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Abstract. Paralytic shellfish poisoning (PSP) occurs sporadically on the NE UK coast. The degree of
toxirity shows considerable interannual variability, but particularly severe events occurred in 1968
and 1990. The time sequence of PSP toxin production in 1990 is described and compared with 1989
when no significant PSP toxin occurred. In 1990, PSP toxin was widespread in shellfish samples taken
on 300 km of coastline, from Berwick to Whitby, and toxin was present at high concentrations for >1
month. The distribution of Alexandrium tamarense cysts in the sediments is described. High concen-
trations were found in the Firth of Forth and also in a number of regions offshore of the Scottish and
English coasts. A water transport model has been used to estimate back trajectories, with the aim of
determining the source of the A.tamarense bloom. The Firth of Forth has previously been suggested
as the seed bed for A.tamarense outbreaks in the area, but the transport model clearly shows that
A.tamarense moved inshore over a wide area in 1990; there was no single source of the bloom. Sea
surface temperatures, estimated from satellite imagery, show that water temperatures were much
higher at the end of April 1990, when the bloom occurred, than in 1989 when PSP toxin incidence was
very low. These conditions would have resulted in early seasonal stratification and would have
favoured phytoplankton growth in the water column.

Introduction

The presence of toxic phytoplankton in coastal waters has significance for human
health, with important economic implications through periodic closure of com-
mercial shellfish fisheries. One of the most significant toxic algal outbreaks in the
UK occurred in May 1968, when a number of cases of paralytic shellfish poison-
ing (PSP) were reported on the NE English coast. Only 10 outbreaks of shellfish
poisoning have been recorded in the UK since 1828 (Ayres, 1975), but the 1968
incident was particularly serious and 78 people were hospitalized after eating
mussels contaminated with PSP (Ayres and Cullum, 1978). The toxin-producing
dinofiagellate bloom also had consequences for the coastal ecosystem, with
large-scale deaths of seabirds and sand eels (Adams et al, 1968; Coulson et al,
1968).

The organism responsible for the poisoning was identified by Wood (1968) as
the motile stage of the dinofiagellate, Alexandrium tamarense (named
Gonyaulax tamarensis in 1968). The spatial distribution of the dinofiagellate in
the offshore waters of the North Sea during this outbreak was mapped by the
Continuous Plankton Recorder (CPR) Survey (Robinson, 1968). The cells of
this phytoplankton are sufficiently large to be trapped by the mesh of the CPR
and a retrospective analysis of samples taken by the CPR in the area suggested
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that A.tamarense first appeared in the Firth of Forth in mid-April and spread
south-east, with maximum numbers occurring in the middle of May (Robinson,
1968).

Since the 1968 PSP event, the UK Ministry of Agriculture Fisheries and Food
has regularly monitored shellfish for toxins; each year, in May and June, toxins
have been found in shellfish harvested from the Moray Firth (57.4°N) to
Bridlington (54.1°N) (Ayres, 1975). The degree of toxicity has varied from year
to year, although subsequent outbreaks were much less severe than in 1968, and
had a minimal impact on the shellfish industry. However, in May 1990, the
routine monitoring procedures detected high concentrations of PSP in mussels
and scallops from the NE English coast; as a consequence, a number of com-
mercial shellfish fisheries were closed as a precautionary measure to protect
public health.

This paper deals with questions relating to the appearance of A.tamarense in
this region, the likely origin of a bloom and the environmental factors which
influence phytoplankton growth. One particularly important question concerns
the origin of the toxic phytoplankton assemblage; does the bloom develop from
a seed population which originates in one part of the region, or is there a wide-
spread and diffuse source? Alexandrium forms resting cysts which can be identi-
fied and quantified in marine sediments. Therefore, the distribution of
Alexandrium cysts in the sediments of the region should indicate whether there
are discrete areas of high cyst number which might act as sources of dinoflagel-
lates that develop into nuisance blooms in the water column (e.g. Anderson and
Keafer, 1985). The observations from the CPR Survey (Robinson, 1968) suggest
that Alexandrium in the water column was most abundant in the Firth of Forth
at the beginning of the outbreak. An initial cyst survey of the NE coastal region
by Lewis et aL (1995) showed that cyst distribution was sporadic from Berwick
to Flamborough Head, with lower concentrations occurring in sediments off the
Scottish coast; however, numbers were consistently high within the Firth of
Forth. Therefore, the Firth of Forth might be a seed bed, giving rise to motile
populations, which are then spread throughout the region, largely through
mixing by tides and currents. In this paper, further data are presented on cyst
distribution to test the hypothesis that cyst numbers are elevated in the Firth of
Forth.

We also test the suggestion that Alexandrium in the Firth of Forth can be
transported south to influence the NE English coast. It is assumed that cysts or
motile cells are introduced into the water column from the sediment surface in
the early spring, and a depth-averaged tide plus surge model has been used to
calculate the likely trajectories of cells originating in the Firth of Forth. The
model has also been used to calculate the back trajectories of cells which were
present on the shore at the height of the toxic outbreak. Finally, we compare the
environmental conditions in 1990, when a significant PSP outbreak occurred,
with the previous year, when PSP incidence was very low. Satellite remote
sensing is used to determine sea surface temperatures for 1990 and 1989, and
other factors are considered which might result in the observed interannual vari-
ability.
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Variability of PSP outbreak! on NE UK coast

Method

PSP measurement

PSP toxin was measured using the Official Methods of Analysis for the bio-
logical method to determine PSP [Association of Official Analytical Chemists
(AOAC), 1984]. A total of 100-150 g of shellfish flesh was homogenized and
weighed. One hundred millilitres of 0.1 M HC1 were added to 100 g of homo-
genized shellfish and shaken for -1 min. The pH was adjusted to between 2 and
4, and the sample placed in a boiling bath for 5 min. On cooling to room tem-
perature, the pH was checked, the solution filtered and 1 ml was injected into
18-23 g white outbred mice. The level of toxicity of the samples was determined
from the death of the animal and its weight, using published tables of the AOAC
(1984).

Dinoflagellate cyst distribution

Sediment samples were collected in the spring and autumn of 1992 in the coastal
region from Aberdeen to Bridlington (Figure 1). At each station, two replicates
were taken using a Day grab. Subcores of the top 5 cm of each Day grab were
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Fig. L Chart of the NE British coast showing the sites which were sampled for PSP toxin in shellfish.
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placed in glass jars and stored in the dark at 5°C. The sediment was homogenized
and an aliquot, usually 0.5 ml, removed; the actual volume varied slightly, depend-
ing on sediment type. The aliquot was mixed with -10 ml of artificial sea water
and sonicated for 2 min. The sediment slurry was sieved through an 80 (xm mesh
onto a 20 p,m mesh using -200 ml of artificial sea water. The particles remaining
on the 20 fim mesh were washed into a beaker and the final volume measured.
Of this final slurry, 1 ml was removed and placed in a Sedgewick Rafter Count-
ing Chamber and examined at X100 magnification with an Olympus BH2 micro-
scope. The numbers of all dinoflagellate species were recorded. Dry weights were
determined for each sediment sample so that cysts per millilitre could be con-
verted to cysts per gram of dry weight.

Modelling particle trajectories

The depth-averaged tide plus surge model (known as CSX) covers the domain
from 46°N to 62°N and 12°W to 12°E with a grid resolution of 1/3° latitude by
1/2° longitude. This model has been run for the period 1954-1993, with inputs of
gridded surface winds and atmospheric pressures, at 6 h intervals, obtained from
the Norwegian Meteorological Office; model output, in the form of hourly arrays
of elevation and east and north components of current, have been stored as
yearly files at the Proudman Oceanographic Laboratory. Two file types, tide
alone or tide plus meteorological effect (here called tide + surge), allow determi-
nation of either the tidal motion, the total motion or the residual motion. Being
a depth-averaged model, no direct account can be taken of baroclinic features
such as riverine-induced coastal currents. Even if baroclinic processes were
included, the resolution of the model (-35 km) would preclude the simulation
of such features. However, in relation to the problem in question, we do not feel
that there is a need for such features to be included in this model and that given
the conditions prevalent during the investigation, a depth-averaged model is suf-
ficient to describe the predominant forces affecting dinoflagellate cell and cyst
movement.

Particle trajectories were calculated using the POL oilspill model (Proctor et
aL, 1994) with slight modification to accept the new datafiles. Although this is a
comprehensive model, which includes all the factors affecting dispersion of oil,
for this simulation of particle trajectories, all factors except advection by current
have been omitted. Thus, only the effect of the depth-averaged current on the
particle is considered. The model allows backward or forward integration to be
calculated. The model also attempts to keep the particle in the water by limiting
the trajectory movement to land boundaries, should the advection over the time
step (1 h) take the particle onto the land. In this paper, trajectory calculations
have been made for three positions (Figure 1): Berwick (55°46'N, 1°59'W), Trow
Rocks (55°0O'N, 1°24'W) and Whitby (54°30'N, 0°30'W). At each of these
positions, significant PSP toxin values were recorded in 1990 and the model has
been run with the meteorological conditions which applied in 1990. For com-
parison, the model was also run with 1989 data.
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Variability of PSP outbreaks on NE UK coast

Satellite archives

Two satellite archives were used in this study to investigate different aspects of the
environmental conditions. Firstly, it is assumed that Alexandrium blooms originate
from cysts which are in the bottom sediment; therefore, a resuspension event will
be necessary to bring the cysts into the euphoric zone. The archive of the Coastal
Zone Color Scanner (CZCS) was examined to find regions of high suspended sedi-
ment concentration which might indicate where active resuspension occurs.
Secondly, since phytoplankton development is influenced by temperature and
irradiance, the Advanced Very High Resolution Radiometer (AVHRR) was used
to look for differences in sea surface temperature in bloom and non-bloom years.

The CZCS, the first satellite sensor to be optimized for biological oceanogra-
phy, was launched on NASA's NIMBUS-7 satellite in 1978. It was a 1 year 'proof
of concept' mission, but it continued to operate until June 1986, albeit at irregu-
lar intervals throughout its lifetime. Therefore, no CZCS images are available for
1990, when the PSP outbreak occurred. However, the total archive for the 8 years
of operation is very large (NASA holds over 15 000 scenes; Yoder et al., 1988)
and a number of these were examined for the key period of the early spring. The
CZCS sensor measured at four wavelengths and data from the sensor have been
used to estimate chlorophyll concentration and suspended sediment concentra-
tions. Algorithms to estimate chlorophyll concentration in the surface water are
based on the ratio of light reflected from within the sea surface layer to the sensor
at two wavelengths: 443 and 550 nm (Aiken et al, 1992). Suspended solids con-
centrations can be determined from a single wavelength measurement, usually
Band 3 (550 nm) (Gordon and Morel, 1983).

The AVHRR sensors are carried on the NOAA series of satellites and are pri-
marily designed for operational meteorological observations. AVHRR has two
broad bands in the orange-red (580-680 nm) and the near infrared (750-1000 nm),
the latter enabling atmospheric correction of the visible channel. The AVHRR has
a wide field of view of 2500 km, a resolution of 1.1 km X 1.1 km, but a frequent
repeat cycle of up to three views per day. The sensor can be used to estimate sea
surface temperature and suspended solids concentrations in coastal seas (Aiken et
al, 1992). A total of 46 AVHRR images were available for the period 1 April-3
May 1990 and 52 images from 1 March to 7 May 1989. About 12 images were
processed in detail for each year to determine the sea surface temperature.

AVHRR thermal and visible images were acquired at the NERC Receiving
Station at the University of Dundee and all data were processed in a standard
way to allow comparison between images. The images were re-mapped to a Mer-
cator projection, ensuring that they retained the original resolution of 1.1 km. Sea
surface temperature was estimated from the near-infrared data, values being
calculated with the daytime MCSST algorithm (McClain et al, 1985).

Results

PSP toxic outbreaks 1971-1992

PSP toxin was detectable along the NE English coast in most years between 1968
and 1992, but the intensity of the outbreaks varied considerably. Figure 2 shows
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68 70 72 74 76 78 80 82 84 86 88 90 92

Fig. Z Maximum values of PSP toxin (ng saxitoxin equivalents per 100 g shellfish) in shellfish samples
collected each year between 1968 and 1992.

the maximum value for PSP toxin recorded in each year for any station between
Berwick and Bridlington. This figure gives an indication of the scale of variation
in the maximum toxin concentration, but the highest concentration occurred at
different sites each year. After the major outbreak in 1968, elevated concentra-
tions were recorded for the next 2 years and increased again in 1975; PSP toxin

Table L Date and position of the first record of PSP in each year from 1971 to 1992; refer to Figure 1
for the position of the sample sites

Year First reported occurrence Location

1969
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992

14 March
21 May
6 May

30 June
11 May
10 May
IMay
7 May

14 April
4 April

18 April
9 May
IMay

10 June
4 May

10 May
23 June
19 May
6 May
5 May

14 May
25 April
27 May

Holy Island
Berwick, Holy Island
Holy Island, Hartlepool
Hartlepool
Berwick
Berwick
Hartlepool
Budle Bay
Hartlepool
Cresswell
Budle Bay, Holy Island, Cresswell
Holy Island, Budle Bay
Redcar, Saltburn, Berwick, Budle Bay
Holy Island, Scalby Mills
Holy Island, Budle Bay
Budle Bay, Cresswell
Trow Rocks
Coquet, Trow Rocks, Budle Bay
Elie Beach
Elie Beach
Coquet, Cresswell, Trow Rocks, Redcar, Whitby
Berwick
Craster
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Variability of PSP outbreaks on NE UK coast

concentration remained low throughout the 1980s. However, in 1990, significant
concentrations of PSP toxin were recorded at a number of monitoring sites. As a
result, there was widespread closure of the shellfish fishery.

The timing of the first occurrence of PSP toxin was highly variable over the 20
year period and the geographical position of the first PSP record also changed.
Table I lists the monitoring stations where PSP toxin was first recorded and the
date of that record for the period 1969-1992. In many years, the earliest records
are for stations in the north of the region, close to the Firth of Forth. This distri-
bution supports the hypothesis that the source of the dinoflagellate population
was close to the Forth. However, in other years, such as 1982 and 1990, PSP was
widespread and appeared simultaneously at stations throughout the region. This
distribution is consistent with more than one source for the dinoflagellate popu-
lation.

The situation in 1989 was very different to the following year, when a signifi-
cant outbreak occurred. The distributions and chronology of the outbreak in
Spring 1989 and 1990 are contrasted in Figure 3a and b. In 1989, shellfish samples
were collected throughout the region and tested for PSP toxin, but the number
of positive tests was very small. It was absent in the earliest samples in the region
from just north of the Tyne to south of the Tees estuaries at the beginning of April
(Figure 3a), but was detected at a number of sites from early May. However, by
mid-May, there were no more positive tests and PSP toxin was absent in shellfish
samples taken through to the beginning of August.

In contrast, in 1990, PSP toxin was detected throughout the region. The toxin
was absent from the earliest samples taken in April and early May (Figure 3b),
but by week 20 towards the end of May, concentrations increased, with values
between 40 and 80 u.g saxitoxin equivalents per 100 g of shellfish tissue at sam-
pling sites from Berwick to Whitby. The concentration of toxin which triggers
closure by the authorities of the fishery is equivalent to 80 u,g per 100 g. The
highest concentrations (>500 u,g toxin per 100 g) were measured at the beginning
of June (week 21 and 22) in the region between Coquet and Trow Rocks. Con-
centrations remained high (80-500 u.g per 100 g) over most of the region for the
next 3 weeks and PSP toxin was detectable (>40 u,g per 100 g) at Trow Rocks
until mid-July.

Distribution of dinoflagellate cysts

The predominant type of Alexandrium cysts found were elongated and cylindri-
cal with rounded ends. They had thick (2-5 \im) clear walls, often with a layer of
mucilage around the outer wall which accumulated detritus. The contents were
clear to yellowish green in colour with a red accumulation body located in the
centre of the cyst. Sizes ranged between 40 and 60 |xm long, and between 25 and
35 n-m wide. They closely match the description given by Anderson and Wall
(1978) of A.tamarense.

Figure 4 shows the distribution of cysts in sediments of the North Sea sampled
in spring and autumn 1992 (Lewis et aL, 1993). The density of Alexandrium cysts
was between 2 and 400 whole cysts ml"1 (3-404 whole cysts g"1). The highest

943

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
la

n
k
t/a

rtic
le

/1
9
/7

/9
3
7
/1

4
4
6
1
9
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



I
I

a) B
er

w
ic

k

H
o
ly

 I
sl

a
n

d

B
u

d
le

 B
a

y

C
o
q

u
et

C
re

ss
w

el
l

E
 S

ta
it

h
es

T
ro

w
 R

o
ck

s

R
ed

ca
r

S
a
lt

b
u

rn

S
ca

lb
y
 M

il
ls

B
ri

d
li

n
g

to
n

A
p

r

/ / / /

1
!

/ / 7 / // / / / / / // / v / 7

1
9
8
9

M
a

y H / 7 /

k
Ju

n

7

n Y
v

A
A

V
/ 7 /

/ J

m
t

M
y l

m
y2

!

/ / / / / / / /

/ / / / 7 7

Ju
l

/ / /

/ Y / 7/3
0

/ Y / / /A
u
g

/ / / / / / /

b
)

L
o

ca
ti

o
n

~
^

^
^

B
er

w
ic

k

H
o
ly

 I
sl

a
n

d

B
u

d
le

 B
a

y

C
o
q

u
et

C
re

ss
w

el
l

E
 S

ta
it

h
es

T
ro

w
 R

o
ck

s

R
ed

ca
r

S
a
lt

b
u

rn

W
h

it
b

y

B
ri

d
li

n
g
to

n

A
p

r

1
5

/ Y /

/ 7 7 / Y 7 7 77 7 7 7

1
9
9
0

M
ay J ) I2

0
M I J

« !Tu
n

/ !

2
!

/ )

Y Y /

AV

7/ / Ylu
l

/

3
0 / / / /

1/
1/

7 /// /
/

/ / / / Y /A
tt

{

n
ot

 d
et

ec
te

d
0
-5

0
0

50
0-

10
00

>
1

0
0

0
n

g 
lO

O
g

F
ig

. 
3

. 
P

S
P

 t
o

x
in

 c
o

n
ce

n
tr

at
io

n
s 

in
 s

he
ll

fi
sh

 c
o

ll
ec

te
d 

fr
om

 B
er

w
ic

k 
(n

o
rt

h
er

n
m

o
st

 s
it

e)
 t

o 
B

ri
d

li
n

g
to

n 
(s

o
u

th
er

n
m

o
st

 s
it

e)
, 

(a
) 

S
am

p
le

s 
co

ll
ec

te
d 

fr
om

 
th

e
b

eg
in

n
in

g
 o

f 
A

p
ri

l 
th

ro
u

g
h 

to
 t

h
e 

b
eg

in
n

in
g 

of
 A

u
g

u
st

 1
98

9.
 (

b
) 

S
am

p
le

s 
co

ll
ec

te
d 

in
 1

99
0 

fo
r 

ea
ch

 s
am

p
le

 s
it

e.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
la

n
k
t/a

rtic
le

/1
9
/7

/9
3
7
/1

4
4
6
1
9
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Variability of PSP outbreaks on NE UK coast
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Fig. 4. Distribution of cysts of A.tamaraise in 1992; the 50 and 100 m depth contours are shown.

concentration of Alexandrium cysts was found in the outer Firth of Forth, within
the area bounded between Aberlady, Methil, Elie and North Berwick. At several
stations, cyst numbers were >200 g"1, but most sediment samples had 100-200
cysts g"1. High numbers were found in the region to the east of the Forth and
again a number of samples had 100-200 cysts gr1. In the north of the region
sampled, numbers were again elevated and sediments offshore of Aberdeen con-
tained >50 cysts g"1. Another region of high cyst abundance was offshore of the
rivers Tyne and Tees; numbers were typically >50 cysts g"1 and at one station off
the river Tees >200 cysts g"1 were found. Therefore, although the highest con-
centrations of A.tamarense cysts were found in the surface sediments of the Firth
of Forth, their distribution was widespread and high numbers were present in
other parts of the NE region.

Model trajectories

The data on cyst occurrence can neither confirm nor refute the suggestion that
nuisance dinoflagellate blooms originate in the Firth of Forth. Therefore, we have

945

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
la

n
k
t/a

rtic
le

/1
9
/7

/9
3
7
/1

4
4
6
1
9
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



LJoint et al

used an established model of North Sea circulation to investigate the possible
movement of particles, which are assumed to behave in the same way as
A.tamarense cells. A number of other assumptions are made. In these model
simulations, it is assumed that Alexandrium cells present in the water originate
from the sediment, either by resuspension of cysts or direct germination. The
factors controlling excystment are not completely understood, but the process is
influenced by a number of factors, including darkness, temperature and oxygen
concentration (Anderson et al, 1987), and a biological clock may be involved
(Anderson and Keafer, 1987). To run the model, it is necessary to specify a time
scale for the simulation which would include all probable periods of excystment.
PSP toxin was detected in mussels on the shore from mid-May, but we do not
know the exact date when excystment occurred. The development of the seasonal
thermocline in the region occurs in April and, before that date, vertical mixing
processes could bring cells from near-bottom water into the euphotic zone; once
stratification occurs, there is little scope for dinoflagellate cysts or cells to enter
the euphotic zone and begin to grow. Therefore, it is assumed that A.tamarense
excysts before April. We also assume that excystment is unlikely before the be-
ginning of March, when water temperatures were at a minimum. So hindcast
simulations were run from week 20, in mid-May when the high PSP toxin con-
centrations were detected in mussels in 1990, and the simulations were hindcast
back to 1 March 1990. Finally, it is assumed that cells of A.tamarense are neutrally
buoyant and behave in the same way as a soluble component of sea water.
Although A.tamarense is motile, we assume that in the dynamic tidal waters of
the North Sea, motility is insignificant in comparison to physical mixing processes.

The aim of this experiment was to determine the trajectory which a particle
(equivalent to a cell of Alexandrium) might have taken over a period of 80 days
until it reached the shoreline on 20 May, and hence to establish the likely posi-
tion of any seed bed. Three starting positions were chosen for the simulations:
Berwick, Trow Rocks and Whitby. At all three sites, high PSP toxin concentra-
tions were measured in May 1990. Figure 5 shows the back trajectories for cells
which were at the shoreline on 20 May 1990. The total current (i.e. tide + surge)
model was used in these calculations and the elliptical tidal excursion can be seen
superimposed on the surge drift. Of the three trajectories, it is clear that only the
particle which came ashore at Berwick might have originated in the Firth of
Forth. If a cell from the Forth had been transported offshore to 2°W by 1 April,
it could have come ashore at Berwick by 20 May. However, if excystment
occurred at the beginning of March, the origin would have been offshore at ~1°W.
Any A.tamarense cells present in the nearshore environment of Trow Rocks or
Whitby in mid-May probably originated in offshore waters. These simulations do
not support the hypothesis that A.tamarense cells responsible for the PSP toxin
outbreak in 1990 originated from a single seed bed. Rather, there appears to have
been a diffuse source which was some way offshore.

Although PSP toxin concentrations were very low in the previous year, a com-
parative exercise was carried out for 1989, and the results are shown in Figure 6.
Again, over an 80 day period, there is no indication of a constant southward move-
ment of particles along this coast from the Firth of Forth. A particle on the shoreline
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4°W 3°W

U57°N

H55°N

Fig. 5. Results of a simulation model which calculates back trajectories for notional cells of
A.tamarense present at the shore at Berwick, Trow Rocks and Whitby on 20 May 1990.

off Whitby in mid-May had a back trajectory suggesting a general southward move-
ment However, a similar cell at Trow Rocks appeared to have followed a track per-
pendicular to the coast. The trajectory for the beginning of March 1989 appears to
be stretched; this is a consequence of strong NW winds (>25 knots) on 1 March
1989. The daily mean residual circulation from the model suggests a large-scale flow
down the east coast of the UK which crossed to continental Europe and moved
north to the Skaggerak; this is the classic circulation pattern in the North Sea. After
1 March, winds and circulation were variable until another strong NW wind on 13
March. Daily circulation patterns clearly reflect the drift seen in the trajectories.

An alternative approach to the problem was to calculate likely trajectories for
particles originating in the Firth of Forth. Trajectories were calculated at 2-weekly
intervals, starting at the beginning of March. Figure 7 shows the trajectory of a
cell which was in the outer Firth of Forth on 15 April 1990; another cell, with a
source slightly offshore, is included for comparison. Positions within the Firth
result in trajectories which cross the land because the model domain is a coarse
approximation to the coastline in this area. Nevertheless, in all simulations, move-
ment was either to the north or fairly stagnant and again does not support the
hypothesis that the Firth of Forth is a seed bed of the A.tamarense cells which
caused the PSP outbreak along the NE coast in 1990.
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0°W

57°N

-56°N

-55"N

-54°N

Fig. 6. Results of a simulation model which calculates back trajectories for notional cells of
A.tamarcnse present at the shore at Berwick, Trow Rocks and Whitby on 20 May 1989.

Satellite images

Images from two satellite sensors have been used in this study. The CZCS archive
was of limited use because there were no significant PSP outbreaks during the
operational period of the CZCS sensor. However, the images were examined to
see whether there are regions, particularly within the Firth of Forth, which have
high concentrations of suspended solids and where resuspension of cysts might
occur. The greatest turbidity levels occurred along the Scottish coast, to the north
of the Firth of Forth and in a region close to Holy Island. Within the Firth of
Forth, the north shore between Methil and Elie had the highest turbidity; there
was a small region offshore, close to Aberlady which also showed a localized
increase in suspended solids concentrations. On the basis of these CZCS images,
the regions of highest turbidity and, hence, presumably of greatest potential
resuspension of bottom sediments and any dinoflagellate cysts contained therein,
are the north shore of the Firth of Forth, and the Northumberland coast off Holy
Island.

The second satellite sensor, the AVHRR, was more useful in this study. The
AVHRR archive is much more extensive and continues up to the present day. It
is less useful for quantifying suspended solids, but gives good estimates of surface
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-57°N

-56°N

-55°N

-54°N

Fig. 7. Results of a simulation model which calculates the trajectories for notional cells of A. tamarense
from the Firth of Forth, with a starting date of 15 April 1990.

water temperature. Since extensive AVHRR data were available for 1990, when
a major PSP outbreak occurred, the data were processed to measure sea surface
temperature. These data for 1990 have also been compared with 1989, when no
significant PSP outbreak occurred. The aim was to investigate whether those
environmental parameters which can be quantified from satellite imagery, such
as water temperature and suspended solids concentration, might show variations
or anomalies which were coincident with, and unique to, the time when toxic
dinoflagellate blooms occurred.

AVHRR images demonstrate differences in water temperatures in the 2 years.
The image for 25 April 1989 (Figure 8a) shows that the sea surface was cold, with
little evidence of variability in temperature to indicate stratification of the sub-
surface water. In contrast, the image for 24 April 1990 (Figure 8b) shows exten-
sive regions of warm water offshore. There were localized patches of cold surface
water, off the Northumberland coast and north of the Humber, which were
largely associated with headlands, such as Flamborough Head and the Fame
Islands. Therefore, in 1990 the sea surface temperature was warmer and the
variability of temperature across the region indicated that stratification was
developing.

949

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
la

n
k
t/a

rtic
le

/1
9
/7

/9
3
7
/1

4
4
6
1
9
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



ss
r

1
5
.0

1
2
.5

1
0
.(
1

F
ig

. 
8

. 
A

 f
a
ls

e 
co

lo
u

r 
im

a
g

e 
o

f 
d

a
ta

 f
o
r 

(•
) 

n
ea

r-
in

fr
a
re

d
 i

m
a

g
e 

fr
o
m

 t
h

e 
A

V
H

R
R

 s
en

so
r 

fo
r 

2
5
 A

p
ri

l 
1
9
8
9
; 

(b
) 

n
ea

r-
in

fr
a
re

d
 i

m
a
g
e 

fo
r 

2
4

 A
p

ri
l 

1
9
9
0
; 

w
h

it
e

a
re

a
s 

a
re

 r
eg

io
n

s 
o
f 

cl
o

u
d

 c
o

v
er

.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
la

n
k
t/a

rtic
le

/1
9
/7

/9
3
7
/1

4
4
6
1
9
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Variability of PSP outbreaks on NE UK coast

Discussion

The dinoflagellate genus Alexandrium contains a number of species which
produce potent neurotoxins. Species of the genus Alexandrium have a worldwide
distribution (Anderson et ai, 1994) and nuisance outbreaks are common. Within
the European Union, the Shellfish Directive requires extensive monitoring to
detect the presence of phytoplankton species which might produce toxins with
public health implications; among these phytoplankton, Alexandrium species are
important because of the production of toxins which cause PSP.

There is great interannual variability in the incidence of PSP toxin off the east
coast of Britain. This paper has shown that, although PSP toxin has been detected
in shellfish samples every year since the major outbreak of 1968, in most years,
toxin levels are very low and have no impact on the shellfish industry. Yet, in other
years such as 1990, the levels of toxin in shellfish flesh became dangerous and the
fishery was closed. The interannual variability is unpredictable and understand-
ing is lacking of the factors which result in PSP toxin outbreaks. As a conse-
quence, there is no alternative to labour-intensive monitoring for PSP toxin and
the presence of potentially nuisance phytoplankton species. In this paper, we
have examined a number of aspects of the problem.

Firstly, we have considered the potential for the outbreak to originate from a
single seed bed of dinoflagellate cysts. It is assumed that, because cysts retain via-
bility for long periods, any outbreak will originate from excystment of cysts which
have been on or in bottom sediments. The suggestion that the Firth of Forth is
the source for A.tamarense blooms on the NE English coast has wide currency
and originates in part from Robinson (1968). His description of the distribution
of A.tamarense in CPR samples stated that 'G. tamarensis first appeared east of
the Firth of Forth in samples taken between April 19 and 21'. Wood (1968), in a
chronology of the 1968 bloom, highlighted the CPR observation as the first event
in the sequence which led to the PSP outbreak. The second event which Wood
records is the presence of A.tamarense around the Fame Islands (Holy Island) in
mid-May. So the idea that the Firth of Forth is the origin for the bloom seems to
rely wholly on the CPR evidence. Yet, there is considerable aliasing in those data.
There was no direct sampling along the NE English coast by the CPR until 29-30
May, when small numbers of cells were detected in the region from the Tyne to
the Tees. No data for this region are presented for the critical times in late April
and early May when A.tamarense might have been moving onshore. Therefore,
the CPR data of Robinson (1968) do not actually exclude the possibility that there
is a diffuse source of cysts which might develop and cause a PSP toxin episode.

The data on cyst distribution (Figure 4) clearly show high numbers of
A.tamarense cysts in the sediments of the Firth of Forth. However, high numbers
are also present in sediments to the north, well offshore from the Forth; indeed,
numbers are high in several other areas, including well offshore of the east coast
of both Scotland and England. However, there are a number of offshore sites
from Berwick to Hartlepool where, although high densities of dinoflagellate cysts
were found, Alexandrium was absent. The Firth of Forth does not appear unique;
other areas could also be the source of cysts which might develop to cause a
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bloom. Since cyst numbers are high in the Firth of Forth, these data could support
the hypothesis that this area is indeed the seed bed. Equally, the widespread
distribution of cysts in the sediments offshore could also suggest that A.tamarense
does not develop from a single source, but that excystment occurs at a number of
sites and there is, therefore, a diffuse source of the A.tamarense bloom. It is also
possible that the presence of high cyst concentrations may be a stronger indicator
of deposition of material from the water column to the benthos, rather than a
source to the pelagic.

The model results, driven by weather events in 1990, indicate (Figure 5) that
the Firth of Forth was not the sole seed bed for the 1990 A.tamarense outbreak.
Trow Rocks had high concentrations of PSP toxin from mid-May to mid-June and
elevated values were detected through to late July (Figure 3b). Yet the back tra-
jectories (Figure 5) show that water did not originate from the Firth of Forth, but
that there was a slow transport onshore from the beginning of March until mid-
May. Similarly, Whitby had positive PSP samples in mid-May, but the back tra-
jectories (Figure 5) clearly demonstrate that there was no along-shore transport
from the Firth of Forth. The only site which might be different was Berwick. It is
possible that if excystment occurred at the beginning of April, A.tamarense cells
originating offshore of the Forth might have come ashore at Berwick, but if
excystment had occurred in early March, the source would have been much
further south and close to the source of cells which came ashore at Trow Rocks.
The model simulation for the movement of particles originating in the Firth of
Forth shows very little movement from the starting point. Again, these simu-
lations do not support the hypothesis that the Firth of Forth was the single seed
bed in 1990.

Although these model simulations indicate diverse offshore sources for the
A.tamarense bloom in 1990, the results do depend on a number of assumptions
which will affect the transport of cells in the real world. In particular, the assump-
tion of neutral density is important; if A.tamarense cells have rapid sinking veloci-
ties, their transport would not be simulated effectively in this model. However,
we believe that the assumption of neutral density is a realistic one. One caveat is
that the model is rather coarse scale and does not infer coastal current-type
motion from the Firth of Forth. The question is, would a coastal current provide
the mechanism for transporting dinoflagellate cells or cysts >100 km down the
coast? If such a current exists (evidence from the literature is minimal and there
is no indication of such a feature from the satellite images, e.g. Figure 8), the
driving mechanisms would be 2-fold. As a result of the Earth's rotation, fresh-
water from the Firth of Forth will flow along the south side of the Firth and south-
wards along the coast; secondly, the inputs of freshwater along the entire Scottish
coast will modify the large-scale salinity distribution of the North Sea.

Firstly, what might be the effect of freshwater outflow from the Forth? There is
little information in the literature about the role this plays in coastal current for-
mation. Craig (1972) describes the Firth of Forth as having an estuarine circulation
(seawards at the surface, landwards at the bed) with most of the Firth having
ambient salinity of 34.5 p.s.u., with lower salinity water (32-34 p.s.u.) leaving the
Firth on its south coast and distinguishable to St Abb's Head (Figure 1). He

952

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
la

n
k
t/a

rtic
le

/1
9
/7

/9
3
7
/1

4
4
6
1
9
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Variability of PSP outbreaks on NE UK coast

estimates that the plume has a width of -3 km in the Firth, with an average veloc-
ity of the outflow (based on annual total discharge) of 1.5 km day1 (1.7 cm s"1).
Combining the outflow from the waters of Leven, Carron, Leith and Allan and the
River Almond indicates that the monthly mean discharges in 1990 were similar to
those in 1989 (Hydrological Data UK, 1989, 1990), although both years show
greater than average discharge in March (114 and 130 m3 sr1) and less than average
in May (14 and 13 m3 s"1). The long-term annual discharge is 43 m3 s"1, indicating
that in April and May the potential for coastal current formation was much
reduced, but was greater in March. This conclusion is supported by Lindsay et al
(19%) who described measurements of salinity in the mouth of the Firth in 1990
and found that in March, on spring tide, salinity differences over the top 10 m were
<2 p.s.u.; in May, when discharge was low, there was negligible salinity difference
indicating that the waters of the Firth of Forth were well mixed at that time.

Secondly, what would be the effect of the large-scale salinity distribution? From
Goedeke et al. (1967) and the modelling study of Jones and Howarth (1994),
monthly average salinity offshore was found to change from -33.5 to 34.4 p.s.u. over
30 km in each of the 3 months from March to May. This information, together with
a knowledge of the bathymetry and the tidal currents, was input to the model of
Heaps (1972), producing a density-induced coastal current of <1 cm sr1. However,
1990 had lower than average discharge in May (Hydrological Data UK, 1990) and
this would cause coastal salinities to increase towards the offshore values, again
reducing the potential for a coastal current to develop. Tidal currents along the
coast are quite strong (-0.5 m s"1) and will mix any weak stratification. Finally,
winds during March 1990 were often quite strong (-30 knots towards the NE)
which would enhance outflow from the Firth of Forth and cause upwelling of saltier
water along the NE coast. During April and May, winds were considerably weaker
(10 knots) and directionally variable, with winds on occasion blowing towards the
NW, opposing any southward current. Therefore, it is unlikely that there could be
any significant transport of dinoflagellate cells or cysts in a coastal current.

Why did the PSP toxin appear simultaneously over such a wide geographical
area? If there is no single seed bed of A.tamarense, excystment would have to
occur at about the same time at a number of sites. Was anything different about
1990, which would explain why an A.tamarense bloom occurred, when there was
no significant incidence of PSP toxin in the previous 4 years? A number of
mechanisms might prevent the development of a bloom on the coast. If wind
direction was different, excysted cells might be transported away from the shore
and hence would not impact on the fishery. However, transport onshore appeared
to be similar in 1989 (Figure 6), when no bloom occurred, and in 1990, when the
major event occurred.

Once excystment has occurred, other factors will influence the growth of any
phytoplankton species; these include the timing of stratification and irradiance in
the spring. Joint and Pomroy (1993) sampled the whole of the southern North
Sea, including a number of stations offshore of the NE English coast in 1989. The
spring bloom occurred first in the central North Sea in late March but, off the NE
English coast, chlorophyll concentrations increased at the beginning of April and
were elevated until the beginning of May. There are no comparable field data for
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1990. However, sea surface temperature images are useful indicators of the timing
of seasonal stratification because, in this region of the North Sea, phytoplankton
production increases when stratification first becomes established.

Prior to stratification, phytoplankton cells are mixed throughout the water
column; in the region off the Northumberland coast, the water is much deeper
than the euphotic zone (Joint and Pomroy, 1993) and phytoplankton will spend
a significant time in the deep water below the compensation depth. When stratifi-
cation develops, the depth of the surface mixed layer is equivalent to the euphotic
depth and photosynthesis increases. The timing of stratification is also important
for the development of dinoflagellates; if the population develops from benthic
cysts—which excyst either in the water column or on the sea bed—there will have
to be a period of vertical mixing prior to stratification, to ensure the introduction
of dinoflagellates into the euphotic zone. If stratification then takes place, the
vegetative dinoflagellate cells will have to compete with other phytoplankton
species for available light and nutrients. Therefore, the timing of stratification is
a key process in phytoplankton bloom development. Other workers have recog-
nized the importance of water column stability; Wyatt and Saborido-Rey (1993)
suggested that accumulation of PSP toxins by mussels was favoured by neap tides
and periods of weak winds.

Sea surface temperature derived from AVHRR satellite images shows signifi-
cant differences between 1989 and 1990. By the end of April, the surface tem-
perature was significantly higher over much of the offshore region in 1990 (Figure
8), but there was no evidence of surface warming in the same period in 1989.
Warmer surface temperatures suggest that stratification occurred earlier in 1990
than in 1989 and the spring diatom bloom may well also have been early. There
were also a significantly larger number of cloud-free AVHRR images in 1990 than
in 1989. With less cloud, irradiance levels would have been higher, hence favour-
ing phytoplankton growth through greater rates of photosynthesis. However, it
is not known how conditions in 1989 compare with other non-bloom years
because AVHRR images have only been examined for 1989 and 1990.

The basis of interannual variability is not well understood and it is not yet poss-
ible to understand the events which result in A.tamarense bloom formation in
some years, but not in others. Alexandrium tamarense and other dinoflagellate
cysts are widespread in the sediments off the east coast of Scotland and NE
England. We have also demonstrated that, in 1990, the source of the A.tamarense
which caused the PSP toxin outbreak in the region was not the Firth of Forth;
rather, it is likely that excystment occurred over a wide area and the A.tamarense
cells were then transported onshore. Finally, it is clear that stratification occurred
much earlier in 1990 and sea surface temperatures were higher than in 1989;
either early stratification or increased irradiance may be the key to the extensive
development of A.tamarense in 1990.
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