked mussels collected from the seashore over a fire, and after consuming 

them experienced vomiting, faintness, unconsciousness, loss of pulse and eventually death 

for one of the children (Murphy, 1936). In the second case a group of three men dined on 

mussels together and subsequently experienced numbness of the hands, faintness, and 

vomiting (Murphy, 1936). The strength of response appeared dose dependant, as one man 

consumed many more mussels than his companions and was found by a doctor to be 

comatose with a pulse of 160. He then died two and a half hours after consuming the 

contaminated mussels (Murphy, 1936). Although many records of shellfish poisoning are 

relatively recent, there are references of sailors becoming ill after eating shellfish from the 

historical accounts of Captain Vancouver’s expedition voyage to the North Pacific published 

in 1798 (Gibbard et al., 1947). 

There has been evidence of PSP in the UK since the 19th Century; unspecified 

numbers of people, and occasionally other marine vertebrates, have at times become ill and 

sometimes died after consuming mussels (Ayres, 1975; Ayres and Cullum, 1978; Bresnan 

Figure 1.2 Chemical structure of most common Paralytic Shellfish Toxins (PSTs), 

from (Dell’Aversano et al., 2005) 
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et al., 2021; Hinder et al., 2011). Confirmed producers of PSP toxins in Scottish waters are 

limited to the Alexandrium genus of dinoflagellates (Coates et al., 2017; Eckford-Soper et 

al., 2016; John et al., 2014; Lewis et al., 2018; Parks et al., 2019). Identification of 

Alexandrium to species level is difficult, and has caused some controversy even when 

molecular methods are available (Fraga et al., 2015; John et al., 2014; Litaker et al., 2018; 

Mertens et al., 2020). During routine monitoring of phytoplankton therefore, identification 

of Alexandrium using light microscopes is restricted to genus level, even though not all 

species of Alexandrium are able to produce toxins (Coates et al., 2017; Eckford-Soper et al., 

2016; Parks et al., 2019) (see Chapter 2). 

Globally, there is a fear that intoxication events such as PSP, in humans caused by 

consumption of algal toxins may be increasing (Edwards et al., 2018; Gobler et al., 2017a; 

Hallegraeff, 1995; Nicolas et al., 2017; Wells et al., 2020). It is unclear whether this 

perceived increase in PSP is due to there being a potential increase in the incidence of HABs 

with increasing global temperatures (Gobler et al., 2017a; Wells et al., 2020), or if increased 

knowledge about algal toxins has made reporting of diseases more common (Berdalet et al., 

2017; Economou et al., 2007; Hallegraeff, 1995; Hinder et al., 2011; Nicolas et al., 2017) 

(see Chapter 6).  

Increased monitoring of the concentration of PSP toxins within mussels took place 

in Scotland after a toxic event during 1968 in the Northeast of England (Ayres, 1975; Ayres 

and Cullum, 1978; Conn and Farrand, 1970). More formal legislation was implemented 

throughout the EU including the UK to mandate the routine monitoring of algal toxins in 

mussels since 1996, and has been successful at stopping shellfish with incorporated PSTs 

from being sold and consumed by humans (Bresnan et al., 2021, 2008; Parks et al., 2019). 

PSTs are detected in Scottish shellfish every year, and regularly exceed the regulatory action 

limit of 800 µg kg-1 (Parks et al., 2019; Turner et al., 2014; Turrell et al., 2007a). During 

2018, for example, 1.8% of Scottish shellfish samples tested were above the MPL for PSTs 

(Parks et al., 2019). A reminder of the importance of this routine monitoring was recently 

highlighted, as dogs from east England who consumed marine invertebrates on the beach, 

suffered and in some cases died of PSP (Turner et al., 2018).   

In order to achieve agreement and consistency of toxin measurements, it is important 

that laboratories validate appropriate methodologies to accurately determine the 

concentration of toxins or composite sample toxicity within shellfish samples. For example, 

eleven different laboratories in the United States worked to collaboratively develop the first 

accepted acidic mouse bioassay (MBA) for the purpose of estimating PSP toxicity in 
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homogenised shellfish tissues (McFarren, 1959). This MBA was used to estimate the 

concentration of PSP toxins in Scottish mussels after the 1968 PSP event in northern England 

(Conn and Farrand, 1970), and a later version was formally validated as the AOAC 959.08 

official method (OM) (Anonymous, 2005a). Globally, the MBA is still the most common 

method for the quantification of PSP toxins in shellfish, but after 40 years of using this 

method concerns about its consistency and potential underestimation of toxicity have been 

noted (Lawrence et al., 2005; LeDoux et al., 2000; Turner et al., 2019). Increasing 

appreciation for animal welfare in the UK and around the globe led to the development of 

alternative methodologies for testing toxicity of shellfish (Combes, 2003; Dennison and 

Anderson, 2007).  

 A chemical instrumental assay for the determination of PSTs in mussels was 

developed during the 1990s in collaboration with 21 different laboratories (Lawrence et al., 

2005). The “Lawrence Method” used a liquid chromatographic method with fluorometric 

detection (LC-FLD) after prechromatographic oxidation of toxins to fluorescent derivatives 

(Lawrence et al., 2005). The Lawrence Method was subsequently accepted as an AOAC 

Official Method of Analysis (AOAC OMA 2005.06), as another OM in addition to the MBA 

(Anonymous, 2005b). The method was used for routine coastal monitoring of PSTs in 

mussels from May 2008, with additional validation work for other shellfish species resulting 

in the full implementation of the method into the UK OC monitoring programme by 2011. 

From January 2019, the LC-FLD method became the official reference method for PST 

testing in live bivalve molluscs within member states of the EU (Turner et al., 2019).  

Chemical tests such as the modified Lawrence Method allowed Cefas to obtain data 

about the precise toxin profiles in mussel tissue, which was impossible with only the MBA 

(Turner et al., 2014). Three distinct toxin profile types in mussels were found, likely 

corresponding to varying species composition of the dinoflagellate Alexandrium spp. 

(Turner et al., 2014) (see Chapters 2 + 3). More recently, an ultra-high performance liquid 

chromatography mass spectrometry (UHPLC-MS/MS) method using hydrophilic interaction 

liquid chromatography (HILIC) was developed in collaboration between the United 

Kingdom and New Zealand. This has provided a higher accuracy of analysis encompassing 

a larger number of PST analogues (Boundy et al., 2015; Turner et al., 2019, 2015). Limits 

of detection (LOD) and limits of quantification (LOQ) were also improved significantly 

compared to previous LC-FLD methods. This HILIC method has been fully validated in the 
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Cefas laboratory and through an extensive international collaborative study (Boundy et al., 

2015; Turner et al., 2020, 2015). 

 

1.2.3 Diarrhetic Shellfish Poisoning  

1.2.3.1 A history of research into diarrhetic shellfish toxins and detecting their presence 

Lipophillic toxins (LTs) are so called because they are non-polar and fat soluble 

(Yasumoto et al., 1978). The most important and prevalent LTs in Scottish waters are the 

Okadaic Acid (OA) group, which includes OA and the Dinophysis-toxins DTX-1 and DTX-

2. A complex mix of molecules derived from OA, DTX-1 and DTX-2 esterified at the 7-O-

acyl position has been given the name DTX-3 and is also included in this group (Stobo et 

al., 2005; Vale and Sampayo, 1999; Yanagi et al., 1989). LTs also include yessotoxin and 

its analogues homo-yessotoxin, 45-hydroxy-yessotoxin and 45-hydroxyhomo-yessotoxin 

(hereafter called YTX), pectenotoxins PTX-1 and PTX-2, and azaspiracids AZA-1, AZA-2, 

and AZA-3 (Stobo et al., 2005). Human consumption of food incorporated with any LTs 

typically results in what is known as diarrhetic shellfish poisoning (DSP). Symptoms of DSP 

include diarrhoea, but also nausea, vomiting, abdominal pain and elevated temperature for 

up to 8 hours (Gerssen et al., 2010; Scoging and Bahl, 1998; Yasumoto et al., 1978).  

 

1.2.3.2 OA group toxins 

The first recorded case of DSP was during 1961 in the Netherlands (Gerssen et al., 

2010; Kat, 1979). After 1961 LTs were also found in mussel flesh from Japan when 164 

people experienced severe vomiting and diarrhoea between 30 minutes and a few hours after 

eating shellfish; DSP production was linked to Dinophysis spp. here (Yasumoto et al., 1978).  

Various bioassays were developed for the detection of DSP toxicity (Yasumoto et al., 1978). 

Toxins were extracted from homogenized shellfish tissue using either acetone and a mixture 

of chloroform-methanol at room temperature, or hot methanol (Yasumoto et al., 1978). 

Aliquots of the resultant solution were injected intraperitoneally (ip) into female white mice, 

and the minimum dose of toxin needed to kill a mouse within a 48 hour period was termed 

as one mouse unit (MU) (Yasumoto et al., 1978). This early study of toxicology allowed for 

a crude approximation of toxin concentration in shellfish; the highest toxicity recorded from 

1976 – 1978 was 5 MU g-1 shellfish tissue (Yasumoto et al., 1978). 

In the UK, the DSP MBA was used for regulatory control testing until 2011 (Combes, 

2003; Davidson et al., 2011; Dennison and Anderson, 2007). In the years prior to 2011, 
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ethical concerns and worries about the unacceptable rates of false positives and negatives 

grew (Combes, 2003; Dennison and Anderson, 2007). After large areas of coastline used for 

harvesting cockles and mussels were closed due to “atypical” results in the MBA for between 

six and nine months, an independent review found insufficient evidence that DSP toxins 

were actually present in shellfish (Combes, 2003; Makin, 2003). As well as being unreliable 

and different laboratories giving inconsistent results (Combes, 2003; Makin, 2003), the DSP 

MBA was not capable of quantifying the toxin concentrations, which made the method both 

inaccurate and imprecise (Stobo et al., 2005). Further problems with using the MBA include 

different extraction solvents generating different results, with the same shellfish samples 

(Yasumoto et al., 1984, 1978).   

Different regulatory systems developed and used different bioassays; mice were used 

in the UK and Ireland, but in the Netherlands the test used rats instead, known as the rat 

bioassay (RBA) (Gerssen et al., 2010). In 1995, mussels harvested in Ireland and exported 

to the Netherlands resulted in at least 8 people becoming ill (Gerssen et al., 2010). The MBA 

was unable to detect the then unknown AZAs when shellfish were tested in Ireland and the 

governing body in the Netherlands did not consider it worthwhile to retest the shellfish with 

the RBA, which does respond to AZAs (Gerssen et al., 2010). These issues, in addition to 

every mouse used in the MBA being euthanised, made the use of bioassays undesirable 

(Combes, 2003; Dennison and Anderson, 2007; Garthwaite, 2001; Yasumoto et al., 1978). 

There was a need for an unambiguous chemical test for toxins in shellfish (Combes, 2003; 

Gerssen et al., 2010; Makin, 2003).  

The first group to find a HPLC-MS technique for detecting and measuring the 

concentration of LTs was Pleasance et al. (1990), although agreeing upon a validated and 

optimised SOP did not become possible until early in the 21st century (Makin, 2003). Before 

this, developing chemical techniques were too expensive for routine monitoring, due to the 

requirement of testing against toxin standards (Stobo et al., 2005), some of which remained 

commercially unavailable at the time. There was the additional problem that only OA and 

DTX-1 were detected during this study, although there was a suggestion of other analogues 

being found within plankton taken from the Bay of Gaspé (Pleasance et al., 1990).  

Precise knowledge of the 3-dimensional chemical structure of OA, DTX1 and DTX2 

(Figure 1.3) became possible with nuclear magnetic resonance (NMR) analysis (Larsen et 

al., 2007). NMR revealed the way that DTX-2 differed from DTX-1 is in the 3-dimensional 

arrangement of methane groups around the 35th carbon atom (Figure 1.3). Knowledge of the 



13 

3-D structure of OA group toxins is required for the unambiguous identification of specific 

toxins, which is important because the toxic efficacy of DTX-2 is approximately 0.6 of OA 

or DTX-1 (Larsen et al., 2007). Some knowledge about the ecology of phytoplankton in the 

water at the time of sampling can also be gained from looking at precise quantities of 

principle components in the OA group toxins detected from a sample (Dhanji-Rapkova et 

al., 2019, 2018; Swan et al., 2018). For example, it has been shown that when the ratio of 

Dinophysis acuta to Dinophysis acuminata increases, toxin profiles in mussels exhibit a 

greater proportion of DTX-2 (Swan et al., 2018). The production of an isomer of DTX-1, 

namely DTX-1b, has also been tentatively described and production linked to D. acuta 

(Nielsen et al., 2013, 2020).  

Testing of LT concentrations in mussel tissue by UHPLC-MS/MS requires 

comparison with pure toxin standards, which were not commercially available; materials 

needed to be supplied from a variety of sources around the globe (Stobo et al., 2005). In 

addition, the methods first developed used HPLC, as UHPLC was not commonly available 

in official control monitoring laboratories. This resulted in the need for long 

chromatographic run times, in comparison to those achieved today using UHPLC. Longer 

run times resulted in limitations to the number of samples that could be analysed each day 

per instrument system. In order to include esterified compounds of OA group toxins (DTX-

3), methanolic extracts of shellfish tissue samples are first tested for LTs, and then the same 

extracts are subjected to alkaline hydrolysis with sodium hydroxide (NaOH) to liberate the 

esterified toxins, neutralised and tested again to quantify the total OA-group toxins present 

in each sample (Dhanji-Rapkova et al., 2018; Mountfort et al., 2001).  

The current methodology for determining OA group toxicity in UK shellfish used by 

Cefas is clearly effective, as is shown by the relatively small number of DSP cases in the 

UK. In the previous 15 years, for example, only three cases of DSP have been detected after 

Figure 1.3 Chemical structure of OA, DTX-1 and DTX-2. |From Larsen et al., 2007. 

OA:   R1 = CH3  R2 = H  R3 = H 

DTX-1: R1 = CH3  R2 = CH3 R3 = H 

DTX-2: R1 = H   R2 = H  R3 = CH3  
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consumers ingested mussels contaminated by OA group toxins (Bresnan et al., 2021; 

Davidson et al., 2011; Whyte et al., 2014; Young et al., 2019). People did become ill, but 

cases of DSP would have been much higher if regular monitoring did not take place, as 

evidenced by the high occurrence of harvesting closures by FSS (Bresnan et al., 2021; 

Davidson et al., 2011; Parks et al., 2019). At least 171 people became ill with DSP after 

ingesting mussels harvested in Scotland during 2006, 50 people became ill after eating 

mussels harvested in Shetland in 2013 and six became ill after consuming mussels from 

southwest England during 2019 (Davidson et al., 2011; Whyte et al., 2014; Young et al., 

2019).  

In the cases from Shetland and southwest England, the abundance of the causative 

phytoplankton genus Dinophysis had increased rapidly after HABs had been advected to 

aquaculture sites (see Chapter 2 and 4) (Whyte et al., 2014; Young et al., 2019). Shellfish 

had been sold to restaurants before the results of toxin testing indicated shellfish harvesting 

should stop (Whyte et al., 2014; Young et al., 2019). Under-reporting of DSP is estimated 

to be high due to sufferers rarely needing hospital treatment and the symptoms being 

unspecific (Berdalet et al., 2016; Davidson et al., 2011; Young et al., 2019).  

 

1.2.3.3 Pectenotoxins (PTXs) and spirolides 

Spirolides were originally identified in extracts of the digestive glands of shellfish 

from Eastern Canada (Hu et al., 1995). Confirmed producers of this lipophilic cyclic imine 

include Alexandrium ostenfeldii, the species production of spirolides is most often associated 

with, and Alexandrium peruvianum (Cembella et al., 2000; Touzet et al., 2008). A. ostenfeldii 

has also been confirmed as a producer of PSP toxins, but this is unrelated to spirolide 

production (Hansen et al., 1992). Spirolides have been shown to be highly toxic towards 

mice; ip injections of spirolides in as small a dose as 40 µg kg-1 have rapidly resulted in 

death (Munday et al., 2012; Richard et al., 2000). No official regulatory limit exists for the 

concentration of spirolide toxins in shellfish (EFSA, 2010, 2009a), as it is unclear whether 

there is a risk to human health following oral exposure through consumption of contaminated 

seafood. 

Pectenotoxins were discovered in the 1980s, associated with other LTs such as OA 

(Yasumoto et al., 1985). They are so named because they were first found in the digestive 

glands of the scallop, Patinopecten yessoensis (Terao et al., 1986; Yasumoto et al., 1985). 
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The most commonly detected PTX phytoplankton is PTX-2, which has been found in cells 

from many Dinophysis species (Wilkins et al., 2006). Because of their association and co-

occurrence with OA-group toxins, PTXs were designated as another toxin causing DSP 

(Miles, 2007). This may not be entirely appropriate as neither oral administration nor IP 

injection caused a strongly diarrhetic response in the MBA (Aune, 1997; Miles, 2007). PTXs 

have been implicated in two instances of DSP, both of which occurred in Australia (Burgess 

and Shaw, 2001; Miles, 2007). In each of these cases, more shellfish were collected from 

the original shellfish harvesting site (Burgess and Shaw, 2001). These shellfish were found 

to contain PTX-2-seco acid (PTX-2-sa), a shellfish metabolite of PTX (Burgess and Shaw, 

2001; Miles et al., 2004; Suzuki et al., 2001b; Wilkins et al., 2006). Results from subsequent 

analyses suggest the DSP experienced by consumers of the shellfish was due to OA and OA-

group esters, together with PTX-2-sa (Burgess et al., 2003; Miles, 2007).  

A hepatotoxic reaction was observed in mice after ip administration of PTXs, which 

caused some concern and means PTXs are still included in routine monitoring of shellfish 

(Aune, 1997; Burgess and Shaw, 2001; Fladmark et al., 1998; Miles, 2007; Miles et al., 

2004). This suggests that the main danger of PTXs is not related to the risk of DSP. Attending 

the evidence following results of oral administration to mice, the European Union has set 

the regulatory limit of combined OA group toxins and PTXs at 160 µg OA equivalents kg-1 

shellfish tissue (EFSA, 2010). Discussions are taking place within the EC to debate 

removing PTXs from the legislation regarding official control testing of live bivalve 

molluscs. 

 

1.2.3.4 Yessotoxins (YTX) 

 Yessotoxin is somewhat related to PTXs because they were also isolated from the 

digestive organs of P. yessoensis, which is where they got their name from (Murata et al., 

1987; Terao et al., 1990). Studies involving the response of mice to YTX found that, 

compared to other LTs, response to YTX does not occur particularly rapidly (Terao et al., 

1990). The LD50 of YTX was 286 µg kg-1 mouse body weight (BW) after 3 hours; 

desulphated YTX showed lethality in response to 301 µg kg -1 BW after 24 hours (Terao et 

al., 1990). Although mice have died as a result of being given YTXs, this response has only 

been recorded after ip injection of the toxins (Dominguez et al., 2010). Oral delivery of toxin 

did not result in death no matter how high the dose, although some damage to cardiac muscle 

near the capillaries was detected from which mice recovered after 3 months (Aune et al., 

2002; Tubaro et al., 2008, 2003). As neither diarrhoea or tumour growth is likely after 
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consumption of YTXs (Ogino et al., 1997; Tubaro et al., 2003), a higher MPL has been 

applied in the EU including the UK compared to other LTs (Parks et al., 2019) (Table 1.1). 

 Potential producers of YTXs include Protoceratium reticulatum (Paz et al., 2004; 

Satake et al., 1997), Lingulodinium polyedrum (Armstrong and Kudela, 2006; Paz et al., 

2004), Gonyaulax spinifera (Rhodes et al., 2006), and Gonyaulax taylorii (Álvarez et al., 

2016). Both P. reticulatum and L. polyedrum have been detected in UK waters; cell 

abundances during periods that YTXs were detected in shellfish suggest that P. reticulatum 

is a likely source of YTX in Scottish waters (Bresnan et al., 2016; Dhanji-Rapkova et al., 

2019). Of the two species likely to produce YTXs in Scottish waters, P. reticulatum and L. 

polyedrum, only P. reticulatum was detected in routine monitoring around the Shetland 

Islands (see Chapter 2). 

   

1.3 Biology of toxin producing algae found around the Shetland Islands 

Eight phytoplankton groups are officially enumerated in the Scottish regulatory coastal 

monitoring program (Parks et al., 2019). Five genera are harmful primarily because of their 

propensity to produce toxins even at low cell densities (Chapter 2). Some genera are also 

able to form large biomass blooms which can mechanically damage fish and starve the 

environment of oxygen (Davidson et al., 2014). Work in this thesis will focus on HABs 

involving Pseudo-nitzschia spp, Dinophysis spp., and Alexandrium spp. impacting the 

Shetland Islands. These genera are discussed in depth in the introduction of this thesis. The 

dinoflagellates Alexandrium spinosum and Karenia mikimotoi will also be briefly described 

due to their potential to disrupt aquaculture sites. 

 

1.3.1 Pseudo-nitzschia species  

Pseudo-nitzschia is the only potential producer of DA in the marine environment 

surrounding Scotland which is monitored for (Parks et al., 2019). Pseudo-nitzschia species 

can be divided into two complexes based on cell size (Fehling et al., 2006). P. seriata are 

typically wider than 5 µm, and P. delicatissima are narrower (Bresnan et al., 2016, 2015b; 

Fehling et al., 2006). Identifying Pseudo-nitzschia spp. to species level generally requires 

use of a transmission electron microscope (TEM) (Bresnan et al., 2015b; Fehling et al., 

2004a). In Scottish waters, only species in the P. seriata complex have been confirmed as 

producers of DA (Fehling et al., 2006, 2004b, 2004a). 
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1.3.1.1 Biology of Pseudo-nitzschia spp. 

Pseudo-nitzschia species have been found in Scottish waters every year since routine 

monitoring for phytoplankton began in 1996 (Bresnan et al., 2017; Kelly and Fraser, 1999). 

Pseudo-nitzschia is a genus of pennate diatoms comprising some 48 species, of which at 

least 23 have been confirmed as producers of DA (Teng et al., 2016; Zabaglo et al., 2016). 

Thirteen species of Pseudo-nitzschia have been found from water samples in Scotland, of 

which only P. seriata and P. australis have been confirmed as DA producers (Bresnan et al., 

2015b; Brown and Bresnan, 2008; Campbell et al., 2001; Fehling et al., 2004a, 2004b, 2006; 

Turrell et al., 2008).  

 In Scottish waters, P. delicatissima group species typically dominate the spring 

phytoplankton bloom, and P. seriata group species typically become more common in the 

autumnal phytoplankton bloom (Bresnan et al., 2017, 2015b; Brown and Bresnan, 2008; 

Fehling et al., 2006). The timing of P. seriata type cells blooming later in the year than P. 

delicatissima type cells has also been seen in Normandy, France, in the eastern English 

Channel (Klein et al., 2010), but not in the Western English Channel (Downes-Tettmar et 

al., 2013). These studies have only lasted one or two years, which it has been suggested is 

not long enough to study seasonality of species distribution accurately (Edwards et al., 

2010). A study using a dataset of ten years demonstrated that two distinct blooms of Pseudo-

nitzschia spp. are not seen in Helgoland (Bresnan et al., 2015b). 

 The difficulty of routinely identifying cells to genus level using light microscopy 

means it is impossible to implicate more species than P. seriata and P. australis as definitive 

producers without concentrated effort (Bresnan et al., 2017, 2015b; Fehling et al., 2004a, 

2004b). In the English Channel, P. multiseries has been confirmed as a producer of DA 

(Percy et al., 2006), and likewise in the Wadden Sea (Vrieling et al., 1996). Though cell 

numbers of P. seriata are typically much lower than P. delicatissima cell abundances during 

the Scottish Spring phytoplankton bloom, there is evidence that DA production takes places 

during the Spring as well as the Autumn (Bresnan et al., 2017).  

 

1.3.1.2 Domoic acid production 

 Nutrient limitation has been implicated as an important factor for DA production. 

Silica is highly important in the growth of diatom blooms, as the tests of diatoms are 

composed of silica (Brzezinski, 1985). The original “Redfield ratio” of 106C:16N:1P, 



19 

describing the ratio of carbon to nitrogen and phosphorus in most oceans (Redfield, 1934) 

was modified to reflect the particular needs of diatoms. The Brzezinski-Redfield ratio 

describes the ration of silica, nitrogen and phosphorus optimum to diatom growth as 

16N:15Si:1P (Brzezinski, 1985). Growth of diatoms in a departure from the ratio induces 

stress upon diatoms and can influence DA production in Pseudo-nitzschia spp. For example, 

P. multiseries grown in low silica environments have shown significantly higher DA 

production compared to cultures grown in high silica environments (Amato et al., 2010; Pan 

et al., 1996). In another study, the highest rate of DA production by P. australis, P. 

fraudulenta and P. pungens has been detected when growth is limited by low phosphate 

concentration (Lema et al., 2017). 

 DA is an amino acid (Figure 1.1), hence nitrogen is an important component of its 

chemical structure (Jeffery et al., 2004; Wright et al., 1989). It is therefore unsurprising that 

in laboratory experiments DA production ceased when nitrate was depleted, and when nitrate 

was added to P. multiseries DA production was restarted (Bates, 1998). In a field study of 

Pseudo-nitzschia influence by the warm water “blob” along the US Pacific coast, the highest 

DA concentrations were measured when the ratio of silicates to nitrates was so low the 

Pseudo-nitzschia spp. bloom was operating under silicate exhaustion (Bates et al., 2018; Du 

and Peterson, 2018; Peterson et al., 2015; Ryan et al., 2017).  

 Increases in the abundance of Pseudo-nitzschia spp. have also been shown to be 

correlated to the salinity of the water column, depending on the global location and species 

composition (Bargu et al., 2016; Downes-Tettmar et al., 2013; Tas et al., 2016; Thessen and 

Stoecker, 2008; Trainer et al., 2012; Van Meerssche and Pinckney, 2017). This is likely due 

to increased rainfall and riverine output increasing the concentration of nitrates in the water 

column (Husson et al., 2016). Little salinity variation exists around the Shetland Islands 

(Chapter 4), so any correlation between salinity and either Pseudo-nitzschia spp. abundance 

or DA concentration is unlikely to be an issue.  

The role of sexual reproduction, known as auxosporulation, is likely to be an 

important factor in DA production. In 1935, it was first reported that diatoms engage in 

sexual reproduction (Geitler, 1935). Auxosporulation is an important process for the 

maintenance of diatom cell size, as asexual cell division results in increasingly smaller cell 

sizes with each generation, as each daughter cell is constrained by the size of the cell half it 

grows from (Geitler, 1935; Kaczmarska et al., 2000). Significant positive correlations have 

been found between the abundance of large Pseudo-nitzschia spp. cells, which can only grow 

due to auxosporulation, and DA production (Holtermann et al., 2010; Sauvey et al., 2019). 
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Auxosporulation was observed in Pseudo-nitzschia spp., when male and female clones of 

the pertinent minimum cell size for each species were mixed together (Davidovitch and 

Bates, 1998).  

 In a field observation, auxosporulation was detected in P. australis and P. pungens 

when cell abundance  was high, and winds were exerting upwelling and subsequently 

downwelling currents (Holtermann et al., 2010). This variation between upwelling and 

downwelling may have mixed the water column similarly to experimentally induced 

laboratory experiments, when mixing together cells started auxosporulation (Davidovitch 

and Bates, 1998; Hiltz et al., 2000; Poulíčková and Mann, 2019). Low light levels and 

temperatures have also been shown to start auxosporulation in some diatoms during 

laboratory experiments (Davidovich et al., 2018; Hiltz et al., 2000; Mouget et al., 2009). 

Initiation of auxosporulation during times of low light, sub-maximum temperature, and 

increased water mixing, indicates sexual reproduction may occur after winters with high 

Pseudo-nitzschia spp. cell abundance (Davidovich et al., 2018; Poulíčková and Mann, 2019).  

Blooms of Pseudo-nitzschia spp. occur every year around Scotland, but do not 

always produce a great deal of DA in all areas (Bresnan et al., 2016; Parks et al., 2019; 

Rowland-Pilgrim et al., 2019). As well as cell abundance, DA production has been linked to 

species composition (Fehling et al., 2004a), increased cell size resulting from 

auxosporulation (D’Alelio et al., 2010; Poulíčková and Mann, 2019), specific weather 

conditions such as increased wind resulting in increased mixing of the water column (Bates 

et al., 1998; Holtermann et al., 2010),  predation stress (Lundholm et al., 2018; Tammilehto 

et al., 2015) or nutrient limitation (Bates et al., 1998; Downes-Tettmar et al., 2013; Lema et 

al., 2017). This means prediction of toxic Pseudo-nitzschia spp. blooms is complex.  

 

1.3.2 Alexandrium spp., Gymnodinium spp., Pyrodinium spp. 

A large range of dinoflagellates have been confirmed as producers of saxitoxin, 

which can cause PSP, including Alexandrium catenella, A. pacificum, A. minutum, A. 

ostenfeldii, A. tamayavanichi, Pyrodinium bahamense, Gymnodinium catenatum, and at 

least one strain of A. australiense (Chekan et al., 2020; John et al., 2014; Litaker et al., 2018; 

Murray et al., 2012, 2011; Orr et al., 2013). Of these confirmed producers of PSTs, only 

species in the genus Alexandrium have been detected in Scottish waters since official 

monitoring began (Coates et al., 2017; Parks et al., 2019).  
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1.3.2.1 Alexandrium spp. taxonomy 

The most commonly detected species complex in the genus Alexandrium within 

Scotland is A. tamarense, which includes between three and five species (Balech, 1995). 

Morphology suggests differences between A. tamarense, A. fundyense and A. catenella are 

limited to the presence of a ventral pore and the ability to form multicellular chains (Balech, 

1995), but the A. tamarense complex is not morphologically rigid; a review has detailed 

inconsistencies and ambiguity with presence of a ventral pore and ability to form chains in 

what was known as the A. tamarense complex (John et al., 2014). Molecular analysis 

indicated the presence of separate groups within the complex, which were then given 

numbers in place of the three species names (Lilly et al., 2007). What, prior to 2016, was 

assumed to be chiefly toxin producing A. catenella found in Scottish waters has been 

reclassified as a mixture of A. catenella and A. tamarense blooming together (Eckford-Soper 

et al., 2016). For the purposes of this thesis, the most recent classification of the A. tamarense 

complex will be used; the toxin producing species found around the UK will be referred to 

as A. catenella and the non-toxic species will be referred to as A. tamarense (Fraga et al., 

2015; Litaker et al., 2018; Mertens et al., 2020).  

 

1.3.2.2 Alexandrium spp. in Scottish waters 

Circumstantial evidence of PSP in the UK has been present since 1828 (Ayres, 1975; 

Ayres and Cullum, 1978; Bresnan et al., 2021). Confirmation of a case of PSP did not happen 

until 1968, when mussels gathered from North East England and consumed resulted in 78 

people displaying symptoms of PSP (Ayres, 1975; Ayres and Cullum, 1978).  

The largest dataset of long-term abundances trends of harmful species around 

Scotland is the coastal monitoring of potentially toxic phytoplankton species (Parks et al., 

2019) (Chapter 2). Although expert analysis of the armoured plates around Alexandrium can 

be used to discriminate Alexandrium into species complexes using light microscopy (Brown 

et al., 2010), differentiating between most species is impossible in routine monitoring 

programmes when speed is required (John et al., 2014; Mertens et al., 2020). Because of 

this, during enumeration of Alexandrium spp. in Scotland since 1995 cells are identified to 

genus level and always assumed to be potentially toxic (Bresnan et al., 2009, 2008; Brown 

et al., 2010; Collins et al., 2009; Parks et al., 2019). When cell abundance reaches the trigger 

level of 40 cells L-1, monitoring for PSP toxins in shellfish must take place before being sold 
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or consumed (see Chapters 2 and 3). The 40 cells L-1 trigger is often exceeded in Shetland, 

typically between June and September (Bresnan et al., 2008; Collins et al., 2009; Hattenrath-

Lehmann et al., 2018; Parks et al., 2019) (Chapter 2).  

 When water samples were taken from around the UK, it was found that only 

Alexandrium cells found in Scotland were potentially toxic (Higman et al., 2001). A second, 

non-toxic strain of Alexandrium was detected in some Scottish and English sites, adding 

support to the hypothesis that more than one species of Alexandrium can be detected in UK 

waters (Higman et al., 2001). Despite this, it was assumed that the Alexandrium genus in 

waters around Scotland were composed entirely of the toxin producing A. fundyense 

(Eckford-Soper et al., 2016; Medlin et al., 1998; Toebe et al., 2013). The presence of non-

toxic A. tamarense has been confirmed around the coast of the Shetland Islands using 

molecular methods (Toebe et al., 2013; Touzet et al., 2010).  

 

1.3.3 Dinophysis species  

The group of species most commonly associated with the accumulation of DSP 

toxins in UK waters are those in the genus Dinophysis. However, species such as 

Prorocentrum spp., G. spinfera, L. polyedrum and P. reticulatum have also been implicated 

(Table 1.1). The following section will focus on biology of causative organisms, symptoms 

of toxin ingestion and method of attack of relevant toxins. 

 

1.3.3.1 Biology of Dinophysis spp. 

Dinophysis is a genus of armoured dinoflagellates. There are between 100-200 

species in the genus Dinophysis; only ten of these and two species of the similar genus 

Phalacroma have been implicated in the production of LTs (Moestrup et al., 2009; Reguera 

et al., 2012; Séchet et al., 2021). Genetic techniques have confirmed the identification of at 

least six Dinophysis species which are regularly found in Scottish waters (Hart et al., 2007). 

Of these, D. acuminata, is typically the most abundant species in Scottish waters (Parks et 

al., 2019; Swan et al., 2018; Tett and Edwards, 2002). Other species include D. acuta, D. 

norvegica, D. dens and D. rotundata (synonym Phalocroma rotundum) (Hart et al., 2007). 

Confirmed producers of LTs include D. acuminata, D. acuta and D. norvegica; other species 

are likely to be of primary concern only to taxonomists (Hallegraeff and Lucas, 1988; Hart 

et al., 2007; Reguera et al., 2012; Turner et al., 2018). In line with the EU Shellfish Hygiene 
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Directive, Dinophysis have been identified to genus level for most years since monitoring 

began (Hart et al., 2007). Identification to species level using light microscopy has begun 

relatively recently (C. Whyte, personal communication). 

 

1.3.3.2 Feeding strategies of Dinophysis spp. 

It was originally assumed that due to the presence of chloroplasts inside most species, 

Dinophysis was an autotrophic member of the phytoplankton (Hallegraeff and Lucas, 1988). 

However, when models designed to hindcast the development of a D. acuminata bloom 

assumed autotrophy, a number of the sudden increases in cell abundance were not recreated 

(Menesguen et al., 1990; Reguera et al., 2012). A study in France which intended to show 

how nutrients affected the development of Dinophysis spp. blooms found no correlation 

between the abundance of Dinophysis spp. and the concentration of inorganic nitrogen in the 

water column (Delmas et al., 1992). Carpenter et al. (1995) determined that the net 

photosynthetic rate during another D. norvegica bloom at the thermocline depth was very 

small; photo irradiance was approximately 2.5 times lower than at the surface (Carpenter et 

al., 1995). Evidence from these studies suggested that D. norvegica are mixotrophic; taking 

carbon from both photosynthesis and extracellular sources (Carpenter et al., 1995). 

Laboratory studies to detect mixotrophy in other species of Dinophysis were prioritised; 

carbon uptake occurred during laboratory experiment in the light, and without 

photosynthetic active radiation (PAR) by D. acuminata, D. acuta and D. norvegica (Graneli 

et al., 1997). Direct evidence for mixotrophy in Dinophysis was not seen until food vacuoles 

were observed inside D. norvegica and D. acuminata via light microscopy and TEM 

(Jacobson and Andersen, 1994). This eventually resulted in the finding that mixotrophy was 

an obligate part of D. acuminata diet (Park et al., 2006). 

It had been noticed for a long time that there were members of the plankton 

community in the same genus as Dinophysis, but which were colourless and had no 

photosynthetic pigments (Gaines and Elbrachter, 1987). The ciliate genus Tiarina has been 

observed predating on dinoflagellates of its own approximate size, including assumed 

photosynthetic members of Dinophysis (Hansen, 1991). Although approximately the same 

size as photosynthetic feeders in the same genus, D. rotundata and D. hastata were able to 

trap the ciliate attempting to hunt them and subsequently drain it of its organelles using a 

feeding tube inserted through the plasmalemma of the ciliate (Hansen, 1991). This theft of 

organelles from ciliates, or kleptoplastidity, has been found with further examples of 
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heterotrophy in Dinophysis (Koike et al., 2005; Park et al., 2006; Reguera et al., 2012; 

Takishita et al., 2002; Tong et al., 2010). 

Attempts to culture Dinophysis with only cryptophytes like Teleaulax spp., have 

failed (Nishitani et al., 2008, 2003; Park et al., 2006). Janson (2004) had noted that the source 

of protists within the ciliate Mesodinium rubrum also came from the cryptophyte genus 

Teleaulax (Gustafson et al., 2000). Janson (2004) suggested that the route by which 

Dinophysis acquire protists is through predation of  the ciliate M. rubrum, as D. rotundata 

and D. hastata have been observed to consume ciliates (Hansen, 1991; Janson, 2004). Park 

et al. (2006) used these ideas to finally culture D. acuminata in a three-stage process; M. 

rubrum, in the presence of Teleaulax, were placed in the presence of D. acuminata cells 

isolated from Korea (Park et al., 2006). Following this, D. acuta and D. caudata were 

successfully cultured using similar methods (Basti et al., 2015; Jaén et al., 2009; Nishitani 

et al., 2008). The coexistence of Dinophysis and M. rubrum is potentially important for 

observation of Dinophysis spp. HABs using remote sensing. Dinophysis spp. HABs are 

typically small and have a low biomass, and cells do not give ocean colour scenes a 

predictable colour. The observation of M. rubrum has been viewed using satellites and may 

therefore be used to indirectly assess the risk of Dinophysis HABs (Garcia et al., 1993; 

Guzmán et al., 2016). 

 

1.3.4 Azadinium spinosum and Karenia mikimotoi 

  

 The marine algal toxin AZA was first identified in 1995, after consumption of 

mussels exported from Ireland resulted in a group of people in the Netherlands became ill 

(Mcmahon and Silke, 1996). It seems that these mussels were exported because the MBA, 

which was used in Ireland, was unable to detect the presence of AZA in shellfish tissues 

(Gerssen et al., 2010). The RBA indicated the presence of LTs causing symptoms similar to 

DSP, but chemical analysis using LC-MS/MS did not reveal any OA group toxins within the 

mussels (Gerssen et al., 2010; Mcmahon and Silke, 1996; Paterson, 2018). For some time, 

it was unknown what species was responsible for the manufacture of AZAs, until a specific 

producer of AZAs was isolated from a cruise from the North Sea (Krock et al., 2008a). This 

species was subsequently described as A. spinosum (Tillmann et al., 2009). 
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 The first transect style cruises which amongst other things looked for evidence of 

Azadinium spp., found that the abundance was much lower above 58° N, compared to the 

rest of the North Sea (Krock et al., 2008b, 2008a). This indicated that Azadinium spp. may 

have been difficult to detect from coastal waters near the Shetland Islands, but two species 

A. spinosum and A. polongum, were isolated from water samples taken during 2011 

(Tillmann et al., 2012). It remains the case however, that abundances of the toxin producing 

A. spinosum remain lower in Shetland than in the rest of Scotland (Paterson, 2018). 

 Exceptionally large blooms of the dinoflagellate K. mikimotoi were advected to and 

impacted the Shetland Islands during 2003 and 2006 (Collins et al., 2020; Davidson et al., 

2009). The bloom during 2006 caused large scale damage to the benthos and induced death 

in many molluscs, annelids, and some fish, although unlike previous K. mikimotoi blooms 

around Scotland large numbers of farmed fish were not killed (Davidson et al., 2009). The 

exceptional 2006 bloom of K. mikimotoi is relevant to this thesis, as later studies have been 

able to hindcast the movement of cells through particle tracking models and earth 

observation satellites (Aleynik et al., 2016; Davidson et al., 2009; Gillibrand et al., 2016). 

These topics will be discussed in greater detail later (Chapter 5). 

 

1.4 Responses of potentially toxic phytoplankton to oceanographic 

conditions  

 Abiotic factors such as nutrient availability and temperature have been shown to 

influence both the cell abundance and toxicity of HABs (Bates et al., 2018; Downes-Tettmar 

et al., 2013; Lema et al., 2017; Paterson et al., 2017). Both nutrient concentration and 

dinoflagellate abundance may be enhanced near frontal regions (Franks and Walstad, 1997; 

Paterson et al., 2017). The influence of fronts and other oceanographic features such as large-

scale currents are discussed here. 

A frequent physical feature of the water column near the coast are frontal regions 

(Franks et al., 1989; Sharples et al., 2013).  Fronts exist at the division between water masses 

of different densities and are therefore detected with strong horizontal temperature or salinity 

gradients between water bodies (Franks, 1992a; Miller, 2009). A mixing front is a specific 

oceanic structure defining the division between a well-mixed and a stratified body of water 

(Holt and Umlauf, 2008). The European Shelf Current (ESC) is a water structure which often 

differs in temperature from adjacent water bodies; tracking of an exceptional bloom of K. 

mikimotoi using in situ cell counts and models supports the hypothesis that the ESC is an 
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important structure for the growth of dinoflagellates (Davidson et al., 2009; Gillibrand et al., 

2016; Siemering et al., 2016).  

The cell abundance of dinoflagellates is often enhanced in frontal regions (Franks et 

al., 1989; Gillibrand et al., 2016; Sournia, 1994). Previous HAB events have demonstrated 

that cells may be advected from large fronts, for example the ESC, many miles away from 

the coastline (Gillibrand et al., 2016). Smaller fronts, existing for example at the boundaries 

of restricted regions of exchange (RREs) have also been shown to be important for the 

initiation of dinoflagellate blooms (Paterson et al., 2017). HABs may be advected closer to 

the coastline from these features (Paterson et al., 2017). There is some discussion around 

whether fronts can act as a barrier to advected phytoplankton. The density structure of 

stratified water columns can mean that phytoplankton blooms and HABs are limited to thin 

layers which can be transported horizontally over large distances (Berdalet et al., 2014; 

Raine et al., 2014). When thin layers are transported towards water of a different density, 

which is often more mixed, the advection of HABs may be disrupted (Berdalet et al., 2014; 

Paterson et al., 2017; Raine et al., 2014). It should also be remembered that fronts can move 

in certain conditions; for example due to pressure from wind (Zhang et al., 2019, 2016). If 

fronts move suddenly or dissipate (Miller et al., 2015; Miller and Christodoulou, 2014), they 

no longer act as effective barriers to advected HABs (see Chapter 4). 

Frontal regions are also important for the possible influence they have on the 

diversity of HAB species. The presence of a front in Loch Fyne has been shown to enhance 

development of D. acuta blooms (Paterson et al., 2017). The difference in Dinophysis 

speciation is important for the aquaculture industry, as a different toxin profile has been 

associated with D. acuta compared to the more abundant D. acuminata  (Dhanji-Rapkova et 

al., 2018) (see Chapter 3). 

A seminal study derived the equation whereby the potential location of mixing fronts 

can be predicted using critical values of h/u3, where h = water depth in metres and u = the 

tidal-current amplitude (Simpson and Hunter, 1974). Typically, the critical value used for 

detecting the presence of fronts is h/u3 = 3.4, but other values have been utilised (Simpson 

and Hunter, 1974). This equation for the detection of seasonal fronts typically works because 

energetics of tidal mixing (the u component) needed to mix the water column is able to 

overcome the stratifying influence of solar radiation  at frontal regions (Hill and Simpson, 

1989; Simpson and Hunter, 1974). Use of the equation was highly successful at predicting 

summer frontal locations; using the Simpson-Hunter parameter with satellite technology and 
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CTD deployments, seasonal fronts were predicted between Fair Isle and mainland Shetland 

(Pingree et al., 1978; Pingree and Griffiths, 1978; Simpson and Hunter, 1974). Fronts were 

also predicted in the region south of Shetland and east of Orkney (Pingree et al., 1978; 

Pingree and Griffiths, 1978; Simpson and Hunter, 1974). These hypothesized fronts were 

verified by both satellite and temperature measurements during a cruise (Pingree and 

Griffiths, 1978). The study area of this cruise did not extend past the Shetland archipelago 

(Pingree et al., 1978; Pingree and Griffiths, 1978), meaning less is known about fronts along 

west Shetland.  

Using data from the Advanced Very High-Resolution Radiometer (AVHRR), a 

surface front dubbed the East Shetland Mixing Front (ESMF) was detected by Hughes 

(2014a). Although critical values of the Simpson-Hunter h/u3 (Simpson and Hunter, 1974) 

were used to find possible locations of a front east of the Shetland Islands, the ESMF 

corresponded more closely to the 100 m isobath (Hughes, 2014a). Although the work by 

Hughes (2014a) focussed primarily on the East coast of Shetland, satellite coverage also 

indicated a surface front was present along the 100 m isobath west of Shetland (Hughes, 

2014a). 

 The Pingree and Griffiths study formed the basis of our collective knowledge on 

where fronts are in the UK, but the very early satellite information available to them meant 

the accuracy and precision could not be as great as is possible using modern sensors (Pingree 

and Griffiths, 1978). In recent years advanced technology has allowed potential thermal 

fronts to be observed by satellite, and algorithms have been developed which allow 

automation of front identification using temperature gradients (Cayula and Cornillon, 1992; 

Miller, 2009). Sea surface temperature can be obtained at 300 m resolution from the 

AVHRR, and Sea-viewing Wide Field-of-View Sensor (SeaWiFs) allows accurate 

determination of ocean colour from space (Kurekin et al., 2014; Miller, 2009; Miller et al., 

2014). 

  Satellite data are available for the region west of Shetland, but cloud cover is 

common here and AVHRR only provides surface data. It would be beneficial if more were 

known about the structure of the water column to the West of Shetland, and whether this 

changes throughout the year. Predictions of HABs reaching the coast of Shetland from the 

West, like the exceptional Dinophysis spp. and Karenia spp. blooms in 2006 and 2013 

(Gillibrand et al., 2016; Siemering et al., 2016; Whyte et al., 2014) could then be more 

accurate. At present chlorophyll maps detected by satellite from the surface of the ocean 

west of Shetland are distributed to stakeholders in shellfish aquaculture in the Shetland 
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Islands (Davidson et al., 2021). These maps have little use until the pathways from algal 

blooms in the ocean towards aquaculture sites on the West of Shetland are known (Chapters 

4 and 5). 

 

1.5 Use of oceanographic models to hindcast HABs  

Using particle tracking models can help to hindcast significant HAB events to test 

whether they arrived from the ESC or are likely to have originated from a region closer to 

Shetland. A number of European projects are or have been concerned with understanding 

and predicting HAB events, including the ASIMUTH and PRIMROSE projects. Three data 

sources have been identified by these projects which, when used together, will be able to 

help derive a model based early warning system (EWS) for HAB events (Maguire et al., 

2016; Mateus et al., 2019). The three data sources needed for an EWS are satellite imagery, 

in situ data and numerical tools (Davidson et al., 2016; Mateus et al., 2019).  

Satellite imagery includes data such as estimations of surface chlorophyll 

concentration for particular times. Toxin producing HABs are generally low biomass 

(Davidson et al., 2014) and are sometimes associated with particular pigments, meaning 

satellite estimates of chlorophyll concentration alone are of limited use (Section 1.3.1.2). 

Work is being directed towards discrimination of HABs from non-harmful proliferations of 

phytoplankton (Kurekin et al., 2014; Miller et al., 2006), and satellite estimates of 

chlorophyll concentration can already be used to track high biomass HABs (Stumpf, 2001). 

For example, estimates of surface chlorophyll concentration have allowed the exceptional 

2006 bloom of Karenia mikimotoi to be followed during its movement northwards up the 

Scottish West coast (Davidson et al., 2009; Shutler et al., 2012). Such satellite imagery was 

also important in supporting model based analysis of this event (Gillibrand et al., 2016).  

Bulletins describing the latest measurements of potentially harmful algae and the 

results of routine toxin concentration monitoring around Shetland are generated almost every 

week throughout the year (Davidson et al., 2021). These weekly reports are provided to 

stakeholders in the Shetland aquaculture industry, additionally providing expert analysis and 

predictions of whether phytoplankton abundances are currently dangerous and whether there 

is a risk of rapid increase in the following week (Davidson et al., 2021). Satellite imagery of 

current speeds and chlorophyll concentration estimates is provided with these reports, and 

have been welcomed by industry stakeholders (Davidson et al., 2021). In addition to weekly 
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bulletins sent directly to stakeholders, abundance and toxin concentration monitoring is also 

published online (see www.HABreports.org). A similar approach is taken in Ireland 

(https://www.marine.ie/Home/site-area/data-services/interactive-maps/weekly-hab-

bulletin). 

It is hoped that the use of models in combination with satellite imagery will improve 

the accuracy of expert predictions. Numerical tools include particle tracking simulations 

using hydrodynamic models, and are the most computationally demanding of the three data 

sources stipulated by ASIMUTH and PRIMROSE (Mateus et al., 2019). This is due to the 

size of data involved and the complexity of modelling ocean currents and biological systems 

(Gillibrand et al., 2016; Mateus et al., 2019). Numerical modelling through the use of particle 

tracking experiments allowed hindcasts to be made about the movement of the 2006 K. 

mikimotoi bloom around Scotland (Aleynik et al., 2016; Gillibrand et al., 2016).  

In situ data about harmful algae abundance are typically obtained from coastal 

monitoring regimes (see Chapter 2). The abundance of nine harmful or potentially harmful 

algae have been monitored in Scottish waters since 2006 (Parks et al., 2019). A particle 

tracking model may identify the likely origin point of HABs which are advected towards the 

Shetland Islands, such as the exceptional Dinophysis spp. bloom in 2013 (Whyte et al., 2014) 

(see Chapter 5). 

 

1.6 Climate change and the increasing risk of HABs  

The average temperature of sea and terrestrial surfaces globally is, on average, 

increasing (IPCC, 2019; Mackenzie and Schiedek, 2007). Coupled with this rise in SST, the 

rate of temperature is also increasing (Fox-Kemper et al., 2021; IPCC, 2019; Ocko et al., 

2021). SST rise is likely to impact on the distribution and ecology of present established 

phytoplankton communities (Reid et al., 2001; Scheffer et al., 2001), another risk is 

increased freshwater input from ice caps (Fox-Kemper et al., 2021; IPCC, 2019). Increased 

sea level will cause the global average sea salinity to decrease. Forecasts of changes to 

salinity are complicated by the prediction that precipitation may increase in some areas and 

decrease in others (Trenberth, 2011; Trenberth et al., 2013). 

 Changing salinity and temperature as climate change effects progress and time 

progresses will cause changes in water density profiles, which will in turn influence the 

strength of water column stratification (Berdalet et al., 2016; Hallegraeff, 2010). Although 

there have been a number of studies detailing the predicted rise in HABs and increased 

http://www.habreports.org/
https://www.marine.ie/Home/site-area/data-services/interactive-maps/weekly-hab-bulletin
https://www.marine.ie/Home/site-area/data-services/interactive-maps/weekly-hab-bulletin
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abundance of HAB species with rising temperatures (Berdalet et al., 2016; Gobler et al., 

2017a; Moore et al., 2015, 2008; Wells et al., 2020, 2015), the lack of long-term ecological 

time series which have been collecting data for more than fifty years means that there have 

been comparatively few studies which use empirical data (Bedford et al., 2020; Edwards et 

al., 2006; Hinder et al., 2012). 

Phytoplankton and zooplankton have been shown to have a reliable response to 

variations in SST due to changes in the North Atlantic Oscillation (Beaugrand and Reid, 

2003; Edwards et al., 2016, 2006; Gregory et al., 2000). Plankton are therefore considered 

to be ideal ecological indicators of ecological status for policy makers (McQuatters-Gollop 

et al., 2015; Tweddle et al., 2018). For this reason, the data series provided by the continuous 

plankton recorder (CPR) is especially valuable for detecting possible ecological effects of 

climate change. As well as giving information about plankton ecology in response to 

ecological status and oscillations in climate, the CPR has been used to evaluate the response 

of HAB species to increased SST (Bedford et al., 2020; Edwards et al., 2010, 2006; Hinder 

et al., 2012). The possible response of some HAB species to climate change will be discussed 

later in this thesis (Chapter 6). 

  

 

1.7 Thesis outline 

 This thesis will be particularly focussed on what can be learned about HABS on the 

Shetland Islands, and how our collective understanding of them can be improved. This 

understanding can then be used to improve the prediction of HABs on the Shetland Islands. 

The location of Shetland and its unique topography and coastline are important, as these 

factors influence how sheltered from waves aquaculture sites on Shetland are. The density 

structure of the water column west of Shetland is also important, as are currents regularly 

transporting things to the coastline. Chapter 1 has introduced these topics in a review of the 

literature. 

 The 100 m isobath is of particular importance to this thesis, as well whether it can be 

shown that HABs can be initiated west of Shetland and then advected to aquaculture sites 

nearer the coastline as has been previously suggested (Whyte et al., 2014). The presence of 

fronts along the 100 m isobath west of Shetland, and their possible role in the advection of 

HABs to the coast, will be explored. 
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 Chapter 2 – Monitoring of harmful phytoplankton and shellfish biotoxins in the 

Shetland Islands and their relation to environmental conditions 

The Food Standards Scotland (FSS) official control (OC) monitoring programmes 

oversees monitoring of Scotland’s classified shellfish production areas for the presence of 

marine biotoxin producing phytoplankton in marine waters and regulated marine biotoxins 

in shellfish flesh. A large amount of data has thus been collected about the abundance of 

Pseudo-nitzschia spp., Dinophysis spp. and Alexandrium spp. and the concentration in 

shellfish of their respective toxins over the last fifteen years. The results of statistical 

analyses are presented here, as well as comparisons to abiotic variables like wind speed and 

temperatures. 

Chapter 3 – Chemical analyses and toxin profiles of shellfish and SPATT resin 

deployed in three voes in St Magnus Bay, Shetland 

Mussels were obtained from shellfish aquaculture sites in Olna Firth, Aith Voe and 

Busta Voe during 2017. Permission was also granted to deploy and retrieve SPATT bags 

from the same farms. The results of toxin analysis completed in the Cefas laboratory in 

Weymouth are presented here. The toxin concentrations in mussels and passive SPATT bags 

are compared. The results of Marine Scotland Science SPATT deployments in Scalloway 

Harbour are also presented. Lipophillic toxin profiles are discussed in the context of 

percentage make up of D. acuta to the total abundance of Dinophysis spp., measured during 

transects in 2017. 

Chapter 4 – Exploring whether the structure of the water column west of the Shetland 

Islands contributes to the occurrence of HABs: All Quiet on the Western Front? 

CTD transects from St Magnus Bay on the West coast of Shetland to past the 100 m 

isobath west of Shetland were completed during 2017 and 2018. Data from nine transects 

accomplished during 2017 are presented, together with the results of phytoplankton 

abundance measurements obtained from water sampled during these transects. Chlorophyll 

samples were also taken during the transects and used to calibrate an integrated fluorometer 

on the CTD. Nutrient concentrations were measured at SAMS from water sample filtrates. 

Five higher resolution CTD transects took place late spring and early summer of 2018. These 

data are used to explore whether a front at the 100 m isobath can be detected. 

Chapter 5 – Pathways of harmful algae towards the Shetland Islands – An 

Unexpected Journey? 
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Particle tracking models were designed for the summers of some years between 2006 

and 2018. Modelled current velocities were obtained from the operational AMM15 model 

for 2016 – 2018, whilst current velocities from 2006 – 2014 were obtained from a 

configuration run. Drifters deployed during 2018 were compared against the movement of 

hypothetical surface particles modelled to move under the influence of 2018 currents. The 

structure of the water column modelled by AMM15 was compared to stratification 

measurements from CTD transects during 2017 and 2018. Data collected during CTD and 

drifter deployments were comparable to AMM15 model output. Hindcasts of hypothetical 

surface particles during the study period were compared to cell abundances measured during 

regulatory coastal monitoring. Chlorophyll estimates were also presented and used to show 

likely pathways taken by HABs advected to the Shetland Islands. 

Chapter 6 – The relationship between increasing sea surface temperatures in the 

northeast Atlantic Ocean, and abundance of Pseudo-nitzschia spp. and Dinophysis spp. 

This chapter is a continuation of work which has been published as a letter (Dees et 

al., 2017). Increasing sea surface temperatures in response to anthropogenically released 

greenhouse gases is occurring across the globe, but the gradient of increase is steeper in the 

North Sea. Using laboratory derived growth rates of D. acuminata in a model, a paper was 

published during 2017 stating that the blooming period and HAB frequency of D. acuminata 

in the North Sea has increased since 1982 (Gobler et al., 2017a). In this chapter, CPR data 

has been used to show no evidence of an increase in the abundance of Dinophysis spp. in the 

North Sea and around Shetland. The abundance of the P. seriata complex, which has been 

implicated in the production of DA shows statistically significant increases in abundance 

over the time period. Sea surface temperature data from around Shetland and the North Sea 

has been displayed and confirms a statistically significant increase with time. 

 Chapter 7 – Conclusions and future research 

 The main conclusions of each chapter are presented here, with recommendations for 

future avenues of research which will improve the predictions of HABs around Shetland. 
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Chapter 2: Monitoring of harmful phytoplankton 

and shellfish biotoxins in the Shetland Islands and 

their relation to environmental conditions 

2.1 Introduction 

Aquaculture production is increasing annually across the world; the global 

production quantity has increased by approximately 4% from 2016 – 2018 (FAO, 2020), and 

in Europe approximately 680,000 tonnes of shellfish were produced in aquaculture farms 

during 2018 (FAO, 2020). Within the UK, and particularly Scotland, aquaculture is a large  

The Food Standards Scotland (FSS) official control (OC) monitoring 

programmes oversee the monitoring of Scotland’s classified shellfish production 

areas for the presence of marine biotoxin producing phytoplankton and 

regulated marine biotoxins in shellfish flesh. This programme operated under 

contracts by CEFAS and SAMS ensures that shellfish harvested in Shetland and 

elsewhere are safe for human consumption. The following chapter analyses 

Shetland Islands’ data from this programme on the abundance of the three main 

toxin producing genera, Pseudo-nitzschia, Dinophysis and Alexandrium, from 

2006 – 2020. Toxin concentration in shellfish attributed to these genera since 

2008 are also analysed here. Significant positive relationships between Pseudo-

nitzschia spp. abundance and concentration of domoic acid, and between 

Dinophysis spp. and okadaic acid group toxin concentration in mussels, were 

found. No evidence of a statistically significant relationship between 

Alexandrium spp. and paralytic shellfish toxins was found, potentially due to the 

coexistence of toxic and non-toxic Alexandrium species. 

Data presented here confirm that environmental drivers of harmful algal 

blooms include water temperature and wind. Periods of excessively high 

cumulative westerly wind stress have been shown to occur either prior to or 

simultaneous to exceptional Dinophysis spp. abundances five out of seven times. 

Sea surface temperatures were found to have a statistically significant 

correlation with the abundance of Pseudo-nitzschia spp. The advantages of 

using phytoplankton abundance as an indicator of shellfish toxicity has been 

confirmed, though the relationship between harmful algal blooms and 

environmental drivers is not fully understood. 
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Figure 2.1 Map showing the Shetland Islands, excluding Foula and Fair Isle. Phytoplankton 

and toxin monitoring sites have been marked by green circles. The sites which have been 

included in linear models are (from North to South) Basta Voe (BAV), Dales Voe (DAV), 

Busta Voe (BUV) and Vaila Sound (VS) and have been marked by red circles. Scatsta Airport, 

where meteorological conditions were measured from, has been marked by a blue Asterix (*). 

Scalloway Harbour, where Scottish Coastal Observatory data were obtained, has been marked 

with SH. 
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Industry, particularly valued as a source of jobs in rural communities; there are plans to allow 

the Scotland aquaculture industry to grow further in the future (Scotland Food and Drink, 

2016). Around 81% of all blue mussels (Mytilus spp.) grown in Scottish aquaculture are 

produced, and harvested, in the Shetland Islands (Munro, 2020). The Shetland Islands, 

particularly the West coast, provide an excellent habitat for growth of finfish and shellfish 

in aquaculture. This is due to the relatively clean and uncontaminated water which exists 

here (https://www.somuchtosea.co.uk/mussels-3/), and the many small semi-enclosed voes 

which are able to shelter farms from Atlantic Ocean wave action (Figure 2.1 + 4.1).  

Harmful algal blooms (HABs), particularly those able to produce biotoxins, are a 

threat to human health and the shellfish aquaculture industry (Davidson and Bresnan, 2009). 

This is partly due to regulatory harvesting closures which result in the prevention of 

harvesting of shellfish from affected areas, on an annual basis (Joint et al., 1997; Rowland-

Pilgrim et al., 2019; Stobo et al., 2008). Harvesting closures are necessary to minimize the 

risk of algal toxins being vectored by these shellfish to humans (Davidson et al., 2011; Joint 

et al., 1997; Mcleod et al., 2015; Parks et al., 2019; Stobo et al., 2008; Whyte et al., 2014) 

(see Chapters 1 and 3 for more detail). As well as large scale closures, and despite the careful 

monitoring of potentially harmful phytoplankton abundance and toxin concentration in 

shellfish, occasionally toxic shellfish are sold to and consumed by the general public (Whyte 

et al., 2014). Through what is often referred to as the “halo” effect, this can in turn reduce 

the confidence of consumers in the shellfish industry, leading to further economic harm to 

the community where shellfish are grown (Committee, 1999; Schmidt et al., 2018b; Whyte 

et al., 2014). It is important to minimise the risk to jobs in rural areas, particularly islands, 

caused by the halo effect. 

Eight groups of phytoplankton are regularly monitored in the Shetland Islands: 

Alexandrium spp., Dinophysis spp., Pseudo-nitzschia spp., Prorocentrum lima, P. cordatum, 

Protoceratium reticulatum, Lingulodinium polyedra and Karenia mikimotoi (Parks et al., 

2019). It is impossible to identify these groups to a lower taxonomic level by light 

microscopy. Seven of these examples are harmful primarily because of their propensity to 

produce toxins even at low cell densities; some genera are also able to form large biomass 

blooms which can cause mechanical damage to fish and starve the environment of oxygen 

(Davidson et al., 2014). The Scottish Association for Marine Science (SAMS) have 

monitored for phytoplankton using the same methodologies since 2006 (Parks et al., 2019; 

Whyte et al., 2014). SAMS phytoplankton monitoring followed the programme operated by 

Marine Scotland Science (MSS) between 1996 and 2006, started in accordance with the EU 

https://www.somuchtosea.co.uk/mussels-3/
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Shellfish Hygiene Directive (Bresnan et al., 2016; Stern et al., 2014). MSS datasets were 

omitted from the data analysis presented in this chapter to minimise inaccuracies due to 

differences in methodology, but Dinophysis spp. were regularly observed from water 

samples during the MSS records (Bresnan et al., 2016; Stern et al., 2014). In addition to cell 

abundance data of causative phytoplankton groups collected by SAMS, the concentration of 

biotoxins in shellfish have been analysed by Cefas since 2011 (Parks et al., 2019). Both of 

these programmes make up part of the food standards Scotland (FSS) regulatory monitoring 

programme. 

 Some species from the Pseudo-nitzschia genus are associated with the production 

of domoic acid (DA), which when ingested by humans can lead to amnesic shellfish 

poisoning (ASP) (see Chapter 1). Confirmed producers of saxitoxins, which when ingested 

leads to paralytic shellfish poisoning (PSP) in humans, is limited to Alexandrium spp. in the 

UK (Eckford-Soper et al., 2016; Lewis et al., 2018). Dinophysis spp., P. lima, P. reticulatum 

and L. polyedra have all been implicated in the production of lipophilic toxins (LTs) (Parks 

et al., 2019), which leads to diarrhetic shellfish poisoning (DSP) when consumed by humans 

(see Chapter 1 for more details). Of the HAB species which are often detected around 

Shetland, those from the Dinophysis genus are the most economically harmful to the 

shellfish aquaculture industry (Martino et al., 2020). Around Scotland, including Shetland, 

Dinophysis spp. are most often the causative species when an increase in the concentration 

of diarrhetic shellfish toxins (DSTs) are detected in mussels (Parks et al., 2019; Yasumoto 

et al., 1985). There are potentially dangerous blooms of Dinophysis spp. every year, and at 

least one aquaculture site is closed due to the concentration of DSTs (see Chapter 1 for more 

details) exceeding the regulatory biotoxin limit in shellfish (Parks et al., 2019). Across all of 

western Europe, contamination of shellfish with DSP toxins is also economically harmful, 

impacting farms in Ireland (Farrell et al., 2012; Raine, 2014), France (Delmas et al., 1992; 

Zingone et al., 2020), Spain (Reguera et al., 2014, 2012), and Portugal (Díaz et al., 2019).  

The three genera of greatest concern in the Shetland Islands are Pseudo-nitzschia 

spp., Alexandrium spp. and Dinophysis spp. This is due to there being a high confidence in 

the ability of blooms to produce toxins, and the greater frequency of blooms when compared 

to other causative species (Davidson and Bresnan, 2009). These genera will therefore be 

focussed on in the present chapter. The relationship between abundance of these 

phytoplankton genera and toxicity in mussels growing in aquaculture will be analysed, 
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which will help to determine if observation of abundance can reliably provide an early 

warning of toxic events. 

Concern has been growing about the number of HAB events that are reported every 

year and that these may be increasing (Wells et al., 2020, 2015). There is some indication 

that HABs may become more frequent and of higher impact as temperature increases with 

climate change (Gobler et al., 2017a; Hallegraeff, 2010; Ralston and Moore, 2020; Wells et 

al., 2020) (see Chapter 6). There have been instances where increased water temperature has 

led to a more intense bloom of harmful algae. For example anomalously warm winter 

temperatures experienced during 2013 – 2015 in the North East Pacific led to increased 

distribution and abundance of the DA producing diatom P. australis (Bond et al., 2015; 

McCabe et al., 2016; Peterson et al., 2015). Time series collected during coastal monitoring 

in the UK are generally not long enough to answer whether the abundance of Pseudo-

nitzschia spp. is increasing with climate change (Rowland-Pilgrim et al., 2019). However, 

changes to phytoplankton abundance and toxin concentration in mussels may occur over 

shorter time periods in response to increased temperature (Bresnan et al., 2015b, 2016; 

Eckford-Soper et al., 2016).  

There have also been instances when harmful phytoplankton blooms appear to have 

been brought to coastal waters through oceanographic currents induced by wind patterns 

differing from the predominant strength and direction experienced in a location (Whyte et 

al., 2014). Examples of wind driven currents advecting Dinophysis spp. from the West of 

the Shetland Islands to the coast, where toxins were then incorporated into shellfish have 

been recorded (Whyte et al., 2014) (Chapter 4). There have been similar cases along the 

southwest coast of Ireland and in the Spanish Rías (González-Gil et al., 2010; Raine et al., 

2010; Velo-Suárez et al., 2014). A particle tracking model constructed using AMM15 has 

been able to demonstrate that chlorophyll (used as a proxy for phytoplankton) that originated 

at the European shelf edge can be advected to the Shetland coast (Chapter 5).  

The dataset provided by the Food Standards Scotland (FSS) data provides a detailed 

timeline over a period of fourteen years. While this duration is not long enough to analyse 

climate change driven alterations to the ecology, influence on annual patterns and seasonal 

dynamics may be evident (Edwards et al., 2010). Four hypotheses will therefore be tested in 

this chapter, relating to conclusions which may be extracted from regular phytoplankton 

abundance and toxin concentration data.  The aim of this chapter was to detect the influence 

of environmental conditions on the frequency and severity of HABs, and to find reliable 

ways of predicting toxic HABs. The most robust methodology ought to involve comparing 



38  

 

cell counts of the three main HAB genera to shellfish toxicity, as these are measured 

simultaneously by the coastal monitoring programme. Previous studies have indicated wind 

is a significant driver of HABs arriving at coastlines (Díaz et al., 2014; Raine et al., 2010; 

Whyte et al., 2014). Temperature is likely to increase as a function of anthropogenically 

driven climate change (Chapter 6), and it is therefore important to detect any potential 

changes to phytoplankton ecology this may bring. Wind speed and sea surface temperature 

(SST) were chosen as explanatory variables because these data are publicly available and 

have been measured often. Other potential influences on cell abundance and toxicity such as 

nutrient concentration are not measured as regularly. In order to predict potential effects of 

a changing climate, the period of time that various HAB genera remained above the 

regulatory limit was analysed and compared to progressing time (Table 2.1).  

The relationship between the concentration of toxins in mussels and the abundance 

of potentially causative phytoplankton for the three genera discussed was assessed and 

compared. Elucidating this relationship can provide information on toxin producing and non-

toxin producing species within the genus that is monitored. It will also introduce the work 

in Chapter 3, where toxins and phytoplankton abundance in a focussed area are surveyed. 

Four hypotheses were chosen to explore realised these aims. 

Hypothesis 2.1  

H0 = No evidence of lengthening or amplification of blooms of Pseudo-nitzschia spp., 

Alexandrium spp. or Dinophysis spp. is present in FSS regulatory monitoring data from the 

Shetland Islands between 2006 and 2020. 

Table 2.1 Official threshold and warning abundances for potentially harmful 

phytoplankton in the UK  

Phytoplankton  Warning Cells litre-1 Threshold Cells litre-1 

Alexandrium spp. 20 40 

Dinophysis spp. 80 100 

Prorocentrum lima 80 100 

Pseudo-nitzschia spp. 40,000 50,000 
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Hypothesis 2.2 

H0 = No evidence of a significant correlation between toxin concentration in mussels and 

abundance of causative phytoplankton can be found in Shetland between 2006 and 2020. 

Hypothesis 2.3 

H0 = No evidence of a link between wind patterns and Dinophysis spp. abundance can be 

found in Shetland between 2006 and 2020. 

Hypothesis 2.4 

H0 = No evidence of a link between sea surface temperature and abundance of either Pseudo-

nitzschia spp., Dinophysis spp. or Alexandrium spp can be found in Shetland between 2006 

and 2020. 

 

2.2 Methods 

2.2.1 Study area 

 The study area in this chapter is the Shetland Islands, particularly sites used by the 

shellfish aquaculture industry (Figure 2.1). The majority of FSS phytoplankton sampling 

stations are situated on the West coast of the Shetland Islands, which is where most shellfish 

aquaculture sites are located. There are a greater number of aquaculture sites along the West 

coast of Shetland, due to larger number of islands and voes providing shelter (Figure 2.1, 

see Chapter 4).  

 

2.2.2 Phytoplankton 

Abundance measurements of potentially toxic phytoplankton species is undertaken 

by SAMS in accordance with European Regulation (EC) number 854/2004 (European 

Commission, 2006, 2004); at least weekly during periods of higher risk of toxin-producing 

phytoplankton, from April until October, and at least monthly outside of this period. The 

Official Control Monitoring is organised by the FSS, which provides funding for sampling 

officers to collect water samples from representative monitoring points (RMPs) within 

shellfish production areas. In the Shetland Islands, a sample of water integrated over 10 m 

depth is collected with a Lund tube. 500 mL subsamples of each of these are then transferred 

to brown Nalgene water sample bottles and approximately 5 mL acidified Lugol’s solution 

is added until the final solution is 1%. Bottles are then sent to the laboratory in SAMS where 

enumeration is undertaken, using the Utermöhl method (Hasle, 1978). 
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Within Shetland, there are 18 RMPs which have been sampled from since 2006 

(Table 2.2). Only three RMPs in Shetland have been sampled consistently every year; Basta 

Voe, Busta Voe and Vaila Sound (Table 2.2). Helpfully, these sites are situated relatively 

far from one another and will provide some useful comparisons of different locations within 

the Shetland Islands (Figure 2.1). Dales Voe, from which more than 20 water samples have 

been taken each year since 2011, has also been included as a well monitored RMP from the 

East of Shetland (Figure 2.1).  

  

2.2.2.1 Variance of phytoplankton abundance during the year 

 To easily view when the abundance of Pseudo-nitzschia spp., Dinophysis spp., and 

Alexandrium spp. was highest, probability plots were constructed displaying these data. 

Based on the threshold and warning abundance cell density levels (Table 2.1) at which 

additional toxin analyses in shellfish is required, the abundance of each phytoplankton genus 

during each year was divided into different abundance ranges. For example, the warning 

level of Alexandrium spp. is 20 cells L-1, and the threshold at which toxin testing becomes 

mandatory is 40 cells L-1 (Parks et al., 2019). Abundance ranges for Alexandrium spp. were 

therefore set at less than 20 cells L-1, 20 – 40 cells L-1, 40 – 99 cells L-1, 100 – 199 cells L-1, 

200 – 799 cells L-1, and above 800 cells L-1 (Figures 2.2 – 2.4). The number of times for 

which abundances of Pseudo-nitzschia spp., Alexandrium spp. and Dinophysis spp. were 

categorised into each abundance group described above was counted. The total number of 

occasions that potentially toxin producing phytoplankton were identified as being in each 

abundance group was plotted per week between years 2006 and 2020.  

 

2.2.2.2 Generalised additive modelling 

 Generalised additive models (GAMs) (Hastie and Tibshirani, 1990) were produced 

to indicate whether phytoplankton abundance was significantly higher or lower in particular 

years. Unlike traditional likelihood based regressions which use linear models and assume a 

predictable linear based response between covariates, GAMS use a sum of smoothing 

functions (Hastie and Tibshirani, 1990, 1986). This means non-linear trends, such as annual 

abundance patterns, can be statistically compared as smoothed non-linear models are fitted 

(Hastie and Tibshirani, 1990, 1986). GAMs are thus excellent statistical models to use when 

estimates of phytoplankton abundance or other marine species follow similar annual trends 

(Ajani et al., 2016; Iriarte et al., 2010; Lambert et al., 2017), because abundance of 
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phytoplankton conforms to a strong seasonal dependence (Gaard et al., 2011; Guallar et al., 

2017). Typically, Dinophysis spp. abundance is below 20 cells L-1 between October and May 

of each year, and much higher during other months (Figure 2.2). Once the same trend has 

been fitted to each year, the intercepts of GAMs were then statistically compared to find 

whether statistical differences are present between separate years. In order to fit residuals of 

each model in a normal distribution, phytoplankton abundances were transformed using 

equation (1): 

Equation (1) log10(x + ½ LOD) 

where x = phytoplankton abundance and the LOD is the limit of detection (20 cells L-1). The 

smoothing term in each GAM was the year day, which was chosen to easily see the effect of 

seasonality and plot against the abundance of each HAB species. Quantile-quantile (Q-Q) 

plots, which are probability plots showing simulation based point wise tolerance intervals of 

each residual, were used to assess model residuals for normality and homoscedasticity 

(Schützenmeister et al., 2012). Visual assessment using Q-Q plots and histograms of 

residuals is typically more useful than using quantitative methods such as a Shapiro-Wilk 

test which can show significant results based solely on the number of observations (Lumley 

et al., 2002).  

When GAMs were constructed, phytoplankton abundance was plotted against year 

day, and subsequently conformed to multiple smoothing functions, following the original 

methodology for GAMs (Hastie and Tibshirani, 1986). Confidence intervals were plotted 

showing where 90% of the data exists. Years from 2006 until 2019 were added as a fixed 

effect in each GAM.  

 From 2006 – 2019, the number of phytoplankton samples used was 4440. When only 

the phytoplankton growth season between months April to October were included (thus the 

highest probability of HABs), the number of samples was 3900. When choosing GAMs to 

use in this analysis, a minimum of 40% deviance explained by the model was chosen. Having 

this minimum resulted in models that explained a high percentage of data explained by inter 

and intra-annual variation. 

 

2.2.2.3 Linear modelling 

Linear models were constructed to compare mean phytoplankton abundance between 

specific months and years. Observing single months, rather than the variation of abundance 
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over a year, allowed residuals of linear models to conform to normality when assessed by 

Q-Q plots (see Section 2.2.2.2). Pairwise t-tests were chosen to test statistical significance 

for the mean abundance of phytoplankton species between years for single months. A 

Levene’s Test (Levene, 1960) was used to assess the equality of variance across years. 

Pairwise t-tests were chosen in favour of using ANOVA test, because the majority of linear 

tests violated the assumption of homogenous variability. When there was significant 

deviation from equal variance across years, a pairwise t-test was used which did not assume 

variance was equal. If the normality assumption was violated the linear model was not 

included in the discussion. 

 To show when abundances of the various phytoplankton groups tested were 

significantly larger or smaller during specific months, box plots were constructed. Letters 

were then assigned to specific year groups, using the R Package multcompView (Graves et 

al., 2019). If a letter was not shared with another group, this denoted a statistically significant 

difference between the median abundance during the specific months. As described above, 

significant differences were assessed using pairwise t-tests.   

 

2.2.3 Wind 

 Hourly wind speeds were obtained from the Met Office recording station at Scatsta 

Airport (Figure 2.1). Wind speed and direction is measured at a height of 10 m. Wind speeds 

and directions were converted to U and V vectors using the Equations 2 and 3: 

Equation (2) 𝑈 =  𝑊𝑆 ∗  cos 𝑊𝐷 

Equation (3) 𝑉 =  𝑊𝑆 ∗ sin 𝑊𝐷 

Where WS is wind speed in ms-1, and WD is mathematical wind direction, calculated by 

subtracting weather wind direction from 270°.  

 Wind stress was calculated from wind speed and air density measured at Scatsta 

Airport using Equation 4: 

Equation (4) 𝑊. 𝑆𝑡𝑟𝑒𝑠𝑠 =  𝐶𝐷𝜌𝑎𝑖𝑟𝑊𝑆2 

taken from previous literature (Jones et al., 2018). The coefficient of drag, 𝐶𝐷, is calculated 

by equation 5, taken from previous literature (Large and Pond, 1981): 

Equation (5) 𝐶𝐷 = (0.63 + 0.066𝑊𝑆) X 10−3  
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The density of air is given by the symbol 𝜌𝑎𝑖𝑟 and WS is the wind speed in m s-1. To calculate 

westerly and northerly wind stress, this equation was calculated using both U and V wind 

vectors. The duration of wind and wind stress is relevant to the potential advection of 

phytoplankton. The cumulative wind stress for westerly and northly wind directions was 

therefore calculated for use in analyses. 

 

2.2.4 Toxins 

 Instrumental analysis of biotoxin concentration has been undertaken at the Cefas 

laboratory in Weymouth as part of the FSS regulatory monitoring programme since 2011 

(Parks et al., 2019). Prior to that, the mouse bioassay (MBA) was used at Cefas. Lipophilic 

toxins (LTs) are currently evaluated using liquid chromatography with tandem mass 

spectrometry (LC-MS/MS). LTs include OA group toxins (OA, DTX1 and DTX2, together 

with their esterified counterparts termed DTX-3), pectenotoxins (PTXs), azaspiracid toxins 

(AZAs) and Yessotoxins (YTXs). OA group toxins are reported together with PTXs as OA 

equivalents in µg kg-1. Chapters 1 and 3 provide more information concerning the 

methodology and theory of testing toxin concentration in shellfish. AZAs are reported as 

AZA-1 equivalents in µg g-1 whilst YTXs are recorded as mg YTX kg-1 shellfish (Parks et 

al., 2019).  

The concentration of DA extracts from shellfish around Scotland have been tested 

by LC-UV since 2009 (see Chapter 3) (Rowland-Pilgrim et al., 2019). The concentration of 

paralytic shellfish toxins (PSTs) has been measured by pre-column oxidation LC-FLD since 

2007, the full details of which are described in Chapters 1. 

 

2.2.4.1 Correlation between toxin concentration and causative phytoplankton abundance 

 Linear models were designed to allow statistical testing of how the concentration of 

OA group and PTX toxins related to the abundance of Dinophysis spp., as well as how DA 

concentration is correlated with Pseudo-nitzschia spp. and PST concentration is correlated 

with Alexandrium spp. abundance. As residuals of these models were not normally 

distributed when assessed by Q-Q plots, the non-parametric Kendall Tau correlation was 

chosen to test the association. Unlike the parametric Pearson’s correlation, there is no 

assumption in normality of residuals in either the Kendall’s Tau or Spearman’s Rho 

measures of correlation between sets of ranked data (Kendall and Gibbons, 1990). Two 
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distinct advantages are had by the Kendall’s Tau over the Spearman’s Rho test; the sampling 

distribution of Tau rapidly approaches normality and the estimate of Tau is an unbiased 

estimate of its population parameter (Lynam et al., 2010). 

 Phytoplankton counts and toxin test data were plotted against one another. A lag of 

between zero and three weeks was applied to toxin concentration data in comparison to 

causative phytoplankton abundance. These lags were tested in order to find whether a 

predictable gap of time between spikes in phytoplankton abundance and toxin concentration 

in shellfish was present. The resulting relationships were tested using cocor (Diedenhofen 

and Musch, 2015), and the strongest correlation was used.  

 

2.2.5 Sea surface temperature  

 Sea surface temperature (SST) data was obtained from the publicly available ICES 

dataset (ICES, 2020). The temperature of the water column at the ocean surface is unlikely 

to always be the temperature that algal blooms start their growth. In addition to this 

limitation, the average of SST was calculated over a large area. However, the average SST 

is still likely to be relevant to the growth of phytoplankton which are affected by strength of 

stratification and mixing as well as temperature. In order to explore the relationship between 

SST and phytoplankton abundance, the mean SST was calculated over the study area of 

between 59.8° N and 61° N latitude, and -2° and -0.8° E longitude. The full methodology 

for obtaining SST data from ICES (ICES, 2020) and plotting data has been described in 

Chapter 6 of this thesis (Section 6.2). All measurements of SST in this area were combined 

to obtain a mean SST per month per year between 2006 and the end of 2020. A time series 

of SST anomalies over the time period was calculated by finding the average SST per month 

of the entire time range, then subtracting this from the average SST of each month by year. 

Linear models were then constructed to compare the abundance of phytoplankton groups and 

sea surface temperature. 

 

2.3 Results 

2.3.1 Phytoplankton 

2.3.1.1 Variance of phytoplankton species abundance 

 The abundance of Dinophysis spp. in the Shetland Islands is typically highest 

between the middle of May and middle of September (Figure 2.2). During the 15 years of 

this study, the abundance of Dinophysis spp. surpassed the regulatory threshold at least once  
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Figure 2.2 (a) The number of times the abundance of Dinophysis spp. fell between limits, outlined 

in the colour coded legend of plot (a) for each week number from January 2006 until August 2020 

has been counted. The blue line shows the percentage of years from 2006 – 2020 that each week of 

the year has been sampled. (b) The number of times the abundances fell between limits, outlined 

in the colour coded legend of plot (a). Green colour denotes cell abundance below 20 cells L-1. 
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nearly 80% of the time during July (Figure 2.2). The earliest count above the threshold 

abundance was observed during the second week of May in 2018 (Figure 2.2). The latest 

time of the year that mean abundance was calculated above 20 cells L-1 was at the end of 

September during 2006 and 2014 (Figure 2.2).  The lowest number of weeks that the weekly 

mean Dinophysis spp. abundance in Shetland was above 20 cells L-1 occurred during 2009 

for seven weeks (Figure 2.2). The greatest number of weeks totalled 22 weeks during 2006 

(Figure 2.2). 

The abundance of Alexandrium spp. shows an interesting pattern, being more likely 

to rise above its threshold abundance (Table 2.1) earlier in the year than other genera, around 

May (Figure 2.3). Very high abundances have been detected later in the year, between July 

and September although not in all years (Figure 2.3). In the first four years of the time series 

the abundance of Alexandrium spp. increased above 800 cells L-1 three times, but 

subsequently, cell abundances did not reach as high (Figure 2.3). The year with the lowest 

abundance of Alexandrium spp. was 2017; mean abundance did not exceed 40 cells L-1 and 

only reached 20 cells L-1 twice (Figure 2.3). The first time that Alexandrium spp. abundance 

rose above the threshold of 40 cells L-1 appears to begin earlier every year between years 

2006 and 2008 (Figure 2.3). However, the timing of Alexandrium spp. abundance rising over 

100 cells L-1 become more variable after 2010, compared to before this date when periods 

of abundance above this cell density were typically experienced for one continuous period, 

apart from 2008 (Figure 2.3).  

 The most striking difference between the abundance of Pseudo-nitzschia spp. and 

the abundance of the two harmful dinoflagellate genera is the much higher cell densities 

(Figure 2.4). Cell numbers of more than 10,000 L-1 were detected every year (Figure 2.4). 

There are typically two distinct periods of high Pseudo-nitzschia spp. abundance per year; 

the first of these is seen around March-April, and the second is usually larger and can last 

from June until October (Figure 2.4). The largest abundance of Pseudo-nitzschia spp. in the 

time series was detected during July 2009 (Figure 2.4).  
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Figure 2.3 As Figure 2.2, apart from the phytoplankton group of interest being Alexandrium spp. 

instead of Dinophysis spp. Note that limits displayed in the legend are also different. Green colour 

denotes cell abundance below 20 cells L-1. 
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Figure 2.4. As Figure 2.2, aside from the phytoplankton group of interest is Pseudo-nitzschia spp., 

not Dinophysis spp. Note that limits displayed in the legend are also different. Green colour 

denotes cell abundance below 10,000 cells L-1. 
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2.3.1.2 Dinophysis spp. GAMs 

 GAMs were developed for all three harmful genera of interest. However, the 

threshold of 40% of the deviance explained by the models was only achieved when the 

abundance of Dinophysis spp. against year day was modelled. Hence, only Dinophysis spp. 

abundance GAMs were included in this analysis. GAMs constructed using data collected 

through the whole year indicated that the abundance of Dinophysis spp. was significantly 

greater during 2006 and 2013 compared to all other years (p < 0.001). When the GAM which 

included only data collected between May and August was analysed, the intercepts for 2006 

and 2013 were significantly higher than all other years apart from 2018 (p < 0.001). GAMs 

indicated the abundance of Dinophysis spp. during the year 2018 was not significantly higher 

than other years (p > 0.05). Both the GAM using data throughout the whole year and the 

seasonal GAM predicted that the highest abundance of Dinophysis spp. seen during the study 

period occurred around year day 200 (mid-July). This is consistent with the probability plots 

in which the highest abundance was usually observed between the beginning and middle of 

July (Figure 2.2). 

 

2.3.1.3 Dinophysis spp. linear models of monthly analysis 

Linear models were used to compare the mean abundance of Dinophysis spp. during 

the study period for each month between April to October. This was done because each of 

the three genera studied in this chapter show seasonal patterns of abundance (Gaard et al., 

2011; Guallar et al., 2017); GAMs and probability plots have demonstrated that abundances 

are similar at similar times of the year. This then makes it more likely for the residuals of 

separate models to be normally distributed. In general, Dinophysis spp. abundance data were 

distributed normally during the period from May - September, apart from some positive 

skewing during May. Residuals did not conform to normality during April or October. There 

were significant departures from equal variance of Dinophysis spp. abundance for all months 

apart from April and August (Levene’s Test, p < 0.05).  

As the normality assumption for residuals of the linear models during both April and 

October was violated, these models have not been included in the present analysis. The 

highest Dinophysis spp. abundance during the month of May was detected during 2018 

(paired t-test, p < 0.05, Figure 2.5a). Abundance in 2018 was significantly higher than in all  
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Figure 2.5 Boxplots showing transformed abundance (log10 + 10) of Dinophysis spp. during 

(a) May, (b) June, (c) July, (d) August and (e) September of years 2006 – 2019 as determined 

by regulatory coastal monitoring in the Shetland Islands. Not having common letters in 

different years shows there is a statistically significant difference in mean abundance (pairwise 

t-test, p < 0.05).  
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other years (Figure 2.5a). The lowest abundances were detected during 2014 and 2015. 

Dinophysis spp. abundance was significantly lower than all years during 2015, but 

abundance during 2014 was significantly lower from all years (pairwise t-test, p < 0.05) 

except 2008, 2009 and 2013 (Figure 2.5a).  

The highest mean abundance of Dinophysis spp. was detected during June of 2018, 

but this was not significantly higher than the abundance during 2006 (paired t-test, Figure 

2.5b). The Dinophysis spp. abundance during June 2006 was statistically similar to 

abundance during June of 2010, 2013, 2016 and 2017 (pairwise t-test, p > 0.05, Figure 2.5b). 

The lowest Dinophysis spp. abundance during June was recorded during 2009 and 2015 

which were significantly lower than all years (pairwise t-test, p < 0.05) excluding 2007 and 

2014 (Figure 2.5b). 

The highest mean Dinophysis spp. abundance during July was recorded during 2013, 

which was significantly higher than all other years (paired t-test, p < 0.05, Figure 2.5c). It is 

worth noting the Dinophysis spp. abundance during 2006, 2007 and 2013 were significantly 

higher than 2008 – 2012, 2014 – 2015 and 2017 – 2019 (pairwise t-test, p < 0.05, Figure 

2.5c). The lowest Dinophysis spp. abundance measured during July was in 2008 which was 

significantly lower than all other years (pairwise t-test, p < 0.05, Figure 2.5c). 

The highest Dinophysis spp. abundance during August was recorded during 2013, 

which was significantly higher than all years apart from 2006 and 2015 (pairwise t-test, p < 

0.05, Figure 2.5d). The lowest August Dinophysis spp. abundance was recorded during 2009, 

which was significantly lower than all other years apart from 2008 and 2010 (pairwise t-test, 

p < 0.05, Figure 2.5d). The highest abundance of Dinophysis spp. during September was 

measured during the year 2006, which was significantly higher than all other years apart 

from 2010 (Figure 2.5e). The abundance of Dinophysis spp. does not appear to have 

increased above 0 cells L-1 more than a few times during years 2009, 2012, 2013 and 2019 

(Figure 2.5e).  

 

2.3.1.4 Alexandrium spp. linear models – monthly analysis 

 Residuals of linear models between Alexandrium spp. and year days were distributed 

normally during April, May, and June. The assumption that residuals of models were normal 

was violated for months from July – October. There were significant departures from equal 

variation of Alexandrium spp for all months (p < 0.05). The equal variance assumption was 
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also violated by all Pseudo-nitzschia spp. models (p < 0.05). The assumption of normality 

was violated when residuals of September and October models were assessed by Q-Q plot, 

so only models using data from April – August have been included in this study. For the 

month of April, the highest median abundance was detected during 2014, which was 

significantly higher than median abundance during all years apart from 2007, 2009, 2011 

and 2012 (pairwise t-test, p < 0.05, Figure 2.6a). 

 The highest abundance of Alexandrium during May was measured during 2014 

(Figure 2.6b); this was significantly higher than all other years apart from 2007 – 2011 and 

2018 (Figure 2.5b; pairwise t-test, p < 0.05). The lowest abundance of Alexandrium spp. 

during May was detected in 2017, which was significantly smaller than all other years apart 

from 2006 (Figure 2.6b, pairwise t-test, p < 0.05). During June, the abundance of 

Alexandrium spp. did not differ significantly from the LOD during 2015; 2015 was also the 

year that median abundance did not differ from the LOD for the greatest number of months 

(Figure 2.6). The median abundance was significantly lower during 2015 than all other years 

apart from 2006, 2008, 2011 and 2017 (Figure 2.6c, pairwise t-test p < 0.05). The highest 

median abundance for June was measured during 2018, but the abundance did not differ 

significantly from any years apart from 2006, 2011, 2015 and 2017 (Figure 2.6c, pairwise t-

test p < 0.05).  

 The highest annual abundance of Alexandrium spp. typically appears during July and 

August (Figure 2.6d + 2.6e). The highest median abundance was recorded during August of 

2006 (approximately 350 cells L-1), but the highest value of the interquartile range was 

detected during July of 2009 at 60000 cells L-1 (Figure 2.6d + 2.6e). The highest abundance 

of Alexandrium spp. cells during July was detected in the years 2007 and 2009 (Figure 2.6d). 

Abundances during July 2007 and 2009 were significantly higher than other years, apart 

from 2014 (Figure 2.6d, pairwise t-test, p < 0.05). The lowest abundance during July was 

measured in 2017, which was significantly lower than all years apart from 2010 (Figure 2.6d, 

pairwise t-test, p < 0.05). The highest abundance for the month of August was detected 

during the year 2006, which was significantly higher than all other years (Figure 2.6e, 

pairwise t-test, p < 0.05). The lowest abundances were measured in the years 2017 and 2019, 

which were significantly lower than other years apart from 2008 – 2010, 2016 and 2018 

(Figure 2.6e, pairwise t-test, p < 0.05).  
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Figure 2.6 Boxplots showing transformed abundance (log10 + 10) of Alexandrium spp. 

during (a) April, (b) May, (c) June, (d) July and (e) August of years 2006 – 2019 as 

determined by regulatory coastal monitoring, in the Shetland Islands. Not having common 

letters in different years denotes a statistically significant difference in mean abundance 

(pairwise t-test, p < 0.05). See Section 2.2.3 for details.  
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2.3.1.5 Pseudo-nitzschia spp. linear models – monthly analysis 

 All Pseudo-nitzschia spp. models conformed to the assumption of normality for 

residuals, apart from some slight negative skewing for the month of October.  In contrast to 

Dinophysis spp. and Alexandrium spp. models, the residuals for Pseudo-nitzschia spp. 

models were always distributed normally and thus the abundance for all months between 

April and October have been modelled (Figure 2.7). For the month of April, the highest 

abundance of Pseudo-nitzschia spp. was measured during the year 2007; this year’s 

abundance was significantly higher than other years apart from 2008, 2009 and 2012 (Figure 

2.7a; pairwise t-test, p < 0.05).  

 The highest median May abundance of Pseudo-nitzschia spp. was measured during 

the year 2010, which was significantly higher than other years apart from 2007, 2008 and 

2012 (Figure 2.7b, pairwise t-test, p < 0.05). The lowest abundance occurred during the year 

2018, which was significantly lower than other years apart from 2019 (Figure 2.7b; pairwise 

t-test, p < 0.05). For June, the highest median abundance was detected during the year 2012, 

which was higher than other years apart from 2008 and 2010 (Figure 7c; pairwise t-test, p < 

0.05). The lowest median abundance was counted during the year 2015, which was 

significantly lower than other years except 2017 (Figure 2.7c, pairwise t-test, p < 0.05).  

July and August were typically when the highest abundances of Pseudo-nitzschia 

spp. were counted (Figure 2.7d + 2.7e). The highest median abundance was observed during 

July of 2017, when median abundance reached approximately 20,000 cells L-1 (Figure 2.7d). 

The highest abundance during July was detected during the year 2017, which was 

significantly higher than other years apart from 2009, 2010 and 2012 (Figure 2.7d, pairwise 

t-test, p < 0.05). The lowest abundance of July was measured during the year 2015, which 

was significantly lower than other years apart from 2017 (Figure 2.7d, pairwise t-test, p < 

0.05). During August, the highest median abundance was recorded during year 2011, which 

was significantly higher than all other years (Figure 2.7e, pairwise t-test, p < 0.05).  

The highest median Pseudo-nitzschia spp. abundance in September was during 2017, 

which was statistically significantly higher than other years apart from 2008, 2009 and 2010 

(Figure 2.7f, pairwise t-test, p < 0.05). The lowest abundance was detected during the year 

2013, and this was significantly lower than other years apart from 2006, 2018 and 2019 

(Figure 2.7f, pairwise t-test, p < 0.05). During October, the highest median Pseudo- nitzschia 

spp. abundance was during 2006, which was significantly higher than other years apart from  
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Figure 2.7 Boxplots showing transformed abundance (log10 + 10) of Pseudo-nitzschia spp. during 

(a) April, (b) May, (c) June, (d) July, (e) August, (f) September and (g) October of years 2006 – 

2019 as determined by regulatory coastal monitoring in the Shetland Islands. Not having common 

letters in different years denotes a statistically significant difference in mean abundance (pairwise t-

test, p < 0.05). See text for details. 
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2007, 2008, 2010, 2011 and 2012 (Figure 2.7g, pairwise t-test, p < 0.05). The lowest median 

abundance was during 2018, which is significantly lower than other years apart from 2015 

(Figure 2.7g, pairwise t-test, p < 0.05). 

 

2.3.2 Relationships between phytoplankton abundance and concentration of toxins 

2.3.2.1 OA group toxins and PTXs 

 The highest concentrations of OA group toxins were detected from samples collected 

during 2013 (Figure 2.8b). Although the highest abundances of Dinophysis spp. were 

observed during 2018 (Figure 2.6b + 2.6c), Dinophysis spp. abundance was more 

consistently high during 2013 (Figure 2.2, 2.6b – 2.6d). Since analytical toxin monitoring 

began in 2011, the concentration of OA group toxins has surpassed the harvesting limit of 

160 µg kg-1 at least once per year somewhere in the Shetland Islands (Figure 2.8b). 

 The assumption of normality of model residuals was violated (Q-Q plot), so a 

Kendall’s Tau test was used to assess correlation. The correlation between combined OA 

group and PTX toxins and Dinophysis spp. abundance between 2011 and 2020 is significant 

and positive (Kendall’s Tau = 0.467, p < 0.005; Figure 2.9). Lags of between zero and three 

weeks were applied to toxin concentration data; the best fit was achieved with a lag of one 

week, when assessed by Kendall’s Tau correlation. The equation for the linear model drawn 

between OA and Dinophysis spp. (Figure 2.9) can be expressed using equation (6): 

 (Equation 6)   y = mx + c       

  

where y is the concentration of A group toxins in mussel tissue expressed in µg kg, m is the 

gradient of the linear equation relating x, the abundance of Dinophysis spp., to toxin 

concentration, and c is a constant added to the equation.    
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To explore the variation in the association between OA group toxin concentration 

and abundance of Dinophysis spp., the correlation between these variables has been plotted 

for Busta Voe, Basta Voe, Dales Voe and Vaila Sound which are each located in different 

parts of Shetland (Figure 2.1). The correlation between Dinophysis spp. abundance and 

shellfish toxicity was significant at Busta Voe (Kendall’s Tau = 0.467, p < 0.005), Basta 

Voe (Kendall’s Tau = 0.423, p < 0.005), Dales Voe (Kendall’s Tau = 0.394, p < 0.005), and  

Figure 2.8 Time series graphs showing (a) the abundance of Dinophysis spp. 

determined by monitoring, with the red line showing the threshold abundance 

limit of Dinophysis spp. in the water column (100 cells L-1), and (b) the 

concentration of OA, DTXs, and PTXs in homogenized mussel flesh (µg/kg). 

The red line shows the regulatory limit of DSP concentration in shellfish (160 µg 

kg-1 OA equivalents). 
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Vaila Sound (Kendall’s Tau = 0.426, p < 0.005) (Figure 2.10). Each of the correlation 

coefficients between toxin concentration and Dinophysis spp. abundance are significant but 

the strongest was detected at Busta Voe, the site where the most positive relationship was 

also detected (Figure 2.10). The correlation between Dinophysis spp. abundance and 

shellfish toxicity was assessed by cocor and found to be significantly different from each 

other. The toxicity detected in shellfish per Dinophysis spp. cell was significantly higher at 

the Busta Voe RMP, as the correlation between abundance and toxin concentration at this 

site was significantly higher (p < 0.05). The weakest correlation between toxicity and 

causative phytoplankton, and incidentally the lowest gradient, was still significant and 

detected at Dales Voe (Figure 2.10, Kendall’s Tau = 0.394, p < 0.005).  

 

 

Figure 2.9 Concentration of OA, DTXs and PTXs in homogenized mussel flesh from FSS 

monitoring in Shetland (µg/kg) plotted against abundance of Dinophysis spp. (cells/litre). A 

lag of one week has been applied to toxin concentration and used to determine the 

correlation between toxicity and cell abundance. 

y = 0.252x + 35.13    

 

Kendall’s Tau = 0.467, p < 0.005 
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Figure 2.10 Concentration of OA, DTXs and PTXs in homogenized mussel flesh 

from FSS monitoring in Shetland (µg/kg) plotted against abundance of Dinophysis 

spp. (cells/litre) one week in the future, from (a) Busta Voe, (b) Basta Voe, (c) Dales 

Voe and (d) Vaila Sound. 
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2.3.2.3 Paralytic shellfish toxins 

 The abundance of Alexandrium spp. has exceeded the threshold level of 40 cells 

litre-1 every year (Figure 2.11a). The highest abundance was recorded during 2009 when two 

particularly large blooms were recorded (Figure 2.11). The highest concentration of PSTs 

was recorded during 2014 (Figure 2.11). The concentration of PSP toxins in mussels only 

increased above the threshold of 800 µg kg-1 during 2013 and 2014 (Figure 2.11). The years  

2016, 2014, 2015 and 2018 also had a noticeably higher abundance of Alexandrium spp. 

than other years (Figure 2.11).  

Figure 2.11 Time series graphs showing (a) the abundance of Alexandrium spp. in cells 

litre-1 coastal seawater, and (b) the concentration of paralytic shellfish toxins in 

homogenized mussel flesh (µg/kg). Samples of seawater and mussel flesh were taken 

from aquaculture sites in the Shetland Islands. The regulatory threshold of 40 

Alexandrium spp. cells litre-1, and 800 µg kg-1 have been highlighted with a red dotted 

line. 
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 The correlation between the abundance of Alexandrium spp. and concentration of 

PSTs within mussels is not particularly strong and is not significant (Kendall’s Tau = 0.137, 

p > 0.05, Figure 2.12). There are many zero measurements of toxin concentration while the 

abundance of Alexandrium spp. increases above 1000 cells L-1, and many occurrences of 

high toxicity when the cell abundance of Alexandrium spp. remains below 200 cells L-1 

(Figure 2.12). 

 

 

Figure 2.12 Concentration of PSP toxins in homogenized mussel flesh from various locations 

in the Shetland Isles (µg/kg) plotted against abundance of Alexandrium spp. (cells/litre). Note 

that the x-axis extends from 0 to over 60,000 cells L-1. 

y = 0.227x + 28.15 
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2.3.2.2 Domoic acid 

 The highest abundance of Pseudo-nitzschia spp. between 2006 and 2020 was  

detected during 2010 (Figure 2.13a). The highest concentration of DA in mussels between 

years 2009 and 2020 was found during 2014 (Figure 2.13b). The correlation between DA 

concentration in mussels and the abundance of Pseudo-nitzschia spp. L-1 was weaker than 

that found between the OA group toxicity and Dinophysis spp. abundance, although there is 

a statistically significant relationship (Kendall’s Tau = 0.255, p < 0.005, Figure 2.14).  

Figure 2.13 Time series graphs showing (a) the abundance of Pseudo-nitzschia spp. in 

cells litre-1 coastal seawater. The regulatory threshold of 50,000 Pseudo-nitzschia spp. 

cells litre-1 has been highlighted with a red dotted line. (b) The concentration of DA in 

homogenized mussel flesh (mg/kg). Samples of seawater and mussel flesh were taken 

from aquaculture sites in the Shetland Islands. The red line shows the regulatory limit 

of DSP concentration in shellfish (20 mg kg-1 DA equivalents). 
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 The strongest correlation between Pseudo-nitzschia spp. abundance and DA 

concentration was found when no lag was applied to the data (Kendall’s Tau = 0.255, p < 

0.05). Lags of one week, two weeks, and three weeks were applied, but these relationships 

were significantly weaker than the relationship with no lag applied. Further models were 

used to determine the correlation between Pseudo-nitzschia spp. abundance and DA 

concentration changed during the period from July – November, but the correlation became 

weaker or non-existent (Figure 2.15).  

 The residuals of models which compared the logarithmically transformed abundance 

of Pseudo-nitzschia spp. and log transformed concentration of DA in mussels, from values 

when DA concentration was above 0 mg kg-1, conformed to the assumption of normality. 

The correlation between Pseudo-nitzschia spp. abundance and DA concentration throughout 

the entire year is significant, but weak (r2 = 0.0299, p < 0.05). This differs slightly from the 

correlation between these variables when limited to months between July and November, 

Figure 2.14 Concentration of DA in homogenized mussel flesh from various locations in the 

Shetland Islands (mg/kg) plotted against abundance of Pseudo-nitzschia spp. (cells L-1). 

Kendall’s Tau = 0.255, p < 0.05 
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which is a little stronger and on the verge of significance at the 5% level (Figure 2.15). The 

correlation between DA concentration and Pseudo-nitzschia spp. abundance was stronger 

for months between July and November compared to the whole year (Figure 2.15), but this 

difference was not significant (cocor, p > 0.05). 

  

Figure 2.15 Relationships between shellfish domoic acid concentration and log 

transformed non-zero Pseudo-nitzschia spp. abundance. A scatter plot of 

corresponding domoic acid concentrations above 1 mg kg-1 in mussels and Pseudo-

nitzschia spp. abundance obtained from Shetland between April 2008 and August 

2020, limited to (a) the entire year and (b) the months between July and November. 

shellfish 

Adjusted r2 = 0.0335, 

 p = 0.05015 

Adjusted r2 = 0.0299, 

 p < 0.05 
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2.3.3 Wind 

 There are a greater number of non-zero Dinophysis spp. abundances associated with 

cumulative westerly winds than cumulative easterly winds (Figure 2.16). The number of 

greater than zero Dinophysis spp. abundances measured when the cumulative U wind stress 

was easterly totalled between 5,600 and 6,100 times (Figure 2.16). In contrast, between 

34000 and 38500 non-zero abundances of Dinophysis spp. were detected when the U wind 

stress cumulated over 7, 14 or 28 days was westerly (Figure 2.16). In addition, the highest 

Dinophysis spp. abundances were detected when cumulative wind stress was westerly 

(Figure 2.16). The highest Dinophysis spp. abundance measured when cumulative U wind 

Figure 2.16 Abundance of Dinophysis spp. in cells L-1 plotted against U wind stress cumulated 

over (a) 7 days, (b) 14 days and (c) 28 days. The total number of occurrences Dinophysis spp. 

abundance was above zero when cumulative wind stress was above or below zero was 

calculated and has been displayed in red. Abundance data were logarithmically transformed (x 

+ 10) and plotted against U wind stress divided into groups around distinct means, cumulated 

over (d) 7 days, (e) 4 days, and (f) 28 days.  
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stress was easterly was 23,500 cells L-1, compared to over 40,000 cells L-1 when westerly 

winds prevailed (Figure 2.16). 

 Similarly, there are a greater number of non-zero Dinophysis spp. abundance 

measurements when the 7-, 14- and 28-days cumulative V wind stress is positive (Figure 

2.17), which corresponds to primarily southerly winds. The greater number of occasions 

when cumulative U and V wind stress associated with non-zero Dinophysis spp. abundance 

is positive, demonstrates that predominant winds during summer are westerly and southerly 

(Figure 2.16 + 17). Boxplots show that the 7-, 14- and 28- days cumulative V wind stress 

measurements are closer to 0 N m-2 more often than cumulative wind stress more than N m-2 

different from 0 N m-2 (Figure 2.16 + 2.17). This is especially true for wind stress cumulated 

Figure 2.17 Abundance of Dinophysis spp. in cells L-1 plotted against V wind stress cumulated 

over (a) 7 days, (b) 14 days and (c) 28 days. The total number of occurrences Dinophysis spp. 

abundance was above zero when cumulative wind stress was above or below zero was 

calculated and has been displayed in red. Abundance data were logarithmically transformed (x 

+ 10) and plotted against V wind stress divided into groups around distinct means, cumulated 

over (d) 7 days, (e) 4 days, and (f) 28 days.  



68  

 

over 28 days (Figure 2.16 + 2.17). Cumulative U wind stress is generally larger than V wind 

stress, typically for 28 days cumulative wind stress (Figure 2.16 + 2.17).  

 U vector wind stress cumulated over seven days was overlayed on Dinophysis spp. 

abundance graphs for direct comparison (Figure 2.18a). The abundance of Dinophysis spp. 

was measured above 4,000 cells L-1 after or at the same time as periods when the 7-day 

cumulative wind stress exceeded 1000 N m-2, from 2006 – 2016 (Figure 2.18a). This is 

especially true for years 2006, 2007 and 2013 (Figure 2.18a). During 2016, cumulative 

westerly wind stress exceeded 1000 N m-2 more than three weeks before the abundance of 

Dinophysis spp. exceeded 4,000 cells L-1 (Figure 2.18a). It is interesting to note than 

cumulative easterly wind stress was much lower during the 2016 Dinophysis spp. bloom 

than in 2006, 2007 and 2013 (Figure 2.18a). The largest abundance of Dinophysis spp. was 

Figure 2.18 Continued overleaf.  

(a) 
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detected during May of 2018 (Figure 2.2 + 2.18a). The 7-day cumulative wind stress reached 

the lower value of 800 N m-2 two weeks before the Dinophysis spp. abundance exceeded 

4,000 cells L-1 (Figure 2.18). The second time that Dinophysis spp. abundance exceeded 

4,000 cells L-1 during 2018 (Figure 2.2 + Figure 2.18a), was preceded by cumulative 

westerly wind stress exceeding 700 N m-2 two weeks prior (Figure 2.18a). Westerly wind 

stress did reach almost 1500 N m-2 between these periods of enhanced Dinophysis spp. 

abundance but was not associated with the beginning of enhanced Dinophysis spp. 

abundance (Figure 2.18a). 

 Cumulative westerly wind stress exceeded 1000 N m-2 in the two weeks prior to 

Pseudo-nitzschia spp. cell abundance exceeding 1,000,000 cells L-1 two out of eight times 

(b) 

Figure 2.18 U vector wind stress cumulated over seven days between the months of May and 

September for years 2006 – 2018. Positive wind stress (westerly) is displayed in red, and 

negative (easterly) wind stress is displayed in blue. (a) Concurrent Dinophysis spp. abundance 

has been plotted in grey. Green boxes were drawn two weeks either side of periods of 

Dinophysis spp. abundance increasing above 4,000 cells L-1. Horizontal lines have been plotted 

when the cumulative westerly or easterly wind stress exceeded 1000 N m-2. (b) Concurrent 

Pseudo-nitzschia spp. abundance is plotted in grey, and boxes have been drawn around periods 

when cell counts increased above 1,000,000 cells L-1. 
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(Figure 2.18b). These occasions occurred in 2009 and 2017 (Figure 2.18b). There were other 

occasions when the seven-day cumulative westerly wind stress exceeded 1000 N m-2 

simultaneous to or during excessive Pseudo-nitzschia spp. abundance, in 2007, 20099, 2010 

and 2012 (Figure 2.18b).  

 

2.3.4 SST and its relationship to phytoplankton abundance 

 In general, summers during the years 2008, 2009, and 2017 - 2020 were warmer than 

other years (Figure 2.19). Summer during years from 2012 – 2015 were colder than other 

years (Figure 2.19).  

 The only model statistically comparing phytoplankton genera to SST which showed 

a significant relationship, and of which the residuals did not violate the assumption of 

normality, was the model relating Pseudo-nitzschia spp. abundance and temperature during 

months from June until September (Figure 2.20). The relationship between SST and 

abundance of Dinophysis spp. and Alexandrium spp. did not show any significant correlation 

(Kendall’s Tau, p > 0.05).  

Figure 2.19 Monthly sea surface temperature anomaly between years 2006 – 2020 from 

an area around Shetland bounded by 59.8° N and 61° N latitude, and -2° and -0.8° E 

longitude. 
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2.4 Discussion 

 The results presented above describe how data from regulatory coastal monitoring of 

HABs and biotoxins over the past 14.5 years, in combination with environmental conditions, 

can inform our understanding of the community of potentially toxic phytoplankton around 

the Shetland Islands. Meteorological data recorded from Scatsta Airport can give some 

indication about how cumulative wind stress can influence the abundance of certain 

phytoplankton species around Shetland, particularly on the West coast. The variation of SST 

during the study period, and how this has influenced the abundance and toxicity of 

phytoplankton is also discussed in this chapter (see Chapter 6 for greater depth). The 

relationship between how toxicity in shellfish is correlated with causative phytoplankton 

abundance in the surrounding water can help to determine what constitutes a dangerous 

abundance of phytoplankton. 

Figure 2.20 Log transformed Pseudo-nitzschia spp. abundance (10 + log10) against SST 

(°C) (p < 0.05; r2 = 0.017), for months June -September between years 2006 - 2020.  
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2.4.1 Changes and comparison of phytoplankton abundance 

Dinophysis spp. were detected in all years monitored (Figures 2.2 + 2.13). 

Dinophysis spp. have also been detected regularly by MSS when it was part of the FSA OC 

monitoring program between 1996 and 2006, and as part of the Scottish Coastal Observatory 

(Bresnan et al., 2016; Stern et al., 2014). In addition, the continuous plankton recorder (CPR) 

has provided reliable evidence of Dinophysis spp. around Scotland since the 1950s (see 

Chapter 6) (Edwards et al., 2006). Dinophysis spp. have even been present in records from 

the early 20th Century (Herdman and Riddell, 1912, 1911). The presence of Dinophysis spp. 

in Scottish waters for over 100 years confirms this genus as an established part of the 

phytoplankton community. 

 Over the course of a year, Alexandrium spp. typically exceeds its regulatory threshold 

cell density (Table 2.1) more often than Dinophysis spp. (Figure 2.2 + 2.3). Exceptions to 

this occurred during years 2006, 2015, 2017 and 2018. This is consistent with data from the 

remainder of Scotland, where Alexandrium spp. has also been recorded as surpassing 

threshold levels more frequently than Dinophysis spp. (Parks et al., 2019). Cell abundances 

surpassed the minimum detectable cell counts every year (20 cells L-1), but the period during 

which Alexandrium spp. increases above the regulatory threshold of 40 cells L-1 appears to 

be limited to between April and October (Figure 2.3). There have also been some rarer 

instances when Alexandrium spp. abundance reached warning or threshold levels (Table 2.1) 

before March, or after the beginning of November (Figure 2.2). Previous studies have 

determined the Shetland and Orkney Isles to be areas of Scotland where the abundance of 

Alexandrium spp. was highest (Bresnan et al., 2008; Collins et al., 2009; Martino et al., 

2020). Using data from the coastal monitoring performed by MSS, the period of highest 

Alexandrium spp. abundance was also most likely to be between April and October (Bresnan 

et al., 2008). 

It has been suggested that a climate induced increase in SST may cause the blooming 

period for Dinophysis spp. and Alexandrium spp. to lengthen and growth rate to increase in 

the North Atlantic including Scottish waters (Gobler et al., 2017a). However, there is some 

evidence that the abundance of Dinophysis spp. has actually declined with increasing 

temperature and summer surface scalar wind speed (SSSWS) (Hinder et al., 2011). Increased 

SST and SSSWS are likely to lead to increased vertical mixing of the water column, which 

may in turn negatively affect the abundance of dinoflagellates, including Dinophysis spp. 
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(Mann and Lazier, 2013; Margalef, 1978). Extracting a climate change signal from time 

series of abundance requires data from at least 40 years, and in the Northeast Atlantic Ocean 

perhaps even longer (Edwards et al., 2010; Henson et al., 2010). The CPR is the only long-

term data series which passes through the Shetland Islands and has been in operation long 

enough to detect abundance changes of species in relation to climate change. Data from the 

CPR suggests that although there was a peak in Dinophysis spp. abundance during the 

1980’s, there is no evidence to suggest abundance and blooming period per year have 

increased (Dees et al., 2017) (see Chapter 6).   

Trends between phytoplankton abundance and SST over short time periods can be 

commented on and discussed. From colour coded graphs displaying blooming period, FSS 

data clearly shows that there is some variance between different years. At the beginning of 

the series between years 2006 and 2008 the highest counts of Alexandrium spp. were 

detected increasingly early in the year (Figure 2.3). This detection of higher abundance 

earlier in the year appears to be consistent with anomalously warm SST from January to 

April between 2006 and 2008 (Figure 2.19). Three years of data are insufficient to determine 

whether higher Alexandrium during the early year is due to warmer SST, though these data 

do corroborate a previous study linking higher abundances of A. tamarense in the North Sea 

to anomalously high SST during April and May (Joint et al., 1997). Possible links between 

increasing SST and HABs composed of Alexandrium spp. have been predicted (Gobler et 

al., 2017a), but the present study does not indicate an obvious pattern that can be discerned 

about length of blooming period or bloom size (Figure 2.3). The same thing can be said for 

Dinophysis spp. blooming period, although the very highest mean abundances which 

occurred in 2006, 2013 and 2018 appear to be occurring earlier as time progresses (Figure 

2.2). As this valuable time series lengthens in the future, the first and last year day at which 

the highest mean abundance of Dinophysis spp. occurs should be closely monitored. 

Additionally, no evidence for lengthening of the period that Pseudo-nitzschia spp. exceeds 

threshold abundances with time is shown in the data presented here, corroborating previous 

studies around the UK (Rowland-Pilgrim et al., 2019). 

 

2.4.2 Relationship between phytoplankton abundance and toxicity of shellfish 

2.4.2.1 Dinophysis spp. and OA group toxin concentration 

Results indicated a relatively strong relationship exists between the abundance of 

Dinophysis spp. and the concentration of DSP toxins found within shellfish (Figures 2.13 + 

2.14). This correlation varied in strength and gradient depending on the location of the farm 
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from which results were obtained (Figure 2.10) but, in general, if Dinophysis spp. are 

detected in the water it is likely that DSP toxins will be found in shellfish within one week. 

The difference between correlation between Dinophysis spp. abundance and toxin 

concentration at different sites is an interesting feature. This difference may conceivably be 

due to different oceanographic conditions leading to different Dinophysis species 

composition in these voes (see Chapters 3 and 4), but the fact that this relationship between 

cell density and toxicity has been assessed over at least ten years means it is unlikely to be 

due to differing mixing rates within the voes. Both the strongest correlation and highest 

gradient were found in Busta Voe, which is located on the West coast and is fairly open to 

St Magnus Bay (Figure 2.1 + 2.10). Busta Voe was one of the RMPs most affected by the 

2013 Dinophysis spp. event (Whyte et al., 2014). The gradient between variables is much 

lower at Vaila Sound, which is also on the West coast, but not as open to the Atlantic (Figure 

2.1). Differences in flushing rate of these voe may contribute to depuration rates experienced 

by shellfish grown in these locations, although studies from the western United States 

indicate no correlation between residence time and depuration rates (Moore et al., 2009).  

The strongest correlation between Dinophysis spp. abundance and OA group toxicity 

in mussels was found when a delay of one week was applied to toxin concentration 

measurements. During the 2013 Dinophysis spp. event in the Shetland Islands, the 

abundance of Dinophysis spp. in Busta Voe increased before toxins were found in mussels 

(Whyte et al., 2014). In Loch Ewe and the Clyde Sea, time series of Dinophysis spp. were 

compared to time series of DSP toxin concentration in mussels (Swan et al., 2018). The 

concentration of DSP toxins in mussels in both the Clyde Sea and Loch Ewe increased a 

week or more after the abundance of Dinophysis spp. in the water increased (Swan et al., 

2018). Increasing concentration of DSP toxins a few days to a week or two after the 

abundance of Dinophysis spp. has also been detected in studies using solid phase adsorption 

toxin tracking (SPATT) resin (see Chapter 3) (Turrell et al., 2007b). Finding spikes in 

Dinophysis spp. abundance a week before the toxicity in mussels is especially helpful and 

demonstrates why enumeration of causative phytoplankton through routine coastal 

monitoring is a good idea (Parks et al., 2019). The abundance of phytoplankton which can 

potentially produce toxins is not especially harmful due to the low cell densities involved 

(Davidson et al., 2014). An early warning of the potential increase in shellfish toxicity is, 

however, provided by increases in causative cell abundance (Davidson et al., 2021; Turrell 

et al., 2007b). 
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It is less clear whether there is a minimum cell count of Dinophysis spp. at which 

toxins maybe expected to be present in shellfish (Figure 2.8 – 2.10). The studies cited so far 

show a wide range in cell abundances at which toxin concentration in shellfish can exceed 

the regulatory threshold of 160 µg kg-1. In Loch Ewe during 2002 for example, the combined 

cell abundance of Dinophysis spp. remained below 800 cells L-1 while the toxin 

concentration within mussels reached 300 µg kg-1 (Swan et al., 2018). In the current study, 

one shellfish sample during 2011 showed a DST concentration of over 1000 µg kg-1 whilst 

the abundance of Dinophysis spp. had reached a maximum of 800 cells L-1 (Figure 2.8). In 

other studies outside of Scotland, the abundance of Dinophysis spp. had not increased above 

100 – 200 cells L-1 before dangerous toxins were detected in mussels (Reguera et al., 2014, 

2012; Yasumoto et al., 1985, 1980). This possibility for very low cell abundances of 

Dinophysis spp. to provoke a toxic event is one reason for the conservative regulatory 

threshold of 100 cells L-1 applied in the UK (Parks et al., 2019). Another reason is that 

detecting Dinophysis spp. at cell densities lower than 100 cells L-1 can provide an early 

warning system. This is necessary as cell abundances in water column can increase more 

quickly than can be achieved through cell division alone due to advective currents 

transporting cells to the coast, as happened during the 2013 event in Shetland (Whyte et al., 

2014). 

 

2.4.2.2 Alexandrium spp. and PST concentration  

The relationship between the abundance of Alexandrium spp. and concentration of 

PSTs is not significant or strong (Figure 2.12). Hence, high abundances of Alexandrium spp. 

do not necessarily mean there will be an appreciable concentration of PSTs found in shellfish 

or the surrounding water column. Occasionally, however, particularly during 2014 relatively 

small abundances of Alexandrium spp. of less than a few hundred cells L-1 have caused the 

concentration of PSP toxins to increase in shellfish (Figure 2.11). Given the severity of the 

potential human intoxication, it is for this reason that regulatory monitoring of both 

Alexandrium spp. abundance and PSP toxin concentration in representative shellfish is so 

important (Parks et al., 2019).  

Diversity of Alexandrium spp. is difficult to assess in Scottish water as FSS does not 

require identification of cells to species level, due to the morphological similarities between 

species (Brown et al., 2010). Identification of Alexandrium to species level using light 

microscopy is impossible on a rapid routine basis in a monitoring programme, and even the 

application of genetic speciation is open to some controversy (Brown et al., 2010; Collins et 
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al., 2009; John et al., 2014; Toebe et al., 2013). Light microscopy, combined with 

epifluorescence to properly identify morphological features, has previously allowed four 

Alexandrium species to be identified from Scottish waters; A. tamarense, A. ostenfeldii, A. 

minutum and A. tamutum (Brown et al., 2010). Using the identification system at the time, 

A. tamarense in Scottish waters was sub-classified into A. tamarense Group I and Group III, 

based on both genetic markers and toxicity of the species (Brown et al., 2010; Lilly et al., 

2007; Touzet et al., 2010). For the purpose of this discussion toxic Group I cells will be 

referred to as A. catenella and non-toxic Group III cells as A. tamarense, as per recent 

reclassifications using rDNA (Fraga et al., 2015; John et al., 2014; Litaker et al., 2018; 

Mertens et al., 2020). 

 A. catenella has been confirmed as a producer of PSTs within Scotland (Eckford-

Soper et al., 2016; Lilly et al., 2007), but nutrient conditions have been shown to affect the 

toxicity of Alexandrium spp. communities. For example, growth under nitrogen limitation 

results in lower toxicity, while relatively high toxicity has been observed after growth in 

nutrient balanced or phosphorous limiting conditions (Anderson et al., 1990; Chakraborty et 

al., 2019; John and Flynn, 2000). For the majority of this study period, no measurements of 

nutrient concentration in the water column were available (see Chapter 4), but the propensity 

for differing toxicities of Alexandrium spp. populations means that species identification of 

Alexandrium spp. based solely on whether the toxin concentration in mussels was increased 

is impossible. 

  The Shetland Islands have been shown to be one of the areas of Scotland exhibiting 

increased Alexandrium spp. abundance during Spring and Summer in the UK; other areas 

with high relative abundance include Orkney, the and West Scotland including Skye and the 

Hebrides (Collins et al., 2009; Parks et al., 2019). The inability to easily speciate 

Alexandrium in regulatory monitoring and no reliable records of non-toxic A. tamarense 

above 55° North led to the assumption that the community in Scotland was dominated by 

the toxic A. catenella (Eckford-Soper et al., 2016; Toebe et al., 2013). More recently, studies 

have shown that there is co-occurrence of A. catenella and A. tamarense, both in Scotland 

as a whole and specifically in the Shetland Islands (Brown et al., 2010; Collins et al., 2009; 

Eckford-Soper et al., 2016; Touzet et al., 2010). Laboratory experiments of toxin production 

of a co-culture of A. fundyense and A. tamarense have shown that the coolest temperature 

analysed, 12 °C, was the temperature at which toxin production was highest (Eckford-Soper 

et al., 2016). With this information, it is interesting to reflect on the finding that the coldest 
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summer temperatures occurred between years 2012 and 2015 (Figure 2.19), and the highest 

concentrations of PSTs were detected between 2013 and 2015 (Figure 2.11). Whilst it may 

be true that abundance of Alexandrium spp. around Scotland may increase with increasing 

SST (Gobler et al., 2017a), the potential for toxicity to decrease for the same reasons may 

be a reason for optimism. 

 

2.4.2.3 Pseudo-nitzschia spp. concentration and DA concentration 

 Unlike the concentration of OA group toxins and PSTs in shellfish, the concentration 

of DA has not been recorded above the regulatory limit of 20 mg kg-1 in Shetland aquaculture 

sites in the previous ten years (Figure 2.13). This differs to the pattern of DA concentration 

in Scotland as a whole, where the regulatory limit was exceeded a number of times in 2008, 

2012, 2013 and 2016 (Rowland-Pilgrim et al., 2019). It should be noted that when harvesting 

is closed due to the presence of either DSTs or PSP toxins, shellfish are not tested for the 

concentration of DA (Swan et al., 2021). Independent concentration analysis outside of 

official controls found that DA toxicity exceeded 20 mg kg-1 during 2020, when harvesting 

had stopped due to the presence of DSTs (Swan et al., 2021). It is therefore likely that DA 

has also exceeded regulatory limits before 2020, but there is no evidence of this. 

 The correlation between Pseudo-nitzschia spp. abundance and DA concentration in 

mussels throughout the entire year in Shetland (Figure 2.15; r2 = 0.029) is comparable to the 

correlation found throughout Scotland from 2008 – 2017 (r2 = 0.02) (Rowland-Pilgrim et 

al., 2019). These correlations are weak and likely a reflection on the two groups of Pseudo-

nitzschia spp. which are found in Scotland. The P. seriata complex and the P. delicatissima 

complex can be distinguished by size as P. seriata is wider than 3 µm, and also seasonality 

as P. seriata is more common in the late Summer and Autumn (Bresnan et al., 2017; Fehling 

et al., 2006). Production of DA has only been found from cells of the P. seriata complex, 

which is largely made up of the species P. australis and P. seriata in Scotland (Bresnan et 

al., 2017; Eckford-Soper et al., 2016; Fehling et al., 2004a, 2004b). For this reason, the 

correlation between Pseudo-nitzschia spp. and DA concentration in mussels between July 

and November was explored in the present study, but the correlation during these months 

was not significantly stronger than the correlation between these variables during the year 

as a whole (r2 = 0.033).  

 Many more parameters have been shown to affect the toxicity of Pseudo-nitzschia 

spp. blooms. These other factors have been outlined elsewhere (see Chapter 1), but include 
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ambient nitrogen concentration (Bates, 1998), presence of grazers (Tammilehto et al., 2015), 

and sexual reproductive state of the population (Sarno et al., 2010). As well as solely through 

production of DA, large blooms of Pseudo-nitzschia spp. encompassing cell densities of 

over one million cells L-1 (detected in years 2007 – 2012, 2014, 2017 and 2020) are likely 

to cause mechanical damage to fish grown in aquaculture (Bruno et al., 1989; Delegrange et 

al., 2015; López-Cortés et al., 2015). This is an area of investigation which should be 

explored in the future. 

 

2.4.2.4 Conclusion to comparisons of phytoplankton abundance and their respective toxins 

 In summary, a significant relationship between DST and Dinophysis spp. abundance 

exists and appears to vary depending on the location of the voe within Shetland. It is not 

currently known why this relationship between toxin concentration and causative 

phytoplankton changes in different locations. The relationship between Dinophysis spp. 

abundance and DST concentration is strongest when a lag of one week is applied to toxin 

measurements. However, care should always be taken with harvesting if Dinophysis spp. are 

present in the water column near shellfish, or if there is a likelihood that Dinophysis spp. 

will increase in the near future. 

 No significant relationship exists between either Alexandrium spp. and PST 

concentration, or Pseudo-nitzschia spp. and DA concentration. This lack of a relationship is 

expected due to the large number of species within either of these genera which do not 

produce toxins. There are some indications that the abundance of Alexandrium spp. is larger 

in years with higher SST, but the concentration of PSTs is not as high during warmer years. 

This may indicate a difference in species diversity in Alexandrium, which may be dependent 

on SST. 

 

2.4.3 Effect of wind strength and direction on HAB abundance 

Dinophysis spp. blooms of more than 4,000 cell L-1 were preceded by westerly wind 

stress exceeding four times in 2006, 2007, and 2013 (Figure 2.18a). In these years the time 

gap between westerly wind stress surpassing this threshold and peak Dinophysis spp. 

abundance varies between nearly two weeks and concurrently in 2013 (Figure 2.18a). 

Increased Dinophysis spp. abundance in response to increased westerly winds has been 

found before in Shetland (Whyte et al., 2014) and Ireland (Raine et al., 2010). It is unclear 
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why the time gap varies so much. During 2016, approximately three weeks separate westerly 

wind stress exceeding 1000 N m-2 and Dinophysis spp. abundance exceeding 4,000 cells L-1. 

It is possible that less cumulative westerly wind stress was needed to advect Dinophysis spp. 

towards the shore because the cumulative easterly wind stress was lower than during 2006, 

2007 and 2013 (Figure 2.18a). 

The highest Dinophysis spp. abundance was found during 2018 (Figure 2.8a), and 

exceptional abundances were also detected during 2006, 2007, 2013 and 2016 (Figures 2.2 

+ 2.18a). For May, the abundance of Dinophysis spp. during 2018 was significantly higher 

than other years (Figure 2.5). In contrast to 2006, 2007, 2013 and 2016, the large Dinophysis 

spp. abundance in 2018 was not preceded by westerly wind stress exceeding 1000 N m-2 

(Figure 2.18a).  

 Despite this, there is some value in surveying the anomalously large abundance of 

Dinophysis spp. during May of 2018. It has been postulated that year by year, the coast of 

Ireland is typically affected by harmful dinoflagellates first before these are transported 

further north by currents. For example, a large and protracted bloom of the dinoflagellate 

Karenia mikimotoi was detected along the West Ireland coast during 2005, resulting in 

discoloured water and the deaths of many marine invertebrates and fish (Silke et al., 2005). 

The following year in 2006 a high biomass bloom of K. mikimotoi was detected along the 

West of Scotland over a large area, eventually reaching as far North as Shetland (Davidson 

et al., 2009). Subsequent analysis has not unequivocally been able to link these blooms, 

although chlorophyll maps suggest part of the original Irish bloom may have overwintered 

on the continental shelf west of Ireland, moving northwards in the European Shelf Current 

(ESC) (Davidson et al., 2009; Siemering et al., 2016). Models were able to accurately 

recreate the movement of K. mikimotoi up the Scottish coast during 2006, furthering 

understanding of phytoplankton transport in the ESC (Davidson et al., 2009; Siemering et 

al., 2016). There does not, however, appear to be have been a higher Dinophysis spp. 

abundance during 2018 in Ireland, compared to other years 

(https://www.marine.ie/Home/site-area/data-services/interactive-maps/weekly-hab-

bulletin). The reason Dinophysis spp. abundance peaked so early and so high during 2018 

has not been elucidated from the present study. For details of what may be determined from 

modelling experiments, such as those done for K. mikimotoi blooms previously (Gillibrand 

et al., 2016), see further in this thesis (Chapter 5). 

 When the abundance of Pseudo-nitzschia spp. is overlayed by seven-day cumulative 

westerly wind stress, the relationship between excessive cell abundances and wind is less 

https://www.marine.ie/Home/site-area/data-services/interactive-maps/weekly-hab-bulletin
https://www.marine.ie/Home/site-area/data-services/interactive-maps/weekly-hab-bulletin
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clear than with Dinophysis spp. (Figure 2.18b). Cumulative wind speed exceeded periods of 

Pseudo-nitzschia spp. cell abundance reaching 1,000,000 cells L-1 only a quarter of times 

(Figure 2.18b). There were a greater number of times that excessive wind stress occurred 

simultaneous to cell abundances of over one million cells L-1, but Pseudo-nitzschia spp. is 

more likely to remain above this chosen threshold for a longer period than Dinophysis spp. 

abundance remains above its respective chosen excessive cell abundance of 4,000 cells L-1 

(Figure 2.18). It is therefore that unlikely westerly wind stress contributed to the length of 

Pseudo-nitzschia spp. blooms on Shetland. In studies along the Pacific coast of the USA, it 

has been shown that the abundance of Pseudo-nitzschia spp. is related to upwelling 

conditions influenced by northerly winds (Du et al., 2016; Goldstein et al., 2008). The 

Atlantic coast of Shetland is hydrodynamically different form the predominant upwelling 

and downwelling cycles experience on the West of the USA. In the North Sea, evidence 

from the CPR has shown the average Pseudo-nitzschia spp. abundance has increased with 

increasing wind (Hinder et al., 2012). Studies operating over a shorter time period have not 

determined a link between Pseudo-nitzschia spp. abundance and wind around Scotland 

though (Bresnan et al., 2015a). 

 

2.4.4 Additional effects of SST on phytoplankton abundance and toxicity 

 The highest concentrations of PST in mussels have occurred during Summers when 

SST around Shetland was lowest (Figures 2.11 + 2.19), even though the correlation between 

SST Alexandrium spp. was not significant. Similarly, the correlation between SST and 

Dinophysis spp. abundance also showed no statistical significance. Highest abundances of 

Dinophysis spp. have been measured during 2006, 2013 and 2018, but in the case of this 

genus there is no clear relationship to SST. There have been indications of a temperature 

effect on the abundance and growth rate of Dinophysis spp. (Gobler et al., 2017a; Reguera 

et al., 2012; Tong et al., 2010), which is not indicated in the result discussed in the present 

chapter (see Chapter 6).  

  A weak but statistically significant correlation between Pseudo-nitzschia spp. and 

SST was found (Figure 2.20, p < 0.05, r2 = 0.017). Linear models have also suggested a 

relationship between Pseudo-nitzschia spp. abundance and temperature; significantly higher 

abundances were detected during July of years 2009 – 2010, 2012 and 2017, and August of 

year 2011 (Figure 2.7). Summer SST of years 2009 – 2012 and 2017 was also shown to have 

been anomalously higher (Figure 2.19). This is consistent with records from around Scotland 
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and its islands; there have been indications that increasing temperature due to climate change 

may result in a higher abundance of diatoms including Pseudo-nitzschia spp. (Bresnan et al., 

2016; Hinder et al., 2012). In a fjord system in Denmark, sediment cores were examined for 

Pseudo-nitzschia spp. frustules and used to create a time series of around 100 years 

(Lundholm et al., 2010). Using this, the authors present evidence suggesting an increase in 

P. seriata abundance since 1905 which was attributed to increase nitrogen loading and 

temperature, a finding which echoes CPR evidence of increased P. seriata abundance during 

Autumn months in the Northeast Atlantic (Hinder et al., 2012; Lundholm et al., 2010). 

Despite these data indicating an increase in potentially DA producing algae, there is no 

evidence to suggest an increase in the number of times that DA concentration has risen above 

the regulatory limit of 20 mg kg-1 in either Scotland or the UK as a whole (Rowland-Pilgrim 

et al., 2019). In Shetland, no evidence has been found to suggest an increase in the length of 

time that Pseudo-nitzschia spp. was detected above threshold limits of 50,000 cells litre-1 in 

the last 15 years either (Figure 2.4). The possible increase in potentially toxic phytoplankton 

with increasing temperature is discussed elsewhere (Chapter 6). 

 

2.5 Conclusions 

 In this chapter data from FSS collected during regulatory coastal monitoring in the 

Shetland Islands of potentially toxin producing phytoplankton, and toxin concentration in 

shellfish, have been presented. In addition, wind speeds from a representative site in 

Shetland have been displayed and compared to the abundance of three genera implicated in 

the production of harmful biotoxins, and the monthly mean SST from an area around 

Shetland bounded by 59.8° N and 61° N latitude, and -2° and -0.8° E longitude. These data 

have been analysed in order to test a number of hypotheses that explore the abundance of 

phytoplankton in Shetland and potential environmental drivers and introduces other practical 

aspects of this thesis. 

 The first H0 tested stated that no evidence of lengthening or amplification of HABs 

of Pseudo-nitzschia spp., Alexandrium spp. or Dinophysis spp. is present in data from FSS 

regulatory monitoring between 2006 and 2020. Analysis in this chapter does not give any 

evidence to reject this H0. Overview of the amount of time that Pseudo-nitzschia spp., 

Alexandrium spp. or Dinophysis spp. abundance remains above the specific threshold limits 

for these specific groups does not show any change in length with progressive years (Figures 

2.2 – 2.4). Rather than climate influences which may take a long time to exert ecological 

effects on phytoplankton (Henson et al., 2010), weather should be used in forecasts and 
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predictions to provide an early warning of larger more intense HABs in the more immediate 

future. 

 The second H0 was that no evidence of a significant correlation between toxin 

concentration in mussels and abundance of causative phytoplankton is present in results. 

There is enough evidence to reject the H0 for Dinophysis spp. abundance and OA group toxin 

concentration (Figure 2.9) and Pseudo-nitzschia spp. abundance and DA concentration in 

mussels (Figure 2.14). The lag between increases in Dinophysis spp. abundance and 

increases in DST concentration suggests the use of Dinophysis spp. abundance increase as 

an early warning of toxic events is a good idea. However, the much weaker relationship 

between Pseudo-nitzschia spp. and DA concentration in shellfish implies this is not always 

a useful early warning. There are a greater number of Pseudo-nitzschia species around 

Shetland which are unable to produce toxin, and the initiation of toxin production is a 

complex issue. There is insufficient evidence to reject the H0 for Alexandrium spp. 

abundance and PST toxins in mussels, as the relationship between these is not statistically 

significant (p > 0.05). This implies the presence of Alexandrium spp. around Shetland which 

are unable to produce toxins. 

 Cumulative seven-day cumulative westerly wind stress exceeding the threshold of 

1000 N m-2 before Dinophysis spp. abundance exceeds 4,000 cells L-1 on at least five 

occasions (Figure 2.18). This contradicts the H0 of Hypothesis 2.3, which stated that no 

evidence of a link between wind patterns and abundance of Dinophysis spp. is present in 

results. The abundance of Dinophysis spp. in 2018 did not appear to respond to increased 

wind stress as closely as in previous years, as the abundance was higher with a lower 

cumulative wind stress (Figure 2.18). The presence of a link between westerly wind stress 

and Dinophysis spp. abundance shows that the H0 can be rejected, but the relationship 

between cumulative westerly wind stress should continue to be studied in the future. 

 Hypothesis 2.4 was that there is no evidence of a link between temperature and 

abundance of either Pseudo-nitzschia spp., Dinophysis spp. or Alexandrium spp. from the 

data. There is sufficient evidence to reject the H0 because there is a statistically significant 

positive relationship between the abundance of Pseudo-nitzschia spp. and SST (Figure 2.22; 

p < 0.05; r2 = 0.017). No evidence was found to suggest any relationship between Dinophysis 

spp. and SST during analyses for this chapter. Most interesting is the tentative relationship 

between the toxicity of Alexandrium spp. and increasing SST. The highest concentration of 

PSTs measured from mussels have occurred during summer months when SST was lower 
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than mean (Figure 2.21 and discussed in Section 2.4.2.2). Future studies should continue to 

analyse the temperature during periods of high PST concentration in the UK. 

 The results confirm the benefit of using Dinophysis spp. as an indicator of OA group 

toxicity in mussels. The lack of a significant relationship between other causative genera and 

toxins in shellfish indicates the co-occurrence of non-toxic species. It does not mean that 

phytoplankton abundance monitoring of these species is not useful, but care should be taken 

when providing stakeholders with risk assessments. The relationships between HABs and 

environmental drivers is not yet fully understood. It appears abundance of Alexandrium spp. 

may increase in response to increased SST, but this does not necessarily result in an increase 

in toxicity. Increased SST appears to also result in increased Pseudo-nitzschia spp. 

abundance. No evidence of a link between SST and Dinophysis spp. abundance was 

measured. Abundance of Dinophysis spp. has responded positively to westerly winds during 

2006, 2013 and 2018. This demonstrates the importance of analysing ocean currents around 

Shetland and how these are affected by winds. 
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Chapter 3: Chemical analyses and toxin profiles of 

shellfish and SPATT resin deployed in three voes 

in St Magnus Bay, Shetland 

3.1 Introduction 

Three toxin groups are routinely tested for in shellfish from Scottish waters for Food 

Standards Scotland (FSS) within their regulatory monitoring programme (Parks et al., 2019). 

Instrumental analysis of toxin concentration has been done by Cefas since 2011 (Parks et al., 

2019) (see Chapters 1 and 2). Biotoxins monitored for are Domoic Acid and isomers (DA), 

Lipophilic Toxins (LTs), and Paralytic Shellfish Toxins (PSTs) (Table 3.1, Figures 1.1 – 

1.3). To protect consumers, the European Food Safety Authority (EFSA) have designated 

an Acute Reference Dose (ARfD) for biotoxins typically found in Europe. The ARfD is the 

estimate of the amount of toxin in food that can be ingested during a period of 24 hours 

without appreciable health risk to the consumer, and is expressed on a consumer bodyweight 

basis (µg toxin kg-1 bodyweight) (EFSA, 2009b). Maximum permitted limits (MPLs) of 

The following chapter describes toxin concentrations and profiles 

determined in extracts from blue mussels (Mytilus edulis) and deployed SPATT 

resin taken from the Shetland Isles. Toxins contained in M. edulis include 

okadaic acid (OA), Dinophysis-toxin-1 (DTX1) and Dinophysis-toxin-2 (DTX2), 

as well as esters of these compounds (DTX3). Toxins found in SPATT resin 

include OA, DTX1, DTX2, pectenotoxin-1 (PTX1), pectenotoxin-2 (PTX2), 

yessotoxin (YTX), azaspiracid-1 (AZA1) and spirolides 13-desMe-SPX-C and 

20-Me-SPX-G. Toxin profiles are also compared to the proportion of the 

Dinophysis spp. community, and the proportion of D. acuta. therein.  

 These results demonstrate that SPATT resin can be used to show the 

presence of toxins which have not been confirmed solely from representative 

shellfish samples. The toxin concentration within shellfish and SPATT resin did 

not show any significant similarity to each other, showing that SPATT resin 

would be unsuitable for use as an early warning system, or as part of the official 

monitoring programme in Scotland. 
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toxin concentrations in shellfish have been devised using ARfDs and are incorporated into 

the European Union (EU) legislation (EU Directive 854/2004/EEC). 

Toxin analysis for official control food safety testing is particularly important for the 

shellfish aquaculture industry in the Shetland Islands (see Chapter 2). During 2020, FSS 

issued 73 temporary closure notices to shellfish farms in the Shetland Islands, some lasting 

more than nine weeks (The Food Standards Agency, 2020). This amount of time is typical 

of other years, due to the concentration of algal toxins in mussel (Mytilus edulis) tissues 

being detected above the permitted regulatory limits (Table 3.1) (Davidson and Bresnan, 

2009; Martino et al., 2020; Parks et al., 2019). For industry stakeholders in Shetland, the 

effects of inadvertently selling shellfish above the regulatory limit for DSP toxins were made 

especially clear during the 2013 Dinophysis spp. event resulting in human poisonings 

(Whyte et al., 2014) (see Chapter 2 and 4). There have also been other poisonings linked to 

natural marine toxin events from Shellfish grown elsewhere in the UK (Scoging and Bahl, 

1998; Young et al., 2019). It is important to avoid exporting shellfish with dangerous levels 

of toxins in  the future, not only for the potential safety of consumers, but because confidence 

in the shellfish aquaculture industry may decline if more toxic events occur (Schmidt et al., 

2018a; Whyte et al., 2014). 

Due to the number of shellfish farms contained within them, three voes of particular 

significance to the shellfish industry are examined during this chapter. Aith Voe, Olna Firth 

and Busta Voe are located on the West of mainland Shetland, close to St Magnus Bay and 

on the landwards side of Swarbacks Minn (see Chapter 4) (Figure 3.1 + 4.1). Busta Voe is 

situated to the North of Olna Firth, and Aith Voe to the South (Figure 3.1). Phytoplankton 

has been monitored in these voes during at least ten out of the previous fourteen years (Table 

Table 3.1 Maximum Permitted Limits of toxins in shellfish flesh sold in the UK (from Parks et 

al., 2019). 

Toxin group Maximum Permitted Limits 

Amnesic 

Shellfish Toxins 
Domoic acid: 20 mg kg-1 

Lipophilic Toxins 

Diarrhetic shellfish poisoning toxins and pectenotoxins toxins: 160 

μg OA equivalents kg-1 

Azaspiracids: 160 μg kg-1 

Yessotoxins: 3.75 mg kg-1 

Paralytic 

Shellfish Toxins 
Saxitoxins: 800 μg STX equivalents kg-1 
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2.2). Although out of these three voes phytoplankton was only enumerated during 2013 in 

Busta Voe (Table 2.2), their proximity to each other means it is likely that they were all 

impacted by the 2013 Dinophysis spp. event (Whyte et al., 2014). Toxin concentration in the 

three voes of interest is discussed here, to evaluate shellfish aquaculture sites near the water 

body where physics have already undergone oceanographic study (see Chapter 4). 

For a detailed review of all toxins which will be discussed and analysed during the 

following chapter, see Chapter 1. It is necessary to here describe the different species of 

Dinophysis, the most abundant algal genus associated with LT production in Scotland, which 

have been detected around Shetland. Typically, D. acuminata is the most common 

Dinophysis species, but oceanographic conditions can at times influence greater relative 

abundance of D. acuta (Paterson et al., 2017; Swan et al., 2018). Species diversity of 

Dinophysis is important because it can have implications on the relative concentration of 

Olna Firth 

Aith Voe 

Busta Voe 

Figure 3.1. Map of St Magnus Bay and surrounding areas. Shellfish aquaculture sites 

are signified by stars () and labelled. 
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okadaic acid (OA), Dinophysis-toxin 1 (DTX-1), Dinophysis-toxin 2 (DTX-2), and the 

complex mix of molecules esterified at the 7-)-acyl position (DTX-3), detected within filter 

feeding shellfish like M. edulis (Stobo et al., 2005; Vale and Sampayo, 1999; Yanagi et al., 

1989). These toxins are collectively referred to as the OA group toxins (Stobo et al., 2005; 

Vale and Sampayo, 1999; Yanagi et al., 1989). DTX-2 contributes approximately 60% of 

the toxicity of OA and DTX-1, which is one reason the toxin profile of OA group toxins is 

significant (EFSA, 2008; Swan et al., 2018). Because oceanographic conditions can 

influence species diversity of the Dinophysis genus, regions with differing physical water 

structures maybe expected to have variable concentrations of OA group toxins. The 

distribution of OA group toxins in Busta Voe, Aith Voe and Olna Firth will therefore be 

investigated here. 

 Three DSP toxin profiles have been identified from blue mussels harvested from 

around the UK (Dhanji-Rapkova et al., 2018; Johnson et al., 2016). During this chapter the 

toxin profiles found by Johnson et al. (2016) will be referred to: Profile 1 contains 

approximately 50% free OA and 35% esterified OA; Profile 2 shows the opposite pattern as 

approximately 60% is esterified OA and free OA makes up less than 30% of the toxin profile; 

Profile 3 has larger concentrations of free DTX2, which makes up approximately 60% of the 

profile, and free OA contributes approximately 15% of the toxin profile (Johnson et al., 

2016). As a method of reducing the likelihood that shellfish contaminated by DSP toxins are 

sold, rapid test kits have been used to determine whether shellfish tissue is safe for human 

consumption without using fully functional laboratories (Dhanji-Rapkova et al., 2019; 

Hattenrath-Lehmann et al., 2018; Johnson et al., 2016; Turner and Goya, 2016). Rapid test 

kits can provide results faster and less expensively than sending samples from Shetland to 

the laboratory in Weymouth, but there is a higher risk of Type II errors than conventional 

methods which has the potential to negate advantages associated with rapid testing (Johnson 

et al., 2016). Type II errors generated by rapid test kits have been associated with 

anomalously high proportions of DTX-2; if prior knowledge existed that a shellfish sample 

contained a higher DTX-2 proportion, a more appropriate choice of rapid test kit could be 

made (Johnson et al., 2016). It would therefore be beneficial to accurately estimate the toxin 

profile before a rapid test kit is used to determine whether the toxin concentration in shellfish 

exceeds the regulatory threshold. 

Phytoplankton identified to genus level as Dinophysis have been detected in Scottish 

waters since coastal monitoring began in 1992 (Bresnan et al., 2016), and from the 1940s 

using the continuous plankton recorder (Dees et al., 2017; Edwards et al., 2006; Edwards 
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and Richardson, 2004; Hinder et al., 2012) (see Chapters 2 + 6 for more details). Throughout 

Scotland as a whole, the most prevalent species of Dinophysis is D. acuminata, although 

abundance of D. acuta is occasionally higher (Bresnan et al., 2016; Swan et al., 2018). 

Regulatory coastal monitoring of toxins in M. edulis have shown that the most common 

profile in Scotland is dominated by OA (Dhanji-Rapkova et al., 2018; Johnson et al., 2016; 

Swan et al., 2018). Other time periods associated with increased relative abundance of D. 

acuta have a different toxin profile, consisting of a greater proportion of DTX-2 compared 

to OA (Dhanji-Rapkova et al., 2018; Johnson et al., 2016; Swan et al., 2018). Testing 

whether DTX-2 concentration in the water column or shellfish tissues increases with greater 

abundances of D. acuta around the Shetland Island would be helpful. 

 

3.1.1 SPATT – an abiotic monitoring tool 

 Several studies have found that dissolved toxins can rapidly accumulate in water 

where toxin producing HABs are present (Bargu et al., 2006; MacKenzie et al., 2004; Pierce 

et al., 2004). This observation led a team from New Zealand to develop a system for their 

detection (MacKenzie et al., 2004). The system is called solid phase adsorbent toxin tracking 

(SPATT) and is a time integrative technique, suspending resin in the water column for a 

number of days and allowing dissolved toxins to be adsorbed (MacKenzie et al., 2005; 

MacKenzie, 2010). Toxins can then be extracted from resin and the concentrations of toxins 

quantified (MacKenzie et al., 2005; MacKenzie, 2010).  

The use of SPATT as part of an early warning system (EWS) to warn of potentially 

toxic HABs has been explored in New Zealand and Scotland (MacKenzie et al., 2004; 

Turrell et al., 2007b). In a well-designed monitoring system, shipping and processing of 

SPATT resin may be both cheaper and faster than shellfish (Lane et al., 2010). The most 

important requirement for an EWS is that the concentration of toxins in SPATT resin become 

detectable before being noticed in shellfish (Lane et al., 2010; MacKenzie et al., 2004). The 

risk assessment of consuming mussels can then be adjusted if toxins are detected within 

SPATT resin whilst no evidence of toxicity in representative shellfish has yet been found. 

 Different resins have been used for SPATT-based toxin accumulation studies, which 

vary depending on their adsorption characteristics. These include XAD-2 (Amberlite®), 

HP20 (Diaion®), and SP700 (Sepabeads®), but many other types and makes are available 

(Hattenrath-Lehmann et al., 2018; Lane et al., 2010; MacKenzie, 2010). When tested in the 
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United States, HP20 outperformed XAD-2 resin in terms of adsorption of LTs (Hattenrath-

Lehmann et al., 2018). Marine Scotland Science (MSS) have used SP700 and HP20 resin to 

successfully capture and monitor dissolved DA and LTs in Scottish waters, but have found 

adsorption and uptake of OA is improved in SP700 resin following a range of performance 

trials (Bresnan et al., 2016; Hermann et al., 2010; Turrell et al., 2007). SP700 particularly 

exceeds the performance of HP20 when rapid adsorption of toxins was tested (MacKenzie, 

2010; Turrell et al., 2007). 

Use of SPATT resins for adsorption of toxins from the dissolved phase in seawater 

provides a passive, abiotic method of detecting the approximate concentrations of toxins in 

the water column over time (MacKenzie et al., 2004; MacKenzie, 2010). A number of other 

studies have successfully extracted PSTs from SP700 and HP20 resin (Lane et al., 2010; 

Rodríguez et al., 2011). In the present study PSTs were not quantified from SPATT resin 

due to the rapid desorption rates of PSTs from SP700 as found by Rodriguez et al. (2011). 

The concentration of DA and LTs adsorbed onto SPATT resin were tested and compared to 

toxin concentrations in shellfish tissues to assess its use as an EWS. 

 

3.1.2 Hypotheses to be tested 

 To test whether passive samplers can reasonably be used to increase understanding 

of toxin profiles, the toxin concentration of extracts from SPATT resin and shellfish have 

been compared. The applicability of using SPATT as part of an EWS is discussed. To 

understand how the phytoplankton community can influence the toxin profiles inside 

shellfish and the water column, additional metrics were analysed. Phytoplankton abundance 

data have been compared to toxin profiles, in shellfish samples which were independent of 

official controls during 2017. Several hypotheses were tested. 

Hypothesis 3.1 

H0 = No significant difference will be found between the toxin profiles of shellfish in any of 

the three voes described in Section 3.1. 

Hypothesis 3.2 

H0 = No algal toxins will be able to be extracted from SP700 SPATT resin. Neither LTs or 

DA will be detectable after extraction and analysis of eluents from SP700. 
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Hypothesis 3.3 

 H0 = There will be no significant difference in the toxin profiles within SPATT resin and 

homogenized mussels. 

Hypothesis 3.4 

H0 = No significant difference will be found between the relative concentration of LTs in 

SPATT resin and mussel tissues as the year progresses. 

Hypothesis 3.5 

H0 = No significant difference will be found between the concentration of DTX-2 in toxin 

profiles as the proportion of D. acuta in the Dinophysis community increases. 

 

3.2 Methods 

Farmed shellfish were taken from three voes in St Magnus Bay Shetland throughout 

the Autumn of 2017 (Figure 3.1). Collection dates were chosen opportunistically, when 

contact with shellfish farmers was made and permission to take subsamples of mussels was 

obtained. Each voe is distinct and cannot be regarded as a replicate; this will be deliberated 

with greater depth in the discussion. 

A minimum 150 g of mussels in shells from a minimum of 15 mussels were chosen 

for each sample, to provide a good representation of the entire population. Mussels were 

collected from shellfish farms, stored packed in ice inside validated temperature-controlled 

cool boxes until they were brought to the NAFC Marine Centre. On arrival, mussels were 

stored at -20C for a maximum of 8 months. They were then transported to the Cefas 

laboratory in Weymouth again whilst insulated within validated temperature-controlled cool 

boxes and packed in ice. On receipt at Cefas, the samples were thawed, shucked, and 

homogenized using high speed Waring blenders.  

In addition to collecting mussels for analysis, SPATT resin was also suspended in 

the water column inside 100 m polystyrene bags from mussel farm ropes. The resin used 

during this experiment was SP700 Sepabeads®, as used in previous studies in Scotland 

(Bresnan et al., 2016; Hermann et al., 2010; Turrell et al., 2007b) and elsewhere (Hattenrath-

Lehmann et al., 2018; Lane et al., 2010; MacKenzie, 2010; Rodríguez et al., 2011). SPATT 

samples were suspended in water for at least seven days and removed from the same 

locations on the same dates as mussels. SPATT resin leaked from one bag which was 
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collected from Olna Firth on the 9th of October 2017, which then resulted in no data being 

generated. A trial bag to test the overall procedure was suspended from Scalloway pier in 

July 2017.  

 

3.2.1 Extraction of Amnesic Shellfish Poisoning toxins in shellfish  

DA extraction from shellfish tissues was based on the 50% methanol extraction 

method devised by Quilliam et al. (1995) and as used by the Cefas laboratory for routine 

analysis. 2.0 g (± 0.01 g) shellfish tissue homogenate was weighed out per sample, including 

one procedural blank sample of 2.0 mL water. 18.0 mL 50% HPLC grade methanol 

(hereafter referred to as methanol) was added, and vortex mixed at 2,500 rpm for 3 minutes. 

The mixture was centrifuged, and then filtered through a 20 m syringe filter, with 1 mL of 

the resulting solution pipetted into a glass autosampler vial for testing using high 

performance liquid chromatography with ultra-violet detection (LC-UV) at 242 nm 

(Rowland-Pilgrim et al., 2019). 

 

3.2.2 Extraction of Amnesic Shellfish Poisoning toxins from SPATT resin 

The methodology developed by MSS to extract DA from SPATT resin was used 

(Hermann et al., 2010). 2.0 g of SPATT resin was measured out for each sample, to which 

4.0 mL 50% methanol was added and vortex mixed for 2 minutes. This was applied from 

the 50% methanol extraction already described for extracting polar toxins from 

homogenized shellfish (Quilliam et al., 1995). A blank control sample of 2.0 mL deionized 

water was also included and subjected to the same treatment. These mixtures were then left 

for 8 hours at 4 C, to maximise the amount of toxin that was extracted from the SPATT 

resin.  

 The samples were centrifuged for 10 minutes at 4500 rpm, and as much clear solvent 

as possible was transferred to a plastic tube. 4.0 mL of 50% methanol was added to the resin 

again, vortex mixed and left for 30 minutes at room temperature and atmosphere. Resin and 

solvent were then centrifuged at 4500 rpm for 30 minutes. As much clear solvent as possible 

was siphoned off from the resin. This solution was centrifuged again at 4500 rpm for 10 

minutes and poured into polypropylene tubes. The solvents were then evaporated to dryness 

using a TurboVap at 40 C under a vacuum. 1.0 mL of 50% methanol was added to the dried 

residue and vortex mixed. 200 L of solution was pipetted into glass autosampler vials and 

analysed by LC-UV. 
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3.2.3 Extraction of Lipophilic Toxins from shellfish 

The extraction of LTs from shellfish tissues was conducted following the protocol 

defined by the EU reference laboratory for marine biotoxins (EURLMB, 2015), as refined 

by the Cefas laboratory. Aliquots of each shellfish sample measuring 2.0 g (± 0.01 g) were 

weighed out into separate 50 mL polypropylene centrifuge tubes. A procedural blank sample 

of 2.0 mL water was also prepared. 6.0 mL of methanol was added to each sample and vortex 

mixed for 3 minutes. Samples were then vortex mixed for 1 minute at 2500 rpm, prior to 

centrifugation at 4500 rpm for 10 minutes. The clear supernatant was poured off into a 20 

mL volumetric flask, then the process of adding 6.0 mL methanol, vortex mixing, and 

centrifugation was repeated two additional times. Methanol was used to make the volume in 

the volumetric flasks equal to 20 mL, ensuring all samples had equal volume and mass. The 

volumetric flasks were inverted three times to mix the extracts, and then filtered through 20 

m mesh and transferred to polypropylene tubes which were stored at 4 C. Two HPLC-MS 

vials were then filled with 1.0 mL of the resultant solution.  

Half of the methanolic extracts prepared from shellfish homogenate were 

hydrolysed, following a previously accepted protocol (Mountfort et al., 2001). Specifically, 

125 L of 2.5 M NaOH was added to 1.0 mL of extract, vortex mixed for 5 seconds and 

heated to 76 – 80 C for 40 minutes. After cooling samples to ambient temperature, 125 L 

of 2.5M hydrochloric acid (HCl) was then added before vortex mixing for 5 seconds. 

Hydrolysed and unhydrolyzed samples were tested alongside each other for OA, and DTXs, 

PTXs, AZAs, and YTXs by UHPLC-MS/MS. For the concentration of LTs in shellfish flesh, 

the limit of quantification (LOQ) is 16 µg kg-1. 

 

3.2.4 Extraction of Lipophilic toxins from SPATT resin 

The protocol to extract LTs from SPATT resin followed the same protocol as for DA 

extraction from SPATT resin, apart from the use of 100% methanol instead of 50% 

methanol. This followed the adaptation of the triple extraction method used by the Cefas 

laboratory, and the methodology developed by MSS to extract LTs from SPATT resin 

(Turrell et al., 2007b). The concentration of any LTs adsorbed onto SPATT resin was 

measured using UHPLC-MS/MS.  
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3.2.5 Comparison of Dinophysis abundance to LT profiles in shellfish tissue and 

SPATT resin 

 Toxin profiles showing the proportion of component toxins making up the sum of 

OA, DTX-1 and DTX-2 found within SPATT resin and shellfish tissue were constructed. 

These were arranged by location and plotted against date. Added to these data were the 

percentages of Dinophysis acuta of the sum of D. acuta and D. acuminata. No other species 

of Dinophysis spp, were detected during fieldwork (see Chapter 4). Phytoplankton sampling 

took place between August and October 2017, during transects from Olna Firth to outside of 

St Magnus Bay (see Chapter 4 for full methodology and data). Unfortunately, as abundance 

and toxicity measurements were independent of each other, they were not completed on the 

same date.  

 The percentage of D. acuta was defined as 50% when no Dinophysis were detected 

from samples taken on transects, as a dominant species could not be determined if the 

abundance was below the limit of detection. This occurred once when all of St Magnus Bay 

was sampled (Figures 3.14 + 3.15) and twice when only Olna Firth was sampled (Figures 

3.15 + 3.16). Because the abundance and species make up of Dinophysis was hypothesized 

to change near frontal barriers separate graphs were produced showing the percentage 

abundance of D. acuta only at Station 13 (Figures 3.15 + 3.16), which is inside Olna Firth, 

and throughout the entire transect (Figures 3.13 + 3.15).  

 

3.2.6 Extraction of Paralytic Shellfish Toxins from shellfish 

Extraction of PSP toxins form shellfish follows the methodology outlined by Turner 

et al. (2020). 5.0 g (± 0.1 g) shellfish tissue homogenate for each sample was first weighed 

into polypropylene centrifuge tubes. 5.0 mL 1% acetic acid was added to each sample, 

including a procedural blank (deionised water). Each sample was vortex mixed for 90 

seconds, before being held in boiling water for 5 minutes. After this time, samples were 

cooled for 5 minutes in running cold water, before further vortex mixing and centrifugation. 

1.0 mL of the clear supernatant was pipetted into a plastic tube, and 5.0 µL 25% NH3 added 

and quickly mixed. The extract was subjected to carbon solid-phase extraction (SPE) clean-

up to remove salt-based interferences, before 3:1 dilution in acetonitrile and UHPLC-

MS/MS analysis with hydrophilic interaction liquid chromatography (HILIC) 

chromatographic separation (Turner et al., 2020).  
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3.2.7 Analysis of DA and isomers by LC-UV 

LC-UV used in the analysis of the samples discussed here used LC-UV Agilent 

1100/1200 modules (Agilent, Manchester, UK). These modules were composed of a 

quaternary pump, vacuum degasser, autosampler, column oven and UV-diode array detector 

monitoring at 242 nm (Rowland-Pilgrim et al., 2019). Measurement of DA concentrations 

in shellfish was accomplished by summing and quantifying DA and epi-DA peaks against 

external calibration standards. Certified reference materials (CRM) and DA standards were 

sourced from the Institute for Biotoxin Metrology at the National Research Council Canada 

(NRCC, Halifax, Nova Scotia, Canada). Concentrations of toxins present were calculated as 

mg DA kg-1 shellfish tissue (see Rowland-Pilgrim et al., 2019). For the concentration of DA 

in shellfish flesh, the limit of quantification (LOQ) is 1 mg kg-1. 

 

3.2.8 Analysis of LTs using UHPLC-MS/MS 

 An Acquity UHPLC system was coupled to a Xevo TQ triple quadruple mass 

spectrometer (Waters Ltd., Manchester, UK) to make up the UHPLC-MS/MS system used 

in this study. The alkaline (pH 11) method described by Gerssen et al. (2009) was adopted 

and modified by Cefas and was then validated for use in the biotoxin monitoring 

programmes (Dhanji-Rapkova et al., 2018; Gerssen et al., 2009). Mobile phase A was 2.0 

mM ammonium bicarbonate, adjusted to pH 11 ± 0.2 with ammonium hydroxide. Mobile 

phase B comprised 2 mM ammonium bicarbonate in 90% acetonitrile and was also adjusted 

to pH 11 ± 0.2 with ammonium hydroxide. Chromatographic conditions can be seen in 

Tables 3.2 and 3.3, and mass spectrometry conditions can be seen in Table 3.4. The LOQ of 

LTs is 16 µg kg-1. 
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Table 3.3 Chromatographic gradient specifying changes in mobile phase A composition (%) during 

analysis. 

Unhydrolyzed samples Hydrolysed samples 

0 min – 75% A 0 min – 75% A 

0.2 min – 75% A 0.2 min – 75% A 

1.6 min – 50% A 1.6 min – 50% A 

1.7 min – 50% A 1.7 min – 50% A 

1.8 min – 25% A 1.81 min – 0% A 

3 min – 0% A 2.3 min – 0% A 

3.5 min – 0% A 2.8 min – 75% A 

4 min – 75% A 3.3 min – 75% A 

4.5 min – 75% A  

 

Table 3.2 Chromatographic conditions for instruments used in analysis of LTs 

Instrument name 
Waters UPLC Acquity coupled with 

Waters Xevo TQ MS 

Column Waters BEH C18 (50 x 2.1 mm, 1.7 µm) 

Guard 
Waters VanGuardTM BEH C18 (5 x 2.1 mm, 

1.7 µm) 

Run time 
4.5 min for unhydrolyzed and 3.3 min for 

hydrolysed samples 

Column temperature 30˚C 

Injection volume 5 µL 

Column flow rate 0.6 mL min-1 
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Table 3.4 Waters Xevo TQ MS/MS acquisition method utilising electrospray ionisation (ESI) 

Ionisation 

mode 
Compound 

MRM 

Transition 

Cone 

(V) 
Collision (V) 

ESI - 
YTX 

570.5>467.4 
38 30 

 570.5>396.2 

 
homo-YTX 

577.5>474.2 
38 30 

 577.5>403.2 

 
45-OH-YTX 

578.5>467.4 
38 30 

 578.5>396.2 

 45-OH homo-

YTX 

585.5>474.2 
38 30 

 585.5>403.2 

 
OA, DTX-2 

803.5 > 255.1 
70 

48 

 803.5 > 113 55 

 
DTX-1 

817.5 > 255.1 
70 

48 

 817.5 > 113 55 

 

ESI + 
AZA-1 

842.5>654.4 
42 50 

 842.5>362.3 

 
AZA-2 

856.6>654.4 
42 50 

 856.6>362.3 

 
AZA-3 

828.5>658.4 
42 50 

 828.5>362.3 

 
PTX-1, PTX-11 

892.5 > 821.5 
32 

25 

 892.5 > 213.1 37 

 
PTX-2 

876.6 > 823.5 
32 

25 

 876.6 > 213.1 38 
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3.2.9 Analysis of PSP toxins using UHPLC-HILIC-MS/MS 

PST analysis was conducted by the recently validated UHPLC-MS/MS method using 

HILIC for PST separation (Boundy et al., 2015; Turner et al., 2020, 2015). Chromatography 

was accomplished using a 1.7 µm, 2.1 x 150 mm Waters Corporation (Manchester, UK) 

Acquity BEH Amide UPLC column together with a Waters Corp. VanGuard BEH Amide 

guard cartridge. Columns were maintained at 60 °C, with samples held in the autosampler 

at 4 °C. The essential cleaning, equilibration and storage were managed following the 

process already detailed (Boundy et al., 2015). The sample injection volume was 2.0 µL. 

Mobile phase A comprised of water + 0.015% formic acid, 0.06% of 25% ammonia, 

and mobile phase B was made up of 70% acetonitrile (MeCN) + 0.01% formic acid (Turner 

et al., 2015). The validation of the HILIC UHPLC-MS/MS method was conducted in the 

UK at the Cefas laboratory in collaboration with the Cawthron Institute (Turner et al., 2015). 

For further details concerning HILIC analysis of PSP toxins, see the original studies detailing 

this protocol (Boundy et al., 2015; Turner et al., 2015).  

 

3.2.10 Calculation of toxin concentration using chromatograms 

As described above, calibration graphs were constructed for each toxin following the 

analysis of known concentrations of diluted certified reference standards. The gradients of 

the linear regression from each calibration graph were used to quantify the size of the peak 

areas measured for each toxin in each sample, adjusting appropriately for extraction and 

clean-up dilution factors. Example Total Ion Chromatograms (TIC) based on the sum of the 

two Multiple Reaction Monitoring (MRM) chromatograms obtained for each analogue 

showing the chromatographic elution characteristics for selected LTs: PTXs, AZA-1, YTXs, 

SPX-1 and gymnodinium (GYM) (see Chapter 1) are illustrated in Figure 3.2. The 

concentrations of LTs in shellfish tissues and SPATT resin were determined by analysing 

MRMs containing known concentrations of LTs in calibration standards by LC-MS/MS and 

comparing to primary (quantitative) MRM chromatograms obtained from shellfish extracts 

(Figures 3.2 + 3.3). Following analysis, if a sample was shown to contain MRM peaks at the 

same retention time and with the same MRM transmissions as those generated from the toxin 

reference standards, the area under the primary MRM signal was calculated and 

concentration of the toxin was deduced (Figure 3.3). The concentration of LTs in SPATT 

resin is calculated in the same way, comparing chromatograms of samples to known 

standards (Figure 3.4).  
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The same process also follows for determination of PSP toxins (Figures 3.6 and 3.7). 

In the case of PSTs, UHPLC-MS/MS MRMs were used, utilising the primary MRM for 

quantitation and the secondary MRM for qualitative confirmation of toxin presence (Figures 

3.6 and 3.7). A similar approach was taken for the determination of DA concentrations in 

shellfish and SPATT resin. Specifically, chromatographic peak areas obtained following 

LC-UV analysis of samples were compared to the gradients determined from external 

calibrations of known DA concentrations (Figure 3.6).  

 

3.2.11 Marine Scotland Science SPATT deployments in Scalloway 

To complement the data collected during this study, further data from SPATT bag 

deployments were obtained from MSS. Scalloway Harbour has been a study area of the 

Scottish Coastal Observatory since 2002 (https://data.marine.gov.scot/dataset/scottish-

coastal-observatory-data). Data measured in Scalloway include phytoplankton abundance, 

temperature, salinity, and algal toxins absorbed onto SPATT resin. A description of the site 

and data collected has been published (Bresnan et al., 2016). 

Although SPATT resin was deployed in bags in Scalloway Harbour between 2011 

and 2016, there were some logistical problems in the deployment. For this reason, results 

from the SPATT monitoring programme in Scalloway have not yet been published in peer 

reviewed journals. The methodology for deployment, toxin extraction and analysis is 

described by Bresnan et al. (2016), where results from  Scapa, Orkney and Loch Ewe have 

been published (Bresnan et al., 2016). It is important to note that in the Scottish Coastal 

Observatory study, SPATT bags were deployed for precisely seven days apart from on one 

occasion.  

Analysis of all samples was conducted by staff at MSS. This analysis includes toxin 

extraction and analysis from SPATT resin deployed in sites of interest to the Scottish Coastal 

Observatory. Data comprising the concentration of algal toxins in SPATT resin were 

obtained by kind permission from MSS (Lacaze, personal communication), and statistical 

analyses were performed on them to complement other practical work described in this 

chapter. When SPATT were deployed in Scalloway Harbour, the detection method used by 

MSS tested for the concentration of OA group toxins, PTX-2, AZA-1 and YTX. However, 

the concentration of 20-Me-SPX-G was only tested for in 2011. These data are shown in 

(Figures 3.15 and 3.16).

https://data.marine.gov.scot/dataset/scottish-coastal-observatory-data
https://data.marine.gov.scot/dataset/scottish-coastal-observatory-data
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Figure 3.3 UHPLC-MS/MS MRMs highlighting retention times of okadaic acid (OA) and 

DTX-2 (Dinophysis toxin 2) in known standards and shellfish sample 1, taken from Busta Voe 

on the 25th of July 2017. Peak intensity in the MS can be seen in the upper right-hand corner. 
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Figure 3.4 Chromatogram of selected LT analogues showing the retention times of DTX-1, OA 

and DTX-2, YTX, PTX, PTX2, AZA1 and SPX1, as analyzed by UHPLC-MS/MS from 

extractions of SPATT sample S11, taken from Busta Voe on the 23rd October 2017. 

MRM of 2 Channels ES- TIC 

(DTX-1) 4.38e3 

MRM of 2 Channels ES- TIC (OA 

DTX-2) 5.65e4 

MRM of 2 Channels ES- 

TIC (YTX) 3.42e3 

MRM of 2 Channels ES+ 

TIC (PTX-1 PTX-11) 7.98e3 

 

MRM of 2 Channels ES+ 

TIC (PTX-2) 2.84e5 

 

MRM of 2 Channels 

ES+TIC (PTX-2) 1.81e3 

MRM of 1 Channel ES+ TIC 

(20-ME-SPX-G) 5.46e5 

  

MRM of 2 Channels ES+ TIC 

(SPX-1) 5.96e3 
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High Domoic Acid 

standard 

Sample 9  

1.09 mg/kg 

Sample 8  

No DA detected 

Sample 12  

DA detected (<LOQ) 

 

 

 

Figure 3.5 LC-UV chromatogram following the analysis of shellfish tissue samples 

for DA. Examples include a sample positive for DA from Olna Firth on the 5th of 

September 2017, a sample below the limit of detection for DA from Busta Voe on the 

28th August 2017, and a sample with DA concentration below the LOQ but above the 

LOD from Busta Voe on the 9th October 2017. All samples have been compared to the 

high standard DA LC-UV trace. Horizontal brackets mark the retention time of DA.  
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Figure 3.6 MRM chromatogram determined in calibration standards showing the retention times 

of PSTs, by UHPLC-MS/MS. Names of PST analogues can be seen in the annotations, 

inbetween brackets. 

 

MRM of 8 Channels ES+ 

316.1 > 126 (NEO) 1.35e7 

 

MRM of 8 Channels ES+ 

300.1 > 138 (STX) 9.85e6 

 

MRM of 8 Channels ES+ 

273.1 > 126.1 (dcNEO) 4.68e6 

 

 MRM of 8 Channels ES+ 

257.1 > 126.1 (dcSTX) 4.02e7 

MRM of 2 Channels ES- 378.1 > 122 

(GTX5) 6.64e6 

 

MRM of 2 Channels ES- 394 > 122 

(GTX6) 2.40e5 
 

MRM of 8 Channels ES- 351.1 > 333.1 

(dcGTX2, 3) 4.08e6 

MRM of 8 Channels ES- 410.1 > 349.1 

(GTX1, 4) 9.90e6  (GTX1, 4) 

9.90e6 

MRM of 8 Channels ES- 394.1 > 351.1 

(GTX2, 3) 4.93e6 
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Figure 3.7 MRM chromatograms for PST analogues determined following UHPLC-MS/MS of 

shellfish tissue Sample 2, taken from Aith Voe on the 8th August 2017. Names of toxins can be 

seen in the coloured annotations, inbetween brackets. 
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3.3 Results 

3.3.1 Concentrations of LTs in shellfish and SPATT resin  

For all shellfish sampled, only OA, DTX-1 and DTX-2 were detected, and DTX-1 

was only found in two samples (Figure 3.8). Sample 1, in which the highest concentration 

of total OA group toxins was detected, was the earliest sample of shellfish obtained during 

this study and came from Busta Voe (Figures 3.3 + 3.8). Seven of the fifteen shellfish 

samples analysed had LT concentrations above the method LOQ (Figure 3.8). In samples 

when the total LT concentration was above the LOQ, OA and DTX-2 were always present 

(Figure 3.8). There was no significant difference when the mean LT toxin concentration in 

shellfish between different sites (Kruskal-Wallis, p > 0.05).  

In contrast to when peak shellfish LT concentration was detected (Figure 3.8), the 

highest concentrations of LTs in SPATT resin were found during October (Figure 3.9). All 

samples analysed, apart from the SPATT resin deployed in Olna Firth on the 10th of 

September 2017, were found to be above the LOQ for LTs in SPATT resin (0.8 ng g-1) 

(Figure 3.9). OA, DTX-1, and DTX-2 were found in all SPATT resin samples, as were PTX-

2 and 20-Me-SPX-G. The proportion of OA in the total LT load found in SPATT resin 

ranged between 20 – 40%, DTX-1 was usually below 10%, DTX-2 between 10 – 30%, PTX-

2 ranged from 15 – 40% and spirolides usually consisted of less than 20% (Figure 3.9c). 

AZA-1 was found at only low concentrations in two of the samples, in Aith Voe and Busta 

Voe on the 23rd of October 2017 (Figure 3.9).  Yessotoxins were found at low concentrations 

(< 1 ng g-1) in four of the samples (Figure 3.9). 

In shellfish, the only sample in which both free and esterified OA, DTX-1 and DTX-

2 were all detected at quantifiable levels was the first sample from Busta Voe in July (Figure 

3.10). The majority (~70%) of OA and DTX-1 were found in esterified form (Figure 3.10). 

DTX-2 was found most frequently in free form (Figure 3.10). 
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Figure 3.8. The results of UHPLC-MS/MS analysis for LT concentrations in shellfish taken from 

Shetland during 2017. Dates are displayed in the x-axis, colour coded by sites Busta Voe, Olna Firth 

and Aith Voe. Plots show (a) LT concentration as the year progressed (b) concentration of OA group 

toxins making up the LT profile, measured in µg/kg (c) percentages of each component in the toxin 

profile. The dashed lines denote the LOQ (16 µg/kg). 
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Figure 3.9. Results of UHPLC-MS/MS analysis for LT concentrations in SPATT resin taken from 

Shetland during 2017. Dates are displayed on the x-axis, colour coded by sites Scalloway Harbour, 

Busta Voe, Olna Firth and Aith Voe. Plots show (a) LT concentration against date; (b) 

concentrations of various toxins making up the LT profile, measured in ng toxin g-1 SPATT resin; (c) 

percentages of each component in the toxin profile. The dashed lines denote the LOQ (0.8 ng g-1 

resin). 
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Figure 3.10. Percentages of free and ester forms of OA, DTX-1 and DTX-2 found in shellfish 

samples from Busta Voe, Olna Firth and Aith Voe. Only samples above the LOQ of LTs in 

shellfish tissue have been shown in this way. 
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3.3.2 Concentration of OA, DTX-1 and DTX-2 compared to Dinophysis species 

percentage 

The percentage of D. acuta along the transect during late August to the beginning of 

September was approximately 25% of the total Dinophysis spp. abundance (Figure 3.11). 

The percentage of D. acuta then increased to around 50% at the end of September, although 

in October no Dinophysis were present (Figure 3.11). LT concentration within shellfish was 

not quantified when the relative abundance of D. acuta was highest in either Olna Firth or 

along the entire transect (Figure 3.11 + 3.12).  It appears that the proportion of DTX-2 

increased with the percentage of D. acuta from late August to early September within Olna 

Firth (Figure 3.12c). DTX-2 proportion then decreased as the percentage of D. acuta 

decreased during October (Figure 3.11c + 3.12c).  

Only four shellfish samples were taken from Aith Voe. An increase in the proportion 

of DTX-2 compared to OA and DTX-1 is clear in time series plots, though this could not be 

significantly correlated with the percentage of D. acuta sampled in Olna Firth or St Magnus 

Bay. Only one of the toxin loads of mussels within Aith Voe was above the LOQ (Figure 

3.8a). Along the whole transect, the abundance of D. acuta decreased from 33.3% to 20% 

while the proportion of DTX-2 in Busta Voe mussels increased. The proportion of D. acuta 

then increased to 66.7% along the whole transect or 100% within Olna Firth, for which there 

are no corresponding toxin results. D. acuta then decreased to 50%. Shellfish toxins in Busta 

Voe were not measured between the beginning of September and the middle of October, 

which in turn makes comparisons between shellfish toxin concentrations and the Dinophysis 

community difficult (Figures 3.11 + 3.12).  

In comparison to shellfish results, when the non-OA group toxins are omitted, there 

is very little difference in the relative proportions of OA, DTX-1, and DTX-2 within SPATT 

resin as time progresses (Figures 3.13 – 3.14). SPATT resin toxin results are more frequent 

during the study period, but comparisons to the Dinophysis community are still difficult. 

Only minor differences were found in the relative proportions of OA group toxins within 

SPATT resin throughout the study period when compared to the changing relative D. acuta 

abundance throughout either the whole transect or only Olna Firth (Figures 3.13 + 3.14). 
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Figure 3.11. Proportion of OA (OA.tot), total  DTX-1 (DTX-1.tot) and 

DTX-2 (DTX-2.tot) making up the total lipophilic toxin load found in 

shellfish taken from (A) Aith Voe, (B) Busta Voe and (C) Olna Firth. The 

line shows the percentage of Dinophysis acuta making up the total 

abundance of Dinophysis spp. found during entire transects from Olna Firth 

to the 100 m isobath west of St Magnus Bay. 
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Figure 3.12. Proportion of OA (OA.tot), total  DTX-1 (DTX-1.tot) and DTX-2 

(DTX-2.tot) making up the total lipophilic toxin load found in shellfish taken from 

(A) Aith Voe, (B) Busta Voe and (C) Olna Firth. The line shows the percentage of 

Dinophysis acuta making up the total abundance of Dinophysis spp. found in Olna 

Firth. 
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Figure 3.13. Proportion of OA (OA.tot), total DTX-1 (DTX-1.tot) and DTX-2 (DTX-

2.tot) making up the proportion of the sum of these toxins found in SPATT resin 

deployed on shellfish farms in (A) Aith Voe, (B) Busta Voe and (C) Olna Firth. The 

line shows the percentage of Dinophysis acuta making up the total abundance of 

Dinophysis spp. found during entire transects from Olna Firth to the 100 m isobath 

west of St Magnus Bay. 
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Figure 3.14. Proportion of OA (OA.tot), total DTX-1 (DTX-1.tot) and DTX-2 (DTX-

2.tot) making up the proportion of the sum of these toxins found in SPATT resin 

deployed on shellfish farms in (A) Aith Voe, (B) Busta Voe and (C) Olna Firth. The 

line shows the percentage of Dinophysis acuta making up the total abundance of 

Dinophysis spp. found in Olna Firth. 
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3.3.3 Concentration of domoic acid found within shellfish tissue and SPATT resin 

The only mussel sample containing a concentration of DA above the LOQ (1 mg 

kg-1) was taken from Olna Firth on the 5th of September 2017 and showed a concentration 

of 1.1 mg kg-1 (Table 3.5).  The LC-UV analysis showed a distinct peak at the relevant 

retention time for DA (Figure 3.5). DA was detected at lower concentrations in 11 samples, 

but the concentration cannot accurately be determined at these low concentrations. 

All samples of SPATT resin showed concentrations of DA were below the LOQ. 

Again, DA was detected at sub-LOQ concentrations in 8 samples, but at levels lower than 

the LOQ of 1 mg kg-1, so these data are not shown. 

Table 3.5 Concentration of DA found within shellfish samples from various voes in Shetland as 

determined by HPLC-DAD. Concentrations of DA below the limit of quantification have been 

marked as <LOQ. 

Sample Site Date Concentration of DA (𝐦g/kg) 

P01 Busta Voe 25/07/17 <LOQ 

P02 Aith Voe 08/08/17 <LOQ 

P03 Busta Voe 08/08/17 <LOQ 

P04 Olna Firth 22/08/17 <LOQ 

P05 Busta Voe 22/08/17 <LOQ 

P06 Aith Voe 28/08/17 <LOQ 

P07 Olna Firth 28/08/17 <LOQ 

P08 Busta Voe 28/08/17 <LOQ 

P09 Olna Firth 05/09/17 1.1 

P10 Busta Voe 05/09/17 <LOQ 

P11 Aith Voe 19/09/17 <LOQ 

P12 Busta Voe 09/10/17 <LOQ 

P13 Olna Firth 09/10/17 <LOQ 

P14 Busta Voe 23/10/17 <LOQ 

P15 Aith Voe 23/10/17 <LOQ 
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3.3.4 Paralytic shellfish toxins in shellfish tissues 

 All shellfish samples tested were negative for the presence of PSTs. When compared 

to standards of PST toxin standards by UHPLC-MS/MS showing distinct peaks for all 

saxitoxin analogues (Figure 3.6), none of the shellfish samples showed any distinct peaks at 

the same retention times with the same MRM transitions. A chromatogram for the negative 

test results for PSTs in Sample 2 shows that no peaks are visible and confirms the absence 

of any detectable toxins (Figure 3.7).  

 

3.3.5 Results of MSS SPATT deployments in Scalloway 

 MSS SPATT analyses provide information regarding dissolved toxin concentrations 

in waters around Shetland over a much longer time frame. These data showed that the 

concentration of LTs detected from SPATT is much higher during 2013 (Figure 3.15). The 

concentration of both OA group toxins and all LTs combined is significantly higher during 

Figure 3.15. Results of analyses carried out on SPATT resin deployed in Scalloway Harbour 

by MSS, showing (a) Concentration of toxins in SPATT resin and (b) Toxin profiles showing 

the percentage of each LT found in SPATT resin. Toxins tested for are displayed at the top of 

(a), where black shapes denote when OA group toxins are tested for. An Asterix (*) denotes 

where one SPATT bag in 2012 was deployed for 14 days instead of the usual seven days. 
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2013 compared to 2012, 2014 and 2015 (Kruskal - Wallis, p < 0.05) which are the only other 

years with a similar number of analyses recorded.  

When OA group toxins only are analysed, it can be seen that during 2013, OA was 

the only OA group toxin detected. During 2011 and 2014 the ratio of OA and DTX-1 

detected was approximately 1:2 (Figure 3.16). In 2015 more DTX-2 was detected, and the 

percentage of DTX-2 compared to other OA group toxins increased throughout the year, 

from 0% to 20%, and increased to more than 60% near the end of the year (Figure 3.16).   

 In terms of other LT analogues, all SPATT resin samples were found to contain 

detectable levels of 20-Me-SPX-G (Figure 3.15). PTX2 was detected from SPATT resin 

extracts in nearly all samples tested. YTX was only detected consistently during 2013 

(Figure 3.15). AZA-1 was detected most often during 2015, though it was also measured 

during 2011 – 2013 (Figure 3.15). 

 

Figure 3.16. Results of analyses carried out on SPATT resin deployed in Scalloway Harbour 

by MSS, showing (a) Concentration of OA group toxins in SPATT resin and (b) Toxin profiles 

showing the percentage of toxin. An Asterix (*) denotes where one SPATT bag in 2012 was 

deployed for 14 days instead of the usual seven days. 
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3.4 Discussion  

 Data presented in this chapter have shown that LTs in the water column around 

shellfish farms in Shetland are able to adsorb to SP700 SPATT resin. A greater variety of 

LTs were extracted from SPATT resin compared to homogenized M. edulis tissues. 

Regulatory coastal monitoring has shown that large concentrations of any toxins were not 

detected in the Shetland Islands during 2017 (Chapter 2). This was fortunate for human 

safety, but also meant that the adsorption of DA and PSTs to SPATT resin could not be 

tested throughout the study period. These results will be discussed in greater detail. 

 

3.4.1 Spatial differences in Dinophysis composition  

Fieldwork during 2017 demonstrated that there was little difference in the proportion 

of D. acuta to the total abundance of Dinophysis between the entire transect surveyed as a 

whole and Olna Firth (Chapter 4, Figures 3.11 + 3.12). This finding suggests that there is 

little difference between the species composition inside Aith Voe and Busta Voe compared 

to the transect between the 100 m isobath and Olna Firth. Water bodies with distinct 

hydrology can influence the diversity of genera living in specific systems (Paterson et al., 

2017; Siemering et al., 2016) (see also Chapter 4). Finding there is little difference in the 

species composition of Dinophysis throughout the transect route is helpful, as it allows for 

comparisons between species composition and abundance of Dinophysis, with OA group 

toxicity in the three voes (further discussed in Section 3.4.5). Toxin proportions compared 

to Dinophysis species composition are discussed further in Section 3.4.5. 

 

3.4.2 Usability of SPATT resin to detect changes in toxin concentration 

The toxin profile within SPATT resin deployed in the three voes during 2017 did not 

vary greatly (Figure 3.9), but an increase in the concentration of LTs was measured as the 

year progressed. The highest toxin concentration was measured on the last deployment 

during October (Figure 3.9). This contrasts with LT concentration in shellfish tissues which 

peaked during July (Figure 3.8), which is typically when the highest abundances of causative 

phytoplankton are detected (Chapter 2).  

A time series of toxins extracted from SPATT resin deployed in Scalloway Harbour 

in association with MSS and with the Scottish Coastal Observatory (Bresnan et al., 2016) is 

helpful during the present discussion. Scalloway Harbour is situated further south than the 
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three voes in St Magnus Bay (Figure 2.1) and SPATT resin deployments have been irregular, 

but data show the highest concentration of LTs is generally observed during July and August 

(Figure 3.15). The annual range of LT concentration may be overestimated during 2017 

because LT concentration was generally much lower than other years, particularly 2013 

(Figures 3.9 + 3.15) (Whyte et al., 2014). The time series from Scalloway suggests that 

having a longer time series of SPATT deployments in the three voes in St Magnus Bay would 

show more variation in both the timing and intensity of LT concentration. The range of LT 

concentration in SPATT resin deployed in Loch Ewe and Scapa is similar during August – 

October (Bresnan et al., 2016). 

The time lag between the usual peak abundance of the toxin producing Dinophysis 

spp. in June and July (Chapter 2), and the highest concentrations of LTs in SPATT resin has 

been detected before in Scotland (Bresnan et al., 2016; Hermann et al., 2010), and elsewhere 

in the world (Fux et al., 2009; Hattenrath-Lehmann et al., 2018; MacKenzie et al., 2004; 

MacKenzie, 2010). A time lag between toxin concentration peaking in mussels near the 

bloom of Dinophysis spp. and toxin concentration peak in SPATT resin has also been 

detected in the eastern United States (Hattenrath-Lehmann et al., 2018).  

Although the peak of LT concentration in SPATT resin occurred after the peak 

concentration in mussels, SPATT could be used as an effective EWS if toxin concentration 

became detectable in resin before biological models. Toxin analysis of mussels in 2017 

started before SPATT bags were deployed (Figure 3.8 + 3.9), hence it is not known where 

LTs first became apparent. Toxins in SPATT resin have been detected before those in 

shellfish during some select studies (Lane et al., 2010; MacKenzie et al., 2004; Rodríguez et 

al., 2011; Turrell et al., 2007b), but other studies have found toxin concentration to become 

detectable and to increase simultaneously in SPATT resin and shellfish (Fux et al., 2009; Li 

et al., 2016; Pizarro et al., 2013). Future studies should investigate which medium toxins in 

Shetland are detected first in; the suggestion that timelines of toxin concentration in shellfish 

and SPATT and Dinophysis spp. abundance should be investigated further has previously 

been made (Roué et al., 2018). Until this is known, it appears other methods like the use of 

satellites, physical and numerical modelling, and in situ sensors should be focussed on in 

Shetland (see Chapters 4 and 5). 

Evidence from the analysis of SPATT resin showed that the relative proportions of 

extracellular OA, DTX-1 and DTX-2 dissolved in the sea water did not vary greatly during 

the study period (Figures 3.9, 3.13 + 3.14). On average, OA contributed approximately 50% 

of absolute OA group toxin concentration, followed by DTX-2 comprising 40% and the 
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remainder consisting of DTX-1 (Figures 3.13 + 3.14). Toxicity to humans differs from the 

absolute concentration of OA group toxins, as equivalent amounts of DTX-2 contribute 

approximately 60% of the toxicity of DTX-1 and OA (Swan et al., 2018). Depuration toxin 

half-life from mussels has been measured as varying between less than one day to over 25 

days (Nielsen et al., 2016), and is dependent on food availability and mussel size and 

nutritional condition (Duinker et al., 2007; Marcaillou et al., 2010; Nielsen et al., 2016). In 

contrast, the potential adsorption of toxins onto SPATT resin is not impacted by biotic 

factors such as differing rates of toxin depuration from shellfish, or shellfish food 

preferences (Rouillon et al., 2005; Sidari et al., 1998). Section 3.4.3 discusses differences 

between toxin concentration in SPATT and shellfish further. 

It is unlikely that the almost unchanging toxin profile found in SPATT resin over the 

nearly 2 months in 2017 is due to problems with toxins adhering to or being extracted from 

SPATT resin. Similar adsorption characteristics would be expected between OA-group 

analogues, given the high similarity in chemical structures (Figure 1.3). SP700 was chosen 

in the present study to maintain comparability with SPATT deployments associated with the 

Scottish Coastal Observatory (Bresnan et al., 2016). In a long-term study deploying SPATT 

resin in Loch Ewe and Scapa, MSS found relative proportions of OA group toxins that are 

broadly similar to those seen in routine monitoring of shellfish (Bresnan et al., 2016; Dhanji-

Rapkova et al., 2018). This similarity in toxin proportions indicates that investigations 

published with the Scottish Coastal Observatory (Bresnan et al., 2016) and shown in this 

chapter (Figure 3.15) are corroborated. Additional SPATT resin toxin data from MSS has 

also found similar proportions of OA group toxins in Scalloway Harbour, Shetland (Figure 

3.16). 

Effects of the exceptional Dinophysis spp. bloom during 2013 can be seen clearly in 

the time series of LT concentration in SPATT resin deployed in Scalloway, and dissolved 

toxin concentrations in other years are small in comparison (Figure 3.16). The disparity 

between the maximum concentrations found during the current study and the MSS 

deployments in Loch Ewe (Bresnan et al., 2016) and Scalloway (Figure 3.16) may explain 

why proportionally more DTX-2 and DTX-1 was found in 2017 (Figure 3.15 + 3.16). 

Typically the higher relative proportions of DTX-2 were found in Loch Ewe SPATT resin 

when the total LT load was less than approximately 60 ng g-1 resin, and proportions of DTX-

2 were much lower when total LT concentration exceeded 100 ng g-1 (Bresnan et al., 2016).  
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3.4.3 Comparison between toxin concentration in SPATT resin and shellfish tissue 

The mussels Mytilus galloprovincialis have previously been observed preferentially 

consuming dinoflagellates, especially Dinophysis spp., in a diverse plankton rich 

environment (Sidari et al., 1998). This resulted in mussels becoming more toxic than might 

be expected if their prey included a more representative sample of phytoplankton in the 

community (Sidari et al., 1998). Using the successful culture of Dinophysis spp. individuals 

in a laboratory setting (Park et al., 2006), mussels have been successfully detected 

consuming D. acuta (Nielsen et al., 2016). The mussels that the D. acuta were fed to were 

rapidly intoxicated with OA, DTX-1 and the novel DTX-1b that this particular strain of D. 

acuta strain had been shown to produce (Nielsen et al., 2016, 2013, 2020). Although 

clearance and feeding rates have been shown to be reduced in mussels which were fed D. 

acuta, no preferential consumption of either D. acuta or D. acuminata has been detected 

when mussels are in a diverse Dinophysis ambience (Nielsen et al., 2020). Future study may 

be able to determine whether mussels preferentially consume D. acuta or D. acuminata while 

in a diverse Dinophysis spp. environment, which would be helpful for determining toxin 

profiles (Section 3.4.5). 

PTX-2 was detected in nearly all SPATT samples deployed by MSS, even when the 

concentration of toxins within SPATT resin was not much higher than the LOQ of PTXs 

(Figure 3.15). Data from routine monitoring carried out by Cefas for FSA, however, shows 

that PTX-2 is typically only found within shellfish when the total concentrations of PTXs 

and OA group toxins is above the MPL (Dhanji-Rapkova et al., 2018). For example, only 12 

mussel samples from Scotland were found with detectable concentrations of PTXs during 

July 2011 and December 2016, and most of these were from Shetland during the 2013 

Dinophysis spp. event (Dhanji-Rapkova et al., 2018).  

 In shellfish, PTX-2 is metabolised into PTX-2-seco acid or other esters of thereof, 

hereafter referred to as PTX-2-sa (Eaglesham et al., 2000; Suzuki et al., 2001a, 2001b; 

Wilkins et al., 2006). Recently Cefas have started analysing samples for the presence of 

PTX-2-sa (Turner, personal communication), but prior to 2017 PTX-2-sa was not regularly 

monitored for (Dhanji-Rapkova et al., 2018). It is therefore possible that PTX-2-sa was 

present in mussels but not detected. Another possible reason for the difference in the 

presence of PTX-2 in the water column compared to in shellfish is that shellfish do not 

incorporate PTX-2 unless there is a high concentration of OA group toxins already absorbed 

by them.  
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 The primary concern when viewing toxins in food sources is human health. In this 

context, it is worth remembering that excluding the PTX-2 concentration from total OA 

group equivalents found in all official control monitoring shellfish samples analysed by 

Cefas from 2011 – 2016 never changed whether a sample was above or below the MPL of 

160 µg kg-1 OA toxin equivalents (Dhanji-Rapkova et al., 2018). Experiments with the MBA 

showed that PTX-2-sa showed no toxicity when compared with PTX-2 (Miles et al., 2004), 

indicating that even if PTX-2-sa were present in shellfish before 2017 it is unlikely to make 

a difference to human health. No PTXs were detected in mussels (Figure 3.8) though PTX-

2 was always present in SPATT resin deployed during 2017 when other LTs were detected 

(Figure 3.9). 

 

3.4.4 Temporal changes in toxicity 

The presence of Alexandrium spp. has been closely monitored in Scottish waters 

since 1995 (Bresnan et al., 2009, 2008; Brown et al., 2010). During 2017, when the SPATT 

bags described in this study were deployed, the abundance of Alexandrium spp. was 

significantly lower than the majority of years between 2006 and 2019 (Chapter 2). Lower 

Alexandrium spp. abundance explains why PSTs were not detected in mussels throughout 

2017 (Figure 3.7). Data from the FSS regulatory monitoring demonstrates that the abundance 

of Alexandrium spp. showed that the only occurrences of the mean weekly abundance of 

Alexandrium spp. exceeded 20 cells L-1 were in June and September (Chapter 2). The 

presence of Alexandrium spp., which have previously been associated with the production 

of spirolides (Cembella et al., 2000; Fux et al., 2009; Touzet et al., 2008), provides a likely 

source for their presence in SPATT resin (Figure 3.9). The highest spirolide concentrations 

observed in the current study occurred during September in Olna Firth, and October in Aith 

Voe (Figure 3.9). Previous studies using toxin concentration in SPATT have also found that 

the highest concentrations of toxins in SPATT resin occurs after the abundance of causative 

phytoplankton has begun to decrease (Hermann et al., 2010; MacKenzie et al., 2004). This 

is probably due to toxins from individual cells taking time to be dissolved into the water 

column as the cells lyse (MacKenzie et al., 2004; Paz et al., 2004). It is likely the same has 

happened in the current study, as the highest concentration of LTs in SPATT resin was found 

in the last samples during 2017. 

Previous studies deploying SPATT resin in Loch Ewe and Scapa did not detect 

spirolides, but SPATT resins were specifically analysed for spirolides only irregularly 
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(Bresnan et al., 2016) (Lacaze, personal communication). During 2011, the only year SPATT 

resin deployed in Scalloway was tested for 20-Me-SPX-G, spirolides were detected (Figure 

3.15). Spirolides have also been detected in Ireland, using both SPATT in situ, and sampling 

from populations grown from cysts and vegetative cells (Fux et al., 2009; Touzet et al., 

2008). The SPATT resin that SPX-13-DesMe-C was extracted from in Ireland was Diaion® 

HP-20 resin (Fux et al., 2009), showing that the presence of spirolides detected during this 

study and by MSS was not an artefact of the SP700 resin used.  

 Similar to PTXs, YTXs appear to be more prevalent when the concentration of other 

LTs is high. YTXs were detected in SPATT resin deployed both in St Magnus Bay and in 

Scalloway Harbour (Figures 3.9 + 3.15). In both St Magnus Bay (Figure 3.9) and Scalloway 

Harbour (Figure 3.15), YTXs were only detected when the concentrations of LTs was 

highest. In the MSS deployments in Scalloway Harbour, this occurred for one week during 

2012, and extensively during the latter half of 2013 (Figure 3.15) which is when the large 

Dinophysis spp. event occurred (Whyte et al., 2014). YTXs were detected four times from 

SPATT deployed during 2017 in the three voes east of St Magnus Bay (Figure 3.9). Similar 

to PTXs, there is unlikely to be any additional risk to human health from YTXs as they have 

only been measured in concentrations above 20 µg kg-1 when the concentration of OA group 

toxins was already above the MPL (Figure 3.15).  

 When the concentrations of LTs found in shellfish from the British Isles during 2011 

– 2016 were surveyed, YTXs were found to be the least abundant regulated LT (Dhanji-

Rapkova et al., 2019, 2018). YTXs were detected in shellfish harvesting sites in Shetland 

between March 2003 and September 2004 (Stobo et al., 2008). More recently, YTXs 

confirmed in shellfish during 2011 – 2016 have typically been restricted to the south-west 

of Scotland, apart from during 2013 – 2014 when the majority of YTX positive samples 

were from the Shetland Islands (Dhanji-Rapkova et al., 2019). This appears consistent with 

MSS deployments of SPATT resin, as discussed earlier. It is possible therefore, that the 

anomalous wind conditions which advected high numbers of toxin producing Dinophysis 

spp. during 2013 (Whyte et al., 2014) were also responsible for advecting unusually high 

abundances of P. reticulatum, the most likely producers of YTXs (Bresnan et al., 2016; 

Dhanji-Rapkova et al., 2019), towards Shetland (see Chapter 4).  

 It is interesting to note that although YTXs persisted in Shetland mussels from the 

summer of 2013 throughout the winter to early 2014 (Dhanji-Rapkova et al., 2019), YTXs 

were only detected from SPATT resin deployed in Scalloway Harbour during the summer 

of 2013 (Figure 3.15). This difference may indicate a slow depuration rate of YTXs, 
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corroborating previous work suggesting that the depuration rate of YTXs from mussels 

slows with slowing metabolism due to colder conditions over winter (Aasen et al., 2005).  

 

3.4.5 Toxicity as ratio of D. acuta to D. acuminata changes 

Despite the relatively small sample size in this study, some inferences can be made. 

During 2017 when total LT concentration was above the LOQ, the proportion of OA in the 

total OA group toxin load in M. edulis ranged from between approximately 30% and 85% 

(Figure 3.8). In a study from southern England with similar time constraints, the 

concentration of OA in M. edulis contributed approximately 94% to the total load of OA 

group toxin surrounding a DSP event (Young et al., 2019). This outbreak of at least six cases 

of DSP in England was noted during 2019; all cases of DSP were preceded by the 

consumption of mussels (Young et al., 2019). This required a closer analysis of data 55 days 

before the outbreak and 19 days after; only seven samples were analysed for toxin content 

and six of these were tested positive for the presence of OA group toxins (Young et al., 

2019). The range of OA proportion of total OA toxin load in the present study suggests the 

proportion of D. acuta in the Dinophysis population was larger than that in the English event 

during the study period in Shetland (Figure 3.8).  

The most dominant of the OA group toxins found in mussel tissues was OA, followed 

by DTX-2 and lastly DTX-1 (Figure 3.8). This is consistent with previously published work 

describing LT profiles in the whole of the UK between 2011 – 2016 (Dhanji-Rapkova et al., 

2018). Toxin profiles from the current study align with a mixture of either Johnson et al. 

(2016)’s Profile 1 or 2, which are both dominated by OA. More esterified compounds are 

represented in Profile 2 (see Figure 3.10) and Profile 3, which typically contains more than 

50% DTX-2 (Johnson et al., 2016). Tentative toxin profile designations are helpful as they 

can provide data for choosing which rapid test kit should be used (Johnson et al., 2016; Swan 

et al., 2018). By way of illustration, when four rapid test kits for LTs in shellfish tissues were 

tested in the UK, three of the assays returned a higher than average number of false negatives 

when samples contained a high proportion of DTX-2 (Johnson et al., 2016). If a longer time 

series compared to species composition of Dinophysis spp. were made, the species 

composition at a specific time may be used to better determine more accurate rapid test kits 

for LTs in shellfish (Johnson et al., 2016). Using new and innovative technology such as the 

Imaging FlowCytobot® (https://mclanelabs.com/imaging-flowcytobot/) may make regular 

identification of Dinophysis to species level possible, which in turn may increase our 

https://mclanelabs.com/imaging-flowcytobot/
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knowledge of toxic HABs and reduce the probability of DSP events  (Davidson et al., 2011; 

Whyte et al., 2014; Young et al., 2019). 

Toxin analyses suggests that although there may be an increase of D. acuta west of 

Shetland compared to more stratified seas around Scotland (Chapter 4), this is rarely 

reflected in toxin profiles in Shetland which in most cases exhibited OA toxin Profile 1 

(Dhanji-Rapkova et al., 2018; Johnson et al., 2016). If D. acuta are regularly accumulated at 

fronts west of Shetland like the West Shetland Front (WSF), it may have been expected that 

during 2013 when a larger abundance of Dinophysis were advected to shore (Whyte et al., 

2014), that a large proportion of cells would be D. acuta. However, analysis has shown all 

shellfish samples analysed during 2013 adhered to OA group toxin Profile 1, indicating a 

relatively small proportion of DTX-2 (Dhanji-Rapkova et al., 2018; Johnson et al., 2016). 

MSS SPATT resin deployments in Scalloway Harbour also show that all OA group toxins 

during 2013 were from OA, again indicating an adherence to Profile 1 (Figure 3.16) (Dhanji-

Rapkova et al., 2018; Johnson et al., 2016). It should be noted that esterification of 

compounds does not occur during adsorption to SPATT resin, so it cannot be determined 

from SPATT resin whether the toxin profile adhered to Profile 1 or 2 (Johnson et al., 2016).  

 

3.5 Conclusions 

This chapter has exploited a number of data sources to provide an exposition of 

phycotoxin content of shellfish and the water column, as well as using toxins adsorbed onto 

passive samplers to show the diversity of algal toxins around Shetland. No evidence of 

differences between the toxin content in either shellfish or the water column was detected 

between the three voes investigated during this chapter. Although there were some 

indications that the toxicity of shellfish within Aith Voe was lower than Busta Voe or Olna 

Firth, no statistically significant differences were detected. Observing the LT toxin 

concentration in shellfish tissues analysed during work for this chapter has therefore not 

provided enough data to reject the H0 of Hypothesis 3.1, which stated that no significant 

difference would be found between the toxin profiles of shellfish in the three voes 

investigated during this study. 

Nine separate LTs were detected in eluents from SPATT resin during field and 

laboratory work for this chapter (Figure 3.9). This means there is sufficient evidence to reject 

the H0 of Hypothesis 3.2, which stated that it would not be possible to extract any toxins 

from SP700 resin. DA was only detected at concentrations below the LOQ in SPATT resin, 
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but only one shellfish sample showed DA concentration exceeding the LOQ, so this does 

not necessarily mean the extraction and analysis method used for SPATT resin in the present 

study was inappropriate. PTX-2 and 20-Me-SPX-G were always present in SPATT resin, 

excluding the sample deployed in Olna Firth at the beginning of October (Figure 3.9). Only 

OA group toxins were detected from homogenized shellfish tissues deployed in the same 

location at approximately the same time (Figure 3.8). Because the toxin profiles in SPATT 

were significantly different from those in homogenized shellfish tissue, there is evidence to 

reject the H0 of Hypothesis 3.3 which was that no significant difference in the toxin profiles 

within SPATT resin and homogenized mussel tissue would be detected. A difference was 

detected between when the peak concentration of LTs in shellfish was detected and when 

the peak concentration of LTs in SPATT resin was detected. Enough evidence exists to reject 

the H0 of Hypothesis 3.4, which hypothesized that no significant difference would be found 

between the relative concentration of LTs in SPATT resin and mussel tissues throughout the 

year. 

SPATT was originally planned to be used as an EWS for toxic events, because of its 

increased sensitivity compared to testing shellfish toxicity (MacKenzie et al., 2004; Turrell 

et al., 2007b). Data presented in this chapter showed that the peak of LT concentration in 

SPATT appeared after the peak concentration of LTs in shellfish (Figures 3.8 + 3.9). The 

concentration of algal toxins during 2017 were lower than during other years, so further 

investigation during years of higher toxicity is needed to test the timing of toxin adsorption 

onto SPATT resin compared to increases in shellfish toxicity. Regardless, it is unlikely that 

a chemical EWS will be of use for the aquaculture industry in Shetland because HABs can 

develop and then be quickly advected from offshore (Fux et al., 2009; MacKenzie, 2010) 

(see Chapter 4). There is value in having a passive sampling system not dependant on 

biological filter feeding for monitoring toxins that only rarely show up in shellfish toxins 

and may not even be suspected to be present in the water column. Constant monitoring of 

toxins using passive samplers may seem expensive (Lane et al., 2010), particularly when no 

direct effect on human health is apparent,  but monitoring over specific time periods can 

increase knowledge of potential emerging toxins. Deploying SPATT in voes around St 

Magnus Bay has shown that PTX-2 and 20-Me-SPX-G were present in the water column, 

when they were absent from mussels. When causative phytoplankton are consumed by 

shellfish, toxins can accumulate within edible tissue. Having knowledge that toxins are 

present in the water column, therefore, will inform discussions if these toxins are suddenly 

found during routine shellfish monitoring. 
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No statistically significant relationships were detected between OA group toxin 

profiles in shellfish and the percentage of D. acuta within Olna Firth. No significant 

relationships between toxin profiles in SPATT resin and proportion of D. acuta were 

detected either. There is insufficient evidence to reject the H0 of Hypothesis 3.5, which stated 

that no significant difference would be found between the concentration of DTX-2 in toxin 

profiles as the proportion of D. acuta in the Dinophysis community increases. However, 

results presented in this chapter tentatively indicate that the concentration of toxins in 

mussels appears to be more responsive to the phytoplankton community than the 

concentration of OA group toxins in SPATT resin (Figure 3.9). This lends support to 

conclusions of other studies that toxins were only accumulated within shellfish in the 

presence of causative phytoplankton cells (Fux et al., 2009), but toxins in the water column 

can remain there even when no phytoplankton present are producing them (Bargu et al., 

2006; Fux et al., 2009; MacKenzie et al., 2004; Pierce et al., 2004). 
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Chapter 4: Exploring whether the structure of the 

water column west of the Shetland Islands 

contributes to the occurrence of HABs:  

All Quiet on the Western Front? 

4.1 Introduction 

Harmful algal blooms (HABs) are a re-occurring problem around the Shetland 

Islands, particularly impacting the aquaculture industry. Evidence suggests that HABs may 

be advected to shore from the waters west of the Shetland Islands when the prevailing wind 

pattern changes from southerly to westerly (Whyte et al., 2014). An example of this occurred 

during 2013, when a large bloom of Dinophysis spp. was advected towards Shetland (Whyte 

et al., 2014). Due to the rapid increase in Dinophysis spp. cell abundance within the voes of 

western mainland Shetland, associated diarrhetic shellfish toxin (DST) concentration 

increased within shellfish growing there. A batch of mussels were harvested, sold, and 

consumed before the regulatory cessation of shellfish harvesting. This resulted in 70 people 

becoming sufficiently ill to seek medical advice, and subsequently reporting diarrhetic 

shellfish poisoning (DSP) (Whyte et al., 2014). Hence, improving the accuracy of HAB 

The complex coastline around the Shetland Islands, with its many voes, 

provides an environment perfect for aquaculture operations. One of the most 

important factors limiting how well the shellfish aquaculture industry performs 

is the impact of sporadic harmful algal blooms (HABs). 14 CTD transects are 

analysed here and show that an offshore mixing front is present on the West of 

Shetland. Evidence of a further front closer to the coastline is also shown. 

Phytoplankton abundance and nutrient concentrations are presented and the 

impact of frontal regions on the likelihood of advective HABs to reach the 

coast are discussed. The front was present during spring and summer of 2017 

and 2018 and is likely to have disrupted the movement of wind advected algal 

cells.  



153 

prediction is important to the future of the aquaculture industry in the Shetland Islands. 

Around 81% of Scottish mussels stocks are harvested by the shellfish aquaculture industry 

in Shetland (Munro, 2020) and is routinely adversely affected by these events (see Chapters 

1 and 2).   

Although it has been hypothesised that Dinophysis spp. blooms west of the Shetland 

Islands develop offshore and are advected to the coastline, the exact region of bloom 

development has not been identified (Whyte et al., 2014). Knowledge of the HAB initiation 

region is important, as this will help to improve prediction and early warning. For example, 

if blooms recurringly develop in the same area, sensors able to detect potentially harmful 

blooms can potentially be focussed there. Previous studies suggest that HABs may be 

imported from either the shelf edge (Gillibrand et al., 2016; Siemering et al., 2016), or a 

mixing front closer to the coastline (Whyte et al., 2014). The presence of a mixing front close 

to the coastline of Shetland which can influence how HABs are advected to the coastline is 

discussed here. Possible HAB initiation regions, and advection further away from the 

Shetland coastline is discussed elsewhere (Chapter 5).  

HABs impacting Bantry Bay, a major inlet in the of south-west Ireland, have been 

closely studied. Understanding of the mechanisms governing pathways for HABs which 

have in the past rapidly permeated Bantry Bay may inform how HABs can also quickly reach 

the Shetland coastline. Like most voes in the Shetland Islands, there are no major sills or 

basins within Bantry Bay, and it remains fairly open to adjacent waters with which it can 

mix relatively freely (Edwards et al., 1996; Edwards and Sharples, 1986). When thermally 

stratified during summer months, Bantry Bay is susceptible to HABs dominated by 

Dinophysis spp. likely due to wind shear advecting cells to Bantry Bay from the shelf edge 

(Edwards et al., 1996; Raine et al., 2010). As voes on the West coast of Shetland are similarly 

open to the adjacent Atlantic Ocean, there is a corresponding threat of wind advected HABs 

from the shelf edge. 

Water column stratification and changes in wind can lead to the advection of toxin 

producing or high biomass dinoflagellates towards coasts and small inlets therein (Fawcett 

et al., 2007; Pitcher et al., 1998; Seeyave et al., 2009; Whyte et al., 2014). Notable examples 

of advection of harmful dinoflagellates to aquaculture sites in voes on the western Shetland 

Islands have in the past involved Dinophysis spp. (Whyte et al., 2014) and Karenia mikimotoi 

(Davidson et al., 2009; Gillibrand et al., 2016). Although the majority of toxin producing 

phytoplankton genera are dinoflagellates, the diatom Pseudo-nitzschia spp. is an example of 

a potentially toxic diatom (see Chapters 1 and 2). The abundance of Pseudo-nitzschia spp. 
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has exceeded regulatory threshold cell densities every year since 2006, apart from during 

2018 (Chapter 2). Typically, a stratified water column can be favourable for the growth of 

dinoflagellates, such as Dinophysis spp., and their subsequent advection over long distances 

(Díaz et al., 2014; Fawcett et al., 2007; Paterson et al., 2017; Raine et al., 2014). A mixed 

water column which can contain a greater concentration of nutrients can be conducive to the 

abundance growth of diatoms, including Pseudo-nitzschia spp. (Fawcett et al., 2007; 

Paterson et al., 2017). In frontal regions where stratified water bodies may be adjacent to a 

more mixed water structure, it may be expected that a complex distribution of diatoms and 

dinoflagellates will be found (Paterson et al., 2017). Given the interest in HAB initiation and 

advection to the Shetland coastline, abundance of the diatom Pseudo-nitzschia spp. and the 

dinoflagellate Dinophysis spp. will be discussed in the present chapter. 

The European Slope Current (ESC) flows from the Bay of Biscay to the West coast 

of Norway (Johnson et al., 2020; Xu et al., 2015), though for the context of the present 

chapter  it is most significant that the ESC flows along the shelf edge west of mainland 

Scotland to the Shetland Islands. In this region, the distinct ESC shows faster South to North 

water movement compared to surrounding water, as well as water temperature differences 

which at times indicate the presence of a front (Xu et al., 2015). The ESC has been suggested 

as a favourable environment for the growth of dinoflagellates, as previous cruises have found 

the abundance of dinoflagellates is significantly higher than diatom abundance along the 

North West European Shelf (Gillibrand et al., 2016; Siemering et al., 2016). The ESC may 

also be involved in the transport of the harmful dinoflagellate K. mikimotoi northwards from 

Ireland to western Scotland, and further North (Gillibrand et al., 2016). It is possible 

therefore that the origin of advected cells, which caused the large 2013 Dinophysis spp. event 

in the Shetland Islands, was the ESC (Whyte et al., 2014). However, the very rapid cell 

accumulation rate of cells measured in Shetland in combination with the simultaneous 

westerly winds indicated, do not preclude the presence of a mixing front closer to the West 

coast of Shetland (Whyte et al., 2014). For example, previous work has indicated the 100 m 

isobath is a region that frontal regions may be found (Hughes, 2014a). 

 The present study describes a series of 14 transects performed over two years from 

Olna Firth, a voe on the West of Shetland (Figure 4.1). Using in situ data from CTD casts, 

phytoplankton counts and estimates of nutrient concentrations, the evidence for a mixing 

front along the 100 m isobath west of Shetland was explored. Possible implications of this 

physical structure are discussed, including whether this physical structure is likely to be 
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important for the initiation of HABs, or if it has the potential to negatively influence the 

advection of HABs. A number of hypotheses were explored. 

Hypothesis 4.1 

H0 = There is no evidence for a front along the 100 m isobath west of the Shetland Islands 

along the CTD transect. If a front is present on the 100 m isobath west of the Shetland 

Islands, no variation in its location or persistence is ever detected. 

Hypothesis 4.2 

H0 = There is no difference between the diversity of potentially harmful phytoplankton 

growing near or away from frontal areas.  

Hypothesis 4.3 

H0 = Any fronts which may be present do not impact the advection of HABs towards 

aquaculture sites on the West of Shetland. 

 

Figure 4.1 Showing the transect route taken during 2017 and 2018. Red contours mark 100 m 

isobaths. Purple areas show licensed areas for finfish aquaculture, light green boxes show 

licensed areas for shellfish aquaculture. 

Muckle 
Roe 
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4.2 Methods 

 The area of study described here is a transect line of 17 sampling stations extending 

approximately 40 km westwards from mainland Shetland (Figure 4.1). The transect began 

in Olna Firth, a voe inside St Magnus Bay in which commercial mussel farming occurs, 

traversed the deepest region of the bay, and extended past the offshore manifestation of the 

100 m isobath (Figure 4.1). Sampling stations were chosen based on them being less than 5 

km away from each other and attempts to include the deepest parts of St Magnus Bay. A 

representative set of sampling stations inside Olna Firth was also included in the transect 

(Figure 4.1). A greater spatial resolution of stations was chosen within the restricted region 

of exchange (RRE) east of Swarbacks Minn compared to outside this RRE (Stations 9 and 

up). This is because it was hypothesized that stations would be more different from each 

other inside the voe than outside; there is a more complex topography between Swarbacks 

Minn and Olna Firth compared to within St Magnus Bay (Figure 4.1).   

 

4.2.1 Fieldwork protocol 

Data from 14 transects were collected over a period of two years from 2017 – 2018, 

during which conductivity-temperature-depth (CTD) profiles were recorded (Table 4.1). All 

transects were completed using the RV Moder Dy, with skipper and crew from the NAFC 

Marine Centre. The nine transects completed during 2017 were designed to sample St 

Magnus Bay during the typical blooming period of phytoplankton, including seasons when 

the water column was likely to be well-mixed, to stratified, and well-mixed again. The first 

two cruises included only CTD deployments, and it was thus possible to conduct a greater 

number of sampling stations. The many CTD deployments allowed familiarisation with 

equipment and any problems to be discovered before water samples were collected.   

For CTD deployment, the research vessel remained at the same approximate 

longitude and latitude during ascent and descent. During the first sampling trip on the 10th 

of May 2017, the CTD needed to be deployed and retrieved manually, using a rope of 

approximately 100 m length. This meant that the CTD was not able to reach the bottom of 

the water column at the deepest stations. After the first transect, all subsequent CTD 

deployments were carried out using a winch, which ensured the seabed could be reached at 

every station except 6 which is at more than 150 m depth (Figures 4.1 + 4.4). 
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 During 2017, seven transects were designated water sample collection days. 

Collecting water samples was time intensive, and therefore usually allowed only five or six 

stations to be sampled. Typically, a water sample was collected using a Niskin bottle from 3 

m and 20 m depth. During the 13th of July 2017, a separate sample was taken from the 

estimated chlorophyll maximum (Figure 4.19). At least 1100 mL of collected water was 

filtered through 100 µm mesh and decanted into translucent plastic bottles and stored in a 

dark cool box. The water was brought back to the NAFC Marine Centre laboratory and 

refrigerated below 5 °C. Within 24 hours, two 500 mL duplicates of water were filtered at 

low vacuum through 47 mm GF/F filters and stored wrapped in foil at -20 °C, until analysis 

for chlorophyll content could take place at the SAMS laboratory, following the methodology 

described by Paterson et al (2017). Upon defrosting, duplicate samples of pigments were 

extracted from filtrates in 5 mL 90% acetone solution using an ultrasonic probe for 30 – 35s 

at 50 W. Clarification and analysis of extracts was carried out by reverse phase high 

performance liquid chromatography (HPLC) using a Thermo Accela Series HPLC system 

with an autosampler chilled to 4 °C and photo diode array detector. The instrument used was 

calibrated with standards purchased from DHI (Denmark). Pigments measured during 

analysis included chlorophyll A and other molecules, hereafter referred to simply as 

Table 4.1 Dates in which CTD transects were completed. Confirmation of whether the 

CTD was deployed at a given station is denoted by a tick (✓) below the appropriate 

station name in the top row. If a water sample was also taken, this is indicated by a star 

(★). 
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chlorophyll. Pigments were identified based on retention time and spectral match using a 

photodiode array.  

50 mL of water was filtered through 25 mm GF/F fibre filters which were also frozen 

in preparation for inorganic nutrient analysis of filtrates. After defrosting in the laboratory 

in SAMS, filtrates were analysed by a QuickChem 8500 LACHAT flow injection auto 

analyser for total oxidised nitrogen (TOxN), silicate and phosphate. The methodology for 

both preparing and analysing filtrates for chlorophyll and inorganic nutrient analysis 

replicates the protocol described by Paterson et al. (2017). For phytoplankton enumeration 

at least 50 mL of collected water was stored inside a brown Nalgene bottle and inoculated 

with acidified Lugol’s iodine, so that the final concentration of Lugol’s solution was 

approximately 1%. The 50 mL samples were then refrigerated at approximately 5 °C prior 

to phytoplankton enumeration by microscope. 

During the 2018 transects, activity was optimised to allow collection of as much CTD 

information as possible (Table 4.1). Two additional stations, 1A and 1B, were added to the 

transect on the seaward side of the 100 m isobath. Transects were completed a maximum of 

20 days apart. CTD deployment was prioritised during 2018 meaning water sample 

collection was not possible. 

 

4.2.2 Phytoplankton counts 

Before phytoplankton enumeration, each 50 mL sample was gently inverted a 

number of times to ensure an even distribution of cells within the brown Nalgene bottle. The 

sample was then poured into a Hydro-Bios settling chamber and allowed to settle for at least 

20 hours (Utermöhl, 1958). Counting then commenced using a Zeiss Axio S100 inverted 

microscope at between 200x and 400x magnification (Utermöhl, 1958). 

Phytoplankton sampling only became possible during July 2017. On the 13th of July 

and 8th August, the entire phytoplankton community was evaluated. Because of this, time 

limitations allowed identification of Dinophysis and Pseudo-nitzschia to genus level only. 

After this date, identification of Dinophysis to species level was undertaken. Determination 

of whether the front had any relevance to Dinophysis speciation throughout St. Magnus Bay, 

as had previously been observed in Loch Fyne, was then possible (Paterson et al., 2017). The 

genus Pseudo-nitzschia was subdivided into the P. seriata complex (> 3 μm wide) and the 

P. delicatissima complex (< 3 μm wide) following Fehling et al. (2006).  
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Phytoplankton data were represented graphically in bubble plots using the “plotly” 

(Sievert, 2020) and “Plotrix” (Lemon, 2006) packages in R (R Core Team, 2021). During 

counts when Dinophysis were identified to D. acuta and D. acuminata and Pseudo-nitzschia 

were subdivided into P. seriata and P. delicatissima complexes, bubbles were colour coded 

to reflect this. Graphs were also made of phytoplankton which were only identified to genus 

level, in which bubbles were colour coded to reflect abundance ranges. 

 

4.2.3 Wind 

Mean hourly wind data recorded at Scatsta Airport (Figure 4.1) were acquired for the 

years 2017 and 2018. Data were recorded by the Met Office and were obtained from the 

Centre for Environmental Data Analysis (www.ceda.ac.uk). For each CTD transect the 

previous seven days wind data were considered, in order to assess whether the wind patterns 

had any effect on the water column structure or phytoplankton. Wind roses were constructed 

using the R package “windrose” (Hopper, 2014).  

Daily mean wind speeds and directions were calculated and plotted during the 

months of May – October for years 2017 and 2018. These means were calculated by taking 

hourly U and V components of wind, calculating the mean for each 24-hour period, and 

subsequently converting U and V components back into wind speed and direction so they 

could be plotted. 

 

4.2.4 Salinity data corrections 

As CTDs travel through differing temperatures during its descent and ascent, the 

temperature sensors require time to measure the temperature accurately (Lueck, 1990; Lueck 

and Picklo, 1990). The conductivity cell within the CTD has a thermal mass, resulting in 

potential differences between the conductivity cell temperature and ambient water cell. If 

water in these cells is at different temperature, conductivity assessments will be inherently 

inaccurate. This thermal mass effect is due to conductivity being measured accurately based 

on water inside the CTD, which can be at a different temperature compared to ambient water, 

particularly around the thermocline. The calculation of salinity by the CTD requires 

conductivity, temperature, and depth (or pressure) measurements, and all three must be 

synchronised to allow an accurate measurement of salinity to be obtained (Poisson, 1980).  

The CTD used was the Valeport™ MIDAS CTD+ 300 model, with attached Valeport 

0400023 Chlorophyll Fluorometer. This CTD has no local thermal mass correction protocol. 

http://www.ceda.ac.uk/
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After reviewing the raw data large spikes in salinity were evident, particularly around steep 

temperature gradients. After requesting information about a specific thermal mass correction 

protocol from the manufacturer, the advice given was to apply personalised post processing 

algorithms based on previous studies using similar instruments (Nakanowatari et al., 2017). 

Because of the way CTDs calculate salinity, regions with steep temperature change gradients 

often exhibit abrupt and spurious salinity spikes (Lueck, 1990; Nakanowatari et al., 2017). 

A previous study of hydrographic conditions in the North Pacific used seal-deployed CTD 

sensors, which were calibrated by Valeport (Nakanowatari et al., 2017). The team described 

how they used a thermal mass correction method involving a number of steps but focussing 

on filtering spurious salinity values out which were calculated during steep temperature 

gradient thresholds (Nakanowatari et al., 2017). This filter removed 18% of the available 

data, which required using a linear interpolation method to fill in any gaps (Nakanowatari et 

al., 2017).  

After review of the CTD data from 2017 – 2018 (Figure 4.2), similar steps to reduce 

spurious salinity spiking were taken. Several filters were applied to the data, in order to 

preserve as much usable data as was possible whilst still removing spurious values. Firstly, 

a lag of one second was applied to temperature measurements before using them to calculate 

salinity. This time lag of one second was used because this lag was equal in length to the 

sampling interval of the CTD and was found to be the most successful time lag applied when 

removing spurious salinity spikes. Secondly, all salinity measurements which differed from 

previous measurements by more than one standard deviation were removed. Applying these 

filters meant that the worst instances of salinity spiking were removed, though there were 

still some spurious salinity differences associated with the thermocline (Figure 4.2). 

Spurious salinity spikes are indicated when the upcast and downcast show opposite results 

at the thermocline especially (Figure 4.2).  
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4.2.5 Plotting data along the transect  

The marked difference between up and down casts is especially noticeable in CTD 

profiles when travelling through steep temperature gradients (Mensah et al., 2009). When 

plotting against bathymetry for each station, a median value was taken for each two metres 

of depth. This further reduced the error between upcast and downcast which can be seen 

throughout the CTD profiles (Figure 4.2). If only the downcast were plotted, the inaccuracies 

of salinity correction when the CTD traversed steep temperature gradients would be 

preserved. 

In order to measure chlorophyll, fluorometric measurements were first calibrated 

against known chlorophyll concentrations, the collection and measurement of which has 

been described in Section 4.2.1. Chlorophyll could then be plotted as a function of distance 

along the transect with the bathymetry overlaid, in the same way as temperature, salinity, 

and potential density. Plots of data measured by CTD were constructed using the contourf 

function in MATLAB. 

Figure 4.2 An example of a vertical profile for sea temperature (red) and 

salinity calculated by the CTD (black) versus corrected salinity values (green). 

The median filter applied to salinity is marked in yellow. 
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The Intergovernmental Oceanographic Commission (IOC), International 

Association for the Physical Sciences of the Oceans (IAPSO) and the Scientific Committee 

on Oceanic Research (SCOR) adopted TEOS-10 in 2010 for the calculation of 

thermodynamic properties of seawater (Pawlowics, 2013). In view of this, the units used in 

this chapter are given as Absolute Salinity (SA), Conservative Temperature and Potential 

Density Anomaly. SA was calculated using the “gsw” library in R, using practical salinity 

(SP), water pressure and latitude and longitude (Kelley et al., 2017; R Core Team, 2021). 

Conservative temperature was calculated using the same software using SA and potential 

temperature, which was obtained using pressure, SA, and in situ temperature as recorded by 

CTD. Potential density anomaly was calculated using conservative temperature (hereafter 

referred to as temperature) and SA.  

 

4.2.6 Determination of frontal regions 

 The presence of a front was inferred when horizontal density gradient (HDG) 

changed by more than 0.04 kg m-3 km-1 between successive stations at depth of between 0 

and 2 m or 2 and 4 m. This measure of HDG to determine the presence of frontal systems 

was used because a horizontal surface temperature gradient of 0.1 °K km-1 has previously 

been used to determine fronts from satellite data (Miller, 2009). Although a lower spatial 

resolution is available when using CTD transect data compared to 1 km2 data used in satellite 

data (Miller, 2009), using a modified HDG threshold is advantageous because salinity 

differences can be detected.  Differences in the ocean mixed layer depth (MLD) can also be 

used to determine the location of fronts (Tozuka and Cronin, 2014), but the 0.04 kg m-3 km-1 

HDG threshold was used instead as MLD can be much deeper than 30 m (Drillet et al., 2014; 

Lévy et al., 2005) and the effect of fronts on surface advection is important to the present 

chapter.   

 

4.3 Results 

4.3.1 CTD transect 

 Delta-D, or ΔD, is here defined as the difference in potential density anomaly 

between water sampled at the surface and water sampled at 30 m depth. The range of ΔD is 

was smallest at Station 6 for the majority of transects during 2017 and 2018 (Figure 4.3). 

Station 6 is located in approximately the middle of the transect and is the deepest sampling 
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station (Figure 4.1 + 4.3). The largest range in ΔD was seen at Station 13 (Figure 4.3), which 

is the most frequently sampled station closest to the head of Olna Firth (Figure 4.1).  

 All colours in the transect plots showing CTD data have been taken from the 

cmocean library, which provides a variety of colour maps relevant to oceanography 

measurements in perceptual changing scales (Thyng et al., 2016). At the beginning of May 

2017, CTD data shows the water column west of Shetland was not stratified (Figure 4.4). 

No significant difference in salinity was seen anywhere in the water column, and the only 

difference in temperature occurred in the surface waters at stations 9 – 12 (Figure 4.4). The 

density of the water column was almost the same throughout, due to the fairly constant 

temperature of between 8 and 9 °C (Figures 4.4b + c). An elevated concentration of 

chlorophyll was detected inside Olna Firth, which was measurable in the surface 20 m from 

stations 9 – 15 (Figure 4.4d). The highest concentration of chlorophyll was evident in the 

upper 10 m of water from Stations 10 – 15 (Figure 4.4d). 

 

Figure 4.3. Density differences between measurements taken at the surface and values 

measured at 30 m depth at differing distances along the transect displayed in Figure 1. All 

CTD deployments along the transect route during years 2017 and 2018 have been displayed, 

except those from Station 15 where the water depth was too shallow. Station 1A is located at 

0 km which is the furthest distance from the coast. Station 6 is at approximately 20 km in 

approximately the centre of the transect and Station 13 is situated near the mouth of Olna 

Firth at approximately 38 km on the figure. 
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Figure 4.4 Plot of CTD data along a transect line from offshore of the 100 m isobath towards 

Olna Firth (see Figure 4.1) on 10th May 2017. Dotted vertical lines indicate where the CTD 

was deployed, and numbers are Station names. Data shown are (a) absolute salinity (g kg-1), 

(b) conservative temperature (°C), (c) potential density anomaly (kg m-3) and (d) chlorophyll 

(μg L-1). Bathymetry data, plotted in black, were procured from Defra's 1 arc second Marine 

Digital Elevation Model. The red line indicates where the transect finished, in this case Station 

15. 
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 The transect of the 7th of June 2017 shows that a layer of slightly lower salinity 

existed at Stations 1 and 6 – 11 (Figure 4.5a). Stratification of the water column was 

influenced mainly by differences in temperature at varying depths (Figures 4.5a-c). The 

temperature difference between surface and bottom waters was greatest at the seaward side 

of the 100 m isobath (Figure 4.5). The coldest water along the transect route was at the 

bottom of the water column between Stations 7 and 10 (Figure 4.5b). The deepest water in 

the transect, situated near the deepest part of St Magnus Bay (see Figure 4.1), was also the 

least stratified (Figure 4.5b + c). Surface chlorophyll was detected throughout the transect 

but was much more prevalent inside the voe, from Station 9 – 13 (Figure 4.5d). 

 Data from the transect on the 22nd of June 2017 shows the water inside Olna Firth 

(from Stations 8 – 15) was fresher than water in St Magnus Bay (Figure 4.6a). The water 

column was thermally stratified across all sampling stations in and around St Magnus Bay 

(Figures 4.6b + c). The coolest temperatures were detected at the surface of Stations 5 and 

6, which made up the most well mixed section of the transect, although temperatures at every 

other station were above 11.5 °C (Figure 4.6b). The coolest waters encountered during the 

transect was measured at approximately 9 °C found near the bottom at Station 10, which is 

within the mouth of Swarbacks Minn (Figure 4.6b). The highest concentration of chlorophyll 

at Stations 1- 3 existed near the surface (Figure 4.6d). Chlorophyll concentration increased 

steadily from Station 8 towards its maximum at Station 13, after which it decreased again 

(Figure 4.6d). Landwards of Station 8, the greatest concentrations of chlorophyll followed 

the contour dividing water with potential density anomaly above 26.75 kg m-3 (Figures 4.6c 

+ d). 

 From 13th July until 22nd September 2017 the transects had much lower spatial 

resolution, as CTDs were only deployed between three and six times on each date (Figures 

4.7 – 4.11). On the 13th of July, the surface salinity at Stations 10 and 13 was fresher than 

the rest of the water column (Figure 4.7a). There was a layer of more saline water near the 

bottom at Stations 1 and 2, but apart from these differences, salinity remained similar over 

the entire transect (Figure 4.7a). Stratification was influenced more by changes in 

temperature (Figures 4.7b + c). A layer of less dense warm water was present at the surface 

of all stations except from Station 6 (Figures 4.7b + c). The greatest chlorophyll 

concentration in the water column was measured in a thin layer at Station 2 (Figure 4.7d).  
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Figure 4.5 As Figure 4.4, apart from data were collected on 7th June 2017.  
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Figure 4.6 As Figure 4.4, apart from data were collected on 22nd June 2017.  
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Figure 4.7 As Figure 4.4, apart from data were collected on 13th July 2017. The 

presence of fronts confirmed by the HDG threshold of 0.04 kg m-3 km-1 being 

exceeded are shown by dark grey vertical lines in (c). 
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On the 8th of August 2017, no difference in the salinity of the water column was 

detected by CTD (Figure 4.8a). Stratification was influenced only by changes in temperature 

(Figures 4.8b + c). A layer of less dense warm water was present at the surface of all stations, 

apart from Station 6 which experienced weaker stratification than all other stations (Figures 

4.8b + c). The greatest chlorophyll concentration in the water column was measured at 

Station 13 (Figure 4.8d).  

On the 24th of August, the water column inside Olna Firth exhibited slightly less 

saline water at the surface (Figure 4.9a). The fresh surface water inside the voe may have 

contributed towards the density gradient displayed, but this stratification is also echoed in 

the signal from temperature changes (Figures 4.9a – c). Because the thermal stratification is 

comparatively low, compared to other dates, salinity had a greater influence than usual 

(Figures 4.9a – c). The warmest part of the water column exists at the surface between Station 

6 and 13 (Figure 4.9b). No regions of greater chlorophyll concentration were detected by 

fluorescence (Figure 4.9d).  

 The CTD transect from the 8th of September 2017 showed a very similar water 

column structure to the 24th of August (Figure 4.10). Again, no discernible proliferation of 

chlorophyll was detected by CTD fluorescence (Figure 4.10).  During the transect of the 22nd 

of September 2017, the least spatial resolution was achieved (Figure 4.11). It is possible to 

see that the water column is well mixed at the stations where CTD deployments were made, 

particularly at Station 6 (Figure 4.11). Cooler water persists at Station 2 below 75 m depth, 

and Station 13 shows water that is warmer than outside the voe (Figure 4.11). The water 

column at Station 6 appears to be well mixed and approximately 12.5 °C (Figure 4.11). 

 A large area of the transect on the 18th of October 2017 experienced fresher water at 

the surface, from Stations 7 – 15 (Figure 4.12a). This fresher surface water contributed to 

making the surface water less dense (Figures 4.12a + c). No thermal stratification was 

measured by CTD, and only small differences in density were detected outside of the area 

of the halocline (Figures 4.12a – c). The water temperature was approximately 11 °C, 

throughout the entire cast at all stations (Figure 4.12b). No high chlorophyll concentrations 

were measured, although some was detected at the bottom of Station 12 (Figure 4.12d). 

 On the first sampling date of 2018, 23rd May, only small differences in salinity 

existed in the water column (Figure 4.13a). The largest area of slightly fresher water was  
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Figure 4.8 As Figure 4.4, apart from data were collected on 8th August 2017.  
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Figure 4.9 As Figure 4.4, apart from data were collected on 24th August 2017. The 

presence of fronts confirmed by the HDG threshold of 0.04 kg m-3 km-1 being 

exceeded are shown by dark grey vertical lines in (c). 
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Figure 4.10 As Figure 4.4, apart from data were collected on 8th September 2017. 

The presence of fronts confirmed by the HDG threshold of 0.04 kg m-3 km-1 being 

exceeded are shown by dark grey vertical lines in (c). 
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Figure 4.11 As Figure 4.4, apart from data were collected on 22nd September 2017. 

The presence of fronts confirmed by the HDG threshold of 0.04 kg m-3 km-1 being 

exceeded are shown by dark grey vertical lines in (c). 
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Figure 4.12 As Figure 4.4, apart from data were collected on 18th October 2017. 

The presence of fronts confirmed by the HDG threshold of 0.04 kg m-3 km-1 being 

exceeded are shown by dark grey vertical lines in (c). 
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Figure 4.13 As Figure 4.4, apart from data were collected on 23rd May 2018. The 

presence of fronts confirmed by the HDG threshold of 0.04 kg m-3 km-1 being 

exceeded are shown by dark grey vertical lines in (c). 
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seen from Stations 10 – 13 (Figure 4.13a). The first stages of thermal stratification were 

observed with differences of around 2.5°C at Station 10, although only 1 °C change between 

surface and bottom water is seen at Station 5 (Figure 4.13b). A thin layer of less dense water 

was detected at the surface of Stations 10 – 13, but no dramatic pycnocline was detected 

along the transect (Figure 4.13c). Again, no large concentration of chlorophyll was detected, 

although there was the suggestion of some increased growth in the surface water of Station 

11 (Figure 4.13d). 

 The CTD transect on the 31st of May 2018 showed only small deviations in the 

salinity of the water column (Figure 4.14a). The highest temperatures occurred from Stations 

1A – 1, which is also where the least dense water is located (Figure 4.14a). The water column 

at Station 6 was well mixed with no discernible pycnocline, although all other stations 

showed a defined thermocline in the upper 10 m (Figures 4.14a – c). Interestingly, most 

chlorophyll was confined to the least dense water measured during the transect; where no 

pycnocline was observed, no large amount of chlorophyll was seen (Figures 4.14c + d). 

There were some smaller less intense formations of chlorophyll on the landward side of 

Station 6, although these formations were not confined to the least dense water (Figures 

4.14c + d). Station 10 was the station where the water column was most stratified; the least 

dense water in the voe was located above the pycnocline of Station 10, but there was no 

intense chlorophyll signal (Figures 4.14c + d). High concentrations of chlorophyll were not 

detected during deployments at Stations 6 and 10, which are respectively the most well 

mixed and least well mixed stations (Figures 4.14c + d). Chlorophyll was typically 

associated with the least dense water over the length of the transect (Figures 4.14c + d). The 

highest concentration of chlorophyll when cumulated through the water column was detected 

at Stations 1A and 7 (Figure 4.14e). 

 On the 8th of June 2018, data from the CTD transect again showed that salinity did 

not change greatly throughout the transect (Figure 4.15a). Thermal stratification was greatest 

between Stations 1B and 1, and 8 – 11 (Figure 4.15b). The warmest temperatures occurred 

at the surface of Station 7, and the least dense water was detected from Stations 6 – 7 (Figure 

4.15b + c). The greatest concentrations of chlorophyll were measured at Stations 1A, 6, 7, 

14 and 15, and are not associated with density features (Figures 4.15c + d). 

 There was a slightly more saline volume of water at the surface of Stations 1A – 2 

on the 28th of June 2018 (Figure 4.16a). As this water also had a higher temperature, there 

was no large effect on density of the water (Figures 4.16a – c). Thermal stratification is  
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Figure 4.14 Continued overleaf.  
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strongest from Stations 1A – 2, and 10 – 15 (Figure 4.16b).  The coldest water was detected 

at the bottom of the water column at Station 10 (Figure 4.16b). The warmest and least dense 

sections of the transect were measured at the surface of Stations 11 – 15 (Figures 4.16b + c). 

The potential density anomaly at Stations 3 and 6 remained lower than at all other stations, 

which was particularly noticeable at depths of less than 10 m (Figure 4.16c). This 

discrepancy in density was associated with lower concentrations of chlorophyll (Figure 

4.16c). The highest concentrations of chlorophyll did not appear to extend past Stations 1A, 

1B, 1, and 2 to Station 3 (Figures 4.16c + d). When integrated vertically through the entire 

water column, the highest concentrations of chlorophyll were detected at Stations 1A, 1B 

and 6 (Figure 4.16e). 

  

V
e

rt
ic

a
lly

 i
n

te
g

ra
te

d
 c

h
lo

ro
p
h

y
ll 

(µ
g

 L
-1

) 

Figure 4.14 Plot of CTD data along a transect line from offshore of the 100 m 

isobath towards Olna Firth (see Figure 1) on 10th May 2017. Dotted vertical lines 

indicate where the CTD was deployed, and numbers are Station names. Data shown 

are (a) absolute salinity (g kg-1), (b) conservative temperature (°C), (c) potential 

density anomaly (kg m-3) and (d) chlorophyll (μg L-1). Bathymetry data, plotted in 

black, were procured from Defra's 1 arc second Marine Digital Elevation Model. 

The red line indicates where the transect finished, in this case Station 15. (e) Shows 

the concentration of chlorophyll per litre integrated over the entire depth of the water 

column. The concentration of chlorophyll at each sampling depth was summed 

together to calculate the integrated concentration. The presence of fronts confirmed 

by the HDG threshold of 0.04 kg m-3 km-1 being exceeded are shown by dark grey 

vertical lines in (c). 

 

(e) 
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Figure 4.15 As Figure 4.4, apart from data were collected on 8th June 2018.  
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Figure 4.16 Continued overleaf.  
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 During the last transect the salinity of the water column remained fairly constant 

(Figure 4.17 a). Surface water was warmer and less dense in Stations 1A – 4, compared to 

Stations 5 – 8 (Figures 4.17b + c). Inside the voe, from Stations 10 – 15 surface water was 

warmer and less dense, although temperatures were still less warm than in outside stations 

(Figure 4.17b). The coldest and most dense water was again detected at the bottom of Station 

10 (Figures 4.17b + c). The greatest concentration of chlorophyll was again detected in the 

warmest and least dense waters from Station 1A – 3 (Figures 4.17b – d). There was a smaller 

less intense bloom of chlorophyll from Station 8 – 15, which was most intense between 

Station 11 and 13 (Figure 4.17d). Chlorophyll was not present in large quantities in the most 

well mixed part of the transect, between Station 5 and 7 (Figures 4.17 c + d). When integrated 

vertically from the bottom of the water column to the surface, the highest concentrations of 

chlorophyll were detected at Stations 6, 1B and 7 (Figure 4.17e). 
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Figure 4.16 As Figure 4.14, apart from data were collected on 28th June 2018.  
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4.3.2 Frontal systems evidenced by CTD data 

 Throughout this chapter and the rest of this thesis, fronts located west of the deepest 

region of St Magnus Bay will be referred to as the West Shetland Front (WSF). Using the 

threshold of 0.04 kg m-3 km-1, locations of fronts detected from data collected during CTD 

transects have been noted (Table 4.2). During 2017, the presence of the WSF was 

unconfirmed by CTD transects when using the horizontal density gradient (HDG) threshold 

of 0.04 kg m-3 km-1 along the surface (Figures 4.4 – 4.12). This is despite structures which 

resemble fronts being visible along the transect, particularly during 7th June 2017 between 

Stations 1 and 3 (Figure 4.5), between Station 4 and 5 on 22nd June (Figure 4.6), and 

somewhere between Station 2 and Station 6 on the 13th of July 2017 (Figure 4.7).  

Thermal stratification differences between Station 1A and 1B indicate the beginning 

of a thermal front on the 23rd of May 2018 (Figure 4.13). Presence of the WSF was not 

confirmed using the HDG threshold of 0.04 kg m-3 km-1 until the 31st of May 2018, between 

Station 1B and 1 (Figure 4.14c). The threshold was again breached between Station 2 and 3 

and between Station 5 and 6 (Figure 4.14c), indicating the presence of the WSF. The greatest 

chlorophyll concentration measured during the transect on the 31st of May was detected 

between Station 1A and 1B, on the seawards side of the first instance the HDG threshold 

was exceeded (Figure 4.14). There is another instance of enhanced chlorophyll concentration 

between Station 2 and 5, which are regions where the HDG threshold was exceeded (Figure 

4.14). Because presence of the WSF was confirmed on the 31st of May and 4th of July 2018, 

additional graphs were plotted showing how the total vertically integrated concentration of 

chlorophyll varied at each station along the transect (Figure 4.14e + 4.17e). The vertically  

Table 4.2 Locations of the West Shetland Front and Swarbacks Minn Front throughout 2017 and 

2018, from CTD transect data. Bathymetry data, plotted in black, were procured from Defra's 1 

arc second Marine Digital Elevation Model. The WSF is displayed in red and the SMF is 

shown in blue. Station names are labelled. 

Animation 

headings 
Link to animation 

Dotted 

vertical lines 

indicate 

where along 

the transect 

CTD was 

deployed  

https://doi.org/10.6084/m9.figshare.16989127  

 

https://doi.org/10.6084/m9.figshare.16989127
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Figure 4.17 Continued overleaf.  
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integrated chlorophyll concentration graph for 31st May again shows that the highest 

concentration of chlorophyll was detected at Station 1A (Figure 4.14e). In stations outside 

of the RRE, the largest difference in vertically integrated chlorophyll concentration between 

stations was found between Station 7 and the sampling stations on either side (Figure 4.14e). 

The WSF was not detected on 8th June 2018 using the 0.04 kg m-3 km-1 HDG 

threshold, despite there being indications of a thermal front between Station 1B and 2 (Figure 

4.15). The concentration of chlorophyll was generally lower than other transects during 2018 

(Figure 4.14d – 4.17d). Chlorophyll concentration at Station 2 is lower than chlorophyll 

concentration between Station 1A and 1, and between Station 3 and 15 (Figure 4.15). During 

the 28th of June 2018, evidence of the WSF was again unconfirmed using the 0.04 kg m-3 

km-1 HDG threshold (Figure 4.16). There are indications of a thermal front between Station 

1A and 3 but the potential density along the surface was not changed sufficiently to confirm 

the WSF, even though the highest concentration of chlorophyll was detected on the seaward 

side of the indicated temperature front (Figure 4.16). A graph of vertically integrated 

chlorophyll was plotted for the transect completed on 28th June 2018, because of the 

previously described suggestion of a front (Figure 4.16e). The concentration of vertically 

integrated chlorophyll appears to decline steadily from Station 1A to Station 5 (Figure 

4.16e). A large increase in the concentration of vertically integrated chlorophyll was 

measured between Station 5 and 6 (Figure 4.16e). 

The WSF was confirmed on the 4th of July 2018, between Station 2 and 3, and also 

4 and 5 (Figure 4.17). A high chlorophyll concentration seaward of the WSF was detected; 

the highest concentration was detected below the surface at a depth of approximately 10 m 

(Figure 4.17d). The highest concentration of vertically integrated chlorophyll was detected 
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Figure 4.17 As Figure 4.14, apart from data were collected on 4th July 2018.  
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at Station 6, and there is a large increase from Station 5 (Figure 4.17e). There is a relatively 

large decrease in the concentration of vertically integrated chlorophyll between Station 2 and 

3, which are on either side of the WSF (Figure 4.17c + 4.17e).  

For transects completed during May and June 2017, a pycnocline influenced by either 

salinity or temperature was present between Station 8 and 11 which may have been 

indicative of a front forming, but the 0.04 kg m-3 km-1 HDG threshold was not surpassed 

(Figures 4.4 – 4.6). A higher than ambient concentration of chlorophyll was detected 

landwards of the beginnings of these fronts between Station 8 and 11 (Figure 4.4 – 4.6).  

During the transect completed on 13th July 2017, the 0.04 kg m-3 km-1 HDG threshold was 

surpassed between Station 8 and 10, indicating the presence of a front (Figure 4.7). This 

front detected between Station 8 and 10 was located near Swarbacks Minn, and fronts in this 

region will therefore henceforth be referred to as the Swarbacks Minn Front (SMF). Higher 

than ambient chlorophyll concentrations were not measured on the landward side of the SMF 

13th of July 2017, in contrast to previous transects when presence of the SMF was not 

confirmed (Figure 4.4 - 4.7). No evidence of the SMF was detected between Station 8 and 

10 on the 8th of August 2017, but a high chlorophyll concentration was again detected 

between Station 10 and 13 (Figure 4.8). On the 24th of August and 8th of September 2017, 

the SMF was detected between Station 8 and 10 Figure 4.9 + 4.10). The SMF was influenced 

more by salinity than by temperature but was not associated with large concentrations of 

chlorophyll during these transects (Figures 4.9 + 4.10). On the 22nd of September, the 

presence of the SMF was indicated somewhere between Station 6 and 13 but the low spatial 

resolution made determination of the exact location impossible (Figure 4.11).  During the 

transect on 18th October, the 0.04 kg m-3 km-1 HDG threshold was surpassed twice, between 

Station 8 and 9 and also Station 12 and 13 (Figure 4.12). It is clear from the data collected 

by CTD that the SMF was influenced by differences in the strength of the halocline rather 

than by thermal differences (Figure 4.12). 

A front was detected between Station 6 and 7, and also between Station 7 and 10 on 

the 23rd of May, but these fronts do not appear to be associated with proliferations of 

chlorophyll (Figure 4.13). The SMF was detected between Station 8 and 10 on the 31st of 

May 2018 and was influenced by thermal differences (Figure 4.14). A greater than ambient 

concentration of chlorophyll was detected landwards of the front at Station 10 on the 31st of 

May (Figure 4.14). On the 8th of June 2018, evidence of a front between Station 7 and 8 was 

found (Figure 4.15). No proliferation of chlorophyll appeared to be associated with the SMF 

on 8th June 2018 (Figure 4.15). Differences in density between Station 10 and 11 on the 28th 
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of June 2018 indicate a front may have been present, but the SMF was unconfirmed using 

the 0.04 kg m-3 km-1 HDG threshold (Figure 4.16). There was also a slightly higher than 

ambient concentration of chlorophyll between Station 10 and 11 during this transect (Figure 

4.16). The HDG threshold between Station 14 and 15 was surpassed but this does not appear 

to have had an effect on the concentration of chlorophyll (Figure 4.16). This situation was 

again repeated during the transect on the 4th of July as a thermal front appears to have been 

measured between Station 10 and 11, but this was not confirmed by surpassing the 0.04 kg 

m-3 km-1 HDG threshold (Figure 4.17). A slightly higher than average chlorophyll 

concentration was detected between Station 11 and 14, landwards of the front at Station 10 

(Figure 4.14). The 0.04 kg m-3 km-1 HDG threshold was exceeded between Station 14 and 

15, indicating the presence of the SMF in this region (Figure 4.14). 
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 4.3.3 Nutrients 

From observation of nutrient data, it is possible to see that nutrient concentrations 

are lowest on the 22nd of June and 13th of July (Figures 4.18 – 4.19). After July, nutrient 

concentration steadily increased to maximum levels on the 18th of October 2017 (Figures 

4.18 – 4.24). Higher concentrations of nutrients were typically found at 20 m depth compared 

to at 3 m depth (Figures 4.19 – 4.24).  

TOxN concentrations remained below 2 μM during 22nd June (Figure 4.18a). 

Concentration of TOxN and phosphate followed the same trend during this transect. The 

highest concentrations of TOxN and phosphate during 22nd June were measured at Station 2 

(Figure 4.18). In Stations 8 and 10, both TOxN and phosphate were measured at very low 

concentrations after increasing to levels similar to Station 2 when inside the voe at station 

15 (Figure 4.18). The concentration of silicate also remained below 2 μM during the entirety 

of the transect, but the highest concentration was detected at Station 10 and the lowest were 

detected at Station 15 (Figure 4.18c).  

Figure 4.18 Nutrient concentrations at stations 2, 8, 10 and 15 on the 

22nd of June 2017. Nutrient concentrations displayed are (a) Total 

Oxidised Nitrogen (TOxN), (b) Phosphate and (c) Silicate. Distance is 

measured from Station 1A at the most offshore point of the transect. 

Error bars extend above and below points (x).  
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Figure 4.19 As Figure 4.18, apart from transect was completed on the 13th of 

July 2017. Measurements from the estimated chlorophyll max are displayed in 

green and labelled with the depth. 

 

Figure 4.20 As Figure 4.18, apart from transect was completed on the 8th of August 

2017. 
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Figure 4.21 As Figure 4.18, apart from transect was completed on the 24th of August 

2017. 

Figure 4.22 As Figure 4.18, apart from transect was completed on the 8th of September 

2017.  
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Figure 4.23 As Figure 4.18, apart from transect was completed on the 22nd of 

September. 2017. 

 

Figure 4.24 As Figure 4.18, apart from transect was completed on the 18th of October. 

2017. 
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On the 13th of July, the chlorophyll maximum as estimated during the transect does 

not appear to be the depth of maximum concentration when compared to the transect map 

(Figure 4.7 + Figure 4.19). This is especially true for Station 10, but these measurements 

will continue to be called chlorophyll maximum measurements for the sake of simplicity. 

The concentrations of TOxN and silicate at 20 m depth were highest at Station 6, slightly 

lower at Station 8 and below 1 µM L-1 at Stations 2, 10 and 13 (Figure 4.19). The TOxN 

concentration was highest at the estimated chlorophyll maximum at Stations 2 and 10, which 

were also the deepest measurements taken (Figure 4.19). The lowest TOxN measurements 

at the chlorophyll maximum were taken at Stations 6, 8 and 10 (Figure 4.19). All TOxN 

samples from 3 m depth were below 1 µM L-1; the highest measured concentration was taken 

from Station 13 (Figure 4.19). The highest concentration of silicate was approximately 2 µM 

L-1 from a sample taken at 30 m depth (Figure 4.19). The chlorophyll maximum silicate 

measurements steadily decreased at each subsequent sampling station along the transect 

(Figure 4.19). The highest silicate concentration measured at 3 m depth was taken at Station 

10 (Figure 4.19). The highest phosphate concentration was measured at 20 m depth at Station 

2, after which phosphate concentration at 20 m depth decreased until a minimum at Station 

10 and rising again at Station 13 (Figure 4.19). This spatial pattern was also noted at the 

chlorophyll maximum, but phosphate concentration at 3 m depth did not appear to vary 

greatly (Figure 4.19). 

Nutrient concentrations measured from samples taken on the 8th of August were all 

higher at 20 m depth than those at 3 m (Figure 4.20). The Station with the highest 

concentrations of nutrients was Station 6 (Figure 4.20). The exception to this was the 

concentration of silicate at 3 m depth at Station 8, which was the highest silicate 

concentration measured during the 8th of August transect (Figure 4.20). On the 24th of 

August, the highest concentration of TOxN and silicate were measured from samples at 

Station 2 (Figure 4.21). Unlike during the transect on 8th August, the concentration of 

nutrients was higher at 3 m depth than at 2 m depth on 75% of occasions on 24th August 

(Figure 4.21). The lowest concentration of TOxN was measured from Station 13 and the 

lowest phosphate concentration was taken from Station 6 (Figure 4.21). 

There was a general increase in TOxN, phosphate and silicate concentration from 

Station 2 to Station 8 at all depths on 8th September 2017 (Figure 4.22). At Station 10 the 

concentration of phosphates and silicates measured at 20 m depth decreased before 

increasing again at Station 13 (Figure 4.22). The concentration of all nutrients measured at 

3 m depth decreased from Station 10 and Station 13 (Figure 4.22). Almost all concentration 
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measurements were higher at 20 m depth than at 3 m depth except phosphate and silicate 

concentrations at Stations 2 and 10, which were not significantly different (Figure 4.22). 

During the 22nd of September transect, the differences between nutrient 

concentrations was largest at Station 13 (Figure 4.23). In other Stations the majority of 

measurements show that the concentration of nutrients is higher at 3 m depth, but at Station 

13 the concentration of all nutrients is much higher at 20 m depth (Figure 4.23). The highest 

concentrations of TOxN and phosphate were measured from Station 6, but the highest 

silicate concentration was measured from Station 13 (Figure 4.23). On the 18th of October, 

the highest concentration of TOxN was measured at 20 m depth at Station 10, which was 

also where the lowest concentration at 3 m depth was measured (Figure 4.24). Phosphate 

and silicate concentrations increased from Station 2 towards Station 15 on the 18th of October 

(Figure 4.24).  

 

4.3.4 Phytoplankton 

 Dinophysis spp. were observed in most water samples collected throughout 2017, 

although they were absent on the 18th of October (Figure 4.25 + 4.26). The largest cell 

densities were observed during August 2017, and abundance progressively decreased after 

this (Figure 4.25 + 4.26). Pseudo-nitzschia spp. were measured from samples taken during 

every transect which allowed water collections, including 18th October (Figure 4.27 + 4.28). 

 On the 13th of July 2017, the highest abundances of Dinophysis were detected at the 

surface of Station 8 and at all depths sampled at Station 13 (Figure 4.25a). The highest 

abundances of Pseudo-nitzschia spp. were detected at the surface of Station 10 and at all 

depths of Station 13 (Figure 4.27a).  

On the 8th of August 2017, the abundance of Dinophysis spp. and Pseudo-nitzschia 

spp. remained similar at all Stations (Figure 4.25b + 4.27b). Larger abundances of 

Dinophysis spp. were measured at the surface of each sampling station, apart from at Station 

13 (Figure 4.25b). The abundance of Pseudo-nitzschia spp. remained below 40,000 cells L-1 

during the 8th of August transect (Figure 4.27b); Dinophysis spp. abundance was above 100 

cells L-1 in 60% of samples (Figure 4.25b).  

On the 24th of August, the highest Dinophysis spp. abundance was detected at the 

100 m isobath at Station 2 (Figure 4.25); Pseudo-nitzschia spp. were detected at below  



193 

  

Figure 4.25 Abundance of Dinophysis spp. in cells L-1 on (a) 13th July 2017, (b) 8th 

August 2017, (c) 24th August 2017, (d) 8th September and (e) 22nd September 2017.  

No Dinophysis spp. were observed in water samples collected on the 18th of October. 

 



194  

 

   

Figure 4.26 Abundance of different Dinophysis species in cells L-1 on (a) 24th 

August 2017, (b) 8th September and (c) 22nd September 2017. 



195 

  

Figure 4.27 Abundance of Pseudo-nitzschia spp. in cells L-1 on (a) 13th July 2017, 

(b) 8th August 2017, (c) 24th August 2017, (d) 8th September 2017, (e) 22nd 

September 2017 and (f) 18th October 2017. 
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Figure 4.28 Abundance of Pseudo-nitzschia, divided into delicatissima and 

seriata groups, in cells L-1 on (a) 13th July 2017, (b) 8th August 2017, (c) 24th 

August 2017, (d) 8th September 2017, (e) 22nd September 2017 and (f) 18th October 

2017. 
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40,000 cells L-1 at Stations 2 and 10 (Figure 4.27). On the 8th of September 2017, Dinophysis 

spp. abundance was highest at 20 m depth at Station 8 and was also detected above 80 cells 

L-1 at Stations 6 and 13 (Figure 4.25). The abundance of Pseudo-nitzschia spp. during the 

8th of September was detected at higher than 50,000 cells L-1 at Stations 10 and 13 (Figure 

4.27). On the 22nd of September 2017, Dinophysis spp. abundance was less than 80 cells L-

1 at all stations which were sampled (Figure 4.25); Pseudo-nitzschia spp. abundance was 

highest at the 100 m isobath at Station 2 (Figure 4.27). No Dinophysis spp. cells were 

detected on the 18th of October 2017, but Pseudo-nitzschia spp. cells were detected at 

stations 10 and 13 (Figure 4.27). 

A difference between Dinophysis abundance was evident at the front (Station 2) and 

away from the front on the 24th of August (Figure 4.25c). Most Dinophysis at the front were 

identified as D. acuminata (Figure 4.26a). In the typically mostly well mixed station in St 

Magnus Bay (Station 6), most of the Dinophysis community is made up of D. acuta (Figure 

4.26a). This balance of D. acuminata and D. acuta was also detected at Station 8, which was 

the same temperature as Station 6 (Figure 4.8). At 20 m depth at Station 10 only D. 

acuminata was observed (Figure 4.26a). 

 On the 8th of September, the highest abundance of Dinophysis was found at 20 m 

depth at Station 8 (Figure 4.25d). At Station 2, 6 and 8, only D. acuminata were detected 

(Figure 4.26b). At Station 9, before a second frontal system between St Magnus Bay and 

Swarbacks Minn (Figure 4.10), some D. acuta were detected at the surface and exclusively 

D. acuminata were detected at 20 m depth (Figure 4.26b). The highest abundance of D. acuta 

was found at Station 13 at 3 m depth (Figure 4.26b). On the 22nd of September, only low 

abundances of Dinophysis were seen throughout the transect (Figure 4.25e). All Dinophysis 

cells were identified as D. acuminata (Figure 4.26c). 

 The abundance of Pseudo-nitzschia within St Magnus Bay varied in time and space 

throughout 2017 (Figure 4.27). When counts started on 13th July, relatively low abundances 

were found in the majority of St Magnus Bay, though high counts of Pseudo-nitzschia spp. 

were found inside Olna Firth (Figure 4.26a). Throughout August any abundances of Pseudo-

nitzschia from the transect samples were below 40,000 cells L-1 (Figures 4.27b + 4.26c). 

Spatial resolution of water samples analysed for Pseudo-nitzschia presence was low during 

September and October, but abundance within Olna Firth reached over the regulatory 

threshold of 50,000 cells L-1 on the 8th of September (Figure 4.27d). On the 22nd of 

September, a high abundance of Pseudo-nitzschia spp. was found at Station 2, though 
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abundances were lower closer to shore (Figure 4.27e). On the 18th of October abundance of 

Pseudo-nitzschia spp. within Olna Firth was less than 5,000 cells L-1 (Figure 4.27f). 

 The abundance of Pseudo-nitzschia was highest at Station 2 during the 22nd of 

September transect and is also where the largest proportion of the P. delicatissima group was 

found at 20 m depth (Figure 4.28e). Fewer than half of the cells found in Olna Firth on the 

18th of October were in the P. seriata group (Figure 4.28e). It is perhaps more interesting to 

observe how the ratio of the P. delicatissima group to the P. seriata groups at different depths 

and sampling stations changed as the season changed. During the July 13th transect, the P. 

delicatissima group made up more than 75% of the total abundance of Pseudo-nitzschia 

(Figure 4.29). As the year progressed, the relative proportion of the P. seriata group 

gradually increased until 22nd September when more than 75% of Pseudo-nitzschia was from 

the P. seriata group (Figure 4.29). 

 

Figure 4.29 Percentage of total Pseudo-nitzschia spp. abundance made up of P. 

delicatissima complex cells from samples taken on transects during 2017. Standard 

deviation is marked by the dotted lines, between the values of 0 and 100 %. 
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4.3.5 Wind 

 Daily mean wind velocity has been plotted (Table 4.3). During the week before the 

10th of May 2017 most of the winds measured at Scatsta Airport were from the northeast 

(Figure 4.30). Winds prior to the second transect date on the 7th of June were not as 

unrelentingly from the same direction. Calm periods, or hours when wind speeds of 0.5 m 

s-1 or lower were measured, were experienced for 13.2 % of the time (Figure 4.31). The week 

before the 22nd of June 2017 showed the strongest winds from the southwest, for more than 

20% of the time. There were no periods when wind speed measured less than 2 m s-1 (Figure 

4.32). 

 Wind speeds before the July and August 2017 transects were lower than May and 

June, and the wind directions were much more variable (Figures 4.33 – 4.35). This 

culminated on the week before 24th August, which showed a greater proportion of calm 

periods compared to the seven days before any other transect (17.3 %) (Figure 4.35). 

Winds before the 8th of September 2017 were fairly consistently from South to the 

North (Figure 4.36). The proportion of calm weather again dropped to 2.4% before 

increasing again before the 22nd of September transect to 13 % (Figure 4.37). The week 

before the 22nd of September shows the lowest mean wind speed observed between any of 

the transects (Figure 4.37). Although no predominant wind direction was observed for the 

week before the 18th of October, the highest mean wind speed was measured during this time 

(Figure 4.38). Very few wind speeds lower than 16 m s-1 were detected, and the wind speed 

was measured at 0 m s-1 for only 1.2% (Figure 4.38). 

The winds seven days prior to the first transect of 2018 on the 23rd of May 2018 were 

mainly from the south (Figure 4.39). Very few easterly winds were recorded during this time, 

in contrast with the week preceding the transect on the 31st of May (Figure 4.40). 

Approximately 10% of the time during both the weeks measured in May, no wind was  

Table 4.3 Animated gifs of daily averaged wind velocities and directions. Velocities are 

denoted by the length of line in the graph. Red lines have been drawn when westerly wind 

speeds exceed 4 m s-1. 

Year Link to animations 

2017 
https://doi.org/10.6084/m9.figshare.16989322  

2018 

 

https://doi.org/10.6084/m9.figshare.16989322
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Figure 4.31 As for Figure 4.30, except for the 7th of June 2017.  

Figure 4.30 Wind rose displaying mean hourly wind speeds and 

direction recorded for the week preceding the 10th of May 2017 at 

Scatsta airport. Wind direction denotes the direction winds are coming 

from. 
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Figure 4.32 As for Figure 4.30, except for the 22nd of June 2017. 

Figure 4.33 As for Figure 4.30, except for the 13th of July 2017. 
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Figure 4.34 As for Figure 4.30, except for the 8th of August 2017. 

Figure 4.35 As for Figure 4.30, except for the 24th of August 2017. 
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Figure 4.36 As for Figure 4.30, except for the 8th of September 2017. 

Figure 4.37 As for Figure 4.30, except for the 22nd of September 2017. 
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Figure 4.38 As for Figure 4.30, except for the 18th of October 2017. 

Figure 4.39 As for Figure 4.30, except for the 23rd of May 2018. 
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Figure 4.40 As for Figure 4.30, except for the 31st of May 2018. 

Figure 4.41 As for Figure 4.30, except for the 8th of June 2018. 
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Figure 4.42 As for Figure 4.30, except for the 28th of June 2018. 

Figure 4.43 As for Figure 4.30, except for the 4th of July 2018. 
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recorded. Winds before the 8th of June were typically from the North, though the wind speed 

was not often particularly high (Figure 4.41). In contrast to this, during the week before the 

28th of June strong and persistent south westerly to westerly winds blew for more than half 

the time (Figure 4.42). This week showed the highest mean wind speed (12.5 m s-1), and the 

least time with no wind recorded (Figure 4.42). Before the 4th of July 2018, winds were again 

much weaker (Figure 4.43). 

 

4.4 Discussion 

  Fieldwork outlined during this study has provided data needed to discuss whether a 

front developed which impacts the potential advection of HABs to the coastline of Shetland. 

The influence of the fronts on specific HAB species will be discussed, as well as the 

persistence of both fronts found during fieldwork. 

 

4.4.1 The West Shetland Front 

In this chapter, CTD transects have provided evidence for a front, the location of 

which ranges from between Station 1B and Station 6 (Figure 4.14). Increased spatial 

resolution of CTD transects during 2018 allowed more precise determination of the presence 

of a front west of Shetland. A front can be defined as the boundary between water masses of 

differing temperatures or densities (Miller, 2009). Evidence for a front existing somewhere 

west of the Shetland Isles has existed since the seminal transect and satellite work performed 

in the 1970s (Pingree and Griffiths, 1978).  

The WSF was not detected during 2017 using the 0.04 kg m-3 km-1 HDG threshold, 

likely due to the limited spatial resolution. However, density differences suggested a frontal 

region may have been present on the 7th of June, 22nd June, and 13th of July during 2017 

(Figures 4.5 – 4.7; Table 4.2). It is possible the WSF was located between Station 1 and 3 

on the 7th of June, Stations 4 and 5 on the 22nd of June and somewhere between Station 2 

and 6 on the 13th of July (Figures 4.5 – 4.7)). The WSF was identified conclusively using 

the 0.04 kg m-3 km-1 HDG threshold from transects of greater resolution during 2018 on the 

31st of May and 4th of July (Figures 4.14 + 4.17; Table 4.2). Apart from these times, density 

differences between stations suggest the WSF could have been present somewhere on the 8th 

and 28th June 2018, but its presence was not confirmed (Figures 4.15 – 4.16). Identifying the 

presence of the WSF using the 0.04 kg m-3 km-1 HDG threshold sometimes resulted in 

different conclusions than estimating the location of the WSF using colour changes between 
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stations in CTD transect colour maps. There were also transects when the WSF was 

identified in more than one location, notably on the 31st of May and 4th July 2018 (Figures 

4.14 + 4.17). It is interesting to note that during periods that the WSF was identified more 

than once using the HDG threshold, there are different concentrations of chlorophyll 

between these estimations of the WSF. This occurred on both 31st May and 4th July 2018 

(Figures 4.14 + 4.17). Interactions between chlorophyll and frontal regions will be discussed 

later. 

Data from CTD transects show the WSF has been present between late May and early 

July (Figure 4.14 + 4.17). The presence of the WSF was only confirmed twice from CTD 

transects using the 0.04 kg m-3 km-1 HDG threshold, but stratification differences over the 

length of the other CTD transects during this time range suggest the WSF may have been 

present more often than confirmed by the HDG threshold (Figure 4.7 + 4.17). The apparent 

seasonal limitation of WSF presence to between spring (March – May) and summer (June – 

August) corroborates studies using Advanced Very High Resolution Radiometer (AVHRR) 

data from 1998 and 2008 (Miller et al., 2014; Miller and Christodoulou, 2014), and between 

2000 and 2009 (Miller et al., 2015). However, AVHRR data from 1981 and 2005 appeared 

to indicate the WSF was present from April until September (Hughes, 2014a). Density data 

collected by CTD transects between specific sampling stations in the current study differ 

from 1 km2 SST data collected by AVHRR, so measurements are not directly comparable. 

It is therefore difficult to conclude whether the WSF appeared at a different time (late May 

until early July) during 2017 and 2018 (Table 4.2). 

Results have shown that the WSF is not always found at the 100 m isobath, as at 

various times it was detected between 20 – 40 km away from the coastline of Mainland 

Shetland (Figure 4.1, Table 4.2). The outermost manifestation of the 100 m isobath (Figure 

4.1) approximately follows a particular value of Simpson and Hunter (1978) h/u3 parameter 

(h/u3 = 3.4), indicating a front is present (Hughes, 2014a). The evidence for a front at Station 

2, however, is inconsistent as data has already been present which shows the WSF has been 

observed to range anywhere between Station 1B and 6 (Table 4.2; Figure 4.14). The variation 

in the location of the WSF validates studies of front detection using SST data measured by 

AVHRR (Miller, 2009; Miller and Christodoulou, 2014). Accuracy of front detection by 

AVHRR is improved by using composite maps, where daily locations of differences in SST 

which indicate a front are superimposed onto a map in order to find persistent oceanic 

features (Miller, 2009). Using this method, the WSF was estimated to be present at the same 
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location 30 – 50% of the time in spring and 50 – 70% of the time during summer (Miller and 

Christodoulou, 2014). The variation in location estimates of the WSF suggests there is 

potential for the WSF to be moved far enough offshore to no longer be determined by CTD 

deployments along the transect track (Miller et al., 2015; Miller and Christodoulou, 2014). 

Chlorophyll concentration estimates west of Shetland also indicate variation in the WSF 

location; at times, distinct chlorophyll fronts have been detected more than 50 km from the 

coastline (Chapter 5). 

The CTD transects illustrate that stratification of the water column west of Shetland 

is mostly due to temperature, and the WSF is therefore influenced by thermal stratification 

(Figures 4.4 – 4.17; Table 4.2). There are no riverine or other significant freshwater sources 

on Shetland and water west of Shetland is influenced by relatively warm and salty Atlantic 

Water (Berx et al., 2013; Berx and Hughes, 2009). Various CTD deployments from this area 

have been uploaded to ICES (https://www.ices.dk/; see Chapter 6) during the previous 30 – 

40 years, and are consistent with the results shown during the present study (Berx and 

Hughes, 2009).  

AVHRR can detect temperature at the sea surface at resolutions of 300 m2, and 

previous studies using this tool signalled the possibility of the WSF (Hughes, 2014a; Miller, 

2011; Miller et al., 2015; Miller and Christodoulou, 2014). The WSF has not previously been 

the most prominent feature detected  in Scottish waters, and thus has not received detailed 

attention (Miller, 2011; Miller et al., 2015; Miller and Christodoulou, 2014; Pingree et al., 

1978; Pingree and Griffiths, 1978). The area surrounding Shetland has a higher likelihood 

of having satellite images obscured by clouds compared to the rest of UK waters, particularly 

outside of summer months (Miller and Christodoulou, 2014). Possible reasons for the WSF 

not having been studied before now are thus the paucity of quality satellite data from around 

the Shetland Islands,  and because the WSF is a relatively insignificant and ephemeral feature 

compared to other features such as those around Fair Isle and Dogger Bank (Miller et al., 

2015; Miller and Christodoulou, 2014). This thesis shows the WSF is significant to the 

Shetland economy, due to its potential to influence the HABs impacting Shetland waters.  

Some discrepancies have been found between bathymetry measured by Digimap® 

and multibeam bathymetry data from vessels (Hughes, 2014b). Spring tidal range measured 

on the West coast of Shetland is between 1.5 and 2 m (Ramsay and Brampton, 2000), which 

helps explain why the maximum depth reached by CTD at Station 2 ranged from 99 – 101 

m. Although presence of the WSF was not confirmed on the 22nd of June 2017, there is an 

apparent weakening of stratification between Stations 4 and 5 (Figure 4.6; Table 4.2). This 

https://www.ices.dk/
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may indicate that fronts can sometimes be present closer to shore than the 100 m isobath and 

small variations in estimates of the bathymetry are not likely to be reasons for the variation 

in the location of the WSF. Variability of frontal location detected by thermal imaging maps 

is hence not the only reason for the interannual variation of front location (Miller, 2009; 

Miller and Christodoulou, 2014).  

The variation in exact WSF location may be important in controlling the advection 

of harmful phytoplankton cells towards the Shetland coastline. Satellite estimates of 

chlorophyll have indicated the position of the WSF at approximately 0.5° longitude from the 

coastline, or around 55 km (Chapter 5, Figure 5.25). AVHRR data also suggests the position 

of the WSF is rather variable (Miller et al., 2015; Miller and Christodoulou, 2014). CTD 

data presented in this chapter shows that Station 6 in St Magnus Bay is consistently the most 

well-mixed section of the transect (Figure 4.3).  Further coverage on the seaward side of the 

WSF during 2018 indicates that the WSF may be detected further away from the coast than 

the 100 m isobath. The speed at which phytoplankton have been advected to the coast during 

westerly winds suggests that it would make little difference if HABs were advected from 20 

km or more than 50 km from the coast (Chapters 2 + 5; Whyte et al., 2014).  

The water column near Station 6 is typically the least stratified of the transect, 

regardless of the season (Figure 4.3). The deepest part of the transect remaining the least 

stratified for most of the year is interesting, as typically shallow waters undergo more mixing 

and deeper water are usually more stratified (Painter et al., 2016; Read et al., 2010). In CTD 

transects, the deepest regions are typically further from the coast (Painter et al., 2016; 

Paterson et al., 2017; Read et al., 2010), but the deepest region in the transect of St Magnus 

Bay studied in the present chapter was in the middle of the bay and surrounded by less deep 

sections (Figure 4.1). The unique topography of St Magnus Bay may enhance mixing of the 

water column, typically in the deepest region. This is an interesting feature inviting future 

study. 

 

4.4.2 The Swarbacks Minn Front 

The most important structure described here is the WSF, located in the vicinity of 

the 100 m isobath. Another front between Swarbacks Minn and St Magnus Bay was evident 

in the transect data (Table 4.2). Swarbacks Minn is a semi enclosed deep channel south of 

Muckle Roe (Figure 4.1). The SMF is situated somewhere between Station 8 and 11, which 
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is the approximate location of the division between St Magnus Bay and the more enclosed 

region on the landwards side of Swarbacks Minn (Figure 4.1; Table 4.2). The difference in 

potential density between the surface and 30 m depth shows Station 6 inside St Magnus Bay 

is more mixed, while Station 10 near Swarbacks Minn habitually shows more stratification 

(Figure 4.3). The SMF is by its nature closer to the Shetland coastline compared to the WSF 

(Table 4.2). Data from the CTD transect also shows the possible range of sampling stations 

the SMF is located between is smaller than for the WSF (Table 4.2). Possible reasons for 

this disparity are the greater spatial resolution of sampling stations in the bathymetrically 

complex region near the coastline (Figure 4.4 – 4.17). Additionally, the proximity of the 

SMF to the coast means that the area evades accurate temperature and chlorophyll 

measurement using satellite tools (Miller, 2011; Miller et al., 2015; Miller and 

Christodoulou, 2014).  

Salinity differences contributed to the formation of the SMF (Figures 4.7, 4.9 –4.12, 

4.16) more often than thermal differences (see Figures 4.14 + 4.17). The area between 

Swarbacks Minn and Olna Firth is an RRE, as it is enclosed on three sides and its freshwater 

input is small (Gillibrand et al., 2013; Tett et al., 2003). Frontal regions near the mouths of 

enclosed and semi-enclosed water bodies such as the SMF are fairly common, and these are 

usually associated with a salinity gradient (Paterson et al., 2017).  

 

4.4.3 Is advection of phytoplankton disrupted by fronts? 

 Two fronts west of the Shetland Islands were observed during the study period; the 

WSF, which is influenced by thermal stratification and is therefore seasonal, and the SMF 

which exists on the boundary between open and enclosed water and is likely representative 

of other small fronts around Shetland (Table 4.2). The 0.04 kg m-3 km-1 HDG threshold also 

indicated a number of fronts outside of these regions, most notably between Station 6 and 7 

(Figure 4.13), and Station 14 and 15 (Figure 4.14 + 4.16). Insufficient data were gathered 

during this study to determine whether the indicated fronts detected outside of the WSF and 

SMF regions were due to limitations of the specific HDG threshold used in this analysis or 

irregularities in the sampling effort. For this chapter however, an important question brought 

up by the presence of the WSF and SMF is whether these or other fronts have any effect on 

the advection of HABs, as has been previously hypothesized (Whyte et al., 2014).  

Because of the difficulty in locating the WSF due to reduced sampling resolution 

during 2017, the effect of the WSF on phytoplankton distribution west of Shetland will be 
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inferred from 2018 data. There is insufficient evidence to conclusively determine the 

presence of the WSF during the transect completed on the 23rd of May 2018 (Figure 4.13; 

Table 4.2), but the WSF was confirmed during 31st May and the 4th of July 2018 using the 

HDG threshold of 0.04 kg m-3 km-1 (Figures 4.14 + 4.17; Table 4.2). On the 31st of May, the 

HDG threshold was exceeded three separate times between Station 1B and 6 (Figure 4.14). 

The greatest concentrations of chlorophyll were detected on the seaward side of fronts as 

indicated by the HDG threshold, and less dense water was also detected on the seaward side 

of the WSF compared to the landward side (Figure 4.14). This pattern of greatest chlorophyll 

concentrations being detected in less dense water on the seaward side of where the WSF was 

previously detected on the 28th of June, although the HDG threshold was not surpassed 

during this transect (Figure 4.16). Again, greater chlorophyll was detected on the seaward 

side of the WSF during the transect on the 4th of July (Figure 4.17).  

The apparent limitation of high chlorophyll concentrations to the seaward side of the 

WSF is an interesting feature. Many studies have found that primary producers in stratified 

systems can be limited to thin layers, which require relatively little energy to be advected 

across a distance (Berdalet et al., 2014; Dekshenieks et al., 2001; Raine, 2014; Sullivan et 

al., 2005, 2003). Thin layers of algae can be advected towards more dense surface water, 

which implies less stratification occurring in the water column (Berdalet et al., 2014; Raine, 

2014). Less stratification suggests more mixing is occurring in the water column, which can 

in turn erode the increased chlorophyll concentration advected towards the frontal region 

(Franks and Walstad, 1997). This situation appears to have been measured at the WSF during 

2018, particularly on the 31st of May (Figure 4.14) and the 4th of July (Figure 4.17), and also 

the 28th of June even though presence of the WSF was not confirmed (Figure 4.16). It is 

interesting to note that on the 31st of May 2018 evidence of the WSF was found between 

Station 5 and 6 (Figure 4.14). Although the concentration of surface chlorophyll decreased 

from Station 5 to Station 6, there is little difference in the vertically integrated concentration 

of chlorophyll (Figure 4.14). Later in the year on the 4th of July, however, there was a large 

decrease in vertically integrated chlorophyll between Stations 2 and 3, where the WSF was 

located (Figure 4.17). Further study should exam erosion of enhanced chlorophyll at the 

WSF using more CTD transects, or possibly autonomous underwater vehicles. Increased 

mixing at the WSF may stop advected HABs reaching the Shetland coastline, as has been 

indicated in Loch Fyne (Table 4.2) (Paterson et al., 2017).  
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It is unclear whether increased chlorophyll concentration in the water necessarily 

indicates the presence of HABs. While sampling logistics limited the number of 

phytoplankton samples that could be collected during this study, chlorophyll concentration 

in the water column can be used as a proxy for abundance of these primary producers. Many 

previous studies have used chlorophyll concentration to determine the location and relative 

abundance of pelagic phytoplankton (Aleynik et al., 2016; Behrenfeld, 2010; Paterson et al., 

2017). The genera of most concern to Scottish shellfish aquaculture, for example, are 

Dinophysis and Alexandrium which do not need to form high density blooms in order to pose 

a risk to human health (Davidson et al., 2011; Martino et al., 2020; Swan et al., 2018; Whyte 

et al., 2014). 

 The SMF has not previously been detected by satellite. CTD data suggest that density 

differences around the location of the SMF were not particularly strong during May 2017, 

but a large proliferation of chlorophyll was detected between Swarbacks Minn and Olna 

Firth (Figure 4.4). Winds from the 10th May were primarily from the northeast (Figure 4.30), 

indicating that enhanced chlorophyll in this semi-enclosed location was not due to advection. 

The combination of a strong SMF during summer 2017 and large concentrations of 

chlorophyll between Swarbacks Minn and Olna Firth suggests that chlorophyll was not being 

advected past the SMF from inside the more enclosed area landwards of Swarbacks Minn 

(Figure 4.5 – 4.8). The less dense surface water on the landwards side of the SMF would 

likely have been under pressure to flow out over the adjoining weakly stratified and more 

dense water on the seawards side of the SMF due to estuarine circulation (Geyer and 

MacCready, 2014) (Figure 4.5 – 4.8). During the weeks preceding the CTD transects on the 

22nd of June and 8th of August 2017 especially, the majority of winds appear to have been 

coming from west of Shetland (Figures 4. 32 + 4.34). This wind forcing may explain why a 

large concentration of chlorophyll was detected in less dense water on the landwards side of 

the SMF, as wind was counteracting pressure of estuarine circulation and keeping enhanced 

chlorophyll concentration inside the voe (Figures 4.5 + 4.7). In addition to this evidence, the 

enhanced difference in chlorophyll concentration on both sides of the WSF from the 31st of 

May until the 4th of July (Figures 4.14 – 4.17) shows advection is disrupted. Evidence of the 

advection of microalgae to be impeded by a strong SMF was not found during this study; 

testing whether this happens would be of interest to aquaculture stakeholders.  

There is motivation for future studies to accurately determine freshwater fluxes from 

the region landwards of Swarbacks Minn using a box model (Gillibrand et al., 2013). The 

much higher salinity of voes in the Shetland Islands compared to more fjord-like sea lochs 
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along the West of Scotland meant a box model designed for western sea lochs was not 

appropriate for use in the current study (Gillibrand et al., 2013). The SMF is not consistently 

present (Table 4.2); a method of determining the presence of the SMF may improve the 

predictability of HABs being advected east of Swarbacks Minn. Modelling may help to 

improve estimates of when the SMF is present and be more helpful than for example a real-

time link to a series of tethered CTDs (Maske et al., 2012) or the use of autonomous vehicles 

to track the position of fronts (Zhang et al., 2019), both of which have the potential to be 

prohibitively expensive.  

This combination of a front at the mouth of an RRE and a chlorophyll maximum has 

been observed before, and linked to conditions favourable for dinoflagellate blooms in some 

Spanish Rías (Tilstone et al., 1994). The present study allowed for enumeration of 

Dinophysis spp. on a single occasion when the SMF was strong and a chlorophyll maximum 

was observed on the landward side of this, on the 8th of August 2017 (Figures 4.8 + 4.25). 

The SMF was the only location Dinophysis spp. were detected at cell densities greater than 

100 cells L-1 at every depth sampled, suggesting the SMF may be a region of Dinophysis 

spp. HAB development (Figure 4.25). Dinoflagellates like Dinophysis spp., have previously 

been detected at higher densities around fronts (Paterson et al., 2017; Siemering et al., 2016; 

Tilstone et al., 1994). Although the reason commonly given for dinoflagellate abundance 

inflation around frontal regions is the enhanced concentration of nutrients typically found in 

these regions (Paterson et al., 2017; Tilstone et al., 1994), it is unclear whether increased 

nutrient availability is present near the SMF.  

There are a large number of finfish and mussel farms throughout both the restricted 

area landwards of the SMF and within Olna Firth where the present transect ended. Although 

mussel farms are not likely to adversely affect ambient water quality (Hatcher et al., 1994; 

Shumway et al., 2003), finfish farms have been linked to eutrophication in some systems 

(Burkholder and Shumway, 2011). A highly detailed report commissioned more than 15 

years ago found no evidence of increased nutrient loads, or increased frequency of HABs 

with anthropogenically introduced nutrients from Scottish aquaculture (Smayda, 2004). The 

relatively sheltered nature of voes where aquaculture sites are located in Shetland means 

increased nutrient loading could stay for some time. However, although increased nutrient 

loading and eutrophication have been linked to increased primary production (Anderson et 

al., 2008; Gowen et al., 2008), the link to HABs is not simple (Davidson et al., 2014). No 

evidence of increased nutrients causing HABs around Scottish aquaculture has been found 
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since the original report was published (Smayda, 2004), and it is very unlikely that increased 

nutrient concentrations have anything to do with increased chlorophyll inside the RRE. 

 Frontal regions are often associated with increased nutrient concentration due to 

mixing with deeper water or local nutrient cycling, and higher than ambient primary 

production are often found near fronts (Holligan, 1981; Simpson et al., 1981). During 

transects, higher concentrations of nutrients were generally observed at depth compared to 

surface levels (Figures 4.18 – 4.24), which is indicative of a stratified water column (Doyon 

et al., 2000; Holligan, 1981; Raine, 2014). The general increase in nutrient concentrations 

between July and October 2017 is to be expected as stratification during this time also 

decreased (Figures 4.7 – 4.12). Turbulent mixing of the water column can increase the 

concentration of nutrients which have been separated from surface waters by the thermocline 

(Berdalet et al., 2014; Lucas et al., 2014; Wang and Tang, 2014). Local cycling of nutrients, 

whereby nitrogen and other biologically available elements are released from detritus and 

decaying matter by denitrifying bacteria, is also an important source of nutrients, especially 

after a phytoplankton bloom (Berdalet et al., 2014; Biddanda and Pomeroy, 1988; Wyatt, 

2014). The nutrient concentration along the transect is much higher during the end of 

September and October compared to between June and September, likely due to increased 

mixing and increased phytoplankton deaths at the end of the year (Figures 4.18 – 4.24).  

The size and even the presence of fronts is linked to the wind strength and speed. For 

example, stronger winds have been linked to increased mixing in the water column (Doyon 

et al., 2000; Goodrich et al., 1987; Sharples et al., 2006). In addition to this, in some systems 

when wind energy is periodically lower mixing fronts are wider (Kachel et al., 2002). 

Observation of the wind speed and direction before June 28th 2018 shows Shetland 

experienced the strongest westerly winds of 2018’s transect period (Table 4.3; Figure 4.42). 

Winds measured during this week were potentially even stronger than during 2013 when 

Dinophysis spp. were advected from west of Shetland (Whyte et al., 2014). The result of 

increased westerly winds resulted in a more intense formation of algal cells on the seaward 

side of the WSF on the 28th of June than during the previous transect (Figures 4.15 – 4.16). 

There is an implication that strong persistent westerly winds advected algae towards the 

WSF; the less stratified water column on the landward side of the WSF indicates increased 

mixing, and thus eroding of the increased phytoplanktonic cell density (Franks and Walstad, 

1997). Increased concentration of chlorophyll at strong horizontal density gradients is 

routinely used to identify the likely location of fronts using SeaWiFs (Kurekin et al., 2014; 

Miller, 2009; Miller et al., 2015; Miller and Christodoulou, 2014). 
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There are a number of possible reasons for the reduced chlorophyll maximum during 

the 8th of June 2018 on the Atlantic side of where the WSF was located previously (Figure 

4.15). Chlorophyll blooms have been detected near sampling stations where the WSF has 

previously been surmised even when the HDG threshold was not exceeded (Figure 4.16). 

However, the pycnocline during the 8th of June 2018 was weaker than previous and 

successive transects, and differences in density were much weaker during the 8th of June 

compared to the 28th (Figure 4.15 + 4.16). It is possible the WSF was located further offshore 

during at this time, or it had dissipated with the enhanced chlorophyll concentration typically 

associated with the WSF.  

An algal bloom is not always observed at a strong front, as phytoplankton blooms 

are biological and therefore ephemeral. There are a number of factors influencing 

phytoplankton bloom ecology in the field, including predation pressure from zooplankton 

(Lampert et al., 1986), light availability (Behrenfeld, 2010), nutrient availability (Siddorn et 

al., 2007), pressure from disease and pathogen activity (Gachon et al., 2010; Garvetto et al., 

2018), and relatively recently, microplastic pollution (Prata et al., 2019). Many of these 

factors are influenced, or even enhanced, by fronts (Genin et al., 2005; Simard et al., 1986). 

Further CTD transects may be able to elucidate whether the WSF breaks down during 

unusually strong westerly winds like those observed during 2013 (Whyte et al., 2014).  

 

4.4.4 Phytoplankton diversity around frontal regions 

 Phytoplankton were collected during transects in 2017 and subsequently enumerated. 

The community of potentially harmful algae changed as the year progressed. Dinophysis 

spp. were present during all dates during 2017, apart from October (Figure 4.25). The highest 

abundances were detected in July and August (Figure 4.25). This is not surprising as the 

highest abundance of Dinophysis spp. from coastal monitoring programmes occur between 

June and August (Parks et al., 2019; Swan et al., 2018) (Chapter 2). The abundance of 

Pseudo-nitzschia spp. was recorded at more than 50,000 cells L-1 during July and September 

(Figure 4.27). This pattern also follows what is known about Pseudo-nitzschia abundance in 

Scottish waters, where peaks in abundance are observed during spring or summer, and a 

second peak during autumn (Bresnan et al., 2015b; Fehling et al., 2006; Parks et al., 2019) 

(see Chapter 2). 
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 Relating the abundance of phytoplankton to the WSF is difficult for most dates, as 

presence of the WSF was only confirmed twice using the 0.04 kg m-3 km-1 HDG threshold 

(Table 4.2). Assuming that the WSF generally remains somewhere between Station 1B and 

6 suggests that Dinophysis spp. is higher near the WSF than away from it as abundance of 

Dinophysis spp. was higher Station 2 compared to Station 6 (Figure 4.25). Assuming the 

WSF remains in the same region is problematic as results from other transects show no 

evidence of it being near Station 2 (Figure 4.15). Increased spatial resolution closer to the 

coast means evidence of the SMF is more reliable than presence of the WSF (Table 4.2). At 

the SMF, there is a relatively high abundance of Dinophysis spp. at Station 8 on the seaward 

side and a lower abundance at Station 10 (Figure 4.25). The other two dates when water 

samples were taken when there was evidence of the SMF were the 24th of August and 8th of 

September (Table 4.2). On both of these occasions a higher abundance of Dinophysis spp. 

was detected on the seawards side of the SMF (Figure 4.25). Dinophysis spp. were detected 

at higher abundances on the seawards side of the fronts and at lower abundances on 

landwards sides of fronts over a period of more than two months, suggesting that frontal 

regions provide protection to the west of Shetland from advected algae. This corroborates 

data from Loch Fyne, where Paterson et al. (2017) also suggest fronts acted as a barrier to 

potentially toxic phytoplankton.   

It cannot be concluded from transect data that abundance of Pseudo-nitzschia spp. is 

affected by frontal regions. On the 13th of July, 8th of September, and 18th of October, the 

highest abundances of Pseudo-nitzschia spp. were detected on the landwards side of the SMF 

(Figure 4.27). More evidence is needed before this can be attributed to the presence of the 

SMF. On other dates like the 24th of August and 22nd of September, a relatively high 

abundance of Pseudo-nitzschia spp. was detected at the 100 m isobath, although the WSF 

was not recorded at these times (Figure 4.27; Table 4.2).  

Phytoplankton communities at fronts can be different compared to communities 

away from such structures (Siemering et al., 2016). Evidence from the Clyde has shown that 

frontal regions may influence the growth of D. acuta (Paterson et al., 2017). In the present 

chapter D. acuminata were found more often than D. acuta, although a greater proportion of 

D. acuta were detected at Station 6 and 8 on the 24th of August (Figure 4.26). This 

corroborates previous studies finding D. acuminata are more abundant than D. acuta in 

Scottish waters (Paterson et al., 2017; Swan et al., 2018). It is interesting to note that during 

the 24th of August transect, D. acuta were found in greater abundances than D. acuminata at 

the most well mixed of stations (Figure 4.26). On the 8th of September, however, D. acuta 
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were found closer to shore at stations which were typically more stratified (Figure 4.26). In 

the Spanish Rias, the relative abundance of D. acuta compared to D. acuminata often 

increases with increasing water temperature, and is thought to be linked to a deepening 

thermocline (Díaz et al., 2016; Escalera et al., 2006; Reguera et al., 2012). In this study the 

ratio of D. acuta to D. acuminata appears to have decreased with increasing temperature 

Figure 4.26). If further water samples were taken during 2018 this ratio could have been 

studied further, but the time constraints of the present study would not allow for this. Aside 

from using the ratio of D. acuta to D. acuminata as a diagnostic tool for finding fronts, this 

ratio has also been shown to affect the toxin profiles within shellfish (Dhanji-Rapkova et al., 

2018; Swan et al., 2018). More investigation is required before a determination of whether 

the WSF is important for the formation of either D. acuta or D. acuminata populations can 

be made, as in Loch Fyne (Paterson et al., 2017). 

The majority of Pseudo-nitzschia spp. counted during July and the beginning of 

August appear to be from the P. delicatissima group (Figure 4.28). As the year advanced 

towards later August and September, the proportion of P. delicatissima to P. seriata 

decreased and increased again in October (Figure 4.28 + 4.29). This corroborates what has 

already been found in Scottish waters (Bresnan et al., 2017, 2015b; Brown and Bresnan, 

2008; Fehling et al., 2006). The ratio between the Pseudo-nitzschia complexes is important 

as the P. seriata group has been found to produce more DA than the P. delicatissima complex 

(Fehling et al., 2004b, 2004a). It is unclear if the WSF or SMF are more important for either 

P. seriata or P. delicatissima.  

  

4.5 Conclusions 

The structure of the water column west of Shetland has been investigated using CTD 

transects. Data concerning the physical structure of the water column have been compared 

to concentrations of chlorophyll and phytoplankton abundances in order to test a number of 

hypotheses. These aspects are important for our collective understanding of the 

circumstances which can contribute to HABs arriving on the Shetland coastline. It has been 

demonstrated that frontal regions near Shetland can influence the advection of HABs 

(Gillibrand et al., 2016; Whyte et al., 2014). The H0 of Hypothesis 4.1 stated that no evidence 

for a front along the 100 m isobath is ever present, and if there is a front present no variation 

in its location will be measured. Another front, the SMF, is present at the mouth of an RRE 

separating St Magnus Bay from the region east of Swarbacks Minn and may be indicative 
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of other fronts at the mouths of voes all around Shetland. There is potential for the SMF to 

impact the advection of HABs to aquaculture sites within RREs throughout the Shetland 

Islands. Further study of this phenomenon is recommended as fully understanding the 

dynamics of the front and its relationship with phytoplankton could enhance the 

predictability of HABs towards aquaculture sites. The WSF and SMF are present west of 

Shetland, and their presence and the location of the WSF are variable (Table 4.2). This is 

sufficient evidence to reject the H0 of Hypothesis 4.1. 

 The H0 of Hypothesis 2 stated that no difference is present between the species 

diversity of potentially harmful phytoplankton near frontal areas compared to the 

phytoplankton community away from fronts. No data collected during fieldwork for this 

chapter showed the WSF or SMF as being more important for the growth of P. seriata versus 

P. delicatissima. Insufficient data were collected for statistical analysis of Dinophysis 

species diversity near or away from fronts. In general, the abundance of D. acuminata was 

larger than the abundance of D. acuta. The presence of fronts did not appear to have a 

distinguishable effect on D. acuta abundance, but a greater abundance of D. acuta than D. 

acuminata was detected in some of the least stratified sections during one transect. These 

data show there is insufficient evidence to reject the H0 of Hypothesis 2 but invite further 

study into the abundance of D. acuta near and around fronts in Shetland. 

The WSF is a division between stratified and more mixed water, and it is likely that 

advection of HABs is disrupted by its presence. When westerly winds prevail before 

transects take place proliferations of chlorophyll were observed on the seaward side of the 

WSF, suggesting phytoplankton have been advected to the WSF by westerly winds. It is 

likely that when algae are advected further, the mixed water along the front disrupts 

horizontal advection. This gives some indication of the amount of protection afforded by the 

WSF, although further evidence is still needed to determine how often the WSF is present. 

Higher abundances of Dinophysis spp. have been detected on the seaward side of fronts 

during transects, when water and phytoplankton samples were taken (Figure 4.25). This 

appears to corroborate what has been found elsewhere in Scotland (Paterson et al., 2017). 

The H0 of Hypothesis 4.3 stated that any fronts which may be present do not impact the 

advection of HABs towards aquaculture sites on the West of Shetland. Enough evidence has 

been presented to reject the H0 of Hypothesis 4.3. 

  The effect of the WSF on advected algae is important for the prediction of HABs 

impacting the Shetland Islands. Aquaculture stakeholders in Shetland are routinely warned 

when persistent westerly winds are forecast in Shetland (see Chapter 1). It would be 
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beneficial to find out how to quantify the specific wind energy, combining wind speed, 

direction, and persistence, required to push algae through the WSF. A way of finding 

whether algae are present in sufficient numbers at the WSF without the use of satellites 

would also be useful. There is already some interest in extending these capabilities through 

the use of autonomous sensor able to distinguish and enumerate potentially harmful algae, 

such as the Imaging FlowCytobot (https://mclanelabs.com/imaging-flowcytobot/). The use 

of the Imaging FlowCytobot has already been used to successfully detect HABs (Campbell 

et al., 2010; Dashkova et al., 2017; Fischer et al., 2020), and initial investigations into 

application of such a system in the Shetland Islands are ongoing.  

  

https://mclanelabs.com/imaging-flowcytobot/
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Chapter 5: Pathways of harmful algae towards the 

Shetland Islands – An Unexpected Journey? 

5.1 Introduction 

Harmful algal blooms (HABs) composed of various genera of dinoflagellates and 

diatoms frequently disrupt shellfish aquaculture in the Shetland Islands (see Chapter 2). The 

disparate groups potentially display differing responses to changing climatic and 

oceanographic conditions (Chapters 1 and 6). Small scale frontal regions exert an important 

influence on the distribution and formation of dinoflagellate blooms, and abundance of 

Dinophysis spp. has been shown to be enhanced in the proximity of fronts (Franks, 1992b; 

Franks and Walstad, 1997; Paterson et al., 2017; Siemering et al., 2016) (see Chapter 4). 

Fronts are steep density gradients associated with salinity or temperature differences 

(Chapters 1 and 4 describe fronts in more detail). It has been shown that the abundance of 

diatoms has been influenced by nutrient concentrations on and off the European shelf 

(Fehling et al., 2012). The largest oceanographic structure, often acting as a frontal system, 

west of the Shetland Islands is the European Slope Current (ESC).  

A particle tracking model is described and used to explore advection of 

harmful algal blooms to the coast of the Shetland Islands. The movement of 

particles was modelled using surface velocities taken from Atlantic Margin 

Model, 1.5 km resolution. Particle tracking model results appear to recreate 

previously hypothesised westward advection of harmful algal cells during 2006 

and 2013 when exceptional Dinophysis spp. abundances were measured from 

the Shetland coast. The year 2018 has also been indicated as a year with higher 

westerly advection of Dinophysis spp. cells. This provides evidence for the 

previously posed hypothesis that exceptional abundances of Dinophysis spp. are 

due to cells being advected to the Shetland coast from the West, rather than local 

growth. Concerns about how well the model performs close to shore will also be 

addressed here. 
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The use of particle tracking models to assist with the formation of early warning 

systems (EWS) has been described in Chapter 1 (Section 1.5). In order to test the reliability 

and accuracy of particle tracking models which attempt to recreate current velocities, the 

results of these models are compared to cell abundances estimated during routine coastal 

monitoring. This approach has been used to show the movement of an exceptional bloom of 

Karenia mikimotoi which adversely affected the aquaculture industry along the West coast 

of Scotland and towards the Shetland Islands during 2006 (Aleynik et al., 2016; Davidson et 

al., 2009; Gillibrand et al., 2016). Such studies have allowed pathways of HABs which 

reached the Scottish coastline in a variety of places to be determined (Aleynik et al., 2016; 

Davidson et al., 2021; Gillibrand et al., 2016). For example, Gillibrand et al. (2016) 

demonstrated that the 2006 bloom of K. mikimotoi progressed around the Scottish coast at a 

rate that could not be explained simply by transport on the coastal current, hence suggesting 

that the shelf edge current was imporant in cell transport. The use of particle tracking models 

has been particularly encouraged in recent years to assist with designs of a new EWS by the 

PRIMROSE and ASIMUTH projects (Davidson et al., 2021, 2016; Mateus et al., 2019). In 

the present chapter, models have been used to determine whether evidence of the importance 

of oceanographic structures in the development of blooms, particularly HABs, could be 

found. An additional aim was to test whether particles which frequently land on the coast 

originated from the same areas repetitively. This would potentially allow the targeting of 

offshore monitoring effort, by remote sensing or perhaps by mooring deployed 

instrumentation. 

Lagrangian particle tracking models have also been used to model HABs along the 

Pacific Coast of the USA (Giddings et al., 2014). Such studies are helpful because they are 

able to instruct researchers about specific pathways that particular groups of phytoplankton 

take to shore (Giddings et al., 2014). A particle tracking model was used to recreate potential 

pathways that Pseudo-nitzschia spp. take to the coastline of Washington State, which was 

an instructive approach as the Columbia River estuary plume can influence the formation of 

fronts which block advection of HABs to shore (Giddings et al., 2014). The design of such 

models can be useful outside of HAB prediction, as later studies have used models to explore 

the relationship between chlorophyll along the Pacific Coast and wind stress (Stone et al., 

2020). Although the situation in the Shetland Islands is different to the West coast of the 

USA, it is helpful to view how other EWS were developed.  

file:///C:/scoottish
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It has been hypothesised that HABs composed of K. mikimotoi and Dinophysis spp. 

can be transported northwards in the ESC, and subsequently advected from locations on or 

near the European Shelf Edge to the Scottish mainland or to Shetland (Gillibrand et al., 2016; 

Whyte et al., 2014). Frontal regions are likely to be important in this process as sites of 

bloom initiation (Franks, 1992a) or as barriers (Franks, 1992a; Paterson et al., 2017). The 

importance of frontal regions to the West of the Shetland Islands is not yet fully known but 

it has been shown that mixed water on the landwards side of the West Shetland Front (WSF) 

likely disrupts advection of HABs to Shetland (Chapter 4). If fronts can act as a barrier to 

advected phytoplankton reaching the Shetland coastline (Franks, 1992a; Paterson et al., 

2017), there may be circumstances when frontal regions can break down and HABs be 

advected from them to the coastline. In this chapter Lagrangian particle monitoring was used 

to explore this. 

A new state of the art model has been developed for the entire European north-west 

shelf with a horizontal spatial resolution of 1.5 km (Graham et al., 2018). The Atlantic 

Margin Model 1.5 km, hereafter referred to as AMM15, is the current Met Office regional 

configuration of the NEMO ocean model for the Northwest European shelf (Graham et al., 

2018). AMM15 includes local boundary forcing, terrain flowing coordinates and tidal 

forcing (Graham et al., 2018). Any model used to predict real-time events must be validated 

and have its skill assessed before meaningful conclusions can be made (Aleynik et al., 2016; 

De Mey-Frémaux et al., 2019; Giddings et al., 2014; Kurekin et al., 2014; Pinto et al., 2016). 

This is because without validation using collected data it is impossible to say how useful any 

model is, and its effectiveness to stakeholders will be unknown. A quantitative assessment 

of skill is beyond the scope of the current study (Giddings et al., 2014; Luneva et al., 2019), 

but it is appropriate to explore the likely accuracy of the model. 

The previous Atlantic Margin Model 7 km (AMM7) had much lower spatial 

resolution (O’Dea et al., 2012). AMM7 was able to adequately resolve topographic and 

barotropic scales (Graham et al., 2018; Holt et al., 2017), and has been able to accurately 

recreate temperature in the North Sea and Celtic Sea (Luneva et al., 2019). For smaller scale 

oceanographic processes such as frontal jets, internal tides, smaller scale eddies and transport 

by tides AMM7 was considered insufficient (Graham et al., 2018; Holt et al., 2017). In 

addition to problems with resolution, AMM7 showed some cold bias when compared to 

AVHRR data (O’Dea et al., 2017). Some inaccuracies and biases with salinity measurements 

were also detected when AMM7 was compared to previous models (O’Dea et al., 2017). 

Both the salinity and temperature biases were more pronounced in the Northwest section of 
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the model, towards Iceland and the Faroe-Shetland current (O’Dea et al., 2017). There are 

differences to in situ and remotely sensed data; cold biases are pronounced in off-shelf areas 

modelled by AMM7, particularly outside the Summer (months of June, July and August) 

(Luneva et al., 2019; O’Dea et al., 2017). 

In the newer AMM15 model, a comparisons of a 30-year run of AMM7 and AMM15 

showed improvements in the biases; the greatest improvements to biases were shown in the 

region off the European shelf when the higher resolution model was used (Graham et al., 

2018). The effect of internal waves and stratification are accurately recreated across the 

modelled region by AMM15, which is a significant improvement over AMM7 (Graham et 

al., 2018; Holt et al., 2017). These off-shelf biases in temperature and stratification strength 

were greatly reduced with the release of the higher resolution AMM15 which improved 

accuracy especially in deeper areas (Graham et al., 2018).  

The analysis below will use particle tracking based on current velocities modelled by 

AMM15 to increase understanding of HABs advected from west of the Shetland Islands to 

the coast. The role of frontal regions in advection of harmful Dinophysis spp. blooms will 

also be explored.  

Hypothesis 5.1 

H0 = AMM15 is not able to accurately recreate the structure of the water column west of 

Shetland. 

Hypothesis 5.2 

H0 = No evidence of frontal regions influencing how phytoplankton are advected to the 

coastline of Shetland will be evident in particle tracking models. 

Hypothesis 5.3 

H0 = The results of particle tracking models in years with low and high abundances of 

Dinophysis spp. will not be different from each other. 

 

5.2 Methods 

 The area of focus during this study is bound by 59° and 62.74° North, and -8° and 

2.5° East (Figure 5.1). This area includes the north of the Orkney Islands, and the seas 

surrounding the Shetland and Faroe Islands. This area was chosen to include the entirety of 
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the Shetland Islands, as well as a large area west of Shetland and a large section of the 

European Shelf edge (Figure 5.1). 

 

5.2.1 Particle tracking using AMM15 

Surface hourly mean u and v vector current data for the years 2006 – 2013 and 2016 

– 2018 were acquired from AMM15, directly from the authors (Graham et al., 2018). Data 

from 2016 – 2018 were obtained from the operational model, but other years are from a 

configuration run. This allowed for a greater number of years from the increased resolution 

of AMM15, but which have not undergone the same operational forcing and boundary 

parameters as the validated model. The configuration run provided data until the end of 2014, 

but different forcing conditions and boundaries were used in 2015 (J. Graham, personal 

communication). Years 2014 and 2015 have not been used in the present analysis, but other 

years prior to 2016 have been included to maximise the data output of particle tracking 

models. In particle tracking experiments, particles were evenly spread over the study area, 

and speed was interpolated using gridded u and v vectors for the particular time step 

following Jones et al. (2020). No biology was applied to the model; the particle tracking 

Figure 5.1 Map of the study area. Isobaths have been marked at 100 m, 500 m, 1000 m, and 1500 m 

depth taken from Digimap®. Specific islands and archipelagos have been marked using coastline data 

from Digimap®. 
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model was designed to show how currents were likely to affect the distribution of algal cells 

in the model area. 

 

5.2.1.1 Determining advection of particles in models 

 7778 particles were distributed evenly throughout the ocean space bounded by 59° 

and 62.74° North, and -8° and 2.5° E. AMM15 has 51 different depths but because the 

current model already stretched computational capabilities, particles were confined to the 

surface. Surface currents were enabled to act on the particles by using interpolated velocities 

to calculate successive positions of each particle over the study area. As no biology was 

applied to the model, each particle tracking model was limited to four weeks. At least six 

model runs were completed during each year; the starting dates of model runs were two 

weeks apart. 

 Particles were permitted to move anywhere throughout the domain of interest. When 

any particular particle hit the edge of the model, either at the boundaries already described 

or when coming near to land masses, the particle was stopped, and this location was 

recorded. A distinction was made between the particles that landed on Shetland and those 

that landed on Orkney, the Faroe Islands or Fair Isle.  

 The particle movements were recorded every five hours in animated gifs, which also 

recorded the previous 30 hours of movement. To allow for better discrimination of where 

likely HABs are advected from, the starting locations of particles which landed on Shetland 

or elsewhere were recorded in a separate gif. To allow for better discrimination of slow 

moving and fast-moving particles, the current location of each particle is displayed in blue, 

unless it has hit land or the map boundary in which case it is turned red. The previous 30 

hours of movement are displayed in the colour green. 

 For every time period in each of the particle tracking model runs undertaken 

throughout the year, particle position was updated every hour using equations 1 and 2: 

Equation (1) 𝑋𝑇+1 =  𝑋𝑇 +  (𝑈𝑇ΔT +  R√2𝑘𝑋ΔT )
90

107 cos(𝑌𝑇)
   

Equation (2) 𝑌𝑇+1 =  𝑌𝑇  +  (𝑉𝑇ΔT +  R√2𝑘𝑋ΔT)
90

107    

where X and Y are latitude and longitude of each specific particle, T shows the time step, ΔT 

is the difference between successive time steps, U and V are the 2-Dimensional advection 
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velocities obtained from AMM15, and R√2𝑘𝑋ΔT is a random diffusive effect designed to 

account for factors which undoubtedly have an effect on advection but have not been 

calculated. The horizontal diffusion coefficient, 𝑘𝑋 has been assigned the constant value of 

0.25 m2 s-1. The value of X and Y at time step is thus dependent on the previous position of 

X and Y, and on the current velocity at the current time step. The random diffusive effect 

determines how the current velocity will influence modelled particles at each successive 

step.  

Years 2006, 2007, 2013 and 2018 were focused on because the abundance of 

Dinophysis spp. was greater than 5000 cells L-1 at least once (Figure 2.8). Years 2006, 2013 

and 2018 had significantly higher abundances of Dinophysis spp. than other years (see 

Chapter 2). Particle tracking models from years 2008 – 2012, 2016, and 2017, when smaller 

abundances of Dinophysis spp. were detected, have been included to allow comparison 

between years of high and low cell abundance.  

 

5.2.2 Temperature and salinity from AMM15 

 To test the skill of AMM15 in predicting temperature and salinity of waters near the 

coast, it was compared to data acquired by CTD. A total of 14 CTD transects were completed 

during 2017 and 2018 from within Olna Firth, a voe on the west of mainland Shetland, to 

just past the 100 m isobath west of Shetland. Temperature, salinity, and density data were 

acquired during this fieldwork. The acquisition, analysis and description of these results have 

been described elsewhere (see Chapter 4).  

Daily mean temperature and salinity data modelled by AMM15 from an area 

corresponding to CTD transects (Chapter 4) were downloaded from 

www.marine.copernicus.eu for the years 2017 and 2018. Temperature and salinity were 

converted to conservative temperature (CT) and absolute salinity (SA), using latitude and 

longitude. Potential density anomaly was calculated using SA and CT, according to the 

methodology from the Intergovernmental Oceanographic Commission, (Pawlowics, 2013). 

A 2D grid was constructed along the same path as the transect line, and potential density 

anomaly was interpolated onto this grid for each day during 2017 and 2018. 

Potential density anomaly, in the text hereafter referred to as density, is measured in 

kilograms per cubic meter (kg m-3). Density data for every 2 m of depth along the CTD 

transect were displayed using the MATLAB function contourf. Animated gifs of density 

data were constructed for both 2017 and 2018. Individual snapshots of these animations have 

http://www.marine.copernicus.eu/
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been displayed in this thesis for easy comparison against graphs constructed from CTD 

derived data.  

To help further compare AMM15 data to data collected by CTD transect, the 

difference in density between surface waters and 30 m depth, and the surface and 70 m depth 

(ΔD) was calculated from CTD data. These were also calculated from AMM15 data, as well 

as the interquartile range of the surrounding 5 days. This allowed for evaluation of any minor 

inaccuracies with timing by AMM15.  

 

5.2.3 Drifter deployment west of Shetland 

 In order to determine how well AMM15 models the speed and direction of surface 

currents west of Shetland, drifters with the ability to be tracked by GPS were deployed on 

two occasions during 2018. On the 30th of May 2018, three SouthTEK Sensing Technologies 

Offshore Nomad drifters (https://www.southteksl.com/index.php/products/offshore-

nomad/drifter-offshore-nomad-detail) (hereafter referred to as drifters) were deployed 

(Figure 5.21) at Stations 1A, 1B and 2 (Chapter 4). A second group of four drifters, two of 

which were equipped with solar panels, were deployed on the 4th of July 2018 (Figure 5.22) 

at Stations 1A, 1B, 1 and 2 (Chapter 4).  

 The SouthTEK Sensing Technologies Offshore Nomad drifters are enabled to 

communicate and transmit their GPS position through the Iridium constellation. The Iridium 

network is necessary to transmit positions around the Shetland Islands due to poor coverage 

of the GPRS mobile telephone network and having Iridium capability allowed transmission 

even if the drifters travelled far offshore. SouthTEK drifters have successfully been used in 

a number of other studies including to assist with oil spill forecasting in Italian seas (Ribotti 

et al., 2018) and clarifying surface currents in the Gibraltar Strait (Bolado-Penagos et al., 

2017). Because it was unknown whether battery would last as long as the drifter deployment, 

there is a variable time between location updates. For example, response time increased 

when attempting to precisely locate drifters in real time but decreased the remainder of the 

deployment in an attempt to save battery life. Drifters were drogued at a depth of 10 m with 

SouthTEK SATIS drogues, which resemble holey-sock models (Niiler et al., 1995, 1987). 

Drogues were carefully filled with water before deployment from the research vessel. 

 Particle tracking models were initiated at the same time and location that drifters 

were deployed and were run until either the drifters stopped moving or loss of battery. The 

https://www.southteksl.com/index.php/products/offshore-nomad/drifter-offshore-nomad-detail
https://www.southteksl.com/index.php/products/offshore-nomad/drifter-offshore-nomad-detail
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starting location of particles was covered by evenly packing 441 particles into an area limited 

by being 0.01° North and East of all sides from where each drifter began responding from. 

This allowed each particle to be assigned a starting space of 0.001°, which far exceeds the 

1.5 km horizontal resolution of the AMM15 model. Using an excessively high number of 

particles allowed for more replicates to be made, and for the effect of chaotic dispersal to be 

made clear (Lorenz, 1963; Thiétart and Forgues, 1995). The advection of drifters was tracked 

for the entire period of deployment, which was 473 hours from late May 2018 until mid-

June 2018, and 132 hours during July 2018. 

 

5.2.4 Chlorophyll data 

 High resolution data of the concentration of chlorophyll in surface waters were 

obtained from ACRI-ST Company as part of Copernicus Marine Environment Monitoring 

Service (Le Traon et al., 2015). Surface concentration of chlorophyll-a and phaeophytin 

(hereafter referred to as chlorophyll) is calculated from applying algorithms to the merged 

product of the following satellite ocean colour sensors: SeaWIFS, MODIS Aqua, MODIS 

Terra, MERIS, VIIRS NPP, VIIRS-JPSS1, OLCI-S3A and S3B. In the current study area, 

which included mainly coastal seas, the OC3-OC4 algorithms and OC5 algorithms were 

more suitable (Le Traon et al., 2015; O’Reilly et al., 1998), in comparison to earlier 

chlorophyll estimation algorithms designed for oligotrophic water bodies (Hu et al., 2012). 

The final chlorophyll product returns concentrations in surface waters at 1 km resolution 

over the study area. 

  L4 data, which are chlorophyll estimates which have not undergone interpolation in 

areas obscured by clouds, were used in this study. Cloud cover is common over the study 

area, and it was deemed more accurate to only show data which had not been interpolated. 

The global L4 chlorophyll product is strongly correlated to in situ chlorophyll measurements, 

returning an r2 value of 0.71 (Garnesson et al., 2021). However, it is likely that there is a 

greater level of error and uncertainty around Shetland compared to global values, as a 

previous study looking at the performance of SeaWIFS in estimating chlorophyll 

concentrations in different locations found performance to be particularly bad in the North 

Atlantic (Gregg and Casey, 2004). Copernicus assigns error values to individual chlorophyll 

estimates; in order to minimize error from chlorophyll concentration estimates, any value 

associated with an error value of 50% or more was discarded from analysis. 
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 Surface chlorophyll concentrations were extracted for the area confined by 55° and 

62.74° N, and -12° and 2.5° E. This larger area was chosen to display surface chlorophyll 

data, in order to show the effect of large-scale features like the ESC on chlorophyll. Using a 

larger area also allowed for a wider view, which was helpful to observe chlorophyll moving 

northwards from further away than particles were permitted to start from. These data were 

then displayed in an animated gif running from April until the end of September of each year 

from 2006 – 2018.   

 

5.2.5 Display of data 

Colour scales used in density graphs and animations and chlorophyll maps were 

taken from the cmocean library, which provides a variety of colour maps relevant to 

oceanography measurements in perceptual changing scales (Thyng et al., 2016). 

 

5.3 Results 

5.3.1 Particle tracking using AMM15 

 In all animations showing the effect of currents on particles at the ocean surface, the 

most striking feature that can be seen is the ESC (Table 5.1). The ESC can be inferred from 

its action on particles at the European shelf edge, which can be seen at the boundary between 

waters deeper than 200 m and shallower (Figures 5.2 – 5.6). Almost all particles in the 

relatively thin layer at the Northwest side of the shelf are propelled northwards by much 

faster currents than particles which begin on the shelf (Table 5.1). 

 The number and size of eddies between the Shetland and Faroe Islands is variable. 

For example, on the animation showing currents from the 12th of August 2018 several large 

eddies can be seen swirling North of the shelf edge. These eddies can impact on the speed 
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of particles being moved Northeast by the ESC. The eddies seen along the shelf during 2013 

and 2006, and earlier in 2018, are much smaller and allow more particles to flow along the 

ESC unimpeded. 

 Movement of particles is much slower on the shelf around the Shetland and Orkney 

Islands compared to within the ESC, and seems to be characterised by tidal movements 

flowing rapidly backwards and forwards. The fastest moving particles on the shelf are found 

in between the Orkney and Shetland Islands, which is explained by the presence of the Fair 

Isle Current (FIC). Typically, particles move faster when between Orkney and Fair Isle than 

when between Shetland and Fair Isle, indicating the effect of the Scottish Coastal Current 

(Hill et al., 1997). In almost all animations, the majority of particles which start off 2° east 

Table 5.1 Links to animated gifs of the output of particle tracking models using 

mean hourly current velocity data from AMM15. Particle tracking models took 

place in the area bounded by 59° and 62.74° N and -8° and 3° E. Models run for 

28 days. 
 

Year Start Date End Date Animations 

2006 

21/05/2006 18/06/2006 

https://doi.org/10.6084/m9.figshare.169

88503 

04/06/2006 02/07/2006 

18/06/2006 16/07/2006 

02/07/2006 30/07/2006 

16/07/2006 13/08/2006 

30/07/2006 27/08/2006 

2007 

20/05/2007 17/06/2007 

https://doi.org/10.6084/m9.figshare.169

88815 

03/06/2007 01/07/2007 

17/06/2007 15/07/2007 

01/07/2007 29/07/2007 

15/07/2007 12/08/2007 

29/07/2007 26/08/2007 

2013 

23/05/2013 21/06/2013 

https://doi.org/10.6084/m9.figshare.169

88986 

02/06/2013 30/06/2013 

16/06/2013 14/07/2013 

30/06/2013 28/07/2013 

14/07/2013 12/08/2013 

28/07/2013 26/08/2013 

2018 

20/05/2018 28/06/2018 

https://doi.org/10.6084/m9.figshare.169

89034 

27/05/2018 25/06/2018 

03/06/2018 01/07/2018 

17/06/2018 15/07/2018 

01/07/2018 29/07/2018 

15/07/2018 13/08/2018 

29/07/2018 27/08/2018 

12/08/2018 10/08/2018 

 

https://doi.org/10.6084/m9.figshare.16988503
https://doi.org/10.6084/m9.figshare.16988503
https://doi.org/10.6084/m9.figshare.16988815
https://doi.org/10.6084/m9.figshare.16988815
https://doi.org/10.6084/m9.figshare.16988986
https://doi.org/10.6084/m9.figshare.16988986
https://doi.org/10.6084/m9.figshare.16989034
https://doi.org/10.6084/m9.figshare.16989034
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and west of Orkney and 0.5° north of Orkney, exceed the boundaries of the study area (see 

animations within Table 5.1). No proliferations of particles are present near the approximate 

region of the 100 m isobath West of Shetland in any of the animations. There are no 

discernible areas where the eastward movement of particles stops (Table 5.1). 

 During certain times, it is possible to observe more eastward movement by particles 

on the shelf compared to other times. For example, during June, July and August 2013 

particles can be seen flowing all at once towards the East. These are responses to westerly 

winds which were more prevalent during 2013 (Whyte et al., 2014). The opposite process 

occurs during July of 2007, and a greater number of particles land on the East shore of 

Shetland. This can be looked at in more detail by observing the end results of the model runs. 

 

5.3.1.1 Particle tracking during 2006 

 During 2006, results from particle tracking experiments show that surface currents 

could potentially have transported particles from as far away as the shelf edge west of the 

Shetland Islands (Figure 5.2). During 2006, particles which were modelled to land on 

Shetland predominantly originated from the West (Figure 5.2). During May, June and July, 

particles landing on the Shetland coastline appeared to originate from west of the European 

shelf edge (Figure 5.2a, c + d), unlike models which started later in May and July 2006 

(Figure 5.2).  

During models which began on mid-June and early July 2006, particles appear to 

have been advected towards the Shetland coastline from the ESC (Figures 5.2c – 5.2d). West 

of Foula, the majority of particles which landed on Shetland originated from the Northwest 

(Figures 5.2c – 5.2d). Compared to earlier animations, more particles from the Southwest of 

Shetland were transported to the coast starting from mid-July (Figure 5.2e). The last 

animation of 2006, after the end of July, is when the greatest number of particles landed on 

Shetland (Figure 5.2f). The particles did not originate from as far away as earlier animations 

and includes a greater number from the East of Shetland than other animations (Figure 5.2).   
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(b) (a) 

(f) 

(d) 

Figure 5.2 Starting position of particles from tracking models which have been run over 28 days starting from 

(a) 21st May 2006, (b) 4th June 2006, (c) 18th June 2006, (d) 2nd July 2006, (e) 16th July 2006 and (f) 30th July 

2006. Particles have been influenced by surface currents derived from AMM15. Particles have been colour 

coded depending on where they were located after 28 days; yellow particles were still on the map after 28 days, 

red particles landed on the Faroe or Orkney Islands or Fair Isle, magenta particles have landed on the Shetland 

Islands or Foula and turquoise particles have exceeded the boundaries of the map. Grey translucent lines mark 

the approximate location of the European shelf edge, or the 200 m isobath surrounding Shetland, Orkney and the 

Faroe Islands. 

(c) 

(e) 
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5.3.1.2 Particle tracking during 2007 

 When compared to 2006, results of particle tracking animations throughout 2007 

show that a greater number of particles landed on the coast of the Faroe Islands (Figure 5.3). 

In 2006 almost all particles surrounding Orkney either landed or exceeded the boundaries of 

the study area (Figure 5.2). In comparison, a greater number of particles to the West of 

Orkney remained within the study area when current data from 2007 were used (Figure 5.3). 

 Particles which did land on Shetland did not originate from as far away as during 

2006, as none originated from near the European Shelf Edge during 2007 (Figures 5.2 + 5.3). 

Animations beginning during June 2007 showed particles were more likely to be transported 

towards Shetland from the East and were more likely to hit the East coast of Shetland (Figure 

5.3b – 5.3c, Table 5.1). After animations beginning in June, particles landed on Shetland 

from all around the perimeter of the archipelago (Figure 5.3d – 5.3e). On the animation 

beginning at the end of July particles hitting Shetland came from the West (Figure 5.3f).  

 The greatest number of particles which landed on Shetland during 2007 occurred on 

the model starting on the 3rd of June (Figure 5.3b). The vast majority of particles originated 

from the East of the Shetland Islands (Figure 5.3b).  
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(a (b

(c (d

(e (f) 

Figure 5.3 As Figure 5.2, except starting position of particles are from tracking models which have 

been run over 28 days starting from (a) 20th May 2007, (b) 3rd June 2007, (c) 17th June 2007, (d) 1st 

July 2007, (e) 15th July 2007, and (f) 29th July 2007.  
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5.3.1.3 Particle tracking during 2013 

Particle tracking models using AMM15 modelled currents from 2013 gave arguably 

the most interesting results (Figure 5.4). In the four weeks after the end of May 2013 particles 

landing on Shetland appear to have come from all around the archipelago, and not from very 

far away (Figure 5.4a). For example, none of the modelled particles originated from near the 

ESC, and do not appear to have come from more than 1° longitude away (Figure 5.4a). All 

other animations show that particles came primarily from the West (Figure 5.4).  

Animations which started during June of 2013 surface currents from as far away as 

between -7° and -8° East, on the other side of the ESC, were transported to land on the West 

coast of Shetland (Figure 5.4c – 5.4d). Theoretical particles were transported to the Shetland 

coast from nearly -8° East, which was from further away compared to the growth period of 

other years looked at (2006 – 2013 and 2016 – 2018). Particles appeared to come from due 

West of the Shetland Islands (Figure 5.4c – 5.4d). During later animations which started 

during July, particles were more likely to come from Southwest of Shetland (Figure 5.4e – 

5.4f). The highest number of particles which landed on Shetland began at the end of June 

and originated primarily from the West of Shetland (Figure 5.4d). 
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(a) 

(c) 

(e) 

(b

(d

(f) 

Figure 5.4 As Figure 5.2, except starting position of particles are from tracking models which have 

been run over 28 days starting from (a) 23rd May 2013, (b) 2nd June 2013, (c) 16th June 2013, (d) 30th 

July 2013, (e) 14th July 2013, and (f) 28th July 2013.  



238  

 

5.3.1.4 Particle tracking during 2018 

 Because the period of peak Dinophysis spp. abundance was higher than other years 

during 2018, a separate particle tacking model starting at an earlier date was run. In the 

model starting from the 5th of May 2018, most particles which landed on Shetland originated 

from southwest of the archipelago (Figure 5.5aa). This suggests some advection from the 

West (Figure 5.5aa). 

 During animations which started at the end of May and beginning of June 2018, many 

particles which landed on Shetland had come from the East (Figure 5.5a – 5.5b). More 

particles which landed on Shetland came from the East in May, but there were still more 

coming from the East during the June (Figure 5.5a – 5.5b). This suggests that surface waters 

were advected towards Shetland by currents flowing east to west. The presence of particles 

which were transported towards Shetland from the Southwest in addition to particles from 

the East during the beginning of June, likely indicates a shift of currents flowing from west 

to east in the late half of June (Figure 5.5a – 5.5b). 

In animations which began after the beginning of June 2018, the majority of particles 

came from west of Shetland (Figure 5.5c – 5.5f). The majority of particles landing on 

Shetland originated from due west in animations starting in mid-June, beginning of July and 

the end of July (Figure 5.5c, 5.5d + 5.5f). During the animation which began during mid-

July the majority of particles which landed on Shetland came from the Southwest (Figure 

5.5e). During 2018, the animation during which most particles landed on Shetland began on 

the beginning of June (Figure 5.5b). Particles came from both the East and Southwest (Figure 

5.5b).  

 

(aa) 
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(a) 

(c) 

(e) 

(b) 

(d

(f) 

(a) 

Figure 5.5 As Figure 5.2, except starting position of particles are from tracking models which have 

been run over 28 days starting from (aa) 5th May 2018, (a) 20th May 2018, (b) 3rd June 2018, (c) 17th 

June 2018, (d) 1st July 2018, (e) 15th July 2018, and (f) 29th July 2018.  
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5.3.1.5 Particle tracking during years with low Dinophysis spp. abundances 

 In order to compare how useful particle tracking models are for predicting HABs, it 

is important to compare years when cell abundances of Dinophysis spp. were low as well as 

high. The results of particle tracking models for years with smaller abundances of 

Dinophysis spp. are available to see in animated form, but a figure displays results for a 

representative year with the smallest abundance in 2008 (Figure 5.6). During 2008, the 

majority of modelled particles which reached the Shetland coastline did not originate from 

more than 1° longitude from the West coast (Figure 5.6). The only exception to this trend 

was on the model running from between the 14th of July and the 11th of August 2008 (Figure 

5.6e).  

 During 2009, more modelled particles landed on the coast of Shetland compared to 

during 2008 (Table 5.2). Despite this, none of the model runs showed an overwhelming 

proportion of particles landing on the coast originating from west of Shetland. The particles 

landing on the coast from locations furthest to the West occurred during model runs between 

the 17th of May and 14th of June and the 26th of July and 23rd of August 2009 (Table 5.2). 

 Two of the models during 2010 showed particles landing on the coast of Shetland 

advected from more than 3° longitude to the West. These models began on the 20th of June 

and the 4th of July 2010 (Table 5.2). Other model runs during 2010 did not show particles 

arriving from as far away; the majority of particles which landed on the coast of Shetland 

were not further away than 1° longitude (Table 5.2). 

 During 2011 simulations, most theoretical passive particles representing algal cells 

which landed on the Shetland coastline originated from the East of Shetland (Table 5.2). 

Possible exceptions included the simulations which began on 22nd May and 31st July 2011, 

which showed most particles which landed on Shetland originated from west of the 

archipelago but none from further away than 2° longitude (Table 5.2). A similar distribution 

of results was found during simulations from 2012, as the majority of theoretical particles 

originated from east of the Shetland Islands. Exceptions to this occurred during models 

beginning on the 15th and 29th of July 2012 (Table 5.2). 

 During 2016, particle tracking models show that many more theoretical particles 

west of Shetland were advected towards the Shetland coastline compared to other years. 

Only during models which started on the 22nd of May and 6th of June, a majority of particles 

which landed on Shetland did not originate from the West (Table 5.2). During 2017, the 
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majority of theoretical particles in models which landed on Shetland originated from the 

West, for all seven models during this year (Table 5.2). 

 

(a) (b) 

(c) 

(e) (f) 

(d) 

Figure 5.6 As Figure 5.2, except starting position of particles are from tracking models which have 

been run over 28 days starting from (a) 19th May 2008, (b) 2nd June 2008, (c) 16th June 2008, (d) 30th 

June 2008, (e) 14th July 2008, and (f) 28th July 2008.  
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Table 5.2 As Table 5.1, apart from years with lower Dinophysis spp. abundance are 

displayed here. 
 

Year  Start Date End Date Animations 

2008 

19/05/2008 16/06/2008 

https://doi.org/10.6084/m9.figshare.16988920 

02/06/2008 30/06/2008 

16/06/2008 14/07/2008 

30/06/2008 28/07/2008 

14/07/2008 11/08/2008 

28/07/2008 25/08/2008 

2009 

17/05/2009 14/06/2009 

https://doi.org/10.6084/m9.figshare.16988923 

31/05/2009 28/06/2009 

14/06/2009 12/07/2009 

28/06/2009 26/07/2009 

12/07/2009 09/08/2009 

26/07/2009 23/08/2009 

2010 

23/05/2010 20/06/2010 

https://doi.org/10.6084/m9.figshare.16988932 

06/06/2010 04/07/2010 

20/06/2010 18/07/2010 

04/07/2010 01/08/2010 

18/07/2010 15/08/2010 

01/08/2010 29/08/2010 

2011 

22/05/2011 19/06/2011 

https://doi.org/10.6084/m9.figshare.16988938 

05/06/2011 03/07/2011 

19/06/2011 17/07/2011 

03/07/2011 31/07/2011 

17/07/2011 14/08/2011 

31/07/2011 28/08/2011 

2012 

20/05/2012 17/06/2012 

https://doi.org/10.6084/m9.figshare.16988968 

03/06/2012 01/07/2012 

17/06/2012 15/07/2012 

01/07/2012 29/07/2012 

15/07/2012 12/08/2012 

29/07/2012 26/08/2012 

2016 

22/05/2016 19/06/2016 

https://doi.org/10.6084/m9.figshare.16988992 

05/06/2016 03/07/2016 

19/06/2016 17/07/2016 

03/07/2016 31/07/2016 

17/07/2016 14/08/2016 

31/07/2016 28/08/2016 

2017 

21/05/2017 18/06/2017 

https://doi.org/10.6084/m9.figshare.16989025 

04/06/2017 02/07/2017 

18/06/2017 16/07/2017 

02/07/2017 30/07/2017 

16/07/2017 13/08/2017 

30/07/2017 27/08/2017 

06/08/2017 03/09/2017 

 

https://doi.org/10.6084/m9.figshare.16988920
https://doi.org/10.6084/m9.figshare.16988923
https://doi.org/10.6084/m9.figshare.16988932
https://doi.org/10.6084/m9.figshare.16988938
https://doi.org/10.6084/m9.figshare.16988968
https://doi.org/10.6084/m9.figshare.16988992
https://doi.org/10.6084/m9.figshare.16989025
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5.3.2 Density estimates by AMM15 

When AMM15 was used to model temperature, salinity, and density data over the 

sampled transect line, a higher spatial and temporal resolution could be achieved compared 

to CTD transects. The reader may benefit from reading the following section alongside 

description of the CTD transect from Chapter 4, as comparisons data from the CTD transect 

will here be compared to data modelled by AMM15. Animated gifs of the AMM15 modelled 

water column density throughout the entire year are presented in the online supplementary 

data for 2017 and 2018 (Table 5.3). Modelled data from AMM15 shows relatively good 

agreement with interpolated data from the CTD transect. 

Limitations of both the CTD transect and modelling data using AMM15 should be 

detailed. Despite the spatial resolution being higher than CTD deployments during transects, 

the area covered by AMM15 is smaller as the model does not seem to cover semi-enclosed 

areas like Swarbacks Minn (see Chapter 4) (Figures 5.7 – 5.20). The bathymetry is 

misrepresented by AMM15 as the location of the deepest point in St Magnus Bay is shown 

at a different place when using CTD (Figures 5.7 – 5.20). The CTD transect was planned 

using bathymetry from DigiMap®, which has been found to be different to bathymetry data 

collected by multibeam sonar (Hughes, 2014b). The dissimilarity between AMM15 and 

DigiMap® bathymetry is therefore expected, and unlikely to influence surface advection as 

the water column is approximately 150 m at this point (Figures 5.7 – 5.20). Because the CTD 

transect was from a specific point in time, density data are measured as specific discrete 

points. Despite these limitations, the advantages of using modelled data, for example the 

greater temporal and spatial resolution, far outweigh the disadvantages. 

The WSF was introduced in Chapter 4 and is situated near the 100 m isobath between 

5 and 10 km from the start of the transect. Some variation exists in the position of the WSF 

(Chapter 4), but the structure does not always appear to be reproduced well by AMM15. 

During 2017, the position of the WSF is recreated relatively well by AMM15, although 

stratification is overestimated. On the 6th of June 2017, data from the CTD transect shows  

Table 5.3 Animations showing density of the water column along the transect route 

of Chapter 4. Average density is shown for every year day of 2017 and 2018. 

Year Density of water column along transect route 

2017 

https://doi.org/10.6084/m9.figshare.16989169 
2018 

 

https://doi.org/10.6084/m9.figshare.16989169
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Figure 5.7 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 10th of May 2017. Red points show results from the CTD transect, while error 

bars show the IQR of the week surrounding the date of the transect as measured by AMM15. 

A graphical representation of the density measured by AMM15 over the same area as the CTD 

transect is displayed in (c). 

(c) 
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Figure 5.8 Difference between density measured at the surface and (a) 30 m and (b) 70 

m depth on the 7th of June 2017. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same 

area as the CTD transect is displayed in (c). 

(c) 
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Figure 5.9 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 22nd of June 2017. Red points show results from the CTD transect, while error 

bars show the IQR of the week surrounding the date of the transect as measured by AMM15. 

A graphical representation of the density measured by AMM15 over the same area as the 

CTD transect is displayed in (c). 

(c) 
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(c) 

Figure 5.10 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 13th of July 2017. Red points show results from the CTD transect, while error 

bars show the IQR of the week surrounding the date of the transect as measured by AMM15. 

A graphical representation of the density measured by AMM15 over the same area as the 

CTD transect is displayed in (c). 
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(c) 

Figure 5.11 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 8th of August 2017. Red points show results from the CTD transect, while error 

bars show the IQR of the week surrounding the date of the transect as measured by AMM15. 

A graphical representation of the density measured by AMM15 over the same area as the 

CTD transect is displayed in (c). 
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Figure 5.12 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 24th of August 2017. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same area 

as the CTD transect is displayed in (c). 

(c) 
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Figure 5.13 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 8th of September 2017. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same area 

as the CTD transect is displayed in (c). 

(c)
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(c) 

Figure 5.14 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 22nd of September 2017. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same area 

as the CTD transect is displayed in (c). 
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Figure 5.15 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 18th of October 2017. Red points show results from the CTD transect, while 

error bars show the IQR of the week surrounding the date of the transect as measured by 

AMM15. A graphical representation of the density measured by AMM15 over the same area 

as the CTD transect is displayed in (c). 

(c) 
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(c) 

Figure 5.16 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 23rd of May 2018. Red points show results from the CTD transect, while error 

bars show the IQR of the week surrounding the date of the transect as measured by AMM15. 

A graphical representation of the density measured by AMM15 over the same area as the 

CTD transect is displayed in (c). 
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(c) 

Figure 5.17 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 31st of May 2018. Red points show results from the CTD transect, while error 

bars show the IQR of the week surrounding the date of the transect as measured by AMM15. 

A graphical representation of the density measured by AMM15 over the same area as the 

CTD transect is displayed in (c). 
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(c) 

Figure 5.18 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 8th of June 2018. Red points show results from the CTD transect, while error 

bars show the IQR of the week surrounding the date of the transect as measured by AMM15. 

A graphical representation of the density measured by AMM15 over the same area as the 

CTD transect is displayed in (c). 
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(c) 

Figure 5.19 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 28th of June 2018. Red points show results from the CTD transect, while error 

bars show the IQR of the week surrounding the date of the transect as measured by AMM15. 

A graphical representation of the density measured by AMM15 over the same area as the 

CTD transect is displayed in (c). 
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Figure 5.20 Difference between density measured at the surface and (a) 30 m and (b) 70 m 

depth on the 4th of July 2018. Red points show results from the CTD transect, while error 

bars show the IQR of the week surrounding the date of the transect as measured by AMM15. 

A graphical representation of the density measured by AMM15 over the same area as the 

CTD transect is displayed in (c). 

(c) 
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that the WSF is situated between Station 1 and 3 (Chapter 4). Density data from AMM15 

shows that the water column between Station 1 and 3 is more stratified than the rest of the 

transect, but the difference in density (ΔD) in the upper 30 m between Station 1 and 3 of 

water modelled by AMM15 is not as great as in CTD data (Figure 5.7). During the following 

CTD transect on the 22nd of June, evidence suggested that the WSF was between Station 4 

and 5, or between 12 and 16 km from the beginning of the transect (Chapter 4). Data from 

AMM15 again recreates the position of the WSF fairly well as this region was modelled as 

the most well mixed part of the transect (Figure 5.9). From the CTD transect on the 13th of 

July 2017, the WSF was present between Station 2 and 6 (Chapter 4). Density data from 

AMM15 indicates the presence of a front between 10 – 17 km from the beginning of the 

transect, which corresponds to the region between Station 3 and between Station 5 and 6 

(Figure 5.10). During August and September, the surface temperature of the water column 

is generally represented accurately using AMM15 (Figure 5.11 – 5.14). However, 

stratification is overestimated by AMM15 when compared to CTD transect data (Figure 5.11 

– 5.14). For example, the potential density anomaly at the bottom of the water column during 

24th August 2017 differed from the surface by as much as 0.7 kg m-3 (Figure 5.12), whereas 

in data from the CTD the difference between surface and bottom was less than 0.3 kg m-3 

(Chapter 4). 

On the 31st of May 2018, CTD data indicated the presence of the WSF between 

Stations 1B and 2, which equates to approximately between 2 and 7 km from the beginning 

of the transect (Chapter 4). There was overlap between the ΔD measured by CTD and 

AMM15, indicating similarity. Density modelled by AMM15 also indicated the presence of 

the WSF between 2 and 6 km from the start of the transect, indicating agreement with CTD 

data (Figure 5.17). The CTD transect suggested the WSF was between Station 1 and 2 on 

the 8th of June 2018, or between 6 and 7 km from the beginning of the transect (Chapter 4). 

Density as modelled by AMM15 indicates that the WSF is somewhere between 4 and 6 km 

from the beginning of the transect (Figure 5.18). On the 28th of June 2018, the CTD data 

indicated presence of the WSF somewhere between Station 1 and 3, as the pycnocline 

became obviously shallower between 5 and 10 km from the start of the transect (Chapter 4). 

Density data modelled by AMM15 did not indicate presence of the WSF on the 28th of June; 

the upper 15 m of the water column remained at a relatively constant density over the course 

of the transect (Figure 5.19). The last CTD transect on the 4th of July 2018 indicated the 

WSF was between Station 2 and 3, or 7 and 10 km from the start of the transect (Chapter 4). 

AMM15 modelled density over the course of the transect does not indicate presence of the 



259 

WSF (Figure 5.20). An intermediate layer of water with a modelled potential density 

anomaly of 26.6 kg m-3 was shown to be between 5 and 15 m depth for the first 10 km of the 

transect length, but after 10 km this water layer becomes thinner (Figure 5.20). Other than 

this, there is no indication of density change in the upper 15 m of water throughout the 

transect, showing the WSF has not been represented on the 4th of July 2018 (Figure 5.20).  

For the majority of transect dates, the WSF is found in approximately the same 

location when modelled by AMM15 or when using CTD data. The exact measurements of 

density are different when using AMM15 compared to CTD data, but as long as the trends 

are recreated well this is not likely to present any issues. These differences in absolute 

density measurements are shown by discrepancies in ΔD of AMM15 and the CTD transect, 

particularly where the WSF was thought to be located at the time (Figures 5.12, 5.13, 5.16, 

5.20). Such differences are most clearly seen on 7th June 2017, 22nd June 2017, 23rd May 

2018, 31st of May 2018 and the 4th of July 2018 (Figures 5.7, 5.9, 5.16, 5.17, 5.20).  
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5.3.3 Comparison between drifter deployments and AMM15 currents 

 The tracks and end points of particles being moved under the influence of surface 

currents modelled by AMM15 are compared to drifter movements (Figures 5.21 – 5.22). The 

locations of both modelled particles and drifters during all time steps are displayed in yellow 

(drifters) and green (particles). The last locations of drifters have also been displayed in red 

(drifters) and blue (particles) (Figures 5.21 – 5.22). Distinguishing the beginning and end 

Longitude (° East) 

L
atitu

d
e (° N

o
rth

) 

Figure 5.21 Results of model validation experiments which ran from 30th May until the 19th of 

June 2018 showing (a) drifter pathways after deployment west of Shetland and (b) Particles 

allowed to move under the influence of currents modelled by AMM15. Drifter tracks are 

displayed in yellow, the starting locations of drifters are blue, and end locations of drifters are 

red. Particle tracks are coloured green, the last location of particles are green and if particles 

have landed, they are coloured red. 

(b) 

(a) 
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locations does not require colours when animations are viewed (Table 5.4). During the drifter 

deployment of the 30th of May 2018, the drifter which was deployed closest to the coast of 

mainland Shetland drifted southwest and came close to becoming stuck as it moved around 

Papa Stour (Table 5.4). After nearly beaching on Papa Stour on the 5th of June, the drifter 

then floated East and meandered back and forth until the 10th of June when it moved back 

into St Magnus Bay (Table 5.4). The drifter then beached itself on the North shore of Papa 

Stour, where it was retrieved (see important locations marked in Figure 5.22).  

L
atitu

d
e (° N

o
rth

) 

Longitude (° East) 

Figure 5.22 Results of model validation experiments which ran from 4th July until the 10th of 

July 2018 showing (a) drifter pathways after deployment west of Shetland and (b) Particles 

allowed to move under the influence of currents modelled by AMM15. Drifter tracks are 

displayed in yellow, the starting locations of drifters are blue, and end locations of drifters are 

red. The Island of Foula has been marked with the symbol, and  marks the location of 

Papa Stour.

(a) 

(b) 
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The two drifters deployed furthest away from the coast were observed to move 

southwards towards the Isle of Foula (Table 5.4). After moving close to the Isle of Foula, 

the drifters then started moving Northwards beginning on the 5th of June 2018 (Table 5.4).  

From the 7th – 12h June 2019 the drifters meander back and forth with the tides, moving 

slowly West (Table 5.4). On the 14th of June one of the drifters lost power and stopped 

sending a GPS signal; the remaining drifter floated towards the coast of Shetland where it 

oscillated up and down the coast until the 18th of June when it was retrieved by a kind 

volunteer and moved inside a voe near the town of Walls (Table 5.4).  

The AMM15 particle tracking model simulations showed particles spreading out 

over a larger area. This is partly due to each group being made up of 441 particles, which 

became more spread out over the course of the experiment (Figure 5.21, Table 5.4). 

Modelled particles meandered North and South from the beginning of the animation until 

the 3rd of June when they began to flow to the West (Table 5.4). Particles moved further 

away from the coast while slowly moving spreading out until the 14th of June (Table 5.4). 

After the 14th of June particles began to move Southeast towards the coast (Table 5.4). The 

majority of particles which landed on the Isle of Foula happened between the 14th and 16th 

of June (Table 5.4). As particles moved further into St Magnus Bay and further up the coast 

of Shetland, a group of particles also flowed Southwards, exceeding the boundaries of the 

map (Table 5.4).  

Table 5.4 Animations showing the tracks of drifters and particles under the influence of 

AMM15 in real time. 

Dates of 

deployment 

Drifters or particles 

under the influence of 

AMM15 currents 

Link to animations 

30th May – 

19th June 2018 

Drifters 

https://doi.org/10.6084/m9.figshare.16989304 

Particles 

4th July – 10th 

July 2018 

Drifters 

Particles 

 

https://doi.org/10.6084/m9.figshare.16989304
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When drifters were deployed on the 4th of July 2018 there was some meandering with 

the tides, but drifters moved steadily into St Magnus Bay and towards the coast (Table 5.4, 

Figure 5.22). After the 5th of July it appears that the drogues of two of the drifters deployed 

closest to the coast became entwined because these drifters remained together after this time 

(Table 5.4). It took four days for these drifters to stop moving, in the North side of St Magnus 

Bay (Table 5.4). The other two drifters stopped moving two days later on the North coast of 

Muckle Roe (Table 5.4, Figure 5.22).  

Similar to the pathway taken by drifters, modelled particles also meandered around 

St Magnus Bay with tidal currents, whilst moving steadily towards the coast (Table 5.4). 

One group of particles began landing on Papa Stour from the 5th until the 8th of July, which 

is the approximate time that one of the drifters was skirting around Papa Stour (Table 5.4). 

A number of particles landed on the North coast of Muckle Roe during the 8th of July (Table 

5.4). The remaining particles meandered North and South within St Magnus Bay, moving 

with tidal currents (Table 5.4).  

 

5.3.4 Chlorophyll concentration around the Shetland Islands  

 Animated videos of surface chlorophyll concentration during April to the end of 

September of each year from 2006 – 2018 can be viewed (Table 5.5). The distribution of 

surface chlorophyll at the beginning of particle tracking animations have been isolated to 

allow for comparison. Due to uncertainty values exceeding 50% relatively often around the 

Shetland Islands, likely due to persistent cloud cover, it was often difficult to obtain 

Table 5.5 Animated gifs of chlorophyll concentration in the area bounded 

by 55° and 62.74° N and -12° and 2.5° E. Values with an associated error 

value of 50% or more have been omitted. 

Year Video Link 

2006 

https://doi.org/10.6084/m9.figshare.16989055 

2007 

2008 

2009 

2010 

2011 

2012 

2013 

2014 

2015 

2016 

2017 

2018 

 

https://doi.org/10.6084/m9.figshare.16989055
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informative assessments of surface chlorophyll on the exact day that animations began. For 

this reason, chlorophyll distributions from plus or minus two days of the start of the model 

runs have been used (Figures 5.23 – 5.26).   

 In general, the approximate area east of 0.5°E and South of 56.2°N are less prone to 

uncertainty in surface chlorophyll concentration than the rest of the study area (see 

animations in Table 5.5). This is because no measurements associated with an error value 

greater than 50% were included in chlorophyll maps, but east of 0.5°E and South of 56.2°N 

are always included (see within Table 5.1 and Figures 5.23 – 5.26). 

 

5.3.4.1 Surface chlorophyll during 2006 

 The particle tracking experiment suggested than any particle landing on Shetland 

between 21st May 2006 and 18th June 2006 likely came from due west of Shetland (Figure 

5.2a). There is no evidence that demonstrably elevated chlorophyll concentration existed in 

this area during the 3rd week of May (Figure 5.23a). Some areas of higher chlorophyll 

concentration were detected around the Orkney Islands, particularly to the Northwest (Figure 

5.23a). Particle tracking models suggest that particles which landed on Shetland between 

21st May 2006 and 18th June 2006 originate from this location (Figure 5.2a + Figure 5.23a).  

 At the beginning of June an elevated concentration of chlorophyll was detected 

within St Magnus Bay on the West of Shetland (Figure 5.23b). The concentration of 

chlorophyll within St Magnus Bay and immediately around the entire west coast of Shetland 

at the beginning of June approached 10 mg m-3 (Figure 5.23b). Particle tracking experiments 

between 4th June 2006 and 2nd July 2006 predicted that particles due West of the Shetland 

Islands, and towards the continental shelf, at the beginning of June would land on Shetland 

within the following 28 days (Figure 5.2b). Regions with elevated chlorophyll concentration 

appear to overlap with regions from which particles were likely to land on the Shetland coast 

(Figure 5.2b + 5.23b. 

 More uncertainly was associated with measurements of surface chlorophyll during 

mid-June 2006 (Figure 5.23c). If these limitations are disregarded, it can be seen with some 

difficulty that the surface chlorophyll concentration west of Shetland is slightly greater than 

chlorophyll concentration to the East of Shetland (Figure 5.23c). Most particles which were 

predicted to hit Shetland were estimated to have come from the West of the Shetland Isles 

(Figure 5.2c). 
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 Obtaining an estimate of surface chlorophyll concentration without a large burden of 

error became more possible at the end of June 2006 (Figure 5.23d). Chlorophyll 

concentration at this time was similar to mid-June, with the West coast having a slightly 

higher concentration that the East coast of the Shetland Islands (Figures 5.23c – 5.23d). 

During the animations which began during mid-July 2006 the model predicted that the 

majority of particles landing on the Shetland Islands originated from the Southwest (Figure 

5.2e). No corresponding enhanced concentration of surface chlorophyll can be seen in the 

same location that particles landing on Shetland originated from (Figure 5.23e). Little 

overlap existed between initial locations of particles which landed on Shetland and enhanced 

chlorophyll concentration estimation at the end of July (Figure 5.2f + 5.23f). 



266  

 

 

Figure 5.23 Modelled 1 km2 resolution of surface chlorophyll as estimated by the merged product by the 

ACRI-ST Company (see methods) during 2006. Modelled area is limited by 55° and 62.74° N, and -12° and 

2.5° E. Letters (a), (b), (c), (d), (e) and (f) distinguish different dates, which are given above each figure. 

White regions are when uncertainty exceeded 50%, likely due to persistent cloud cover.  
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5.3.4.2 Surface chlorophyll during 2007 

 During mid-May of 2007, a chlorophyll front east of the Shetland Islands, extending 

from the Moray Firth to North Shetland (Figure 5.24a). There was also a higher 

concentration of chlorophyll further east of Shetland, at approximately 2° East, where the 

concentration reached around 10 mg m-3 (Figure 5.24a). The particle tracking experiment 

using surface currents from AMM15 shows that chlorophyll associated with the chlorophyll 

front east of Shetland is likely to have landed on the east Shetland coast within four weeks 

(Figure 5.3a). No associated increased chlorophyll concentration was detected west of 

Shetland in the area that particles landing on Shetland originated from (Figure 5.24a, Figure 

5.3a). 

At the beginning of June 2007, enhanced chlorophyll concentration was visible 

throughout the ESC all along the 200 m isobath west of Scotland and including Orkney 

(Figure 5.24b). The particle tracking animation started on the beginning of June 2007 

showed that the vast majority of particles which landed on the Shetland Isles originated from 

the East of Shetland (Figure 5.3b). None of the particles west of Orkney, and very few 

particles west of Shetland, were modelled to land on Shetland by AMM15 (Figure 5.3b).   

 Two weeks later on the 16th of June 2007, a proliferation of increased chlorophyll 

was still detected by satellite sensors along the path of the ESC, from the Hebrides until 

Orkney (Figure 5.24c). Similar to the chlorophyll map from the 3rd of June, there was a 

greater source of errors west of Shetland in mid-June (Figure 5.24c). Results from particle 

tracking animations showed that, similar to the animation started at the beginning of June, 

the majority of particles which landed on Shetland were predicted to have originated from 

the East (Figure 5.3c).  

 From the 30th of June, enhanced chlorophyll concentration was no longer associated 

with the ESC (Figure 5.24d). Diffuse proliferations of chlorophyll were observed west of 

the Orkney Islands at approximately 59° North and -4° East, where the concentration reached 

around 6 mg m-3 (Figure 5.24d). A smaller concentration of chlorophyll, around 4 mg m-3 

was detected West of Shetland (Figure 23d). AMM15 predicts that the chlorophyll detected 

west of Shetland at the end of June is likely to have been advected towards the Shetland 

coast (Figure 5.3d). 

 The chlorophyll maps derived from satellite photographs on the 15th and 30th July 

2007 show there is no large concentration of chlorophyll in the area near to the Shetland 

Islands (Figure 5.3e + 5.3f).  
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Figure 5.24 As Figure 5.23, except from data displayed here are from 2007. 
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5.3.4.3 Surface chlorophyll during 2013 

In general, the Shetland Islands experienced a relatively large amount of uncertainty 

in estimates of surface chlorophyll concentration throughout 2013 (Table 5.5). This resulted 

in only a small number of frames showing any interesting estimates of surface chlorophyll 

concentration around Shetland (Figure 5.25). For example, during April and May 

proliferations of high concentrations of surface chlorophyll were detected near the Orkney 

Islands and further South, particularly along the East coast of mainland Scotland (Table 5.5).  

 Only one frame estimating the surface chlorophyll in the study area during the 2013 

growth period was particularly interesting. Satellite estimates of chlorophyll on the 1st of 

June 2013 show a high concentration near the Shetland Islands, just west of the 100 m 

isobath (Figure 5.25b). Evidence suggests the surface concentration of chlorophyll exceeded 

10 mg m-3 and is also present North and East of Shetland (Figure 5.25b). The highest 

concentrations of chlorophyll to the West of Shetland overlap with areas that particles 

landing on the Shetland coast were predicted to have originated from in particle tracking 

experiments using the AMM15 model (Figure 5.4b). 
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Figure 5.25 As Figure 5.23, except from data displayed here are from 2013. 
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5.3.4.4 Surface chlorophyll during 2018 

Enhanced chlorophyll concentrations were estimated to be present in the Southwest 

and Southeast of the map. Theoretical particles from models which landed on Shetland in 

the four weeks after the 21st of May 2018 typically originated from Shetland’s east coast 

(Figure 5.5a).  

 A chlorophyll signal of approximately 10 mg m-3 was detected along the 200 m 

isobath west of Shetland on the 4th of June 2018 (Figure 5.26b). Particle tracking models 

predicted that chlorophyll from this region would be advected towards the coast of Shetland, 

as a number of particles which landed on Shetland in particle tracking animations originated 

from the same area that chlorophyll was detected by satellite sensors (Figure 5.5b + Figure 

5.26b). 

 On the 16th of June 2018 a less intense proliferation of chlorophyll over a greater area 

than observed at the beginning of June was seen west of Shetland (Figure 5.26b - c). 

Chlorophyll was detected from the coast to the 200 m isobath, and the surface concentration 

of chlorophyll was estimated to be between 2 – 4 mg m-3 chlorophyll (Figure 5.26c). Again, 

the particle tracking software under the influence of surface currents modelled by AMM15 

predicted that particles in this area of higher than ambient chlorophyll concentration would 

arrive on the Shetland coast within four weeks (Figure 5.26c). 

 At the end of June 2018, the concentration of chlorophyll west of Shetland appeared 

to increase to around 10 mg m-3 (Figure 5.26d). At this time, the chlorophyll appeared to 

accumulate along the 100 m isobath, moving closer to the shore than the 200 m isobath 

(Figure 5.26d). The AMM15 particle tracking model predicted that particles west of 

Shetland would land on the Shetland coast withing the following four weeks, but not those 

to the East of Shetland (Figure 5.5d).  

 No increased chlorophyll signals were detected in the vicinity of the Shetland Isles 

around mid-July 2018 (Figure 5.26e). On the 29th of July 2018, the concentration of surface 

chlorophyll west of the 200 m isobath west of Shetland reached around 4 – 6 mg m-3 

chlorophyll (Figure 5.26f). AMM15 modelled currents suggest that the chlorophyll detected 

west of Shetland at the end of July landed on the coast (Figure 5.5f). 
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Figure 5.26 As Figure 5.22, except from data displayed here are from 2018. 
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5.4 Discussion 

 The first attempt to use an oceanographic model to evaluate how HABs are advected 

towards the Shetland Islands has been presented. Major currents are recreated by the model 

but are likely to be less accurate closer to the coastline. The accuracy of the model close to 

the Shetland coastline are discussed using comparisons to in situ data. Major findings of the 

model will then be shown in the context of improving the prediction of HABs to Shetland. 

This will be useful to aquaculture stakeholders and will improve the safety of shellfish 

harvested from the Shetland Islands.  

 

5.4.1 Model validation 

The skill of the state of the art meteorological model AMM15 has previously been 

assessed more thoroughly than could be achieved during the current study (Graham et al., 

2018; O’Dea et al., 2017). In contrast to previous studies (Graham et al., 2018; O’Dea et al., 

2017), validation work of AMM15 during the present study was very local due to the much 

smaller area of interest. No data were collected in off-shelf areas during the present study, 

but it is clear from the particle tracking experiments that major oceanographic processes 

have been recreated (Table 5.1 + 5.2). For example, there is a difference between velocity 

of modelled currents on and off the shelf, and the effect of the ESC can be clearly seen (Table 

5.1 + 5.2). The movement of theoretical particles advected by modelled velocities in these 

off-shelf structures shows the advantages of using increased resolution compared to the older 

AMM7 model (Luneva et al., 2019; O’Dea et al., 2017).  

Warm biases which were apparent on the shelf in AMM7 were not improved with 

the release of AMM15, suggesting accuracy remains equal in on-shelf areas, particularly 

during the Summer (Graham et al., 2018; O’Dea et al., 2017). One way this may affect 

modelled measurements is the accuracy of stratification strength. Although AMM7 was able 

to accurately show the temperature of a transect through the North Sea when compared to in 

situ data, the structure of fronts was not accurately represented and the difference between 

surface and bottom water temperatures was underestimated by the model (Luneva et al., 

2019). It has already been discussed that mixed water adjacent to frontal regions may disrupt 

or impact horizontal advection of phytoplankton, particularly at the 100 m isobath (see 

Chapter 4). It is thus important to compare data from CTD transects and drifter tracks to 

determine if fronts near Shetland are represented well by AMM15. 
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5.4.1.1 Estimation of stratification 

 CTD transects from the West of Shetland have shown the presence of at least two 

fronts west of Shetland (Chapter 4). The Swarbacks Minn Front (SMF) is too close to the 

coastline to be covered by AMM15. Evidence suggests the WSF is typically present along 

the 100 m isobath west of Shetland during at least May and June (Chapter 4), which is a 

region included in the range of AMM15. Comparisons of density between the data modelled 

by AMM15 and those measured by CTD is elucidating. Density plots from CTD 

deployments and model estimates show similarity for most of the year, particularly after 

breakdown of the WSF (Table 4.2). During late Spring to early Summer of 2017 – 2018, 

stratification appears to be overestimated by AMM15 around the region of the WSF (Figures 

5.8, 5.12, 5.16, 5.17, 5.19, 5.20). It has been hypothesized that the SMF is an important 

structure for the pathway between advected HABs coming to Shetland from the shelf edge 

(again, see Chapter 4). The width of the WSF is likely to be less than 5 km, and as such it 

ought to be recreated by the 1.5 km resolution of AMM15. This is made obvious by CTD 

transects with much lower resolution being able to show the presence of the WSF. they may 

have a disproportionate effect on advection of phytoplankton (Chapter 4). If AMM15 does 

not model these structures well this will need to be accounted for, particularly if AMM15 is 

used to forecast the transport of HABs to Shetland. 

 Inaccuracy in estimating the size and strength of fronts has been noted in AMM7 in 

two separate regions (Luneva et al., 2019). Although there was a noted improvement in the 

performance of AMM15 compared to AMM7, this improvement was largely limited to off-

shelf areas (Graham et al., 2018; Luneva et al., 2019). Model performance on-shelf, 

particularly in turbulent areas, appeared to be less sensitive to increases in resolution 

(Luneva et al., 2019). Fronts are relatively thin structures with large impacts on the local 

ecology and have the potential to impact the advection of HABs towards the coast (see 

Chapters 1 and 4). Tidal movements of water modelled by AMM15 in the UK have also 

been assessed and found to be highly accurate when compared to data collection (Rulent et 

al., 2020). This accuracy in modelling water movements by tidal currents, even those near 

to the shore and in northern regions of Scotland  (Rulent et al., 2020), shows that AMM15 

is a high value resource which can be used to evaluate possible pathways of HABs towards 

the coast. Extra care should be given to predictions of movements close to frontal regions, 

however, which may not be accurately represented by AMM15 (Graham et al., 2018; Luneva 

et al., 2019). 
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5.4.1.2 Estimation of surface currents 

 The AMM15 model was validated and compared to AMM7 over a 30-year hindcast 

from 1981 – 2012 before it was released (Graham et al., 2018). Without knowledge of 

whether the current speeds and directions are accurate in the present study area, any 

application to predicting the risk of advected HABs may be dubious. Drifters drogued at 10 

m were deployed off the West of Shetland during 2018 in order to test whether modelled 

velocities from the model were accurate close to the Shetland coastline. Pathways of 

modelled particles allowed to move along the ocean surface are similar to the pathways of 

drifters with 10 m drogues (Figure 5.21 – 5.22). From the end of May 2018 until mid—June, 

drifters moved away from the coast then back towards the coast where they eventually landed 

(Figure 5.21). At the beginning of July 2018 deployed drifters moved fairly steadily towards 

the coast of Shetland and landed in a voe after approximately a week (Figure 5.22). 

 Modelled particles moved over a much wider area than drifters with drogues, 

particularly between May and June 2018 (Figure 5.21), but this spread of particles increasing 

with the length of deployment time is to be expected. Theoretical particles in the tracking 

model experiments spread out from their initial starting location on the edge of St Magnus 

Bay in a manner consistent with chaotic theory, as minor differences in starting position later 

translated to large differences in their final location (Lorenz, 1963; Thiétart and Forgues, 

1995). For example, starting positions of both modelled particles and drifters did not differ 

by more than 10 km (Figure 5.21 + 5.22). After 20 days, drifters deployed at the end of May 

2018 were approximately 55 km apart from each other, but the last locations of modelled 

particles were over 110 km apart (Figure 5.21). As well as chaotic dispersion due to modelled 

random effects, another reason for the difference between recorded movements of particles 

under the influence of AMM15 surface currents and drifters , is that the 10 m drogues reduce 

the influence of wind on the drifters (Menna et al., 2018; Niiler et al., 1987; Pazan and Niiler, 

2001). The near-surface flow may differ significantly from deeper flow, which is what is 

measured by more commonly used SVP drifters which are drogued at 15 m (Niiler et al., 

1995, 1987).   

In the current study, surface currents were of more interest than mixed layer transport 

and drifters were thus drogued at a depth of 10 m. Comparison with data from particle 

tracking show that although theoretical particles passively advected by modelled currents 

were not identical to the tracked routes of drifters, there were similarities in both the route 

and ending location (Figure 5.21 + 5.22). This is consistent with another comparison of 

drifters and particles modelled by AMM15 west of Scotland and the Hebrides (Jones et al., 
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2020). There is enough evidence here to support the idea that AMM15 is accurately 

recreating currents, particularly those outside the 100 m isobath around the Shetland Islands. 

This is the approximate location of the WSF (see Chapter 4). 

Only two years, 2017 and 2018, of modelled velocities used in the present study have 

undergone the validation and are limited by the boundaries of the operational model (Graham 

et al., 2018). These years are also the only data which can be compared to CTD transect data 

and from 2018, drifters. There are no obvious differences between model output, as major 

eddies and currents have been recreated in a seemingly similar manner. The periods of 

different end locations of particles in different years can be explained by different 

stratification regimes and strength of winds. For example, during 2013 an exceptional 

Dinophysis spp. bloom was advected to Shetland by strong westerly winds (Whyte et al., 

2014) (Chapter 2). In the present study, results of models using 2013 velocities modelled by 

AMM15 showed a greater number of particles landing on Shetland have originated from the 

West of Shetland (Figure 5.4). Because modelled velocities prior to 2017 are not from the 

operational model some inaccuracies may be expected, but it appears from results presented 

here that trends have been recreated accurately and the output is sensible. This is adequate 

for the present objectives of this chapter which are to identify whether a model like AMM15 

can identify differences in years when exceptional HABs were detected.  

  

5.4.2 Can hindcasts of past events inform our knowledge of HABs? 

Elevated abundances of Dinophysis spp. were detected in the Shetland Islands during 

years 2006, 2007, 2013 and 2018 (see Chapter 2) and hence these years were chosen for 

study (Table 5.1). Years when lower cell abundances of Dinophysis spp. were measured 

have also been included as a comparison (Table 5.2). The majority of shellfish farms in 

Shetland are located on the West coast and are therefore adversely affected by HABs 

advected from the West more often than the small number of farms on the East of Shetland 

(see Chapter 2). It is likely that for this reason, years during which high abundances of HABs 

were detected (Gillibrand et al., 2016; Whyte et al., 2014) (Chapter 2) coincided with years 

which show the majority of particles landing on Shetland originating from the West of 

Shetland (Figures 5.2 – 5.5). Model runs lasted 28 days, and the end dates of the first four 

models during 2006 were between mid-June and the beginning of August, which is 

consistent with the period that the mean weekly Dinophysis spp. abundance exceeded 800 

cells L-1 in routine coastal monitoring (Chapter 2). 
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Results from particle tracking models indicate that for models which started on or 

before the beginning of July of 2006 and 2013, a greater number of particles landing on 

Shetland originated from further away from the coast and therefore closer to the shelf edge 

than later model runs (Figure 5.2 + 5.4). Results from particle tracking models thus 

corroborate coastal monitoring results which showed the abundance of Dinophysis spp. 

became exceptionally high after mid—June of 2006 and 2013 (Chapter 2). In 2013, 

Dinophysis coastal monitoring shows that cell abundance increased more rapidly than during 

2006, with mean weekly abundances rising from between 200 and 800 cells L-1 at the end of 

June to over 2000 cells L-1 in the beginning of July for three weeks (Chapter 2) (Whyte et 

al., 2014). Particle tracking results show that the origin of particles landing on Shetland were 

the most westward during model runs beginning from the middle and end of June (Figure 

5.4c + 5.4d). The end of these models would be at the middle and end of July 2013, which 

is consistent with the highest abundance of Dinophysis spp detected during coastal 

monitoring (Whyte et al., 2014).  

During June, July, and August of 2013 in particular, more eastward movement of 

particles was detected on the shelf compared to other years (Table 5.1). This is  likely due to 

increased westerly winds, as has previously been hypothesised in Scotland and elsewhere 

(Fawcett et al., 2007; Giudici et al., 2019; Pitcher and Nelson, 2006; Whyte et al., 2014). 

Corroborative evidence for this has been provided, as westerly winds during June and July 

of 2006 and 2013 were significantly higher than other years (Figure 2.17 + 2.18). It has also 

been shown that increased westerly winds were experienced during the growth season of 

2006, 2007, 2009 – 2011, 2013, 2015, 2016 and 2018 (Chapter 2). As elsewhere in this 

thesis, this provides evidence to support warning shellfish farmers around Shetland when 

westerly winds are forecast to occur. 

The highest abundances of Dinophysis during 2018 were detected during May and 

June (Chapter 2). Particle tracking model runs starting at periods of the year after the 20th of 

May 2018 show the starting locations of particles which landed on Shetland were further 

away, compared to those which started after the beginning of June 2018 (Figure 5.5b – 5.5f). 

In model runs from 2006 and 2013, periods of higher Dinophysis spp. more closely match 

with periods when particles landing on Shetland came from further away (Figure 5.2 + 5.4). 

In a model which began earlier in the year than the last week of May during 2018, modelled 

particles were advected towards Shetland from the Southwest (Figure 5.5aa). Unfortunately, 

cloud cover during the beginning of May 2018 prevented accurate estimates of the 

chlorophyll concentration during this time but results of particle tracking are consistent with 
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Dinophysis spp. cell counts from the coast. Routine monitoring of Dinophysis spp. shows 

exceptional abundances during May and June of 2018 (Figure 2.2) (Parks et al., 2019). 

It is worth comparing the results of particle tracking animations of years when the 

abundances of Dinophysis spp. were low. During the years 2008 and 2011 a majority of 

modelled particles landing on Shetland originated from the East of Shetland (Table 5.2). 

When particles landing on the coastline did originate from west of Shetland, their starting 

positions were usually not further than 1° longitude away (Table 5.2). During 2011, the mean 

weekly abundance of Dinophysis spp. surpassed the threshold of 200 cells L-1 only three 

times (Chapter 2). The mean weekly abundance of Dinophysis spp. during 2008 never 

exceeded this threshold (Chapter 2). This indicates results of the model are consistent with 

high abundance blooms of Dinophysis spp., which were detected during 2006 and 2013, 

having been advected to shore. Previous studies have hypothesized that exceptionally large 

HABs dominated by Dinophysis spp. did not arise from local growth, but evidence was not 

conclusive (Whyte et al., 2014).  

Evidence from the present study again suggests exceptional HABs are advected to 

shore, but other years with low abundances of Dinophysis spp., such as 2008, can also show 

periods of currents having the potential to advect HABs to the coast (Table 5.2). The model 

when a majority of particles landing on Shetland originated from west of Shetland started in 

midway through July (Table 5.2). The greatest range in westerly winds during June and July 

showed the largest ranges around the median value were recorded during 2008, indicating 

some points when westerly winds were strong (Table 5.2). Further study should be focussed 

on whether there is a particular number of consecutive of days when westerly winds prevail 

which makes HAB advection to the Shetland coastline more likely than not. 

A distinctive diagonal shape, indicating the shape of the European Shelf edge, can 

be observed when the starting positions of particles which landed on the Shetland Islands 

are seen in a number of particle tracking models (Figures 5.2 – 5.5). Chlorophyll maps show 

that increased chlorophyll concentrations are detectable at the ocean surface at the same time 

that particle tracking models were started (Figures 5.23 – 5.26). This finding is particularly 

obvious during 2018, as overlapping of regions with enhanced chlorophyll and particles 

which landed on Shetland were detected more (Figures 5.26). Previous studies examining 

the movement and development of the 2006 bloom of K. mikimotoi have used chlorophyll 

maps and particle tracking models to show that the ESC can be an important pathway for the 

transport of dinoflagellates (Gillibrand et al., 2016). Abundances of Dinophysis spp. do not 
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need to reach high cell counts to be characterised as harmful, and are therefore unlikely to 

be directly observed using remote sensing technology (Davidson et al., 2016; Parks et al., 

2019). The fact that high abundances of algae are not always necessary for the production of 

toxins means that using satellite chlorophyll data in conjunction with particle tracking 

forecasts will result in false positives (Stumpf et al., 2009, 2003). Using these data sources 

with routine coastal phytoplankton and toxin monitoring should however reduce the false 

positive rate (Davidson et al., 2021). The increased chlorophyll which is often detected at 

the shelf edge, and which has the potential to be advected towards the Shetland Islands shows 

that this region is an area prone to high algal growth (Figure 5.26). This finding confirms 

that the ESC is an important region for the growth of phytoplankton, as has been found by 

other studies (Gillibrand et al., 2016; Siemering et al., 2016) (see Chapter 4).  

Although the influence of large fronts and physical structures like the ESC has been 

captured by chlorophyll estimates using satellites and surface current velocities modelled by 

AMM15 (Tables 5.1 + 5.2, Figures 5.23 + 5.26), no evidence of the WSF has been detected 

from particle tracking models (Tables 5.1 + 5.2). This is consistent with an analysis of 

AMM15 data from 1991 – 2010, which also found no evidence of a front west of Shetland 

(Graham et al., 2018). There is a possibility that the width of the WSF of usually less than 5 

km (Chapter 4), means models like AMM15 are unable to resolve it, but the increased 

resolution of AMM15 compared to AMM7 has been able to detect increased numbers of 

oceanographic features like seamounts and internal waves (Graham et al., 2018; O’Dea et 

al., 2017). Comparisons between CTD transect data and AMM15 have shown that although 

AMM15 recreates the density trends relatively accurately, the model is sometimes prone to 

overestimating stratification over the transect route (Figures 5.7 – 5.20). This may reduce 

the effectiveness of the model close to shore. Future particle tracking studies for the purposes 

of HAB forecasting may benefit from using a high resolution unstructured grid model, an 

example of which has been used to study HABs on the West of Scotland (Aleynik et al., 

2016). This model has shown some evidence of particles aggregating near the mouth of a 

sea loch where CTD evidence suggested a front was present (Paterson et al., 2017).  

Although it is likely impossible to directly detect HABs composed of Dinophysis 

spp. using satellite estimates of photosynthetic pigments, there may be methods to sense 

Dinophysis spp. indirectly. The photosynthetic ciliate Mesodinium rubrum has been 

identified as a prey species for D. acuminata (Park et al., 2006; Riisgaard and Hansen, 2009), 

the dominant Dinophysis species in Scottish waters (see Chapters 3 and 4). Large blooms of 

M. rubrum can be detected remotely, as large cell abundances can cause red tides (Garcia et 
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al., 1993; Guzmán et al., 2016). Although M. rubrum has a widespread distribution, 

assessing its abundance in the water column is not simple and other species around Scotland 

and the Shetland Islands may be more likely to form red tides than this ciliate (Crawford, 

1989; Wyatt and Zingone, 2014). It will be helpful in the future to assess the phytoplankton 

groups which are most likely to coincide with Dinophysis spp., in order to develop a system 

whereby chlorophyll maps may be characterised as harmful or not. Some progress to develop 

algorithms to distinguish harmful blooms from non-harmful blooms is already in place 

(Kurekin et al., 2014; Miller et al., 2006). 

 

5.5 Conclusions 

 This study shows the use of a particle tracking model to hindcast pathways 

potentially taken by HABs arriving in the Shetland Islands. It is hoped that in the future 

using satellite imagery and particle tracking models together with coastal counts of HAB 

cell abundance will be used in conjunction to provide an accurate prediction of HAB events. 

The model has been able to simulate conditions accurately, particularly in the open ocean, 

but there are some issues with model accuracy near the coastline and in frontal regions. 

The H0 of Hypothesis 5.1 stated that AMM15 is not able to accurately recreate the 

structure of the water column west of Shetland. Comparisons with interpolated CTD data 

from transects during 2017 and 2018 have shown that the water column structure shown in 

data from AMM15 and CTD transects are similar. During August and September especially, 

AMM15 overestimated the amount of stratification in the water column. However, it is likely 

that this will have minimal influence on predicted advection, because CTD data suggests the 

WSF was not present along the survey track west of Shetland during this time. There is 

therefore enough evidence to reject the H0 of Hypothesis 5.1. 

Hypothesis 5.2 was that no evidence of frontal regions impacting the potential 

advection of theoretical particles to the Shetland coastline would be evident from particle 

tracking model results. No evidence of particles either congregation at the 100 m isobath, or 

of their advection towards the Shetland coastline were detected. Larger systems like the ESC 

which sometimes act as frontal regions, were however shown in the particle tracking models 

(Table 5.1 + 5.2). Evidence to reject the H0 of Hypothesis 5.2 partially has been presented 

in this chapter, but it is likely that an unstructured grid model will be needed to resolve the 

effects of smaller fronts like the WSF. 
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Hypothesis 5.3 was that the results of particle tracking models in years with high 

Dinophysis spp, abundances would not be different from results of models with low 

Dinophysis spp. abundance. During 2006, 2013 and 2018, the majority of particles which 

were modelled to land on the Shetland coastline originated from the West (Figures 5.2, 5.4 

+ 5.5). Particle tracking results of the year 2011, when routine monitoring of harmful species 

shows that Dinophysis spp. abundance did not exceed 200 cells L-1 more than three time, 

show that a majority of modelled particles landing on Shetland came from the East (Table 

5.2). This shows a distinct difference in model results. There is enough evidence to reject 

the H0 of Hypothesis 5.3, and this shows the value of using modelled velocities to hindcast 

previous HAB events. It was previously thought that westerly winds during the Dinophysis 

spp. growth season can be a potential harbinger for coming HABs (Whyte et al., 2014). The 

present analysis has demonstrated this further, as well as showing that HABs likely originate 

from relatively far away from Shetland and therefore require consistent westerly winds for 

a number of days. This has been shown by using cumulative wind plots in Chapter 2 (Figure 

2.18). 
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Chapter 6: The relationship between increasing sea 

surface temperatures and Pseudo-nitzschia spp. 

and Dinophysis spp. abundance 

6.1 Introduction 

Ecological studies of species abundance within diverse marine environments in the 

21st Century are able to access increasingly large datasets as long-term data collection 

progresses (Ma et al., 2016; Mackenzie and Schiedek, 2007). Such oceanic monitoring is 

particularly useful when analysing variations in warming in the context of climate change 

(IPCC, 2019). Four daily ocean monitoring time series in the North Sea have been 

operational since before 1880, providing a time series of sufficient length to conclude that 

the current gradient in rising sea surface temperatures (SSTs) is higher now than it has been 

A condensed version of this part of this chapter was published as: 

Dees, P., Bresnan, E., Dale, A.C., Edwards, M., Johns, D., Mouat, B., Whyte, 

C., Davidson, K., 2017. Harmful algal blooms in the Eastern North Atlantic 

Ocean. Proc. Natl. Acad. Sci. 114, E9763–E9764. 

https://doi.org/10.1073/pnas.1715499114 

 

 

Sea surface temperatures as a function of climate change are increasing across 

the globe. It is still unknown how warming temperatures in the marine environment will 

influence the abundance of toxin producing algae. Data from the continuous plankton 

recorder was used to evaluate the model predictions of Gobler et al. (2017a) theorising 

that Dinophysis acuminata HABs have increased in the Northeast Atlantic since 1982. 

The analysis was extended to also evaluate the temperature response of Pseudo-

nitzschia seriata and P. delicatissima. 

Contrary to predictions made using modelled data, no statistically significant 

relationship between Dinophysis spp. and SST was found in the North Sea between the 

years 1982 and 2018. However, the abundance of the potentially toxic P. seriata 

complex in the North Sea is increasing with increasing temperature. 

https://doi.org/10.1073/pnas.1715499114
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since monitoring began in the 19th Century (Mackenzie and Schiedek, 2007). More recent 

evidence from the International Panel on Climate Change (IPCC) shows that the rate of 

increase in ocean temperatures all over the globe is likely growing with anthropogenically 

released CO2 as time progresses (IPCC, 2019). The increase in atmospheric CO2 is almost 

certainly responsible for some of the increase in SST, and coastal areas and shelf seas can 

experience greater fluxes in CO2 concentration as well as greater warming pressure due to 

higher population and urbanization (Borges, 2011; Koopmans et al., 2015). As time 

progresses the increase in temperatures across the globe has become more obvious, and the 

rate of increase is also intensifying (Huang et al., 2017; NOAA, 2020). In environments like 

the North Sea, where coastal regions and shelf seas dominate, temperatures are increasing at 

a higher rate due to the combined effects of global change and urbanisation (Gobler et al., 

2017a; Koopmans et al., 2015). Concern has been growing that the increase in ocean 

temperatures, particularly at the sea surface, will result in either increased occurrence of 

harmful algal blooms (HABs) or in warm adapted species moving from sub-tropical regions 

to more temperate climes (Bresnan et al., 2020; Hallegraeff, 2010; Wells et al., 2020, 2015). 

Ecological changes occurring as a result of climate change will potentially result in use of 

the marine environment becoming less safe (Bresnan et al., 2020; Davidson et al., 2015; 

Gobler et al., 2017a; Turner et al., 2017). This is of particular concern to stakeholders in the 

shellfish aquaculture industry. 

Because there is now a greater awareness of how toxins produced by HABs can cause 

illnesses such as diarrhetic shellfish poisoning or paralytic shellfish poisoning (see Chapters 

1 and 3), reporting of these illnesses has increased in recent years (Hinder et al., 2011). A 

recent meta-analysis of global harmful algae research has found more than 5700 publications 

studying HABs between 1991 and 2020, with less than ten publications per year at the start 

of the analysis and more than 600 publications per year during 2019 and 2020 (Sha et al., 

2021). When only marine HAB publications were reviewed, an increasing trend in number 

of publications over the last 30 years was also detected (Young et al., 2020). Because more 

knowledge is being applied and greater effort is invested into identifying HABs, it should be 

expected that more evidence of harmful algae will be found. With increasing amounts of 

data available to marine ecologists as time progresses, it becomes more important not to 

become too susceptible to the “Baader-Meinhoff” phenomenon, whereby a newly discovered 

concept can seem to become progressively more common (PS, 2013; Purohit, 2019). The 

increase in HAB monitoring means there is implicit difficulty in distinguishing between 

whether growing effort resulted in more HABs being detected, or if prevalence of HABs has 

actually increased (Hallegraeff, 1993). This is a controversy that has been discussed at length 



284  

 

(Bresnan et al., 2021; Edwards et al., 2006; Hallegraeff, 2010, 1993; Hinder et al., 2012, 

2011). 

When the hypothesis of increased SSTs resulting in greater abundance of harmful 

algal species is discussed, it must be remembered that evidence of HABs can be found 

throughout history. A fairly well-known story from the Bible (ca. 1000 B.C.) describes the 

River Nile turning to blood, all the fish in the river dying, and the water becoming 

undrinkable (Exodus Ch. 7). These effects are consistent with bloom forming algae 

becoming so abundant that the oxygen becomes depleted and larger vertebrates like fish 

become starved of oxygen and die (Anderson, 1994; Franks et al., 1989; Fukuyo et al., 2002; 

Gentien et al., 2007; Shutler et al., 2012). Likewise, reliable anecdotal evidence concerning 

red tides exist from 8th Century Japan (Fukuyo et al., 2002). For a phenomenon that has been 

in existence for more than a thousand years, it is important to have a robust dataset before it 

can be concluded that the intensity and frequency of any HABs are increasing. 

A recent article (Gobler et al., 2017a) published in a high impact journal used 

laboratory derived growth rates (Tong et al., 2011, 2010) in a model to suggest that the 

abundance and growth rate of toxin producing Alexandrium fundyense and Dinophysis 

acuminata in the North Sea have been increasing with increasing SST since 1982. Because 

of the prominence of the original paper and the restrictive word count of our primary 

response (Dees et al., 2017), a more in depth analysis of the issues is presented in this 

chapter.  

As well as potential changes to the abundance of Dinophysis spp. (Gobler et al., 

2017a), it has been hypothesized that the abundance and species diversity of Pseudo-

nitzschia spp. may change in a warming climate (Rowland-Pilgrim et al., 2019; Wells et al., 

2020). Empirical evidence for changes in the abundance of Pseudo-nitzschia spp. have so 

far been lacking in coastal monitoring data around the UK (Rowland-Pilgrim et al., 2019). 

Previous analyses data from the northeast Atlantic Ocean, south of the Shetland Islands, have 

shown the ratio of diatoms to dinoflagellates has been increasing since 1990 with increases 

in SST (Edwards et al., 2006; Hinder et al., 2012). The ratio between the potentially toxin 

producing P. seriata and non-toxic P. delicatissima complex may also be increasing in the 

northeast Atlantic Ocean as temperatures rise (Hinder et al., 2012).  
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6.1.1 The continuous plankton recorder 

The CPR has been towed by ships of opportunity for distances increasing year by year since 

1948, with only very minor changes to the methodology (Reid et al., 2003). After the survey 

was initiated in 1931, it was temporary halted during the second World War and thereafter 

restarted (Anon, 1940; Hardy, 1939; Reid et al., 2003). The CPR is an apparatus towed by 

ships of opportunity at a relatively constant depth of approximately 7 m (Hays and Warner, 

1993). When ships reach a suitable speed and distance from the coast the CPR is deployed. 

Water is funnelled into the apparatus through a square aperture and into an extending tunnel 

which was designed to reduce the water pressure and minimise damage to captured plankton 

(Richardson et al., 2006). When water exits through the expanding tunnel and subsequently 

the rear of the device, an external propellor is rotated which then advances a silk filtering 

mesh. The cruising speed that ships of opportunity are required to move at whilst the CPR 

is in operation means the propellor and silk filtering system is in constant motion; plankton 

in the water are filtered onto the constantly moving silk (Richardson et al., 2006). Silk which 

has filtered water is then moved by the gear system into the storage tank. CPR samples are 

made up of silks divided into sections representing approximately 10 nautical miles, or 

approximately three cubic metres of filtered water (Jonas et al., 2004). 

The silk mesh size used by the CPR is 270 µm, which was chosen to provide an 

adequate representation of zooplankton while small phytoplankton cells are less likely to 

clog up the apparatus (Hardy, 1939). Many phytoplanktonic organisms are much smaller 

than 270 µm, but the CPR is able to capture Pseudo-nitzschia spp., many of which are 

approximately only 10 µm wide (Richardson et al., 2006). Many phytoplankton species like 

Pseudo-nitzschia spp. form chains which are easier to capture (Fryxell and Hasle, 2003), and 

despite the relatively large mesh clogging can occur, which results in more algae being 

caught (Richardson et al., 2006). Unfortunately, the conclusions reached by Gobler et al. 

(2017a) concerning the abundance of A. fundyense cannot be assessed, as there are 

insufficient records of Alexandrium spp. measured by the CPR (Richardson et al., 2006). 

This is due to Alexandrium spp. cells in general being more fragile than other dinoflagellates, 

and therefore less resistant to capture and preservation techniques of CPR silks (M. Edwards, 

personal communication).  

In addition to proving a consistent estimate of specific groups and species the CPR 

generates a “colour index” that is used as a proxy for chlorophyll concentration (Edwards et 

al., 2016; Gregory et al., 2000; Reid et al., 2003). The PCI is assessed by comparing the 

colour of CPR silk samples to standard colour charts in an ordinal scale (Colebrook and 
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Robinson, 1965; Edwards et al., 2001). This allows for a quantitative approximation of 

phytoplankton abundance in the water which has been sampled by CPR (Colebrook and 

Robinson, 1965; Edwards et al., 2001). The PCI can be used as a proxy for chlorophyll 

concentration (Alvarez-Fernandez et al., 2012; Batten et al., 2003; McQuatters-Gollop et al., 

2007), and has been used to show that chlorophyll is likely increasing with SST in the North 

Sea. The following chapter will therefore describe the methodology used to determine 

changes in ecology of HAB species estimated by the CPR in both the original study area in 

the North Sea (Gobler et al., 2017a), and in an area of similar proportions around the 

Shetland Islands. The Dinophysis spp., P. seriata and P. delicatissima groups have been 

focussed on in particular (see Chapter 1 and 2). These genera, along with total counts of 

diatoms and dinoflagellates have been well represented in previous CPR records due to their 

ubiquity in open oceans, the ability of CPR silks to capture them and their resistance to being 

spoiled during storage (Bedford et al., 2020; Richardson et al., 2006). Because the abundance 

of phytoplankton is greater during the period between April and October (Gaard et al., 2011; 

Guallar et al., 2017) (see also Chapter 2), these months will be analysed. For the remainder 

of this chapter therefore, the period between April – October will be referred to as the growth 

season. Abundance trends for the whole year will also be analysed to determine whether the 

rate of increase during the growth season is greater. Three hypotheses will be explored. 

Hypothesis 6.1 

H0 = There is no evidence that SST is increasing in the North Sea or around the Shetland 

Islands. 

Hypothesis 6.2 

H0 = There is no evidence of an increase in the abundance of Dinophysis spp with increasing 

temperature in either the North Sea or around the Shetland Islands. 

Hypothesis 6.3 

H0 = There is no evidence of an increase in the abundance of Pseudo-nitzschia spp. with 

increasing temperature in either the North Sea or around the Shetland Islands. 

Hypothesis 6.4 

H0 = There is no evidence that either diatoms or dinoflagellates have become more dominant 

in the North Sea or around the Shetland Islands. 
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Hypothesis 6.5 

H0 = There is no evidence of an increase in the concentration of surface chlorophyll, using 

the planktonic colour index measured by the CPR, with increasing temperature in either the 

North Sea or around the Shetland Islands. 

 

6.2 Methods 

CPR and temperature data from two geographical areas were investigated; the first 

comprised most of the North Sea, using the area described originally by Gobler et al. 

(2017a). This region is limited by 49.125° and 60.125° North, and 0.125° and 10.125° East. 

A section of the northeast Atlantic Ocean around the North of Scotland including Shetland, 

Orkney, and the Faroe Islands was chosen as a comparison area (Figure 6.1). This area is 

bounded by the limits of 58° and 62° North and -10° and 3.5° East. The area around Shetland 

was chosen to provide an area large enough for comparison with the North Sea area, and to 

Figure 6.1 Study areas for this chapter. The top box shows the area around the Shetland 

Islands with CPR samples marked in grey. The lower box shows the area specified by 

Gobler et al. (2017a) in the North Sea, with CPR tracks marked in grey.  
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have a greater amount of coverage on the West of Shetland which is where many HABs are 

hypothesised to originate (see Chapters 4 and 5).  

 

6.2.1 Sea surface temperature 

Publicly available SST measurements acquired during CTD deployments and surface 

measurements were obtained from the International Council for the Exploration of the Sea 

(ICES, 2020). Mean temperatures were calculated for every month for each year from 1948 

– 2020, for the areas around the Shetland Islands and within the North Sea. The standardised 

anomaly was then calculated by subtracting the mean of each month from the mean of each 

month throughout the entire study period. The resulting data were then presented for each of 

the study areas during the study period. Mean annual temperatures for each area was also 

calculated. 

Mean annual and summertime temperatures were plotted against progressing time and 

abundances of various taxonomic groups of plankton. Linear models were then constructed 

between these variables, to determine whether significant relationships existed between 

them. Monthly standardised temperature anomalies calculated for the areas around the 

Shetland Islands and the North Sea were presented using heatmaps, which allowed 

relationships over period between 1940 and 2020 to be observed. 

 

6.2.2 Data from the Continuous Plankton Recorder 

 The CPR database was used to obtain abundance information between 1946 and 2016 

(Table 6.1) of diatoms, dinoflagellates, the entire Dinophysis genus, and the Pseudo-

nitzschia genus divided into the P. seriata and P. delicatissima complexes. The CPR 

phytoplankton colour index (PCI), which can be used as a proxy for chlorophyll 

concentration, was also obtained for analysis (Alvarez-Fernandez et al., 2012; Batten et al., 

2003; McQuatters-Gollop et al., 2007). The methodology for analysing CPR silks has 

remained unchanged since 1958 (see Chapter 1), when a minor alteration to phytoplankton 

abundance estimates was made (Reid et al., 2003). Monthly standardised anomalies were 

calculated in the same way as SST monthly standardised anomaly. The relative rigidity of 

the CPR methodology makes it perfect for observing long term trends even if it is impossible 

to directly relate abundances per silk sample to cells L-1, which is how phytoplankton 

abundances in water samples are usually measured (Chapter 2). The sample sizes of CPR 
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samples from the North Sea are typically larger than 1000 per decade and season, but much 

smaller around the Shetland Islands (Table 6.1). 

 

Season Decade 
North 
Sea N 

Shetland 
Islands N 

Shetland 
Count as % 

Spring 

40 

553 14 2.53 

Summer 609 0 0.00 

Autumn 754 9 1.19 

Winter 466 3 0.64 

Spring 

50 

1665 113 6.79 

Summer 2022 87 4.30 

Autumn 1608 122 7.59 

Winter 1573 94 5.98 

Spring 

60 

1704 251 14.73 

Summer 1791 267 14.91 

Autumn 1772 240 13.54 

Winter 1590 242 15.22 

Spring 

70 

1856 159 8.57 

Summer 1433 129 9.00 

Autumn 1323 138 10.43 

Winter 1358 169 12.44 

Spring 

80 

1528 83 5.43 

Summer 1486 121 8.14 

Autumn 1493 89 5.96 

Winter 1225 42 3.43 

Spring 

90 

1697 63 3.71 

Summer 1511 65 4.30 

Autumn 1676 107 6.38 

Winter 1727 76 4.40 

Spring 

00 

1761 93 5.28 

Summer 1750 88 5.03 

Autumn 1809 95 5.25 

Winter 1764 96 5.44 

Spring 

10 

1389 165 11.88 

Summer 1263 166 13.14 

Autumn 1526 163 10.68 

Winter 1474 157 10.65 

 

Table 6.1 Number of samples from study areas measured by CPR during 

Spring (March – May), Summer (June – August), Autumn (September – 

November) and Winter (December – February) for each decade from 1946 – 

2016.  
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6.2.2.1 The Modified Chelton method 

 To determine whether the median abundances of the target phytoplankton groups 

examined in the CPR are changing over time series of over 50 years, linear models were 

applied to mean annual abundances. Applying linear models to annual abundances of 

ecological groups and SST has been shown to become prone to autocorrelation. Temporal 

autocorrelation is induced because temperatures or ecological values in any given year are 

related to values during previous years (Bedford et al., 2020; Elsworth et al., 2020; Pyper 

and Peterman, 1998). The amount of autocorrelation was therefore assessed using Equation 

(1), originally published by Chatfield (Chatfield, 1989; Pyper and Peterman, 1998):  

Where autocorrelation is denoted by 𝑟𝑋𝑋 at lag j, N represents the number of observations or 

years, t shows the time step and X is the annual mean of SST or phytoplankton group 

abundance. In order to account for autocorrelation, the modified Chelton method was used 

to calculate the number of degrees of freedom which could be used in each linear model, 

using Equation 2 (Pyper and Peterman, 1998): 

where N* is the effective number of degrees of freedom to be used, 𝜌𝑋𝑋 is the autocorrelation 

calculated by equation (1) for X values and 𝜌𝑌𝑌 is the autocorrelation calculated for Y values. 

Y values during analysis of phytoplankton groups were annual SST calculations. During SST 

analysis, the value of 𝜌𝑌𝑌 was represented as 1. All calculations and graphics were made 

using R (R Core Team, 2021). The lag used in Equation (1) and (2) denoted by j was 1 year, 

as the acf() function in R indicated autocorrelation was most significant for the following 

year after measurements were taken (R Core Team, 2021). The modified Chelton method 

has been used by other recent studies which assessed changes in the plankton record 

enumerated during CPR deployments (Bedford et al., 2020; Hinder et al., 2012). Using both 

of the equations outlined above enables calculation of the maximum number of degrees of 

freedom to use in order to generate a statistically valid estimation of significance.  

 

Equation (1) 
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6.2.3 Blooming period of Dinophysis spp. 

 In our published paper (Dees et al., 2017), the percentage of CPR days per year that 

the abundance of Dinophysis spp. as measured by CPR exceeded two standard deviations in 

the North Sea was plotted. The abundance of Dinophysis spp. in the area around Shetland 

never exceeded this threshold, so the number of days that Dinophysis spp. abundance 

exceeded the mean abundance has been plotted instead. This was done by calculating the 

mean abundance of Dinophysis spp. over the entire period from 1958 until 2016 in both the 

North Sea and the area around Shetland. The number of days per year that Dinophysis spp. 

abundance was measured above this abundance was then plotted.  

 

6.3 Results 

6.3.1 The Shetland Islands   

Throughout the remainder of this chapter, the area around the Shetland, Orkney and 

Faroe Islands will be referred to as the area around Shetland. Between 1950 and the late 

1990s, the SST around Shetland remained relatively constant (Figure 6.2). This is despite a 

number of warmer than average periods during late summer and early autumn from 1950 – 

1960 (Figure 6.2). After 2000, the mean SST around Shetland increased (Figure 6.2). This 

has continued until the end of the time series in 2020, with particularly warm summers being 

detected between year 2005 – 2015 and 2018 – 2020 (Figure 6.2). 

It is possible to divide the time series of chlorophyll index anomaly into two periods. 

Between the years 1946 and 1980, the standardised chlorophyll anomaly was generally less 

than zero, indicating lower photosynthetic growth (Figure 6.3). During these years, there 

were a number of occasions when the standardised index was above zero, primarily in May 

from in the late 1950s and early 1960s (Figure 6.3). From 1980 until the latest measurements 

analysed in 2016, the standardised chlorophyll index was generally above zero, indicating 

greater than average phytoplankton abundance (Figure 6.3). Between 1980 and 1990, the 

increase in chlorophyll index appeared between April and October, but after 1990 the entire 

year was elevated (Figure 6.3). 

Data from the CPR shows that the abundance of diatoms was higher than average in 

the beginning of the time series between years 1950 and 1965 (Figure 6.4). This is especially 

true for the four years around 1960 between May and August (Figure 6.4). Between 1965 

and the late 1990s a period of generally lower than average diatom abundance was measured 

by the CPR, except for abundance from March until June in the 1980s (Figure 6.4). From  
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Figure 6.3 Monthly standardised chlorophyll index anomaly for the study area around the Shetland 

Islands. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.4 Monthly standardised diatom abundance anomaly for the study area around the 

Shetland Islands. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.2 Monthly standardised temperature anomaly for the study area around the Shetland Islands. 

Colour bar shows monthly standardised difference from monthly means (°C). 
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the late 1990s until the end of the time series in 2016, diatom abundance increased and was 

generally higher than average (Figure 6.4).  

Heat maps of dinoflagellate mean standardised anomaly indicates a relatively high 

abundance between years 1950 and 1960 (Figure 6.5). A period of lower abundance followed 

this in the late 1960s (Figure 6.5). Very high relative dinoflagellate abundances were 

measured by CPR during two periods in the late 1970s and late 1980s, particularly during 

the summer months (June – August) (Figure 6.5). Since the year 2000, mean dinoflagellate 

abundance between May and October has decreased in the study area (Figure 6.5). Mean 

dinoflagellate abundance was especially low during the summer around the year 2010, 

though some indication that the mean abundance increased between January and April after 

2000 (Figure 6.5).  

The abundances of P. seriata and P. delicatissima from 1950 – 2016 are similar to 

each other (Figure 6.6). Abundance during the late 1950s and early 1960s was higher than 

average for both P. delicatissima and P. seriata (Figure 6.6). Although higher abundances 

were indicated for P. delicatissima during April and October (Figure 6.6a), the higher 

abundances for P. seriata were limited to between April and August (Figure 6.6b). During 

the period between the early 1960s and the year 2000 there does not appear to be a great 

amount of deviation from average abundances of Pseudo-nitzschia spp., apart from during 

the 1980s there is an indication that Pseudo-nitzschia spp. abundance briefly increased above 

the standardized average (Figure 6.6). During the late 1990s and early 2000s P. seriata 

abundance was anomalously high during June and October, and in the most recent years has 

again become exceptionally high throughout the whole year (Figure 6.6b).  
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Figure 6.5 Monthly standardised dinoflagellate abundance anomaly for the study area around the 

Shetland Islands. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.6 (a) Monthly standardised Pseudo-nitzschia delicatissima complex and (b) P. seriata 

complex abundance anomaly for the study area around the Shetland Islands. Colour bar shows 

monthly standardised difference from monthly means (°C). 
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The monthly standardised abundance of Dinophysis spp. is notable because there is 

little variation apart from between March and September (Figure 6.7). Between 1950 and 

the late 1970s the abundance of Dinophysis spp. was below the monthly standardised mean 

for most of this period (Figure 6.7). For the majority of between the late 1980s and 2000 it 

was greater than average between 1950 and 2016 (Figure 6.7). After the year 2000 the 

abundance of Dinophysis spp. appears to have decreased until another increase was detected 

after 2010 (Figure 6.7). The greatest abundances between 1950 and 2016 appeared around 

August of year 2000 and the summers of the late 1970s (Figure 6.7). 

6.3.2 The North Sea 

 Records of SST in the North Sea show an interesting trend as SST during winter 

(December – February) and autumn (September – November) appeared to be anomalously 

warm compared to the rest of the time series from the early 1940s until approximately 1970. 

During the same time period, summer months appeared anomalously cold (Figure 6.8). From 

1990 until 2020 the SST appeared anomalously warm during the summer and anomalously 

cold during the winter, compared to summer and winters of the rest of the time series (Figure 

6.8). There are exceptions to these observations, but the broad pattern follows this trend. The 

coldest SSTs in comparison to respective months of the time series were during the early 

1940s for summer and during the 1990s for winter (Figure 6.8).  

 From 1946 until approximately 1990, the PCI was lower than average, and from 

approximately 1990 until 2016 the PCI was higher than the average calculated over the 

Figure 6.7 Monthly standardised Dinophysis spp. abundance anomaly for the study area around 

the Shetland Islands. Colour bar shows monthly standardised difference from monthly means (°C). 
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course of the time series (Figure 6.9). The lowest values of the PCI were measured near the 

beginning of the time series around years 1946 – 1950, and the highest values were detected 

just before the summers of year 2000, and from 2010 – 2016 (Figure 6.9).  

 Monthly standardised diatom abundance can be divided into three parts, from 1946 

– 1970, from 1970 until 2000 and from 2000 – 2016 (Figure 6.10). The abundance of diatoms 

during 1946 – 1970 was higher than the monthly standardised average of diatom abundance 

for the study period (Figure 6.10), and lower than average during the period from 1970 until 

2000. After 2000 the abundance was higher than average again until the end of the time 

series (Figure 6.10). The highest abundance was detected during summer of 1960, and the 

lowest during spring of 1980 (Figure 6.10).  

 Dinoflagellate abundance during 1946 – 1960 was higher than average for the whole 

year (Figure 6.11). From 1960 until the late 1970s, abundance during August – December 

was higher than average, but abundance for the rest of the year was lower than average 

(Figure 6.11). A period of anomalously low abundance was during the entire year detected 

between the late 1970s and the late 1980s (Figure 6.11). Abundance during the whole year 

apart from the summer was lower than average from 1990 until 2016 (Figure 6.11). 

Abundance was higher than average during the Summer from the early 1990s until the early 

200s, and later from 2010 – 2016 (Figure 6.11). The lowest monthly standardised 

dinoflagellate anomaly was detected during August – September 2008, and the highest was 

during October of the late 1980s (Figure 6.11). 

Figure 6.8 Monthly standardised temperature anomaly for the study area around the North Sea. Colour 

bar shows monthly standardised difference from monthly means (°C). 
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Figure 6.9 Monthly standardised chlorophyll index anomaly for the study area around the North 

Sea. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.10 Monthly standardised diatom abundance anomaly for the study area around the North 

Sea. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.11 Monthly standardised dinoflagellate abundance anomaly for the study area around the 

North Sea. Colour bar shows monthly standardised difference from monthly means (°C). 
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 The abundance of Dinophysis spp. did not vary by a large degree from January to 

April (Figure 6.12). Abundance was highest during the period from 1970 until the year 2000, 

with an especially high abundance detected during the late 1980s, between April and 

December (Figure 6.12). After the year 2000, the abundance was lower than standardised 

mean (Figure 6.12). Despite the decrease in abundance during the last 15 years of the time 

series, small increases in relative abundance were observed between June and December 

between 2014 and 2016 (Figure 6.12). 

The abundances of P. delicatissima and P. seriata were similar but not identical 

(Figure 6.13). For P. delicatissima, heat maps show that the highest period of variation in 

abundance is observed during the spring (Figure 6.13a). Relative P. delicatissima abundance 

was highest between April and June of the early 1960s (Figure 6.13a). For all months during 

approximately five years before and after 1960, the abundance of P. delicatissima was higher 

than average, especially during the spring (Figure 6.13a). Instead of a period of higher 

variation in P. seriata abundance, the summer is the period when the lowest variation in 

abundance is observed (Figure 6.13b). In general, Pseudo-nitzschia spp. was lower than 

average during the period from the early 1960s until year 2000, apart from one or two years 

in the 1980s (Figure 6.13). From the late 1990s, the abundance of both Pseudo-nitzschia 

complexes has increased (Figure 6,13). The largest change was detected in the abundance of 

P. seriata during the months of spring (March – May) around 2010 and during February and 

June of the year 2006 (Figure 6.13b). 

 

6.3.3 Relationships between SST and distinct phytoplankton groups 

 Using the modified Chelton method, a statistically significant relationship between 

SST and time was found in the area surrounding the Shetland Islands between months April 

– October only (Figure 6.14a; Table 6.2; modified Chelton method, p < 0.05). A statistically 

significant relationship was also found in the North Sea during both the whole year and 

during the growth period (Figure 6.14b; Table 6.2; modified Chelton method, p < 0.05). 

Each of these correlations were positive, and the correlation between SST and year during 

April and October in the North Sea was particularly strong (Pearson’s correlation = 0.66, r2 

= 0.41). The correlation between SST and progressing years around the Shetland Islands was 

not significant, although a significant relationship between SST and progressing years 

between April and October was found (Table 6.2; Figure 6.14). 
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Table 6.2 Results of linear modelling. Pearson’s correlation tests have been marked as significant 

using *** to show statistical significance at the 5% level using the modified Chelton method, and 

* to show significance at 5% only when not using the modified Chelton method. Models which 

were insignificant (p > 0.05) have been marked using -. 

  
Location Period N 

Pearson's 

Correlation 
Adjusted r2 

Significant 

(p < 0.05) 

SST * Year 
North Sea 

Whole 

Year 1346923 0.4733 0.2120 *** 

SST * Year North Sea Summer 853294 0.6573 0.4135 *** 

SST * Year 
Shetland 

Whole 

Year 2331826 0.1218 0.0015 * 

SST * Year Shetland Summer 1418827 0.3636 0.1203 *** 

Dinophysis spp. * 

SST North Sea 

Whole 

Year 46304 -0.2485 0.0477 * 

Dinophysis spp. * 

SST North Sea Summer 27469 -0.2652 0.0565 * 

Dinophysis spp. * 

SST Shetland 

Whole 

Year 19530 -0.1743 0.0171 - 

Dinophysis spp. * 

SST Shetland Summer 13594 -0.0775 -0.0074 - 

Dinoflagellates * 

SST North Sea 

Whole 

Year 46304 -0.2979 0.0751 *** 

Dinoflagellates * 

SST North Sea Summer 27469 -0.4515 0.1920 *** 

Dinoflagellates * 

SST Shetland 

Whole 

Year 19530 -0.2064 0.0283 - 

Dinoflagellates * 

SST Shetland Summer 13594 -0.2403 0.0450 *** 

Diatoms * SST 
North Sea 

Whole 

Year 46304 0.2151 0.0321 - 

Diatoms * SST North Sea Summer 27469 0.2908 0.0709 * 

Diatoms * SST 
Shetland 

Whole 

Year 19530 0.0512 -0.0123 - 

Diatoms * SST Shetland Summer 13594 -0.1453 0.0069 - 

P. seriata * SST 
North Sea 

Whole 

Year 46304 0.3609 0.1173 *** 

P. seriata * SST North Sea Summer 27469 0.4744 0.2135 *** 

P. seriata * SST 
Shetland 

Whole 

Year 19530 0.0996 -0.00487 - 

P. seriata * SST Shetland Summer 13594 -0.0674 -0.0099 - 

P. delicatissima * 

SST North Sea 

Whole 

Year 46304 0.1881 0.0210 - 

P. delicatissima * 

SST North Sea Summer 27469 0.3238 0.0915 *** 

P. delicatissima * 

SST Shetland 

Whole 

Year 19530 0.1109 -0.00245 - 

P. delicatissima * 

SST Shetland Summer 13594 0.0162 -0.0142 - 
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Figure 6.12 Monthly standardised Dinophysis spp. abundance anomaly for the study area around 

the North Sea. Colour bar shows monthly standardised difference from monthly means (°C). 

Figure 6.13 (a) Monthly standardised Pseudo-nitzschia delicatissima complex and (b) P. seriata 

complex abundance anomaly for the study area around the North Sea. Colour bar shows monthly 

standardised difference from monthly means (°C). 
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 None of the correlations between SST and Dinophysis spp. abundance since 1946 

were significant (Table 6.2; Figure 6.15). These correlations were negative and similar, 

regardless of the time of year that measurements were taken (Table 6.2; Figure 6.15). Around 

the Shetland Islands, the number of times that Dinophysis spp. abundance was measured as 

0 was greater than in the North Sea (Figure 6.15).  

  

Figure 6.14 Mean annual SST (°C) taken from ICES datasets. Linear models have been 

applied to these data and drawn as solid lines in the figures. Plots have been colour 

coded to show mean SST measured during the whole year (black) and between the 

months of April and October (red). Records have come from (a) the area around the 

Shetland Islands and (b) the North Sea (see Figure 6.1). 
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Figure 6.15 Mean annual Dinophysis spp. abundance measured by the CPR plotted against mean 

annual SST (°C) taken from ICES datasets between 1958 and 2016. Linear models have been 

applied to these data and drawn as solid lines in the figures. Plots have been colour coded to show 

mean abundance and SST measured during the whole year (black) and the subset of these data 

between the months of April and October only (red). Records are from (a) the area around the 

Shetland Islands and (b) the North Sea (see Figure 1). 
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The correlation between SST and total dinoflagellate abundance was only significant 

during the growth season in the area surrounding Shetland (Pearson’s correlation; Table 6.2; 

Figure 6.16). In the North Sea, the correlation between mean annual SST and mean annual 

dinoflagellate abundance was significant and negative during the whole year and also the 

growth season (Figure 6.16; Table 6.2). The correlation between SST and dinoflagellate 

abundance was stronger between April and October (Figure 6.16; Table 6.2). A greater 

number of zero counts were measured in the area around Shetland, compared to the North 

Sea (Figure 6.16). The strength of correlation in the North Sea was greater than around 

Shetland, as the adjusted r2 values show (Table 6.2). The gradient of the linear model 

comparing SST and dinoflagellates is greater in Shetland (Figure 6.16). 

Figure 6.16 Following the same outline as Figure 6.15, apart from using mean annual total 

dinoflagellate abundance instead of mean annual Dinophysis spp. abundance. 
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 There is no statistically significant correlation between mean annual SST and mean 

annual abundance of diatoms in either the North Sea or around Shetland (Table 6.2). 

Although insignificant, the correlation was measured as weak and negative around the 

Shetland Islands, compared to being weak and positive in the North Sea (Table 6.2; Figure 

6.17). 

  

Figure 6.17 Following the same outline as Figure 6.15, apart from using mean annual total diatom 

abundance instead of mean annual Dinophysis spp. abundance. 
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 In the area around the Shetland Islands, no statistically significant correlation was 

detected between SST and either the P. seriata or P. delicatissima complex (Table 6.2). 

There were a large number of zero values found for Pseudo-nitzschia spp. around Shetland, 

in contrast to the North Sea (Figure 6.18 + 6.19). Although the linear models violated the 

assumption of normality of residuals, a positive correlation was found between mean annual 

SST and the mean annual abundance of P. seriata, similar to the North Sea (Figure 6.18).  

 In the North Sea, a statistically significant correlation between mean annual SST and 

mean annual P. seriata abundance was found (Figure 6.18b; Table 6.2). The correlation was 

statistically significant during the whole year and between the growth season (Table 6.2). In 

contrast, the correlation between SST and P. delicatissima abundance was only statistically 

significant for the growth season, not during the rest of the year (Figure 6.19b; Table 6.2). 

Figure 6.18 Following the same outline as Figure 6.15, apart from using mean annual Pseudo-

nitzschia seriata abundance instead of mean annual Dinophysis spp. abundance. 
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There were four years when no P. delicatissima were detected by the CPR (Figure 6.19b). 

The correlation between P. seriata and SST is stronger and has a higher gradient than the 

correlation between P. delicatissima and SST, in the North Sea (Figure 6.18b + 6.19b; Table 

6.2). 

 

  

Figure 6.19 Following the same outline as Figure 15, apart from using mean annual 

Pseudo-nitzschia delicatissima abundance instead of mean annual Dinophysis spp. 

abundance. 
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6.3.4 Blooming period of Dinophysis spp. 

 In the area around the Shetland Islands, a positive trend between the number of days 

per year that the abundance of Dinophysis exceeded the mean and increasing time was found 

(Figure 6.20a). For most years, the abundance of Dinophysis spp. remained below the mean 

abundance, and the maximum number of days per year that the CPR measured abundance 

above the mean was four days (Figure 6.20a). This suggests that the increasing rate of 

anomalously large blooms of Dinophysis spp. with time is influencing the positive 

correlation (Figure 6.20a).  

 In the North Sea, the number of days that abundance of Dinophysis spp. exceeded 

the long-term mean abundance between 1958 and 2016 was much higher than around the 

Shetland Islands (Figure 6.20). The mean abundance of Dinophysis spp. was much larger in 

the North Sea area than around Shetland (1637 cells per sample vs. 200 cells per sample). A 

negative trend between increasing time and number of days that the mean abundance of 

Dinophysis spp. was exceeded is indicated in data from the CPR (Figure 6.20b). Neither of 

the trends between the number of days that the mean abundance of Dinophysis spp. and 

Figure 6.20 The number of days in each year that the abundance of Dinophysis spp., as 

detected by the CPR, was greater than the mean in (a) the area around Shetland or (b) The 

North Sea. 
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increasing time was significant, regardless of the time of year (Modified Chelton Method, p 

> 0.05). 

 

6.4 Discussion 

In this chapter, CPR data has been used to explore ecological changes over the past 60 

years. The CPR is one of the only long-term data sources operating in both the North Sea 

and around the Shetland Islands. Sufficient data were obtained over a long enough period to 

elucidate the effect of increasing SST on key functional groups of harmful phytoplankton.  

 

6.4.1 Temperature 

 Evidence from the ICES dataset analysed using the modified Chelton method 

confirms a significant increase in SST within the North Sea (Figure 6.8 + 6.14; Table 6.2), 

conforming with previous studies (Beaugrand and Reid, 2003; Desmit et al., 2020; Gobler 

et al., 2017a). The gradient of increasing SST in the North Sea is greater during the growth 

season (Table 6.2). The figures showing SST anomalies show this disparity more clearly for 

the North Sea as winter temperatures were anomalously warmer between 1940 and 1980 

(Figure 6.8). Summer temperatures were anomalously cold from 1940 until 1990 (Figure 

6.8). This increase in SST is likely to be linked to global climate change, in which 

temperatures have been increasing at both the sea surface and on land since the pre-industrial 

period which ended in 1850 (Huang et al., 2017; IPCC, 2019; Menne et al., 2018). However, 

evidence has been published suggesting SST increase in coastal areas like the North Sea are 

increasing more rapidly than open ocean areas (Baumann and Doherty, 2013; Desmit et al., 

2020; Gobler et al., 2017a). Interestingly, it appears that SST increases have become more 

evident in the North Sea since approximately 1982 (Beaugrand and Reid, 2003; Edwards et 

al., 2006; Høyer and Karagali, 2016; Meyer and Kröncke, 2019). Temperatures from ICES 

have previously been used to analyse warming temperatures in Northern European seas 

(Mackenzie and Schiedek, 2007).  

 In the area surrounding the Shetland Islands a significant positive correlation 

between SST and progressing time during the growth season was also found (Table 6.2). 

The SST increase during the entire year is not significant when using the modified Chelton 

method but is significant when using an unmodified number of DoF (Table 6.2). This is 

indicative of a significant amount of autocorrelation between SST measurements in 
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successive years, which is not an uncommon issue in annual SST records (van Aken, 2010). 

The presence of autocorrelation, and the small number of occasions that the Modified 

Chelton Method provides a p-value higher than the value given by conventional methods at 

0.05, shows the importance of accounting for autocorrelation during statistical tests (Pyper 

and Peterman, 1998).  

 

6.4.2 Effect of increased SST on phytoplankton in general 

 The CPR PCI scale can be used as a proxy for the concentration of chlorophyll at the 

sampling depth of approximately 7 m (Hays and Warner, 1993). Primary production and 

biomass have been found to have nearly indistinguishable distributions in space within the 

North Sea (Edwards et al., 2001; Reid et al., 2003). In addition, chlorophyll concentration 

estimated by SeaWiFS is significantly correlated with PCI estimates in the North Sea and 

throughout western European waters (Batten et al., 2003; McQuatters-Gollop et al., 2007). 

Using PCI as a proxy for phytoplankton abundance is therefore justified. 

In the area around Shetland, both SST and PCI became anomalously high after the 

year 2000 (Figures 6.2 + 6.3). In the North Sea, the SST during the summer increased above 

the standardized mean for the first time during approximately 1990 (Figure 6.8). PCI in the 

North Sea began increasing above the mean after 1990, particularly during the summer 

(Figure 6.9). Phytoplankton abundance is not only influenced by SST, which is why 

numerous studies have attempted to distinguish between SST influence and nutrient 

concentration influence (Alvarez-Fernandez et al., 2012; Desmit et al., 2020; Edwards et al., 

2006; McQuatters-Gollop et al., 2007). Nutrient concentration has decreased with stricter 

legislation governing fertilizers which have flowed into the North Sea through rivers since 

1975 (Desmit et al., 2020). Phytoplankton abundance has continued to increase concurrent 

to decreasing nutrient concentration, suggesting that increasing SST is responsible for some 

chlorophyll increase (Desmit et al., 2020; McQuatters-Gollop et al., 2007). Nutrient 

concentration in the North Sea and northeast Atlantic Ocean is complicated and dependant 

on many factors beyond the scope of this study (Balls, 1994; Desmit et al., 2015; Gebühr et 

al., 2009; van Bennekom and Wetsteijn, 1990; Vermaat et al., 2008).  

 

6.4.3 Abundance of particular phytoplankton groups with increasing SST 

Data from the CPR provide an excellent time series for examining trends of 

phytoplankton abundance, but there are a number of limitations. It is impossible to obtain 
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phytoplankton abundance in terms of cells per litre, which is the most comparable 

measurement for phytoplankton (Chapter 2). Not all areas of the study area are sampled 

equally (Figure 6.1) and the CPR is typically unable to sample closer than one nautical mile 

from shore (Richardson et al., 2006). These limitations can be thought of as features of the 

methodology rather than bugs, because variations in relative plankton abundance due to 

larger processes like warming oceans are likely to be catalogued in the CPR. The CPR is 

unlikely to be affected by coastal processes such as advective winds bringing toxin 

producing species close to the coastline where they may be counted. The exceptional short 

term blooms like the very high cell counts of Dinophysis spp. measured during coastal 

monitoring in 2006 and 2013 are unlikely to be captured by the CPR record (Whyte et al., 

2014). The sample sizes in both the North Sea area and around Shetland remained fairly 

consistent across different seasons, which is another reason to trust conclusions made using 

these data (Table 6.2).  

When the hypothesis of changing phenology with SST or increasing abundance of 

either Dinophysis spp. or Alexandrium spp. (Gobler et al., 2017a) are investigated, the 

original conclusions appear questionable. A response disagreeing with the hypothesis that 

D. acuminata abundance is increasing in the North Sea has already been published as part 

of this thesis (Dees et al., 2017). A further response defending the original paper was then 

published, clarifying that the authors thought that the rate of increase in cell abundances is 

increasing whilst overall abundance of D. acuminata may not be growing, due to the 

complexity of phytoplankton ecology (Gobler et al., 2017b).  

Awareness of harmful Dinophysis spp. blooms in the UK and Europe has increased 

since the 1980s. A number of studies were cited by Gobler, Doherty, et al. (2017) which 

they used as additional evidence that the probability of a HAB composed of D. acuminata 

was increasing with increasing SSTs. For example, DSP in humans had not been reported in 

the UK before 1997, but since this date there have been multiple shellfish harvesting closures 

due to DSP risk (Bresnan et al., 2021; Hinder et al., 2011; Scoging and Bahl, 1998). Gobler, 

Doherty, et al. (2017) also linked six large Dinophysis spp. blooms around the North Sea 

with exceptionally warm temperatures (Edwards et al., 2009; Gobler et al., 2017a). However, 

only two of the Dinophysis spp. HABs detailed by Edwards et al. (2009) are contained within 

the area of the North Sea specified in Gobler et al.’s (2017a) study. All HABs during the 

2007 – 2008 period have been described as being “within the range of natural variability” 

and “similar to long term average occurrences”, apart from exceptionally large blooms of 
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Prorocentrum spp. occurring off the Dutch coast and Dogger Bank (Edwards et al., 2009). 

Although a potential source of DSP toxins in addition to Dinophysis spp., the large 

Prorocentrum spp. HAB appears unlikely to be related to variations in D. acuminata 

abundance as the two show differing growth strategies (Martino et al., 2020). 

Around the Shetland Islands and the North Sea, the abundance of Dinophysis spp. 

was detected above the standardised mean during the Summer between the late 1970s and 

early 2000s (Figure 6.7 + 6.12). The last five years have also shown Dinophysis spp. 

abundances above the standardised mean (Figure 6.7 + 6.12). However, no statistically 

significant relationship was detected between Dinophysis spp. abundance and SST in either 

the North Sea or around Shetland (Figure 6.5; Table 6.2). In addition, no significant 

relationship between the length of blooms, or time that abundance exceeded long-term mean 

abundance throughout the study period, and increasing time was found in either region 

(Figure 6.20). The difference between a positive trend found around Shetland and a negative 

trend being detected in the North Sea (Figure 6.20) is likely due to the number of samples 

from Shetland being approximately one tenth of the sample size from the North Sea (Figure 

6.1; Table 6.1). This difference in sample size may have hidden some of the ecological 

relationships from Shetland.  

These results are consistent with those from Chapter 2 which used data from routine 

coastal monitoring around Shetland to show there is no evidence that the abundance or length 

of the blooming period of Dinophysis spp. has increased in the period from 2006 until 2020. 

Our findings have therefore not provided any evidence to support the hypothesis that the 

abundance of Dinophysis spp. is increasing with SST in the North Sea, or around the 

Shetland Islands. It has been recommended, for example, that a time series of at least 40 

years should be used to detect changes with a changing climate, which is why the CPR is a 

highly valuable dataset (Edwards et al., 2010; Henson et al., 2010). However, extending the 

time series is vital to identify changes that may occur over periods greater than ten years, 

such as warming SSTs due to anthropogenically influenced climate change. 

Gobler et al. (2017a)’s analysis used laboratory data about D. acuminata to 

parameterise the model concluding that abundance growth and blooming season are 

lengthening (Tong et al., 2011, 2010). However, the CPR only started enumeration of 

Dinophysis to species level in 2004, thus providing an insufficient length of time for analysis 

of abundance trends (Richardson et al., 2006). Gobler et al., (2017b) therfore suggests this 

may be the cause betweeen the discrepany between their and our results. However, D. 

acuminata is the dominant Dinophysis species around Scotland with only sporadic blooms 
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of other species such as D. acuta, likely related to favourable oceanographic conditions 

(Dhanji-Rapkova et al., 2018; Hart et al., 2007; Paterson et al., 2017; Swan et al., 2018) (see 

Chapters 3 + 4). Although it is not ideal to compare abundance of an entire genus to 

abundance of a single species, practical reasons exist for doing so and in the context of the 

two areas discussed in this chapter, the choice is justified.  

The species hypothesised by Gobler et al. (2017a) to be experiencing more intense 

blooms are both dinoflagellates, similar to most potentially harmful algal species in both 

study areas (Wells et al., 2015). There was a greater range in diatom and dinoflagellate 

abundance in the North Sea compared to the Shetland Islands area (Figures 6.4 + 6.5, 6.10 

+ 6.11). The relationship between dinoflagellate abundance and SST, and diatom abundance 

and SST during the growth season were both significant in the North Sea (Figure 6.16 + 

6.17; Table 6.2). This corroborates what has been reported in studies of the northeast Atlantic 

Ocean South of Shetland, which used CPR data to show that diatom abundance is increasing 

and dinoflagellate abundance decreasing with rising SST (Bedford et al., 2020; Edwards et 

al., 2006; Hinder et al., 2012). There is greater freshwater input into the North Sea compared 

to the area around Shetland which can subsequently result in a greater nutrient input, 

although concentrations have been falling since 1975 (Desmit et al., 2020). This changing 

nutrient concentration in the North Sea may indicate one reason for the lack of a significant 

relationship with SST, although previous studies have found that SST exerts a larger 

influence on phytoplankton abundance than nutrient concentrations (McQuatters-Gollop et 

al., 2007; McQuatters-Gollop and Vermaat, 2011). More research into how the abundance 

of dinoflagellates is influenced by changing nutrients inputs has already been recommended 

(Bedford et al., 2020).  

Static time series in the North Sea have shown considerable differences in the 

diversity of the Pseudo-nitzschia genus in the eastern North Sea compared to the West, but 

the relatively short length of the time series in Stonehaven and Helgoland prevented 

comparisons with increasing SST related to climate change (Bresnan et al., 2015b). As part 

of the Scottish Coastal Observatory, the abundance of Pseudo-nitzschia spp. has been 

monitored every week in Scalloway Harbour since 2000 (Bresnan et al., 2016). An increase 

in abundance was measured from 2008 – 2012, but increases with rising SST and progressing 

time since 2000 have not been apparent (Bresnan et al., 2016). Again the CPR demonstrates 

the value of a multi-decadal time series as it has been shown that the abundance of P. seriata 

has increased since the 1950s, especially in the North Sea (Hinder et al., 2012). The response 
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of Pseudo-nitzschia spp. to SST in the wider northeast Atlantic is not as clear. The presence 

of Pseudo-nitzschia spp. blooms and DA concentration in shellfish have been known about 

since they were first detected in Scotland during 1999 (Campbell et al., 2001; Fehling et al., 

2004b), which is interestingly when Pseudo-nitzschia spp. abundance became anomalously 

high in both present study areas (Figure 6.6 + 6.13). Regulatory coastal monitoring in 

Scotland has detected no increase in the abundance of Pseudo-nitzschia spp. or DA toxicity 

during the last 15 years (Rowland-Pilgrim et al., 2019). However, there is evidence to 

suggest that generally low levels of DA may be increasing as time progresses, especially in 

the South of the UK in England and Wales (Rowland-Pilgrim et al., 2019). This may be 

linked to climate driven SST increases, but the time series of 15 years was too low to 

determine this (Rowland-Pilgrim et al., 2019). The results displayed here are similar, as 

abundance of P. seriata is increasing significantly with SST in the North Sea but not around 

Shetland (Table 6.2; Figure 6.18b). The abundance of P. delicatissima is also increasing in 

the North Sea, though at a lower rate of increase than P. seriata abundance (Table 6.2; Figure 

6.19b). Finding slightly different results in the CPR record may be due to the generally low 

abundances of both P. seriata and P. delicatissima which were detected in the area around 

Shetland (Figure 6.6). This distinction may also be due to the abundance of Pseudo-nitzschia 

spp. being particularly influenced by processes which may be enhanced near the coast, such 

as nutrient concentration changes, mixing and SST increases (Cusack et al., 2015; 

Holtermann et al., 2010; Sarno et al., 2010), and the CPR being unable to sample closer than 

one nautical mile from the coast (Richardson et al., 2006).  

No statistically significant relationship between the abundance of either P. seriata or 

P. delicatissima and SST was detected in the area around Shetland (Table 6.2). The 

abundance of P. delicatissima in the North Sea shows a similar pattern to Shetland (Figure 

6.6 and 6.13). The abundance of P. seriata in the North Sea however, remained lower than 

the standardised mean between June and September until 2000 (Figure 6.13). This is 

surprising because the abundance of P. seriata during contemporary studies is highest during 

late summer and early autumn, and should be expected to have a higher variation around 

mean than the rest of the year (Bresnan et al., 2017, 2015b; Fehling et al., 2006). After 2000 

the abundance of P. seriata was above the standardised mean abundance (Figure 6.13). The 

statistically significant positive relationship between SST and P. seriata abundance detected 

during both the Summer and the whole year, and between P. delicatissima and SST during 

the Summer, is important for the prediction of HABs (Table 6.2). The increase in P. seriata 

abundance with rising SST is particularly significant, as this complex has been implicated 

in production of domoic acid  in Scottish waters (Bresnan et al., 2016; Fehling et al., 2006).  
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Annual diatom abundance was not significantly correlated with SST in either the 

North Sea or around Shetland (Table 6.2). There is also no evidence of a significant 

relationship between diatom abundance and SST in the North Sea during summer months 

(Figure 6.17; Table 6.2). Previous studies have also found no evidence that the abundance 

of total diatoms is increasing significantly, and appears to be explained by different diatom 

species exhibiting different responses to rising SST (Hinder et al., 2012).  

Typically, especially around Shetland, genera responded to SST changes first during 

the growth season before changes during winter became obvious (Figures 6.2, 6.3, 6.5 – 6.7). 

This is important because all periods of enhanced HAB activity have taken place during the 

growth season (Chapter 2, and references therein); any HABs occurring outside of this 

period is extremely unlikely, but the importance of summer SST on phytoplankton 

abundance may be overestimated by the CPR. The abundance of phytoplankton during 

winter months is usually low (Figure 2.2 – 2.4) and therefore especially difficult for 

monitoring using the CPR, which underestimates abundances because of the relatively large 

mesh size (270 µm) (Reid et al., 2003; Richardson et al., 2006). This underestimation of 

abundance is typically remedied by zooplankton and other detritus clogging during growth 

season (John et al., 2002; Richardson et al., 2006). This effect will be much smaller outside 

of the growth season when fewer lifeforms are present meaning estimates of the difference 

between summer and winter abundance are likely overestimated.  

 

6.5 Conclusion 

This chapter explored the hypothesis that HABs are becoming more prevalent as SST 

increases using data from the CPR and publicly available temperature data from ICES. Data 

from two distinct areas were analysed; the North Sea limited by 49.125° and 60.125° North 

and 0.125° and 10.125° East, and an area around the Shetland Islands limited by 58° and 62° 

North and -10° and 3.5° East. Using these data three hypotheses have been tested.  

The H0 of Hypothesis 6.1 was that there is no evidence that SST in either the North Sea 

or around the Shetland Islands is increasing with time. The analysis demonstrated a 

statistically significant relationship between SST and progressing time did exist (Table 6.2), 

with a stronger correlation during the growth season between April and October (Table 6.2). 

The relationship between increasing SST and time is more significant in the North Sea 

compared to the Shetland Islands, confirming previous studies suggesting North Sea 
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temperature increases are likely to be more intense than areas with more open oceans 

(Borges, 2011; Koopmans et al., 2015). Interestingly, the Scottish North Sea coast does not 

have as many aquaculture sites compared to on the West coast or in Shetland. There is 

enough evidence presented during this chapter to reject the H0 of Hypothesis 6.1. 

The H0 of Hypothesis 6.2 was that there is no evidence of an increase in Dinophysis spp. 

with increasing temperature. There is insufficient evidence to reject the H0 because no 

evidence of a statistically significant relationship between mean Dinophysis spp. abundance 

with SST was found in either the North Sea or around Shetland during the Summer months, 

or throughout the whole year (Table 6.2). The maximum mean Dinophysis spp. abundance 

was found in the 1980s in the North Sea, which is interesting as HABs of D. acuminata were 

predicted to have increased since 1982 (Gobler et al., 2017a).  

The H0 of Hypothesis 6.3 was that there is no evidence of an increase in Pseudo-

nitzschia spp. with increasing temperature. There is a statistically significant relationship 

between the mean abundance of P. seriata and mean SST in the North Sea during the 

summer, and also throughout the whole year (Table 6.2). During the Summer, there was also 

a statistically significant relationship between P. delicatissima and SST in the North Sea 

(Table 6.2). The difference in significance in the North Sea and around Shetland is again 

notable for these relationships. As static time series of Pseudo-nitzschia spp. get longer, it 

may be useful to compare relationships with increasing SST (Bresnan et al., 2015b). 

Although no statistically significant relationship was found between either complex of 

Pseudo-nitzschia and SST around Shetland, there is enough evidence to reject the H0 of 

Hypothesis 6.3 in terms of the North Sea. 

Laboratory studies showing the capacity for HAB genera like Pseudo-nitzschia and 

Dinophysis to increase in abundance and toxicity are useful (Basti et al., 2015; Fehling et 

al., 2004b; Fiorendino et al., 2020; Thorel et al., 2014). Data gathered during these studies 

can then inform ecological models, as in Gobler et al (2017a). It must be remembered that 

SST is not the only factor influencing growth of phytoplankton, and other factors such as 

different nutrient concentrations also have an effect (Desmit et al., 2020, 2015; McQuatters-

Gollop et al., 2007). Increasing SST can also have an influence on the abundance and 

diversity of grazing zooplankton, further increasing these interactions (Beaugrand et al., 

2000; Beaugrand and Reid, 2003; Gobler et al., 2017b).  
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Chapter 7: Conclusions and Future Research 

 

7.1 Introduction 

 The purpose of this PhD was to improve the understanding of when harmful algal 

blooms (HABs) will impact aquaculture sites around the Shetland Islands. Increased 

understanding will then lead to improved predictions of when HABs impact Shetland. A 

holistic approach was used incorporating ecological, chemical, and physical oceanographic 

methods. The work has focussed in particular on the toxin producing genera Pseudo-

nitzschia, Dinophysis, and Alexandrium. It was important to determine the relationship 

between abundance of toxin producing algae and the toxicity found in shellfish (Chapters 2 

and 3). At the beginning of the project, a frontal system was hypothesised to exist at the 100 

m isobath from which HABs could be quickly advected towards Shetland (Hughes, 2014b). 

Confirming this required understanding and collection of data concerning the structure of 

the water column, as well as how ocean currents can move phytoplankton at the surface 

(Chapters 4 and 5). Some understanding of the potential response of HAB genera to 

increasing sea surface temperature (SST) with climate change was also required. The 

continuous plankton recorder provided a long enough dataset between 1946 – 2016 to 

determine the effect of a changing climate on the ecology of potentially toxic algae (Chapter 

6). 

 The main conclusions of each chapter will be briefly reiterated here, in order to 

summarise the most important findings and hypotheses of this PhD project. Suggestions for 

how future study can further understanding of each topic covered will also be given.  

 

7.2 Monitoring of harmful phytoplankton and shellfish biotoxins in the 

Shetland Islands and their relation to environmental conditions 

 In this chapter Food Standards Scotland (FSS) cell abundance data collected during 

regulatory coastal monitoring of Pseudo-nitzschia spp., Dinophysis spp. and Alexandrium 

spp. in Shetland were analysed. Toxin concentration in mussels (Mytilus edulis) were 

presented and compared to cell abundance data, and subsequently compared to 

environmental data. The influence of cumulative wind stress and SST measured from 
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representative sites in Shetland were displayed and compared to the abundance of the three 

genera implicated in the production of harmful biotoxins. 

 Hypothesis 2.2 was that there was no evidence of a significant correlation between 

toxin concentrations in mussels and the abundance of causative phytoplankton. Enough 

evidence was gathered to reject this H0 for Dinophysis spp. abundance and OA group toxin 

concentration (Figure 2.9). This allows for relatively accurate predictions of locally grown 

Dinophysis spp. populations, as the toxicity of okadaic acid group toxins increased in 

mussels approximately one week after the abundance of Dinophysis spp. increased (Figure 

2.9). Sudden cell abundance increases due to wind advected Dinophysis spp. HABs have 

different issues with prediction which will be discussed later. 

A significant positive relationship between Pseudo-nitzschia spp. abundance and DA 

concentration in mussels was also detected (Figure 2.14). This relationship is much weaker 

than the Dinophysis spp. and OA group relationship and is not made better when time lags 

are applied to toxin data, implying Pseudo-nitzschia spp. is not always a useful early 

warning. Distinguishing Pseudo-nitzschia spp. into P. seriata and P. delicatissima 

complexes may improve this relationship because only P. seriata have been confirmed as 

producers of DA in Scottish waters. However, potentially toxic cells do not always produce 

toxins, as a wide variety of other factors need to be fulfilled before DA is produced (see 

Chapter 1). When the concentration of LTs or other toxin group exceeds the regulatory 

threshold, the mussels are no longer analysed for the concentration of DA. As yet 

unpublished data from a case study in Shetland during 2020 has shown that DA exceeded 

the regulatory limit of 20 mg DA kg-1 shellfish tissue when harvesting was closed due to the 

presence of diarrhetic shellfish toxins (DSTs). In the official regulatory monitoring, the 

concentration of DA in Shetland has not surpassed the regulatory limit since monitoring 

began (Figure 2.13), so the correlation between Pseudo-nitzschia spp. and DA concentration 

represented in this thesis may not be as accurate as it could be.   

There is insufficient evidence to reject the H0 for Alexandrium spp. abundance and 

paralytic shellfish toxin (PST) concentrations in mussels because there was no statistically 

significant relationship between Alexandrium spp. abundance and PST concentration in 

mussels. This may be due to non-toxic species occurring with PST producing species. During 

2014 and 2015 when PSTs in mussels increased concurrently with Alexandrium spp. 

abundance, it seems likely that the toxin producing A. catenella was present (Figure 2.11). 

During other years when the cell abundance of Alexandrium spp was higher but no toxins 
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were detected, a non-toxic Alexandrium species such as A. tamarense is likely present 

(Figure 2.11) 

During 2006 – 2016, the seven-day cumulative wind stress exceeded 1000 N m-2 

every time that Dinophysis spp. abundance exceed 4,000 cells L-1 (Figure 2.18). The 

relationship between cumulative wind stress and Dinophysis spp. abundance was more 

complicated during 2018, but this evidence contradicts the H0 of Hypothesis 2.3 which stated 

that no evidence of a link between wind patterns and abundance of Dinophysis spp. is present 

in results. In contrast, there does not appear to be a concrete relationship between Pseudo-

nitzschia spp. and wind speed or direction, as high abundances of Pseudo-nitzschia spp. 

appear to coincide with periods of high westerly wind stress just as often as winds with a 

significant easterly component. So far, occurrences of Pseudo-nitzschia spp. being advected 

by ocean currents have been limited to the Pacific coast of the USA (Giddings et al., 2014). 

Increases of Pseudo-nitzschia spp. are more often linked to coastal upwelling, implying a 

response to increased nutrient concentration and turbulence. Increased wind speeds influence 

turbulence in the water column; wind direction may be less important for this process around 

Shetland. 

Hypothesis 2.4 was that there is no evidence of a link between seawater temperature 

and either Pseudo-nitzschia spp., Dinophysis spp. or Alexandrium spp. abundance. The 

significant positive correlation between Pseudo-nitzschia spp. abundance and SST means 

there is sufficient evidence to reject the H0. No evidence was found to suggest any 

relationship between Dinophysis spp. and SST. The highest concentration of PSTs measured 

from mussels have occurred during summer months when SST was lower than the mean 

(Figure 2.21).  

Before the work in this chapter was completed, evidence that exceptional blooms of 

Dinophysis spp. were associated with westerly winds on Shetland existed (Whyte et al., 

2014).  Plots of Dinophysis spp. abundance overlaying cumulative westerly wind stress has 

provided more evidence for this (Figure 2.18a). This chapter has also shown that periods of 

high PST concentration around Shetland have occurred during summers with the lowest 

mean temperature. Future studies should continue to analyse the temperature during periods 

of high PST concentration in Shetland and throughout the UK. Studies of species 

composition of the Alexandrium genus should also be focussed on, using molecular methods. 

This is increasingly important when increased SST due to climate change is considered, 

different species of Alexandrium may respond differently to increased temperatures.  It is 
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already known that different HAB genera respond differently to rising temperatures (see 

Chapter 6). 

 

7.3 Chemical analyses and toxin profiles of shellfish and SPATT resin 

deployed in three voes in St Magnus Bay, Shetland 

A number of data sources were exploited to provide an exposition of phycotoxin 

content in M. edulis. Toxins in the water column were also analysed using passive samplers. 

No geographic difference in the toxin content was detected in the three voes, Aith Voe, Olna 

Firth or Busta Voe, investigated during this chapter. Hence, the H0 of Hypothesis 3.1, which 

stated that no significant difference would be found between the toxin profiles of shellfish 

in the three voes investigated, cannot be rejected. 

Nine separate lipophilic toxins (LTs) were detected in eluents from solid phase 

adsorption toxin tracking (SPATT) resins during field and laboratory work carried out in 

2017 and 2018 (Figure 3.9). This means there is sufficient evidence to reject the H0 of 

Hypothesis 3.2, which stated that it would not be possible to extract any toxins from SPATT 

resin deployed in Aith Voe, Olna Firth or Busta Voe. DA was only detected at concentrations 

below the limit of quantitation (LOQ) in SPATT resin (1 mg g-1), and only one shellfish 

sample showed DA concentration exceeding the LOQ (1 mg kg-1). This corroboration 

suggests the extraction and analysis method used for SPATT resin was appropriate. 

Whenever LTs were extracted from SPATT resin deployed during 2017, PTX-2 and 20-Me-

SPX-G were always found to be present (Figure 3.9). Only OA group toxins were detected 

from homogenized shellfish tissues deployed in the same location at approximately the same 

time (Figure 3.8). Because these toxins in SPATT are significantly different from the toxin 

profiles in homogenized shellfish tissue there is evidence to reject the H0 of Hypothesis 3.3, 

which was that no significant difference in the toxin profiles within SPATT resin and 

mussels would be found.  

The peak concentration of LTs in shellfish was typically detected earlier than the 

peak concentration of LTs in SPATT resin. Enough evidence exists to reject the H0 of 

Hypothesis 3.4, which hypothesized that no significant difference would be found between 

the relative concentration of LTs in SPATT resin and mussel tissues throughout the year. 

The earlier detection of LTs in shellfish also suggests that use of SPATT as an early warning 

system (EWS) is inappropriate for LT monitoring in this region (Figure 3.8 – 3.9). This 

means further investigation will be needed to fully understand the processes and how SPATT 
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toxin concentrations can potentially be correlated with shellfish toxicity. Regardless, it is 

unlikely that a chemical EWS will be of use for the aquaculture industry in Shetland because 

HABs can develop and then be quickly advected from offshore. Constant monitoring of 

toxins using passive samplers is not inexpensive, particularly as no direct advantage to 

human health is apparent. However, a passive sampling system allowing monitoring of 

toxins in the water column independent of biological filter feeding is a valuable resource 

when not necessarily used as part of the official monitoring programme in Scotland. SPATT 

resin can be stored at low temperatures without risk of adsorbed toxins leaking out, enabling 

the analysis of toxins from archived resin samples. This demonstrates the value of the 

Scottish Coastal Observatory using SPATT. The presence of toxins that only rarely show up 

in shellfish may not even be suspected to be present in Shetland have thus been determined.  

The H0 of Hypothesis 3.5 stating that no significant difference would be found 

between the concentration of DTX-2 in mussels as the proportion of D. acuta in the 

Dinophysis community increases could not be rejected, contrary to previous findings. One 

possible reason for this disparity is that the OA group toxin profile in SPATT resin is less 

responsive to changes in phytoplankton diversity than the toxin profile in mussels. Figure 

3.9, for example, shows that the proportion of OA group toxins in SPATT resin remained 

relatively stable throughout 2017, whilst the toxin profile in mussels was much more variable 

(Figure 3.8). This may be because unlike toxin profiles in shellfish, SPATT resin toxin 

concentration cannot be influenced by diet. Another possible reason is that toxins dissolved 

in the water column take time to change depending on the species composition, or because 

SPATT resin adsorption is different for each separate LT. Future study may be able to 

determine whether mussels preferentially consume D. acuta or D. acuminata while in a 

diverse Dinophysis spp. environment. This could be accomplished in a laboratory by feeding 

a mixed community of Dinophysis spp. to mussels and enumerating the speciated Dinophysis 

cells at set times during this feeding. Such an experimentation would need to either be of 

limited length or to culture the mixed Dinophysis community with Mesodinium spp., using 

the previous successful culture of Dinophysis (Park et al., 2006). Finding whether different 

species of Dinophysis are preferentially consumed would be helpful for determining M. 

edulis toxin profiles (Section 3.4.5). 
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7.4 Exploring whether the structure of the water column west of the 

Shetland Islands contributes to the occurrence of HABs: All Quiet on the 

Western Front? 

Satellite imagery which preceded this PhD project suggested that the 100 m isobath 

is the location of a possible frontal region from where HABs could be advected to the 

Shetland coastline (Hughes, 2014b; Whyte et al., 2014). The H0 of Hypothesis 4.1 stated that 

no evidence for a front along the 100 m isobath is ever present, and no variation in the 

location of a hypothetical front would be measured. Data collected during 14 CTD transects 

during 2017 and 2018 have confirmed that the West Shetland Front (WSF) is present west 

of Shetland along the approximate location of the 100 m isobath. CTD transects have shown 

that the WSF is not always present, and its location appears to vary, providing further 

evidence for the rejection of the H0 of Hypothesis 4.1.  

Evidence of a front closer to the coastline than the WSF was also found. The 

Swarbacks Minn Front (SMF) was measured during CTD transects at the mouth of the 

restricted region of exchange (RRE) which divides St Magnus Bay from the region east of 

Swarbacks Minn. Finding a front at this divide indicates that other fronts may be present at 

the mouths of voes and RREs all around Shetland. Such fronts may restrict the advection of 

HABs into RREs and thereafter modify their impact on aquaculture sites around Shetland. 

Further study of this phenomenon could be accomplished by conducting CTD transects from 

a number of voes used by the aquaculture industry around Shetland. There would need to be 

enough voes to view the progression of frontal development over the year, so this option is 

likely to be very expensive. An alternative plan was developed by the WINDYHABS project 

and used a static CTD at the mouth of Sandsound Voe, which could measure stratification 

differences throughout the year. The deployment of this static CTD was unsuccessful due to 

the CTD becoming biofouled, so future projects should ensure regular cleaning of the CTD 

or some resistance to biofouling. Fully understanding the dynamics of the SMF and other 

fronts of this nature, and their relationship with phytoplankton, could enhance prediction of 

the advection of HAB species towards voes further east of Swarbacks Minn.  

 The H0 of Hypothesis 4.2 stated that no difference exists between the species 

diversity of potentially harmful phytoplankton near frontal areas compared to the 

phytoplankton community in non-frontal regions. Abundance of distinct phytoplankton 

groups was measured along the CTD transect during 2017. No evidence that the WSF or 

SMF is more important for the growth of P. seriata versus P. delicatissima was detected. 

Insufficient measurements of the species diversity of Dinophysis were conducted to suggest 
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whether D. acuta is more prevalent near fronts, as has previously been shown (Paterson et 

al., 2017). There is therefore insufficient evidence to reject the H0 of Hypothesis 4.2.  

Alternative methodologies of measuring the abundance of particular algae at the 

WSF without the use of satellites would be useful. There is already some interest in using an 

autonomous sensor to distinguish and enumerate harmful toxin producing algae, like the 

Imaging FlowCytobot (https://mclanelabs.com/imaging-flowcytobot/). This system would 

be beneficial for learning about the ecology of potentially harmful algae near frontal systems, 

as well as for the Shetland aquaculture industry. The Imaging FlowCytobot has already been 

used to successfully detect HABs (Campbell et al., 2010; Dashkova et al., 2017; Fischer et 

al., 2020). It is unclear whether situating such a system near the WSF would be practical but 

initial investigations into application of an Imaging FlowCytobot near the coast of the 

Shetland Islands are ongoing.  

Evidence collected during CTD transects suggest that ocean currents influenced by 

winds advected phytoplankton towards the WSF and no further, for example on the 28th of 

June 2018 (Figures 4.16 + 4.42). This shows that the mixed water column on the landward 

side of the WSF can influence how HABs are advected to the coast. Evidence from CTD 

transects suggests the WSF is present near the 100 m isobath during late Spring and early 

Summer; further evidence is needed to determine how often the WSF is present and whether 

it ever moves further offshore than the transect covered. More CTD transects would be 

necessary to detect whether the WSF moves further away from shore than the extent of the 

current transect. A further method which may be more feasible in the future when costs 

decrease, is to use autonomous underwater vehicles with attached CTDs to achieve further 

coverage than the boat-based survey described in this chapter. Future study of the water 

column in St Magnus Bay should also focus on what drives this water column to remain 

mixed whilst stratification appears more enhanced in the surrounding shallower area. The 

H0 of Hypothesis 4.3 stated that any fronts which may be present do not impact the advection 

of HABs towards aquaculture sites on the West of Shetland. Enough evidence has been 

presented to reject the H0 of Hypothesis 4.3. 

The presence of the WSF can sometimes affect the advection of phytoplankton to the 

Shetland coastline. The WSF is inconsistently present at the 100 m isobath west of Shetland 

which may impact stakeholders in the aquaculture industry if HAB advection is not impeded 

by differences in stratification strength in the deepest parts of St Magnus Bay especially. The 

movement of the WSF further away from the coastline is unlikely to have an impact on the 

https://mclanelabs.com/imaging-flowcytobot/
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advection of HABs towards Shetland because HABs, which particle tracking models have 

shown can originate from over 100 km away, have been advected to the coast during 2006, 

2013 and 2018. These advection events have been preceded by strong westerly winds 

(Chapter 5). Whether the WSF impeded the advection of HABs 40 km from the coast or 60 

km from the coast is irrelevant if the wind is strong and persistent enough. 

 

7.5 Pathways of harmful algae towards the Shetland Islands – An 

Unexpected Journey? 

 A particle tracking model was developed in order to hindcast likely pathways of 

HABs which arrived in the Shetland Islands between 2006 and 2018. Satellite estimates of 

surface chlorophyll concentration were also used to help show the possible locations of large 

aggregations of chlorophyll around Shetland, which may signify the location of potential 

HABs. In the future, this use of satellite imagery and particle tracking models, together with 

the results of regulatory coastal counts of HAB genera abundance, will be utilized to provide 

an accurate early warning of HAB events. The particle tracking model used current velocities 

predicted by the AMM15 model. AMM15 simulated oceanographic conditions accurately, 

particularly in the open ocean, but some issues with model accuracy near the coastline and 

in frontal regions were detected. 

The H0 of Hypothesis 5.1 stated that AMM15 is not able to accurately recreate the 

structure of the water column west of Shetland. Interpolated recreations of the water 

structure west of Shetland as measured by CTD during 2017 and 2018 were compared to the 

water column recreated by AMM15. During August and September especially, stratification 

in the water column was overestimated by AMM15. Near-surface stratification of the water 

column influences the efficiency with which winds can move surface currents, and therefore 

how well phytoplankton can be advected over large distances. CTD data suggest 

overestimation of stratification in late summer and early autumn is unlikely to impact 

modelled advection of HABs because the WSF was not present at this time during 2017 and 

2018. There is enough evidence to reject the H0 of Hypothesis 5.1. The accuracy of modelled 

currents and stratification of the water column may be further improved by the use of a high 

resolution unstructured grid model, such as has been developed for use for the West of 

Scotland (Aleynik et al., 2016).  

The H0 of Hypothesis 5.2 postulated that no evidence of frontal regions impacting 

the potential advection of theoretical particles to the Shetland coastline would be evident 
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from particle tracking model results. There was no evidence of particles congregating at the 

100 m isobath, or advection of particles being slowed at the 100 m isobath. There is therefore 

no evidence to reject the H0 of Hypothesis 5.2. Again, use of a high-resolution unstructured 

grid model would be beneficial. An example of this model has been used for HAB and sea 

lice advection in west Scotland, and has shown evidence of particles aggregating near the 

mouth of a sea loch where CTD evidence suggested a front was present (Paterson et al., 

2017). 

Hypothesis 5.3 was that the results of particle tracking models in years with high 

Dinophysis spp. abundances would not be different from results of models with low 

Dinophysis spp. abundances. During 2006, 2013 and 2018, the majority of particles which 

were modelled to land on the Shetland coastline originated from the West (Figures 5.2, 5.4 

+ 5.5). Results of models using currents from 2008, when routine monitoring of harmful 

species shows that Dinophysis spp. abundance did not exceed 200 cells L-1 (Figure 2.2), 

showed that most particles landing on Shetland originated from the East, or from no further 

away than 1° (approximately 88 km) in most cases (Figure 5.8). This shows a distinct 

difference in model results and there is enough evidence to reject the H0 of Hypothesis 5.3. 

This finding has reiterated the importance of westerly winds in advection of HABs 

towards Shetland. In addition to demonstrating again that westerly winds are important, 

particle tracking models together with chlorophyll maps have shown the importance of the 

European Shelf Current in the transport of phytoplankton from south of Shetland northwards. 

There is also a suggestion that exceptionally strong westerly winds measured over short 

periods, a situation experienced during 2008, do not have a high probability of advecting 

HABs to the Shetland coastline. Persistent westerly winds, like those in 2006, 2013 and 

2018, are more likely to advect HABs to the coast.  

Future updates to this particle tracking model should attempt to allow cell abundance 

increases and decreases based on physical data. If a preferred temperature range of 

Dinophysis spp. is applied to the model, the accuracy of predictions may be improved. Future 

scenarios could also be explored, if in the context of climate change. A greater number of 

dimensions should also be added to the model, allowing particles to inhabit different depths. 

Exploring the effect of stratification differences between stations using a model may be 

interesting. 
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7.6 Chapter 6: The relationship between increasing sea surface 

temperatures and Pseudo-nitzschia spp. and Dinophysis spp. abundance 

 Phytoplankton abundance data and a proxy for chlorophyll concentration were 

obtained from the CPR survey and compared with publicly available SST data from ICES 

during this chapter. The response of potentially toxic algae to increased SST was explored 

over a period of more than 50 years which allowed the hypothesis that HABs are becoming 

more prevalent as SST increases with anthropogenically driven climate change to be 

explored. In particular the model derived predictions published by Gobler et al. (2017a) were 

tested using CPR data. Data from two distinct areas were analysed; the North Sea limited by 

49.125° and 60.125° North, and 0.125° and 10.125° East used by Gobler et al. (2017a) and 

a comparable area around the Shetland Islands limited by 58° and 62° North and -10° and 

3.5° East.  

The H0 of Hypothesis 6.1 was that there is no evidence that SST in either the North Sea 

or around the Shetland Islands is increasing with progressing time. Analysis of SST data 

showed a statistically significant correlation between SST and time exists, with a stronger 

correlation during the summer months between April and October (Table 6.2). This 

relationship is more significant in the North Sea compared to the Shetland Islands, which 

conforms to the findings of previous studies which suggested temperature increases around 

the North Sea are likely to be more intense than regions not enclosed by urbanized land. 

Fewer aquaculture sites operate on the Scottish North Sea coast compared to on the West 

coast or in Shetland, though shellfish are grown along the coasts of other countries in the 

North Sea. Enough evidence was presented to reject the H0 of Hypothesis 6.1. 

The H0 of Hypothesis 6.2 was that there is no evidence of an increase in Dinophysis spp. 

with increasing temperature. The H0 cannot be rejected on the basis of the evidence obtained 

from the CPR from which a statistically significant relationship between mean Dinophysis 

spp. abundance with SST was not found in either the North Sea or around Shetland (Table 

6.2). This finding contradicts Gobler et al.’s (2017a) assertion that D. acuminata HAB 

prevalence has increased in the North Sea since 1982. A reply has been published in the 

scientific literature (Dees et al., 2017), and has demonstrated that the response of toxin 

producing phytoplankton to increasing SST with climate change is complex. 

The H0 of Hypothesis 6.3 was that there is no evidence of an increase in Pseudo-

nitzschia spp. with increasing temperature. A statistically significant relationship was 

determined between the mean abundance of P. seriata and mean SST in the North Sea per 

year during the summer, and also throughout the whole year (Table 6.2). During the 
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Summer, a statistically significant relationship between P. delicatissima and SST was also 

detected in the North Sea (Table 6.2). As static time series of Pseudo-nitzschia spp. get 

longer, such as those from regulatory monitoring and the Scottish Coastal Observatory, it 

may be useful to compare these relationships with increasing SST (Bresnan et al., 2016, 

2015b). No statistically significant relationship was found between Pseudo-nitzschia and 

SST around Shetland, but there is enough evidence to reject the H0 of Hypothesis 6.3 in 

terms of the North Sea. The positive correlation between SST and Pseudo-nitzschia spp. and 

the lack of a significant relationship between SST and Dinophysis spp. further demonstrates 

the complexity of phytoplankton response to increasing SST. The difference between these 

genera may be because diatoms and dinoflagellates have a differing response to water 

column stratification and surface warming (Edwards and Richardson, 2004; Hinder et al., 

2012; Jones and Gowen, 1990; Paterson et al., 2017). Although the CPR is an invaluable 

source of data as it ranges over a wide area and has provided robust data about plankton 

trends over the last 50 years, future studies may be able exploit more data from shorter static 

time series. Static time series have not been in operation for as long as the CPR and can 

therefore not be used in studies of a changing climate (Bresnan et al., 2015a, 2015b). When 

the number of years that static monitoring sites have been in operation around Scotland 

becomes long enough to allow ecological studies with a focus on changing climate, these 

data series will become even more valuable than they are now. These would have the added 

benefit of being able to provide absolute estimates of abundance and will provide more data 

to test ideas about the response of various genera to rising SSTs. 

 

7.7 Final Comments 

 Through the work taken during this PhD, knowledge about the ecology of harmful 

algae around Shetland has been increased. Analysis of coastal monitoring has shown that 

during years when warmer than average summers are experienced, increased abundances of 

Pseudo-nitzschia spp. and Alexandrium spp. may be expected. However, the concentrations 

of PSTs associated with Alexandrium spp are less likely to increase above regulatory limits. 

No direct link has been found for the abundance of Dinophysis spp. and SST, but persistent 

westerly wind increases the likelihood of Dinophysis spp. HABs.  

 Coastal monitoring, CTD transects, and particle tracking models have all 

demonstrated the importance of westerly winds to the potential arrival of potentially toxic 

phytoplankton on the Shetland coastline. Particle tracking models have shown that HABs 
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are likely to be advected over large distances before they reach Shetland, especially during 

periods of time with consistent increased westerly winds. In an ideal world with few budget 

restraints, the role of the WSF should be further investigated using a greater spatial and 

temporal resolution of CTD transects. More phytoplankton samples should be taken from 

every station, which would help determine whether there is a significant difference between 

the phytoplankton community on the seawards side of the WSF from the landwards side. It 

is unlikely that such a transect will be possible in the near future, but sampling using an AUV 

may become possible as technology progresses, and operational costs decline.  
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