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Zooplankton at a station 5.5 nautical miles off the Northumberland coast has been
monitored monthly since 1968. Multivariate statistics distinguish two groups in the
samples, with a change in community structure around 1979. These groups are not the
result of dramatic changes in the occurrence of key species, but reflect small changes in
abundance of many species. This study investigates the relationship between temporal
changes in this community and local meteorological factors, far-field hydrographic/
meteorological factors and internal, biotic, feedbacks, including availability of phyto-
plankton and abundance of predators. The results indicate good correlations for both
zooplankton abundance and community structure with the position of the north wall
of the Gulf Stream. Implications are discussed.
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Introduction

The zooplankton community at a station off the
Northumberland coast has been sampled monthly from
1968 to the present (see Evans, 1985; Roff et al., 1988;
Evans and Edwards, 1993). These studies have charac-
terized the seasonal patterns of species abundance (Roff

et al., 1988), the annual productivity of the dominant
copepods (Evans, 1985), the inter-annual variability of
the zooplankton (Evans and Edwards, 1993), and
established a relationship between productivity and
standing stock of ‘‘over-wintering’’ copepods (Roff

et al., 1988).
Seasonal and inter-annual trends in copepod

abundances, zooplankton composition and productivity
have been examined in relation to macro-zooplankton,
phytoplankton, and temperature in the North Sea (e.g.
Vidal, 1980; Evans, 1981; Colebrook, 1979, 1982a,b,
1984, 1985a,b; Colebrook and Taylor, 1984; Roff et al.,
1988; Daan, 1989; Hannon and Joiris, 1989; Fransz
et al., 1991; Evans and Edwards, 1993). Some of these
authors (Evans, 1981; Colebrook, 1979, 1982b, 1984,
1985b; Roff et al., 1988; Fransz et al., 1991; Evans and
Edwards, 1993) have concluded that the size of the
over-wintering stock of copepods plays a major role
in determining total abundance of zooplankton and
densities of specific species (e.g. Acartia clausi and
Pseudocalanus elongatus) in the following summer.

Colebrook (1986) noted that there was a long-term
decline in zooplankton abundance in CPR data for the
western North Sea (including Northumberland waters)
between 1950 and 1980. This decline was also recorded
by Evans (1985; Roff et al., 1988; Evans and Edwards,
1993). At the Northumberland station, the changes in
abundance of some groups varied considerably. For
example, Acartia clausi and A. longiremis were more
abundant in the 1970s than in the 1980s. In contrast,
the chaetognath Sagitta elegans was rare in the 1970s
and increased in abundance in the 1980s. Overall, the
holozooplankton reached a peak of abundance in 1975,
declined sharply to 1980, and recovered in the 1980s
(Evans and Edwards, 1993).
Different mechanisms have been proposed as the

cause of inter-annual and longer-term changes in zoo-
plankton communities. Long-term changes recorded
by the CPR surveys have been correlated with the
prevalence of either northerly or westerly winds
(Colebrook and Taylor, 1979, 1984; Dickson et al., 1988;
Aebisher et al., 1990). These winds would lead to
changes in the degree of penetration of Atlantic Water
into the North Sea (Taylor and Stephens, 1980; Taylor
et al., 1992), which may cause a direct injection of
Atlantic species or alter species composition by changing
the characteristics of North Sea water. Taylor and
Stephens (1980) pointed out that the biological changes
in the North Atlantic have occurred on a similar
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temporal scale to the changes in the position of the
Gulf Stream, with annual fluctuations in the number of
copepods in the years 1966–1977 following the pattern
of displacements in the Gulf Stream. Furthermore,
Taylor and his co-workers (Taylor and Stephens, 1980;
Aebisher et al., 1990; Taylor et al., 1992; Hays et al.,
1993; Taylor, 1995) have established a relationship
between both the total abundance of North Sea zoo-
plankton and various individual taxa, and the position
of the north wall of the Gulf Stream. This relationship is
again based on CPR data and the mechanism underlying
the correlation is suggested to be the north–south dis-
placement of storm tracks (Taylor et al., 1992; Taylor,
1995).
It remains unclear whether and to what extent the

zooplankton is responding directly to changes in
hydrography associated with these mechanisms, or to
changes in food supply, which are in turn controlled by
variations in hydrography. There is a relationship
between the abundance of copepods and the density of
phytoplankton, as estimated by the green coloration of
the meshes, in both the CPR data (Colebrook, 1984,
1986) and the Northumberland time series (Roff et al.,
1988; Evans and Edwards, 1993). The increased
abundance of ‘‘Atlantic indicator species’’ in certain
years suggests that at least some of the variation is the
direct result of a greater penetration of Atlantic water
into the North Sea.
This study presents analyses of the zooplankton at the

Northumberland station for the period August 1968 to
December 1993. The full data set is used to investigate
the role of physical processes, i.e. displacements of
the Gulf Stream position and local rainfall as an index
of freshwater inflow to coastal waters and biological
factors, such as phytoplankton and predator abundance,
in controlling the observed long-term changes.

Materials and methods

Monthly sampling of zooplankton organisms at a
fixed station about 5.5 nmi east of Blyth on the
Northumberland coast at 55)07*N, 01)20*W was
initiated in August 1968. The programme has run con-
tinuously up to the present, except in 1989 when only
four months were sampled. The data set analysed
here covers the period 1968 to 1993, excluding 1989.
Sampling consisted of four vertical hauls, from a depth
of 50 m to the surface (water depth approximately 53 m)
to give a sample equivalent to a 200 m water column,
using a 200 ìm meshed WP2 net (UNESCO, 1968) with
a mouth area of 0.25 m2. A flowmeter was mounted in
the mouth of the net to allow determination of the exact
volume of water filtered. The catch from the four hauls
was pooled and preserved immediately in 4% buffered
formaldehyde in sea water.

In the laboratory, zooplankton was identified to
species level whenever possible and counted. Certain
taxa were subdivided into sexes, or were categorized as
juveniles and adults.
The data used in this study are estimates of monthly

abundances (number of individuals m"3) of species and
annual means. Prior to analysis, data were transformed
(log (x+1)). Because of the large size of the biological/
ecological data matrix, the analysis focuses on com-
munity parameters such as total abundance or key
groups, i.e. copepods. The time series was initially
examined using trend analysis with the fitting of
linear, quadratic, growth and Pearl-Reed logistic
models. Minimization of the mean absolute percentage
error (MAPE) was used as the criteria for the selection
of the most appropriate model. Both univariate (regres-
sion and product–moment correlation) and multivariate
(principal component analysis) statistical methods were
used to elucidate species assemblages and their temporal
patterns. For multivariate analysis the data were
reduced prior to analysis by maintaining only those
species which comprised 75% of the community by
abundance.
The environment was characterized by three variables:

(i) the position of the north wall of the Gulf Stream
(derived from the first principal component of its
position at six longitudes; see Taylor and Stephens
(1980) for details), (ii) local freshwater inputs (and
associated inputs of nutrients from coastal sources) as
indexed by the rainfall recorded at the local (Blyth,
Northumberland) gauging station, and (iii) phyto-
plankton abundance as recorded by the CPR Net
Colour Index (see Buchanan (1993) for details and
justification). Predation pressure was indexed by two
variables, consisting of the total abundance of ‘‘winter’’
(chaetognaths, hyperiid amphipods, and euphausiids)
and ‘‘summer’’ (ctenophores, medusae, and fish larvae)
predators each year (following Roff et al., 1988).

Results

Principal component analysis of the species abundance
matrix (annual means) showed that the first three axes
explained approximately 40% of the total variance in the
zooplankton community. The taxa that contributed
most to the formation of the first two axes were Calanus
spp., Pseudocalanus elongatus, Paracalanus parvus,
Metridia lucens, Centropages typicus, Acartia clausi, A.
longiremis, Sagitta elegans and Semibalanus balanoides
(nauplii and cyprids). Most of the dominant species had
high positive values for the first eigenvector, indicating
that the first component represented species/taxa that
were common to all years. There was a tendency for the
years up to 1980 to separate on PCA axis 2 (Fig. 1), a
pattern that was more distinct in multi-dimensional
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scaling ordinations of the 1968–1988 data set (see Evans
and Edwards, 1993).
The annual mean abundance of total copepods

appears relatively constant through time (Fig. 2a).
Trends are more apparent when the deviations from the
long-term mean are plotted (Fig. 2b). Trend analysis
showed that the time series was best modelled
(MAPE=5.1%) by a quadratic model (Fig. 2a). Total
copepod abundance tended to increase from the begin-
ning of the time series until 1979; the observed abun-
dance in 1980 was very low and there was then a
downward trend until 1990/91, with the exception of a
high in 1987.

None of the principal predatory groups showed
any clear long-term trends, either individually or when
combined into seasonal groups (Fig. 3).
Possible explanations for the changes in total zoo-

plankton, total copepods, and community structure (as
indexed by PCA1; Bakus, 1990) were investigated by the
use of multiple regression models. The independent
variables used were: the position of the north wall of the
Gulf Stream (Fig. 4a), the CPR net colour index (Fig.
4b), the rainfall at Blyth (Fig. 4c), and the abundance of
summer and winter predators (Fig. 3). In addition,
time-lags of 1 and 2 years were imposed between the
zooplankton data and the possible forcing functions.
For each of the dependent variables examined, the

position of the north wall of the Gulf Stream explained
around 20% of the variation (Table 1, Fig. 5). The
correlation of total copepods with the Gulf Stream
position (GSP) was negative, i.e. copepod populations
were suppressed in years when the north wall was
further north. However, there were only 3 years with a
large northward shift of the GSP (Fig. 5). Including
additional factors did not greatly increase the amount of
variation explained by the regression models. The abun-
dance of summer or winter predatory plankton was not
significant in any model. A time-lag of 2 years increased
the variation explained by rainfall and phytoplankton
(Table 1), but the proportion explained was still minor
compared to the contribution of the GSP. A time-lag of
1 year had no effect on the explained variation (results
not shown).

Discussion
The last 25 years have seen considerable inter-annual
variation in the zooplankton off the Northumberland
coast. This variation is apparent in both the abundance

Figure 1. Principal component scores of the species abundance
matrix, 1968–1993. PC axis 1 accounts for 19% of the variation
and PC axis 2 for a further 11%.

Figure 2. Total abundance of copepods, 1968–1993. (a) Annual
abundance (solid line) and trend line produced by fitting a
quadratic model (MAPE=5.18%; dashed line); (b) abundance
as deviations from the long-term mean.

Figure 3. Abundance of winter (chaetognaths, hyperiid amphi-
pods and euphausiids – -) and summer (ctenophores, medusae
and fish larvae – ,) planktonic predators, 1968–1993.
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and the community structure. Analysis of the benthos at
the same station has shown a change in the dynamics of
the system in 1981, which was correlated with a change
in the dynamics of the phytoplankton 2 years earlier, i.e.
1979 (Buchanan, 1993; Frid et al., this volume). This
event coincides with a marked shift in the structure of
the zooplankton community (Evans and Edwards, 1993)
and raises the possibility that both the zooplankton and
the benthos at this site are closely coupled with the
dynamics of the local phytoplankton.
Roff et al. (1988) showed that at the Northumberland

station the abundance of copepods between April and
July was highly correlated with the abundance of
phytoplankton 2 months earlier. They took this to imply
an annual period of food limitation/resource control. In
both CPR data from the North Sea (e.g. Colebrook,
1979, 1984) and the Northumberland time series (Roff

et al., 1988; Evans and Edwards, 1993), there is a
correlation between the size of the over-wintering
copepod population and the abundance the following
summer. The amount of over-winter mortality is, at least
partially, determined by predation, especially by
hyperiid amphipods and chaetognaths (Frid et al.,
1994). Thus, there is strong evidence for regulation of
copepod numbers by biological factors, predation, and
food limitation, during much of the year. However,
these factors do not appear to play a major role in
determining the inter-annual variation (Table 1).

The results clearly demonstrate a correlation of both
zooplankton abundance and community structure
with Gulf Stream position. Taylor and his co-workers
(Taylor and Stephens, 1980; Aebisher et al., 1990;
Taylor et al., 1992; Hays et al., 1993; Taylor, 1995) have
already demonstrated such relationships for CPR data
from areas to the west of the British Isles and in the
northern North Sea. However, a relationship was absent
in area C2 (offshore from Northumberland) and in the
southern North Sea. They attributed this to the lack of
seasonal stratification in these areas and hence a lack of
coupling between production and wind-induced mixing
(Taylor and Stephens, 1980; Taylor et al., 1992; Taylor,

Figure 4. Time series of environmental factors, 1968–1993. (a)
The first principal component of the Gulf Stream position; (b)
CPR net colour index for area C2; and (c) rainfall recorded at
Blyth.

Figure 5. Regressions (n=22, significant, p<0.01, in all cases),
1968–1993. (a) Total zooplankton (Y=3.616"0.1502 X;
r2=0.22) vs Gulf Stream position (GPS): (b) total copepods
(Y=3.510"0.1731 X; r2=0.27) vs GPS; and (c) the first
principal component axis of the species abundance matrix
(Y="0.14+1.370 X; r2=0.18) vs GPS.
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1995). In those areas where a relationship existed it was
always positive, i.e. northward movements of the GSP
increase the abundance of total copepods. For the
coastal waters of Northumberland, in contrast to the
adjacent CPR box, the relationship is as strong as those
demonstrated for the northern North Sea. However, it is
an inverse relationship, i.e. total copepod abundance is
lower in years when the GSP is more northerly.
George and Harris (1985) identified a climatic influ-

ence on the abundance of crustacean zooplankton in
Lake Windermere, a freshwater lake in NW England
(54)22*N, 02)56*W). These fluctuations have also been
correlated with the position of the Gulf Stream (Taylor,
1995). Unlike the zooplankton in the northern North
Sea and NE Atlantic, but like the Northumberland
zooplankton, the sign of the correlation was negative.
The relationship between Gulf Stream position and

zooplankton is thought to be an indirect one, through
changing weather patterns over the North Atlantic, and
involves a biological magnification of the climatic signal
(Taylor and Stephens, 1980; Taylor, 1995). In Lake
Windermere, the direct control of zooplankton is
thought to be via a reduction in mixing depth and an
earlier phytoplankton bloom. This leads to a decreased
match between populations of grazers and their food in
years when the Gulf Stream track is more northerly. Off

Northumberland, changes in the timing of the spring
increase in phytoplankton may affect the productivity of
grazing copepods. Roff et al. (1988) have shown phyto-
plankton limitation of copepod production during
April–July, although there is no correlation between
annual phytoplankton production and copepod abun-
dance. In nearshore waters, the input of nutrients and
detritus may both vary in response to changing weather
patterns. These may influence the dynamics of inshore
zooplankton but not be sufficiently far-ranging as to
affect populations in the offshore areas sampled by the
CPR.
While internal biological interactions play an import-

ant role in the within-year dynamics of the zooplankton

at the station investigated (Roff et al., 1988), this study
shows that between-year variation is the result of
climatic forcing. It is important to test the generality of
the difference in sign of the relationship of zooplankton
to Gulf Stream position between the coastal and fresh-
water habitats and that for CPR boxes in more oceanic
areas. Oceanic areas may be responding directly to
climatic variations, while coastal and freshwater systems
may be responding indirectly, via changes in nutrient/
detrital fluxes.
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