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ABSTRACT: Planktonic time series collected since 1975 off Gravelines, France, were analysed in the
context of climatic changes. Principal component analysis and the cumulative sums method were
applied to 30 data sets which included meteorological and hydrological parameters and planktonic
descriptors. Eight groups of biological descriptors were linked to external parameters. The study of
winds highlighted the importance of cyclonic and anticyclonic influences. Seven year cycles appeared
clearly in air temperature and in species abundance with different trophic levels for species such as
Temora longicornis, Oikopleura dioica and Sagitta setosa, whereas an 11 yr cycle appeared for Pseudo-
calanus minutus. A 3 to 4 yr cycle was detected for atmospheric pressure, precipitation and some
species. This cycle may or may not be superimposed on another (for example, on an 11 yr cycle).
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INTRODUCTION

At the turn of the century, British researchers had
already set up a system for climatic and biological
monitoring on a regular basis for the North Atlantic,
Channel and North Sea regions, such as the E1 station
located in Plymouth, England, followed by a series of
CPR {Continuous Plankton Recorder) measurements.
These enabled long-term fluctuations to be monitored
(Russell 1935) and then summarised to highlight the
links between climatic changes (Lamb 1969, 1985) and
biological changes in terms of fish stocks, plankton and
the intertidal benthos (Cushing 1961, 1978, Southward
1963, Russell et al. 1971, Cushing & Dickson 1976). The
periodic phenomena described as the ‘Russell Cycle’
are still referred to today. Since plankton recorders
have remained in operation, various simple or complex
mathematical processing methods have enabled
assessment of the results and comparisons to be drawn
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(Colebrook 1981, 1982, Colebrook & Taylor 1984,
Ibanez 1984, Ibanez & Etienne 1992, Fromentin et al.
1993, Ibanez et al. 1993).

The plankton record from Gravelines, France, pre-
sented here covers part of the chronological data gath-
ered from 1975 onwards. The study was begun follow-
ing the decision to build a high-power (5500 MW)
coastal nuclear power plant. The objective was first to
assess site characteristics (e.g. hydrology, microbiol-
ogy, plankton, fish, benthosj before the plant was put
into operation (1980) and then to monitor its impact.
The plankton data were used to study seasonal species
variations (Toularastel et al. 1977, Le Févre-Lehoerff &
Quintin 1981, Woehrling & Le Févre-Lehoerff 1993),
for the impact study (Le Féevre-Lehoerff & Woehrling
1991, Le Fevre-Lehoerff et al. 1993b) and for spatial
comparison between Gravelines and other Channel
sites (Le Fevre-Lehoerff et al. 1983, 1993a). The data
used within the context of regional climatic changes
(Fromentin & Ibanez 1994) concern only the area out-
side of the power plant’'s impact area.
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MATERIALS AND METHODS

Sampling area. Gravelines is located between Calais
and Dunkerque (Fig 1) in the southern part of the
North Sea on a low, sandy coastline. Semi-diurnal
alternating tidal currents run parallel to the coastline
and the general residual current flows toward the
North Sea. Coastal counter-currents are exceptional,
and can divert water from large northern European
rivers (e.g. the Escaut, Belgium) southwards. Irregular
flows of 350000 m® d7' issue from a small canalised
river in France called the Aa.

Sampling frequency. The sampling approach
adopted was determined by the geographical situation
and research objectives. The first aspect was a multi-
disciplinary approach during sampling surveys. The
second involved an assessment of the environment's
natural variability by replicate samples and samples
taken during tidal cycles. Man-made constructions
implemented from 1973 to 1980 modified the shore-
line, and consequently, our research strategy. From
1980 on, impact studies based on spatial comparisons
rather than on time-based variations (Chardy & Men-
esguen 1984) were mainly used in this research.

Surveys were conducted between September 1974
and October 1986 at a rate of 10 to 12 times yr~! Their
number then dropped to 3 yr! Since measurements
are less accurate offshore, weekly measurements were
taken at the entrance to the plant. Few measurement
points were used here. The non-impacted zone succes-
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Fig. 1. Geographical zone of study

sively shifted on a geographical scale. This does not
appear to be of great importance, considering the
movement of water masses with the tide.

All measurements are included in 1 file list: Points 9
and 17 from September 1974 to December 1975, Point
2 from August 1976 to May 1978 and from April 1982 to
September 1993, and Point 5 from August 1976 to Feb-
ruary 1982 (Fig. 1).

Measurement techniques. Conventional oceano-
graphic techniques (Aminot & Chaussepied 1983)
were applied in field studies and laboratory analyses.
The more specific techniques employed are described
in a collective publication (Belsher et al. 1986). Sam-
ples were collected using Niskin bottles and a WP2
plankton net (200 pm). Hydrologically speaking, the
shallow water (20 to 25 m) only required samples taken
at a few levels (3) and for vertical tows of zooplankton.
The filtered volume was evaluated using a TSK flow-
meter attached to the net opening (Le Fevre-Lehoerff
1985). To estimate the suspended matter (SM) in
the sea water, samples were filtered through a pre-
combusted 0.45 um Whatman filter. The samples of
SM, nutrients, chlorophyll and zooplankton biomass
were frozen as soon as possible after being collected.
The zooplankton samples which were to be used for
counting and determination of species were put in
formalin (8% final concentration). Nutrients were
analysed using a Technicon Autoanalyser and ex-
pressed in mmol 17! for each nutrient, NO;-, NO,7,
NH,*, PO,”, SiOH~. The chlorophyll biomass was
assessed using a fluorometer and expressed in mg m™>.
The zooplankton biomass was dried for 48 h at 60°C,
weighed (mg m™), then homogenised and analysed
with a Carlo Erba elemental analyser; results were
given as carbon and nitrogen percentages of dry
weight. Densities (no. m~>) were estimated for the spe-
cies determined.

Data. Meteorological parameters: The following
parameters were available: air temperature, atmos-
pheric pressure, precipitation, number of days with
east and west winds. Readings of monthly values were
recorded in Dunkerque from January 1974 to Decem-
ber 1992, except for wind, which was measured from
1976 onward.

Hydrological parameters: Conservative hydrologi-
cal parameters such as water temperature (°C) and
salinity (PSU) were available for the period 1976 to
1992. Other non-conservative parameters such as
nitrogen salts NO;", NO,~, NH,* (from 1976 to 1988) as
well as PO, and SIiOH™ (from 1976 to 1986) were
expressed in mmol 1"'. Overall parameters were esti-
mated for SM (from 1976 to 1986} in mg 1™!, chlorophyll
(mg 1"Y) from 1976 to 1992, phaeopigments (mg 17}
(1978, 1986), and zooplankton biomass in dry weight
(mg m~?) from 1976 to 1992.
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Biological descriptors: The total zooplankton
species present at Gravelines comprised approxi-
mately 150 taxa (Le Fevre-Lehoerff et al. 1976).
This inventory was drawn up at the start of the
study; subsequently only about 40 taxa were regu-

“larly counted. This selection also supplied the 14

biological descriptors (Table 1) used in the analysis.
These species were well represented in terms of
frequency and number of individuals. Other abun-
dant species were rejected because their presence
was too erratic. Many observations were lacking
for the time series (110 monthly sampled values out
of 220). This was especially true for later years,
when sampling dropped to 4 times in 1986, then to
21n 1989. Abundance data were log-transformed in
order to stabilise the variance. To render the data
more regular, median observation values within
each month were used (sampling unit: 1 mo).
Numerical analyses. Cumulative sums: Chronologi-
cal series in oceanography often contain missing val-
ues. In spite of this it is important to detect the general
trend in order to compare biological and environmen-
tal conditions. Toward this aim the simple method of
the cumulated function (Ibanez et al. 1993), which does
not require special conditions, can be applied. For a
chronological series with data x, sampled for each ¢ (t
varying between 1 and n), a reference value k is cho-
sen (which could be e.g. the mean of the series, or an
indicative value). After subtracting k from each data
point, the residuals are added successively:

p
S, = Zx, - pk
=1

For successive values equal to k, the curve will be
horizontal, and for successive values lower than k, the
slope will be negative, and vice versa.

If an erratic, high value exists (large peak or dip), this
will also show up as a marked anomaly on the curve
of cumulative sums. However, small fluctuations are
smoothed.

For information purposes, Bravais-Pearson correla-
tions were calculated using series of cumulative sums.
The r significance value for 100 degrees of freedom
was 0.19 at the 5% threshold and 0.25 at the 1%
threshold. However, this conventional test could not be
used since the terms of cumulative sums are autocorre-
lated. An extremely scrupulous approach would have
included a Monte Carlo simulation producing an r
value distribution. However, this would have been
excessive since the cited correlations taken for our
research were all considerably higher than the previ-
ous statistical thresholds.

Principal component analysis (PCA): An analysis
was conducted by principal components, using the
series of cumulative sums from the 14 biological

Table 1. Mean, standard deviation, maximum (all in ind. per

10 m®) and percentage of zero (%) in counted categories

Category Mean SD Max. %
Sagitta setosa (SAGI) 65 277 3687 11
Lanice conchilega (LANI) 256 1079 10625 3
Pleurobrachia pileus (PLEU) 7 27 229 16
Paracalanus parvus (PARA) 292 899 7476 1
Pseudocalanus minutus (PSEU) 424 1347 11565 3
Centropages hamatus (CENT) 1890 9417 129090 1
Temora longicornis (TEMO) 6324 19433 163158 O
Cyphonaut larvae bryozoa (CYPH) 184 763 8853 2
Cirriped nauplii {CINA) 172 564 6382 3
Cirriped cypris (CICY) 140 776 11625 8
Acartia clausi (ACAR) 1544 4817 46010 O
Euterpina acutifrons (EUTE) 686 6504 112960 5
Oncaea sp. (ONCA) 122 625 9674 4
Oikopleura dioica (OIKO) 897 2728 22116 2

descriptors. The 11 hydrological parameters were
entered as supplementary variables. Correlations with
the first 3 components graphically displayed the prox-
imities of the 25 variables (Dauvin & Ibanez 1986).

RESULTS

Year-to-year changes in meteorological and
hydrological parameters

Meteorological parameters

Alr temperature at Dunkerque (Fig. 2a) showed var-
lous phases of trends over several years: stable oscilla-
tion from 1974 to 1980, followed by a slight rise from
1980 to 1984. The recent drop in temperature, charac-
terised by cold winters from 1985 to 1987 and the rise
in temperatures after 1987, are meteorological events
which correspond to periodicities highlighted in stud-
ies of data from the last 50 yr (1949 to 1992), and par-
ticularly to 7-8 yr cycles (Fromentin & Ibanez 1994).

Atmospheric pressure (Fig. 2b) showed a very
smooth profile from 1974 to 1986 and an overall
decreasing trend, except for the anomaly of the 1976
anticyclonic period. Following a period of relative sta-
bility from 1986 to 1989, an increasing trend was seen
up to 1992. Study of the last 50 yr revealed a significant
32 mo cycle.

Precipitation (Fig. 2¢) also presented a major cycle
lasting 64 mo. A 32 mo harmonic cycle is detected if all
observations over the last half century are taken into
account. Anomalies can be seen for the period 1974 to
1992, with high winter rainfall (1977, 1982, 1988) and
summer drought (1976 and at the end of the series), to
which a long-term, increasing trend observed between
1978 and 1984 should be added.
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East winds were estimated as no. of days mo ' with
winds over 7 m 5! (following recommendations set out
by Lagadeuc 1992). Two periods of instability
appeared in 1979 and 1986, when a decreasing trend
was observed. A characteristic anticyclonic condition
period was seen in 1988-1992. West winds (Fig. 2d)
from the sea are generally stronger than east winds;
they tended to increase until 1986, followed by a
decrease.

For information purposes, correlations between
parameters were calculated from the cumulative sums.
These correlations were all highly significant (with the
reservation that observations were not independently
performed). Overall, the results were largely coherent.
High temperatures (T,,, in °C) and anticyclonic condi-
tions coincided with high atmospheric pressure {(atm P}
(Ty/atm P, r = 0.911"), high precipitation and low
atmospheric pressure are correlated (r = -0.595"") and
correlated with west winds (atm P/west winds, r =
—-0.845"").

Conservative hydrological parameters

Water temperature (T,ae) (Fig. 3a) during the
yearly cycle fluctuated between 5°C in January and
18.8°C in August (mean monthly temperatures calcu-
lated for the period 1975 to 1991). The general annual
mean temperature was 11.27°C (Le Fevre-Lehoerff &
Woehrling 1991). The cumulative sums of water tem-
perature trace a U-shaped curve; this movement
reflects the influence of climatic processes in
Dunkerque, especially those of air temperature and
atmospheric pressure. Thus calculated correlations for
Tair/ Twater (r = 0.941°") and atm P/ T e (r = 0.876°")
were noted. From 1976 onward, the series showed a
decreasing trend, reversing to a general warming
trend from 1986 onward.

Fig. 3b presents the salinity (S) variations. Mean S
ranged from 33.63 PSU yearly to 32.96 PSU for March
and 34.08 PSU for September. Although seasonal vari-
ations occasionally show correlations between temper-
ature and salinity, long-term series are more difficult to
understand, as the correlation coefficient is calculated
on the cumulative sums (T/S = 0.4**). High and low S
anomalies and general variations result from the com-
bined action of general circulation phenomena, evapo-
ration, precipitation, thermal flux, wind force and
direction (Dickson 1971, Taylor et al. 1981, Maddock &
Pingree 1982, Taylor & Stevens 1983). The curve of
cumulative sums reflected high values at the begin-
ning and end of the series. This tallies with results from
other authors who noted high S values in the Channel
and the North Sea in recent years (Becker et al. 1992).
The causal factors in this research, as in the studies

previously mentioned, were not yet demonstrated, nor
was a relation with wind direction. The only suggested
relation is that of low S in water coming from all the
coastal and northern European rivers along with north
winds which could push these waters against the
coastline (Salomon & Breton 1993). The only coherent
results observed were the coincidence, in the middle of
the penod studied, of an increasing trend for precipita-
tion and a decreasing trend for salinity.

Non-conservative chemical parameters

At Gravelines, very high values were seen for nutri-
ent salt concentrations; over 20 mmol 17! of NO;™ and
over 10 mmol 1! of SIOH" for a winter monthly mean
calculated for the period 1975 to 1991 (Le Fevre-
Lehoerff et al. 1993a). On cumulative sum curves,
yearly cycles can be recognised, conventionally with
maxima in winter. Over the entire period studied,
there were 2 notable peaks in 1979 and 1983, 4 yr
apart. This was the case for all nutrients (Fig. 3d, e, f).
This phenomenon may be related to circulation in the
southern North Sea, especially the coastal counter-cur-
rents coming from the large northern European rivers,
since large declines in salinity and low winter temper-
atures were also observed during these periods. Corre-
lations were calculated between nutrients and water
temperature: NO3/T g, T = -0.819*". Correlations
between different nutrients were strong: NO3/SiOH,
r=0.552"".

Overall parameters

Chlorophyll values were high, reaching 10 to 40 mg
I'! in spring, depending on the year. In Fig. 3c, sea-
sonal variations are easily recognised. For the period
1976 to 1989, the cumulative sum curve followed, over-
all, the changes in water temperature. Phaeopigments
developed quite similarly. Correlations were calcu-
lated on the cumulative values chl @/ T aer £ = 0.806°°
and chl a/phaeopigments, r = 0.798"*. Although the
yearly cycle showed increased values for spring, when
the water was still cool, long-term changes appeared
to indicate another phenomenon. The positive com-
bined action on chlorophyll in the warmest years, anti-
cyclonic periods, and good periods of sunshine were
certainly favourable factors (at the end of the period,
after 1985).

SM followed the same trend as seen for nitrates, with
2 marked reversals, one in 1980 and the other in 1983,
giving maximum values on the cumulative sum curves.
Over the entire period studied, the increases men-
tioned were most likely linked to the same phenome-
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non of southern North Sea water circula-
tion already mentioned for nutrient salt
variations.

Biological descriptors
Results of PCA

PCA was done using 14 biological
descriptors, with hydroclimatic parame-
ters introduced as complementary vari-
ables (Fig. 4). All variables were studied as
cumulative sums.

By plotting ordinates on the 3 mean
axes, it was possible to determine 8 groups
of biological descriptors, by classification.
In order to interpret changes over time,
only 1 key category from each group is
described here. These were chosen on the
basis of the strongest link with a hydrolog-
ical parameter. All changes over time for
the other descriptors of the group were
very similar to those of the key category.

The following 8 groups were used:

H1: Oikopleura dioica, Temora longicornis;
H2: Pseudocalanus minutus, Oncaea sp.;
H3: cirriped cypris larvae, Centropages
hamatus, Lanice conchilega;
Euterpina acutifrons;

cirriped nauplii larvae;
Bryozoa cyphonaut larvae,
brachia pileus, Acartia clausi;
H7: Paracalanus parvus;

H8: Sagitta setosa.

Axis 1 very clearly indicates the opposi-
tion between atmospheric pressure, air and
water temperatures and chlorophyll (posi-
tive correlations) and precipitation, along
with west winds, dominant winds and ni-
trates (negative correlations). Therefore, it
represents the opposition between periods
of stability and instability. The greatest vari-
ability appears to be due to meteorological
conditions. The organisms which stability
most favoured were Temora longicornis and
Oikopleura dioica (H1) whereas those most
favoured by instability were Pseudocala-
nus minutus, Oncaea sp. (H2) and Para-
calanus parvus (H7).

Axis 2 demonstrates the influence of typ-
ical hydrological characteristics on popu-
lation changes over time. High values of
salinity correlate positively on Axis 2, as
opposed to precipitation. The cirriped

H4:
H5:

H6: Pleuro-

Hydroclimatic relationships with planktonic time series
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cypris larvae, Lanice conchilega and Centropages
hamatus (H3) were strongly linked to episodic high
temperatures and salinity, with east winds, whereas the
most abundant species in low salinity water situations
were those from groups H2 and H6: Pseudocalanus
minutus, Oncaea sp., and Bryozoa cyphonaut larvae,
Pleurobrachia pileus, and Acartia clausi.

Axis 3 shows how great an effect biological variables
have and highlights the opposition between various
groups. For instance, the opposition between cirriped
nauplii (H5) and chaetognaths Sagitta setosa (H8) is
clearly seen.

Changes in biological descriptors over time

Group H1: Oikopleura dioica (Fig. 5a) is one of the
coastal appendicularians, a food source for flat fish on
sandy bottoms (Wyatt 1973). They can reach sizes
which represent 20% of zooplankton dry weight.
Thanks to its ‘house’ system, this animal filters phyto-
plankton and fine organic particles. At Gravelines, a
high correlation was seen (correlations calculated on a
yearly cycle) with high temperatures: r = 0.800"* and
large amounts of phytoplankton (Toularastel et al.
1977). The seasonal variation can be easily identified
at the start of the series. On the curve of cumulative
sums 3 clearly recognizable periods can be distin-
guished. An overall view of the 7 yr cycle is also pro-
vided. There are very sharp positive slopes at the end
of 1979, in early 1983 and in spring 1986. These peaks
follow nitrate values, with a 3 to 5 mo lag. On the
cumulative sum curves, a highly significant correlation
is seen with chlorophyll (r = 0.871"*) with temperature
(r =0.763"*") and a negative correlation with respect to
nitrate (r = -0.646"").

The copepod Temora longicornis can reach a popu-
lation level of 10* ind. m™® and make up 80% of zoo-
plankton abundance in spring. The seasonal variation
is easily seen, as for Oikopleura dioica. The correla-
tions calculated on cumulative sums are strongly
linked to food (phytoplankton, represented schemati-
cally by chlorophyll).

Therefore, the H1 group represented by Oikopleura
dioica and Temora longicornis was distinguished by
species favoured by chlorophyll-rich waters, according
to the herbivore food index. The 7 yr cycle was easily
recognised for this group and correlations between
Temora and Oikopleura were strong, r = 0.638*".

Group H2: For Pseudocalanus minutus (Fig. 5b) the
cumulative sums showed very clear trends: from 1974
to 1977, a decreasing trend; between 1977 and 1988,
marked population growth, especially in 1979 and
1986. From 1988 on, a decreasing trend was observed.
The parallel with temperature changes is obvious. The
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trend showed a continuous growth gradient over 11 yr
from 1977 to 1988. By presenting long time series of P.
minutus and other species from 1948 to 1980, Cole-
brook highlighted the possibility of detecting several
combined cycles at the same time: 3 to 4 yr, 5 to 6 yr
and 11 yr cycles (Colebrook 1986) and the persistence
of a species stock from year to year (Colebrook 1981,
Colebrook & Taylor 1984). This recurring phenomenon
can be seen in planktonic populations as well as in
benthic ones. For the Oncaea species in the same
group, the relation to temperature was not as strong;
however, it was very strong with low salinity. Thus the
H2 group, represented by both P. minutus and Oncaea
sp. copepods, featured an affinity with low salinity, low
temperature and could easily withstand a low chloro-
phyll content in the water. An 11 yr cycle with 3to 4 yr
fluctuations was evident. The 2 copepods which repre-
sent this group are considered to be omnivorous. Their
capability of adapting to various food forms, ranging
from large phytoplankton cells to small flagellates
(Smetacek 1985) or even living or non-living matter in
variable proportions depending on the season (Poulet
1973, 1974, 1976), enhances their dominance over
other species for living in winter periods in cold water,
sometimes with low primary production in the North
Sea and the North Atlantic.

Group H3: The cirriped cypris (Fig. 5¢) are not natu-
rally abundant on sandy coasts, but their larvae can
colonise man-made structures such as seawalls and
industrial or harbour installations. At the Gravelines
site, chlorine is injected into the power plant's pumped
sea water cooling circuits to limit proliferation of cir-
riped populations (and other fouling groups such as the
bryozoa, molluscs and hydrozoa). Therefore, changes
in larval abundance at the nauplii and cypris stages
were closely monitored. Cypris larvae (Fig. 5¢) showed
very high seasonal variability owing to their life span;
however, the year-to-year changes were far from ran-
dom. The evolution precisely followed that of salinity,
with a very high correlation (r = 0.751"*). Salinity may
well be a limiting factor for this larval stage, or at the
least, its influence may be greater than that of the envi-
ronment's nutrient resources. The correlations which
were calculated between taxa in the same group were
r = 0.622"* for cypris/Centropages and r = 0.676"* for
cypris/Lanice. Lanice are sand-dwelling annelids gen-
erally abundant in low salinity waters, and large num-
bers of them are carried to Gravelines by the north
Europeanrivers (J. M. Dewarumez pers. comm.). Thus,
in the first analysis, it may seem curious that the curve
of cumulative sums revealed a positive relation with
salinity. The long-term phenomenon must take long-
term changes in salinity into account over a wider scale
as well as the effect on benthic populations from either
salinity (Dickson et al. 1988) or temperature anomalies,

particularly in winter, which can have a recurrent
effect on benthic populations (Beukema 1989). For lar-
vae groups, fluctuations also depend on all conditions
encountered during their long pelagic life (Marcaco
1990) and buoyancy characteristics of aulophore larva
(Bhaud & Cazaux 1990). Summer periods are
favourable for keeping larvae on the surface, both for
cypris (Le Fevre & Bourget 1991) and for Lanice, and
the combined effect of high temperature and high
salinity cannot be distinguished (r = 0.541*"). The Cen-
tropages hamatus copepod was favoured by increases
in temperature, salinity and chlorophyll (Cen-
tropages/ T aer, T =0.509°").

Group H4 (Fig. 5d): The harpacticoid copepod Euter-
pina acutifrons produces many generations per year in
its seasonal cycle and its development time is linked to
short-term temperature fluctuations (Bernard 1963,
Haq 1972). At Gravelines, maximal abundance in the
seasonal cycle is seen in late summer. The geographi-
cal distribution of E. acutifrons is vast, ranging from the
North Sea to the Mediterranean and the Black Sea. It is
an omnivorous, even carnivorous feeder. On the cumu-
lative sum curves (Fig. 5d) 3 rather distinct periods can
be seen, with a reverse in trends in 1983. The calcu-
lated correlations give positive values with nitrates and
salinity and negative values with chlorophyll (r =
-0.545""). The ecological characteristics mentioned
above agree with these results. It can be observed that
this carnivore's reaction was opposite to that of the her-
bivore Oikopleura dioica, and slope changes appeared
in 1979, 1983 and 1986, as for nitrates. (Euterpina/NO;j,
r=0.652""). It could be interesting to compare the H4
group represented by Euterpina acutifrons in a subse-
quent study. Seeing its wide geographical distribution,
this could be one of the species enabling long-term
changes in general climatic factors to be compared
over a large geographical area.

Group HS5: Cirripeda nauplii. Considering the
extreme variety in the category (Fig. 5e) which is com-
prised of many very small larvae in early cirriped
stages and distributed in swarms, the general popula-
tion curve is quite similar to noise. Only the seasonal
alternation due to the disappearance of this young
stage can be recognised. The same was not true for the
cumulative sum curve where a 7 yr cycle could clearly
be distinguished. This periodicity was already re-
vealed in the year-to-year evolution of meteorological
parameters represented by air temperature. The rela-
tion with T, was negative (r = —-0.306""). Relations to
salinity (r = 0.468"") and suspended matter (r=0.591"")
were calculated.

Group H6: Bryozoa cyphonauts (Fig. 5f). For this
group, which also includes the ctenarian Pleurobrachia
and the copepod Acartia clausi, neither a clear cycle
nor a period could be determined on the series. High




Le Fevre-Lehoerff et al.: Hydroclimatic relationships with planktonic time series 279

growth periods were noted in 1983 and 1987, along
with a relationship with low salinity, although correla-
tions were rather low.

Group H7: Paracalanus parvus (Fig. 5g) 1s a copepod
with a wide geographical distribution, abundant in the
neritic plankton of the Ivory Coast (Binet 1977).
Although this species was never dominant at Grave-
lines, in autumn it is regularly abundant, from Septem-
ber until December. In Fig. 5g the marked seasonal
variation is evident, but neither a regular year-to-year
trend nor segments of homogeneous periods can be
seen. The species is omnivorous and even detritivo-
rous. It seems logical to highlight a negative relation
between the cumulative deviations of abundance and
chlorophyll (r = -0.566"") which this species has more
or less in common with Euterpina. There was a signifi-
cant link with nitrates (r = 0.238"").

Group H8: Sagitta setosa (Fig. 5h) showed a clearly
recognizable yearly cycle. The geographical distribu-
tion of this chaetognath is more coastal (QDresland
1983) than that of Sagitta elegans, which is also con-
sidered to be a good descriptor of long-term climatic
fluctuations, from the research conducted by Russell
(1935, 1936, 1939) and Southward (1962, 1980, 1984).
This coastal species is widely distributed: it is found in
the North Sea and the Channel, as well as in the
Mediterranean Sea (Dallot 1978) and the Black Sea
(Furnestin 1958). As for Euterpina acutifrons, men-
tioned previously, the advantage of choosing this spe-
cies can thus be emphasized for long-term monitoring
to compare sites on a large geographical scale. Sagitta
setosais carnivorous, and its predation on the copepod
stock, especially Paracalanus parvus, was considerable
at Gravelines. The year-to-year evolution (Fig. 5h)
showed a 7 yr cycle. This cycle reflected that high-
lighted for meteorological parameters such as atmos-
pheric temperature (Fromentin & Ibanez 1994). The
correlation calculated on cumulative sums reached r =
0.551"" and the Sagitta/ T e, = 0.425" . For the period
1974 to 1982 in the cycle under study, a reverse trend
appeared with salinity, but this was no longer a con-
stant relation at the end of the period. On a year-to-
year scale, opposition between S. setosa and cirriped
nauplii could be noted. On the cumulative sums, the
correlation cirriped nauplii/Sagitta was r = —0.609"".

DISCUSSION AND CONCLUSION

Numerical processing of cumulative sums applied to
Gravelines plankton time records and of hydroclimatic
parameters in the region has enabled cycles to be
detected. These cycles are either common to several
parameters or biological descriptors or are more spe-
cific. The methods used allow data gathered irregu-

larly over time to be processed. They provide a useful
description of changes which have occurred and
reveal the phenomena which often do not stand out on
seasonal variation curves. They also report the inter-
vals where correlations between biological and physi-
cal processes are very marked. These methods render
a plotting approach, such as that for PCA, more heurls-
tic by reinforcing the variance percentage explained
by the first principal components (high correlations at
the start).

Seven year cycles appeared clearly on the series
studied from 1975 to 1992, both in meteorological
parameters such as air temperature and in biological
species whose life spans and trophic levels can be very
different. These include cirriped larvae, the copepod
Temora longicornis, the appendicularian Oikopleura
dioica and the chaetognath Sagitta setosa. Therefore,
not only did the 7 yr cycle appear for both groups, but
a phase opposition between cirriped nauplii and
chaetognaths also appeared. This strong relation is of
interest; however, it should be noted that the cirriped
nauplii group is not homogeneous, but rather made up
of larval stages of different species. However, the
spring species Balanus balanoides did predominate.
Inter-site comparisons remain absolutely indispens-
able, for this group as for others. In fact most research
carried out in the Western Channel, mainly from the
Plymouth laboratory, shows that 10 to 11 yr cycles are
very important in the ecosystem and are linked to cli-
matic fluctuations (sunspot variation link). However,
shorter harmonic cycles also exist (Southward et al.
1975, Colebrook 1982) and this makes it interesting to
use the same species over a longer number of years
than the period available at Gravelines to compare
long-term variations in order to distinguish local phe-
nomena from overall phenomena on a larger spatial
scale. Atmospheric pressure and precipitation ap-
peared in 32 mo cycles over the past 50 yr (Fromentin
& Jbanez 1994). Studies of strong winds showed the
distinction between anticyclonic periods ({charac-
terised by high air temperatures) and cyclic conditions
combining west winds and precipitation. The 11 yr
cycle shown by the Plymouth data was only seen at
Gravelines in the Pseudocalanus minutus group and
Oncaea sp. The Gravelines time series was too short to
conclude an 11 yr cycle periodicity.

For some years the abrupt changes in parameter val-
ues were noted, especially 1979, 1983 and 1986. The
instability during 1979 and 1986 was great. During
those years, changes occurred for 1 or several parame-
ters. In 1986, an important change took place, and
since 1987 a long period of anticyclonic conditions and
a rise in temperatures were observed.

Conservative and nonconservative parameters and
biclogical descriptors do not change at the same speed.
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Several cycles can be superimposed [generally 11 yr
and 3 to 4 yr). Other authors (Colebrook & Taylor 1984,
Aebischer et al. 1990) have already observed this in
the North Atlantic and the North Sea. Their research,
based on a 30 yr time series, would indicate that sev-
eral cycles lasting 10 to 12, 5to 6 and 3 to 4 yr can be
superimposed.
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