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ABSTRACT: Three species of vertically migrating copepods (Pleuromarnma piseku. P. gracilis and P. 
abdominalis) were collected at dawn and at dusk from the upper 200 m in the North Atlantic (36.5ON, 
19.2" W) between 11 and 18 July 1996. For all 3 species, the nitrogen content of individuals caught at 
dawn was sign~ficantly greater than for individuals caught at dusk. Theoretical considerat~ons suggest 
that this dawn-dusk difference in nitrogen content represents material that is exported from the surface 
each day (the so called active N-flux). The rate of this active N-flux was 0.46 pg N ind.-' d ' for P. 
pisekii. 0.34 pg N ind:' d-' for P. gracilis and 5.17 1-19 N ind:' d-' for P. abdominalis. 
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INTRODUCTION 

One of the major challenges of current oceano- 
graphic research is to develop mathematical models 
that describe the flow of material through oceanic 
ecosystems. Frequently such models are structured in 
terms of nitrogen, which in various forms, such as 
nitrate, nitrite and ammonia, is a key nutrient for 
phytoplankton growth (Falkowski 1997). In order to 
construct realistic ecosystem models it is important to 
quantify the rate at which nitrogen is lost from the sur- 
face mixed layer of the ocean (e.g. Fasham et al. 1993). 
It has traditionally been thought that this loss of nitro- 
gen occurs mainly through the passive sinking of detri- 
tal material (e.g. Smlth et al. 1986), with the rate of this 
loss being quantified by deploying floating sediment 
traps beneath the thermocline. Recently, however, it 
has been argued that a second major avenue for nitro- 
gen loss from the surface layer may be through the 
normal diel vertical migration (NDVM) of on~nivorous 
zooplankton, with this avenue being termed the active 
N-flux (Longhurst & Harrison 1988). 

NDVM behaviour occurs in a wide variety of taxa 
with the general pattern being for migrant species to 
feed near the surface at night and then to fast at 
greater depths during the day. In the North Atlantic, 
for example, Longhurst & Williams (1979) reported that 
NDVM was particularly marked in euphausiids and 
copepods of the genera Euchaeta, Pleuromamma and 
Metndia. There are 2 distinct ways in which NDVM 
may lead to an  active N-flux. First, material ingested 
near the surface a t  night may be defecated a t  depth 
during the day (Angel 1984). Second, material in- 
gested near the surface and then assimilated may be  
excreted, for example as ammonia, at depth (Long- 
hurst & Harrison 1988). These 2 processes will liberate 
particulate organic nitrogen (PON) and dissolved 
nitrogen (DN) at depth respectively. 

For an  active PON-flux to occur, the residence time 
of material in the gut must be  sufficiently long so that 
zooplankton still contain fecal material when they 
arrive below the thermocline (Angel 1984). Even small 
migrating copepods may swim vertically at high speed 
[e.g.  Metridia may swim at up to 90 m h-' (Enright 
1977)) and hence where there is a shallow seasonal 
thermocline migrants will probably descend to below 
the thermocline in a matter of minutes. Furthermore. 
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recent evidence suggests that gut evacuation rates 
may be  particularly slow for vertical migrants (Morales 
et  al. 1993. Atkinson et  al. 1996). For example. Morales 
et  al. (1993) showed that for Pleurornamma and Met- 
ridia in the NE Atlantic, it would take approximately 
1 h for 50 % of the gut contents to be defecated. Hence 
it is likely that after the cessation of feeding and the 
dawn descent, a large proportion of the gut contents of 
migrants will be defecated below the thermocline. 

Excretion by migrating zooplankton will continue 
during the day because excretory products are  contin- 
uously produced as a result of basic metabolism. In 
general, excretory products in zooplankton have a 
high nitrogen content as a result of the deamination of 
amino acids and peptides assimilated from the food 
(Raymont 1983). The rate of the active DN-flux has 
been estimated indirectly by using measurements of 
the rate of ammonium (NH,') excretion derived from 
laboratory incubations. In this way it has been esti- 
mated that the active DN-flux may be relatively high, 
approaching or even exceeding that caused by the 
passive sinking of particulate material (Longhurst & 

Harrison 1988, Dam et  al. 1995). Furthermore, these 
a re  likely to be conservative estimates of the true rate 
of the active DN-flux since in addition to NH,+, nitro- 
gen may also be excreted in other forms such as urea 
and/or amino acids (Webb & Johannes 1967, Mayzaud 
& Dallot 1973). 

While the active N-flux is therefore likely to be an 
important process which has implications for the over- 
all ecosystem dynamics, current estimates for the rate 
of this flux are  tentative. As a step towards resolving 
the true rate of the active N-flux, we have recently sug- 
gested that the measurement of diel changes in the 
nitrogen content of migrating zooplankton may pro- 
vide a technique for its in situ assessment (Hays et  al. 
1997). In this paper w e  report the first attempt to apply 
this new approach in the field. 

Field sampling. Sampling was conducted in the NE 
Atlantic between l 1  and 18 July 1996 at  36.5" N (a0.4") 
and  19.2"W (*0.05") and was concentrated around 
dusk and dawn when the minima and maxima in the 
nitrogen content of migrating zooplankton were pre- 
dicted. Zooplankton were collected using a 500 pm 
WP-2 net hauled vertically between 200 m and the sur- 
face. The times of sunset and sunrise at the study site 
were 20:30 and 06:15 h respectively. 'Dusk' samples 
were collected between 20:OO and 21:30 h and 'dawn' 
samples between 04:30 and 0550 h with the net gener- 
ally being deployed once at  dusk and once at dawn on 
each day. Upon retrieval of the net, zooplankton were 
immediately anaesthetized by gently pouring the 
contents of the cod end into a 1:5 soda-waterkeawater 
solution. 

The most abundant diel vertical migrants were 
found to be 3 copepod species of the genus Pleuro- 
mamma: P, pisekii, P. gracilis and P. abdominaiis. As 
soon as  the net was retrieved, the catch was sorted un- 
der a binocular microscope and adult females of these 
3 species were picked out, placed into tin capsules (El- 
emental Microanalysis Limited) and frozen at  -20°C. 
All sorting was completed within approximately 
30 min of the net being retrieved. For P. pisekii be- 
tween 5 and 20 individuals were placed in each tin 
capsule, for P. gracilis there were between 6 and 17 in- 
dividuals per capsule, while for P. abdominalis there 
were between 1 and 5 individuals per capsule. These 
numbers of copepods per capsule ensured that there 
was enough material for the subsequent elemental 
analysis. In August 1996, after return of the samples to 
the laboratory, they were dried at 50°C for 2 d and then 
analyzed on a Carlo Erba NA1500 elemental analyzer. 

Temperature profiles were made several times a day 
using a Neil Brown Mark 111 CTD. All times are given 
as Greenwich Mean Time (GMT). 

RESULTS 
MATERIALS AND METHODS 

Theoretical basis for measuring the active N-flux. 
Since migrating zooplankton feed predominantly 
above the thermocline at  night but may continue to ex- 
crete and defecate below the thermocline during the 
day when they are fasting, a diel change in their n~ t ro -  
gen  content is predicted. Nitrogen content is predicted 
to reach a minimum just prior to the onset of feeding 
around dusk, increase during the night as zooplankton 
feed near the surface, and reach a maximum at the end 
of the night just prior to the dawn descent. Hence the 
difference between the nitrogen content of zooplank- 
ton at dawn and at dusk will represent the daily export 
of nitrogen per individual. 

In all the CTD profiles the same general pattern was 
evident with temperatures of about 20.5"C at  the sur- 
face, a thermocline at 30 to 40 m and temperatures of 
13 to 15°C below the thermocline down to 300 m 
(Fig. l ) .  

The number of zooplankton samples that we col- 
lected is summarised in Table 1. At dusk, the mean ni- 
trogen content per individual was 6.01 pg N for Pleuro- 
marnma pisekii (SE = 0.18 pg N), 4.94 pg N for P. 
gracilis (SE = 0.14), and 25.25 1-19 N for P. abdominalis 
(SE = 1.78) with the nitrogen content appearing to be 
independent of the exact time in the evening that the 
sample was collected (Fig. 2). The mean nitrogen con- 
tent per individual at dawn was 6.47 pg N for P. pisekii 



Hays et  al.. Vert~cal nltrogen flux 

Table 1. For dawn and dusk net deployments on each sampling day, the number of samples that were run through the elemen- 
tal analyser for each specles and the total number of Individuals that were contalned w ~ t h i n  these samples All individuals were  

adult females 

Day ~n July 11  12 13 14 15 16 17 18 Total 
D a w n  Dusk  D a w n  Dusk  Darvn D u s k  D a w n  Dusk  D a w n  Dusk  D a w n  Dusk  D a w n  Dusk  D a w n  Dusk  

- 

Pleuromamma p l s e k ~ ~  
No samples 1 3 4 0 5 2 0 0 4 1 0 1  2 1 1 0 2 5  
No ind~v idua l s  9 29 60 0 75 30 0 0 64 14 0 10 20 8 5 0 324 

P g r a c ~ l ~ s  
No samples 2 3 3 0 3 3 0 2 4 2 0 1  1 2 1 0 2 7  
N o i n d ~ v ~ d u a l s  25 45 45 0 45 45 0 30 52 30 0 17 12 27 6 0 379 

P abdonunalis 
No samples 0 4 6 0 9 4 0 0 7 1  0 0 1 0 1 0 3 3  
N o ~ n d ~ v i d u a l s  0 17 30 0 43 20 0 0 31 3 0 0 5 0 4 0 153 

(SE = 0.14), 5 .28  pg N for P. graciljs (SE = 0.15) and 
30.42 pg N for P. abdominal is  (SE = 1.06) (Fig. 3) .  

The mean nitrogen content of individuals sampled at 
dawn was significantly higher than for individuals 
sampled at dusk for all 3 species: for Pleurornamma 
pisekii ,  l-tailed t-test, t,5 = 2.03, p = 0.03; for P. gracilis, 
l-tailed t-test, t21 = 1.67, p = 0.05; for P. abdominalis,  1- 
tailed t-test, t,, = 2.5, p = 0.01. The difference between 
the mean dawn and dusk nitrogen values was 0.46 pg 
N ind.- '  for P. pisekii ,  0.34 pg N ind.- '  for P. gracilis and 
5.17 pg N ind.-' for P. abdomlnalis.  When expressed as 
a percentage of the mean dawn nitrogen content, the 
difference between the mean dawn and dusk values 
was ?.O % for P. pisekii ,  6.5 % for P. gracilis and 17.0 % 

for P. abdominal is  (Fig. 4 ) .  

DISCUSSION 

While the biogeochemical impacts of normal die1 
vertical migration (NDVM) have only recently begun 

Temperature ("C) 

to be considered, the extent and timing of NDVM in 
different species has been very well documented. 
Although there may be some spatio-temporal and 

-C a 
0, 
n 

Time (GMT) 

Fig. 1. Examples of 3 CTD profiles obtained i Fig. 2 Body nltrogen content of (a)  Pleur-onlamma p~sek i l ,  
( b )  P graciljs and (c) P. abdominaLis lndlv~duals collected at  
different times close to dusk.  Each polnt represents a mean 
value for several ~ n d ~ v i d u a l s  (see text for de t a~ l s ) .  For none of 
the specles did the nitrogen content change sign~flcantly 
within this tlrne scale F,,, = 1.2,  p = 0.32; F,,,, = 2 0, p - 0.18; 

and F,,, = 1 7, p = 0 23 respect~vely 300 between l 1  and 18 July 1996 at  the study slte 
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Time (GMT) 

Fig. 3. Body nitrogen content of (a) Pleuromarnma pisekii, 
(b) P. gracilis and ( c )  P. abdomnalis indiv~duals sampled at 
different times of the day. Each point represents a mean value 
for several individuals (see text for details). Times of sunrise 

and sunset are indicated by dashed lines 

inter-specific differences, the timing of NDVM gener- 
ally follows a pattern of a dawn descent and a dusk 
ascent. It is well known that copepods of the genus 
Pleuromamma are, along with other members of the 
family Metriididae, strong die1 vertical migrants. For 
example, Longhurst & Williams (1979) reported for the 
NE Atlantic that the depth of maximum abundance for 
P. robusta was between 400 and. 500 m during the day 
while this species tended to be near the surface at 
night, and that Metridia lucens was most abundant 
between 300 and 400 m during the day and, again, at 
night was maximally abundant near the surface. Simi- 
larly, Ruskey et al. (1989) reported that during the day 
in the Sargasso Sea, P. gracjljs was maxirnally abun- 
dant between 200 and 400 m. We have recently 
hypothesised that for vertical migrants there will be a 
difference in the nitrogen content between dusk and 
dawn which represents the daily export from near the 
surface (Hays et al. 1997). In the current study our 
objective was to test this hypothes1.s by characterising 

Fig. 4.  Mean body nitrogen content (+l SE) for individuals 
collected at dawn ( W )  and at dusk (0) for (a) Pleurornarnma 

pisekii, (b) P. graciljs and ( c )  P abdominalis 

the mean dawn and dusk nitrogen contents for a vari- 
ety of species. For the 3 species examined there was 
indeed a significant reduction in the body nitrogen 
content between dawn and dusk which represented 
between 6.5 and 17 % of the migrating biomass. 

We can use literature values to infer the relative con- 
tributions of excretion and defecation to this reduction 
in the nitrogen content. In this context the most exten- 
sive and appropriate excretion rates are provided by 
Longhurst et  al. (1989) for zooplankton from the North 
Atlantic (38" N ,  65" W).  They measured excretion rates 
for migrating zooplankton caught below the thermo- 
cline during the day, which they maintained at sub- 
thermocline temperatures and deprived of food, i.e. in 
conditions which matched as closely as possible those 
that migrating zooplankton would naturally experi- 
ence during the day. Furthermore their samples were 
dominated by Pleuromamma species and the tempera- 
ture below the thermocline was 17"C, i.e. sirn~lar to 
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that in our study. The mean excretion rate reported 
was 0.062 pg-at. N mg-' dry wt h- ' .  Assuming nitrogen 
equaled 9.3 % of the dry weight (Longhurst & Harrison 
1988). this excretion rate equals 0.93% of the body 
nitrogen h-'. If we assume that the zooplankton in our 
study were beneath the thermocline between dawn 
and dusk (approximately 14 h d- ' ) ,  the calculated 
excretion below the thermocline is 13% of the body 
nitrogen. This is comparable to the values we have cal- 
culated from the diel changes in nitrogen content (6.5, 
7.0 and l?.O'Yo). In contrast, Carlotti & Hirche (1997) 
constructed an  individual-based bioenergetic model 
for the copepod Calanus finmarchicus (broadly similar 
in size to the copepods examined in our study) and 
estimated that after feeding the amount of carbon in 
the gut reached about 1 % of the total carbon content of 
an  individual. Most of this material in the gut will be 
assimilated and hence the amount of material defe- 
cated from a single full gut will be very small ( 4 1  %) 
compared to the total amount in the body. 

The implication of these calculations is that the 
active N-flux is probably mediated largely through 
nitrogenous excretion (i.e. the active DN-flux) rather 
than through defecation (i.e. the active PON-flux). Fur- 
thermore the rate of the active N-flux will not be  
strongly influenced by whether defecation occurs 
above the thermocline prior to descent or below the 
thermocline after descent, since the vasl majority of the 
vertical export must be  occurring via the excretion of 
dissolved nitrogen. In terms of our sampling strategy 
(integrated net hauls between 200 m and the surface), 
it is, consequently, probably unimportant whether the 
zooplankton collected at dawn were actually above the 
thermocline with fuller guts or below the thermocline 
with emptier guts. 

Our dusk sampling series might be criticised on the 
basis that our integrated net hauls could have included 
zooplankton that had already arrived at the surface 
and begun to feed. If this were the case, then the nitro- 
gen content would be greater for the zooplankton we 
collected later on in the evening and consequently we 
would be underestimating the true rate of the active N- 
flux. However, in none of the species was there any 
evidence for an  increase in nitrogen content as the 
evening progressed, which suggests that our dusk 
samples were composed of zooplankton that had not 
yet begun to feed. 

The rate of the active N-flux may potentially vary 
due to a number of factors such as  inter-specific differ- 
ences in excretion rates and/or regional and seasonal 
differences in water temperature. Furthermore, the 
rate of the active N-flux will be influenced by the 
length of time spent below the thermocline each day. It 
is well known that larger species of diel vertical 
migrants tend to spend longer beneath the thermocline 

each day (e.g.  Hays 1995). This is presumably because 
larger species tend to be more visible to visual preda- 
tors and hence, in order to maximize their survival, 
they need to arrive near the surface when it is darker. 
If they have the same excretion rates, larger species 
will, therefore, excrete more nitrogen below the ther- 
mocline each day due  to their longer sub-thermocline 
residence. Our observation that the rate of the active 
N-flux was highest in the largest of the species consid- 
ered (Pleuromamma abdominalis) is consistent with 
this suggestion. 

In conclusion, our measurements lend further sup- 
port to the suggestion that vertically migrating zoo- 
plankton may actively export nitrogen from the ocean 
surface and open the way for further quantification of 
the rate of this export which will ultin~ately allow this 
flux to be incorporated into ecosystem models. 
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