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Abstract

Data from the Continuous Plankton Recorder survey of the North Atlantic Ocean and
the North Sea are used to study geographical variations in the amplitude, duration
and timing of the seasonal cycles of total phytoplankton and total copepods. It is
shown that the distribution of overwintering stocks influences the distributions
throughout the year. There is a relationship between the timing of the spring in-
crease of phytoplankton and the amplitude of the seasonal variation in sea surface
temperature. In the open ocean, the timing of the spring increase of phytoplankton
corresponds with the spring warming of the surface waters. In the North Sea the
spring increase occurs earlier, associated, perhaps, with transient periods of
vertical stability, resulting in a relatively slower rate of increase. It is sug-
gested that in the open ocean the higher rate of increase is under-exploited by
copepods due to low overwintering stocks and longer generation times. Exceptional-
ly early spring increases of phytoplankton off the west coast of Greenland and
over the Norwegian shelf are probably associated with permanent haloclines. A high
and late autumn peak of phytoplankton off the coast of Portugal may be associated

with ccastal upwelling.

Introduction

Colebrook and Robinson (1965) described
the seasonal cycles of gross estimates
of the standing stocks of phytoplankton
and copepods in the north-eastern Atlan-
tic Ocean and the North Sea using data
from the Continuous Plankton Recorder
survey (Glover, 1967) for the period
1948 to 1960. Since then, the area of
the survey has extended to cover most of
the Atlantic Ocean north of 459N, and
Robinson (1970) described the geographi-
cal variation in the seasonal cycle of
the phytoplankton for this larger area.
He showed that the timing of the spring
increase was, 1in part, related to the
development of stability of the surface
waters as measured by the rate of in-
crease of surface temperature in spring
and early summer (Craig, 1960). In the
period since the publication of Robin-
son's paper, data have been acquired for
11 more years (up to 1976) providing bet-
ter estimates of the seasonal cycles;
moreover, better temperature data have
become available from the ICES Hydro-
graphic Service and the UK Meteorologi-

cal Office (Colebrook and Taylor, in
preparation).

In view of this, the earlier study of
Colebrook and Robinson (1965) has been
repeated, covering the extended period
of 16 years and giving particular empha-
sis to the investigation of relation-
ships with temperature.

Data and Analysis

The methods used in the analysis of the
samples collected by Continuous Plankton
Recorders have been described by Rae
(1952) and Colebrook (1960) and routine
data processing methods have been de-
scribed by Colebrook (1975). Briefly,
the estimates of the abundance of cope-
pods used in this study are means of
transformed counts [y = logqp (x + 1)]
of the numbers of copepods in samples of
3 m3, based on all the samples taken in
each month, averaged over all the years
of sampling (1948 to 1976), in each of a
set of standard areas (see Fig. 1). The
measure of phytoplankton was ocbtained
from a visual assessment of the green
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coloration of the filtering silks; these
are expressed in numerical equivalents
(Robinson, 1970) and processed in the
same way as the counts of copepods (but
without transformation). These data can-
not with any degree of reliability be
translated into any form providing com-
parability between phytoplankton and
copepods; they can only be used as esti-
mates of relative changes in abundance
in different areas and months.

All the samples are taken from a stan-
dard depth of 10 m. The results are,
therefore, subject to variability due to
changes in vertical distribution. Some
species of copepods carry out clear di-
urnal vertical migrations and only occur
in samples taken at night. These species
are, however, not very abundant and
their contribution to the estimate of
total copepods is generally unimportant.
Of the species known to carry out season-
al vertical migrations, only Calanus fin-
marchicus is sufficiently abundant to in-
fluence significantly the estimates of
total copepods. In general however, ex-
perience in analysing the samples indi-
cates that the increase in numbers of
copepods in spring is due primarily to
the appearance of young stages. This sug-
gests that reproduction and advection
are the dominant processes involved in
variations in distribution and abundance
during the spring increase.

The seasonal variations in abundance
of phytoplankton and copepods for each
of the areas in Fig. 1 are shown in Fig.
2,

As would be expected for temperate
latitudes, there is a clear seasonal cy-
cle with some latitudinal variation in
amplitude. There are also fairly clear
variations in timing, season length and
abundance and it is these variations
which are studied in detail in the subse-
quent sections of this paper.

The data presented in Fig. 2 were ar-
ranged in the form of a table with a
column for each of the areas and two
rows for each month containing the data
for phytoplankton and copepods, respec-
tively.

These data were subjected to princi-
pal component analyses, as follows:

(1) Each row of the table was stan-
dardised to zero mean and unit variance,
removing differences in abundance both
between months and between phytoplankton
and copepods, leaving in the data only
variability associated, within each
month, with differences between areas. A
principal components analysis was per-—
formed, based on product moment correla-
tion coefficients between rows.

The eigenvectors contain values for
months and the principal components are
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Fig. 1. Chart of North Atlantic Ocean, showing
sub-division into areas used throughout this
study

representations of geographical distrxi-
butions.

(2) For C, the copepod data and P,
the phytoplankton data, each column of
the table was standardised to zero mean
and unit variance leaving in the data
only variability associated with differ-
ences between months. Principal compo-
nents analyses were performed, based on
product moment correlation coefficients
between columns, on the two data sets. In
both analyses the eigenvectors contain
values for areas and the principal com-
ponents are representations of seasonal
cycles.

In addition to these analyses, a set
of parameters was established to charac-
terise the major features of the differ-
ences between the seasonal cycles. These
are essentially the same as those used
by Colebrook and Robinson (1965) and are:

(1) Mean abundance of phytoplankton
(a,) and copepods (a;) in each area as
L x,/12, where m is the month number (Jan-
uary 1 to December 12).

(2) Timing of the spring increase,
estimated as the month coordinate of the
centre of gravity of the area below
graphs of monthly means for January to
June and calculated by T = I(m.xp)/E xp,
where m = 1 (1) 6.

(3) Season duration, estimated as the
standard deviation of the timing for the
whole year and calculated by L =J{ Zxp
(m-T) 2/E x}, where T is calculated as
above with m = 1 (1) 12.

Timing and season duration were calcu-~
lated for both phytoplankton (:p,Lp) and
copepods (Tg, Lg) .

Sea surface temperature data, in the
form of long-term monthly means for each
of the areas shown in Fig. 1, averaged
over the years 1948 to 1976, were
treated in much the same way as the
plankton data. Similar principal compo-
nents analyses were performed and param-
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Fig. 2. Seasonal variations in abundance of phytoplankton (filled circles), and copepods (open cir-

cles) in each of areas shown in Fig. 1., Phytoplankton data are arbitrary units of greenness and

copepod data are logarithmic means of numbers

eters of timing of the spring warming,
season duration and annual means were
calculated in the same way as for phyto-
plankton and copepods.

Robinson (1970) established a rela-
tionship between the timing of the
spring increase of phytoplankton and a
parameter called "temperature difference"
(Craig, 1960). This is calculated as the
mean surface temperature for May, June
and July minus the surface temperature
for March and was intended by Craig to
provide an estimate of relative varia-
tions in the intensity of vertical strat-
ification covering the periocd of the
spring warming. The standard deviation
of the seasonal cycle of temperature can
similarly be used to estimate the inten-
sity of stratification covering the
whole season. Trials indicated that, for
the areas shown in Fig. 1, "temperature
difference" and the standard deviation
of temperature were linearly related
with a highly significant correlation
suggesting that, in the context of em-
pirical interpretation, there was little

to choose between the two parameters.
Standard deviations are preferred, how-
ever, because they are based on all of
the data (instead of 4 months in the cal-
culation of the "temperature difference")
and they are also independent of varia-
tions in the timing of the seasonal cy-
cle., They have, therefore, been used in
this study.

Tomczak and Goedecke (1964) and

Schroeder (1965) have presented diagrams
for each month giving the vertical dis-
tribution of temperature along selected
transects covering the North Sea and the
North Atlantic Ocean, respectively.
These have been used to prepare diagrams
for selected locations, with temperature
contoured in a frame of depth against
time, illustrating seasonal variations
in the extent of vertical stratification.
Diagrams have been prepared for as many
as possible of the areas shown in Fig.
1, selecting locations as close as pos-
sible to the centre points of the areas.
Some examples of the profiles are given
in the lower graphs in Fig. 3.
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Fig. 3. Seasonal variations in phytoplankton (circles) and sea surface temperature (triangles) com-
pared with seasonal temperature profiles (contours at 1 c® intervals) in the top 200 m foxr 6 of the
areas shown in Fig. l. Phytoplankton data are arbitrary units of greenness

Results

It was clear from an examination of the
results of the various analyses de-
scribed above that there is a general
geographical pattern representing major
aspects of differentiation of the sea-
sonal cycles; a number of more localised
features are also reflected in the data.
Both aspects contain useful information
about interrelationships between phyto-
plankton and copepods and their associa-
tion with temperature changes, and the
following account is presented from this
point of view. Full accounts of the
types of analyses performed on the data
have already been presented by Colebrook
and Robinson' (1965) and Robinson (1970).

Fig. 3. shows the seasonal cycles of
phytoplankton compared with depth-time
temperature profiles for 6 of the areas
in Fig. 1. These show a consistent dif-
ference in the relative timing of the
spring increase of phytoplankton com-
pared with the timing of the onset of
vertical temperature stratification as
between the open ocean areas (B7, Cé6, D5,
E5) and the shallow water areas (C1, D1).
In both sets of areas the spring in-
crease in the phytoplankton occurs well
before the establishment of a clear ther-
mocline. In the open ocean areas, how-
ever, the spring warming is under-way
before the peak in the phytoplankton has
occurred, whereas in the shallower wa-
ters the timing of the spring increase



J.M. Colebrook: Seasonal

Cycles of Phytoplankton and Copepods

27

T, T,
"’ o] (o]
. & N g
< o o < > ©°
= & = & o
{ ® o 1 & o
& o %
= 8 = %
[ 4 @
b %0 0% b3 © o o &*
o [ o
1 o Q
8 o o
T s} I o}
o
& z
< <
= =
. " -
MARCH APRIL 0 o 1 2 3 4 5

a

Fig., 4. Scatter diagrams of (a) timing of spring
warming of the sea surface (Tp) plotted against
timing of the spring increase of phytoplankton
(T,), and (b) standard deviations of seasonal
variation in sea surface temperature (Of)
plotted against timing of the spring increase

of phytoplankton (Tp), for each of areas shown
in Fig. 1. (The method of estimating timing is
described in the text)

is appreciably earlier relative to the
spring warming.

Fig. 4a shows a scatter plot of the
timing of the spring warming against the
timing of the spring peak of phytoplank-
ton. The correlation between the two
variables is -0.37, which is just signif-
icant at the 5% level. However, the
range of timing of the phytoplankton is
much greater than that for the spring
warming, indicating the generality of
the feature represented by a few exam-
ples in Fig. 3. This makes it difficult
to attribute more than a minor contribu-
tory role to the timing of the spring
warming in relation to the geographical
variation in the timing of the spring in-
crease in phytoplankton. Fig. 4b shows
the relationship between the standard
deviation of the seasonal cycle of tem-~
perature and the timing of the spring
peak in phytoplankton. The correlation
is -0.75, which is significant at the
0.1% level and is comparable with the
relationship described by Robinson (1970)
which he attributed to the well-estab-
lished connection between the spring
phytoplankton outbreak and vertical sta-

bility of the water column (see, for ex-
ample, Gran and Braarud, 1935; Riley,
1957).

There are two obvious problems. First-
ly, the variation in the timing of the
spring increase of phytoplankton is not
matched by an equivalent range of varia-
tion in the timing of the spring warming.
Secondly, the timing of the spring in-

crease of phytoplankton is much more
strongly correlated with variation in
the intensity of stratification, as esti-
mated by the standard deviation of tem-
perature, which is not manifest in the
long-term mean data until well after the
increase in the phytoplankton. The data
presented by Williams (1973-1977) on
chlorophyll a and temperature at Ocean
Weather Station (0.W.S.) India (50°N;
19°W) in individual years (1971 to 1975)
also show that the phytoplankton in-
crease precedes the establishment of a
clear thermocline. This renders it un-
likely that averaging over years, as is
the case for all the data presented here,
is obscuring the timing of the onset of
clear stratification to any significant
extent. If the relationship presented in
Fig. 4b is accepted as real, one is
obliged in this context to regard the
standard deviation of temperature as an
estimate of the potential for vertical
stability in the upper layers, realised
in the form of weak or transient thermal
structure, that is poorly represented in
diagrams based on whole degree isotherms,
but which is, nevertheless, sufficient
to sustain increases in the phytoplank-
ton stocks. The difference in the timing
of the spring increase of phytoplankton
in relation to the spring warming in the
deep waters of the open ocean as com-
pared with the shallower waters of the
continental shelves and the North Sea is
consistent with this interpretation.

The variation in the timing of the
spring increase of phytoplankton is re-
flected in a seasonal change in geograph-
ical distribution which can in turn be
compared with changes in the distribu-
tion of copepods. A representation of
the relationships between the geographi-
cal distributions of phytoplankten and
copepods in each month is given in Fig.
5, which is a scatter diagram of the
first two eigenvectors from Analysis 1
(see "Data and Analysis"). The compo-
nents corresponding to these two vectors
account for 48 and 16% of total varia-
bility, respectively, a total of 64%.
With the exception of the distribution
of phytoplankton in June, there is a com-
mon element in the distributions, as in-
dicated by positive values for the first
eigenvector. There is also a changing
pattern of distribution with a seasonal
succession. In winter, spring and autumn
the pattern of change is common to both
copepods and phytoplankton; only in sum-
mer is there any marked divergence. The
variations may be illustrated in summary
form by presenting a series of distribu-
tions; these are calculated as the sum
of the weighted first two principal com-
ponents, using mean eigenvector values
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Fig. 5. Scatter diagram of first two eigenvec-—
tors of a principal components analysis of geo-
graphical distribution in each month of phyto-
plankton (circles) and copepods (squares)

as weights for groups of months repre-
senting (a) November to April for phyto-
plankton and copepods (all months with
negative values in the second vector),
(b) May to August for phytoplankton, and
(c) May to August for copepods. The dis-
tributions for these groups of months
are given in Fig. 6.

In winter, spring and late autumn,
the distributions of both phytoplankton
and copepods show above-average abun-—
dance in the North Sea and over most of
the European and American shelf areas
and below-average abundance in most of
the open ocean areas. The summer distri-
butions both show higher wvalues in the
open ocean relative to the shelf areas,
the difference for the phytoplankton
(Fig. 6b) being more pronounced than for
the copepods (Fig. 6¢).

The extent of the differences in abun-
dance relative to the amplitude of the
seagsonal cycle is shown in Fig. 7. Each
plot is the weighted sum of the first
two principal components of Analyses 2P
and C (months, phytoplankton and months,
copepods see "Data and Analysis"), using
as weilghts typical eigenvector values
for the open ocean and for the North Sea.
For copepods it is clear that, compared
with the amplitude of the seasonal cycle,
the differences in abundance between the
North Sea and the open ocean are small.

For the phytoplankton the differences

are appreciably larger and can be attrib-
uted primarily to a higher rate of in-
crease in standing stock between April
and May in the open ocean compared with
the North Sea. This could be related to
the later timing of the spring increase
relative to the timing of the spring
warming in the open ocean compared with
shallower waters. It seems possible that
the establishment of vertical stability
sufficient to maintain phytoplankton in-
crease may be more persistent in the

open ocean as it occurs during periods

of rising temperature, whereas in the
shallower water areas a sequence of tran-
sient periods of vertical stability may
be involved resulting in a slower in-
crease in phytoplankton. It is also pos-
sible, however, that differences in graz-
ing may be involved. R. Williams (per-
sonal communication) estimates that the
spring herbivore population in the north-
ern North Sea (data from the Fladen
Ground experiment, 1977) is considerably
larger than that at 0.W.S. India (59°N;
19%W) .

The general grazing relationship is
indicated by the fact that the seasonal
variations in the geographical distribu-
tion of copepods do follow those of the
phytoplankton but, as would be expected
by the considerable difference in gener-
ation times, both the extent (Fig. 5)
and the amplitude (Fig. 7) of the
changes are less marked.

Fig. 5 shows that, with one exception,
all the first vector terms are positive,
indicating an element of geographical
distribution common to all months. The
summer distributions result from differ-
ential increases in standing stock, due
to reproduction and advection, from the
winter minima. The common element of dis-
tribution can, therefore, be regarded in
terms of the influence of the distribu-
tion of overwintering stocks on the pat-
tern for the whole year. Again, the ef-
fect appears to be greater for the cope-
pods than for the phytoplankton.

It would seem to follow that the rela-
tively higher rate of increase in phyto-
plankton in the open ocean is probably
under—exploited by copepods (and prob-
ably, by analogy, other zooplankton),
and, due to low overwintering stocks and
longer generation times, the copepods
are unable to increase gquickly enough to
graze down the phytoplankton within the
limited duration of the growing season.
Thus, based on purely circumstantial
evidence, there would appear to be a sur-
plus of phytoplankton in the open ocean
for most of the summer.

The implied poor relationship between
overall abundance of phytoplankton and
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Fig. 6. Average geographical distribution of phytoplankton and copepods in groups of months, calcu-
lated as the sum of the weighted first two principal components of Analysis 1, using mean eigenvec-
tor values as weights, then standardised to zero mean and unit variance, x 10. The month groups are:

(a) Phyteplankton and copepods, winter (November to April);

gust); (c) copepods, summer (May to August)

copepods 1s confirmed by Fig. 8, which
is a scatter plot of the first two eigen-
vectors of a principal components analy-
sis of the geographical distributions of
the season duration, timing of spring
increase and mean abundance for phyto-
plankton and copepods together with the
month-group mean distributions shown in
Fig. 6. The corresponding components ac-
count for 90% of the variability of the
9 input variables. The season duration
and timing parameters for both phyto-
plankton and copepods together with the
winter distribution (Fig. 6a) form a co-
herent group close to the axis of the
first eigenvector., The distribution of
whole-year means for copepods also has a
high value in the first eigenvector.
This suggests that the first principal
component provides a good representation
of the dominant geographical pattern in
the differentiation of the seasonal cy-
cles associated with these variables;
this is illustrated in Fig. 9. As would
be expected, the component shows very
clearly the difference between open
ocean and shallow water areas. It also,
however, shows some latitudinal varia-
tion indicating later timings and
shorter seasons in northern waters.

The clear association between the tim-
ing and season duration parameters shown

{b) phytoplankton, summer {(May to Au-
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Fig. 7. Differences between seasonal cycles of
phytoplankton and copepods in the open ocean and
the North Sea. Method of derivation is described
in text. The x-axes are in standard deviation
units
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Fig. 8. Scatter diagram of first two eigenvec-
tors of a principal components analysis of geo-
graphical distributions (based on areas shown in
Fig. 1) of parameters of the seasonal cycles of
phytoplankton and copepods (circles) and month-
group means {(triangles) in Fig. 6. Lp season
duration of phytoplankton; L. season duration of
copepods; Zp timing of spring increase of phyto-
plankton; T, timing of spring increase of cope-
pods; Ap mean abundance of phytoplaﬁkton; Ac
mean abundance of copepods; Wp & ¢ phytoplankton
and copepods, winter; Sp phytoplankton, summer;
So copepods, summer
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Fig. 9. Chart showing first principal component
of the geographical distribution of the vari-
ables listed in legend to Fig. 8. Compecnent is
presented as standard deviation x 10
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Fig. 10. Graphs of first two principal compo-
nents (Cq, Cy; both reduced to zerc mean and
unit variance, x-axis, in standard deviations)
of the seasonal variation of phytoplankton in
areas shown in Fig. 1

in Fig. 8 raises the question of the tim-
ing of the autumn decline in relation to
the timing of the spring increase. Cole-
brook and Robinson (1965) suggested that
the season duration was determined pri-
marily by the timing of the spring in-
crease, implying a more or less constant
autumn decline. The wider geographical
coverage now available seems to indicate
that, at least for the phytoplankton,
there is a tendency for an early spring
increase to be associated with a later
than average autumn decline. The first
principal component of Analysis 2P
(months, phytoplankton) represents a sea-
sonal cycle common to all the areas (all
the eigenvector values are positive and
range from 0.095 to 0.223). The second
eigenvector is highly correlated (r =
0.87, significant at 0.1%) with the
first component of the parameters (Fig.
9). This implies that the second compo-
nent of Analysis 2P represents differ-
ences between areas with respect to tim-
ing and season duration. Fig. 10 shows
plots of the two components, and it is
clear that seasonal variations of phyto-
plankton calculated as weighted sums of
these two components, with the weights
applied to the second component varying
in sign as well as amplitude, would show
differences in the timing of the spring
increase and inversely related changes,
although of smaller amplitude, in the
timing of the autumn decline. A similar
examination of the corresponding compo-
nents for the copepods shows little po-
tential variability in the timing of the
autumn decline, indicating that the sea-
son duration is determined almost entire-
ly by the timing of the spring increase.
' The graphs in Fig. 2 indicate that
several of the coastal areas show partic-
ular features unrelated to the principal
geographical pattern presented in Fig. 9.
The most obvious are given below.

West Greenland (Fig. 2, Area B8)

The tracks of the Continuous Plankton
Recorder tows in this area lie over the
continental shelf or only just off it,
and Fig. 2 indicates that in this region
there is an exceptionally high standing
stock of phytoplankton relative to cope-
pods for the whole of the productive sea-
son. The area also shows a pronounced
halocline at a depth of about 25 m (U.S.
Naval Oceanographic Office, 1967), pre-
sumably providing enough vertical sta-
bility to trigger an early spring in-
crease in phytoplankton, about a month
earlier than over deep water to the east
of Greenland (Fig. 2, Area B7). Thisg,
coupled with low temperatures restrict-



J.M. Colebrook: Seasonal Cycles of Phytoplankton and Copepods 31

ing the development of copepods, pro-
duces what appears to be a complete
break—-away from grazing control for the
whole season.

Norwegian Shelf (Fig. 2, Area Bl)

An exceptionally early spring increase
of phytoplankton can again be associated
with the presence of a halocline con-
nected, in this instance, with Baltic
outflow water. It seems probable that
the large stock of calanus finmarchicus
overwintering in deep water in this area
(Sgmme, 1934) provides sufficient graz-
ing pressure to prevent the development
of large phytcoplankton stocks as off the
west coast of Greenland.

Southern North Sea (Fig. 2, Areas D1 and D2)

Colebrook and Robinson (1965) suggested
that the long season duration and ab-
sence of a clear autumn peak of phyto-
plankton may be attributed to continuous
exchange between surface and bottom in
this very shallow area. Tomczak and
Goedecke (1964) show that there is only
slight vertical temperature stratifica-
tion over most of the area.

Portuguese Coastal Zone (Fig. 2, Area F4)

Compared with the other European conti-
nental shelf areas there is a high and
late autumn peak of phytoplankton.
Wooster et al. (1976) have presented evi-
dence for coastal upwelling along the
eastern boundary of the North Atlantic
Ocean. This indicates that off Lisbon
(38°N) there does appear to be upwelling
from July to September. Sea surface tem-
perature data made available by the U.K.
Meteorological Office indicate that go-
ing northwards from Lisbon the period of
upwelling changes, being about 1 month
later off Cape Finisterre (43°N). This
period of upwelling corresponds with the
timing of the autumn peak of phytoplank-
ton.

The Grand Banks (Fig. 2, Area E8)

This area is characterised by a very
sharp and high spring peak of phytoplank-
ton which may be attributable to the
shallowness of the region coupled with
the low temperature, restricting the
growth of copepods. The reasons for the
marked decline between April and June

are not clear, but it may be produced by
nutrient limitation due to the pro-

nounced and shallow thermocline which
develops in this area (Schroeder, 1965).

Nova Scotian Shelf and Gulf of Maine (Fig. 2,
Areas E10 and Flo0)

This is a region of considerable local
variability in the seasonal cycle. Pre-
sentation in the form of averages in
just two areas is probably adequate in
relation to the general geographical re-
lationships described in this paper but,
for any greater detail, reference should
be made to the fairly extensive litera-
ture available. Sherman (1965) and Smay-
da (1973) are good source papers.

Discussion

In general, the results derived from the
examination of the parameters are simi-
lar to those of the earlier study by
Colebrook and Robinson (1965), even
though data for nearly twice the number
of areas are included, and the same con-
clusions can be drawn: that the key fac-
tor is the timing of the spring increase
of phytoplankton and that the abundance
of copepods is determined more by the
length of time during which food is
available than by the amount available.
This is explained here in terms of an ap-
parent surplus of phytoplankton in the
open ocean in summer,

In the earlier study, however, the
relationship with the overwintering
stocks was not recognised. Fig. 5 clear-
ly illustrates the influence of over-
wintering on distributions throughout
the year, but there is also the question
of a possible causal basis for the high
correlations with the parameters of tim-
ing and season duration. The timing of
the phytoplankton increase has been
shown to be correlated with the seasonal
range of temperature (Fig. 4b), inter-
preted as an indicator of vertical sta-
bility. The inverse of vertical stabili-
ty is mixing, and it seems reasonable to
expect winter survival to be influenced
by vertical mixing processes through
losses to deep water. If this is so,
then the correlation between winter dis-
tribution and the timing and season du-
ration parameters is the result of a com-
mon causal process and not of a direct
link.

Two main points have emerged from
this study compared with those of Cole-
brook and Robinson {1965) and Robinson
(1970) . Firstly, there would appear to
be a rapid spring increase in the stand-
ing stock of phytoplankton over most of
the open ocean which, compared with shal-
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low water areas, is under-exploited by
grazing. Secondly, there is clear evi-
dence to suggest that the distribution
of overwintering stocks has a marked in-
fluence on the distribution, particular-~
ly of copepods, throughout the year.

Colebrook (1978), in a study of year-
to-year changes in the abundance of zoo-
plankton, has shown that species which
show similar annual fluctuations in abun-
dance tend to have similar geographical
distributions and do not necessarily
show similar seasonal cycles. He has
also shown that an appreciable propor-
tion of the annual changes in abundance
may be related to changes in advection
associated with either variations in the
North Atlantic drift or smaller scale
wind-driven effects. In this context,
the role of overwintering stocks pro-
vides a possible mechanism whereby rela-
tively small advected changes in popula-
tions in winter may be magnified into
marked differences in the following sum-
mer.
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