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ABSTRACT: Long-term changes in the plankton of the North Sea are investigated using data from 
the continuous plankton recorder (CPR) survey. During the last 4 decades, there appears to have 
been 2 large anomalous periods w ithin the plankton data set, one that occurred in the late 1970s and 
the other in the late 1980s. These anomalous periods seem to be largely synchronous w ith unusual 
ocean climate conditions that have occurred episodically over a timescale of decades. The unusual 
ocean climate conditions prevailing at these 2 time periods appear to contain im portant hydrograph
ical elem ents that involve oceanic incursions into the North Sea. This paper, using data from the CPR 
survey and providing evidence from other studies, focuses on the relationship betw een the long-term  
changes in the biology of the North Sea and these 2 exceptional hydro-climatic events. Here, we 
suggest that while atmospheric variability and associated changes in regional tem peratures have a 
dom inant effect on the marine environm ent, oceanic influences on the ecology of a semi-closed envi
ronm ent such as the North Sea may have been underestim ated in the past.
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INTRODUCTION

In the North Atlantic, the most dom inant atm o
spheric signal is the North Atlantic Oscillation (NAO), 
w hich accounts for at least one-third of the annual total 
variance in sea level pressure (Dickson & Turrell 2000). 
Decadal trends in the NAO index influence regional 
tem peratures, precipitation and the degree of wind 
speed/direction over the North Atlantic (Hurrell 1995). 
With this climate index integrating a large proportion 
of variability from a num ber of m eteorological p ara 
meters, it has provided a useful tool in the in terp reta
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tion of long-term  biophysical interactions from both 
m arine and terrestrial environm ents (Ottersen et al. 
2001). For example, the oscillations and trends in the 
NAO index have been reflected in the abundance and 
spatial distribution of plankton in the northeast 
Atlantic on a timescale of decades (Fromentin & 
Planque 1996). However, some of the most p ro
nounced shifts in the plankton community structure 
and extrem e values (high or low) in plankton popula
tions, particularly in the North Sea, could not be 
related  directly to trends in the NAO index. It has been 
speculated that occasional extrem e climatic events, 
that contain oceanographic elem ents, punctuate the 
decadal trends in the NAO index or enhance its effects
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to such an extent they can take the form of notable bio
logical shifts (Edwards et al. 2001a). In the North Sea, 
these biological irregularities appear to be largely syn
chronous w ith anomalous hydrographic events that 
have occurred episodically over the last 40 yr. In p a r
ticular, 2 oceanographic anomalies stand out as excep
tional periods. The first period, in the late 1970s, was 
associated w ith cold-boreal conditions, while the sec
ond period occurred in the late 1980s and was associ
ated w ith a w arm -tem perate climate. The relationship 
betw een the long-term  changes in plankton recorded 
by the continuous plankton recorder (CPR) survey in 
the North Sea and these 2 anomalous hydro-climatic 
events are discussed in this paper.

The CPR survey, w hich was started in the North Sea 
in 1931, is one of only a few long-term  biological m on
itoring program m es and the only one at a spatial scale 
that gives a systematic coverage of the North Sea in 
space and time. Using biological data recorded by the 
CPR survey, several planktonic time series w ere exam 
ined, including an assessm ent of phytoplankton bio
m ass/structure, and com ponents of the holozooplank- 
ton and meroplankton communities. This paper focuses 
predom inately on the response of phytoplankton pop
ulations to the ocean climate anomalies. O ther biologi
cal com ponents of the ecosystem and independent 
studies from single-point stations are also discussed to 
corroborate and highlight the m anifestation of this 
response through the various m arine trophic levels. 
We found that although these studies also noticed an 
abrupt change in the North Sea ecosystem during 
these 2 periods, they did not have the benefit of 
regional comparisons (Evans & Edwards 1993, Josef- 
son et al. 1993, Lindeboom et al. 1995, Greve et al. 
1996, Kröncke et al. 1998). As a consequence of this, 
some researchers have presen ted  these changes as 
evidence of eutrophication in the North Sea rather 
than far-field North Atlantic hydrographic changes. 
Here, we suggest that these anomalous ocean climate 
conditions have far reaching consequences on the 
ecology of the North Sea and are arguably the princi
pal cause of conspicuous ecosystem shifts rather than 
trends in atm ospheric oscillations or anthropogenic 
perturbations.

MATERIALS AND METHODS

The CPR survey is a long-term  m arine plankton 
monitoring program m e which consists of a netw ork of 
CPR transects, tow ed monthly across the major geo
graphical regions of the North Atlantic. On certain 
standard routes, there is a virtually unbroken monthly 
coverage going back to 1948. The CPR is a high speed 
sam pler (usually tow ed betw een 10 and 18 knots),

sam pling at a depth  of approxim ately 7 m using a fil
tering m esh size of 270 pm. After each tow, the CPR is 
re turned  to the laboratory for routine analysis involv
ing the recorded estim ate of phytoplankton biomass 
(phytoplankton colour index), and the identification 
(up to 450 different taxa) and quantification of Zoo
plankton and phytoplankton taxa (Warner & Hays 
1994). Using biological data  recorded by the CPR sur
vey, a num ber of plankton time series w ere exam ined 
w hich included an assessm ent of phytoplankton bio
m ass/structure and components of the holozooplankton 
(total copepod abundance) and m eroplankton (deca
pod larvae abundance) communities. The data included 
approxim ately 60 000 CPR samples taken  in the North 
Sea betw een 1960 and 1995. The CPR survey's record 
of phytoplankton biomass (colour index) is assessed by 
reference to standard colour charts to obtain an esti
m ate of the quantity and density of phytoplankton 
recorded due to the visual discoloration on the CPR silk 
produced by the presence of green  chlorophyll p ig 
ments. The green  pigm ents include the chloroplasts of 
broken cells and small, unarm oured flagellates which 
tend to disintegrate w hen they come in contact with 
form aldehyde (the storage medium  for CPR silks).

For the assessm ent of trends in the phytoplankton 
community, principal com ponent analysis (PCA) was 
perform ed separately on the diatom and dinoflagellate 
assem blages. This procedure gave a sum m ary of the 
dom inant information w ithin the phytoplankton data 
set by explaining the largest am ount of variation in the 
phytoplankton assem blage. The phytoplankton data 
set included those species recorded at a frequency 
above 1 % in CPR samples (approximately 20 dinofla
gellate and 30 diatom species). A lthough there are 
large variances in the sizes of diatoms and dinoflagel- 
lates sam pled by the CPR survey, this is not thought to 
bias the sampling, as the percent retention is roughly 
constant w ithin each species (Robinson 1970). The 
original data was log transform ed to norm alise the data 
and w eighted in the PCA analysis by the species vari
ance. Two of the 9 assem blage indicators proposed by 
B eaugrand et al. (2002) w ere used to assess long-term  
trends in sub-arctic and tem perate copepod assem 
blages in the North Sea. The first association was com 
posed of the tem perate species: Rhincalanus nasutus, 
Eucalanus crassus, Centropages typicus, Candacia 
armata and Calanus helgolandicus. The second spe
cies assem blage was com posed of sub-arctic species 
that occur mainly in the sub-arctic gyre, w est of Nor
way and in the northern North Sea: Calanus fin 
marchicus, Euchaeta norvegica, H eterorhabdus norve
gicus and Scolethricella spp. Firstly, the num ber of 
species that belong to both assem blages was calcu
lated for each CPR sample in the central North Sea 
(0-10°E, 53-58° N). Secondly, as the num ber of spe
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cies detected  grows w ith the sam pling effort (Beau- 
grand & Edwards 2001), a special procedure to guar
antee that both time series w ere unaffected by the dif
ference in sam pling throughout the time was applied. 
For each year, the m ean of the num ber of species per 
association w as calculated by selecting random ly a 
constant num ber of CPR samples in the selected spatial 
window; this in turn  w as a function of the num ber of 
CPR samples in that particular area and the percen t
age of missing data. The constant num ber was fixed to 
10. The procedure was applied yearly at 2 mo (x6 peri
ods) and daylight/dark (x2 periods) intervals in order 
to take into account all im portant sources of variability 
(Beaugrand et al. 2001). Finally, the annual m ean was 
calculated if the maximum am ount of missing data was 
<10 of the possible 12 available.

1960 1965 1970 1975 1980 1985 1990 1995

Sea Surface 
Temperature

Dinoflagellate 
PC 1

Decapod
abundance

Total copepod 
abundance

Diatom PC 1
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Fig. 1. S ea  su rface  te m p e ra tu re  a n n u a l a n d  3 yr ru n n in g  
m ean s (bold) (ICES data) for d ino flagella te  P rincipal C om po
n e n t (PC) 1, d ecap o d  la rv ae  ab u n d an c e , to ta l cop ep o d  a b u n 
d an ce  a n d  d iatom  PC  1 in  th e  N o rth  S ea  b e tw e e n  1960 an d  
1995. D ata  a re  s ta n d a rd ise d  to  0 m e a n  (horizontal line) an d  
un it variance . N ote som e sim ilarities b e tw e e n  th e  tren d s  an d  

m in im um  v a lu es se e n  in  th e  la te  1970s

RESULTS AND DISCUSSION 

The late 1970s cold-boreal event

Fig. 1 shows the long-term  trends in sea surface 
tem perature (SST) and a num ber of biological compo
nents from the plankton community recorded by the 
CPR survey in the North Sea from 1960 to 1995. What 
is im m ediately apparent is that all the time series 
show a significant decline in the late 1970s (Fig. 1). 
SST and the abundance of phytoplankton and Zoo
plankton w ere significantly below average betw een 
the late 1970s and the early 1980s, and reached their 
minima at the end  of the 1970s. A large reduction in 
num bers and average dry w eight biomass of Zoo
plankton m easured from CPR samples took place in 
the years 1978 to 1982. This decline was also evident 
in the m eroplankton community (represented in Fig. 1 
by decapod larvae abundance). The decline in the 
abundance of dinoflagellates and diatoms echoes the 
minima of annual phytoplankton biomass observed 
during this period (Fig. 2a). Furtherm ore, the phyto
plankton spring bloom was much lower than  average 
and occurred later com pared to the long-term  sea
sonal cycle (Fig. 2b). During this period, phytoplank
ton diversity (data not shown) was also at a minimum 
and seasonal patterns w ere anomalous, which was 
caused presum ably by the delay in the spring bloom 
and subsequently a re tarded  seasonal grow th period. 
For example, many early spring diatom species w ere 
absent from the spring bloom and one of the most 
abundant diatoms Chaetocerus spp., w hich is nor
mally present in M arch/April, was recorded only in 
small num bers in August 1979 in the southern North 
Sea (Edwards et al. 2001b). Temporal niches normally 
occupied by particular species w ere, therefore, abnor
mal during this period. Similarly, one of the most 
abundant dinoflagellates Ceratium macroceros expe
rienced a population crash, which was particularly 
apparent in the southern North Sea (Fig. 3a). Fig. 3b 
shows the average annual recorded frequency of C. 
macroceros on CPR samples in the southern North 
Sea and a drop in recorded frequency of 40%  in the 
1960s to 0.4% during the late 1970s. A possible expla
nation for this is that C. macroceros is one of the spe
cies which blooms later in the natural seasonal suc
cession of phytoplankton in the North Sea and usually 
peaks in abundance betw een August and October. 
The knock-on effect of species appearing much later 
in the seasonal cycle during the late 1970s could have 
eventually squeezed C. macroceros out of its normal 
temporal niche. However, this does not completely ex
plain why C. macroceros never quite fully recovered 
from this event in the southern North Sea w hen the 
season returned  to normal. It is possible, however,
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Fig. 2. (a) P hy to p lan k to n  biom ass m on th ly  m ean s con tour d iag ram  (continuous 
p lan k to n  reco rd e r [CPR]-survey asessm en t of p h y to p lan k to n  colour index) in  
th e  N o rth  S ea  from  1960 to 1995. (b) D ifferences in  p h y to p lan k to n  b iom ass for 
th e  lo n g -te rm  seaso n al cycle b e tw e e n  1960 a n d  1995 (dark  line) an d  th e  se a 
sonal cycle b e tw e e n  1978 an d  1980 (light line). N ote th e  la te  develo p m en t of 
th e  seaso n al cycle a n d  a less consp icuous sp rin g  bloom  d u rin g  th e  la te  1970s 

a n d  early  1980s (boxed a re a  in  [a])
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that C. macroceros may have lost its niche m om entar
ily only to be replaced by another competitor.

The late 1970s was obviously an exceptional period 
amongst the plankton of the North Sea recorded by the 
CPR survey. It is therefore perhaps no coincidence 
that this period w as also m arked by an equally excep
tional ocean climate event known as the 'g reat salinity 
anomaly' (GSA) (Dickson et al. 1988). This event has 
been well docum ented by oceanographers and is pos
sibly the most exceptional hydrographic event to have 
occurred in the North Atlantic this century along with 
a similar anomaly in 1910 (Belkin et al. 1998). The GSA 
was an oceanic anomaly observed in the North A t
lantic from 1968 to 1982, and was associated w ith a 
minima in salinity (and tem perature) w hich was ob
served by various ocean w eather ships and time series 
around the North Atlantic during this period. Essen
tially, Dickson et al. (1988) suggested that a pulse of 
cold, low salinity water, originally formed in the mid- 
to late 1960s in the East G reenland Sea (caused by 
enhanced ice transport into the Arctic Basin), p ro
ceeded to circulate around the North Atlantic's sub
polar gyre reaching the west of the British Isles in 1975; 
thereby, explaining the lag in timing of the anomaly 
in different regions of the North Atlantic. Edwards et 
al. (2001a) noted that the phytoplankton biomass re 
corded by the CPR in different regions of the North Sea 
reached their minima in accordance w ith the proposed

transit dates of the GSA into the 
North Sea: offshore northern North 
Sea, minimum phytoplankton biomass 
1976, transit of salinity anomaly 1976 
to 1977; central and British coastal 
North Sea, minimum phytoplankton 
biomass 1977, transit of salinity anom 
aly 1977 to 1978; southern continental 
North Sea, minimum phytoplankton 
biomass 1979, transit of salinity anom 
aly 1979.

There is physical evidence to sug
gest that the period in the late 
1970s/early 1980s was anomalous in 
the North Sea and was characterised 
by reduced tem peratures and salinities 
(Turrell et al. 1992). In 1977 and 1979, 
the w inters w ere the coldest recorded 
for the last 50 yr (Becker & Pauly 1996) 
and w ere particularly harsh in the 
shallower southern North Sea. Addi
tionally, Turrell et al. (1992) suggested 
that the salinity anomaly experienced 
in the North Sea in the late 1970s coin
cided w ith a reduced inflow of warm 
Atlantic w ater (derived from the Shelf 
Edge C urrent and the North Atlantic 

Current) into the North Sea. A reduced inflow of A t
lantic w ater into the North Sea would also significantly 
decrease the flux of nutrients entering the North Sea 
from oceanic sources. Although the passage of the GSA 
in m any ocean-w eather ships and tim e-series for the 
North Atlantic, for example, the Fair Isle-M unken 
salinity time series, is clearly visible, its passage into the 
North Sea is difficult to distinguish from surface salinity 
data, possibly due to local salinity variations which 
would dissipate the signal (Edwards et al. 2001a). How
ever, a Norwegian time series clearly showed a n eg a
tive salinity anomaly entering at dep th  along the Nor
w egian trench in 1976 (Aure 1999); the time of an 
abrupt change in the phytoplankton of the offshore 
northern North Sea. As the salinity and tem perature 
signal was much stronger in the Norwegian trench than 
in the northw estern North Sea, this suggests that the 
m ain signal in this instance was brought into the North 
Sea via the Norw egian trench as opposed to the Fair 
Isle or Dooley currents. Svendsen et al. (1995) also 
showed a pronounced decline in the areal coverage of 
Atlantic w ater (> 35 psu) in the northern North Sea from 
30 to 50%  in the early 1970s to 0% in the late 1970s. 
The areal coverage of Atlantic w ater persisted below 
20% until the late 1980s. Similarly, Becker & Pauly 
(1996) noted that the spatial extent of the northern A t
lantic inflow (characterised by the 35 psu isohaline) ap 
peared  to be limited in the northern North Sea during
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years w ith negative tem perature anomalies (particu
larly in the late 1970s).

Corten (1990) and Corten & van de Kamp (1992) sug
gested that most of the observed changes in the pelagic 
fish stocks in the North Sea (particularly the dramatic d e 
cline of herring in the late 1970s) could be explained by 
a reduction of Atlantic w ater and changes to the circu
lation of the North Sea during this period. For example, 
the spaw ning stock was 50 000 t in 1977 com pared to an 
estim ated 1400 000 t in 1990. Corten & van de Kamp 
(1996) also m entioned that the entire sprat fishery in the 
North Sea collapsed in the late 1970s and the distribution
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Fig. 3. (a) C eratium  m acroceros  m on th ly  m ean s for 3 a rea s  of th e  
N o rth  Sea  (northern , c en tra l a n d  sou thern ) from  1960 to 1995. D en 
sity e q u a tes  to  m ea n  cell count p e r  sam ple  (~3 m 3). (b) P e rcen t fre 
qu en cy  of th e  o ccu rren ce  of C. m acroceros  in  th e  so u th e rn  N o rth  Sea 
from  1960 to  1995 on CPR sam ples. N ote  th e  d isap p ea ran ce  of C. 
m acroceros  for a  n u m b er of years in  th e  la te  1970s a n d  early  1980s. 
P hy to p lan k to n  diversity  w as also at a  m in im um  durin g  th is p e rio d  
a n d  is asso c ia ted  w ith  th e  la rg e s t p h y to p lan k to n  com m unity  shift 

re co rd e d  by  th e  CPR su rv ey  b e tw e e n  1960 a n d  1995

of sprat stock shifted southward. Svendsen et al. (1995) 
showed that the migration of the w estern m ackerel stock 
into the North Sea (dependent on Atlantic w ater trans
port) was at an all time low in the late 1970s. Addition
ally, Lindeboom et al. (1995) reported that the abun
dance of m acrobenthos, fish and birds in the southern 
North Sea showed sudden changes at the end of the late 
1970s, and Southward (1980) noted the appearance of 
cold-water gadoid species in the w estern English C han
nel during 1979 which had only once before been previ
ously recorded. M any other researchers also observed 
an abrupt change in the biology of the North Sea in the 

late 1970s (Evans & Edwards 1993, Josefson et 
al. 1993, Kröncke et al. 1998). For example, from 
1978/1979 to 1981, Kröncke et al. (2001) noted a 
high percentage of arctic-boreal benthic species in 
the southern North Sea (Island of Norderney, East 
Frisia, Germany).

Although there is undeniably very strong evi
dence to suggest som ething exceptional h ap 
pened in the North Sea in the late 1970s (from 
both physical and biological time series data), the 
question rem ains as to w hether it was due to the 
GSA event. Apart from the very cold tem pera
tures experienced in the North Sea during the late 
1970s (which would explain the decline in some 
m acrobenthos species and increase in boreal spe
cies), how else could the GSA affect the ecology of 
the North Sea? It is possible that the cold, low 
salinity w ater could have caused a seasonally per
sistent thermo-halocline, preventing the renew al 
of nutrients to the euphotic zone prior to the 
spring bloom and hence causing its subsequent 
delay. For example, w hen the GSA passed 
through the Rockall C hannel it was discernible 
down to at least 1000 m (Belkin et al. 1998), crea t
ing a very stable w ater mass and, possibly, d is
rupting deep-w ater mixing processes. Lindeboom 
et al. (1995) speculated that the inflowing oceanic 
w ater caused by the GSA had  a completely differ
ent chemical composition and may have initiated 
a biological switch in the late 1970s. However, 
these researchers did not provide any evidence to 
support this theory. Detailed analysis of nutrient 
data (phosphate and nitrate) from single-point 
stations in the North Sea did not identify any sig
nificant changes in the late 1970s (Visser et al. 
1996). It must be noted, however, that these sam 
pling sites w ere restricted to coastal areas and, as 
a consequence, they w ere possibly influenced 
predom inately by local processes, although Visser 
et al. (1996) provided some evidence that the 
behaviour of silicate in the English Channel was 
possibly related  to salinity changes. O ther evi
dence of chemical change was described by
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Fig. 4. (a) O ccu rren ce  of ca lan oid copepods asso c ia ted  w ith  
sub -arctic  env ironm en ts ( ) a n d  p h y to p lan k to n  b iom ass (■) in  
th e  N o rth  S ea  from  1960 to 1995. (b) Sim ilarity  b e tw e e n  sea  
su rface  te m p e ra tu re  ( ) an d  th e  o ccu rren ce  of calan o id  co p e
pods (■) asso c ia ted  w ith  w a rm  tem p e ra te  oceanic en v iro n 
m en ts (r = 0.74, p  < 0.01). T he b io log ical t re n d  follow s te m 
p e ra tu re , sh o w in g  a  m in im um  in  th e  la te  1970s an d  a 
m axim um  in  th e  la te  1980s a n d  early  1990s. (c) A b u n d an ce  of 
2 co p epod  in d ica to r spec ies in  th e  N orth  Sea; a rc tic -bo real 
species C alanus h yp erb o reu s  ( ) a n d  th e  tem p e ra te  shelf 
ed g e  spec ies E uchaeta  h e b e s  (■). N e ith e r of th e se  spec ies a re  
n a tu ra lly  re s id en t in  th e  N o rth  Sea a n d  can  b e  c lassed  as 
h y d ro g rap h ic  in d ica to r species. This su g g ests  th a t th e  la te  
1970s ev en t is asso c ia ted  w ith  a  cold w a te r  in cu rs io n  from  
b o rea l sources an d  th e  la te  1980s inflow  is a sso c ia ted  w ith  
w arm er w a ters  d e riv ed  from  th e  shelf e d g e  curren t. D ata  a re  
s ta n d a rd ise d  to  0 m e a n  (horizontal line) a n d  un it v a rian ce

Dooley et al. (1984) who reported  that the different 
w ater masses passing through the Rockall C hannel in 
the late 1970s had  very different chemical properties 
(particularly silicate). Corten (1990) and Turrell et al. 
(1996) suggested that the circulation changes in the 
North Sea, rather than the direct effect of variations 
in tem perature and salinity, caused the ecological 
changes (particularly pelagic fish stocks) seen in the 
North Sea during the late 1970s.

If a cold body of w ater was advected into the North 
Sea during the late 1970s, there should be some evi
dence from indicator species recorded by the CPR sur
vey. Fig. 4a shows the occurrence of sub-arctic Zoo
plankton species recorded in the North Sea from 1960 
to 1995. Since the 1960s, the occurrence of sub-arctic 
species in the North Sea has declined steadily; how 
ever, there was a peak  in occurrence during the late 
1970s and early 1980s (Fig. 4a). The occurrence of Zoo
plankton species associated w ith w arm  tem perate 
oceanic conditions was at an all time low in the North 
Sea during this period (Fig. 4b). Fig. 4c shows the 
occurrence of the arctic-boreal indicator species Cala
nus hyperboreus  reaching unprecedented  levels in the 
North Sea in the late 1970s. O ther cold w ater species 
also reached  a peak at this time; for example, Ceratium  
longipes was found 5 standard deviations above the 
long-term  m ean abundance in 1979. During this year, 
especially in the southern North Sea, virtually all other 
phytoplankton species w ere found in very low abun
dance and some w ere not recorded by the CPR survey. 
O ther sub-arctic species, not resident in the North 
Sea, however, reached  all time high levels during the 
late 1970s. The m arine diatom Navicula planam em bra
nacea is normally found in the arctic-boreal Atlantic 
particularly around Iceland and G reenland, and must 
have en tered  the North Sea during this period through 
advection (being a passive drifter). Similarly, the large 
m arine copepods Metridia longa, Euchaeta norvegica 
and Calanus hyperboreus could only have en tered  the 
North Sea through advection. These latter species tend 
to spend most of their life-cycle in deeper w aters 
(500 to 1000 m) and only m igrate to the surface during 
spring, spending a couple of m onths in the euphotic 
zone. Although these species are more abundant in the 
colder w aters of the northw est Atlantic, they are also 
found in the colder w aters off the Norw egian coast 
(data from CPR survey). One of the few ways in which 
these species can enter the North Sea is along the Nor
w egian trench and C. hyperboreus has been found as 
far south as the entrance of the Skagerrak (CPR sam 
ples from 1979). H ydrographic stations in the entrance 
of the Skagerrak confirm that the period from 1977 to 
1981 was m arked by a very unusual negative salinity 
anomaly (Danielssen et al. 1996).

Although one of the possible explanations for the pres
ence of these species in the North Sea is through advec
tion, probably, entering the North Sea at depth along the 
Norwegian trench, it is unlikely that they w ere advected 
from the northw est Atlantic following the route of the 
GSA advective hypothesis suggested by Dickson et al. 
(1988). This theory would m ean that populations of these 
species would have had  to have spent up to 10 yr travel
ling around the sub-polar gyre before they en tered  the 
North Sea. It is more likely that these species originated
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from off the Norwegian coast and entered  the North Sea 
from a more northerly or easterly route. Alternatively, 
w hen the warm  Atlantic inflow was w eakest, colder 
w ater from the north penetrated  farther into the North 
Sea. It is worth noting that during the period from 1976 to 
1982, the Barents Sea had  severe ice conditions (Aure 
1999), perhaps indicating a decrease in Atlantic w ater 
transported north through the Nordic Seas.

An alternate GSA hypothesis was suggested by Doo
ley et al. (1984) who speculated that the GSA and tem 
perature anomaly to the w est of the British Isles ob
served in the late 1970s, w as caused by a large-scale 
shift eastw ards of the Polar Front. While H ansen & 
Kristiansen (1994) did not disagree with Dickson et al. 
(1988) on how the anomaly travelled from one region 
to another in the northw est Atlantic, they did disagree 
on how the anomaly appeared  in the northeast A t
lantic. They suggested that the North Atlantic Current 
and Shelf Edge C urrent transports a positive salinity 
signal to the northeast Atlantic (Faroe-Shetland re 
gion), while the East Icelandic C urrent (originating 
north of Iceland) transports a negative signal. A 
change in the balance betw een the flows, with w eak 
ened Atlantic w ater relative to the East Icelandic C ur
rent, could explain the GSA event in this region 
(Hansen & Kristiansen 1994). Turrell et al. (1996) also 
supported this hypothesis and suggested that w hen 
less Atlantic w ater enters the Faroe-Shetland Channel, 
a greater proportion of w ater at all depths is derived 
from the lower salinity w ater originating from the 
northern sources. There is also evidence that the East 
Icelandic Current has, on occasions, penetrated  as far 
down as the coast of mid-Norway (Skjoldal et al. 1993) 
but it is not clear how these intrusions affect Atlantic 
inflow into the North Sea. Blindheim et al. (1996) sug
gested that the increased supply of Arctic w aters from 
the East Icelandic C urrent during the late 1970s, con
siderably reinforced the GSA in the Nordic Seas, p a r
ticularly in the southern Norwegian Sea. If this is true, 
it is more likely that the indicator species w ere ad 
vected into the North Sea during one of these periods 
rather than  by the sub-polar gyre circulation, or that 
w hen the warm  Atlantic inflow was w eakest, colder 
w ater from the north penetrated  farther into the North 
Sea. A lthough there are disagreem ents on the expla
nations for the GSA, it is still undoubtedly one of the 
most im portant oceanographic events to have occurred 
in the North Atlantic during the last 50 yr. Further
more, Blindheim et al. (1996) suggested that the salin
ity anomalies in the N ortheast Atlantic (particularly in 
the Nordic Seas) w ere not only caused by changes in 
the sub-polar gyre circulation but also by the direct 
influence of the East Icelandic Current. These changes 
in the oceanography of the North Atlantic w ere most 
likely responsible for a cold-boreal period in the North

Sea during the late 1970s, w hich m anifested itself 
through the m any observed changes in the biology of 
the North Sea during this time.

The late 1980s warm-temperate event

In contrast, the late 1980s w arm -tem perate event was, 
as the nam e would suggest, the reverse of the late 1970s 
cold-boreal event, w ith the North Sea characterised by 
high salinities and tem peratures as opposed to cold, low 
salinity conditions seen in the late 1970s. From 1988 on
wards, the NAO index increased to the highest positive 
level observed in the 20th century. This, coupled with 
evidence for an increased inflow of relatively warm  A t
lantic w ater into the North Sea, conspired to produce an 
extrem ely w arm  oceanic climate for the North Sea du r
ing the late 1980s and early 1990s period. While SST 
changes in the North Sea can be explained chiefly by 
local air-sea exchange processes, which depend  on the 
North Atlantic atmospheric circulation (measured by the 
NAO index), larger SST anomalies (positive or negative) 
are related to salinity anomalies in the eastern  North At
lantic and North Sea (Becker & Pauly 1996). In the area 
around the British Isles, the w inter of 1988/1989 was ex 
ceptionally mild, w ith average North Sea surface tem 
peratures ranging betw een 1 and 3°C above normal and 
air tem peratures up to +2.5°C above the anomaly with 
respect to those betw een 1961 and 1990 (Hadley Centre, 
UK climate database, pers. comm.). Positive anomalies in 
air tem peratures over the British Isles and SST in the 
North Sea persisted through the rest of the year. Ac
cording to Norw egian coastal SST data, the w inter of 
1990 was probably the w arm est since m easurem ents 
started in 1870 (Danielssen et al. 1996). Becker & Dooley 
(1995) reported  that during the late 1980s and early 
1990s, salinity levels in the English Channel, southern 
North Sea and w estern G erm an Bight w ere extrem ely 
high. Heath et al. (1991) also reported an inflow of water 
w ith exceptionally high salinity in January  1990 off the 
Norwegian coast (58 to 59° N, 3.5 to 4.0° E). These values 
exceeded anything recorded previously by the M arine 
Laboratory, A berdeen, since records began  in 1920. A 
high peak  in salinity occurred in 1989 in the time series 
of m ean salinities along the Fair Isle-M unken section 
(Belkin et al. 1998). Turrell et al. (1996) also noted a high 
salinity event in the late 1980s in the Faroe-Shetland 
channel, and Danielssen et al. (1996) reported  that b e 
tw een 1989 and 1993, the entrance of the Skagerrak was 
characterised by unusually high salinities. Sunderm ann 
et al. (1996) suggested that the relatively fast transition of 
salinity and tem perature from the late 1970s to the late 
1980s could have indicated a hydrographical regime shift.

The biological response to the late 1980s and early 
1990s event was exceptional. In 1989, phytoplankton
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Fig. 5. (a) C PR -survey assessm en t of p h y to p lan k to n  biom ass 
(colour index) d u rin g  th e  w in te r m on ths (D ecem ber, Jan u ary , 
February ) in  th e  N o rth  Sea  from  1960 to 1995. (b) A n  exam ple  
of th e  phen o lo g ica l ch an g es se e n  in  th e  p lan k to n  re co rd e d  b y  
th e  CPR survey  since th e  la te  1980s. T he g ra p h  show s th e  
lo n g -te rm  seaso n al cycle of P rotoperid in ium  spp . (light line) 
from  1960 to 1988 a n d  th e  seaso n al cycle from  1989 to 1995 
(dark  line). N ote th e  t re n d  for th e  com m on d ino flagellate  

species to a p p ea r earlie r in  th e  y ea r d u rin g  th e  1990s

biomass m easured by the CPR survey was nearly 3 stan
dard  deviations above the long-term  m ean (Fig. 4a), its 
highest value in the North Sea since records began in 
1948. The rise in phytoplankton biomass was particularly 
apparent during the w inter m onths w hich showed a 
>90 % increase (Fig. 5a). Data from the CPR survey (not 
shown) showed that during this period, the North Sea 
ecosystem was punctuated  by a succession of short
lived exceptional phytoplankton blooms, including the 
oceanic diatom  Thalassiothrix longissima (Reid et al. 
1992). M any of the phytoplankton species recorded their 
highest monthly values (monthly values from January  
1960 to D ecem ber 1995) and peaked  in abundance 1 to 
3 mo in advance of their normal seasonal peak. Turrell et 
al. (1992) have suggested that the Atlantic inflow into the 
North Sea m akes a major contribution to the input of 
generally warmer, nutrient rich w ater into the northern 
North Sea. It is estim ated that close to 90 % of the inputs 
to the North Sea of both the major nutrients nitrate and 
phosphate needed  for phytoplankton grow th derive 
from the North Atlantic (NSTF 1993). Variability of the 
Atlantic inflow into the North Sea could, therefore, have 
profound implications for the circulation and ecology of

the North Sea. There is some evidence from data 
recorded in the Skagerrak that pronounced changes in 
nutrient levels did occur in the late 1980s (Dahl & 
Danielsen 1992). The North Sea also experienced an 
influx of unprecedented  num bers of oceanic species, 
including oceanic tunicates (Lindley et al. 1990). Fig. 4b 
shows Zooplankton species associated w ith w arm  tem 
perate oceanic conditions reaching a peak in the North 
Sea in the late 1980s and early 1990s (closely comparable 
with the rise in tem perature). Fig. 4c shows a peak in the 
abundance of the copopod species Euchaeta hebes  
occurring in the late 1980s. This species is not a natural 
resident in the North Sea and is associated w ith oceanic 
shelf edge w aters to the w est of the British Isles. It is 
therefore possible that the inflowing Atlantic w ater was 
derived from a more southerly origin and w as carried 
north by the shelf edge current (Edwards et al. 1999). 
Kröncke et al. (1998) reported  a sudden increase in 
m acrofaunal biomass in the southern North Sea during 
the late 1980s and Greve et al. (1996) noticed a high 
num ber of oceanic plankton species in the Helgoland 
Roads time series during this period. Beukem a (1992) 
suggested that the structural changes observed in the 
macrobenthos community in the southern North Sea 
(Wadden Sea) during the prolonged period of mild w in
ters experienced in the late 1980s w ere more serious 
than those observed during a decade of eutrophication.

Data on fish stocks also suggest that there was an in 
creased inflow of oceanic water, originating from along 
the continental slope, into the North Sea. For example, 
researchers have noticed the northw ard progression of 
tropical species along the continental shelf w est of Ire
land since the late 1980s (e.g. Quero et al. 1998). An in 
vasion by blue-m outh H elicolenus dactylopterus in the 
northern North Sea took place in 1990/91 (Heessen et al. 
1996). This species is usually found at depths of 200 to 
800 m on the lower continental shelf to the west of the 
British Isles. Reports of blue-m outh occurring in the 
North Sea during the last century are very rare; however, 
since 1991, it has been  caught along a w ide distribution 
in the North Sea, possibly as a result of changes in larval 
drift (Heessen et al. 1996). Changes in the distribution of 
the herring Clupea harengus around this time have also 
been observed (Corten & van de Kamp 1992). Addition
ally, the capture of horse m ackerel Trachurus trachurus 
dram atically rose in the North Sea from the late 1980s 
onwards and this is apparently connected w ith the in 
creased transport of Atlantic w ater into the North Sea 
(Reid et al. 2001). The major changes in the North Sea 
observed during this period w ere thought to be of such 
significant m agnitude to have been term ed a 'regim e 
shift' (Reid et al. 2001). Since the late 1980s, phyto
plankton biomass (Fig. 5a) has rem ained high in the 
North Sea, particularly in winter, and there have been 
m any exam ples of phenological changes taking place
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w ithin the plankton assem blage (Fig. 5b). The persis
tence of continually high phytoplankton biomass and 
perm anent shifts in seasonal cycles throughout the 
1990s, may indicate a more perm anently established 
ecological regim e in the North Sea. The changes seen in 
the plankton during the 1990s, may have been heralded 
by the late 1980s anomaly, w hich could turn  out to be 
more than a m ere transient event, and may give c re
dence to the regim e shift hypothesis.

CONCLUSIONS

While atmospheric variability plays a key role in the 
overall long-term  and regional patterns of plankton 
(Fromentin & Planque 1996, Edw ards et al. 2001a), 
oceanic influences on the North Sea ecosystem have 
been underestim ated in the past. The biological irregu
larities and large plankton community shifts recorded 
by the CPR survey are associated w ith anomalous 
oceanographic events seen during the late 1970s and 
early 1980s and the late 1980s and early 1990s. The p e 
riod in the late 1970s and early 1980s was anomalous in 
the North Sea, characterised by reduced salinities and 
tem peratures caused primarily by the unusual hydro- 
climatic conditions and a change in the overall North 
Atlantic current dynamics. In the North Sea during the 
late 1970s, there was an initial reduction in inflow of 
Atlantic water, w hich was followed by a salinity anom 
aly and changes to the circulation of the North Sea 
(Corten 1990, Turrell et al. 1992). A reduction in the in 
flow of generally w arm er North Atlantic current w aters 
and the arrival of the GSA in the North Sea would have 
conspired together to produce a cold-boreal climate 
w ithin the North Sea. This physical switch may have 
been initiated by a decrease in flow by the North A t
lantic Current, thus, allowing an opening for colder 
w aters from the north to penetrate farther southward. 
An opposite scenario occurred in the late 1980s, with 
the North Sea characterised by high tem peratures and 
salinities. The strong westerly wind com ponent in the 
late 1980s (caused by high positive NAO values) pro
duced high air tem peratures around the British Isles. 
This, coupled w ith evidence for an increased inflow of 
warm, southerly derived Atlantic w ater into the North 
Sea (possibly via the Shelf Edge Current), conspired to 
produce an extrem ely warm  oceanic climate for the 
North Sea during the late 1980s and early 1990s period.

From the evidence presen ted  in this paper, major 
ecosystem changes took place around both of these 
physically anomalous periods that affected all trophic 
levels from phytoplankton to fish. The 2 periods seem 
to have been  characterised by oceanic incursions into 
the North Sea, one boreal in origin the other lusitanian. 
While the largely synchronous changes in the ecosys

tem of the North Sea around these 2 periods may sug
gest a link betw een the biology and oceanic inflow into 
the North Sea, it is largely unclear as to w hich m echa
nisms are responsible for the observed changes. For 
example, it is still open to question as to w hether the 
biological changes are associated w ith a tem perature- 
m ediated response, circulatory changes w ithin the 
North Sea, chemically driven changes via oceanic 
influxes or a combination of many factors. There is cer
tainly strong evidence to suggest that large structural 
changes observed in the m acrobenthos community of 
the southern North Sea can be explained by the sever
ity (late 1970s) and mildness (late 1980s) of winters 
(Beukema 1992). This could not, however, solely 
explain all the ecological changes observed during 
these 2 events. It is also still not known w hether the 
phytoplankton m ediated bottom -up control or w hether 
the trophic levels w ere simply responding to the same 
environm ental stimulus, although there is some evi
dence of a lag elem ent betw een phytoplankton and 
benthic time series. Despite this, w e still suggested 
that these anomalous ocean climate conditions have 
far reaching consequences on the ecology of the North 
Sea and are arguably the principal cause of conspicu
ous ecosystem shifts rather than trends in atmospheric 
oscillations or anthropogenic perturbations. Further
more, w e conclude that while the volume of oceanic 
w ater entering the North Sea is of considerable ecolog
ical importance, the original source of this water, from 
processes farther afield, m aybe equally or more so.

A ck n o w led g e m e n ts .  T he CPR su rv ey  is su p p o rte d  b y  a 
fu n d in g  consortium  com prising: In te rg o v e rn m en ta l O cean o 
graph ic  C om m ission  (IOC), U n ited  N ations Industrial D evel
opm en t O rg an isa tio n  (UNIDO), th e  E u ro p ean  C om m ission 
a n d  ag en c ies  from  C an ad a , D enm ark , T he N eth erlan d s , 
U n ited  K ingdom  a n d  USA. T he su rv ey  d ep en d s  on th e  v o lu n 
ta ry  co -opera tion  of ow ners, m aste rs a n d  crew s of m erch an t 
vessels w h ich  tow  th e  CPRs on re g u la r  rou tes. W e w ish  to 
th a n k  CPR su rv ey  te a m  p ast a n d  p re sen t.
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