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INTRODUCTION

North Sea plankton changes

The North Sea planktonic system has been thor-
oughly studied during the past 6 decades (Colebrook
1979, Edwards et al. 2001, Reid et al. 2003, Beau-
grand 2004b). Continuous Plankton Recorder (CPR)
data provided insight into the long-term trends and
seasonal patterns of both phyto- and zooplankton
and their relationships with hydrographical factors as
well as climatological events.

A cold episodic event in the North Sea in the late
1970s has been described and widely acknowledged
(Reid et al. 2000, Reid & Edwards 2001, Edwards et
al. 2002, Beaugrand 2004a, Beaugrand & Ibanez

2004, Weijerman et al. 2005). These cold years were
characterised by low sea surface temperature (SST)
values in the North Sea (Becker & Pauly 1996), which
were particularly harsh in the shallower southern
North Sea. Becker & Pauly (1996) related these low-
SST years post-1977 to air−sea exchange processes,
which in turn depended on the North Atlantic atmos-
pheric circulation.

Edwards et al. (2002) described how during this pe -
riod (1) the phytoplankton bloom was smaller than
average and occurred later in the year, (2) many
early spring diatom species were absent from the
spring bloom, and (3) Chaetoceros spp., one of the
most abundant diatoms in the North Sea, were only
present in small numbers. Edwards et al. (2002) also
described the crash of the Ceratium macroceros pop-
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ulation, a very abundant dinoflagellate which may
have lost its niche as a result of the late development
of the spring bloom.

A second overall change in North Sea plankton
occurred during the 1980s (Reid et al. 2001a, Beau-
grand & Ibanez 2004, Alheit et al. 2005, Weijerman et
al. 2005, McQuatters-Gollop et al. 2007). During this
period there was a strong biogeographic shift of
warm-water copepod species (associated with a
decrease in cold-water species), as well as of warm-
water fish species, in the northeast Atlantic (Beau-
grand & Reid 2003). This indicated a change in the
pelagic ecosystem of the northeast Atlantic towards a
warmer dynamic regime, which seems to have been
driven by climatic variables.

In contrast with the late 1970s cold episodic event,
the North Sea entered a warm-biological dynamic
regime after the North Sea warm episodic event from
1988 to 1992 (Edwards et al. 2002). This regime can
be characterised by (1) higher Phytoplankton Colour
Index (PCI) values in the central North Sea, particu-
larly during winter and summer; (2) an extended
phytoplankton season; and (3) a change in the zoo-
plankton community structure (Reid et al. 2001a). All
these changes have been related to different envi-
ronmental factors, such as the increase in SST and
changing Atlantic water inflow through the northern
North Sea (Reid et al. 2003).

SST increase has also been related to changes in
the meroplankton of the North Sea, particularly
Echinocardium cordatum, decapod crustaceans, and
bivalve larvae (Kirby et al. 2007, 2008). These
changes in turn affect benthic-pelagic coupling in
the North Sea, restructuring the trophic interactions
(Kirby & Beaugrand 2009). Beaugrand et al. (2003)
showed how fluctuations in plankton have resulted
in long-term changes in cod recruitment in the North
Sea, demonstrating the propagation of changes
through different trophic levels. A link has also been
made to changes in the North Sea horse mackerel
fishery (Reid et al. 2001a).

Regime shift considerations

The transitions between the above-mentioned
periods have been described in the literature as
regime shifts. The term regime shift has been applied
to apparent shifts in oceanic and climatic conditions
and marine community structure around the world.
Collie et al. (2004) defined regime shifts as low-fre-
quency, high-amplitude changes in oceanic condi-
tions that may be specifically pronounced in biologi-

cal variables and propagate through several trophic
levels.

Although all these transitions have been consid-
ered regime shifts in the past, not all long-term
changes in time series should be considered regime
shifts. A change could be contained and be exclusive
to one part of a system, not transferred through dif-
ferent trophic levels, or not consistent over time.

The North Pacific (Hare & Mantua 2000) and the
North Sea (Reid et al. 2001a, Weijerman et al. 2005)
showed 2 regime shifts around 1977−79 and
1988−89, but the late 1980s shift did not return the
system to the previous state. Weijerman et al. (2005)
pointed out the possibility of another shift in the late
1990s, hinted at by their results. This late 1990s shift
coincided with the second of the 2 pulses of oceanic
incursion into the North Sea from the north around
1988 and 1998 that co-occurred with strong north-
ward advection of anomalously warm water at the
edge of the eastern British continental shelf (Reid et
al. 2001b). Several studies relating to different
trophic levels support the idea of a shift in the late
1990s, ranging from herring recruitment failure
(Payne et al. 2009) to seabird breeding failure along
the North Sea coast (Proffitt 2004, Wanless et al.
2005). Although there seemed to be a connection to
changes in plankton dynamics after 1998, no in-
depth study of the plankton system before and after
this year has been carried out to our knowledge.

In the present study, a selection of plankton indica-
tors taken from CPR survey data covering 1970 to
2008 were examined to investigate long-term chan -
ges in the planktonic system of the central North Sea,
southern North Sea and English Channel. These
indicators were ordinated by principal component
analysis (PCA), and the resulting principal compo-
nents (PCs) were tested for long-term and step
changes using different techniques. Detected chan -
ges were assessed in relation to a range of local and
global environmental variables, and the possibility
for propagation to higher trophic levels.

MATERIALS AND METHODS

Study area

All data were aggregated into 3 different regions:
central North Sea (55−58 °N), southern North Sea
(51−55 °N), and the English Channel (Fig. 1).

These regions vary in bathymetry and hydrody-
namic properties; e.g. the central North Sea is deeper
than the southern part. This affects the mixing of the
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water, causing the central part to be stratified at
times during warmer periods of the year (Richardson
& Pedersen 1998).

Data collection

Plankton time series

CPR data were obtained from the Sir Alister Hardy
Foundation for Ocean Science (SAHFOS). Plankton
data were retrieved as monthly mean counts per
sample per area from standard areas C1, C2, D1, D2

and D3 covering the North Sea region (Fig. 1). Each
sample represents 10 nautical miles of tow and
approximately 3 m3 of filtered water (Warner & Hays
1994). The variables included in the analyses were:

PCI. PCI is a semi-quantitative estimation of algal
biomass. It is based on a relative scale of greenness
and is determined by reference to a standard colour
chart (McQuatters-Gollop et al. 2007). Other studies
have proven the validity of PCI as a representation of
phytoplankton biomass (Batten et al. 2003, Raitsos et
al. 2005).

Total copepods. This variable was log-transformed
(log10 (Abundance + 1)) in order to homogenise the
variance.

Dinoflagellates and diatoms. Because PCI does not
give information about the phytoplankton commu-
nity structure, data on total numbers of diatoms and
dinoflagellates were also gathered for an in-depth
analysis. Consequently, 6 new variables were added.
Potential redundancy between variables was also
assessed (see Table S1 in Supplement 1, and Supple-
ment 2 at www.int-res.com/articles/suppl/ m462p021
_supp.pdf).

Copepod assemblages. Beaugrand (Beaugrand et
al. 2002, Beaugrand 2004a) proposed different as -
semblages of plankton species to be used as indica-
tors of changes in the ecosystem (Table 1). Abun-
dances per area per month of 26 representative
copepod species were retrieved from SAHFOS and
aggregated according to their ecological preference.
Once the abundance data were aggregated into the 3
regions, the ratio of warm-water species (assem-
blages A1 and A2), and cold-water species (assem-
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Species          Species assemblage           Species composition                                                        Ecological preference
assemblage   indicator

A1                  Warm-temperate                Euchaeta gracilis, Euchaeta hebes,                               Warm water along the 
                       pseudo-oceanic species   Ctenocalanus vanus, Calanoides carinatus                 European shelf
A2                  Temperate                          Rhincalanus nasutus, Eucalanus crassus,                     Oceanic and neritic waters
                       pseudo-oceanic species   Centropages typicus, Candacia armata, 
                                                                    Calanus helgolandicus
A3                  Coastal species                   Isias clavipes, Anomalocera patersoni,                          Shallow and coastal habitat
                                                                    Labidocera wollastoni                                                    
A4                  Shelf-sea species                Centropages hamatus, Temora longicornis, Pseudo-   Neritic distribution
                                                                    calanus spp. (including adult), Paracalanus spp.
A5                  Cold-temperate species     Aetidus armatus, Pleuromamma robusta,                     Mixed water usually found 
                                                                    Acartia spp., Metridia lucens                                        at the boundary between 
                                                                                                                                                              warm and subarctic water
A6                  Subarctic species                Heterorhabdus norvegicus, Scolecithricella spp.,        Subarctic water
                                                                    Euchaeta norvegica, Calanus finmarchicus
A7                  Arctic species                      Calanus hyperboreus, Metridia longa,                          Arctic water
                                                                    Calanus glacialis

Table 1. Zooplankton species-assemblage indicators and their ecological preferences (after Beaugrand 2004a). A1 and A2 are 
considered warm-water copepod species; A5, A6 and A7 are considered cold-water copepod species
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blages A5, A6 and A7) to total copepods per region
was calculated. These warm- and cold-water cope-
pod species ratios serve as a representation of the
copepod community structure and also give informa-
tion about the other copepod assemblages, i.e. the
warm-water copepods:total copepods ratio could
change without changes in the original warm-water
copepod abundances, but due to changes in shelf-sea
species (assemblage A4). Subsequent analyses used
these newly generated time series.

Environmental time series

Oceanographic variables. Monthly SST and sea
surface salinity (SSS) data covering the study area
were obtained from the International Council for the
Exploration of the Sea (ICES). CPR coverage is scarce
in coastal areas, so the plankton data set represents
mainly open-sea plankton. Because of the gradient
from coastal to open sea in both SST and SSS, inclu-
sion of coastal measurements would alter the aver-
age values significantly. For this reason, coastal
measurements (up to 20 km from the coast) were
removed to avoid the influence of riverine inputs
in both temperature and salinity. Subsequently,
monthly averages per region were calculated.

Monthly data on Atlantic water inflow to the North
Sea was obtained from a numerical ocean model,
NORWECOM, and it was represented as flow in and
out of the North Sea through a section from Norway
to the Orkneys along 59.17° N (Reid et al. 2003).
Because we were interested in differences in North
Sea regions, water flow was also obtained, from the
same model, through a second section along 55° N
from the UK to Germany. Water flow was repre-
sented by southward and northward transport (water
moving south and north, respectively) and the differ-
ence between them as net transport.

Atmospheric variables. Monthly wind speed and
direction, air temperature, sea-level pressure and hu-
midity data series from De Kooy climatological station
(52.92° N, 4.78° E) were gathered from the Royal
Netherlands Meteorological Institute (KNMI) for the
period 1970 to 2008. This station was se lected be -
cause of its time coverage, and it has been previously
used in similar analyses (Weijerman et al. 2005).

Two more climate-related variables were included.
The first, the Hurrell North Atlantic Oscillation
(NAO) winter index (NAOi), a December−March
index of the NAO (Hurrell & Deser 2009) based on
the difference in normalised sea-level pressure (SLP)
between Lisbon, Portugal and Stykkishólmur/ Rey -

kja vik, Iceland, was obtained from www.cgd. ucar.
edu/ cas/ jhurrell/ indices.html. The second, northern
hemisphere surface temperature anomaly (NHTa)
data, was obtained from the Hadley Centre for Cli-
mate Prediction and Research (www. metoffice. gov.
uk/  hadobs). These data are used as an index of
 temperature changes. The data set is based on regu-
lar measurements throughout the northern hemi-
sphere of air temperature at a global network of
long-term land stations and on SST measured from
ships and buoys, and consists of annual differences
from the 1951−80 monthly averages (Brohan et al.
2006).

Water nutrients. Total soluble nitrogen, total solu-
ble phosphorus and silica data series were obtained
from ICES. Data were calculated as µmol l−1 monthly
averages, representing surface concentrations (as
collected by water bottle sampling <10 m depth), and
covered a time span of 20 yr from 1988. As with SST
and SSS, nearshore measurements were removed to
avoid the influence of coastal nutrient dynamics,
more related to riverine inputs. When available, data
on different nitrogen compounds (i.e. NO3, NO2,
NH4) were also obtained from the same database,
time period and depth.

Analyses

Principal component analysis

As a first step, 2 PCAs were run. Both PCAs used
data covering 38 yr and, as monthly values were
used, a total of 456 time steps (38 yr × 12 mo yr−1)
were analysed1. The first PCA ordinated 12 plankton
variables (PCA1, total copepod abundance, warm-
and cold-water copepod ratios; 456 × 12 matrix)
based on correlations (Legendre & Legendre 1998,
Oksanen et al. 2010); the second PCA included in
addition dia tom and dinoflagellate abundances, giv-
ing a total of 18 plankton variables (456 × 18 matrix)
based on correlations. These 2 PCAs were compared
to identify the best representation of the system (see
Figs. S1 & S2 and Table S2 in Supplement 2 at www.
int-res.com/ articles/suppl/m462p021_supp .pdf). The
resulting PCs were used as indicators of the plankton
ecosystem state, and the following analyses were
carried out.
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1Low statistical power in regime-shift detection for ecologi-
cal time series is caused by their inherent short length (An-
dersen et al. 2009), but the use of monthly values instead of
yearly averages should overcome this issue
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Regime detection analyses

Split-moving window boundary analysis (SMW).
SMW (Beaugrand 2003) was used to detect regime
changes in each of the PCs. For this analysis, each PC
axis was converted from a linear vector into a 12 × 38
matrix (1 row mo−1 and 1 column yr−1).

The calculation of SMW is realised in 4 steps: (1) A
window of even-numbered size is introduced at the
beginning of the time series matrix. (2) This window
is then divided into 2 half-windows containing the
data of all months for the same amount of years. (3)
An association coefficient (Euclidean distance in this
case) is used to evaluate the differences between the
time periods contained in these 2 windows. A multi-
ple response permutation procedure (Mielke et al.
1981) is applied to test the 2 periods on the basis of
the information provided by all months. (4) The win-
dow is then moved from year to year, repeating steps
2 and 3 until the end of the time series is reached.
This procedure provides a p-value for each year rep-
resenting the statistical significance of a year being
the limit between 2 different regimes.

Change point detection (CPD). A CPD method (Zei -
leis et al. 2003) as described by Quandt (1958) was
applied as a hypothesis-testing method. To avoid the
problem of inflation of p-values due to multiple test-
ing, the supremum of F in the F-distribution (sup(F))
was used as proposed by Andersen et al. (2009). The
R package ‘strucchange’ was used for this analysis
(Zeileis et al. 2003).

Hierarchical clustering. Constrained hierarchical
clustering was applied to the 38 × 12 matrix of each
PC (Gordon & Birks 1972). In combination with the
previous techniques, this allows us not only to see
which years were more similar but also to detect sud-
den changes in the time series. The R package ‘rioja’
was used for this analysis (Juggins 2009).

Environmental drivers

In order to assess potential environmental drivers
of the system, the correlation between environmen-
tal variables and the PCs was investigated, includ-
ing lag periods of up to 3 mo. These correlations
were investigated both with the original PCs and
time series, and with detrended PCs and time
series. Detrending was carried out by means of a
general additive model (GAM) (Wood 2006), with
‘Month’ (1 to 12) as a smoothing function. The resid-
uals of these models were considered the new
detrended data series.

Variables showing a Pearson correlation value with
a PC greater than 0.5 were pre-selected as possible
explanatory variables in a GAM. In order to prevent
problems caused by the presence of outliers and
collinearity, these variables were subjected to a data
exploration and selection process as suggested by
Zuur et al. (2010).

The variables that passed these data exploration
protocols were included as smoothing functions
in a generalised additive mixed model (GAMM)
(Wood 2006), and a model selection process was
per formed using the Akaike information criterion
(AIC) as a means of comparing the fit of different
models.

Serial autocorrelation was accounted for by min-
imising autocorrelation in the model residuals. This
was achieved by fitting an autoregressive-moving
average correlation structure (ARMA) in a GAMM
(Wood 2006, Pinheiro et al. 2009), using again the
AIC to select the best model (Zuur et al. 2009).

In a parallel analysis, the yearly variables (i.e.
NAOi and NHTa) were tested for regime changes via
the CPD method. This analysis was run independ-
ently, as the frequency of the variables did not match
the rest of variables considered.

All analyses were performed using the R free sta-
tistical software environment (R Development Core
Team 2012)

RESULTS

A representation of the central North Sea data
included in the PCA can be seen in Fig. 2. Temporal
patterns previously described in the North Sea are
visible. PCI was considerably higher after 1988
(Fig. 2a), which represented higher phytoplankton
bio mass. The practical disappearance of warm-water
copepods (Fig. 2f) together with the increase in cold-
water copepods (Fig. 2e) immediately post-1977 is in
agreement with previous findings related to the late
1970s North Sea cold episodic event. The opposite
situation post-1988, i.e. increase in warm-water
cope pods and decrease in cold-water copepods, was
an indication of the warm regime in the North Sea
since the late 1980s.

Principal component analysis

Plankton data were ordinated by 2 PCAs to
create an index of the plankton ecosystem state
through time. The output of both PCAs, one ex -
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cluding diatom and dinoflagellate abundance data
and the other including them, was compared and
PCs were se lected by 1 of 2 criteria: (1) PCs that
accumulate to at least 70% of the variation in the
original data, (2) detection of a change point in a
scree-plot of the eigenvalues, marking a separation
between PCs with a large explanatory value and
those with less ex planatory value. This change
point is commonly referred to as the
‘elbow effect’ (Zuur et al. 2007). The
number of PCs selected for further
analyses was defined by the first of
these criteria reached.

For the first PCA, the elbow effect
appeared after the second PC, while
for the second PCA, where diatoms
and dinoflagellates were included, it
ap peared after the third PC (Fig. S1 in
Supplement 2). Hereinafter, all results
and discussion will be ad dressing the
second PCA, including diatom and
dinoflagellate abundance data. A
com parison of both PCAs can be found
in Supplement 2.

Interestingly, the loadings for each
variable in each of the studied PCs
showed differences between groups,
but are roughly consistent within each
group, which indicated that no re -
gional differences needed to be con-
sidered (Table 2).

The first PC (PC1; 28.8% explained variance;
Fig. 3a, Table 2) represents the seasonal patterns of
total abundance of phytoplankton (PCI) and zoo-
plankton (total number of copepods). It was also
related to phytoplankton community composition
(diatom and dinoflagellate abundances).

The second PC (PC2; 12.7% ex plained variance;
Fig. 3b, Table 2) represents a temporal pattern, in -

27

                                                                                PC1           PC2          PC3

Central North Sea warm-water copepods         0.217       −1.500      1.011
Central North Sea cold-water copepods            0.681       0.900      −0.209
Southern North Sea warm-water copepods      0.506       −1.407      0.947
Southern North Sea cold-water copepods         0.652       0.545      −0.212
English Channel warm-water copepods            −0.086       −1.203      0.796
English Channel cold-water copepods              0.669       −0.380      0.226
Central North Sea total copepods                      −1.858       −0.281      −0.170
Southern North Sea total copepods                    −1.845       −0.278      −0.304
English Channel total copepods                         −1.786       0.025      −0.190
Central North Sea PCI                                         −1.424       −0.227      0.897
Southern North Sea PCI                                      −1.613       0.030      0.728
English Channel PCI                                           −1.574       0.453      0.172
Central North Sea diatoms                                  −0.708       0.950      1.360
Southern North Sea diatoms                               −0.738       1.134      1.210
English Channel diatoms                                    −1.220       0.883      0.093
Central North Sea dinoflagellates                      −1.468       −0.762      −0.727
Southern North Sea dinoflagellates                   −1.182       −0.714      −0.921
English Channel dinoflagellates                         −1.059       −0.275      −0.775

Table 2. Loadings of the different variables for the first 3 principal components
(PC) of the second principal component analysis including all biological vari-
ables. Explained variation was 28.8, 12.7 and 10.5% for PC axes 1, 2 and 3

respectively. PCI: Phytoplankton Colour Index

Fig. 3. Representation of the 3 principal components (a: PC1, b: PC2, and c: PC3) of the principal component analysis that in-
cluded all plankton data. Vertical red lines represent detected shifts. Two trend lines were added to the data: a 6-mo running
mean representing the seasonal trend (solid red line) and a 12-mo running mean representing long-term patterns (dashed 

black line)
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cluding a seasonal as well as a long-term signal, of
the community composition of both phyto- and zoo-
plankton in the 3 areas.

The third PC (PC3; 10.5% explained variance;
Fig. 3c, Table 2) represents a different signal, with no
apparent seasonal signal. It was highly related to
community composition of both phyto- and zoo-
plankton, and to phytoplankton abundance, particu-
larly in areas C1&2 (central North Sea) and D1&2
(southern North Sea).

Regime change analyses

Three types of regime change analysis were
applied to the PCs, which together represent 52% of
the variation in the data set (Fig. 3).

All analyses found a regime change in PC1 around
1985 (Table 3). This change was better detected by
the methods equipped to deal with seasonal varia-
tion. The period pre-1985 was characterised by a
strong signal during winter months (positive values)
and a weaker signal during summer months (nega-
tive values). The period 1985 to 1990 started with a
strong signal during the summer months and weaker
during the winter months (Fig. 3a). As all the highly
related variables to this PC have a negative sign
(Table 2), the previous structure would translate as a
period pre-1985 in which winter periods were char-
acterised by very low abundances of both phyto- and
zooplankton, followed by a second period from 1985
to 1990 where winter abundances were not as low
and summer abundances were considerably higher.
During the last period, post-1990, the seasonal oscil-
lation is smaller, which is more apparent towards the
end of the time series (Fig. 3a).

The different methods agree in the presence of 2
regime changes in PC2 around the years 1978 and
1987 (Fig. 3b, Table 3). These changes were more
apparent in the long-term annual signal than in the
seasonal signal. This PC showed a clear positive
period from 1977 to 1988. Before and after that
period, the PC oscillates around zero in a seasonal
fashion, although the PC seems to approach a nega-
tive period post-2004 (Fig. 3b). This last period was
only detected by chronological clustering (Table 3).
This PC seems to be related to temperature changes,
as warm- and cold-water copepods have an opposite
loading sign (Table 2). Thus in the period 1976 to
1987, warm-water copepods would have lower abun-
dances while cold-water copepods would be more
abundant. After 1988, the opposite is occurring.

Three different regimes were detected in PC3
(Fig. 3c, Table 3): a negative period until 1988, a
period of oscillation around zero from 1988 to 1998,
and a third period from 1998 to 2007 characterised by
positive values and an upward trend. Variable load-
ings for this PC are positive for all variables with
absolute loading values over 0.7, except dinoflagel-
late abundance (Table 2). Therefore, PC3 expressed
in terms of actual plankton variables represents an
increase in warm-water copepod assemblages unre-
lated to any significant change in cold-water cope-
pod assemblages; it also reflects an increase in
phytoplankton biomass, as represented by PCI, a
positive trend in the abundance of diatoms, plus a
negative trend in dinoflagellate abundance.

The 95% confidence intervals resulting from the
CPD method (Table 3) became smaller when there
was no seasonal pattern in the time series. So,
although this method is able to deal with seasonal
time series, the accuracy of detection, as shown by
the 95% confidence intervals, is higher with non-sea-
sonal patterns.

PC1 and PC2 were subjected to seasonal decompo-
sition in order to verify the shift in seasonal patterns
suggested by the analyses (see Supplement 3 includ-
ing Fig. S3 at www.int-res.com/ articles/ suppl/ m462
p021_supp.pdf).

Plankton changes

Post-1977. The years following 1977 had a lower
phytoplankton biomass (PCI), and the growing
 season seemed to be shortened. Both diatoms and
dinoflagellates also showed a period of lower total
numbers. There was a prominent decrease in total
numbers of copepods, and the number of individuals
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Method        PC1                    PC2                       PC3

SMW        1984−85             1977−78         1987−88−89−90
                    1990                   1987                   1998−99

CPD             1983                   1977                     1988 
              (1976−1990)       (1975−1981)         (1986−1990)
                                                1987                     1997 
                                          (1985−1989)         (1996−1998)

CC               1985                   1974                      1988
                    1990                   1987                      1998
                                                2005

Table 3. Regime limits found by the different methods. SMW:
split-moving window boundary analysis; CPD: change point
detection method; CC: chronological clustering; PC: princi-
pal component. Numbers in brackets represent 95% confi-

dence intervals, which were only available for CPD

http://www.int-res.com/articles/suppl/m462p021_supp.pdf
http://www.int-res.com/articles/suppl/m462p021_supp.pdf
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belonging to cold-water copepod assemblages in -
creased, while the warm-water copepod assem-
blages decreased (Fig. 2b,e,f).

Post-1988. After 1988 there was a clear increase in
phytoplankton biomass and there seemed to be a
decrease in dinoflagellates from 1990 compared to
the second half of the 1980s (Fig. 2d). There was a
clear decrease in the annual maxima of total number
of copepods (Fig. 2b) and an increase in the number
of individuals of warm-water copepod assemblages
(Fig. 2f). The number of neritic copepods (Assem-
blage A4 in Table 1) seemed to decrease from the
previous years, but they were higher than the years
immediately post-1977 (Fig. 2g).

Post-1998. PCI decreased post-1998, particularly
in autumn and winter (Fig. 2a, see also Fig. 9b). The
main change in the phytoplankton community is the
 pronounced decrease in dinoflagellates post-1999
(Fig. 2d) and the increase of the diatoms annual max-
ima (Fig. 2c).

After 1999 there was a further in crease in the ratio
of warm-water cope  pod species (data not shown), but
this increase in the dominance of warm-water spe-
cies was not particularly related to an increase in the
number of individuals in this assemblage (Fig. 2f) but
with a decrease in neritic copepods (Fig. 2g).

Counts of neritic copepods showed a high correla-
tion (R = 0.57) with the number of dinoflagellates per
sample (Fig. 4). In that period, 38.7% of the variation
of neritic copepods was ex plained by a GAM using
the mean counts of dinoflagellates. Including the

mean counts of diatoms as a covariate only added
another 0.6% of explained variation. The GAM
showed a linear phase below 100 000 dinoflagellates
sample−1 and a stabilised phase above that number.

Environmental drivers

The best fit of models explaining the different PCs
based on environmental drivers (Fig. 5) were those
without a lag period between explanatory and re -
sponse variables.
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Fig. 4. Predicted neritic copepod counts (mean no. of ind.
per sample) as a smooth function of dinoflagellate counts.
Dashed lines represent the approximate 95% confidence 

limits of the prediction

Fig. 5. Trends of environmental drivers: (a) wind speed, (b) temperature, (c) humidity and (d) Atlantic water inflow. Red lines 
are a 12-mo running mean and represent the annual trend. Regime limits are indicated by vertical red lines
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PC1. The pattern represented in the first PC
showed high correlation (>0.5) with 6 environmental
variables: wind speed, air temperature, solar radia-
tion and humidity at De Kooy Station, and SST in
areas C1&2 and D1&2.

SST in area D1&2 and solar radiation at De Kooy
were not included in the GAM because of their high
collinearity (>0.8) with SST in area C1&2 and tem-
perature, respectively. Variables that were collinear
between 0.5 and 0.8 were included and evaluated
during the model selection phase.

Autocorrelation in the model was accounted for
using an ARMA(2,2) autocorrelation structure, which
showed the best fit (Table 4).

The best model (Table 4) included wind speed,
temperature and humidity at De Kooy (Figs. 5 & 6).
The residuals of this model were then compared with
the remaining environmental variables to check for
any missing covariate. A relationship with the At -
lantic water inflow through the section Norway-
Orkneys was found. Refitting the model with this
vari able as a linear covariate gave a significant im -
provement in the model AIC (Table 4).

PC2. The second PC only showed correlation val-
ues >0.5 with environmental variables related to
temperature. The highest correlation value was with
SST in area C1&2, so this variable was used as a
smoother in a GAM. Temporal autocorrelation in the
model residuals was accounted for via an ARMA(1,3)

structure and the best model included water temper-
ature in area C1&2 with a lag of 1 mo (Fig. 6d).

PC3. The third PC only showed correlation values
<0.5 with the environmental variables considered in

this analysis. The only variables with values >0.25
were total nitrogen and ammonia in the central North
Sea, and ammonia, total nitrogen and total phospho-
rus in the southern North Sea. Unfortunately, the
nutrient data are not consistent in time, so only val-
ues after 1988 were available (Fig. 7). Therefore only
159 data points were used for this model, as opposed
to the previous 2 models, which were based on 455
and 456 data points, respectively; thus the results
(Fig. 6e) should not be compared with the previous
models (Fig. 6a–d).

Yearly variables. The analyses of NAOi and NHTa
showed regime limits (CPD method) that coincided
with the ones found in the PCs, with the exception of
the late 1970s shift that was missing in the NAOi
(Fig. 8a, Table 5), although 2 very low NAOi years oc-
curred in 1977 and 1979. After a highly positive phase
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Smoothing functions                                R2 adj.        AIC

Wind speed, temperature,                       0.755      −169.20
humidity, SST

Temperature, humidity, SST                    0.738      −142.77
Wind speed, humidity, SST                     0.613      −15.49
Wind speed, temperature, SST               0.724      −149.78
Wind speed, temperature, humidity       0.751      −206.22
Wind speed, temperature, humidity,                  −234.91
Atlantic water inflow

Table 4. Model selection for the general additive model of
the first principal component. The model with the lowest, or
most negative, Akaike information criterion (AIC) is consid-
ered the best (bold). Adjusted R2, representing the fit of
each model weighed by number of cases, is also included. 

SST: sea surface temperature

Fig. 6. Smoothing functions of generalised additive models predicting principal components (PCs).  PC1  with (a) temperature, (b)
wind speed, and (c) humidity; PC2 with (d) sea surface temperature (SST) in area C1&2; and PC3 with (e) ammonium concentration
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from the second half of the 1980s to the mid-1990s, the
NAOi reached a neutral stage (Fig. 8a). Post-1997,
NHTa showed several consecutive years with higher
values, after a general positive phase with relatively
lower values during the period 1977 to 1997 (Fig. 8b).

DISCUSSION

The results presented here suggest 3 regime
changes in the North Sea plankton system around
the year 1977 (PC2; Fig. 3), 1988 (PC2 and PC3;
Fig. 3) and 1998 (PC3; Fig. 3), propagating from
phyto plankton to zooplankton via food-limitation
mechanisms. Another 2 changes were found in PC1
in 1985 and 1990 (Fig. 3, Table 3), which we interpret
as a period of instability in seasonal patterns after the
late 1970s cold episodic event previously identified
(Beau grand 2004b, Beaugrand et al. 2008). Wind
speed, air temperature, humidity and Atlantic water
inflow were identified as potential environmental
drivers of the plankton seasonal dynamics (PC1) in
the study area (Table 3).

Neither the PCA (see Supplement 2) nor the
inspection of individual variables indicated big dif-
ferences between the 3 regions. This suggests that
our results and discussion are applicable to the whole
study area.

Temporal changes and regime shifts

Post-1977

This regime change corresponds to the cold epi -
sodic event described previously (Reid & Edwards
2001, Edwards et al. 2002): phytoplankton biomass
patterns clearly changed, the spring bloom was less
apparent, and there was a higher biomass during the
second part of the year (Fig. 9a). This period ended
around 1984 (regime change detected in PC1), and
gave way to a transition period during the late 1980s.
Both the cold-water copepods and PCI returned to
previous values during the mid-1980s (Fig. 2), which
indicates the episodic character of this regime. Only
the warm-water copepods seemed to stay in the cold
event configuration throughout the 1980s (Fig. 2).

Post-1988

The late 1980s North Sea plankton regime shift
was also clearly detected in PC2 and PC3, together
representing a seasonal and a non-seasonal pattern
in the phyto- and zooplankton community composi-
tion (Fig. 3, Table 2). There was a clear change from
a cold-water copepod-dominated phase (dashed line

32

Indices    Regime limits (95% confidence intervals)

NAOi                                         1988                     1995 
                                            (1986−1992)         (1991−1997)

NHTa           1976                     1986                     1997 
              (1973−1979)         (1982−1989)         (1995−1999)

Table 5. Regime limits found by the change point detection
method for the North Atlantic Oscillation winter index (NAOi)
and the northern hemisphere temperature anomaly (NHTa)

Fig. 8. (a) North Atlantic Oscillation winter index (NAOi) and (b) northern hemisphere surface temperature anomaly 
(NHTa, °C). Vertical lines represent regime changes in these time series
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in Fig. 9g,i) to a warm-type plankton system with
higher phytoplankton biomass throughout the year
(Fig. 9b,h,j).

Post-1998

A third regime change was detected at the end of
the 1990s. After 1998 the relative contribution of
warm-water copepod species increased considerably
and the total number of copepods decreased (Fig. 2b).

Although the mean numbers of warm-water cope-
pods per sample did not show a significant increase
from the previous period (Fig. 9j), the copepod com-
munity showed a decrease in neritic species (Fig. 2g).
This assemblage dominated in numbers per sample
until 1998. After 1998 the neritic copepods contri -
buted only half of the total copepods of the analysed
assemblages from August onwards (Fig. 9l), when
the warm-water copepods started growing in num-
bers (Fig. 9j). This drop in numbers of neritic cope-
pods can be related to a decrease during the same
period in dinoflagellates, a major food source for
some of these copepods (Gentsch et al. 2009). Differ-
ent studies have highlighted the importance of a high
and constant food supply for the success of some ner-
itic copepod species (Vidal 1980, Evans 1981, Tsuda
1994, Gentsch et al. 2009), so a decrease in prey, e.g.
dinoflagellates, during part of the year could lead to
limitation of population growth.

Although the number of diatoms showed an in -
crease post-1998, particularly during the spring
bloom (Fig. 9d), dinoflagellates showed an important
decrease (Fig. 9f). The linear increase in neritic cope-
pods shown by the GAM below 100 000 dinoflagel-
lates sample−1 and the stable phase above that num-
ber (Fig. 4) may indicate food limitation.

Moreover, Vidal (1980) showed how critical food
concentration increased with increasing temperature
for both growth and development of the most numer-
ous copepod species, Pseudocalanus. This situation
would also apply to the present study, as temperature
was higher post-1998 (Fig. 5a).

Environmental drivers

PC1

Wind speed and temperature were the main abiotic
variables driving plankton biomass seasonal dynam-
ics in the North Sea during this period (Table 4).
Wind speed and temperature at De Kooy decreased

and increased respectively after 1998, even though
1988 was the largest shift in temperature (Fig. 5a)
and 1996 the sharpest decrease in wind speed
(Fig. 5b). This was not the case for the Atlantic water
inflow through the Orkneys-Norway transect (Fig. 5d),
which showed a large decrease post-1996 after a
period of high inflow in the early 1990s.

All of these variables are related to water mixing
dynamics. In the 1998 case, lower wind speeds and
higher temperatures would have led to a stronger
and more permanent stratification.

PC2

There is a clear relationship between PC2 and tem-
perature. This PC represents clearly the late 1970s
cold episodic event and the late 1980s regime shift,
which had a clear link with SST changes (Edwards et
al. 2002, Beaugrand & Reid 2003).

The North Atlantic inflow to the North Sea has
been previously linked to NAOi (Reid et al. 2003),
while stratification patterns have additionally been
linked with NHTa (Beaugrand 2004b).

Our analyses of these 2 indices agree with previous
findings (Beaugrand 2004b), and point to the rela-
tionship between these indices and the ecosystem
changes in the North Sea.

PC3

Because of the limited time coverage of the nutri-
ent data, only relationships with the 1998 shift can be
discussed. The decrease in dinoflagellates post-1998
might possibly be related to a change in nutrient bal-
ance in the North Sea post-1998 (Fig. 10). In this
period, nitrogen values were considerably re duced
(Fig. 10b), and consequently the total nitrogen:total
phosphorus ratio dropped below 20, which would
indicate nitrogen limitation (Guildford & Hecky
2000) (our Fig. 10g). The most apparent change in
dissolved nitrogen compounds was found in ammo-
nia (Fig. 10a), which consistently showed lower mean
values post-1998, although nitrate also showed lower
levels after the spring bloom (Fig. 10e). In contrast,
silica only showed a consistently significant decrease
during the autumn period in the post-1998 period
(Fig. 10d). The decrease in nitrogen could be the
result of both the decrease in influx of nutrient-rich
North Atlantic waters and a strong and more stable
stratification that could promote the locking up of
inorganic nutrients below the photic zone (Brock-

34
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mann et al. 1990), and a subsequent shift in the nitro-
gen and phosphorus cycles. McQuatters-Gollop et al.
(2007, 2009) suggested that nitrogen may be limiting
in the open North Sea, and they discussed how, com-
pared to coastal North Sea areas, changes in nutrient
state are slower in open waters and less influenced
by anthropogenic impacts.

In this new nitrogen-limited scenario, diatoms did
not show any decrease in the second half of the year
relative to the pre-1998 scenario because they would
still be silica-limited, not nitrogen-limited as shown
by the nitrogen:silica ratios, which were still around
4:1 during the late growing season, i.e. August and
September (Fig. 10h). For diatoms, nitrogen:silica
ratios of 4:1 have been shown to be an indication of
silica limitation, not nitrogen limitation (Gilpin et al.
2004).

In contrast, dinoflagellates showed a clear drop in
abundance (Fig. 9f). This could be explained by
phyto plankton becoming dominated by smaller spe-
cies and bacteria because of their higher competitive
ability for limiting factors (Riegman et al. 1993). In
this case there would not be enough nitrogen in the
system to sustain the high dinoflagellate abundances
recorded pre-1998.

Further implications

The changes in plankton community structure pre-
sented in this paper may have knock-on effects on

higher trophic levels. The copepod species that form
the neritic assemblage (i.e. Pseudocalanus and Para-
calanus spp., Temora longicornis) are the main prey
items for larvae of several important fish species in
the North Sea, such as herring and sprat (Last 1989,
Arrhenius 1996) and cod and whiting (Shaw et al.
2008). A significant drop in prey abundances (i.e.
neritic copepods), caused by the decrease in dinofla-
gellate numbers, could potentially lead to more com-
petition for prey, less larval survival and therefore
lower recruitment for these species. For herring this
has already been shown (Payne et al. 2009). The tim-
ing of the North Sea herring recruitment failure in
the year 2000 (Payne et al. 2009) coincides with the
shift detected in plankton community structure in
1998. Furthermore, a preliminary analysis of recruit-
ment data in the period 1990 to 2008 for 5 North Sea
fish species (cod Gadus morhua, whiting Merlangius
merlangus, herring Clupea harengus, sandeel Am -
mo dytes spp. and haddock Melanogrammus aeglefi-
nus) showed a shift between 2000 and 2002 (95%
confidence interval; Fig. 11). Recruitment values for
these species for the 2000s are lower than in the pre-
vious period, although further analyses are required
to weigh the exact relationship with larval prey
(plankton) availability for each species and the rea-
son behind different timings of recruitment failure
for different species.

This fish recruitment failure could propagate to
higher trophic levels. The sandeel recruitment col-
lapse has already been related to seabird breeding

36

Fig. 11. Recruitment for different fish
species since 1990: (a) Gadus morhua,
(b) Melanogrammus aeglefinus, (c)
Clupea harengus, (d) Ammodytes spp.
and (e) Merlangius merlangus in the
North Sea. Vertical lines represent
confidence  intervals of regime limit
detected in preliminary analyses. Note 

different scales of y-axes
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failure on the North Sea coast (Proffitt 2004, Wanless
et al. 2005). This propagation in time through differ-
ent trophic levels would support the idea of a new
regime shift in the late 1990s.

Further research is needed to assess the propaga-
tion of this shift and also the implication of changes in
the nutrient balance for the plankton community and
the different reactions of nitrogen, phosphorus and
silica cycles to the environmental changes.

Although the results of our analyses seem to have a
valid ecological interpretation, several considera-
tions should be taken into account when working
with CPR data: (1) the semi-quantitative nature of the
PCI might make interpretation of total phytoplankton
difficult; (2) the grouping of dinoflagellates and dia -
toms hampers the interpretation of food availability
to the zooplankton community, i.e. a decrease in
dinoflagellates could not be detrimental if it is caused
by certain species that are not edible by the existing
zooplankton, either because of their size or any other
factors; and (3) diatoms and dinoflagellates, which
are counted in CPR samples, are not the only major
phytoplankton functional groups. For the sake of dis-
cussion, we assumed here that the temporal patterns
we found both in dinoflagellates and diatoms, al -
though strictly being size classes collected in a
270 µm mesh, are a good representation of slightly
smaller size classes.
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