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ABSTRACT: A survey of zooplankton physiology on the northern coast of Brittany (France) was 
carried out over a one-year period by comparing two estuarine areas, one oil-polluted area (Aber 
Benoit) following the oil spill by the tanker "Amoco Cadiz" and one non-oil-polluted area (Rade de 
Brest). A new approach to an ecological survey was made by describing trophic relationships using 
analysis of digestive enzyme equipment (amylase and trypsin) of zooplankton organisms, meso- 
plankton populations and some selected species. These measurements allowed determination of (a) 
groups of populations with homogeneous trophic and faunistic characteristics and (b) groups of 
species with homogeneous trophic characteristics. The study of the appearance of these groups over 
a one-year period revealed the succession of populations and their adaptation to the environment 
on the basis of biochemical analysis. These phenomena observed in the compared areas showed 
marked differences in the most polluted areas during the productive spring period. Specific 
treatment of the data using unusual correlations between digestive enzymes is discussed in terms of 
the immediate effect on the whole population and on a copepod (Anomalocera patersoni) living in 
the upper 10 cm. 

INTRODUCTION 

Zooplankton  composi t ion is partly def ined by env i ronmenta l  conditions~ thus the 
measu remen t  of its physiological  activity is a possible way to record variat ions of m a n y  
factors that are involved in  the product ion mechanisms,  such as physical,  hydrobiologi-  
cal, pr imary and  secondary product ion processes, predat ion and  recycl ing phenomena .  
The physiological  activity of p lank ton  in  the field has b e e n  recorded by the es t imat ion of 
cel lular  regula t ion  (Curl & Sandberg,  1961; Packard, 1971; King, 1972; Boucher & 
Samain,  1974; Alayse-Danet ,  1980). As shown by Boucher et ah (1975) and  Samain  et al. 
(1975, 1980), nutr i t ion of p lanktonic  copepods can be es t imated by qual i ta t ive and  
quant i ta t ive  measurements  of specific digestive enzymes.  We a t tempted to apply this 
analysis  by s tudying digest ive enzymes  (amylase and  trypsin) of copepod populat ions  
from different areas and  of different species dur ing  a survey of seasonal  variat ions of 
p lanktonic  ecosystems. Fol lowing the "Amoco Cadiz" oil spill, pol lu ted  and  non-  
pol lu ted  p lanktonic  ecosystems were compared. 

SAMPLING 

Zooplankton was collected with a 200-tan mesh net; the sample was split with a 
Fulsom splitter for collection and  measurement s  of b iochemical  parameters  (amylase, 
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trypsin, proteins). Analysis was performed on the total population and on selected 
copepod species. Samples were ground in distilled water  at 4 ~ Amylase, trypsin and 
proteins were analysed according to methods described by Samain et al. (1977). The 
sampling strategy has been  adapted to the seasonal variations: a monthly survey in 
spring during the productive phase and irregular collections during winter. 

E c o p h y s i o l o g i c a l  ana lys i s  

Amylase and trypsin are specific for their substrates (starch and proteins respec- 
tively). The carbohydrate and protein requirements of different species are not identical; 
the relative amylase/trypsin levels for each copepod species are characteristic of a 
herbivorous, omnivorous or carnivorous diet (Boucher et al., 1975). Elsewhere, the two 
digestive enzymes are regulated by many factors, mainly: the available food characteris- 
tics (e. g. quality, quantity, species of phytoplankton, chemical composition, size), the 
developmental  stage of zooplankton organisms, and the species-appropriate diet. These 
very interdependent factors determine the adaptative processes to the nutritive environ- 
mental  value. These regulations allow amylase and trypsin levels to vary independently 
(Samain et al., 1980). Each copepod species in a specific trophic environment and at a 
certain stage is thus characterized by a particular amylase/trypsin ratio (Samain et al., 
unpublished). Consequently, the analysis of the amylase/trypsin (A/T) ratio gives infor- 
mation about the trophic orientation of selected species. As different species do not have 
the same A/T ratio in the same trophic conditions, the measurement  of the A/T ratio of a 
multispecific population will give results in accordance with the faunistic composition of 
the population and/or the trophic conditions in the sea. 

High or low amylase and trypsin values can lead to the same A/T ratio. As 
algebraical calculations alone could obscure this relation, amylase and trypsin are 
graphically plotted (Fig. 1). The A/T ratio is the slope of the line. Different protein 
contents of the organisms may explain the differences in total amylase and trypsin 
values in the same A/T ratio. This information can be excluded by dividing amylase and 
trypsin by the corresponding protein content of the organisms. 
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Fig. 1. Geometr ical  f iguration of the A/T ratio us ing total amylase and  total trypsin (left) or amylase/  
protein and  t rypsin/protein (right) from the same sample 
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Fig. 3. Theoretical groups of total zooplankton samples with different trophic relationships and/or 
faunal composition 

The amylase /prote in  (A/P) and  t rypsin/prote in  (T/P} ratios are the specific activities 
of amylase  and  trypsin. W h e n  A/P is plotted agains t  T/P, the slope of the l ine is aga in  the 
A/T ratio. When  different dots are on the same slope, more or less energy has b e e n  
expended  per mg of proteins to synthesize amylase and  trypsin in  the same A/T ratio. So 
we assume that in  this case we observe different genera l  physiological  levels of the 
organisms. 

As different species are not adapted  to the same trophic condit ions in  the same way, 
two groups of plots can be ob ta ined  of two species in  the same trophic env i ronmen t  
{Fig. 2). If the sample contains n 1 ind iv idua ls  from Species 1 and  n2 ind iv idua ls  from 
Species 2, an  in termediary  group of plots is obta ined  and  is def ined by the specific 
composit ion of the sample  and  the relat ive n u m b e r  of the species. In a more genera l  way, 
total popula t ion  samples  can be separated by such a method if ei ther  their  faunist ic  
composit ion or their trophic adapta t ion  to the env i ronment  or the two characteristics are 
chang ing  (Fig. 3). Changes  in  trophic condit ions can be detected by the study of samples 
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of the different species selected, and a correlated distribution of the data is to be 
discussed in terms of general physiological variations. 

RESULTS 

The above considerations were applied to the ecological survey of the northern 
coasts of Brittany after the "Amoco Cadiz" oil spill in March 1978. A general survey was 
conducted from the Ouessant Islands to St. Brieuc Bay from March 1978 to January 1979 
and again in spring 1979 (Fig. 4). A special study was made on the most polluted onshore 
area, Aber Benoit, and comparisons were made with a quite similar and non-polluted 
estuarine system, the Bay of Brest, or with other less polluted estuarine areas from the 
northern coast', Aber Wrach, Bay of Morlaix, Bays of Lannion, Jaudy, Trieux. 

S tudy on two se lec ted  c o p e p o d  spec ies  

The two most representative and frequently occurring species, Acartia claus1 and 
Ternora 1ongicornis, were selected for study. Their A/T ratios were noted for the year 
1978-1979 using graphical representation. Groups of homogeneous trophic relationships 
are found to vary with time of year. Comparing Acartia from the ecosystems of Aber 
Benoit and Bay of Brest {Fig. 5), we found similar situations occurring in September and 
January but observed marked differences in June and to a lesser extent in May. A 
comparison of Temora from the ecosystems of Aber Benoit and estuarine conditions in 
northern Brittany (Fig. 6) showed marked differences during the spring period (April, 
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May, June). Temora individuals were noticeably scarce in Abet Benoit after the oii spill 
and were completely absent in September. 

Study on w h o l e  populat ions  

Whole populations from Aber Benoit and Bay of Brest have been compared (Fig. 7). 
Groups of homogeneous trophic relations and/or faunistic compositions were well 
defined and related to the season. January conditions were comparable, and June was 
the most distinct period between the two areas; April, May and September conditions 
were somewhat similar. 

Whole populations from areas of the northern coast of Brittany (onshore and off- 
shore) are plotted in Figure 8. Groups of homogeneous trophic relationships and/or 
faunistic composition are defined and related either to seasons and/or to geographical 
area. These groups are more or less homogeneous: in May data were very dispersed and 
related to geographical situation {Roscoff, Morlaix, Lannion); for June and September 
the distribution is better explained by the seasonal variations. But in March and April, 
just after the wreck, peculiar phenomena were distinguishable: in the first 15 days after 
the wreck, amylase and trypsin levels were depressed in a correlated way; 30 days later 
(April), as levels increased on the same correlation axis offshore, they stayed at low 
values onshore; then later (May), geographical heterogeneity appeared. In spring 1979, 
the same measurements were taken {Fig. 9). In March, no low levels were detectable. We 
observed a large group of high amylase and trypsin values which was very distinct from 
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the p h e n o m e n a  obse rved  just  af ter  the  wreck  in 1978. In Apri l ,  these  va lues  were  
compa rab l e  wi th  the offshore da ta  from the p r e c e d i n g  year~ .i~n June ,  the  1978 and  the 
1979 groups  were  comparab le .  The  resul ts  ob t a ined  from the  copepod  Anomalocera 
patersoni are  not  comparab l e  wi th  those from other  spec ies  (Fig. 10). Data  were  not 
d i s t r ibu ted  into m a r k e d  groups~ the i r  corre la t ion  coeff icient  is r = 0.66. The  lowest  
va lues  cor respond  to the  i m m e d i a t e  w r e c k  a rea  - Abe r  Benoit, Portsal l  - and  to the  most  
i m m e d i a t e l y  p o l l u t e d  o ther  par t s  of the  coast  in  Apr i l  - Bay of Lannion,  Triagos.  In the  
fo l lowing yea r  (1979), two groups  of da t a  were  obse rvab le  (Fig. 11): one was  h o m o g e n e -  
ous, the  amylase  and- t ryps in  va lues  were  in accordance  wi th  the  gene ra l  observations~ 
the other  group wi th  lower  va lues  was  on or unde r  the  lower  par t  of the 1978 corre la t ion  
axis and  co r responded  to the  onshore  stat ions nea r  Aber  Benoit  and  A b e t  Wrach  or 
loca ted  offshore dur ing  March  in the  gene ra l  current  and  w ind  direct ion.  It is also 
no t i ceab le  that  in 1979 Anomalocera patersoni was  about  1.5 t imes  more  a b u n d a n t  than  
dur ing  the  same pe r iod  in 1978. 

DISCUSSION 

Cons ide r ing  e i ther  the  spec ies  or the  total  popu la t i on  of copepods  from the non- 
p o l l u t e d  a rea  [Bay of Brest), w e  can  d i s t ingu i sh  severa l  groups  over  a one -yea r  per iod.  
The amy la se  and  t ryps in  levels  vary  seasona l ly  wi th  t rophic  re la t ions  (diet, food charac-  
terist ics,  r e l a t ed  spec ies  and  faunis t ic  composit ion) .  In the  same way,  different  groups  
a re  obse rvab le  for the  more  or less  p o l l u t e d  aqua t i c  ecosys tems  of nor thern  Brit tany.  We 
wil l  a t t empt  here  to compare  these  groups  in terms of seasonal ,  g e o g r a p h i c a l  and  
abnorma l  s i tuat ions.  The AJT of the  groups  and  thei r  h o m o g e n e i t y  wi l l  be  analysed~ 
even tua l  unusua l  correla t ions  b e t w e e n  amylase  and  t ryps in  wi l l  be  discussed.  

C o m p a r i n g  Acartia from Abe r  Benoit  and  the  Bay of Brest  (Fig. 5), w e  found  groups  
co r respond ing  to h o m o g e n e o u s  t rophic  re la t ionsh ips  very  dis t inct  in  June,  usua l ly  the  
most  p roduc t ive  pe r iod  in  Brittany. Less m a r k e d  differences  in May,  and  c ompa ra b l e  
s i tuat ions  in S e p t e m b e r  and  January ,  ind ica te  that  s imi lar  t rophic  condi t ions  occur for 
Acartia dur ing  these  other  months  in  the  two areas.  Some character is t ics  in  the  t rophic  
re la t ionsh ips  of Acartia are  m a r k e d l y  different  in June.  A compar i son  of Temora from the 
o i l -po l lu ted  Abe r  Benoit  and  from other  s imi la ry  less or non -po l lu t ed  es tuar ine  areas  
(Fig. 6) also r e v e a l e d  a d i sc repancy  in June,  and  in the  other  spr ing  months  as well .  The 
d i f ferences  obse rved  in  the  t rophic  re la t ionsh ip  s e e m e d  to be  l e tha l  for Temora  [Rojat, 
1979), i nd ica t ing  that  some character is t ic  of the  ecosys tem was  h igh ly  mod i f i ed  in  June.  
Poss ibly  the  p h y t o p l a n k t o n  concent ra t ion  or its floristic composi t ion  or nutr i t ive  va lue  
was a l t e r ed  d i rec t ly  by  the effect of oil on  the  phy top l a nk ton  p roduc t ion  or ind i rec t ly  in  
re la t ion  to nut r ien t  modif icat ions .  

W h e n  the  whole  popu la t ions  of zoop lank ton  from Abe r  Benoit  and  Bay of Brest were  
c o m p a r e d  (Fig. 7), m a r k e d  di f ferences  were  also v is ib le  dur ing  the June  per iod.  Trophic  
re la t ionsh ips  l e a d  to this  phenomenon ,  bu t  faunis t ic  modif ica t ions  cannot  be  exc luded .  

Ana lys i s  of the  groups '  h o m o g e n e i t y  or he t e rogene i t y  of the  who le  zoop lank ton  
popu la t ion  from the nor thern  coast  of Bri t tany r e v e a l e d  that  seasona l  groups  were  l a rge r  
in March  and  Apr i l  than  in M a y  and  June.  These  resul ts  are  in  accordance  wi th  the  
g e n e r a l  observa t ions  of the  p roduc t ion  mechan i sms  on this  coast  (Samain  et  al., 1978). In  
March  and  Apri l ,  the  p roduc t ion  of each  onshore  subecosys tem (bays or abers)  beg in s  as 
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a function of local hydrobiological  conditions, but the main production seems to be 
offshore; thus in May or June, all the coastal areas are overgrown by the offshore 
production, and all the northern Brittany ecosystem studied is homogeneous in trophic 
and faunistic characteristics. In May 1978, high heterogenei ty was attributable to 
distinct geographical  characteristics, part icularly in Lannion Bay (Fig. 8}. One year  later 
(Fig. 9), homogeneity characterized the area. Only two abet  stations were distinguish- 
able. As in 1.978 and 1979, spring meteorological conditions {temperature) were the 
same; these results are in accordance with the hypothesis that there is a correlation 
between the heterogenei ty of the onshore ecosystem in May and the oil-spill  pollution 
{Samain et al., 1978}. In May 1978, two mechanisms could have emphasized the initial 
heterogeneity:  (a} the toxic properties of the oil could have prevented the offshore 
production overgrowing the coastal ecosystems until June, and (b} each local ecosystem 
polluted at different levels could have resulted in trophic and faunistic characteristics. 
This phenomenon disappeared in June, so the direct effects of the oil spill seemed to 
operate till May 1978 on the general  onshore ecosystems. 

Theoretically, variations of the digestive enzyme synthesis in the same A/T ratio 
were analysed in terms of general  metabolic variations. In this case, two cellular 
parameters  that are usually independent  became correlated. We have also demonstrated 
that experimental  intoxication of Artemia sallna by copper or zinc depressed specific 
amylase and trypsin levels (Alayse-Danet et al., 1979). In 1978, the general  correlation 
and the low values found in the first 15-30 days after the wreck were supposed to 
correspond to a general  metabolic depression (Samain et al., 1978). But in 1979 this 
correlation d isappeared for most data, and remained only for some severely oil-polluted 
stations. The faunistic composition analysis [Lef~vre, personal communication; Rojat, 
1979) indicates that very high mortality occurred during the first month. The correlated 
low amylase and trypsin data seem, therefore, to provide a good approach for estimation 
of physiologically perturbated zooplankton. 

In April  and May 1978, Anomalocera patersoni was the only species with amylase 
and trypsin correlated on the whole northern Brittany coastal area (Fig. 10). It was found 
until  May and d isappeared  in June. During this period, all areas that had been  directly 
oil polluted were submitted to natural or human cleaning, and high values of hydrocar- 
bons were recorded on the first subsurface layer (Marchand, 1978). As this species lives 
in the upper  10 cm, we attr ibuted the existing correlation to a physiological  perturbation. 
This hypothesis seemed to be improved one year later. A lot of data were not correlated, 
and Anomalocera did not d isappear  after May but was 1.5 more abundant. Only a few of 
them with low values, near the 1978 axis, corresponded to onshore and offshore areas of 
Aber Benoit and to the back of the Bay of Lannion. The sediments of the back of these 
two estuarine areas were still oil polluted by March 1979. Hydrocarbons in the upper  
layer of the sea are significantly higher  (Abers 2.6 ~g/1, Bay of Lannion 2.0 ~g/1) than in 
the less or non-polluted area: Jaudy estuarine (0.8 ~g/1), Trieux (0.7/~g/1} (Marchand & 
Caprais, 1979). The other observed lower values of amylase and trypsin were located in 
the direct axis of dominant wind for this spring period. They could be related to the slow 
decontamination of the abet  area with storms. Thus as the Upper group would be in 
accordance with normal trophic relationships, the lower one would indicate that Anoma- 
locera patersoni is very oil sensitive, probably because of its upper  position in the 
seawater  column. 
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CONCLUSION 

There  is ev idence  that an ecophysio logica l  survey of a p lanktonic  ecosystem is 

possible  by measur ing  two diges t ive  enzymes,  amylase  and trypsin from zooplankton,  

because  trophic relat ionships,  popula t ion  variat ions and physiologica l  per turbat ions are 

observable  in such a way. The copepod Anomalocera patersoni seems to be useful  for 

s tudying l ight  hydrocarbon pol lut ion with  this approach.  

In the "Amoco Cadiz"  case, three per iods of pol lut ion effects are de tec tab le  on the 

p lanktonic  ecosystem: an immedia t e  effect for 15 days offshore and 30 days onshore 

w h e n  the metabo l i sm of the zooplankton was affected and h igh  mortal i ty occurred; a 

secondary  effect unti l  June  w h e n  it was not possible  for exogenous  species  to settle in 

the ex t remely  toxic or much  modif ied  (probably in their  trophic structure) coastal ecosys- 

tems, Lannion Bay and Aber  Benoit; and a tert iary effect one year  later  on subsurface- 

l iv ing organisms w h e n  oil was r e l eased  from the very pol lu ted  area cont inuously or wi th  

occasional  storms. 

As no reference  state was  per formed on the nor thern  coasts of Brittany before the 

"Amoco  Cadiz"  was  wrecked,  a p lur iannua i  survey us ing such an ecophysiologica l  

approach would  be necessary  to es t imate  whe the r  long- te rm faunist ic changes  were  
occurring. 
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