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ABSTRACT: Samples of adult female Calanus helgolandicus were collected at midday and midnight
from the upper 20 m of the stratified water column in the western English Channel over 3 d in July
1983. There we]-e pronounced diel changes in population density in these samples consistent with
vertical migration through the thermocline; such migration was detected at the same station in
September 1979 and August 1982. Ammonium excretion rates of the surface populations at midday and
midnight were compared in short-term incubation experiments and additional samples taken for
estimation of gut pigment, and the activity of the digestive enzymes amylase, trypsin and laminarinase
Weight-specific ammonium excretion showed highly significant diel differences, night-time
ammonium excretion being 1.7 times that observed at midday. When die1 changes in population
density are allowed for, the regenerated ammonium flux from female C. helgolandicus in the surface
2 0 m at midnight is estimated to be 28 times higher than at midday. Gut pigment levels and
laminarinase and trypsin activity observed in the n~ght-tlmesurface population were consistent with
active feeding. Amylase was an exception in showing significantly lower activity at night. Observations at stations characteristic of tidally mixed and frontal conditions showed less pronounced diel
changes in metabolism. The implications of these results for competitive interactions between phytoplankton species adapted to pulsed nitrogen supply in nutrient-limited surface waters are considered.

INTRODUCTION

Excretion of ammonium by copepods is important in
marine ecosystem dynamics because ammonium is
more readily assimilated by most phytoplankton
species than nitrate (Glibert et al. 1982); such regenerated nitrogen is essential to maintaining primary
production in nitrogen-limited oligotrophic regions
(McCarthy & Goldman 1979). Phytoplankton characteristic of oligotrophic regions can make effective use
of short-term exposure to relatively high concentrations of ammonium (McCarthy & Goldman 1979,
Glibert & Goldman 1981, Goldman et al. 1981). It has
been questioned whether pulses of excreted ammonium would persist for long enough, or be large and
frequent enough, to be significant for phytoplankton
nitrogen uptake (Jackson 1980, Williams & Muir 1981).
In addition to the short term and microscale there is
another time-scale on which nutrient pulsing may
occur in nutrient-limited waters, that of the diel
O Inter-Research/Printed in F. R. Germany

periodicity related to zooplankton vertical migration.
The importance of diel changes in nutrient flux was
first proposed by Doyle & Poore (1974) who suggested
that as regenerated nutrient flux is correlated with
grazing by zooplankton it should vary cyclically in the
euphotic zone. Fluctuations in nutrients might then
result in phased cell division with implications for
competition between phytoplankton species. Recent
laboratory studies have demonstrated the effects of
interactions between periodic ammonium supply and
light-dark cycles on timing of cell division, experimental nutrient pulsing representing a situation which
could result from diel zooplankton grazing rhythms
(Olson & Chisholm 1983, Plurnley & Darley 1985).
Diel periodicity is often observed in many aspects of
nitrogen assimilation by phytoplankton, particularly
enzyme activities (Collos & Slawyk 1980). Similarly for
zooplankton, methods for measuring aspects of in situ
metabolic activity have revealed widespread diel
periodicity, particularly of grazing in relation to verti-
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cal migration (Mackas & Bohrer 1976, Boyd et al. 1980,
Dagg & Grill 1980, Dagg & Wyrnan 1983, Nicolajsen et
al. 1983, Baars & Oosterhuis 1984, Head et al. 1984,
Mayzaud et al. 1984, Daro 1985, Head et al. 1985,
Landry & Hassett 1985, Simard et al. 1985). The only
studies of diel variations in aspects of rndtabolism
other than feeding are those of Bdmstedt (1984) who
used ETS activity to estimate respiration, Duval &
Green (1976) on diel cycles of respiration in freshwater
zooplankton and Meppel et al. (1985) who reported
diel variation in body carotenoid content in relation to
f e e h n g . Finally, Nott et al. (1985) have recently
described cyclical changes in the ultrastructure of the
gut of Calanus helgolandicus related to periodicity in
digestion.
Evidence consistent with a positive relation between
excretion and ingestion of nitrogen has been obtained,
for example, by Corner et al. (1965) and Takahashi &
Ikeda (1975), and generally excretion rates decrease
once animals are removed from their food (Corner et al.
1965). However, in contrast to these findings Gardner
& Paffenhofer (1982) reported no significant difference
in ammonium release by Eucalanus pileatus over a
range of food concentrations, although s t a ~ n ganimals had lower rates than well-fed ones. Miller &
Landry (1984) suggest that ammonium excretion by
Calanus pacificus is independent of ingestion and
point out that ingestion-independent excretion in the
short-term in vertically migrating copepods would not
conserve nitrogen during the starvation phase of migration other than by a general reduction in metabolic
rate from reduced temperature at depth.
The present study was designed to investigate diel
periodicity of ammonium release by a population of
vertically migrating adult female Calanus helgolandicus in view of its possible importance for phytoplankton in nutrient-limited waters, and because of
uncertainties about the relation between feeding and
ammonium excretion. The work was conducted in surface stratified waters of the English Channel, an environment where the regenerated nitrogen flux is important in supplying a significant proportion of the surface
phytoplankton demand In summer (Holligan et al.
1984b). Measurements were also made of gut pigments, and the activity of the digestive enzymes amylase, trypsin and laminarinase, which are believed to be
indcative of grazing activity. The results of this study
are compared with information on vertical migration
and zooplankton biomass and gut pigments made
under s i d a r conditions in 2 previous years. In addition, a smaller number of observations were made at
stations characterized by frontal and tidally mixed
conditions (Holhgan et al. 1984a) to compare cyclic
activity in the C. helgolandicus populations of these
contrasting hydrographic regimes.

MATERIALS AND METHODS
The principal observations were carried out during
the period 15 to 18 July 1983 under seasonally
stratified conditions at Station E5 (49'06' N, 06"30' W ;
Fig. 1) in the Western English Channel. Data in support of these observations are also presented for the

Fig. 1. Positions of stations in stratified (ES),frontal (F) and
mixed (M) waters in the western English Channel at which
die1 cycles were investigated in Jul 1983
same station for September 1979 and August 1982. In
July 1983 measurements were also made at tidally
mixed (Stabon M, 49'23' N, 03"201W) and frontal stations (Station F, 49'201N, 04"40'W). Interpretation of
summertime hydrography of the area is given by Pingree et al. (1978).
At each station in 1983 profiles of temperature, salinity and in sifu fluorescence were obtained with a Neil
Brown CTD system. On the basis of these profiles
water samples were collected from 20 and 40 m with
30 1 Nislun bottles, between 1000 and 1400 h (midday)
and 2200 and 0200 h (midnight). The water collected
was subsampled for particulate carbon, nitrogen and
chlorophyll analyses. Immediately after each bottle
cast, replicate vertical hauls were made with a 200 pm
paired WP-2 net system from 20 m to the surface. One
of the paired net samples was preserved in 5 '10 formalin for subsequent identification. The contents of the
other net were immediately d u t e d with water containing natural particulate material from 20 m and
transferred to a shipboard constant-temperature room
maintained at 15°C. Here adult female Calanus helgolandicus were rapidly sorted into sea water containing natural particulate material from 20 m to provide a
population of approximately 120 experimental specimens. From this population, wlthin 30 min of capture, 3
subsamples of 10 specimens each were removed and
transferred to 5 m1 of 90 % acetone for subsequent
analysis of gut pigments. A further 3 replicates of 15
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specimens each were removed and frozen for enzyme
analysis. From the remaining specimens 3 groups of 1 0
females were transferred to glass bottles containing
1 0 0 m1 of 0.2 pm filtered sea water for measurement of
ammonium excretion. Incubations lasted for 2 to 3 h in
the dark at 15"C, after which time a subsample of
seawater was removed from each experimental and
control bottle and immediately analyzed for ammonium by the method of Liddicoat et al. (1975).
Experimental specimens were then recovered on a
200 pm mesh, counted and dried for subsequent carbon
and nitrogen analysis.
Fluorescence of the gut pigment samples was subsequently measured before and after acidification using
a Turner fluorometer. The chlorophyll and phaeopigment content of each copepod was calculated using the
equations of Dagg & Wyman (1983),and these 2 values
were then summed to give an estimate of the total
pigment in the guts. Amylase, trypsin and protein were
estimated with a n adapted automated method (Samain
et al. 1977) and laminarinase activity using the procedure given by H a m s et al. (1985). The carbon and
nitrogen content of the Calanus helgolandicus and the
particulate samples were measured with a Carlo Erba
model 1 1 0 6 CHN analyzer.
In September 1979, the depth distribution of Calanus
helgolandicus was sampled at discrete depth intervals
(10 m) over a 24 h period at E5 using a submersible
pump system (Holligan et al. 1984a). Specimens were
immediately removed from these samples and placed
in 90 % acetone for gut pigment analysis. In August
1982, the verhcal hstribution of zooplankton nitrogen

in the surface 6 0 m by day a n d by night at E5 was
measured using the pump system a s described by
Holligan e t al. (1984a). Briefly the intake hose was
raised from 6 0 m to 2 m in steps of 2 m min-l. The flow
over 5 integrated depth intervals was sequentially filtered through 200 pm and 80 pm mesh nets. The material retained by these nets was subsampled and deep
frozen for subsequent nitrogen analysis.

RESULTS

Stratified conditions: E5, July 1983
In July 1983, Station E5 was well-stratified with a
6.7 C" temperature difference across the thermocline,
which occurred at a depth of about 24 m (Table 1).
Consistent with the degree of stratification, levels of
chlorophyll and particulate carbon a n d nitrogen (Table 1 ) were about 3 times higher in the warm surface
waters (20 m) than they were below the thermocline
(40 m).
The age structure of Calanus helgolandicus in samples differed between day a n d night (Fig. 2). There was
a highly significant increase in the density of adult
females at night. Copepodid Stages I to IV occurred a t
low concentrations, and there were no significant differences between their day and night densities. The
average density of copepodid Stage V was twice as
high at night as during the day, but this difference was
not significant. The strong die1 cycle in numbers of
females in surface waters is further illustrated in Fig. 3

Table 1. Hydrographic observations, and levels of chlorophyll, particulate carbon and nitrogen sampled above (20 m) and below
(40 m) the thermochne at stratified (E 5) frontal (F) and mixed water ( M ) stations during Jul 1983. Values for particulate material
are means of midday and midnight values with 95 '10 confidence linuts in parentheses

Variable

Depth

Surface temperature ("C)
Temperature difference across
the thermocline (Co)

E 5"

F"

17.4

17.4

6.7

5.0

1.32(0.15)
0.38(0.07)

1.97(0.05)
1.05(0.64)

Chlorophyll (W 1-')
20 m
40 m
Particulate carbon (W I-')
20 m
40 m

224.9(49.1)
73.8(20.7)

192.3(75.4)
241.7(157.1)

20 m
40 m

39.4(8.1)
13.3(8.7)

38.6(22.5)
45.3(30.8)

Particulate nitrogen (pg 1-l)

" Depth of themocline 25 m, water depth 125 m, sampling period

15 to 18 Jul 1983
Depth of thermocline 22 m, water depth 95 m, sampling period 12 to 13 Jul 1983
No distinct thermocline, water depth 75 m, sampling period 11 Jul 1983

MC
15.1
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Fig. 2 . Calanus helgolandicus. Numbers of each copepodite
stage observed in the upper 20 m of the water column at E5
based on the average of 6 midday and 6 midnight samples
during Jul 1983. Vertical bars: 95 % confidence limits. Day
and night densities for C1 to CV and CV1 c? were not significantly different at p < 0.05. Midnight densities of CV1 P were
signif~cantlyhigher than midday ( p < 0.01)

where mean population estimates for the surface 20 m
are shown for midday and midnight over the 3 d study
period in July 1983. There was a highly significant
difference in abundance between each successive pair
of day and night observations. The average midnight
abundance was over 17 times higher than that for
midday observations (Table 2).
Excretion by adult females captured in the upper
20 m by day and by night is shown in Fig. 3.
Ammonium excretion was obviously higher at nlght
when compared with specimens present in the same
depth stratum by day. Three of the 4 day-night pairs of
observations were significantly different at p < 0.05,
and in 2 cases at p < 0.01. The ammonium nitrogen
excreted, calculated on a daily basis, represented
3.9 % of the body nitrogen on average by day and
6.4 % at night, an increase by a factor ol i . 7 In the
night-time population (Table 2).
The gut pigment was similarly significantly higher
at night than by day when data for the whole study
period are pooled (Table 2). The average night-time
level was 25 times higher than observed during the
day. However, the gut pigment data (Fig. 4 ) were much
more variable than some of the other metabolic parameters measured and only one of the sequential daynight pairs of observations was significantly different.
The activity of digestive enzymes showed significant
die1 differences (Fig. 4 ) . These were most prominent
for laminarinase where the average level in copepods

TIME OF DAY

ours)

Fig. 3. Calanus helgolandicus adult females. (A) Mean values
of density, and (B) welght-specific ammonium excret~on,for
the upper 20 m of the water column at E5 over 3 d in Jul 1983.
(0)
mtdday estimates; (a)midnight estimates. Vertical bars:
95 OO/ confidence limits. ** consecutive means are significantly different at p < 0.01;
at p < 0.05; ns: consecutive
mean values not significantly different

*

at night was 1.5 times higher than in the day (Table 2).
Four out of 5 sequential day-night pairs were significantly different, in 3 cases at the p < 0.01 level. Trypsin exhibited a similar cyclical pattern with higher
levels a t night followed by lower levels by day, but
none of the consecutive pairs were significantly different. However, pooled values for all the night samples
were significantly hlgher than those by day at the
p < 0.05 level. Amylase also showed a cyclical pattern
but the inverse of the other enzymes with higher activity by day than by night. Three sequential day-night
pairs were significantly different (Fig. 4 ) and the mean
of the pooled night values differed from that for the day
samples at the p < 0.01 level.

Frontal and mixed conditions: F and M, July 1983
Paired day and night samples and ammonium excretion experiments were also carned out over 24 h
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Table 2. Calanus helgolandicus. Means densities, at midday and midnight, of adult females in the upper 20 m at E 5 in Jul 1983,
and mean values for the measures of metabolic activity of indivldual females observed in these populations. Figures in
parentheses: 95 % confidence limits

Variable

Mldday

Midnight
55.2(21.0)

Night/Dayd

Significance

17.6

..

Population density
(ind m-3)

3.1(1.7)

Level of total gut
pigment (ng)

0.06(0.02)

1SO(0.73)

25.0

Specific amylase
activity (A/P)b

0.31(0.05)

0.20(0.02)

0.6

Specific trypsin
activity

5.24(1.11)

6.64(0.67)

1.3

..
..

Specific laminarinase
activity (UP)

16.8(1.8)

24.7(2.2)

1.5

..

Body nitrogen
(pg copepod-')
Ammonium excretion
(pg NH4-N copepod-'h-')

16.7(0.7)

17.4(0.6)

1.0

ns

0.027(0.007)

0.045(0.009)

1.7

3.85(1.27)

6.42(1.28)

Weight specific excretion
rate (% body N d-l)

1.7

..

" Ratio of midnight to midday values
"

Enzyme units as in legend to Fig. 4
Significant difference between midday and midnight values at p <0.01;

periods during July 1983 at stations characterized by
frontal (F) and tidally mixed regimes (M) shown in
Fig. 1. Female Calanus helgolandicus were less abundant at both of these stations compared with E5. At
neither F or M was there a significant difference in the
upper 20 m between day and night, although it should
be noted that sampling variability was higher than at
E5. Average day and night values for each of the
metaboLic parameters for these 2 stations are summarized in Table 3. At M there were no significant
differences between day and night levels for any of the
indices of grazing activity. Levels of laminannase
appeared higher than at E5 while levels of trypsin
were more comparable to those at the stratified station.
Levels of gut pigment at M were higher at night, but
the difference was not significant. In contrast, there
was a highly significant difference in the rates of
ammonium excretion per copepod. However, as specimens collected at night had higher levels of body
nitrogen the weight specific excretion rate (Table 3)
&d not differ between day and night. The rate was
considerably higher than at the stratified station, representing about 9 % of the body nitrogen expressed on
a daily basis.
At the frontal station excretion rates were similar to
those under tidally mixed conditions, and although
excretion was higher at night by a factor of 1 . 2 this

'

significance a t p <0.05; ns: not significant

difference was not significant. Gut pigment levels
were low both by day and by night. None of the 3
digestive enzymes showed significant day-night differences, but in each case the pattern was similar to
that at E5 with higher levels of trypsin and larninarinase at night, and the inverse in the case of amylase.
The activity of amylase was the highest at this station.

Stratified conditions: E5, September 1979

In September 1979 measurements were made at E5
of the vefical distribution of the Calanus helgolandicus population and gut pigments for discrete samples taken at 10 m intervals with a pump system over a
24 h period. The results are presented in Fig. 5 , and are
essentially consistent with the observations for the 0 to
20 m population made at midday and midnight in July
1983, whlch have already been described. Higher
numbers of females were present in surface waters at
night, and these specimens were characterized by elevated levels of gut pigments, considerably higher than
those observed in July 1983. By day females moved
below the thermocline, with a concurrent decrease in
pigment levels in the day-time population which was
concentrated at about 40 m.
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Fig. 4. Calanus helgolandicus adult females. Mean values of (A) gut pigment, (B) amylase activity, (C) trypsin activity, and (D)
laminarinase activity in the upper 20 m of the water column at E5 over 3 d in Jul 1983. Units of enzyme activity are as follows:
amylase, mg starch degraded min-l (mg body protein)-'; trypsin, units (mg body protein)", where units are vg ml-' of trypsin
Merck No 8214; laminarinase, mg eqmvalent glucose min-l X 10-3, (mg body p r o t e i n ) ' . (0)
midday estimates; (a)midnight
estimates. Vertical bars: 95 % confidence hmits. ** consecutive means significantly different at p < 0.01; at p < 0.05; ns.
consecutive mean values not significantly different

Stratified conditions: E5, August 1982
An indication of the relative importance of the adult
female Calanus helgolandicus as a component of the
zooplankton biomass at E5 in summer is illustrated in
Fig. 6 for data obtained in August 1982. Again there
are clear day-night changes in distribution for the
adult population, maximum densities occurring in the
2 to 12 m interval by night and between 36 and 48 m by
day. Similar diel changes were observed for the total
mesozooplankton biomass, and there was some evidence of migration by the microzooplankton (80 to
200 pm). From Table 4 , it can b e seen that adult female
C. helgolandicus formed 10 O/O of the total zooplankton
biomass at the surface by night, being equivalent to
over 40 "h of the total 80 to 200 pm microzooplankton
nitrogen. By day below the thermocline (36 to 4 8 m)
adult females again were the equivalent of over 40 O h

relative to the microzooplankton biomass, and about
18 O/O of the total zooplankton greater than 80 pm.

DISCUSSION
During the present study we observed strong diel
fluctuations in the surface concentrations of adult
female Calanus helgolandcus in stratified waters,
consistent with vertical migration from depths below
the thermocline at night. The presence of active diel
migration through the thermocline is supported by
results from 2 previous studies at this station at the
same time of year (Fig. 5 & 6). Higher rates of weight
specific ammonium excretion, elevated levels of gut
pigments, and higher larninarinase and trypsin activity
were observed in the population present in these
stratified surface waters by night when compared with
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Table 3. Calanus helgolandicus. Comparison of mean densities, at midday and midnight, of adult females in the upper 20 m at
mixed (M) and frontal (F) stations in Jul 1983, and mean values for the measures of metabolic activity of individual females
observed in these populations. Figures in parentheses: 95 OQ/ confidence limits

Variable

Station

Midday

Midnight

Night/Dayd

Significance

32.4
0.9

ns
ns

Population density
(ind m-3)

M
F

Level of total gut
pigment (ng)
Specific amylase
activity

M
F

0.18(0.13)
0.14(0.02)

0.30(0.06)
0.13(0.01)

1.6
1.0

ns
ns

M
F

0.13(0.04)
0.58(0.05)

O.lO(O.01)
0.50(0.06)

0.8
0.9

ns
ns

M
F

6.45(1.20)
4.86(0.93)

6.67(0.37)
5.86(2.74)

1.0
1.2

ns
ns
ns

Specific trypsin
activity (T/P)b
Specific laminarinase
activity (L/P)b
Body nitrogen
( W copepod-')
Ammonium excretion
(pg NH,-N copepod-'h-')
Weight specific excretion
rate (% body Nd-')

0.3(0.5)
15.1(5.0)

M
F
M
F
M
F
M
F

9.1(4.1)
13.6(4.2)

47.6(10.0)
20.0(3.0)

50.0(10.0)
25.6(2.0)

1.1
1.3

16.6(1.0)
16.9(1.1)
0.059(0.002)
0.061(0.050)

19.0(1.0)
17.5(1.0)
0.072(0.004)
0.076(0.025)

1.1
1.O

ns

1.2
1.2

ns

9.17(0.05)
10.37(3.46)

1.0
1.2

ns
ns

8.75(0.03)
8.69(7.1)

m .

Ratio of midnight to midday values
Enzyme units as in legend to Fig. 4
" Significant difference between midday and midnight values at p <0.01; ' significance at p <0.05; ns: not significant

I

Fig. 5. Calanus helgolandxus adult
females. E5, Sep 1979. Density (upper)
and level of pigment in guts (lower) for
the upper 60 m of the water column over
a 24 h cycle. Stippled r e q o n s indicate
population densities above 50 females
m-3, and levels of gut pigment above
5 ng copepod-'. Thermocline depth
25 m, temperature difference across thermocline 5.20 C"
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Microzooplonkton
nitrogen

Adult P Cahnus
nitrogen

Mesozooplonkton
nitrogen

Fig. 6. Calanus helgolandicus adult females. E5, Jul 1982. Vertical distribution expressed as nitrogen biornass, compared with
microzooplankton (80 to 200 pm) and mesozooplankton (> 200 pm) nitrogen biomass for equivalent depth intervals. Black:
midnight distribution; white: midday. Values in parentheses: integrated standing stock in the upper 60 m as g N m-'.
Thermocline depth 24 m, temperature difference across thermocline 7.24 C O
Table 4. Calanus helgolandicus. Adult female nitrogen biomass represented a s a percentage of microzooplankton, mesozooplankton a n d total zooplankton nitrogen biornass measured in 5 depth intervals in the upper 60 m at E 5 at midday and midnight
on 8-9 Aug 82. Percentages determined from the product of the counts illustrated in Fig. 6, and the mean body nitrogen, 17.1 pg
female-'

Depth (m)

Microzooplankton" N
Midday
Midnight

Mesozooplanktonb N
Midday
Midnight

Total zooplanktonCN
Midday
Midnight

2-12

1.1

42.1

6.0

13.7

3.9

12-24

2.9

20.7

3.2

9.0

1.5

6.3

24-36

19.3

6.5

12.8

5.5

7.7

3.0

36-48

43.6

0.4

30.5

1.1

17.9

0.8

4%60

3.4

5.9

2.7

4.7

10.9

2.6

10.3

" 80 to 200 pm size fraction
C

> 200 pm size fraction
> 80 pm size fraction

the much smaller number of copepods present at the
surface during the day. The presence of pronounced
migratory behaviour implies that either endogenous
diel feeding rhythms occur in the surface population
unrelated to migration, or that 2 different populations
are present in the stratified water column with distinct
metabolic characteristics, one migratory, and one residing continuously in the surface layers.
The problem of identifying intrinsic rhythms in
copepods which also exhibit strong diel vertical migration hds concerned workers in many investigations
since the early studies by Gauld (1953). The development of in situ techniques for estimating grazing
related parameters such as gut pigments (Mackas &
Bohrer 1976) and digestive enzyme activity (Boucher &
Samain 1974) has enabled studies to be made of cyclic
feeding activity in field populations. Most investigators have relied on taking simultaneous samples
from a number of depths to attempt to discriminate
between cyclical rhythms and vertical migration. However, few studies have included concurrent estimates
of population density to demonstrate the actual pattern
of migration occurring within the population. In any

case, as has been pointed out by Pearre (1979), there
may still be considerable problems of interpretation if
there is a dynamic exchange of individuals between
the surface and deeper water.
The day-night differences in gut pigment which we
observed at E5 are similar to those in a wide variety of
other studies, on a variety of species of copepods, and
under a range of hydrographic conditions (Hayward
1980, Nicolajsen et al. 1983, Baars & Oosterhuis 1984,
Head et al. 1984, Mayzaud et al. 1984, Daro 1985). In
general, the pigment levels In the gut have been interpreted as being related to ingestion (Mackas & Bohrer
1976, Dagg & Gnll 1980, Dagg & Wyman 1983) but the
actual relation between gut pigments and migratory
behaviour remains somewhat uncertain (Head et al.
1985). A number of studies have indicated quite complex feeding patterns indicative of short-term interrnittent feeding (Boyd et al. 1980, Simard et al. 1985),
suggesting that the most important variable determining both the patterns of diurnal feeding of copepods
and their migratory behaviour is the concentration of
food available to them, a conclusion which is supported by the results of Dagg (1985).
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All 3 enzymes in the population within the upper
20 m u n d e m e n t significant die1 cycles. In the case of
laminarinase and tryPSin, levels of activity were higher
at night, consistent with optimal food assimilation,
whereas amylase activity was highest in the non-feeding copepods by day. Short-term changes in these 3
enzymes on a time-scale of less than 24 h have been
observed in laboratory populations of Calanus helgolandicus as a consequence of abrupt changes in
feeding conditions (Harris et al. 1985).In these experiments, in response to the absence of food, amylase
activity increased in the short term, whereas trypsin
decreased, both changes being consistent with the
field observations at E5. The evidence in the literature
for the presence of cyclic changes in digestive enzyme
activity is less definite than that for a diel rhythm of gut
pigments. Die1 cycles in enzyme activity were first
suggested by the work of Boucher & Samain (1974) and
subsequently confirmed by some other studies, for
example by Tande & Slagstad (1982) and Mayzaud et
al. (1984). Other workers have failed to observe clear
rhythms in digestive enzyme activity (Baars & 00sterhuis 1984, Bimstedt 1984, Head et al. 1984, 1985,
Landry & Hassett 1985). The observations of Nott et
al. (1985) of cyclic changes in the ultrastructure of the
gut epithelium, presumably relating to secretion of digestive enzymes, provide alternative evidence that
rhythms of enzyme activity might be expected in C.
helgolandicus under certain conditions.
Consistent with the suggestion of Doyle & Poore
(1974) we observed significantly higher ammonium
flux in the surface waters above the thermocline at
night when other evidence indicated that the copepods
were actively feeding. In the nutrient-limited surface
waters at E5 a combination of upward vertical migration into the surface layers at night and the much
higher rates of ammonium excretion observed in this
night-time population results in significant diurnal
periodicity in the regenerated flux attributable at least
to the larger migrating copepods such as Calanus helgolandicus. Based on a consideration of the contribution of adult female C. helgolandicus alone, our results
would indicate that the flux at midnight would be
0.138 pM m-3 h-' and 0.005 FM m-3 h-' a t midday, an
increase of a factor of 27.6 times (Table 5). This calculation is based on average conditions in the surface
20 m; any localized aggregation within the surface
mixed layer would be likely to result in even more
pronounced differences in diel flux. Further enhancement of this periodicity may result from the precise
timing of the maximum grazing and excretion activity
in the surface waters.
The proportion of the nutrient flux that may be subject to such d e l fluctuations is difficult to estimate. The
present study has considered adult female Calanus
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Table 5. Estimation of the daytime and night-time regenerated ammonium flux PM m - 3 h - ' attributable to migratory
adult female Calanus helgolandjcus in the upper 20 m at E 5
in Jul 1983 compared with an estimate for the nonmigrating
population of the small copepod Paracalanus parvus

Flux
Copepod
Calanus helgolandicusi
Paracalanus parvusb

Midday

Midnight

0.005
0.59

0.138
0.59

" Calculated from the observed densities and measured
excretion rates given in Table 2 for midday and midnight
Calculated using a constant excretion rate of 0.009 pg
NH,-N copepod--'h-' given by Holligan et al. (1984b).
and a population density for the upper 20 m of 1180 m-3
based on midday and 6 midnight samples during the Jul
1983 study. There was no significance between the day
and night population densities, which were pooled to
give this estimate

helgolandicus because of the relative ease of making
estimates of in situ activity of these large copepods,
and because of their pronounced migratory behaviour.
However, other large migratory copepods, for example
Metridia spp., are characteristic of such waters (Holligan e t al. 1984a) and if shown to also exhibit diurnal
changes in ammonium excretion would add to this
effect. From observations made in August 1982 (Fig. 6)
it can b e seen that the whole mesozooplankton
assemblage (> 200 km) and to some extent even the
microzooplankton (80 to 200 pm) showed evidence of
biomass movements through the thermocline into surface waters by night. These results show (Table 4 ) that
adult female C. helgolandicus represented about 10 O/O
of the total zooplankton nitrogen in the surface layer at
night.
More uncertainty attaches to estimating microzooplankton excretion especially the contribution of
organisms less than 80 pm. Whether diel periodicity
occurs in the microzooplankton is uncertain, no information on feeding periodicity being even available for
the early developmental stages of smaller herbivorous
copepods. For adults of the small calanoid Paracalanus
parvus, Holligan et al. (1984b) reported an excretion
rate representing 19.1 % of the body nitrogen, which
when compared with 3.3 % for the much larger
Calanus helgolandcus, is consistent with an inverse
relation between weight-specific excretion a n d body
weight (Corkett & McLaren 1978). However, more
recently Paffenhofer & Gardner (1984), studying excretion by adults and early developmental stages of
Eucalanus pileatus, concluded that there was only a
moderate (2-fold or less) difference in weight-specific
excretion rate over the rather large size range of 1.2 to
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80 pg ash-free dry weight. Hence, there remain uncertainties about the relative excretory rates of the smaller
zooplankton although as small copepods are generally
more numerous their contribution to the regenerated
flux may be great. For example, at E5 the total population of P. parvus in the upper 20 m in July 1983 averaged 1400 m-3, with no significant difference being
observed between the densities at midday and midnight. Using the value for excretion by P. parvus given
by H o h g a n et al. (1984b) an estimate can be made of
the regeneration by these small copepods relative to C.
helgolandicus (Table 5 ) . Clearly, it is in areas where
large migratory copepods predominate that diel
periodicity in nitrogen flux urlll be greatest, though
more work needs to be done on possible diel cycles
within the microzooplankton.
Despite these uncertainties the hypothesis that
ammonium is supplied rhythmically by zooplankton
excretion is supported by our observations in surface
stratified waters. This finding supports the relevance of
laboratory investigations on the interactions between
nitrogen pulsing and photopenod to field situations of
nitrogen limitation (Yoder et al. 1982, Olson &
Chisholm 1983, Plumley & Darley 1985). Doyle & Poore
(1974) first suggested that fluctuating nitrogen regimes
might result in a phasing of phytoplankton cell d v i sion. Subsequently such induction of division synchrony has been reported in nitrogen-limited diatom
cultures subjected to daily pulses of nitrate (Yoder et
al. 1982) and interaction of light-dark cycles and
pulses of nitrogen including ammonium have been
investigated by Olson & Chisholm (1983) and by Plumley & Darley (1985).
These laboratory studies have indicated the significant effect nitrogen pulsing may have on cell division
patterns in phytoplankton populations. It is the importance of such pulsed nutrient supply for interspecific
competition for nutrients within the phytoplankton
which deserves particular consideration, as fluctuating
nitrogen regimes have been shown to affect the outcome of competition in continuous cultures of natural
phytoplankton (Turpin & Harrison 1979). In particular,
the findings of Paasche et al. (1984), that some dinoflagellates such as Gyrodinium aureolum have a near
absolute light requirement for nitrogen uptake
whereas others do not, are most relevant to our own
results. G. aureolum is a dominant summer species in
frontal conditions and in the subsurface chlorophyll
maxlmum in stratified waters in the English Channel
(Holligan et al. 1983, 1984a, b). Clearly, the findings of
Paasche et al. (1984) coupled with an appreciation of
the proportion of the ammonium regeneration flux
whlch occurs at night, and is therefore only a v l l a b l e
to competing species, will affect the estimation of
nitrogen supply to these dinoflagellate populations in

frontal and stratified waters. The interaction between
light-dark cycle, diel migration of both phytoplankton
and zooplankton, and diel cycles of zooplankton excret ~ o nand nitrogen uptake by phytoplankton, will have
considerable implications for feedback between zooplankton and phytoplankton in thermally stratified
waters.
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