
COLLECTED PAPERS

ON

MEIOFAUNA DYNAMICS AND ENERGY FLOW

Carlo Heip, Peter M.J. Herman, Guido Vranken

(J ^ D IH O

Delta Institute for Hydrobiological Research

Vierstraat 28 
4401 EA Yerseke 
The Netherlands



C o n t e n t s

Heip, C. 1976.The life-cycle of Cyprideis torosa (Crustacea, Ostracoda). Oecologia (Beri.) 
24, 229-245.

Heip, C. 1976. The calculation of eliminated biomass. Biol. Jb. Dodonaea 44, 217-225.

Heip, C., P.M.J. Herman, A. Coomans. 1982. The productivity of marine meiobenthos. 
Academiae Analecta 44, 1-20.

Herman. P.M.J., C. Heip. 1982. Growth and respiration of Cyprideis torosa Jones 1850 
(Crustacea Ostracoda). Oecologia (Beri.) 54, 300-303.

Herman, P.M.J., C. Heip, G. Vranken. 1983. The production of Cyprideis torosa Jones 
1850 (Crustacea Ostracoda). Oecologia (Beri.) 58, 326-331.

Herman, P.M.J., C. Heip. 1983. The respiration of five brackish-water harpacticoid copepod 
species. J. exp. mar. Biol. Ecol. 71, 249-256.

Herman, P.M.J., C. Heip. 1983. Long-term dynamics of meiobenthic populations. Oceanol. 
Acta. Proceedings 17th European Marine Biology Symposium Brest. 109-112.

Vranken, G., C. Heip. 1983. Calculation of the intrinsic rate of natural increase, rm, with 
Rhabditis marina Bastian 1865 (Nematoda). Nematologica 29, 468-477.

Herman, P.M.J., C. Heip, B. Guillemijn. 1984. Production of Tachidius discipes (Copepoda: 
Harpacticoida). Mar. Ecol. Prog. Ser. 17, 271-278.

Herman, P.M.J., G. Vranken, C. Heip. 1984. Problems in meiofauna energy-flow studies. 
Hydrobiologia 118, 21-28.

Herman, P.M.J., C. Heip. 1985. Secondary production of the harpacticoid copepod 
Paronychocamptus nanus in a brackish-water habitat. Limnol. Oceanogr. 30, 
1060-1066.

Heip C., Herman P.M.J. 1985. The stability of a benthic copepod community. In: P. Gibbs 
(ed.): Proc. 19th EMBS Plymouth 1984. Cambridge University Press 255-264.

Vranken, G. P.M.J. Herman, M. Vincx, C. Heip. 1986. A re-evaluation of marine nematode 
productivity. Hydrobiologia 135, 193-196.

Vranken, G., C. Heip. 1986. The productivity of marine nematodes. Ophelia 26, 429-442.

Heip, C., P.M.J. Herman. 1988. The production of meiofauna. ICES C.M. 1988/L:26.

Vranken, G., P.M.J. Herman, C. Heip. 1988. Studies of the life-history and energetics of 
marine and brackish-water nematodes. I. Demography of Monhystera disjuncta at 
different temperature and feeding conditions. Oecologia 77, 296-301.

Herman, P.M.J., G. Vranken. 1988. Studies of the life-history and energetics of marine and 
brackish-water nematodes. II. Production, respiration and food uptake by Monhyste­
ra disjuncta. Oecologia 77, 457-463.



■



O e c o lo g ia  (B e r i . )  2 4 . 2 2 9 - 2 4 5  (1 9 7 6 ) Oecologia
■:Ç.) b y  S p r in g e r - V e r la g  1976

The Life-Cycle of C yprideis torosa 
(Crustacea, Ostracoda) *

C a r lo  H e ip

L a b o r a t o r i u m  v o o r  M o r f o lo g ie  e n  S y s t e m a t ie k ,  L e d e g a n c k s t r a a t  35 , B -9 0 0 0  G e n t ,  B e lg iu m

S u m m a r y . T h e  iife -c y c ie  o f  th e  d o m in a n t  b r a c k ish  w a te r  o s tr a c o d  C y p r id e is  
to ro sa  (J o n e s , 1850) h a s  b een  s tu d ie d  d u r in g  4  y ea rs . T h e  sp e c ie s  h a s  o n ly  
o n e  g e n e r a t io n  a n u a lly . R e p r o d u c t io n  is fa ir ly  s im ila r  th r o u g h o u t  th e  y e a rs  
a n d  a p p e a r s  to  b e  tu n e d  in  to  te m p e r a tu r e . T h e  n u m b e r  o f  a d u lts  h a s  o n e  
p e a k  e v e r y  y ea r  a n d  c a n  b e  d e sc r ib e d  by  tw o  e x p o n e n t ia l  fu n c t io n s , o n e  for  
th e  in c r e a se  a n d  o n e  fo r  th e  d e c r e a se . M o r ta lity  is v ery  s im ila r  e v er y  y ea r  
a n d  a p p r o x im a te ly  c o n s ta n t  fo r  m o n th s .  C y p r id e is  to ro sa  is o n  to p  o f  th e  
fo o d  c h a in :  r e g u la t io n  o f  n u m b e r s  is  p r o b a b ly  n o t  e x te r n a l a n d  m a y  b e  a  
fu n c t io n  o f  th e  p a s t  o f  th e  h a b ita t . A  m o d e l is  d e sc r ib e d  w h ic h  p e r m its  th e  
e v a lu a t io n  o f  th e  d u r a t io n  o f  d e v e lo p m e n t  fro m  fie ld  d a ta  o n ly .  P red ic ted  
v a lu e s  a re  in  g o o d  a g r e e m e n t  w ith  o b s e r v e d  v a lu es.

In tro d u ctio n

C y p r id e is  to r o s a  (J o n e s  1 8 5 0 ) [ =  C . l i t to r a l is  (B ra d y  1 8 6 8 )]  is  a  d o m in a n t  sp e c ie s  
o f  th e  m e io b e n th o s  in  b r a c k ish  w a te r  a r ea s  th r o u g h o u t  E u r o p e ;  it  o c c u r s  in  
N o r t h  A m e r ic a , A s ia ,  a n d  A fr ica  a s  w e ll.  T h e  d is tr ib u tio n  o f  th e  s p e c ie s  h a s b e e n  
r e v ie w e d  b y  V e sp e r  (1 9 7 2 ). C y p r id e is  to r o s a  is a  h o le u r y h a lin e  a n d  s tr o n g ly  
e u r y th e r m ie  s p e c ie s ,  b u t  i t s  m a in  d is tr ib u t io n  is  o n  so f t  s e d im e n ts  o f  sh a llo w  
b r a c k ish  w a te r  h a b ita ts  w h e r e  la rg e  a m o u n ts  o f  o r g a n ic  d e tr itu s  a re  p r e se n t . H a r t­
m a n n  (c it .  V e sp e r , 1 9 7 2 ) h a s  o b s e r v e d  th a t  th e  e n tir e  s e d im e n t  se e m s  t o  c o n s is t  o f  
th is  s p e c ie s  a t  t im e s , w h ile  R e d e k e  (1 9 3 6 )  h a s  fo u n d  th a t  th e  v a lv e s  c o n s t i tu te  a  
c h a r a c te r is t ic  c o m p o n e n t  o f  th e  s e d im e n t  o f  th e  fo r m e r  Z u id e r z e e  (n o w  IJ sse lm eer)  
in  th e  N e th e r la n d s . R e m a n e  (1 9 4 1 ) d e f in e d  th e  b e n th ic  b io c o e n o s is  o f  sh a llo w  
b r a c k ish  b a y s  (S t i l lw a s se r b u c h te n )  a s  th e  C y p r id e is -M a n a y u n k ia  c o m m u n ity ,  
h e r e w ith  c le a r ly  s tr e s s in g  th e  im p o r ta n c e  o f  th e  sp e c ie s  in  th e se  b io to p e s .

I n fo r m a tio n  o n  th e  life -c y c le  o f  m e io b e n th ic  o r g a n ism s  is  s t ill  sc a r ce  a n d  o n ly  
s lo w ly  a c c u m u la t in g . T h e  life -c y c le  o f  o s tr a c o d s  in  p a r tic u la r  h a s  b e e n  s tu d ie d

* T h i s  p a p e r  w a s  g iv e n  a s  a  l e c tu r e  o n  t h e  S e c o n d  I n te r n a t io n a l  C o n f e r e n c e  o n  M e io f a u n a ,  Y o rk ,  
S e p te m b e r  1973
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o n ly  o n  a few  o c c a s io n s . T h e  im p o r ta n t s tu d ie s  c o n c e r n in g  b r a c k ish  w a ter  a n d  
b e n th ic  m arin e  sp ec ie s  are th o s e  o f  E lo fso n  (1 9 4 1 ), H a g erm a n  (1 9 6 6 , 1968, 1969), 
T h e ise n  (1966), and  M u u s (19 6 7 ). A ll th e se  a u th o r s  w o rk ed  in S c a n d in a v ia n  
w a te rs  a n d  a ll h a v e  g iv en  in fo r m a tio n  o n  C . to r o s a  b u t th e ir  m a ter ia l w a s in ­
su ffic ien t to  p erm it d e ta ile d  a n a ly s is . B e c a u se  o f  th e  im p o r ta n c e  o f  th is  sp ec ie s  
in la rg e  a rea s a n d  in v iew  o f  th e  sc a r c ity  o f  d a ta  o n  m e io b e n th o s  w e h a v e  fo llo w e d  
th e  c h a n g e s  in  n u m b e rs  o f  a p o p u la t io n  o f  C . to r o s a  fo r  nearly  se v e n  yea rs .

A s  W a tt (1970) o b se r v e d , e c o lo g y  is r e m a r k a b ly  sh o rt o f  lo n g  ru n s o f  d a ta .  
If o n e  w ish e s  to  stu d y  p a ttern s  o f  f lu c tu a t io n s  o v e r  lo n g  p e r io d s  o f  t im e  in  o rd er  
t o  a s s e s s  th e  re la tiv e  im p a ct o f  d e n s ity -d e p e n d e n t  a n d  d e n s ity - in d e p e n d e n t  
fa c to r s  o n  th e  p o p u la t io n  d y n a m ic s  o f  a sp e c ie s  o n e  n eed s d a ta  o f  a ty p e  w h ic h  
are  n o t  freq u en tly  c o lle c te d .

T h e  n u m b er  o f  fa c to rs  w h ic h  in f lu e n c e  th e  n u m b e r  o f  in d iv id u a ls  in  a  p o ­
p u la tio n  is p r o b a b ly  very  large. A s  it is  im p o s s ib le  to  so lv e  sy s te m s  o f  n e q u a t io n s  
w ith  m o r e  th a n  n u n k n o w n s  it a p p e a r s  th a t  a  v ery  la rg e  n u m b er  o f  y e a rs  is re­
q u ired  to  d iscern  b e tw e e n  th e  in f lu e n c e  o f  fa c to r s  fo l lo w in g  a y e a r ly  cy c le . T h e  
n u m b e r  o f  re lev a n t fa c to rs  m a y  b e  su b s ta n t ia lly  sm a lle r  th a n  th e  to ta l  n u m b er  
o f  in f lu e n c es , b u t  it s t ill  a p p ea r s  im p r o b a b le  th a t  o n e  o r  tw o  y ea rs o f  in v e s t ig a t io n  
w ill su ffice  to  p r o v e  a n y th in g  a b o u t  r e g u la t io n  o f  n u m b e r s  in  a  p o p u la t io n  w h ic h  
in h a b its  a n  e n v ir o n m e n t  w h ere  y e a r ly  c y c l in g  fa c to r s  preva il.

In th e  h a b ita t  I e x a m in e d , th e  n u m b e r  o f  p o s s ib le  r eg u la tin g  fa c to r s  w ill b e  
sm a lle r  th a n  in  o th e r  h a b ita ts :  it is w e ll k n o w n  th a t  th e  n u m b er  o f  sp e c ie s  is  
sm a lle r  in  b ra ck ish  w a ter  h a b ita ts  th a n  in  e ith e r  fresh  w a ter  o r  th e  sea . M o r e o v e r ,  
th e  h a b ita t  in  q u e s t io n , a  p o n d  in  a  p o ld e r , is  v e r y  r ecen t, o r ig in a t in g  fro m  1872  
w h e n  th e  p o ld e r  w a s d ik ed , a n d  th e  n u m b e r  o f  s p e c ie s  is c o n se q u e n t ly  s t ill  lo w e r  
th a n  in  c o m p a r a b le  h a b ita ts . C a r e fu l a n a ly s is  h a s  r ev e a le d  th e  p r e se n c e  o f  o n ly  
tw o  m o llu sc s , th ree  p o ly c h a e te s , s ix  h ig h er  c r u s ta c e a n s  (o f  w h ic h  tw o  w ere  o n ly  
fo u n d  o n ce ), o n e  in se c t  la rv a  a n d  th r e e  f ish e s  ( o f  w h ic h  o n e  very  rare). N u m b e r s  
o f  m e io b e n th ic  sp ec ie s  are s o m e w h a t  h ig h er , w ith  a b o u t  tw e n ty  s p e c ie s  o f  n e m a ­
to d e s  (S m o l, p e r so n a l c o m m u n ic a t io n ) ,  e le v e n  sp e c ie s  o f  c o p e p o d s  a n d  fo u r  
sp e c ie s  o f  o s tr a c o d s  (H e ip , 1971). T h e  p o ly p  P r o to h y d r a  le u ck a r ti  is  a ls o  p resen t.

M a te r ia l and M eth o d s

S a m p le s  w e re  c o l le c te d  f o r tn ig h t ly  f r o m  A u g u s t  1968  ti l l  n o w  ( F e b r u a r y  1976) w i th  th e  e x c e p tio n  
o f  a  6 - m o n th  p e r io d  f ro m  A u g u s t  1969 t i l l  N o v e m b e r  1969 . T h e  s e r ie s  is s t i l l  b e in g  c o n t in u e d ,  g iv in g  
v a lu e s  o f  p o p u la t io n  d e n s i ty  a n d  c o m p o s i t i o n  f o r  n e a r ly  8  y e a r s .  T h is  p a p e r  r e p o r t s  t h e  a n a ly s i s  o f  
4  y e a r s  (A u g u s t  19 6 8  ti ll D e c e m b e r  1972).

T h r e e  s a m p le s  w e re  t a k e n  w ith  a  g la s s  t u b e  c o v e r in g  a  s u r f a c e  a r e a  o f  6  c m 2 t o  a  d e p t h  o f  5  cm . 
I t  h a d  b e e n  p r o v e n  th a t  o s t r a c o d s  d o  n o t  d e s c e n d  in t o  t h e  a n a e r o b ic  la y e r s  o f  th e  s e d im e n t ,  w h ic h  
e x te n d  b e lo w  1 o r  2  c m  f r o m  th e  s u r fa c e .  T h e  s e d im e n t  w h ic h  is  s a m p le d  c o v e rs  th e  b o t t o m  o f  a  v e ry  
s h a l lo w  b r a c k i s h  w a te r  p o n d ,  c a l le d  D ie v e n g a t  a n d  s i t u a t e d  in  n o r th e r n  B e lg iu m . T h e  s e d im e n t  is  
a  f in e  s a n d  ( m e d ia n  g r a in  s iz e  0 .2 2 3  m m ) , w e ll s o r t e d  a n d  c o v e re d  w ith  la rg e  a m o u n t s  o f  d e t r i tu s ,  
d e r iv e d  f r o m  r e e d  b e d s  (P h r a g m ite s  c o m m u n is )  a t  th e  b o r d e r .  D e p th  a t  th e  s a m p l in g  s t a t i o n  is  a p ­
p r o x im a te ly  10 c m .

T h e  s a m p le s  w e re  f ix e d  w ith  a l c o h o l  7 0 %  o r  F o r m a l in  4 % ,  b r o u g h  to  a n d  e lu t r ia te d  in  th e  
l a b o r a to r y ,  u s in g  th e  m e th o d  d e s c r ib e d  b y  B a r n e t t  (1 9 6 8 ). In  th i s  m e th o d  th e  s a m p le  is  p u t  o n  a  
h o r iz o n ta l  t r o u g h ,  9 0  c m  la n g  a n d  2 c m  w id e . T a p w a t e r  is  a l lo w e d  t o  r u n  o v e r  th e  s a m p le  f o r  a b o u t
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T a b le  1. L e n g th  o f  th e  la rv a l  s ta g e s  a n d  th e  a d u l t s  
o f  C. torosa . M e a n  le n g th  a n d  s t a n d a r d  e r r o r  f r o m  
n  o b s e r v a t io n s

S ta g e M e a n  le n g th n

I 0 .1 3 2 ± .0 0 5  m m 9
II 0 .1 6 7  ±  .0 0 2  m m 10
III 0 .2 0 8  ±  .0 0 4  m m 9
IV 0 .2 6 7  ±  .0 0 2  m m 50
V 0 .3 2 8 +  .001 m m 90
VI 0 .4 1 5  +  .001  m m 117
V II 0 .5 5 5 ± .0 0 3  m m 74

V III 0 .741  ± .0 0 3  m m 130

9 9 0 .9 6 6 ± .0 0 5  m m 95

¿ 6 1 .0 2 8 ± .0 0 8  m m 15

3 0  m in . T h e  s a n d  is p e r io d ic a l ly  s t i r r e d  w i th  th e  a id  o f  a  s ip h o n .  A l th o u g h  it a l lo w s  o n ly  s m a l l  s a m p le s  
to  b e  t r e a te d ,  th i s  m e th o d  is  s u p e r io r  to  o t h e r  é l u t r i a t i o n  m e th o d s  fo r  o s t r a c o d s ,  w h ic h  p o s e  p r o b le m s  
b e c a u s e  o f  t h e i r  h e a v in e s s .

A f te r  é l u t r i a t i o n  a n d  s e p a r a t i o n  f r o m  t h e  d e t r i t u s  th e  a n im a l s  w e re  c o u n te d .  D is t in c t io n  w a s  
m a d e  b e tw e e n  th e  sex es , fe m a le s  c a r r y i n g  o r  n o t  c a r r y in g  e g g s  a n d  th e  e ig h t  la rv a l  s ta g e s .  B e c a u s e  
i t  p r o v e d  t o  b e  d if f ic u lt  to  s e p a r a t e  th e  f i r s t  th r e e  la r v a l  s ta g e s  u n d e r  th e  d is s e c t in g  m i c r o s c o p e  th e y  
w e re  c o u n te d  to g e th e r .  T h e  d i s t i n c t i o n  b e tw e e n  t h e  la r v a e  w a s  m a d e  b y  g r o u p in g  th e m  a c c o r d in g  to  
th e ir  s iz e ;  th i s  is  p o s s ib le  b e c a u s e  in c r e a s e s  in  s ize  o c c u r  d u r in g  m o u l t s  a n d  d if fe re n c e s  b e tw e e n  
in d iv id u a ls  b e lo n g in g  to  th e  s a m e  s ta g e  a r e  m u c h  s m a l le r  t h a n  d if fe re n c e s  b e tw e e n  t h e  m e a n  s iz e  o f  
th e  s ta g e s  ( T a b le  1).

S e v e ra l  p h y s ic o -c h e m ic a l  p a r a m e te r s  w e r e  m e a s u r e d  a t  th e  s a m e  t im e :  t e m p e r a t u r e  w a s  r e c o r d e d  
c o n t in u o u s ly  w i th  th e  a id  o f  a  R y a n  D -3 0  r e c o r d e r  w i th  a  p r e c i s io n  o f  1° C  a n d  m e a s u r e d  f o r tn ig h t ly  
w i th  a  th e r m o m e te r  w ith  a  p r e c i s io n  o f  0 .1 °  C . S a l in i ty  w a s  c a lc u la te d  f r o m  c h lo r in i t y  d e t e r m in e d  
w ith  M o h r ’s  m e th o d  b y  u s in g  K n u d s e n ’s f o r m u l a  S  =  1 .805  C l +  0 .0 3 . O x y g e n  in  t h e  w a te r  w a s  
m e a s u r e d  w i th  W i n k le r ’s  m e th o d .  S e v e r a l  o t h e r  p a r a m e te r s  w h ic h  w e re  r e c o r d e d ,  e .g . n u t r i e n t s  a n d  
c h l o r o p h y l l ,  w ill n o t  b e  d i s c u s s e d  h e re .

In  o r d e r  t o  s m o o th  th e  c u r v e s  o f  d e n s i t y  c h a n g e s  t h e  v a lu e  o b ta in e d  f ro m  th e  m id d le  o f  th r e e  
s a m p le s  s u c c e e d in g  in  t im e  w a s  r e p l a c e d  b y  t h e  r u n n in g  a v e r a g e  o f  t h e  th r e e  s a m p le  v a lu e s .  T h i s  
a l lo w e d  fo r  th e  p r o c e s s in g  o f  o n ly  o n e  s a m p l e  w h e n  d e n s i ty  w a s  lo w  a n d  b u t  tw o  s a m p le s  w h e n  
n u m b e r s  w e re  c h a n g in g  r a p id ly .  K n o w le d g e  o f  th e  s p a t i a l  p a t t e r n  o f  th i s  s p e c ie s  ( H e ip ,  1976) 
a n d  th e  a p p l i c a t i o n  o f  a n  e x p o n e n t ia l  m o d e l  f o r  th e  t e m p o r a l  p a t t e r n  m a d e  it p o s s ib le  t o  p r o v e  t h a t  
t h e  r u n n in g  a v e ra g e  g iv e s  b e t t e r  e s t im a te s  o f  d e n s i ty  a t  a  p a r t i c u l a r  d a t e  t h a n  t h e  s a m p le  v a lu e  a t  
t h a t  d a t e  ( H e ip ,  1973). T h i s  s u b s t i t u t i o n  is  o n ly  v a l id  w i th i n  a  c e r t a in  r a n g e  o f  th e  v a lu e  o f  r ,  th e  
r a t e  o f  c h a n g e  o f  t h e  e x p o n e n t ia l  f u n c t io n  N( =  (V0 e " .  V a lu e s  o b t a in e d  in  th i s  s tu d y  a l l  fa ll in  t h i s  
r a n g e .  H o w e v e r ,  b y  u s in g  th e  r u n n in g  a v e r a g e  th e  p e a k  d e n s i ty  is  u n d e r e s t im a te d  w h e n  i t  is  a  m a x i ­
m u m  a n d  o v e r e s t im a t e d  w h e n  i t  is  a  m in im u m .  T h e r e f o r e ,  in  th e  c a s e  o f  p e a k s  w e  u s e d  s a m p le  v a lu e s .

T o  d e s c r ib e  t h e  t e m p o r a l  p a t t e r n  o f  d e n s i t y  w e  u s e d  t h e  s im p le s t  m o d e l  a v a i la b le ,  i .e . t h e  e x p o ­
n e n t ia l  f u n c t io n  N l =  N 0 er',  in  w h ic h  Nt is  t h e  n u m b e r  a t  t im e  t, N 0  th e  n u m b e r  a t  th e  b e g in n in g  a n d  
r  th e  r a t e  o f  c h a n g e  ( p o s i t iv e  o r  n e g a t iv e )  o b s e r v e d  d u r i n g  th e  p e r io d  o f  t im e  t. r  a n d  t im e  m u s t  b e  in  
t h e  s a m e  u n i t s ,  w h ic h  w e re  d a y s  in  o u r  s tu d y .  T h e  e x p o n e n t ia l  f u n c t io n  w a s  c a lc u la te d  b y  r e g r e s s io n  
o f  n u m b e r s  a g a in s t  t im e  fo r  e a c h  p e r i o d  o f  c o n t in u o u s  in c r e a s e  o r  d e c re a s e .  N u m e r o u s  c a lc u la t io n s  
s h o w e d  th a t  t h e r e  w a s  v e ry  l i t t l e  d if f e re n c e  b e tw e e n  t h e  v a lu e  o f  r  a s  c a lc u la te d  f r o m  th e  r u n n in g  
a v e ra g e  o r  f r o m  t h e  s a m p le  v a lu e s ,  e s t im a te s  b e in g  g e n e ra l ly  s o m e w h a t  lo w e r  w h e n  u s in g  th e  f o rm e r .

T h e  u s e  o f  t h e  e x p o n e n t ia l  f u n c t io n  c a lc u la te d  b y  r e g re s s io n  o f  n u m b e r s  a g a in s t  t im e  p e r m i t s  
in fe re n c e  o n  th e  d a t e  a t  w h ic l i  d e n s i ty  c h a n g e s  r e v e r s e  d i r e c t i o n ,  i.e . th e  d a t e  o f  m in im u m  o r  m a x im u m  
a b u n d a n c e .  W h e n  t h e  f ir s t  c h a n g e  is  d e s c r ib e d  b y  N i er' ,x a n d  th e  s e c o n d  b y  N 2 e ' !‘\  th e  in t e r s e c t io n ,  
m o s t  e a s i ly  c a lc u la te d  f r o m  t h e  lo g a r i t h m s  o f  th e  n u m b e r s ,  is g iv e n  b y  In N , + r ,  t ,  =  ln  N 2 +  r2 A t ,  
f ro m  w h ic h  \ n ( N l / N 2) =  r2 A t  - r ,  t ,  =  r2 A t  - r , ( r 2 +  <dr) a n d :

j t  ln (N , /N 2) + r , r 2
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in  w h ic h  r, is  th e  t im e  b e tw e e n  N t a n d  th e  in t e r s e c t i o n ,  i 2 is  th e  t i m e  b e tw e e n  N t a n d  N 2 a n d  A t  is 
th e  t im e  to  a d d  to  o r  t o  s u b s t r a c t  f ro m  t 2 in  o r d e r  t o  f in d  t h e  t im e  a t  in te r s e c t io n .

i t  w a s  t h o u g h t  u n n e c e s s a ry  to  r e p r o d u c e  t h e  e x t e n s iv e  t a b le s  u s e d  in  th e  c a lc u la t io n s .  T h e y  a re  
a v a i la b l e  f r o m  th e  a u t h o r  o n  re q u e s t .

R e su lts

The A d u lts

T h e  n u m b e r  o f  a d u lts  (F ig . 1) h a s o n e  p e a k  ev er y  y e a r , w ith  th e  e x c e p t io n  o f  1969  
w h en  a  s e c o n d a r y  p e a k  o ccu rred  in  F eb ru a ry . T h e  p ercen ta g e  o f  a d u lts  lies  
b e tw e e n  10 a n d  4 0 %  th r o u g h o u t  th e  y ear  (F ig . 2) a n d  th e  m a jo r ity  o f  th em  are  
fe m a le s  a t  a ll t im e s  (F ig . 1). N u m b e r s  v a ry  b e tw e e n  a  m in im u m  o f  2 0 ,0 0 0  to  
4 0 ,0 0 0  in d iv id u a ls  p er  m 2 a n d  a m a x im u m  w h ic h  d iffe r s  w id e ly  in  d ifferen t years.

B y  u s in g  th e  e x p o n e n t ia l  fu n c t io n  to  d e sc r ib e  th e  tw o  d e n s ity  m o v e m e n ts  
e a ch  y e a r  it  is p o s s ib le  to  o b ta in  an  e s t im a te  o f  th e  ra te  o f  c h a n g e  r a n d  th e  d a te  
o f  m in im u m  a n d  m a x im u m  a b u n d a n c e . V a lu e s  o f  th e se  p a ra m e te r s  are  g iv en  
in  T a b le  2. A s  c a n  b e  se e n  fro m  th is  ta b le  th ere  is  g o o d  a g r ee m en t b e tw e en  the  
d a te s  o f  m in im u m  a b u n d a n c e  in  th e  d iffe re n t  y e a r s ;  th e  n u m b er  o f  a d u lts  starts  
to  r ise  in  th e  b e g in n in g  o f  A p r il (e a r lie s t  d a te :  5 A p r il  1971, la te s t  d a te : 15 A p ril  
1972). T h e  tim e  a t w h ic h  m a x im u m  a b u n d a n c e  is  a t ta in e d  d iffers m u ch  m o re  
w id e ly , b e in g  a t  th e  e n d  o f  J u ly  in  197 0  a n d  a t th e  b e g in n in g  o f  A u g u s t  in  1971, 
b u t m u c h  la ter , at t h e  e n d  o f  O c to b e r , in  1 9 7 2 . In  1 9 6 9 , th e  p ea k  fa lls  in  th e  m iss in g  
p e r io d . In te r p o la t io n  b e tw e en  th e  r is in g  c u r v e  fr o m  A p r il  1969 o n w a rd s  a n d  the  
fa llin g  c u r v e  fro m  D e c e m b e r  1969  o n w a r d s  g iv e s  7  S e p te m b e r  1969  a s th e  d a te  
o f  m a x im u m  a b u n d a n c e  w ith  a n  im p r o b a b ly  h ig h  fig u re  o f  7 4 4 ,0 0 0  in d iv id u a ls  
p e r  m 2 a s  m a x im u m  d e n s ity . It s e e m s  m o r e  lik e ly  th a t  in  a u tu m n  1969, a s in  the  
sp r in g  o f  th e  sa m e  y e a r , th ere  o c cu rr ed  a  s e c o n d  p e a k  in  th e  n u m b er  o f  ad u lts .

In  T a b le  2  th e  r a te  o f  in c re a se  is c o m p a r e d  w ith  th e  d u r a tio n  o f  th e  in crea se  
a n d  th e  m e a n  te m p er a tu r e  o f  th e  w a te r  d u r in g  th e  in c re a se . T h e r e  is  a  perfect  
c o r r e la t io n  ( r =  1) b e tw e e n  th e  ra te  o f  in c r e a se  a n d  th e  m e a n  te m p er a tu r e  d u rin g  
th e  in c r e a se . T h e  r e la t io n sh ip  is g iv e n  b y  r =  —0 .1 1 4  +  0 .0 0 8 0  T  o r r =  —0 .0 9 7  +  
0 .0 0 6 4  Ts , in  w h ic h  T  is  th e  m ea n  te m p e r a tu r e  a s  m e a su r e d  b y  th e  reco rd er  and  
Ts is th e  m e a n  te m p e r a tu r e  m e a su r e d  fo r tn ig h t ly  w ith  a  th e r m o m e te r . r =  0  for  
T  =  14 .2  °C  a n d  Ts =  1 5 .2  °C . M ea n  te m p e r a tu r e  m u s t  b e  h ig h er  th a n  th e se  v a lu es  
to  p e r m it  d e v e lo p m e n t .  T h e  c o r r e la t io n  b e tw e e n  d u r a t io n  o f  in c re a se  a n d  tem p er­
a tu r e  is  n o t  s ig n if ic a n t;  n e ith e r  a p p e a r s  th e r e  t o  b e  a  s ig n ifica n t c o rr e la t io n  
b e tw e e n  th e  d u r a t io n  a n d  th e  rate  o f  in c r e a se  ( r =  — 0 .7 8 6 ), bu t th e  b y  far lo n g est  
d u r a t io n  in  197 2  c o r r e s p o n d s  to  th e  b y  far  sm a lle s t  ra te  o f  in crea se , w h erea s  
th e  d iffe re n c e  in  th e  o th e r  tw o  y e a rs  a p p e a r s  t o  b e  in s ig n ifica n t.

T h e  v a lu e  o f  r  d u r in g  th e  e x p o n e n t ia l  d e c r e a se  o f  d e n s ity  fro m  the p ea k  to  
th e  m in im u m  a b u n d a n c e  in  A p r il is  a  m e a su r e  o f  a d u lt  m o r ta lity  r =  — d. T h ese  
v a lu e s  a re  g iv e n  in T a b le  3, from  w h ic h  it  is  c le a r  th a t  th e y  are very s im ila r  in 
d ifferen t y ea rs .

I a ls o  m a d e  a  c o m p a r is o n  b e tw e e n  th e  se x e s  w h ic h  sh o w e d  litt le  d ifference. 
T h e  m e a n  v a lu e s  o f  fo u r .y e a r s  are  g iv e n  in  T a b le  4 . T h e  se x -ra tio , d e fin ed  here
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F ig .  1 . C y p r id e is  to r o s a : n u m b e r s  p e r  1 0 0  c m 2, p e r c e n ta g e  o f  fe m a le s  c a r r y in g  eg g s  o n  th e  t o t a l  
n u m b e r  o f  f e m a le s  a n d  p e r c e n ta g e  o f  m a le s  o n  th e  t o t a l  n u m b e r  o f  a d u l t s

a s  th e  p e r c e n ta g e  o f  m a le s  in  th e  a d u lt  p o p u la t io n , y ie ld s  in fo r m a tio n  o n  p e r io d s  
w h e n  m o u lt in g  fr o m  s ta g e  V III  t o  a d u lts  o c c u r s  (F ig .  1). M ig r a tio n  a n d  p a tc h in e ss  
a re  d isr e g a r d e d  in  th is  c a se . H e ip  (1 9 7 6 )  h a s  sh o w n  th a t th ere  is a  s ig n if ic a n t  
c o r r e la t io n  b e tw e e n  th e  n u m b e r s  o f  m a le s  a n d  fe m a le s  in  sa m p le s  fro m  d ifferen t  
lo c a t io n s ,  h e r eb y  r u lin g  o u t  sp a t ia l  d iffe r e n c e s  a s  a  c o n s is t e n t  so u rce  o f  se x -r a tio  
c h a n g e s .  D iffe r e n tia l m ig r a t io n  is v ery  im p r o b a b le  s in c e  th ere  are  n o  s ig n s  th a t  
m ig r a t io n  o c c u r s  in  th is  s p e c ie s  a t a ll.
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F ig .  L  C y p r id e is  t o r o s a : p e r c e n ta g e  o f  ju v e n ile s  in  th e  p o p u la t i o n

T a b le  2 . C h a r a c t e r i s a t i o n  o f  th e  p e r io d  d u r in g  w h ic h  t h e  n u m b e r  o f  a d u l t  C . to r o s a  
in c r e a s e d  ( T =  te m p e r a t u r e  r e c o r d e d  c o n t in u o u s ly ;  T% =  t e m p e r a t u r e  r e c o r d e d  fo r  
n ig h t ly  w h i le  s a m p l in g )

Y e a r M in im u m  
( d a t e  o f)

M a x im u m  
( d a t e  o f)

D u r a t io n
(d a y s )

r
( p e r  d a y )

T T ,

196 9 9  A p r _ _ .0 1 5 3 _ 16.5
1970 13 A p r 27 J u l 105 .0161 16.2 17 .7
1971 5 A p r 7 A u g 124 .0243 17.2 19 .0
1972 15 A p r 2 4  O c t 192 .0 0 5 8 14.9 16.1

T a b le  3 .  C . to r o s a :  R a t e s  o f  c h a n g e  in  a d u l t  
n u m b e r s  d u r in g  t h e  a n n u a l  p e r io d  o f  d e c re a s e . P e r io d — r

( p e r  d a y )

1 9 6 9 -1 9 7 0 .0 1 3 8
1 9 7 0 -1 9 7 1 .0 0 9 5
1 9 7 1 -1 9 7 2 .0 0 9 9
1 9 7 2 -1 9 7 3 .0 0 9 8

T a b le  4 .  L i fe -c y c le  c h a r a c te r i s t i c s  o f  f e m a le s  a n d  m a le s  o f  C . to r o s a .  M e a n  
v a lu e s  o f  4  y e a rs

R a t e  o f  in c r e a s e R a te  o f  d e c re a s e D u r a t i o n  o f  in c re a s e
r  ( p e r  d a y ) — r  ( p e r  d a y ) (d a y s )

? ? .0 1 5 8 .0 1 0 5 135

c?<? .0 1 6 3 .0 1 0 5 142
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T h e  p e r c e n ta g e  o f  m a le s  is c le a r ly  a t a  m in im u m  o n  20  Sep  68 , 30  S ep  70, 
17 M ar 7 1 , 23 J u n  7 1 , 2  F e b  72 , 2 6  A p r  72 , a n d  3 A u g  72. L ess c le a r  are  m in im a  
o n  12 J u n  69 , 5 M a y  7 0 , 1 Jul 70 , 10 N o v  71 , a n d  28 S ep  72 . A lth o u g h  it is n o t  
a lw a y s  c le a r  if  th e s e  m in im a  are  rea l, t h e  g en era l p a tte rn  is fa irly  c o n s is te n t  o v er  
th e  y ea rs , c h a n g e s  in  se x -r a t io  o c c u r r in g  th ree  t im e s  a  year. T h e  first c h a n g e  
o c c u r s  in  S p r in g  d u r in g  th e  p e r io d  o f  m in im u m  a b u n d a n c e , th e  s e c o n d  c h a n g e  
a r o u n d  J u ly  (s o m e w h a t  la ter  in 1 9 7 2 ) d u r in g  th e  in c re a se  w h en  th ere  a re  large  
n u m b e r s  in  th e  p o p u la t io n ,  th e  th ird  c h a n g e  in  A u tu m n  or in  ea r ly  W in te r  w h en  
n u m b e rs  are  d e c r e a s in g .

O th e r  in fo r m a t io n  a b o u t  p e r io d s  o f  r e p r o d u c t io n  is g iv en  by  th e  p e r c e n ta g e  
o f  fe m a le s  c a r r y in g  e g g s  (F ig . 1) in  th e  fe m a le  p o p u la t io n . T h is  p e r c e n ta g e  fo llo w s  
a c le a r ly  d e fin e d  c y c le , e x c e p t  for 1 9 6 8 -1 9 6 9 . T h e  p e r c e n ta g e  o f  fe m a le s  c a rry in g  
e g g s  is a t a  m in im u m  in  A u tu m n , th e  lo w e s t  p o in t  b e in g  o n  18 N o v  68 , 31 D e c  69 , 
14 O c t 7 0 , 10 N o v  7 1 , a n d  13 S ep  7 2  (in  1 9 7 2 -1 9 7 3  th e  p e r c e n ta g e  s ta r ts  to  rise  
la ter  th a n  7  D e c  72 ). T h e r e  a re  m u c h  le s s  w e ll d e fin ed  m in im a  in  F e b r u a r y  a n d  
A p r i l - M a y  in  m o s t  y e a rs . T h e se  m in im u m  p e r c e n ta g e s  are  p r o b a b ly  th e  c o n ­
se q u e n c e  o f  e g g - la y in g  in  la te  W in te r , a n d  o f  m o u lt in g  in  S p rin g . It is n o t  a lw a y s  
e a sy  t o  d is t in g u is h  b e tw e e n  th e  p o s s ib le  c a u se s  o f  a d e c re a se  in  th e  p e r c e n ta g e  
o f  fe m a le s  c a r r y in g  e g g s . T h is  m a y  r esu lt  fro m  e ith e r  th e  la y in g  o f  e g g s  o r  fro m  
in te n se  m o u lt in g  r e s u lt in g  in  m a n y  n e w  a d u lt  fe m a le s  n o t  ca rr y in g  e g g s  a t first. 
H o w e v e r , th e  r e la t iv e  in c re a se  o f  fe m a le s  ca rr y in g  e g g s  after  th e  d e e p  A u tu m n  
m in im u m  is c e r ta in ly  a  c o n s e q u e n c e  o f  th e  la y in g  eg g s , b e c a u se  th e r e  is no  
d e v e lo p m e n t  a t th a t  tim e .

The L a rv a e

C o m p a r is o n  b e tw e e n  th e  r e su lts  o b ta in e d  b e fo r e  a n d  a fter  th e  6 -m o n th  p e r io d  
b e tw e e n  A u g u s t  a n d  N o v e m b e r  1 9 6 9  s h o w e d  th a t th e  n u m b e r  o f  y o u n g  la rv a l 
s ta g e s  I to  IV  h a d  b e e n  se r io u s ly  u n d e r e s t im a te d  in th e  first sa m p le . F o r  th is  
r e a so n  th e  a n a ly s is  o f  la rv a l n u m b e r s  w ill b e  res tr ic ted  to  th e  sa m p le s  fro m  
9 D e c  6 9  a n w a r d s .

In F ig u r e  3  th e  d e n s ity  o f  th e  e ig h t  la rv a l s ta g e s  is sh o w n . A s  m e n t io n e d  
b efo re , th e  d if f ic u lty  o f  se p a r a tin g  th e  th r e e  y o u n g e s t  s ta g e s  o b lig e d  u s  to  c o u n t  
th e m  a s  o n e  g r o u p . T h e  fo u r  y o u n g e r  s ta g e s  s h o w  o n e  p ea k  e a c h  y e a r . S ta g e  V  
is s o m e w h a t  in te r m e d ia te ,  s h o w in g  o n e  p e a k  in  1971 bu t p r o b a b ly  tw o  in  1970  
a n d  1972 . T h e  th r e e  o ld e r  s ta g e s  h a v e  m o r e  th a n  o n e  p e a k  ev ery  y ea r .

B y  u s in g  th e  s a m e  p r o c ed u r e  fo r  th e  la rv a l s ta g e s  as for  th e  a d u lts ,  i.e . c a l­
c u la t io n  o f  th e  e x p o n e n t ia l  r e g r e s s io n  o f  n u m b e rs  a g a in s t  t im e , a n d  c a lc u la t io n  
o f  th e  in te r s e c t io n s  b e tw e e n  th e  r e g r e s s io n  cu rv es , it is p o s s ib le  to  o b ta in  e s t im a te s  
o f  th e  d a te s  o f  m in im u m  a n d  m a x im u m  a b u n d a n c e , th e  rates o f  in c r e a se  a n d  th e  
d u r a t io n  o f  c h a n g e s  in  p o p u la t io n  d e n s ity .

T h e  d a te s  o f  m in im u m  a b u n d a n c e  o f  th e  la rv a l s ta g e s  are  g iv e n  in  T a b le  5. 
T h e  first y o u n g  la r v a e  a p p e a r  at th e  e n d  o f  M a rc h  w ith  rem a r k a b le  c o n s ta n c y  
ev ery  y e a r . S ta g e  IV  in c r e a se s  fro m  m id -M a y  o n w a r d s , s ta g e  V  fro m  th e  b e g in n in g  
o f  J u n e , s ta g e  V I  fr o m  m id -J u n e , s ta g e  V II from  n ea r  th e  e n d  o f  J u n e , a n d  s ta g e  
V III  fr o m  th e  b e g in n in g  o f  Ju ly  o n w a r d s .
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F ig . 3 . C y p r id e is  to r o s a : n u m b e r s  p e r  100 c m 2 o f  t h e  e ig h t  la rv a l  s ta g e s ,  f r o m  19 6 9  to  1972
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T a b le  5 . D a te s  o f  m in im u m  a b u n d a n c e  o f  la r v a l  a n d  a d u l t  s ta g e s  o f  C . to ro sa

1970 1971 1972

I - I I - I I I 29 M a r 24 M a r 31 M a r
IV 16 M a y 8 M a y 8 M a y
V 1 J u n 2 7  M ay 6 J u n
VI 4  J u n 19 S e p 28  F e b 10 J u n 16 N o v 1 3 J u n 3 S e p
V II 7 M a r 19 J u n 2 0  S e p 7 A p r 30  J u n 14 N o v 8 A p r 17 J u n 15 S e p
V III 14 M a r 2 J u l 2 7  S e p 11 A p r 7 J u l 17 N o v 13 A p r 15 J u n
A d . 13 A p r 5 A p r 15 A p r

T a b le  6 . D a te s  o f  m a x im u m  a b u n d a n c e  o f  la r v a l  s ta g e s  a n d  a d u l ts  o f  C . to r o s a  

1970  1971 1972

I - I I - I I I 20 J u l 4  J u l 28 J u l
IV 16 A u g 7 J u l 13 A u g
V 2 A u g 10 O c t 11 J u l 26  A u g 13 O c t
VI 5 A u g 9 O c t 4  M a y 7 A u g 9  J a n 12 A u g 2 6  O c t
V II 19 A p r 19 J u l 2 5  O c t 7 J u n 4  A u g 4  D e c 12 M a y 23  A u g 2 5  O c t
V I I I 31 M a y 3 A u g 31 O c t 11 J u n 6  A u g 19 D e c 2 3  M a y 9  O c t
A d . 27 J u l 7 A u g 2 4  O c t

T a b le  7 .  D u r a t i o n  o f  la r v a l  d e v e lo p m e n t  o f  C . 
to r o s a  a n d  m e a n  te m p e r a t u r e  d u r i n g  t h a t  p e r io d D u r a t i o n  o f M e a n

d e v e lo p m e n t t e m p e r a t u r e

(d a y s ) ( °C )

1970 129 15.1
1971 133 1 5 .5
1972 152 1 5 .4

T h e  p e a k  for  a ll s ta g e s  is  a t ta in e d  in  J u ly  o r  A u g u s t, e x c e p t  for  th e  la rg e r  o n e s  
in  197 2  w h e n  th is  o c c u r s  m u c h  la te r  (T a b le  6). T h e se  la rg er  s ta g e s  s h o w  m o r e  
th a n  o n e  c y c le  e a c h  y e a r . A  s e c o n d  p e r io d  o f  in crea se  s ta r ts  in  S e p te m b e r  (1 9 7 0 ,  
19 7 2 ) o r  N o v e m b e r  (1 9 7 1 )  a n d  g iv e s  r ise  to  p e a k s in  O c to b e r  a n d  D e c e m b e r  
w h ic h  a re  m u c h  sm a lle r  th a n  th e  m a in  o n e  in  su m m er . T h e  th ird  p e r io d  o f  in ­
c r e a se  is  in  M a r c h -A p r il ,  p r e c e d in g  th e  in c re a se  o f  th e  a d u lts  in  A p r il.

In T a b le  7 th e  d u r a t io n  o f  to ta l  d e v e lo p m e n t  a s m e a su r ed  fro m  th e  d a te s  a t  
w h ic h  th e  n u m b e r s  b e g in  t o  in c re a se , a n d  th e  m e a n  te m p er a tu r e  d u r in g  th is  
p e r io d , is  g iv e n . T h e r e  is  a  r a th er  large  d ifferen ce  in  d u r a t io n  o f  d e v e lo p m e n t  
b e tw e e n  197 0  a n d  1971  o n  th e  o n e  h a n d  a n d  1972 o n  th e  o th e r  h a n d  a lth o u g h  
th e  m e a n  te m p e r a tu r e  d u r in g  d e v e lo p m e n t  is rather s im ila r .

T h e  in fo r m a tio n  fr o m  T a b le s  5 a n d  6  h a s  b een  su m m a r iz e d  in  F ig u r e  4  in  
w h ic h  th e  len g th  o f  th e  l in e s  c o r r e s p o n d s  to  th e  d u r a tio n  o f  in crea se .
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F ig .  4 . C y p r id e is  to r o s a : p e r io d s  d u r in g  w h ic h  th e  n u m b e r  o f  th e  d if fe re n t  s ta g e s  in c re a s e s

D isc u s s io n

D e s c r ip t io n  o f  th e  L if e - C y c le  a n d  I ts  C a u ses

F r o m  th e  in fo r m a tio n  su m m a r iz e d  in  F ig u r e s  1 a n d  4  a n d  T a b les  5 a n d  6  it  is 
p o s s ib le  t o  d e sc r ib e  th e  life  c y c le  o f  C y p r id e is  to ro sa .  T h ere  is an  o v e r w in te r in g  
p o p u la t io n  o f  la rg e  la r v a e  a n d  a d u lts  b e lo n g in g  t o  th e  sa m e  g e n e r a tio n . T h e se  
la rg e  la rv a e  sta r t m o u lt in g  fro m  M a r c h  o n w a r d s , g iv in g  r ise  to  a d u lts  fro m  A p ril 
o n w a r d s . T h e  p e r c e n ta g e  o f  m a les  r ises  a n d  th e  p e r c e n ta g e  o f  fe m a le s  c a rry in g  
e g g s  d r o p s . B o th  o v e r w in te r in g  a n d  n e w  a d u lts  p r o d u c e  n ew  la rv a e  fro m  th e  
e n d  o f  M a r c h  o n w a r d s . T h is  n e w  g e n e r a t io n  r ea c h e s  a  p e a k  in  su m m er  (m u ch  
la te r  in  1972) w h ic h , b e c a u se  o f  th e  o v e r la p  b e tw e e n  la rv a e  p r o d u c e d  b y  the  
o v e r w in te r in g  s to c k  a n d  th o s e  p r o d u c e d  by  th e  sp r in g  g e n e r a tio n , c o n s is t s  o f  
d iffe re n t la rv a l s ta g e s . S o m e  o f  th e  e a r lier  la rv a e  rea ch  a d u lth o o d  d u r in g  a u tu m n ,  
w h e n  a  r ise  in  th e  p e r c e n ta g e  o f  m a le s  a n d  th e  p e r c e n ta g e  o f  fe m a le s  ca rry in g  
e g g s  o c c u r s . L a r v a e  b o r n  la ter  d o  n o t  su c c e e d  in  a t ta in in g  a d u lth o o d  b efo re  
w in te r  a n d  sp en d  th e  w in te r  a s la rg er  la rv a l s ta g e s , m o u lt in g  to  a d u lts  in  th e  
n e x t  sp r in g . T h e r e  is  th u s  o n e  g e n e r a t io n  e a ch  y e a r  b u t it is sp lit  in to  tw o  b e c a u se  
th e r e  is  n o  d e v e lo p m e n t  d u r in g  w in ter .

O n e  o f  th e  in te r e s t in g  c o n c lu s io n s  o f  th is  s tu d y  is th a t th ere  o c c u r s  o n ly  o n e  
g e n e r a t io n  p er  y ea r  in  th is  sp ec ie s . T h is  is u n e x p e c te d  for su ch  a  sm a ll a n im a l  
( in d iv id u a ls  are a b o u t  1 m m  lo n g  w h en  a d u lt), b u t it a p p ea rs  that a lo w  n u m b er  
o f  g e n e r a t io n s  is a  g e n e r a l c h a r a c te r is t ic  o f  m e io b e n th ic  p o p u la t io n s  (G er la ch , 
1 9 71), a l th o u g h  se v e ra l g r o u p s  (e.g . th e  o v e r w h e lm in g ly  d o m in a n t  n e m a to d e s)
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T e m p e r a t u r e  o f  t h e  w a t e r
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F ig . 5 . T e m p e r a t u r e  o f  t h e  w a te r  w h e n  s a m p le s  w e r e  ta k e n

req u ire  m o r e  s tu d y  b e fo r e  d e fin ite  c o n c lu s io n s  c a n  b e  d ra w n . T h e  p h e n o m e n o n  
h a s  b e e n  o b s e r v e d  in  o th e r  o s tr a c o d s  s tu d ie d :  H a g er m a n  (1 9 6 9 ) d e sc r ib e d  o n e  
g e n e r a t io n  a n n u a lly  fo r  H irsc h m a n n ia  v ir id is  a n d  E lo fso n  (1 9 4 1 ) a n d  T h e is e n  
(1 9 6 6 ) h a d  c o r r e c t ly  a s s u m e d  th e  e x is t e n c e  o f  o n e  g e n e r a tio n  a n n u a lly  fo r  C . to ro sa .  
T h e ise n  (1 9 6 6 )  fo u n d  th a t  o n e  to  th r e e  g e n e r a t io n s  p er  y ea r  m ig h t b e  th e  ru le  
for  th e  s e v e n  s p e c ie s  o f  o s tr a c o d s  h e  in v e st ig a te d .

It a p p e a r s  th a t  te m p e r a tu r e  h a s  th e  m o s t  p r o n o u n c e d  in flu en ce  o n  th e  life  
c y c le  o f  th is  s p e c ie s .  V a lu e s  o f  te m p e r a tu r e  a s  rec o rd ed  d a ily  w ere  a v e r a g e d  fo r  
e v e r y  fo r tn ig h t  a n d  th e  r e g r e s s io n  o f  te m p e r a tu r e  a g a in s t  t im e  w a s c a lc u la te d  
u s in g  a  F o u r ie r  a n a ly s is .  T h is  r e g r e s s io n  is e x p r e s se d  b y  T =  11.2 +  8 .3  s in  ( t — 117) 
in  w h ic h  T  i s  t e m p e r a tu r e  a n d  t  is  t im e , w ith  £0 =  31 D e c e m b e r  (H e ip  a n d  S m o l ,  
19 7 6 ). It a l lo w s  p r e d ic t in g  th e  m e a n  te m p er a tu r e  p reced in g  th e  sa m p le  d a te  
o r  p r e c e d in g  t h e  d a te s  o f  m in im u m  a n d  m a x im u m  a b u n d a n c e  a s c a lc u la te d  fr o m  
th e  e x p o n e n t ia l  r e g r e s s io n s .

T h e  d a ily  r e c o r d in g s  p e r m itte d  c a lc u la t io n  o f  th e  m ea n  te m p er a tu r e  o f  th e  
f iv e  d a y s  p r e c e d in g  th e  d a te  o f  m in im u m  a b u n d a n c e . T h e  m ea n s o v e r  th r e e  
y e a rs  o f  th e s e  5 -d a y  a v e r a g e s  a re  g iv e n  in  T a b le  8. T h is  m ean  te m p e r a tu r e  is 
lo w e s t  for th e  m o u lt in g  fro m  la r v a e  V I to  la rv a e  V II , w h ic h  is in a g r e e m e n t w ith  
th e  o b s e r v a t io n  th a t  m o s t  la rv a e  b e lo n g  to  s ta g e  V II in  w in ter . S ta g e  V I p r e ­
d o m in a te d  o n ly  in  w in te r  1 9 7 0 -1 9 7 1  a n d  th is  w a s  a lso  th e  w in ter  w h e n  s ta g e  V  
w a s  n u m e r o u s . A s  te m p e r a tu r e  w a s  m u c h  lo w e r  in  la te  su m m er  1 9 7 0  th a n  in  
la te  su m m e r  1 9 7 1 , th e  r ea so n  fo r  th is  p r e d o m in a tio n  o f  y o u n g e r  la r v a e  in
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T a b le  8 . M e a n  t e m p e r a t u r e  d u r in g  5 d a y s  
p r e c e d in g  th e  d a t e  w h e n  m o u l t in g  s t a r t s  in  C. 
to r o s a

F r o m T o T e m p e r a t u r e

( °C )

E g g I - I I - I I I 7 .3
I - I I - I I I IV 15.6
IV • V 16.3
V V I 10.2
V I V II 8 .4
V II V III 8 .8
V III a d u l t 9 .3

1 9 7 0 -1 9 7 1  is o b v io u s ly  th e  fact th a t th e se  la rv a e  d id  n ot h a v e  e n o u g h  t im e  to  
m o u lt ,  b e c a u se  te m p e r a tu r e  d r o p p e d  b e lo w  s o m e  cr itica l v a lu e  t o o  ear ly .

F r o m  T a b le  8 it m ig h t a p p ea r  th a t  th e  y o u n g e s t  larvae  n eed  a  m u c h  lo w e r  
w a te r  te m p e r a tu r e  t o  d e v e lo p  th a n  la rv a e  IV  a n d  V . T h is  is  n o t  n e c e s sa r ily  so  
b e c a u s e  m a n y  o f  th e se  la rv a e  h a v e  d e v e lo p e d  b e fo r e  w in ter  bu t a re  h e ld  b e tw e e n  
th e  v a lv e s  o f  th e  fe m a le ;  th e  te m p er a tu r e  o f  7 .3 °  C  in  T a b le  8 is th e  te m p e r a tu r e  
a t  w h ic h  th e y  a re  r e lea sed  in  th e  e n v ir o n m e n t .

T h e  r e g r e s s io n  b e tw e en  th e  rate  o f  c h a n g e  r  o f  th e  n u m b er  o f  a d u lts  a n d  
th e  m e a n  te m p e r a tu r e  d u rin g  d e v e lo p m e n t  s h o w e d  that te m p er a tu r e  m u st  be  
a b o v e  a b o u t  15° C  b e fo r e  th e  n u m b e r  o f  a d u lts  in crea ses. T h e  m o u lt in g  fro m  
s ta g e  IV  to  s ta g e  V  m ig h t b e  th e  d e v e lo p m e n ta l  step  r eq u ir in g  th e  h ig h est  
te m p e r a tu r e  (T a b le  8 )  a n d  th e r e fo r e  d e te r m in in g  th e  m in im u m  te m p e r a tu r e  
n e e d e d  for  c o m p le t e  d e v e lo p m e n t.

T h e  e x is te n c e  o f  a  p r o m in e n t p e a k  in  th e  n u m b e r  o f  a n im a ls  se e m s  to  in d ic a te  
p r e d a t io n  a s  a  r e g u la t in g  fa c to r . M a x im u m  a b u n d a n c e s , w ith  an  o v e r a ll  m a x im u m  
o f  1.8 m ill io n  in d iv id u a ls  per m 2 o n  4  A u g  7 1 , o f  w h ic h  3 2 8 ,0 0 0  w ere  a d u lts , are  
th e  h ig h e s t  r e c o r d e d  so  far. T h e  to ta l  b io m a s s  o f  C y p r id e is  to ro sa  a t th is  d a ta  is 
e x tr a o r d in a r y  a n d  a m o u n ts  to  4 8 .9  g  d ry  w e ig h t  p er  m 2 (in  p r e p a r a tio n ). A fte r  th e  
su m m e r  p e a k  th e  n u m b e r  o f  a d u lts  d e c lin e s  very  c o n s ta n t ly  d u r in g  e ig h t  m o n th s ,  
a n d  th is  r e m a r k a b ly  c o n s ta n t  m o r ta lity  is  o n e  o f  th e  a rg u m en ts  a g a in s t  p r e d a tio n  
r e g u la t in g  th e  p e a k . T h e  o th e r  a r g u m e n t is  th a t  w e  h a v e  n o t  b e e n  a b le  t o  find  
n u m e r ic a l o r  q u a lita t iv e  c h a n g e s  in  th e  c o m m u n ity  in d ic a tin g  a  s p e c ie s  o r  a 
c o m b in a t io n  o f  s p e c ie s  r e sp o n s ib le  fo r  s u c h  p r e d a tio n .

S p e c if ic  p r e d a to r s  for  o s tr a c o d s  a re  n o t  k n o w n . T h e  o n ly  m e io b e n th ic  a n im a l  
w h o s e  im p o r ta n c e  a s  a  p r e d a to r  o f  m e io b e n th o s  h a s  b een  s tr e sse d  (M u u s , 1 9 6 7 ;  
H e ip , 1 9 7 1 ) i s  th e  p o ly p  P r o to h y d r a  le u c k a r ti .  T h is  sp ec ie s  is p r e se n t b u t  I fo u n d  
o s tr a c o d s  in  th e  a tr iu m  o n ly  o n c e  d u r in g  4  y ea rs o f  in v e s t ig a t io n . T h e  
p o ly c h a e te s  P o ly d o r a  c ilia ta , N e r e is  d iv e r s ic o lo r  a n d  S tre b lo sp io  sh ru b so li  are  
p o te n t ia l  p r e d a to r s  b u t  th e ir  d e n s it ie s  d o  n o t  f lu c tu a te  w id e ly  d u r in g  th e  y ea r;  
th e  in te n s ity  o f  p r e d a t io n  by  th e se  o r g a n is m s  m ig h t b e  ra th er  c o n s ta n t .  P o ­
m a to s c h is tu s  m ic ro p s  is a n o th e r  p o te n t ia l  p r e d a to r , bu t its  m a x im u m  a b u n d a n c e  
w a s  a tta in e d  in  th e  sa m e  year  (1 9 7 1 ) a s  th a t  o f  th e  o s tr a c o d s;  m o r e o v e r , w e  d id  
n o t  f in d  o s tr a c o d s  d u r in g  a n  e x a m in a t io n  o f  s to m a c h  c o n te n t  in  se v e n  in d iv id u a ls .  
H e s th a g e n  (1 9 7 1 ), w h o  e x a m in e d  th e ir  fo o d  in  w in te r , rep o rted  a ls o  th e  a b se n c e  
o f  o s tr a c o d s .
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C y p r id e is  to r o s a  is a  d e tr itu s  feed er  a n d  th e  a m o u n ts  o f  d e tr itu s  in  th e  h a b ita t  
are  s o  la rg e  th a t c o m p e t io n ,  w h e th e r  in tr a sp e c if ic  o r  in te r sp e c if ic , d o e s  n o t  se e m  
r e sp o n s ib le  for  th e  d e c lin e  in  n u m b e r s  a fter  th e  p ea k . M o r e o v e r , th e  d e tr itu s  
r esu lts  fro m  th e  d e c a y  o f  reed  o f  th e  p r e v io u s  y e a r  a n d  th e  a m o u n t  a v a ila b le  is  
th e r efo r e  n o t  a  fu n c t io n  o f  w a te r  te m p e r a tu r e s  d u r in g  th e  in c r e a se  o f  C . to ro sa  
in  th e  f o l lo w in g  y e a r; y e t, th is  in c re a se  is  d ir e c t ly  in flu e n c ed  b y  w a ter  te m p er a tu r e .  
B a cter ia l a c t iv ity  is h ig h er  a t h ig h er  te m p e r a tu r e s ;  w h e n  w e  a c c e p t  th a t  th e  
p r in c ip a l fo o d  so u r c e  in  th e  d e tr itu s  is b a c te r ia l  b io m a ss  th e n  th e  h ig h er  n u m b e r s  
o f  o s tr a c o d s  in  y e a rs  w ith  a  h ig h er  te m p e r a tu r e  o f  th e  w a te r  c o u ld  b e  e x p la in e d  
by  th e  h ig h er  p r o d u c t io n  o f  b a c te r ia l b io m a s s .

A n o th e r  a r g u m e n t a g a in s t  c o m p e t it io n  a s  a  r e g u la tin g  m e c h a n ism  is th e  
fa c t th a t  y e a r ly  d e n s ity  f lu c tu a t io n s  c a n  b e  d e sc r ib ed  by  o n ly  tw o  e x p o n e n t ia l  
fu n c t io n s . T h e  su d d e n  c h a n g e  o f  a n  e x p o n e n t ia l ly  in c r e a s in g  d e n s ity  to  an  
e x p o n e n t ia l ly  d e c r e a s in g  d e n s ity  is n o t  c o n s is t e n t  w ith  c o m p e t it io n ,  w h ic h  w o u ld  
le a d  t o  a  lo g is t ic  r e la t io n sh ip  b e tw e e n  d e n s ity  a n d  tim e.

T h is  su d d e n  c h a n g e  fro m  a n  e x p o n e n t ia l ly  in c re a s in g  t o  a n  e x p o n e n t ia l ly  
d e c r e a s in g  fu n c t io n  c a n  b e  e x p la in e d  by  th e  c e s sa t io n  o f  o n e  o f  tw o  e x p o n e n t ia l  
p r o c e s se s  w h ic h  w e r e  su p e r im p o s e d  b e fo r e . T h is  p r o c ess  a p p e a r s  t o  b e  r e p r o d u c ­
t io n  in  th e  c a se  o f  C . to ro sa .  O n e  g e n e r a t io n  is  ra ised  a n d  th e  ra te  a t w h ic h  it 
d e v e lo p s  d e p e n d s  o n  te m p e r a tu r e . T h e  d a te  o f  m a x im u m  a b u n d a n c e  is  a fu n c t io n  
o f  te m p e r a tu r e  b e c a u se  th e  ra te  o f  in c r e a se  is  a  fu n c t io n  o f  te m p e r a tu r e . T h e  
m a x im u m  n u m b e r , a s s u m in g  c o n s ta n t  m o r ta lity , is th e r e fo r e  a ls o  a fu n c t io n  o f  
te m p e r a tu r e  b e s id e s  b e in g  a  fu n c tio n  o f  th e  in it ia l n u m b e r  w h ic h  in  tu rn  d e p e n d s  
o n  th e  m a x im u m  n u m b e r  a  y ea r  b e fo r e  a n d  th e  p e r io d  o f  d e c r e a se , b o th  a g a in  
fu n c t io n s  o f  te m p er a tu r e . T h e r e  w a s  a  c o n s id e r a b le  d iffe re n c e  b e tw e e n  th e  d u ra ­
t io n  o f  in c r e a se  in  1970  a n d  1971 o n  th e  o n e  h a n d  a n d  1 9 7 2  o n  th e  o th e r , b u t  th e  
m e a n  te m p e r a tu r e  d u r in g  d e v e lo p m e n t  w a s  very  s im ila r . A lth o u g h  1 9 7 2  a p p ea r s  
to  b e  th e  w o r s t  y e a r  for  th e  sp e c ie s , n u m b e r s  in  O c to b e r  a re  in  fa c t h ig h e r  in  
th a t y ea r  th a n  in  o th e r s . T h e  n e t  r e su lt  o f  r e p r o d u c tio n  w a s  th e r e fo r e  b e s t  in  
1972 , b e c a u se  m o r e  in d iv id u a ls  w ill su r v iv e  till  th e  n e x t  sp r in g . P r o d u c t io n  o n  
th e  o th e r  h a n d  w a s  lo w e s t  in  197 2  b u t  th is  h a d  n o  d ir ec t c o n s e q u e n c e s  fo r  th e  
p o p u la t io n  a n d  is  o n ly  im p o r ta n t  o n  t h e  c o m m u n ity  lev e l.

T h e  c o n s ta n c y  o f  m e a n  te m p e r a tu r e  d u r in g  d e v e lo p m e n t  m ig h t p o in t  t o  th e  
r eq u ire m en t o f  a  c o n s ta n t  a m o u n t  o f  e n e r g y  per d a y  d e v e lo p m e n t .  W h e n  
d e v e lo p m e n t  la s t s  lo n g e r , t h e  to ta l  a m o u n t  o f  en erg y  e x p e n d e d  w ill b e  larger. 
A s  n o t ic e d  ea r lier , te m p e r a tu r e  m u s t  b e  a b o v e  15° C  b e fo r e  c o m p le te  d e v e lo p ­
m e n t c a n  ta k e  p la c e . T a k in g  th e  m e a n  d a te  o f  28 M a r c h  a s  th e  d a te  w h e n  d e ­
v e lo p m e n t  s ta r ts  (th e  a p p e a r a n c e  o f  y o u n g  la rv a e  in  th e  e n v ir o n m e n t) , th e  m e a n  
te m p e r a tu r e  o f  15° C  is a t ta in e d  a fter  1 28  d a y s , a c c o r d in g  t o  th e  te m p e r a tu r e  
r e g r e s s io n  e q u a t io n . T h is  is n e a r ly  e x a c t ly  th e  d u r a tio n  o f  in c re a se  a s c a lc u la te d  
fr o m  th e  d a te s  a t  w h ic h  th e  in c r e a se  o f  th e  d ifferen t la rv a l s ta g e s  s ta r ts  in  19 7 0  
a n d  1971 . T h e  te m p e r a tu r e  r e g r e s s io n  th u s  p r e d ic ts  a n  in c r e a se  till  3 A u g u s t  o n  
th e  a v era g e .

C y p r id e is  to r o s a  a p p e a r s  to  b e  a n o th e r  e x a m p le  o f  a  m e io b e n th ic  s p e c ie s  o n  
to p  o f  th e  fo o d  c h a in . T h e  life -c y c le  o f  th is  sp e c ie s  ca n  b e  m o r e  o r  le s s  p r e d ic te d  
fr o m  th e  c y c le  o f  te m p e r a tu r e  in  th e  h a b ita t  a n d  a  k n o w le d g e  o f  m o r ta lity .



A lth o u g h  it is n o t p o s s ib le  to  sa y  if  it is te m p e r a tu r e  it s e lf  o r  a  fa c to r  lin k ed  w ith  
te m p e r a tu r e  w h ic h  is the r eg u la tin g  a g e n t, th is  is o f  n o  im p o r ta n c e  in d escr ib in g  
th e  in flu e n c e  o f  tem p era tu re  o n  th e  n u m b e r  o f  in d iv id u a ls  o f  th is  sp ec ies . I w o u ld  
l ik e  to  sp e c u la te  so m e w h a t o n  th e  n a tu r e  o f  th e se  r e g u la t in g  fa c to rs. W hen  
m o r ta lity  is c o n s ta n t , a s in th is  sp ec ies , it is p r e d ic ta b le . In s ta b le  p o p u la tio n s  
n a ta lity  a n d  m o r ta lity  have to  b a la n ce  in  th e  lo n g  run . T h is  im p lie s  th a t rep ro­
d u c t iv e  p a tte rn s  a r e  lin k ed  w ith  m o r ta lity . W ith  a  c o n s ta n t  a m o u n t  o f  energy  
a v a i la b le  th ere  is a n  in verse  r e la t io n sh ip  b e tw e e n  th e  n u m b e r  o f  o ffsp rin g  and  
th e ir  in d iv id u a l fitn ess. In p r e d ic ta b le  e n v ir o n m e n ts  s e le c t io n  w ill act by in­
c r e a s in g  th e  f itn ess  o f  th e  in d iv id u a l o ffsp r in g  (M c A r th u r  a n d  W ilso n , 1967) 
a n d  th e  to ta l n u m b e r  o f  o ffsp r in g  w ill b e  red u ced . T h is  is in d e e d  w h a t ca n  be o b ­
se r v e d  in C . to ro sa . A lth o u g h  se a so n a l, th e  e n v ir o n m e n t  is r e la t iv e ly  p red ictab le . 
T h e  to ta l  n u m b er  o f  eg g s p r o d u ce d  by a  fe m a le  o f  th is  sp e c ie s  is very  lo w , w ith  a 
m e a n  o f  11. In d iv id u a l fitn ess o f  the o ffsp r in g  is in c re a se d  b y  h o ld in g  the larvae  
b e tw e e n  the v a lu e s  un til tem p era tu re  is h ig h  e n o u g h  for  d e v e lo p m e n t .

R e d u c in g  th e  n u m b er  o f  o ffsp r in g  is  a  b a d  s tr a te g y  w h e n  c a ta s tr o p h ic  and  
in p r e d ic ta b le  m o r ta lity  is a  regu lar  p h e n o m e n o n . C a ta s tr o p h ic  m o r ta lity  m ight 
o c c u r  w h en  th e  b o t to m  freezes, w h ic h  is to le r a te d  o n ly  for  a  l it t le  w h ile  (T h eisen , 
1966). I n ev er  o b se r v e d  freez in g  o f  th e  b o t to m  b u t th e r e  s e e m s  to  b e  an  a d a p ta tio n  
a g a in s t  th is  p o s s ib ility . L a y in g  o f  th e  e g g s  s ta r ts  in  a u tu m n , se v e r a l m o n th s  before  
te m p e r a tu r e  is at a m in im u m . C o p u la t io n  th u s  o c c u r s  w h e n  d e n s ity  is still rather  
h ig h  a n d  th is  m a y  d e c re a se  th e  risk  o f  n o t  f in d in g  a  p a r tn e r . B e c a u se  th e  eg g s  
c a n  d e v e lo p  b e tw e e n  th e  v a lv es  o f  a  d e a d  fe m a le  a n d  c a n  s ta n d  freezing , th is  
b e h a v io u r  m ig h t b e  an  a d a p ta t io n  to  th e  p o s s ib il ity  o f  freez in g .

T h e  a b se n c e  o f  c a ta str o p h ic  m o r ta lity  in c r e a se s  th e  p r e d ic ta b ility  o f  the  
e n v ir o n m e n t  a n d  th e  s ta b ility  o f  th e  lin k  b e tw e e n  r e p r o d u c t iv e  p r o c esse s  and  
e n v ir o n m e n ta l  p a ra m eters . If th ere  is a  r e g u la t io n  o f  th is  l in k  b y  se le c t iv e  p ro ­
c e s s e s  it a p p ea r s  r e a so n a b le  to  p o s tu la te  m o r ta lity  a s  th e  fa c to r  o n  w h ic h  th e  
p r o c e s s  w o r k s :  m o r ta lity  in  th e  p a st is  th e  to u c h s t o n e  o n  w h ic h  fertility  in  the  
p r e se n t  is b a sed . W h e n  fecu n d ity  w o u ld  h a v e  b e e n  b o th  t o o  h ig h  o r  t o o  lo w  in  
th e  p a s t , th e  p o p u la t io n  w o u ld  h a v e  g o n e  e x t in c t . I t is  e a s y  to  s e e  h o w  se lec tio n  
c a n  c h a n g e  p a r a m e te r s  o f  fecu n d ity  su c h  a s  th e  s e x -r a t io  o r  th e  n u m b er  o f  
o ffsp r in g  p er  fem a le . T h e  a g e -stru c tu re  o f  th e  p o p u la t io n  d e p e n d s  o n  th e  rep ro ­
d u c t iv e  c y c le  a n d  is th erefo re  d ir ec tly  d e p e n d e n t  o n  th e  e n v ir o n m e n t . F ecu n d ity  
c o u ld  th e r efo r e  b e  d e te rm in e d  by  th e  h is to r y  o f  th e  p o p u la t io n  in  th e  particu lar  
e n v ir o n m e n t  in  w h ic h  it liv es . In p o p u la t io n s  w h ic h  d isp e r se  s lo w ly  a n d  w h ere  
th e r e  is  litt le  g e n e  f lo w  b e tw een  p o p u la t io n s  in h a b it in g  d ifferen t h a b ita ts  it is 
p o s s ib le  th a t im p o r ta n t d ifferen ces in  fe c u n d ity  c o u ld  e x is t .

B e ca u se  th e  p o n d  w h ic h  h a s b e e n  s tu d ie d  h e r e  is  a  r e la t iv e ly  s ta b le  e n v ir o n ­
m e n t, o u r  c o n c lu s io n s  m a y  n o t  h o ld  fo r  s o m e  o f  th e  h a b ita ts  w h ere  C y p r id e is  
to r o s a  is  n o r m a lly  fo u n d  (G er la ch , p e r so n a l c o m m u n ic a t io n ) .  It se e m s  c lea r  that 
th e  e n v ir o n m e n t  w ill b e  less s ta b le  w h en  w e  g o  fa r th er  n o r th  o r  in le s s  sh eltered  
h a b ita ts  b e c a u se  freez in g  o f  th e  b o t to m  o r  th e  d e s tr u c t io n  o f  th e  h a b ita t by 
s to r m s  w ill b e  a  m u c h  m o r e  c o m m o n  e v e n t th ere . T h is  m ig h t  h a v e  th e  co n se q u e n c e  
th a t  th e  d y n a m ic s  o f  p o p u la t io n s  liv in g  fa r th er  n o r th  o r  in  le s s  sh e lte re d  h ab ita ts  
w ill n o t  b e  e q u ilib r a te d  to  th e  e x ten t fo u n d  in  th is  s tu d y . A m o n g  o th e r  th in gs  
w e  m a y  p red ict a larg er  n u m b er  o f  e g g s  p r o d u c e d  b y  th e se  le s s  s ta b le  p o p u la tio n s .
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A p p en d ix

A M o d e l  f o r  th e  R e p ro d u c tio n  o f  C . to ro sa

T h e  c h a n g e  o f  n u m b e r s  o f  a  c e r t a in  s ta g e  X  d u r i n g  d t  m a y  b e  g iv e n  b y : 

d N
— —  =  a x _ i N  , — a x N — m N  (1)
dl

in  w h ic h  a x _ t is  th e  f r a c t io n  o f  th e  p r e v io u s  s ta g e  X  -  1 m o u l t in g  t o  X  d u r i n g  d t ,  a x is th e  f r a c t io n  
o f  s ta g e  X  m o u l t in g  to  X  + 1  a n d  m x is th e  m o r t a l i ty  o f  s ta g e  X  d u r in g  d t.

"f' d N x '  i  N x \
Í  =  Í  ( ö x - l  - 7 7  ax - m, ) dl <2 )

' N  _ N
T h e  b e s t e s t i m a t e  o f  J  ^  1 d t  is  o b ta in e d  b y  - ( t  - t 0), in  w h ic h  th e  r a t i o  o f  th e  s u m  o f  th e  n u m b e r s

o f  b o th  s ta g e s  d u r in g  t - t 0 is  t a k e n .  T h e  s o lu t io n  o f  (2) is th e n :

Ñ 7~
N x«l =  Wx(0 . eXP ( a x - l  U - ‘ o)

M o r ta l i ty  m x  c a n  b e  c a lc u la te d  f ro m  p e r io d s  w h e n  th e r e  is n o  m o u l t in g .  T o  t e s t  th e  m o d e l a  c o n s t a n t  
m o r t a l i ty  m  =  0 .0 1 2  p e r  d a y  w a s  a c c e p te d  fo r  a l l s ta g e s .  T h e  v a lu e  fo r  a x is c a lc u la te d  b e g in n in g  w ith  
th e  a d u l t s ,  f o r  w h ic h  aad= 0 ,  o f  c o u r s e .  B e c a u s e  t h e  r a t e  o f  in c r e a s e  is k n o w n ,  w e  m a y  w r i te :

K Z
r* a*_1 )v Ux

K
a x - i = ( rx +  m x +  a x ) r ¡ —

'Vx- 1

A n d  f o r  t h e  a d u l t s :

TC
*vmas(r. í  +  m.¿) WV1I

T h e  p e r i o d  d u r i n g  w h ic h  rx  is  c a lc u la te d  is  th e  s a m e  fo r  a l l la r v a l  s ta g e s  a n d  c o r r e s p o n d s  w i th  th e  
p e r io d  o f  in c r e a s e  o f  t h e  a d u l ts .

I n  T a b l e  9  t h e  v a lu e s  o f  rx , m x , ]T N x a n d  a x a s  c a lc u la te d  in  th e  w a y  d e s c r ib e d  a r e  s h o w n  f o r  
th e  t h r e e  y e a r s .  B e c a u s e  a x  is  t h e  f r a c t io n  o f  s ta g e  X  m o u l t in g  p e r  u n i t  t im e ,  1 / a x is  th e  t im e  r e q u i r e d

a ¿

f o r  a l l  in d i v id u a l s  t o  m o u l t .  £  1 / a x  is  th e r e f o r e  t h e  d e v e lo p m e n t  t im e  o f  th e  sp e c ie s . I n  T a b le  10 th e s e
i

d e v e lo p m e n t  t im e s  a r e  g iv e n  f o r  th e  3 y e a rs . T h e  d if f e re n c e  b e tw e e n  t h e  y e a r s  is  e x t r e m e ly  s m a l l ,  
b e in g  le s s  t h a n  o n e  d a y  in  1 9 7 0  a n d  1971 a n d  s h o w in g  a  la r g e r  v a lu e ,  a s  w a s  e x p e c te d ,  in  1972 . T h i s  
is  a  s u c c e s s  in  v ie w  o f  t h e  s im p l ic i ty  o f  th e  m o d e l .  T h is  m o d e l  is  r o b u s t  a g a in s t  c h a n g e s  in  m o r t a l i ty .  
W h e n  t a k i n g  th e  v a lu e s  o b t a in e d  f r o m  p e r io d s  w i th o u t  r e p r o d u c t io n  (m ,_ n _ m =  0 .0 1 1; m l v = 0 .0 1 0 ;  
m v =  0 .0 1 1 ;  m v l = 0 .0 1 4 ;  m vll =  0 .0 l6 ;  m vlll =  0 .0 1 7  a n d  moiJ =  0 .0 1 0 ) , I  f o u n d  fo r  th e  w h o le  d u r a t i o n  
o f  d e v e lo p m e n t  5 9 .8  d a y s  in  1970 , 58 .6  d a y s  in  1971 , a n d  7 0 .2  d a y s  in  1972 . T h e  d if fe re n c e  b e tw e e n  
th e s e  f ig u r e s  a n d  t h o s e  o f  T a b l e  10 is  le s s  th a n  2 d a y s .

T h e  d u r a t i o n  o f  d e v e lo p m e n t  a s  c a lc u la te d  w ith  th e  m o d e l  is  in  g o o d  a g r e e m e n t  w i th  o b s e r v e d  
v a lu e s . T h e i s e n  (1 9 6 6 )  f o u n d  a  d e v e lo p m e n t  t im e  o f  63  d a y s  a t  a  s o m e w h a t  h ig h e r  t e m p e r a t u r e  o f  
1 8 -2 4 °  C . w h ic h  a g r e e s  v e r y  w e ll w ith  o u r  c a lc u la te d  v a lu e  o f  63 .1  d a y s  f o r  th e  3 y e a rs  a v e r a g e d .  
O n  t h e  o t h e r  h a n d ,  t h e  d e v e lo p m e n t  o f  a  g e n e r a t io n  ta k e s  a b o u t  130  d a y s  in  197 0  a n d  1971 a n d  a b o u t  
150 d a y s  in  1972 . I t  t h u s  a p p e a r s  a g a in  th a t  d e v e lo p m e n t  is  c o n s id e r a b ly  s lo w e r  a t  te m p e r a t u r e s  b e lo w  
15° C . T h i s  is  a l s o  o b v io u s  f ro m  F ig u re  4 w h e n  w e  c o m p a r e  th e  t im e s  a t  w h ic h  th e  in c r e a s e  s t a r t s  
b e tw e e n  s u b s e q u e n t  s ta g e s .  T h e  in te rv a l  b e tw e e n  th e s e  t im e s  b e c o m e s  s h o r t e r  w h e n  th e  s ta g e s  a r e  
o ld e r ,  t h i s  is  l a t e r  in  t h e  s e a s o n ,  w h e n  te m p e r a t u r e s  a r e  h ig h e r .
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T a b le  9 . O b s e r v e d  r a te  o f  in c re a s e  ( r j ,  m o r ta l i ty  ( m j ,  s u m  o f  n u m b e r s  
( N J  a n d  c a lc u la te d  r a t e  o f  m o u l t in g  ( a J  d u r in g  th e  p e r i o d  in  w h ic h  
th e  n u m b e r  o f  a d u l t  C . to ro sa  in c re a s e d .

1970  (5  M a y - 5  A u g )

r . m  X A , a x

A d u l t s .0 1 9 .0 1 2 8 ,0 6 6 0
V II I .005 .012 3 ,996 .062
V II .006 .012 3 ,936 .081
V I .021 .012 3 .587 .108
V .0 5 5 .012 4 ,4 5 0 .1 1 4
IV .069 .012 2 ,198 .3 6 6
I - I I - I I I .043 .0 1 2 10,936 .0 8 5

1971 (1 5  A p r - 4  A u g )

A d u l t s .024 .0 1 2 10 ,856 0
V I I I .028 .0 1 2 6 ,6 5 4 .059
V II .023 .012 8 ,7 1 9 .075
V I .0 1 5 .0 1 2 9 .4 1 2 .1 0 2
V .0 2 3 .0 1 2 7 ,390 .1 6 5
IV .038 .0 1 2 5,361 .2 7 5
I - I I - I I I .026 .012 16 ,760 .1 0 4

1972 (21 J u n - 1 6  A u g )

A d u l t s .011 .012 1953 0
V I I I .0 2 9 .0 1 2 1260 .0 3 6
V II .0 4 4 .0 1 2 2 01 9 .0 4 8
V I .061 .012 2188 .0 9 6
V .044 .012 1335 .277
IV .023 .0 1 2 1001 .4 4 4

I - I I - I I I .0 1 2 .012 1858 .263

T a b le  1 0 . D u r a t i o n  o f  d e v e lo p m e n t  o f  C . to ro sa

I K

a s  c a lc u la te d  f ro m

1970 1971 1972 M e a n

i - i i - i i i 11.8 9 .6 3 .8 8 .4
IV 2 .7 3.6 2 .3 2 .9
V 8 .8 6.1 3 .6 6 .2
V I 9.3 9.8 10 .4 9 .8
V I I 12 .4 13.3 2 0 .8 15.5
V I I I 16.1 17.0 2 7 .8 2 0 .3

T o t a l 61.1 59 .4 6 8 .7 63 .1

A c k n o w le d g e m e n ts .  I w is h  t o  th a n k  W . H a u te k ie t  a n d  W . D e c r a e m e r  fo r  i m p o r t a n t  te c h n ic a l  a s s is ta n c e . 
D r .  R . K a r l s o n  o f  D u k e  M a r in e  L a b o r a to r y  a t  B e a u fo r t ,  N o r t h  C a r o l in a ,  w r o te  th e  p r o g r a m  e n a b lin g  
t h e  c a l c u l a t i o n  o f  th e  t e m p e r a t u r e  r e g re s s io n .
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T H E  C A L C U L A T I O N  O L  ELIMINATED BIOMASS

A b s t r a c t . — T he num ber o f  individuals which is eliminated from a population  
w hose numbers change exponentia lly  at a rate o f  r per unit o f  time and whose m or­
tality is d per unit o f  tim e can be calculated from Ne = (dN 0/r )  (e“  - 1). This for­
mula permits the use o f  the concept o f  elim inated biom ass in the calculation o f  
production o f  populations w ithout restriction to their way o f reproduction. The for­
mula was applied to calculate production o f  adults in the harpacticoid copepod  
Tachidius d isc ipes  G i e s b r e c h t ,  1 8 8 2 , where it was shown that the p ro d u ctio n /b io ­
m ass ratio P /B  =  15.

P ro d u ctio n  o f  a p o p u la t io n  is d e fin e d  as the su m  o f  th e  g ro w th  in ­

crem en ts  o f  a ll in d iv id u a ls  p resen t in  th e  pop u la tion  d u rin g  a g iven  period  

o f  tim e ( W i n b e r g  e t  a l . ,  1 9 7 1 ) .  M eth o d s to  d eterm in e  p rod u ction  are 

fu n d a m e n ta lly  d iffe re n t  fo r  p o p u la t io n s  w here rep rod uction  is lim ited  in 

tim e  a n d  fo r  p o p u la t io n s  w ith  c o n t in u o u s  rep roduction . It is re la tiv e ly  s im ­

ple  to  d e te rm in e  p r o d u c tio n  in  a  sp e c ie s  w ith  a lo n g  life  c y c le  a n d  a sh o rt  

p eriod  o f  r ep ro d u c tio n . T h e  p o p u la t io n  m ay then  b e  treated a s a  c o h o r t  o f  

in d iv id u a ls  o f  th e  sa m e  a g e , d e c r e a s in g  in  num bers and  in crea sin g  in m ean  

w e ig h t. In th is  c a se  p r o d u ctio n  is  eq u a l to  the d ifference  b e tw een  th e  f in a l  

a n d  th e  in itia l b io m a ss  to  w h ic h  is  add ed  the b io m a ss  o f  the in d iv id u a ls  

w h ic h  w ere  e lim in a te d  d u r in g  th e  period  under c o n sid era tio n . T h e  

e st im a tio n  o f  e lim in a te d  b io m a ss  is th e  o n ly  d ifficu lty  in th is  ca se . It m ay  

be a ss e s se d  g r a p h ic a lly  ( A l l e n , 1 9 5 1 ) ,  w ith o u t reference to  a particu lar  

m o d el for  g r o w th  a n d  m o r ta lity , by  m ea su r in g  p rod u ction  a s  the area under  

the cu rv e  re la tin g  th e  n u m b er  o f  in d iv id u a ls  to  th e  m ean in d iv id u a l w e ig h t  

at th e  sa m e  t im e  ; or , it m a y  b e  a sse s se d  nu m erica lly  by m u ltip ly in g  the  

e lim in a te d  n u m b ers  N c =  N t -  N 0 b y  the m ean w eig h t d u rin g  the period .

by

C . HEIP

I n t r o d u c t i o n
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W h en  the in terval b e tw e en  sa m p le  d a tes is sm all en o u g h , th is  m ea n  w eig h t  

can  be estim a ted  fro m  the a r ith m etica l m ean o f  the in itia l and  the final 

w eigh t.

F or p o p u la tio n s  w ith  c o n tin u o u s  rep rod uction  the co n cep t o f  e lim in a ted  

b io m a ss  has n ot been used  b eca u se  it is d ifficu lt to  a sse ss  the recru itm ent  

d u rin g  the tim e co n sid ered . M eth o d s to  e stim a te  produ ction  in th is c a se  are  

o f  three b a sic  ty p es ( C o n o v e r , 1 9 7 4 ) ,  o n e  o f  w h ich  is based o n  the f in ite  

rate o f  g row th  and  requires the k n o w led g e  o f  the w eigh t in crem en t o f  an in ­

d iv id u a l d u rin g  its life  sp an . In the d ifferen t variants o f  th is m eth o d , d a ily  

p rod u ction  is m easured  e ith er  g r a p h ica lly  or num erica lly  by d iv id in g  the  

produ ct o f  d a ily  g ro w th  in crem en t a n d  the num ber o f  an im a ls b e lo n g in g  to 

a cer ta in  s ta g e  or  s iz e -g r o u p  by th e  du ration  o f  d ev e lo p m en t o f  that p a r­

ticu lar sta g e  or s iz e -g r o u p . T o  c a lc u la te  total produ ction  o n e  has to  know  

the total d u ration  o f  the rep rod uctive  period. T h e  tw o  other b a s ic  m e th o d s  

(ra d io a ctiv e  and  p h y s io lo g ic a l)  h a v e  been m et w ith reserv a tio n s, a lth o u g h  

the p h y s io lo g ic a l m eth o d  seem s to  be preferred w hen tim e d o es  not a llo w  

for the fo llo w in g  up o f  the p o p u la tio n  ( C o n o v e r , 1 9 7 4 ) .

T h e  c a l c u l a t i o n  o f  e l i m i n a t e d  b i o m a s s

T h e  p u rp o se  o f  th is paper is to  sh o w  that it is p o ssib le  to  use the co n cep t  

o f  e lim in a te d  b io m a ss  in the e s t im a tio n  o f  pop u la tion s w ith  c o n tin u o u s  

rep ro d u ctio n  as w ell. W h en  the tim e interval betw een the sa m p les  is sm a ll  

e n o u g h , g ro w th  o f  a p o p u la tio n  d u rin g  the interval can b e  treated  a s e x ­

p o n en tia l fo llo w in g  N , =  N oe^ , in  w h ich  r is the rate o f  c h a n g e  per u n it o f  

tim e, equal to  th e  d ifferen ce  b e tw een  in sta n ta n eo u s nata lity  b a n d  m o rta lity  
d, s o  that r =  b - d . W h e n  there is n o  m o rta lity  r =  b, and nu m bers a fter  a 

p eriod  o f  t im e  t w ill b e  N t =  N 0 ebt. T h e  d ifference  betw een  th e  n u m b ers  

w ith o u t m o rta lity  a n d  w ith  m o rta lity  is N ’ =  Noe151 - N 0e(b_d)t. H o w ev er , 

th is  n u m b er N ’ is n o t the num ber e lim in a te d  during t b eca u se  it  im p lie s  that 

the n u m b er d y in g  e a ch  m o m en t is p rop ortion a l to  the n u m b ers in the  

p o p u la tio n  w ith o u t m o rta lity  a n d  n o t  to  th e  real num bers ; o n ly  w h en  the  

t im e  in terva l is in f in ite ly  sm all d o  th e se  nu m bers co in c id e . W e  h a v e  th e r e ­

fore to  fin d  th e  v a lu e  o f  N ’ fo r  an in fin ite ly  sm all tim e in terv a l dt.

W e  proceed  as fo llo w s  : w e  d iv id e  the tim e interval in to  n equal in terv a ls  

A t. W e  c a lcu la te  the d ifferen ce  b e tw een  nu m bers w ithou t and  w ith  m o rta lity  

for e a c h  in terva l A t. W e su m  up th e se  d ifferen ces and find  th e  lim it o f  th is  

su m  fo r  A t —* O . T h is  lim it  is th e  real e lim in a ted  num ber o f  in d iv id u a ls .



N ' =  N o í e ^ ’ - e (b'd)At) +  N . í e ^ 1- e (b'd,At ) +  ...

+ N n - . í e ^ 1 - e<b-d)Ai)

U ' =  ( e b A l, e (b-d)Al) I N .

(pbAt .  e (b-d)At
lim  N ’ =  l i m ---------- — ------------- lim  I N jA t
At — O Al — O A t At — o

1 .  p - d A i  1
=  lim  e ^ '  l i m ---— f  N ^ ' d t

At —  O A t —*0 A t O

N o t in g  that lim  e 1̂ 1 =  1 a n d  e x p a n d in g  e _dAl, we o b ta in :

V - V ( - d A t ) - ^ . ^ . ...)
Nc =  l i m ---------------------------------=-    f  N 0erldt

A l - 0  A t '0

N e =  (e r. .  1) ( U

W e ob ta in  a  very s im p le  fo rm u la  for the ca lcu la tio n  o f  e lim in a ted  n u m ­

bers d u rin g  the p eriod  o f  tim e t. T o  ob ta in  e lim in a ted  b io m a ss  in o rd er  to 

ca lcu la te  p ro d u ctio n  o n e  h as to  m u ltip ly  th ese  e lim in a ted  nu m bers by an  

e stim a te  o f  m ean  w e ig h t d u r in g  the period . T h is  can be d o n e  by ta k in g  the 

a r ith m etica l m ean  o f  in itia l a n d  fin a l w e ig h t, as in the c la ss ica l m eth o d  for 

p o p u la tio n s  w ith o u t recru itm en t. In th e  ca se  o f  cru sta cea n s, w here the m ain  

w e ig h t  in c re a se  is d u rin g  m o u lt in g , th e  d ifferen ce  b etw een  in d iv id u a ls  

b e lo n g in g  to  a  sa m e  larval s ta g e  is  o ften  far le s s  than the d ifferen ce  betw een  

the m ea n  w e ig h ts  o f  th e  s ta g e s . In th is  c a se  a very accurate  e stim a te  o f  

e lim in a te d  b io m a ss  can  b e  o b ta in e d  by  m u ltip ly in g  the e lim in a te d  nu m bers  

o f  e a ch  s ta g e  b y  th e  m ea n  w e ig h t  o f  that stage.

W h e r e  th ere  is  n o  recru itm en t, r =  - d  a n d  form u la  (1 )  reduces to  :

N c =  N 0( l - e rt) (2 )

N u m b ers  in  th e  p o p u la tio n  a fter  t w ill be N t =  N 0ert, h en ce  N t - 

N 0 =  N o ie 1̂  - 1) =  -  N e . T h is  sh o w s  that eq u ation  ( 1 )  is a general on e  

w h ic h  c a n  b e  a p p lie d  to  p o p u la t io n s  w ith  or  w ith o u t recru itm ent a n d  du rin g  

in crea se  o r  d e c re a se  o f  th e  p o p u la t io n , on  co n d itio n  that p o p u la tio n  c h a n g e s  

m a y  be d e sc r ib ed  by  an  e x p o n e n tia l fu n ctio n .

F in a lly , w e  c o n s id e r  th e  c a se  r = 0 ,  i.e . a sta tion ary  p o p u la tio n . In th is  

c a se  eq u a tio n  (  1 ) red u ces to  :

N c =  d N 0 t =  - b N 0 t (3 )

as ca n  be sh o w n  by  e x p a n d in g  e”  and p u ttin g  r = 0 .
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I'hc use o f  th e  e q u a tio n s  a b o v e  requires k n o w led g e  o f  the in sta n ta n eo u s  

m o rta lity  rate d a n d  the rate o f  c h a n g e  r ac tu a lly  observed . T h is  rate o f  

c h a n g e  r is o b ta in e d  from  r =  ( 1 / 1) In  N , / N 0 from  num bers before and  a f ­

ter the p er iod  c o n sid ered . M o rta lity  can be determ ined  in p eriod s w h en  

there is n o  rep ro d u ctio n  (e .g . in w in ter ) u s in g  the sam e form ula, becau se  

then  d =  - r. T h is  v a lu e  m ay n o t b e  rep resen ta tiv e  for c o n d it io n s  in o th er  

se a so n s . M o rta lity  ca n  a ls o  be c a lc u la ted  w h en  n ata lity  is k n o w n , as d =  b - 

r. N a ta lity  can  be ca lcu la ted  fro m  e g g  c o u n ts  or  eg g  ratios and th e  d e v e lo p ­
m en t tim e o f  th e  sp ec ies . W h en  D  is th e  d e v e lo p m en t tim e, p the fra ctio n  o f  

fe m a le s  in th e  p o p u la tio n  and N e th e  n u m b er o f  eggs per fem ale , b =  1 / D  

I n  (p N c + l )  ( e q .  4 )  ( P a i .o h e i m o ,  1 9 7 4 ) .

It is o b v io u s  that the use o f  eq u a tio n  ( 1 ) is subject to  the sam e restr ic ­

tio n s w h ich  a p p ly  to the u se  o f  th e  in sta n ta n e o u s rates r, b and d. It is w ell 

kn o w n  that th e se  rates rarely are w h a t they are required to be. nam ely  c o n ­

sta n t d u rin g  the in terva l, and that o n e  is d e a lin g  w ith average va lues for  

each  in terval. T h e  m a g n itu d e  o f  th e  error in troduced  by h o ld in g  these  rates 

c o n sta n t  is a fu n c t io n  o f  the len g th  o f  the tim e interval. W e will d iscu ss th is  

further w h en  u s in g  actual data to  c a lcu la te  p rodu ction  o f  a h arpactico id  

co p ep o d .

P r o d u c t i o n  o f  a d u l t s  o f  T a c h i d i u s  d i s c i p e s  G i e s b r e c h t .  1 8 8 2

In order to  illu stra te  m y p o in t  1 c h o se  to  ca lcu late  the p rod u ction  o f  

a d u lts  o f  the h a rp a c tico id  co p e p o d  T a ch id iu s  d isc ip e s .  T h is is a m e io b en th ic  

sp e c ie s  and  a c o m m o n  in h a b ita n t o f  brack ish  water th rou gh ou t E u ro p e , 

d o m in a tin g  in m o st  c o m m u n itie s  w h ere  it o ccu rs . T h e  p o p u la tio n  I stu d ied  

in h a b its  a sh a llo w  b rack ish  w ater p o n d  in northern  B elg ium . In th is hab itat  

a n im a ls  appear late in w in ter , reach  a peak in sp rin g  and d isap pear aga in  in 
early  su m m er . T h e  d e c lin e  can  b e  attributed  to  predation  by the p o ly p  

P ro to h y d ra  le u c k a r ti  G r e e f f , 1 8 7 0  ( H e i p  a n d  S m o l, 1 9 7 6 a ).

D e n s ity  w as m easu red  from  sa m p le s  taken every  fortn ight, u sin g  m eth o d s  

d escr ib ed  ea rlier  ( H e i p , 1 9 7 3 ) .  N u m b e rs  d u rin g  the peak o f  1 9 7 0  are sh o w n  

in tab le  1. T em p era tu re  w a s m easured  co n tin u o u s ly  w ith  an a u to m a tic  

recorder. V a lu e s  w ere  avera g ed  o v e r  fou rteen  days and are a lso  sh o w n  in  

tab le  1. In o rd er  to  a p p ly  eq. ( 1 )  w e  need  to  kn ow  the in sta n ta n eo u s rates r 

and  d. V a lu e s  o f  r are ca lcu la ted  fro m  r =  1 /A t  In  N (/ N 0 in w h ich  A t is 

the len g th  o f  th e  tim e in terval a n d  N t and  N 0 are final and in itia l nu m bers  

o f  that in terv a l. B eca u se  in sta n ta n e o u s  m orta lity  d is very d ifficu lt to 

e st im a te  I c a lc u la ted  n a ta lity  in stea d  u s in g  eq. (4 ) . E x p er im en ts w ere
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carried  o u t in w h ic h  T. d is c ip e s  w a s cu ltu red  at fiv e  d ifferen t tem p eratures  

(H e ip  and  S m o l,  1 9 7 6 b ) .  It w a s sh o w n  that n e ith er  the fra ctio n  o f  fe m a le s  p 

nor the n u m ber o f  e g g s  N e v a r ies  s ig n if ic a n tly  w ith  tem p erature  a n d  c o n ­

sta n t v a lu es o f  p  =  0 .6 7  a n d  N c =  4 1 w ere used . T h ere  w a s a s tr o n g  in ­

f lu en ce  o f  tem p eratu re  o n  th e  g e n e r a tio n  tim e D  w h ich  co u ld  be d escr ib ed  

as D  =  5 2 7  T - i  l3. S u b stitu tio n  o f  th e se  v a lu es in eq. (4 )  y ie ld s  an  eq u a tio n  

in w h ic h  n a ta lity  is g iv e n  a s a fu n ctio n  o f  tem p erature  o n ly  : 

b =  ( 0 . 0 0 6 4 ) / ( T ~ ‘ 13) (eq . 5 ) .  B e ca u se  the g e n e ra tio n  tim e D  w as used  in  

eq. ( 4 ) ,  th is  v a lu e  o f  b is “ n a ta lity ”  o f  ad u lts . A s b  is a n o n - lin e a r  fu n ctio n  

o f  tem p erature, th e  u se  o f  m ean  tem p eratu res w ill ca u se  so m e  error in its  

ca lc u la tio n , but th is  error w ill be sm a ll w h en  tim e in terv a ls  are n o t to o  

large.

Tabel I

Tachidius d isc ipes  : adult num bers N . mean temperature T. instantaneous rate o f  
increase r and natality b. and elim inated numbers N«. during each time interval. T. 
r. b and N c are values for the interval follow ing the date on the row.

D ate
N

p er 1 0 0 cm 2
T

• c
r

p e r day
b

per day
Nc

per 100 cm 2

16 J a n  70 0 4 .2 — 0 .032 0
11 F eb  70 8" 4 .2 0 .1 8 0 0.032 -75
25 F eb  70 99 4 .2 0 .029 0 .032 5
11 M ar 70 148 6 .4 -0 .0 2 9 0.051 136
25 M ar 70 99 6 .2 0.021 0 .050 47

8 A p r 70 132 9.8 0 .1 0 7 0 .083 -105
22 A p r 70 5 9 4 11.3 0 .026 0 .098 657
5 M ay 70 8 3 3 15.5 -0 .0 2 8 0.139 1708

20 M ay 70 5 4 4 16.5 -0 .0 5 6 0 .150 1085
3 J u n  70 2 4 6 18.8 -0 .0 7 9 0 .173 528

17 Ju n  70 8 2 16.6 -0 .1 1 7 0.151 151
1 Ju l 70 16 18.8 -0 .0 5 0 0 .173 36

15 Ju l 70 8* 2 2 .2 — 0.209 0

5 A ug  70 0

T o ta l elim inated  : 4 1 7 5

C h an g e d  ze ro -v a lu e  (see text).

E lim in a te d  n u m b ers o f  a d u lts  a c co r d in g  to eq. ( 1 )  can  n o w  be ca lcu la ted  

and  are g iv en  in  ta b le  1. In th is  c a lc u la tio n  th e  last zero  v a lu e  before  the  

peak and  the fir s t after  the peak w ere  c h a n g ed  b eca u se , d u e to  sa m p le  s iz e  o f
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6 c m 2, d e n s it ie s  sm a ller  than 16 per 1 0 0  c m 2 (o n e  in d iv id u a l per sam p le)  

c a n n o t b e  e stim a te d . B eca u se  a n y  d e n s ity  b etw een  0  and  16 is equally  

p o ss ib le , 1 rep laced  th e se  zero  v a lu es by  8 per 1 0 0  c m 2. T h is  procedure is 

n o t critica l in the ca lc u la tio n , as n u m b ers in v o lv ed  are very  sm all.

T h e  su m  o f  the e lim in a te d  n u m b ers d u rin g  each  tim e in terval over the 

e n tire  p eriod  is to ta l p rodu ction  o f  ad u lts  b eca u se  nu m bers b e fo re  and after  

the peak  are zero . T h is  p rodu ction  is then  4 1 7 5  adu lts per 1 0 0  c m 2 in the  

y ear  1 9 7 0 . W h e n  a ssu m in g  a w et w e ig h t  o f  5 p g  per adu lt, th is  a m o u n ts to 

2 .1  g  w et w e ig h t per m 2 per year. T h is  p rod u ctio n  w ill rep resent by far the  

larger part o f  to ta l p rodu ction  o f  th is  p o p u la tio n , because ad u lts  have a 

m u ch  lo n g e r  e x is te n c e  than the larval s ta g e s  and  w eig h t a p p ro x im a te ly  two  

t im es  m o re  th an  the la rg est c o p e p o d ite  s ta g e , four tim es m ore than the 

se c o n d  larg est, a n d  s o  on.

In p r in c ip le , th e  sam e procedure cou ld  be fo llo w ed  for  each  stage. 

H o w ev er , in th e  c a se  o f  h arpactico id  c o p e p o d s , w h ere  there are s ix  naupliar  

sta g e s  a n d  f iv e  c o p e p o d ite  s ta g es w h ich  are all passed  th rou gh  in 1 0 -1 5  

days at h ig h er  tem p eratu res, it app ears im p o ss ib le  to  o b ta in  detailed  

k n o w led g e  o f  th e  c h a n g e s  o f  nu m bers o f  each  sta g e  w ith o u t co m p lica tin g  

sa m p lin g  lo  th e  p o in t o f  ab su rd n ess. In the ca se  o f  cru sta cea n s w ith a 

lo n g er  life  c y c le  a ccu rate  sa m p lin g  is en tire ly  fea sib le  and o n e  sh o u ld  be 

ab le  to  o b ta in  very  a ccu rate  e stim a tes o f  p ro d u ctio n  fo llo w in g  the procedure  

o u tlin e d  a b o v e , i.e . su m m a tio n  o ver  a ll s ta g e s  o f  e lim in a ted  b io m a ss  as o b ­

ta in ed  fro m  th e  e lim in a te d  nu m bers o f  each  s ta g e  m u ltip lied  by its m ean  

w eigh t.

R e tu rn in g  to  the c o p ep o d , 1 w o u ld  like to  m ake a su g g e s t io n  to  co m e o u t  

o f  th e  d if f ic u lt ie s  a sso c ia te d  w ith the sh o rt life  c y c le  o f  th is o rg a n ism . T h e  

p r o d u c t io n /b io m a s s  ra tio  P /B  can  b e  ca lcu la ted  from  n u m b ers because  

m ean w e ig h t  is the sa m e  in both the nu m erator  and  the d e n o m in a to r  o f  this 

ratio . In the c a se  o f  T a ch id iu s  d is c ip e s , a m ean o f  179 adu lts per 1 00  c m 2 is 

p resen t d u rin g  the peak in 1 9 7 0 , a n d  the P /B - r a t io  becom es  

P /B  =  4 1 7 5 / 2 7 9  =  1 5 .0 . W hen th is v a lu e  w ou ld  be valid  for  the w h o le  l ife ­

c y c le , it is p o s s ib le  to  ca lcu la te  p ro d u ctio n  from  k n o w led g e  o f  the m ean  

b io m a ss . T h is  c o u ld  be true b e c a u se  the P /B - r a t io  seem s to  b e  a c o n ­

se r v a tiv e  q u a n tity , and  1 w ill d em o n stra te  further that it is n o t in fluenced  

grea tly  by  th e  len g th  o f  the t im e  in terval u sed  in its c a lcu la tio n .

T h e  p ro b lem  a sso c ia te d  w ith  h o ld in g  the param eters r a n d  b co n sta n t  

d u rin g  th e  tim e in terval under c o n s id e r a tio n  w as ex a m in ed  as fo llo w s : 

w h en  a s s u m in g  th a t th e  p o p u la tio n  in crea ses and  d ecreases ex p o n e n tia lly  

the w h o le  peak can  b e  d escrib ed  b y  tw o  eq u a tio n s  o f  the ty p e  N , =  N ^ '
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w h ich  are valid  over a lo n g  lim e  in terva l. In ta b le  2 the v a lu es o f  N 0 a n d  r 

as o b ta in ed  from  the reg ressio n  o f  In N , versu s t are g iven  for  the increase  

and  the su b seq u en t d ecrea se . T h e  in tersec tio n  o f  th e  tw o reg ress io n  curves  

g iv e s  the m o m en t w h en  the peak m a x im u m  is reached a n d  m axim u m  

nu m bers. U s in g  eq. (5 )  an e stim a te  o f  b  is o b ta in e d  from  m ean  tem perature  

a n d  a p p lica tio n  o f  eq. ( 1 ) y ie ld s  an e s t im a te  o f  e lim in a ted  n u m b ers o v er  the  

w h o le  in crea se  and d ecrea se  w h ich  ca n  be co m p a red  w ith the e s t im a te  o b ­

ta in ed  from  the su m m a tio n  o f  v a lu es o b ta in e d  o v er  m uch sh o rter  tim e in ­

tervals as d o n e  in tab le  (1 ) .

Table 2

Calculation o f elim inated numbers o f adults o f Tachidius discipes. Increase and 
decrease are exponential according to N, = h^e” . I is the duration o f  and T is the 
mean temperature during the period, b is calculated from eq. (5 ) . Nc is calculated 
from eq. (1). Decrease starts at intersection o f the two regression curves.

N0
(p er 100 cm 2)

i
(days)

T

C C )

r b 
(p e r  day ) (p er day) (p er 100 c m 2)

Increase 20 .5 86 6.7 0 .0 4 5  0 .054 192

D ecrease 1003.9 89 1 8 .1 -0 .0 7 0  0 .166 3378

T o ta l e lim ination  : 35 7 0

A  se c o n d  th in g  is to  c a lc u la te  e lim in a te d  n u m b ers su p p o s in g  th e  sa m p lin g  

tim e in terval w a s n ot 14 d a y s  but 2 8 , 4 2  and  5 6  days resp ectiv e ly . W h en  

the sa m p lin g  interval is 28  d a y s w e ha v e  tw o  se r ie s  o f  sa m p le s  from  w h ich  

e lim in a tio n  can be ca lcu la ted , w h en  th e  in terva l is 4 2  d a y s w e  h a v e  three  

ser ie s  and  w h en  it is 5 6  d a y s  w e h a v e  four ser ie s . In table 3 the m ea n s o f  

th e se  ser ie s  for  ea ch  sa m p lin g  t im e  in terval are  g iv en  as ca lcu la ted  from  

b o th  th e  su m m a tio n  o v e r  t im e  in terv a ls  a n d  th e  e x p o n e n tia l r eg ressio n s  

o v e r  the w h o le  in crea se  and  d ecrea se . F rom  th e se  c a lc u la t io n s  it fo llo w s  that 

e st im a te s  o f  p ro d u ctio n  h a v e  a sm a ller  v a lu e  w h en  e ith er th e  sa m p lin g  tim e  

interval or  the tim e in terva l u sed  in th e ir  c a lc u la tio n  is lo n g er . T h e  P /B -  

ratio , as in d ica ted  before, is far less a ffected  by  the len gth  o f  the tim e in ­

terval.
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Table  3

P ro d u c t io n  o f  a d u l t s  a s  n u m b e r s  p e r  100 c m 2 a n d  as  g r a m  wet w e ig h t  p e r  m 2 as 

e s t im a te d  f r o m  d e n s i ty  v a lu e s  d irec t ly  a n d  f ro m  th e  r eg re ss io n s  o f  d e n s i ty  v a lu es  

v ersus  time.  W h e n  the  s a m p l i n g  t im e  in terval  A t  is m o re  t h a n  14 d a y s ,  v a lu e s  a re  

the  m e a n s  o f  th e  s e v e ra l  p o s s ib le  series.

T i m e  interval 
At ( in  days) 14 28 42 56

N<./100 c m '

P ( g / r r f )  

P /B

S am p le  values 
Regress ion 
S am ple  values 
Regress ion 
S am ple  values

4175  
3570 

2.1 
1.8 

15.0

3966  
3026  

2.0 
1.5 

16.4

3544
2614

1.8
1,3

16.1

2712
2610

1.4
1.3

14.6

It a p p e a r s  f r o m  t h e s e  r e s u l t s  t h a t  t h e  t i m e  i n t e r v a l  u s e d  in s a m p l i n g  is m o r e  

c r i t i c a l  t h a n  t h e  i n t e r v a l  u s e d  in t h e  c a l c u l a t i o n  o f  e l i m i n a t e d  b i o m a s s ,  

w h i c h  s u g g e s t s  t h a t  t h e r e  a r e  n o  g r a v e  e r r o r s  a s s o c i a t e d  w i t h  h o l d i n g  th e  

p a r a m e t e r s  c o n s t a n t  o v e r  e v e n  r e l a t i v e l y  l o n g  i n t e r v a l s .  T h e  p r o p o s e d  

e q u a t i o n  ( I )  t h e r e f o r e  s e e m s  a  v a l i d  w a y  o f  c a l c u l a t i n g  p r o d u c t i o n  in 

p o p u l a t i o n s  w i t h  c o n t i n u o u s  r e p r o d u c t i o n ,  e i t h e r  f r o m  f ie ld  d a t a  w h e n  m o r ­

ta l i t y  c a n  b e  a s s e s s e d  r e l i a b l y  o r  f r o m  l a b o r a t o r y  e x p e r i m e n t s  g i v i n g  v a l u e s  

o f  n a t a l i t y ,  p r o v i d e d  t h e  t i m e  i n t e r v a l  b e t w e e n  s a m p l e s  is s h o r t  e n o u g h .
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S a m e n v a t t in g

H e l m a r ie n e  m e io b e n t h o s  b e s ta a t  u it  k l e i n e i  <  1 m m ) M e ta z o a , v o o r n a m e lijk  

N e m a to d a  e n  h a r p a c t ic o id e  C o p e p o d a .  H o e w e l  h e t  m e io b e n th o s  z e e r  a b u n d a n t  is  

in  a lle  m a r ie n e  s e d im e n t e n ,  z ijn  e r  n o g  s t e e d s  z e e r  w e in ig  g e g e v e n s  b e k e n d  o v e r  

d e  e n e r g ie d o o r s tr o m in g  d o o r  d e z e  p o p u la t ie s .

D e  e n e r g ie  d ie  e e n  p o p u la t ie  b in n e n k o m t  a is  c o n s u m p t ie  w o r d t  v e r d e e ld  o v e r  

e e n  a a n ta l p r o c e s s e n  : e e n  d e e l w o r d t  b e s te e d  a a n  s o m a t is c h e  g r o e i  e n  r e p r o d u k tie -  

v e  o u tp u t ,  s a m e n  d e  p r o d u k tie  v a n  d e  p o p u la t ie  ; e e n  d e e l w o r d t  u itg e s c h e id e n  a is  

fa e c e s  e n  e x c r e t a  ; h e t  d e e l d a t w o r d t  g e b r u ik t  v o o r  o n d e r h o u d  k a n  g e s c h a t  

w o r d e n  d o o r  d e  r e sp ir a tie  t e  m e te n .
E r  b e s ta a t  e e n  a a n ta l v e r s c h i l l e n d e  m e th o d e n  o m  r e c h ts tr e e k s  d e  p r o d u k tie  

v a n  e e n  p o p u la t ie  te  m e te n . A l  d e z e  m e th o d e n  z ijn  v a r ia n te n  v a n  t w e e  b a s is ­

b e n a d e r in g e n  : e e n  s o m m a t ie  o v e r  d e  t ijd  v a n  d e  g r o e i d er  in d iv id u e n , o f  e e n  

s o m m a t ie  v a n  d e  g e ë l im in e e r d e  b io m a s s a .  Z ij k u n n e n  v e r d e r  o p g e sp lits t  w o r d e n  

v o lg e n s  h e t  t y p e  v a n  p o p u la t ie  w a a r o p  z e  v a n  to e p a s s in g  z ijn  : c o h o r t -p o p u la t ie s  

(w a a r in  r e p r o d u k t ie  s y n c h r o o n  is  e n  o v e r  e e n  k o r te  t i jd s s p a n n e  p la a tsv in d t)  o f  

p o p u la t ie s  m e t  c o n t in u e  r e p r o d u k tie .
R e c h ts tr e e k s e  p r o d u k t ie s c h a t t in g e n  z ijn  g e p u b lic e e r d  v o o r  t w e e  h a r p a c ­

t ic o id e  C o p e p o d a ,  m a a r  v a n  N e m a t o d a  z ijn  n o g  g e e n  p r o d u k tie s tu d ie s  u itg e v o e r d .  

W ij p r e s e n te r e n  h ie r  r e c h ts tr e e k s e  p r o d u k t ie s c h a t t in g e n  v a n  d e  h a r p a c t ic o id e  

T a c h id iu s  d i s c ip e s , e n  v a n  d e  o s t r a c o d e  C y p r id e i s  to ro sa .  D e  p r o d u k tie  v a n  C . 

to r o s a  w e r d  g e s c h a t  v o lg e n s  t w e e  m e th o d e n .  E e n  m o d e l w e r d  o p g e s te ld  w a a r m e e  

d e  r e c r u te r in g , m o r ta l i te i t  e n  d u u r  v a n  d e  s ta d ia  k a n  g e sc h a t  w o r d e n  o p  b a s is  v a n  

d e n s it e i t s s c h a t t in g e n  e n  t e l l in g e n  v a n  le g e  k a lk sc h e lp je s  in  h e t  s e d im e n t . D e  b e ­

k o m e n  p r o d u k t ie  is  in  g o e d e  o v e r e e n s t e m m in g  m e t  d ie  b e k o m e n  m e t d e  , .s iz e -  

fr é q u e n c y ” - m e t h o d e .  D e  p r o d u k t ie  v a n  T . d is c ip e s  k o n  b e p a a ld  w o r d e n  n a d a t  in  

d e  d e n s it e i t s g e g e v e n s  d e  d r ie  g e d e e lt e l i jk  o v e r la p p e n d e  g e n e r a t ie s  w e r d e n  g e s c h e i ­

d e n  m e t  e e n  s ta t is t is c h e  m e th o d e .
D e  P / B  ( p r o d u k t ie /b io m a s s a )  r a t io  p e r  g e n e r a tie t ijd  b e d r a a g t v o o r  b e id e  p o ­

p u la tie s  r e s p e c t ie v e l ijk  2 ,7 3  e n  3 ,1 1 .  A a n n e m e n d  d a t d e  P /B - w a a r d e  p er  g e n e r a t ie  

v o o r  m e io b e n t h i s c h e  p o p u la t ie s  o n g e v e e r  3 is ,  k a n  d e  ja a r lijk se  P / B  g e s c h a t  

w o r d e n  v o o r  d ie  p o p u la t ie s  w a a r v o o r  u i t  o b s e r v a t ie  o f  u it  k w e e k e x p e r im e n te n  h e t  

aa n ta l g e n e r a t ie s  p e r  ja a r  b e k e n d  is . E e n  o v e r z ic h t  v a n  d e  lit e r a tu u r g e g e v e n s  to o n t  

a a n  d at h e t  g e b r u ik  v a n  é é n  e n k e le  P /B - w a a r d e  v o o r  m e io fa u n a  m o e t  w o r d e n  
v e r m e d e n ,  e n  d a t e e n  s c h a t t in g  v a n  P / B  u itg a a n d e  v a n  e e n  lo g - lo g  v e r b a n d  tu s s e n  

P / B  e n  l ic h a a m s g e w ic h t  b e te r e  w a a r d e n  z o u  k u n n e n  g e v e n .
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D e  o b s e r v a t ie s  o v e r  e c o lo g i s c h e  e f f ic ië n t ie  P / ( P  +  R ) v a n  m e io b e n t h is c h e  

p o p u la t ie s  s u g g e r e r e n  d a t d e z e  n ie t  v e r s c h il le n d  is v a n  a n d er e  g r o e p e n . D it  v e r a n t ­

w o o r d t  h e t  g e b r u ik  v a n  s c h a t t in g e n  v a n  ja a r lijk se  p o p u la t ie r e sp ir a tie  v o o r  d e  

sc h a t t in g  v a n  d e  ja a r lijk s e  p r o d u k t ie  v ia  g e p u b lic e e r d e  lo g - lo g  v e r b a n d e n  tu s s e n  

b e id e .
D e  p r o d u k t ie  v a n  h e t  m e io b e n t h o s  in  B e lg is c h e  k u s tw a te r e n  w e r d  b e r e k e n d  

aan  d e  h a n d  v a n  v e r s c h i l le n d e  b e n a d e r in g e n . D e  b io m a s s a  v a r ie er t tu s se n  m in d e r  

d a n  0 .1  g  C .m -2 o p  d e  z a n d b a n k e n  to t  0 ,3  g  C .m ' 2 d ic h t  bij d e  k u st. D e  p r o d u k t ie  

l ig t  tu s s e n  o n g e v e e r  0 ,5  e n  1 ,5  g  C . m ' 2.ja a r " ‘. H o e w e l  o p  d e  z a n d b a n k e n  d e  in p u t  

v a n  e n e r g ie  in  h e t  b e n th is c h  s y s t e e m  v e e l  la g er  is d a n  d ic h t  bij d e  k u st, l ig t  d e  

m e io b e n t h is c h e  p r o d u k t ie  e r  m a a r  d e  h e lf t  la g er  : er  g a a t d u s  e e n  r e la t ie f  v e e l  

g r o te r  d e e l  v a n  d e  in p u t  n a a r  h e t  m e io b e n th o s .

Introduction

T h e  p r o d u c t iv ity  o f  a q u a t ic  p o p u la t io n s  h a s  r e c e iv e d  m u c h  a tte n tio n  s in c e  th e  

e a r ly  s e v e n t ie s ,  e s p e c ia l ly  a s  a  r e s u lt  o f  th e  In ter n a tio n a l B io lo g ic a l  P r o g r a m m e ,  

w h e n  se v e r a l  b o o k s  a p p e a r e d  th a t  h a d  m u c h  in f lu e n c e  o n  la ter  d e v e lo p m e n t s  in  

th e  f ie ld  ( E d m o n d s o n  & W in b e r g ,  1 9 7 1  ; H o lm e  & M c I n ty r e . 1971 ; W in b e r g ,  

1971  ; Z a ik a , 1 9 7 3 ) .  O n e  o f  t h e  im p o r ta n t  c o n s e q u e n c e s  w a s  a  u n ifo r m iz a t io n  o f  

th e  c o n c e p t s  a n d  s y m b o ls  a n d  t h e  a c q u is i t io n  o f  a  la rg e  b o d y  o f  d ata  w h ic h  h a d  its  

t h e o r e t ic a l  r o o t s  in  th e  p a r a d ig m  o f  tr o p h ic  o r g a n isa t io n  o f  e c o s y s te m s  d e v e lo p e d  

b y  L in d e m a n  ( 1 9 4 2 ) .  H o w e v e r ,  e s p e c ia l ly  in  th e  U n ite d  S ta te s , m a n y  e c o lo g ic a l  

th e o r ie s  w e r e  d e v e lo p e d  s u b s e q u e n t ly  in  w h ic h  th e  r o le  o f  e n e r g y  f lo w  a s  a  

s tr u c tu r in g  fo r c e  in  c o m m u n i t y  o r g a n is a t io n  w a s  c o m p le te ly  ig n o r e d  ( B r o w n ,  

1 9 8 1 ) ,  a n d  a  la r g e  g a p  s e e m e d  t o  e x is t  b e tw e e n  th e se  d e v e lo p m e n ts  c e n te r in g  o n  

c o m p e t i t iv e  e x c lu s io n  a n d  th e  c o n c e p t u a l  f r a m e -w o r k  o f  m a n y  a q u a tic  e c o lo g i s t s ,  

b o th  f r e s h w a te r  a n d  m a r in e . A s  th e r e  s e e m s  to  b e  g r o w in g  a w a r e n e s s  o f  th is  fa c t,  

a  s y n t h e s is ,  w h ic h  h a s  a lr e a d y  b e e n  in d ic a te d  b y  H u tc h in s o n  (1 9 5 9 ) ,  m a y  b e  

r e a c h e d  s o o n .

T h e  e n e r g y  e n t e r in g  a  p o p u la t io n  a s c o n s u m p t io n  (C ) o f  fo o d  c a n  b e  a l lo c a te d  

to  a  n u m b e r  o f  p r o c e s s e s  : s o m e  o f  th e  e n e r g y  is u se d  fo r  in d iv id u a l g r o w t h  (G i) ,  

a n d  fo r  r e p r o d u c t io n  (g o n a d  o u t p u t  G 2) ; s o m e  e n e r g y  is r e jec ted  ( fa e c e s  F ) ; a n d  

s o m e  e n e r g y  i s  t r a n s fo r m e d  a n d  lo s t  a g a in  as e x c r e ta  (U ). T h e  e n e r g y  u s e d  fo r  

m a in te n a n c e  a s  r e s p ir a t io n  (R ) u s u a l ly  le a v e s  th e  c o m p le te ly  o x id iz e d  e n d  p r o d u c t  

C 0 2 w i t h o u t  a n y  fr e e  e n e r g y  le f t .  W h e n  a ll p a ra m e te r s  are  m e a su r e d  in  t h e  s a m e  

e n e r g y  u n it s  ( e .g .  k J .m f L y " 1), a n d  w h e n  th e  t im e  sc a le  c o n s id e r e d  is lo n g  e n o u g h ,  

th e  f o l lo w in g  e q u a t io n  h o ld s  :

C  =  G ,  +  G 2 +  R  +  U  +  F  (1 )

In  u s in g  e q u a t io n  (1 )  o n e  h a s  to  c o n s id e r  th a t w h e r e a s  th e  te r m s  in  it  a r e  

e q u iv a le n t  in  u n it s  o f  e n e r g y ,  t h e y  h a v e  c o m p le te ly  d iffe r e n t  m e a n in g s  a s  to  th e ir  

r o le s  in  th e  e c o s y s t e m .  G r o w t h  a n d  r e p r o d u c tio n  y ie ld  h ig h -e n e r g y  p a r t ic u la te
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m a tter , w h e r e a s  fa e c e s  is lo w - e n e r g y  p a r t ic u la te  m a tter  ; r e sp ir a t io n  y ie ld s  C 0 2. a 

g a z . a n d  m a n y  e x c r e t io n  p r o d u c ts  a r e  s o lu b le .

M a r in e  b e n th ic  c o m m u n it ie s  a re  a m o n g  th e  lea s t s tu d ie d  fr o m  th e  p o in t  o f  

v ie w  o f  e n e r g e t ic s .  T h is  is  e s p e c ia l ly  tr u e  o f  th e  m e io fa u n a , t h e  sm a ll  m e ta z o a n s  

l iv in g  in  o r  o n  s e d im e n t s ,  o th e r  a n im a ls  a n d  p la n ts , o r  o n  h a r d  su b s tr a te s  s u c h  a s  

ro ck s . A s  m e io f a u n a  c a n  b e  t e c h n ic a l ly  d e f in e d  a s  a ll m e ta z o a n s  p a s s in g  a  1 m m  

s ie v e  a n d  a s  a ll fo r m e r  b e n th o s  w o r k e r s  u s e d  1 m m  s ie v e s ,  th e  im p o r ta n c e  o f  

m e io fa u n a  w a s  n o t  r e a liz e d  u n til t h e  la te  s ix t ie s  w h e n  it b e c a m e  w id e ly  a p ­

p r e c ia te d  th a t th e s e  o r g a n is m s  a r e  v e r y  n u m e r o u s  a n d  u b iq u ito u s  in  a ll ty p e s  o f  

e n v ir o n m e n t  a n d  th a t  th e ir  d o m in a n t  c o n s t i tu e n t ,  th e  fr e e - liv in g  n e m a to d e s ,  are  

th e  m o s t  n u m e r o u s  m u lt ic e l lu la r  b e n t h ic  a n im a ls  in  a ll m a r in e  e n v ir o n m e n ts ,  

fr o m  in te r tid a l b e a c h e s  to  d e e p -s e a  tr e n c h e s .  O ften  s e c o n d  in  n u m e r ic a l  im ­

p o r ta n c e  a r e  th e  h a r p a c t ic o id  c o p e p o d s  b u t  th e  d iv e r s ity  o f  m e io fa u n a  is s u c h  th a t  

m a n y  p h y la  a re  r e p r e s e n te d  a n d  s o m e  p h y la  c o n ta in  o n ly  m e io f a u n a  s p e c ie s  (e .g . 

G a str o tr ic h a , K in o r h y n c h a ,  G n a th o s to m u lid a ) .

In  s p ite  o f  th e ir  n u m e r ic a l  im p o r ta n c e , n e m a to d e s  t y p ic a lly  n u m b e r in g  

se v e r a l  m i l l io n  a n im a ls  p e r  sq u a r e  m e te r  in  s h a l lo w  su b t id a l  s e d im e n ts ,  th e  

e c o lo g y  o f  m a r in e  m e io b e n t h o s  h a s  o n ly  r e c e iv e d  litt le  a t te n t io n . M a n y  o f  th e  

e a r lier  s tu d ie s  c e n tr e d  o n  d e n s ity  o r  s p e c ie s  c o m p o s it io n  a n d  o n ly  a  f e w  p a p er s  

d e a lin g  w i t h  e n e r g y  f l o w  th r o u g h  t h e s e  p o p u la t io n s  h a v e  a p p e a r e d  to  d a te . It is 

still c u s to m a r y  to  u s e  a  h ig h ly  s p e c u la t iv e  f ig u r e  s u c h  as t h e  a n n u a l p r o d u c t io n  

b io m a s s  r a tio  P / B  =  9 p r o p o s e d  b y  G e r la c h  ( 1 9 7 1 )  o n  th e  b a s is  o f  th e  life  c y c le  

c h a r a c te r is t ic s  o f  t w o  s p e c ie s  o f  n e m a to d e s ,  a lth o u g h  it  is  n o w  k n o w n  th a t  

g e n e r a t io n  t im e s  in  n e m a t o d e s  c a n  v a r y  b e t w e e n  a  f e w  d a y s  a n d  a  w h o le  y e a r . 

T h e  f ir s t  d ir e c t  e s t im a t io n  o f  th e  p r o d u c t io n  o f  a  m e io b e n th ic  p o p u la t io n  w a s  th a t  

fo r  th e  u n iv o lt in e  h a r p a c t ic o id  H u n te m a n n ia  ja d e n s i s  (F e lle r ,  1 9 7 7 ) ,  a n d  th e r e  is  

s t ill  n o t  a  s in g le  v a lu e  fo r  a  m a r in e  n e m a to d e .

T he m easurement o f  production

T h e  e n e r g y  e n te r in g  a n  a n im a l  p o p u la t io n  ( i .e . t h e  c o n s u m p t io n  C ) is  

p a r tit io n e d  th r o u g h  m e ta b o l ic  p r o c e s s e s  in to  se v e r a l o u tp u ts .  T h is  is  illu s tra te d  in  

fig . 1. T h e  c o n s e r v a t io n  p r in c ip le  r e q u ir e s  th a t, in  te r m s  o f  e n e r g y  c o n t e n t  :

w h e n  t h e  t im e  la g , w h ic h  i s  in h e r e n t  in  m e ta b o lic  p r o c e s s e s ,  is  n e g le c te d . T h is  la g  

is sm a ll  c o m p a r e d  t o  t h e  t im e  s c a le s  o n . w h ic h  p r o d u c t io n  i s  c a lc u la te d .

A  p r o d u c t io n  f lu x  p (t) c a n  b e  d e f in e d  a s  th e  s u m  o f  t h e  g r o w t h  f lu x e s  g i(t)  a n d  

g 2(t). I t c a n  b e  s e e n  f r o m  fig . 1 th a t

c(t) =  g i(t)  +  g 2(t) +  Kt) +  u (t) +  r(t) ( 2 )

d t
( 3 )

w it h  B (t) =  b io m a s s  o f  th e  p o p u la t io n  a t t im e  t.
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BIOM ASS
be(t)

E L IM IN A T E D  BIOM ASS

( t )

R E S P IR E D  ENERGYc(t)
metabolism

f ( t ) u ( t )
EXCRETED ENERGYF A E C E S

F ig . I  S c h e m a t ic  rep re sen ta t io n  o f  th e  e n e rg y  fluxes th rough  a  popula tion .

In  its c o n v e n t io n a l  m e a n in g  p r o d u c t io n  is  th e  in teg ra tio n  o f  th is  f lu x  p(t) o v e r  

th e  t im e  in te r v a l t2-t, =  A t  c o n s id e r e d ,  o f t e n  o n e  y ea r  o r  th e  g e n e r a t io n  t im e  :

1 f t2 1
p =  7 7  J  p(t)dt = . t

UJ

1

A t

g ,(t)  dt +  I g 3(t) d t

B n  -  B n + l  b c(t) dt

(4 )

E x is t in g  m e th o d s  fo r  th e  c a lc u la t io n  o f  p r o d u c t io n  h a v e  b e e n  r e v ie w e d  b y  

W a te r s  (1 9 7 7 ) .  In  e s s e n c e  t h e y  a r e  v a r ia n ts  o f  t w o  a p p r o a c h e s  : in te g r a t io n  o f  th e  

g r o w th  f lu x e s  o r  in te g r a t io n  o f  th e  b io m a s s  e lim in a t io n  flu x . T h e y  c a n  b e  fu r th e r  

c la s s if ie d  a c c o r d in g  t o  w h e t h e r  t h e y  a p p ly  t o  c o h o r t  o r  n o n -c o h o r t  p o p u la t io n s  

(c o h o r t  p o p u la t io n s  a r e  p o p u la t io n s  w h e r e  p r o d u c t io n  is  s y n c h r o n o u s  a n d  l im ite d  

t o  a  s h o r t  p e r io d  c o m p a r e d  t o  t h e  l o n g e v i t y  o f  th e  sp ec ie s ) . T a b le  1 s h o w s  th e  b a s ic  

m e th o d s  fo r  th e  c a lc u la t io n  o f  p r o d u c t io n .

T A B L E  1

A n  o v e rv ie w  o f  th e  m e th o d s  for p roduc t ion  calculation.

I  g r o w th  in c r e m e n ts X e l im ination

C o h o r t  -  I n c r e m e n t  s u m m a t io n
p opu la t ions  -  In s ta n ta n e o u s  g r o w th  ra te

-  A l len  cu rv e
— Removal su m m a t io n

N o n -c o h o r t  
popu la t ions

-  E x p e r im e n ta l  g r o w th  c u rv es
— E s t im a t io n  stage  d u ra t io n s

— Size-frequency m e th o d
-  Population d y n am ica l  m odels
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C o h o r t  p o p u l a t i o n s

C o h o r t  p o p u la t io n s  h a v e  t w o  m a in  a d v a n ta g e s  that g r e a t ly  s im p l i f y  th e  

c a lc u la t io n s  : b e t w e e n  th e  r e p r o d u c t io n  p e r io d s  g 2(t) =  0  and  all c h a n g e s  in  d e n s ity  

d N /d t  a re  d u e  t o  m o r ta lity  ( w h e n  m ig r a t io n  c a n  b e  a c c o u n te d  for). T h i s  im p lie s  

that

d N (t)  , 4
b e(t) = ----------------w (t)  (5 )

dt

w h e r e  N ( t ) =  n u m b e r  o f  a n im a ls  in  th e  p o p u la t io n  at t im e  t 
w (t) =  m e a n  in d iv id u a l  w e ig h t  a t  t im e  t 

A p p r o x im a t in g  th is  c o n t in u o u s  e q u a t io n  fo r  d isc r e te  s a m p lin g  in te r v a ls ,  th e  

r e m o v a l s u m m a t io n  m e th o d  c a lc u la t e s  p r o d u c t io n  a s :

P = — [(B t r B tI)  +  I(-4N )i w j  (6)
A t

w h e r e  i d e n o t e s  t h e  s a m p lin g  in te r v a l .  w ¡  is  th e  m e a n  in d iv id u a l w e ig h t  a v e r a g e d  

o v e r  th e  i-th  s a m p lin g  in te r v a l .

In  g r o w th  in c r e m e n t  m e t h o d s ,  p r o d u c t io n  o f  c o h o r t  p o p u la t io n s  b e t w e e n  

r e p r o d u c t iv e  p e r io d s  c a n  b e  e x p r e s s e d  a s  :

t 2
1 f  d w ft)

P =  —  1 g |( t )d t  w h e r e  g ,(t) =  N (t)  -------------  (7 )

4t i
dt

A p p r o x im a t io n  o v e r  d is c r e te  in te r v a ls  th e n  g iv e s  :

P=  l ^ w ) ,  (8)
At

W h e n  t im e  is  e l im in a t e d  f r o m  (7 ) ,  p r o d u c t io n  e q u a ls  :

rWl
P =  l  N ( w )  d w  (9 )

w 0

w h e n  th e  s a m p lin g  p e r io d  is  a  u n i t  t im e .

T h e  g r a p h ic a l  s o lu t io n  o f  t h i s  e q u a t io n  is  k n o w n  as th e  A l le n - c u r v e  m e th o d  

(A lle n , 1 9 5 1 ) . P r o d u c t io n  is  e s t im a te d  a s  th e  su r fa c e  u n d e r  th e  c u r v e  r e la t in g  

d e n s ity  a n d  m e a n  w e ig h t  in  s u c c e s s i v e  t im e  in te rv a ls .

In e q u a t io n  (7 )  t h e  f lu x  g ,( t )  c a n  b e  r e w r it te n  a s :

1 d  w ít)
g ,(t) -  N ( t )w (t) .  — —  . — ( 10)

w ( t )  d t

=  B (t).G (t)
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w h e r e  B (t) is  th e  b io m a s s  a t t im e  t a n d  G (t) th e  w e ig h t -s p e c if ic  g r o w th  ra te . W h e n  

th e  g r o w t h  b e t w e e n  s a m p lin g  p o in ts  c a n  b e  d e sc r ib e d  a s an  e x p o n e n t ia l  fu n c t io n  

G (t) is  c o n s t a n t  in  th e  in te r v a l a n d  c a n  b e  e s t im a te d  a s  :

w h e r e  i is  th e  s a m p lin g  in te r v a l  a n d  B¡ th e  m ea n  b io m a ss  in  th e  i-th  s a m p lin g  

in te r v a l. T h i s  m e th o d  o f  p r o d u c t io n  e s t im a tio n  is k n o w n  a s  th e  in s ta n ta n e o u s  

g r o w t h  ra te  m e th o d  (R ic k e r , 1 9 4 6  ; A l le n ,  1 9 4 9 ). It w a s  e x te n d e d  b y  A l le n  ( 1 9 7 1 )  

to  o th e r  g r o w t h  m o d e ls ,  a l th o u g h  it is r ed u c e d  to  a  s im p le  fo rm  o n ly  in  th e  c a s e  o f  

e x p o n e n t ia l  g r o w t h .

N o n - c o h o r t  p o p u i -a t i o n s

In  n o n - c o h o r t  p o p u la t io n s ,  a s  is  th e  c a se  for  m o st  m e io b e n th ic  p o p u la t io n s ,  

p r o d u c t io n  c a n  o n ly  b e  e s t im a te d  b y  in d ir e c t  m e th o d s . T h e  s iz e - f r e q u e n c y  m e th o d  

w a s  o r ig in a l ly  d e s ig n e d  fo r  th e  e s t im a tio n  o f  th e  'co r re c t o r d e r  o f  m a g n itu d e '  o f  

p r o d u c t io n  o f  b e n th ic  in v e r te b r a te  c o m m u n it ie s  (H y n e s , 1 9 6 1 ). Is w a s  c o r r e c te d  

a n d  r e f in e d  b y  H y n e s  &  C o le m a n  (1 9 6 8 ) ,  H a m ilto n  ( 1 9 6 9 )  a n d  B e n k e  (1 9 7 9 ) .  

T h e s e  r e f in e m e n t s  r e s tr ic te d  th e  m e th o d  to  th e  a n a ly s is  o f  s p e c ie s  g r o u p s  w it h  

s im ila r  g e n e r a t io n  t im e s ,  s iz e  a n d  tr o p h ic  p o s it io n . In th is  m e th o d  th e  p o p u la t io n  is  

d iv id e d  in t o  i s iz e  c la s s e s  a n d  th e  r e c r u itm e n t  in to  e a c h  s iz e  c la s s  is e s t im a te d  u s in g  

a  s im p le  b u t  r o b u s t  p o p u la t io n  m o d e l .  R e c r u itm e n t is th e n  u se d  in  a  r e m o v a l  

s u m m a t io n  p r o d u c t io n  e s t im a tio n .

I n s te a d  o f  e s t im a t in g  r e c r u itm e n t  (a n d  th u s  m o rta lity ) , o n e  c a n  e s t im a te  th e  

d u r a t io n  o f  th e  l ife  s ta g e s  in  th e  p o p u la t io n . T h e s e  e s t im a tio n s  c a n  b e  o b ta in e d  
e x p e r im e n t a l ly  b y  c u ltu r in g  t h e  a n im a ls  in  th e  la b o r a to ry  o r  fr o m  p o p u la t io n  

m o d e ls ,  e s p e c ia l ly  t h e  m e th o d s  e s t im a tin g  b irth  a n d  d e a th  ra tes a n d  th e  s ta g e  

fr e q u e n c y  m e th o d s .  O n c e  t h e  t im e  s p e n t  in  a  life  s ta g e  o r  a  s iz e  c la s s  is k n o w n ,  th e  

m e th o d s  fo r  c o h o r t  p o p u la t io n s  b a s e d  o n  g r o w th  in c r e m e n ts  c a n  b e  u se d .

Direct production estim ations

In w 2 -  In w
( 1 1 )

t 2 -  t,

P r o d u c t io n  c a n  t h e n  b e  c a lc u la te d  a s

( 1 2 )

t 2 - t ;

O n ly  t w o  d ir e c t  p r o d u c t io n  e s t im a t io n s  fo r  m e io b e n th ic  p o p u la t io n s ,  b o th  fo r  

h a r p a c t ic o id  c o p e p o d s ,  a r e  k n o w n  fr o m  th e  litera tu re . F e lle r  ( 1 9 7 7 )  o b ta in e d  a



T H E  P R O D U C T I V I T Y  O F  M A R I N E  M E I O B E N T H O S 9

y e a r ly  P /B  = 3 .8  fo r  H u n te m a n n ia  ja d e n s i s  a n d  F le e g e r  a n d  P a lm e r  ( 1 9 8 2 )  

m e a su r e d  a P /B  =  1 8 .0  y e a r -1 fo r  M ic r o a r th r id io n  l i t to r a le .

W e  m a d e  d ir e c t  e s t im a t io n s  o f  t h e  p r o d u c t io n  o f  a n o th e r  h a r p a c t ic o id  

c o p e p o d , T a c h id iu s  d is c ip e s  G ie s b r e c h t ,  1 8 8 2  a n d  o f  th e  o s tr a c o d  C y p r id e i s  to r o s a  

J o n e s ,  1 8 5 0 . D e t a i ls  o f  t h e s e  s tu d ie s  w i l l  b e  p u b lish e d  e ls e w h e r e ,  b u t  th e  r e s u lt s  

a re  b r o a d ly  o u t l in e d  h e r e . B o th  p o p u la t io n s  w e r e  s tu d ie d  in  a  s h a l lo w  p o ly h a l in e  

b r a c k ish  w a te r  p o n d  in  B e lg iu m  c a lle d  „ D ie v e n g a t" . T h e  o s tr a c o d  C y p r id e i s  to r o s a  

p r o d u c e s  o n ly  o n e  g e n e r a t io n  a n n u a l ly  in  th is  h a b ita t (H e ip , 1 9 7 6 )  b u t  th e r e  is  

c o n s id e r a b le  o v e r la p  b e t w e e n  s u c c e s s iv e  g e n e r a t io n s ,  d u e  to  o v e r w in t e r in g  o f  

o ld e r  la rv a e . R e p r o d u c t io n  o c c u r s  in  la te  sp r in g  a n d  th r o u g h o u t  th e  s u m m e r  : 

s o m e  o f  th e  e a r ly  la r v a e  b e c o m e  a d u lt  b e fo r e  w in te r ,  w h e r e a s  o th e r s  o v e r w in t e r  in  

d if fe r e n t  la rv a l s ta g e s .  D u r in g  w in t e r  th e r e  is  n o  d e v e lo p m e n t  a n d  m a tu r a t io n  is  
p o s tp o n e d  u n til th e  n e x t  s p r in g .

In  th e  c o u r s e  o f  th e ir  d e v e lo p m e n t ,  th e  a n im a ls  p a ss  th r o u g h  e ig h t  m o u lt s .  A t  

e a c h  m o u lt in g , t h e y  s h e d  th e ir  c a lc a r e o u s  s h e l ls  a n d  b u ild  n e w  o n e s .  T h e  s h e l l s  a re  

le f t  in  th e  s e d im e n t ,  w h e r e  t h e y  a re  w e l l  p r e se r v e d  in  th is  s l ig h t ly  a lk a l in e  

e n v ir o n m e n t .  T h u s  a n  a n im a l  d y in g  in  s ta g e  V  w i l l  le a v e  s h e l ls  o f  th e  s ta g e s  I -V  

o n  th e  b o t to m  a n d  th e  d is t r ib u t io n  o f  p r e se r v e d  s h e lls  r e f le c ts  th e  m o r ta lity  

p r o c e s s e s  in  t h e  p o p u la t io n .  C o m b in in g  th is  in fo r m a t io n  w it h  d e n s ity  e s t im a te s  o f  

th e  s ta g e s  fr o m  a  f iv e -y e a r  s a m p lin g  p e r io d  w ith  a  fo r tn ig h tly  in te r v a l a l lo w e d  th e  

c a lc u la t io n  o f  r e c r u itm e n t ,  t h e  d u r a t io n  o f  th e  s ta g e s  a n d  th e  s ta g e -d e p e n d e n t  

m o r ta lity  rate. A n  in c r e m e n t  s u m m a t io n  p r o d u c t io n  e s t im a tio n  c o u ld  b e  m a d e  

g iv in g  a  v a lu e  o f  9 .6 9  g  d w t .m - 2 . y -1 a n d  -  a s  m e a n  b io m a s s  w a s  3 .5 5  g  d w t .m -2 -  

t h e  a n n u a l P /B - r a t io  e q u a l le d  P / B  =  2 .7 3 .  T h is  r e su lt  a g r e e d  v e r y  w e l l  w i t h  

a n o th e r  e s t im a tio n  o b ta in e d  b y  m e a n s  o f  th e  s iz e  f r e q u e n c y  m e th o d  y ie ld in g  
P  =  9 .2 4  g  d w t" 2. y _1.

T h e  h a r p a c t ic o id  c o p e p o d  T a c h id iu s  d is c ip e s  is  a  d o m in a n t  s p e c ie s  in  m a n y  

E u r o p e a n  a n d  N o r t h - A m e r ic a n  b r a c k is h  w a te r s . Its  s iz e , fo r m  a n d  e p ib e n th ic  l i f e  

s t y le  m a k e  it  a  r e p r e s e n ta t iv e  s p e c ie s  fo r  a n  im p o r ta n t  p art o f  th e  N o r t h  S e a  

h a r p a c t ic o id  fa u n a . T h e  p o p u la t io n  w a s  s a m p le d  e v e r y  th r e e  d a y s  in  1 9 7 9 ,  a n d  t h e  

d a ta  s h o w e d  th a t  th r e e  o v e r la p p in g  g e n e r a t io n s  w e r e  p r e se n t . T h e y  c o u ld  b e  

se p a r a ted  in  th e  d if f e r e n t  s t a g e s  u s in g  a  g r a p h ic a l m e th o d  fo r  th e  r e s o lu t io n  o f  

fr e q u e n c y  d is tr ib u t io n s  in t o  G a u s s ia n  c o m p o n e n t s  (B h a tth a c h a r y a , 1 9 6 8 ) .  T h e  

m e a n s  a n d  a b s o lu te  h e ig h ts  o f  t h e s e  G a u s s ia n  c o m p o n e n ts  c o r r e s p o n d  w i t h  th e  

m e a n  p u lse  t im e  a n d  th e  s u r f a c e  u n d e r  th e  a b u n d a n c e  c u r v e  u s e d  in  t h e  m o d e l  o f  

R ig le r  a n d  C o o le y  ( 1 9 7 4 ) .  T h i s  m o d e l  e s t im a te s  th e  d u ra tio n  o f  th e  s ta g e s  a n d  th e  

r e c r u itm e n t  : it  p r o v id e s  th e  n e c e s s a r y  p a r a m e te r s  fo r  a  p r o d u c t io n  e s t im a t io n .  

T h e  p r o d u c t io n  o f  c o p e p o d it e s  a n d  a d u lts  a m o u n te d  to  1.1 g  d w t .m -2 in  t h e  s p r in g  
p e r io d  w h e n  t h e  s p e c ie s  w a s  p r e se n t .  T h e  p r o d u c t io n  o f  n a u p lii  a n d  e g g s  w a s  

b a s e d  o n  th e  n u m b e r  o f  e g g  s a c s  p r o d u c e d  a n d  th e  d u r a tio n  o f  n a u p lia r  

d e v e lo p m e n t  a s  d e te r m in e d  in  t h e  la b o r a to r y . It is  1 .3  g  d w t .m -2 a n d  th u s  a  v e r y  

im p o r ta n t p art o f  to ta l p r o d u c t io n .  T h e  P /B - r a t io  for  th e  to ta l p o p u la t io n  w a s  P /  
B =  9 .3 4  o v e r  th e  s a m p lin g  p e r io d , th is  a m o u n ts  to  3 .1 1  per g e n e r a t io n .
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Indirect production estim ations

T h e  d ir e c t  e s t im a tio n  o f  p r o d u c t io n  req u ires  a  v e r y  in t e n s iv e  s a m p lin g  

s c h e m e  a n d  m a k e s  th is  a p p r o a c h  im p r a c tic a b le  fo r  th e  s tu d y  o f  m a r in e  

p o p u la t io n s .  It i s  t h e r e fo r e  n e c e s s a r y  to  c o n s id e r  a  n u m b e r  o f  in d ir e c t  m e th o d s  

w h ic h  a l lo w  a t le a s t  a n  e s t im a t io n  o f  th e  o rd er  o f  m a g n itu d e  o f  p r o d u c t io n  

w it h o u t  r e q u ir in g  th e  s a m e  s a m p lin g  e f fo r t . In r e m a in s  n e c e s s a r y  to  o b ta in  

r e a s o n a b ly  g o o d  d e n s ity  a n d  b io m a s s  e s t im a te s  o f  th e  p o p u la t io n .

A n  o b v io u s  a p p r o a c h  is  to  m a k e  u s e  o f  th e  g e n e r a t io n  P /B .  A s  s h o w n  b y  

W a te r s  (1 9 6 9 ) ,  th e  P / B  p e r  g e n e r a t io n  fa lls  b e tw e e n  2 a n d  5 fo r  a n y  b io lo g ic a l ly  

s o u n d  m o d e l  o f  g r o w t h  a n d  m o r ta lity .  T h e  m o d a l v a lu e  is  P / B  =  3 .5 .  T h is  f ig u r e  is  

c o n f ir m e d  in  s tu d ie s  o f  m e io b e n t h ic  p o p u la t io n s ,  th o u g h  th e  t e n d e n c y  is  t o w a r d s  a 

s l ig h t ly  s m a lle r  f ig u r e  o f  P / B  =  3 . W a te r s  (1 9 6 9 )  s h o w e d  th a t a n  in v e r s e  

r e la t io n sh ip  e x is t s  b e t w e e n  th e  g e n e r a t io n  P /B  and  th e  fr a c tio n  o f  th e  n e w b o r n s  

th a t  r e a c h  a d u lth o o d . M a n y  m e io b e n t h ic  p o p u la t io n s  a r e  c h a r a c te r iz e d  b y  t h e  fa c t  

th a t  a n  im p o r ta n t  p a rt o f  th e  p o p u la t io n  a re  a d u lts  (W a r w ic k ,  1 9 8 0 ) ,  h e n c e  a n  

in v e r s e  r e la t io n s h ip  is  to  b e  e x p e c te d  h e r e . T h is  a p p ro a c h  h a s  led  to  th e  g e n e r a l ly  

u s e d  f ig u r e  o f  P / B  =  9  o n  a n  a n n u a l  b a s is  fo r  m a r in e  n e m a to d e s  in  p a r t ic u la r  a n d  

m e io fa u n a  in  g e n e r a l  (G e r la c h , 1 9 7 1 ) . O b v io u s ly ,  th is  g u e s s  c r it ic a lly  d e p e n d s  o n  

th e  n u m b e r  o f  g e n e r a t io n s  a  y e a r .
H e ip  e t  a l .  ( 1 9 8 2 )  r e v ie w  th e  a v a ila b le  in fo r m a tio n  o n  g e n e r a t io n  t im e s  o f  

m a r in e  n e m a to d e s .  T h e  n u m b e r  o f  g e n e r a t io n s  a  y ea r  h a s  b e e n  a s s a y e d  d ir e c t ly  

o n ly  fo r  a  f e w  la r g e  s l o w l y  g r o w in g  s p e c ie s ,  w h ic h  s h o w e d  to  h a v e  o n e  t o  th r e e  

g e n e r a t io n s  a  y e a r . T h e s e  f ig u r e s  c a n  h a r d ly  b e  c o n s id e r e d  t o  b e  r e p r e s e n ta t iv e  fo r  

th e  n e m a t o d e  c o m m u n i t y  a s  a  w h o le .  In th e  sa m e  b r a c k ish  w a te r  p o n d  w h e r e  

T a c h id iu s  d i s c ip e s  a n d  C y p r id e i s  to ro sa  w e r e  s tu d ie d , th e  la r g e  n e m a t o d e  

O n c h o la im u s  o x y u r i s  is  o n e  o f  t h e  d o m in a n t  sp e c ie s  in  sp ite  o f  th e  fa c t th a t  it  is  a  

t o p  p r e d a to r  fe e d in g  m a in ly  o n  o th e r  n e m a to d e s . T o  su s ta in  a b io m a s s  o f  a 

p r e d a to r  th a t  is  la r g e r  o n  a  s u r fa c e  b a s is  th a n  th a t o f  its  p r e y  o b v io u s ly  r e q u ir e s  a  

h ig h  tu r n -o v e r  o f  t h e  p r e y . T h i s  i s  e x e m p lif ie d  b y  th e  f o l lo w in g  s im p le  c a lc u la t io n .  

W e  a s s u m e  th a t  O . o x y u r i s  f e e d s  e x c lu s iv e ly  o n  n e m a to d e s  a n d  th a t  a ll n e m a t o d e  

p r o d u c t io n  o th e r  th a n  th a t  o f  O . o x y u r is  i t s e lf  is d e v o te d  to  s u s ta in in g  O . o x y u r i s  ; 

w e  fu r th e r  a s s u m e  th a t  th e  e f f i c ie n c y  P / A  o f  O . o x y u r is  is  P / A  =  0 .3  a n d  th a t  A /  

C  =  0 .6  ( w h e r e  A  =  a s s im ila t io n  =  P +  R ). W ith  1.5 g e n e r a t io n s  a  y e a r  (S m o l  e t  a ! ., 

1 9 8 1 ) ,  t h e  P / B  o f  O . o x y u r i s  m u s t  b e  a r o u n d  5 . A s  O . o x y u r i s  r e p r e s e n ts  a b o u t  

4 0 %  o f  to ta l n e m a t o d e  b io m a s s  ( 4 0  u n its ) , its  p r o d u c tio n  is 2 0 0  u n its , r e q u ir in g  a n  

a s s im ila t io n  o f  6 6 7  u n its  a n d  a  c o n s u m p t io n  o f  1111 u n its . T h e  o th e r  n e m a t o d e s  

th u s  h a v e  a  P / B  =  1 1 1 1 / 6 0  =  1 8 .5 2  per y e a r . O v er a ll n e m a to d e  P / B = 1 3 p e r  

y e a r . A s  O . o x y u r i s  is  n o t  t h e  o n ly  p r e d a to r y  n e m a to d e  in  th is  c o m m u n i t y  th e  

a n n u a l P / B  (a n d  h e n c e  th e  a n n u a l  n u m b e r  o f  g e n e r a tio n s )  w i l l  still b e  h ig h e r .

C u ltu r e  e x p e r im e n t s  th a t  m e a su r e  d e v e lo p m e n t  t im e  a s  a  f u n c t io n  o f  

te m p e r a tu r e  c a n  g iv e  a n  in d ic a t io n  o f  th e  p ro b a b le  n u m b e r  o f  g e n e r a t io n s  at
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te m p e r a tu r e s  in  th e  fie ld . P u b lis h e d  v a lu e s  for  n e m a to d e s  v a r y  fr o m  5 fo r  

M o n h y s tr e lla  p a r e l e g a n tu la  in  th e  S lu ic e  D o c k  o f  O ste n d  (B e lg iu m )  (V r a n k e n  e t  

a l . .  1 9 8 1 )  to  15 fo r  C h r o m a d o r in a  g e r m a n ic a  in  th e  N e w  Y o r k  a rea  (T ie tje n  &  

L e e , 1 9 7 2 , 1 9 7 7 )  a n d  17 fo r  M o n h y s te r a  d is iu n c ta  in  G e r m a n y  (G e r la c h  & 

S c h r a g e . 1 9 7 1 ) . I f  w e  d e r iv e  s p e c u la t iv e ly  a  m o d a l v a lu e  o f  10 fr o m  t h e s e  

o b s e r v a t io n s  fo r  th e  p r e y  s p e c ie s  in  th e  D ie v e n g a t ,  still a b o u t  6 0  96 o f  th e ir  

p r o d u c t io n  is  c o n s u m e d  b y  O . o x y u r i s  a n d  th e  o v e r a ll  n e m a to d e  P / B  w o u ld  b e  

a r o u n d  2 0  p e r  y e a r .

A  h ig h  d iv e r s ity  in  th e  a n n u a l  n u m b e r  o f  g e n e r a t io n s  is  a lso  fo u n d  in  

h a r p a c tic o id  c o p e p o d s .  A s e l lo p s is  in te r m e d ia  h a s  o n e  g e n e r a t io n  a  y e a r  (L a sk e r  e t  

a l . , 1 9 7 0 ) , H u n te m a n n ia  ja d e n s i s  o n e  t o  t w o  (F e ller , 1 9 8 0 )  b u t  e p ib e n th ic  a n d  

p h y ta l h a r p a c t ic o id s  d e v e lo p  m u c h  fa ste r  w it h  ty p ic a l g e n e r a t io n  t im e s  in  c u ltu r e  

e x p e r im e n ts  o f  2 t o  6 w e e k s  ( r e fe r e n c e s  in  F e lle r ,  1 9 8 0 ) . T h is  fa st d e v e lo p m e n t  is  

a lso  s h o w n  b y  T a c h id iu s  d i s c ip e s  in  t h e  Field.

It is th u s  c le a r y  s p u r io u s  to  lo o k  fo r  a n  o v e r a ll  P /B - f ig u r e  fo r  m e io b e n t h o s ,  

u n le s s  o n e  w o u ld  b e  a b le  t o  s h o w  th a t  th e  d is tr ib u tio n  o f  s p e c ie s  w ith  r eg a r d  to  

b o th  th e ir  g e n e r a t io n  t im e  a n d  th e ir  p o r t io n  o f  to ta l b io m a s s  is c o n s ta n t ,  a  r a th e r  

u n lik e ly  h y p o th e s is .

P /B -sca lin g  by body weight

O n e  p o s s ib le  w a y  to  c ir c u m v e n t  th e  u s e  o f  a  s in g le  P /B - v a lu e  fo r  

m e io b e n th o s  is  t h e  u s e  o f  a n  e m p ir ic a l  r e la t io n s h ip  b e tw e e n  a n n u a l P / B  a n d  b o d y  

w e ig h t  a t s e x u a l  m a tu r ity  M s a s  p r o p o s e d  b y  B a n se  & M o s h e r  (1 9 8 0 ) .  T h e s e  

a u th o r s  d e m o n s tr a te  t h e  e x is t e n c e  o f  a  s ta t is t ic a lly  v a lid  lo g - lo g  r e la t io n sh ip  

b e t w e e n  th e s e  t w o  p a r a m e te s  fo r  a  la r g e  n u m b e r  o f  m e ta z o a n  a n d  u n ic e llu la r  

a n im a ls . H o w e v e r ,  o n  t h e  b a s is  o f  th e  a s s u m e d  fig u r e  P / B  =  9  a n d  t h e  s iz e  r a n g e  

o f  th e  m e io fa u n a , t h e y  p r o p o s e  th e  h y p o t h e s is  th a t a  se p a r a te  lo g  P / B  -  lo g  M s l in e  

e x is t s  fo r  m e io b e n t h o s ,  l y in g  c o n s id e r a b ly  lo w e r  th a n  th e  l in e  fo r  o th e r  

h e te r o th e r m ic  m e ta z o a n s ,  b u t  w i t h  t h e  s a m e  s lo p e . T h is  p r o p o s a l  is  n o t  

su b s ta n tia te d  b y  f ie ld  d a ta  a n d  t h e r e fo r e  t h e  p r o p o s e d  d e f in it io n  o f  m e io b e n t h o s  a s  

a n im a ls  w i t h  a  r e la t iv e ly  l o w  s p e c i f ic  p r o d u c t io n  is  v e r y  s p e c u la t iv e  at th e  m o m e n t  

in d e e d . H o w e v e r ,  w h e n  w e  p o s tu la te  a  g e n e r a t io n  P /B  =  3 it  b e c o m e s  p o s s ib le  to  

te s t  th is  h y p o t h e s is  u s in g  p u b l is h e d  d a ta  o n  d e v e lo p m e n t  t im e s .  F ig . 2 g iv e s  a n  

o v e r v ie w  o f  th e  r e le v a n t  in f o r m a t io n .  T h e  p o p u la t io n s  c o n s id e r e d  a n d  th e  s o u r c e  

o f  th e  d a ta  a re  g iv e n  in  ta b le  2 . W h e n  in  th e  o r ig in a l p u b lic a t io n  th e  n u m b e r  o f  

g e n e r a t io n s  in  t h e  f ie ld  w a s  e s t im a te d  e ith e r  d ir e c t ly  o r  fr o m  c u ltu r e  e x p e r im e n ts  

ta k in g  te m p e r a tu r e  in t o  a c c o u n t  th is  e s t im a t io n  w a s  u sed . O th e r w is e  th e  n u m b e r  

o f  g e n e r a t io n s  w a s  c a lc u la te d  o n  t h e  b a s is  o f  t h e  te m p er a tu r e  r e g im e  o f  th e  h a b ita t. 

W e ig h ts ,  i f  u n a v a i la b le  in  t h e  o r ig in a l  p a p e r , w e r e  e s t im a te d  u s in g  m o r p h o ­

lo g ic a l  d e s c r ip t io n s  o f  t h e  s p e c ie s .  F o r  T a c h id iu s  d is c ip e s  th e r e  a r e  t w o  p o in ts  o n  

th e  f ig u r e . T h e  u p p e r m o s t  p o in t  i s  th e  p o s s ib le  P / B  c a lc u la te d  fr o m  c u ltu r e



1 2 C. H E I P  ei al.

A n n u a l  P / B
100

i o  . .

- 7 -6 - 5 - 3— A

l o g  (M )

F ig . 2 L og-log  re la t ionsh ip  b e tw e e n  b o d y  m as s  a t  sexual  maturity  M s (in kcal) a n d  a n n u a l  P / B .  
based  o n  th e  n u m b e r  o f  genera t ions  annually .

■  : da ta  f ro m  c u l tu re  e x p e r im e n ts  ; *  : field observations .
List o f  species a n d  sou rces  in table 2.

T h e  l ine  rep re sen ts  th e  re la t io n sh ip  p roposed  by  Banse & M o s h e r  (1980).
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e x p e r im e n ts  (S m o l & H e ip ,  1 9 7 4 ) . T h e  o th e r  p o in t  is th e  P /B  o b s e r v e d  in  th e  fie ld . 

T h e  d is c r e p a n c y  b e t w e e n  t h e  t w o  p o in ts  is  d u e  to  th e  fact th a t T . d is c ip e s  is o n ly  

p r e se n t  in  s p r in g  a n d  th u s  d o e s  n o t  a tta in  its  fu ll p r o d u c t io n  p o te n tia l.

T A B L E  2

Species  c o n s id e re d  a n d  so u rc e s  o f  th e  d a ta  represen ted  in fig. 2.

Species log  (P /B ) log (M s) A u thor i ty

C rus tacea
P a ro n y c h o c a m p tu s  n a n u s 1.42 - 5 . 2 7 Smol & H eip  1974
N ito c ra  typica 1.50 - 5 . 4 7 id.
T ach id iu s  discipes 1.51 - 4 . 9 9 id.
T ach id iu s  discipes 0 .99 - 4 . 9 9 this paper
H u n te m a n n ia  j ad en s is 0 .56 - 4 . 2 5 Feller 1977
Asellopsis in te rm e d ia 0 .48 - 5 . 0 7 Lasker  e t  a !. 1970
C y pr ide is  to rosa 0 .44 - 3 . 9 5 this paper

N e m a to d a
E n o p lu s  c o m m u n i s 0.48 - 3 . 4 7 W ies e r  & K a n w is h e r  1960
E no p lo id es  s p ic u lo h a m a tu s 0 .88 - 4 . 5 1 S k o o lm u n  & G e r la c h  1971
O n c h o la im u s  b r a c h y c e rc u s 0 .78 - 4 . 7 8 id.
O n c h o la im u s  o x y u r i s 0.65 - 4 . 8 4 Sm ol e t  a !. 1980
T h e r is tu s  p e r ten u is 1.22 - 5 . 9 0 G er lach  & S chrage  1971
C h r o m a d o r in a  g e rm a n ic a 1.65 - 6 . 4 5 Tie tjen & Lee 1977
M o n h y s te r a  d e n t icu la ta 1.65 - 6 . 3 2 Tie tjen  & Lee  1972
M o n h y s te r a  d is ju n c ta 1.71 - 6 . 4 7 G er lach  & S chrage  1971
M o n h y s t re l la  p a r e le g a n tu la 1.18 -  6.85 V ra n k e n  e t  a!. 1981
Dip lo la im el lo ides  b rucie i 1.71 - 6 . 2 9 W a r w ic k  1982

It is a p p a r e n t  f r o m  f ig .  2  th a t th e  r e la t io n s h ip  p r o p o s e d  b y  B a n se  &  M o s h e r  

( 1 9 8 0 )  a g r e e s  w i t h  t h e  a v a i la b le  a p p r o x im a te  d a ta . A  la rg e  p a r t o f  th e  o b s e r v e d  

v a r ia b il ity  in  t h e  P /B - d a t a  o f  m e io b e n t h o s  c a n  in d e e d  b e  e x p la in e d  b y  th e  b o d y  

s iz e s  o f  th e  s p e c ie s .  H o w e v e r ,  it  m u s t  b e  k e p t  in  m in d  th a t  th e  lo g - lo g  

r e p r e se n ta t io n  m a s k s  p a r t  o f  t h e  v a r ia b il i ty  a n d  th a t  e s t im a tio n s  o f  th e  P / B  fr o m  

b o d y  s iz e  a r e  t o  b e  tr e a te d  w i t h  c a u t io n .  T h e ir  u s e  m a y  n e v e r th e le s s  r e p r e se n t  a  

su b s ta n tia l im p r o v e m e n t  in  c o m p a r is o n  w i t h  a  s in g le  P /B - r a t io  fo r  a ll m e io fa u n a .  

M o r e o v e r ,  w h e n  m o r e  d a ta  b e c o m e  a v a i la b le  it  w i l l  p e r h a p s b e  p o s s ib le  to  r e f in e  

th e  r e la t io n s h ip  a n d  s p l i t  u p  th e  d a ta  a c c o r d in g  to  ta x o n ó m ic a ]  a n d  e c o lo g ic a l  

g r o u p s .

In  s p e c u la t in g  a b o u t  th e  p o s s ib le  c a u s e s  o f  a  lo w e r  P /B - M s lin e  fo r  m e io ­

b e n th o s ,  it is  in te r e s t in g  t o  c o n s id e r  t h e  e c o lo g ic a l  e f f ic ie n c ie s  fo r  m e io b e n th ic  

a n im a ls .  T h e  r e s p ir a t io n  o f  C y p r id e i s  to r o s a  a s  a  fu n c t io n  o f  te m p e r a tu r e  a n d  b o d y  

w e ig h t  w a s  d e t e r m in e d  b y  H e r m a n  &  H e ip  ( in  p r e ss) . T h e  e f f ic ie n c y  P / ( P  +  R ) for  

th is  p o p u la t io n  w a s  c a lc u la te d  a s  0 .3 8 .  R e s p ir a t io n  m e a su r e s  o f  T a c h id iu s  d is c ip e s  

fr o m  th e  D ie v e n g a t  r e v e a le d  a n  e f f i c ie n c y  o f  a d u lts  a n d  c o p e p o d ite s  o f  0 .3 0 .
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M a r c h a n t  &  N ic h o la s  ( 1 9 7 5 )  fo u n d  a n  e f f ic ie n c y  o f  0 .3 8  fo r  th e  n e m a t o d e  

P e lo d e r a , b u t  W a r w ic k  ( 1 9 8 2 )  fo u n d  a p u z z lin g  v a lu e  o f  m o r e  th a n  0 .8 0  fo r  

D ip lo la im e l lo id e s  b r u c i e i , a  f ig u r e  p r o b a b ly  t o o  h ig h  a s it  is h ig h e r  th a n  t h e  

p h y s io lo g ic a l  p o s s ib i l i t ie s  o f  b a c te r ia  g r o w n  o n  r ic h  d ie ts  ( P a y n e . 1 9 7 0 ). T h e  o th e r  

v a lu e s  a g r e e  w e l l  w i t h  th e  a v e r a g e  e f f ic ie n c y  o f  3 6 .2  96 for n o n - in s e c t  

d e tr it iv o r o u s  in v e r te b r a te s  ( H u m p h r e y s ,  1 9 7 9 ).
T h e s e  o b s e r v a t io n s  s u g g e s t  th a t th e  r e la t iv e ly  lo w e r  P / B  o f  m e io fa u n a  is  n o t  

th e  r e su lt  o f  l o w e r  e f f ic ie n c y .  In ste a d , w h e r e a s  g e n e r a tio n  t im e  re la tiv e  t o  b o d y  

w e ig h t  is lo n g e r  in  m e io fa u n a  a n  e f f ic ie n c y  c o m p a r a b le  to  o th e r  a n im a l g r o u p s  is  

o b ta in e d  b y  a r e la t iv e ly  l o w  r esp ira t io n  rate. T h e s e  c h a r a c te r is t ic s  o f  m e io b e n t h ic  

p r o d u c t iv ity  a r e  in  l in e  w it h  th e  g e n e r a lly  o b s e r v e d  c o n s e r v a t iv e  p o p u la t io n  

str a te g ie s  o f  m e io b e n t h o s  (W a r w ic k .  1 9 8 0 ).

Production and respiration

S e v e r a l a u t h o r s  p r o p o s e d  a  lo g - lo g  r e la t io n sh ip  b e tw e e n  p r o d u c t io n  a n d  

r esp ira tio n  o f  p o p u la t io n s  o v e r  a  c e r ta in  in te rv a l o f  t im e , m o s t ly  a  y ea r . M c N e i l l  &  

L a w to n  ( 1 9 7 0 )  f o u n d  d if fe r e n t  r e g r e s s io n  lin e s  for  h o m e o th e r m , s h o r t - l iv e d  

p o ik ilo th e r m  a n d  lo n g - l iv e d  p o ik ilo th e r m  a n im a ls . F or s h o r t - l iv e d  p o ik ilo th e r m s  

th e  r e la t io n s h ip  is  lo g  P =  0 .8 2 3 3  lo g  R -  0 .2 3 6 7  w h e n  R  a n d  P are e x p r e s s e d  in  

k c a l .m " 2. y -1 . T h e  s lo p e  o f  th e  c u r v e  d iffe r s  s ig n if ic a n t ly  fr o m  1, w h ic h  im p l ie s  

th a t p r o d u c t io n  e f f i c ie n c y  P / ( P  +  R ) d e c r e a se s  w ith  in c r e a s in g  b io m a ss . H u m p ­

h r e y s  ( 1 9 7 9 )  a n a ly s e d  2 3 5  d a ta  c o n c e r n in g  f ie ld  p o p u la t io n s  a n d  c o u ld  d is t in g u is h  

m a n y  m o r e  g r o u p s .  F o r  n o n - in s e c t  in v e r te b r a te s  h e  fo u n d  lo g  P =  1 .0 6 9  lo g  R  

-  0 .6 0 1 .  in  c a l . m - 2 . y “ ‘ . In  h is  r e su lts  th e  s lo p e s  d o  n o t  d iffe r  s ig n if ic a n t ly  f r o m  1. 

a n d  th e r e  is  n o  r e la t io n s h ip  b e t w e e n  p r o d u c t io n  e f f ic ie n c y  a n d  w e ig h t .  In  fa c t.  

W o o d la n d  & C a ir n s  ( 1 9 8 0 )  d e m o n s tr a te d  th a t fo r  r e a so n a b le  m o r ta lity  m o d e ls  a n d  

a lo g is t ic  g r o w t h  m o d e l p r o d u c t io n  v a r ie s  o n ly  b e tw e e n  a b o u t  3 0  a n d  3 7  96 .

R e s p ir a t io n  a n d  m e io b e n th ic  o r g a n is m s  is  u s u a lly  m e a su r e d  u s in g  C a r te s ia n  

D iv e r  R e s p ir o m e t r y  (H o lte r .  1 9 4 3 ) . I t is  tr a d it io n a lly  e x p r e s s e d  in  n l 0 2 - in d " 1. h " 1 
a n d  in  te r m s  o f  b o d y  w e ig h t  u s in g  a  p o w e r  e q u a t io n  R  =  a W b. A s  in  m a n y  o t h e r  

p o ik ilo th e r m s  t h e  v a lu e  o f  b  =  0 .7 5  fo r  n e m a to d e s  a n d  c o p e p o d s .  T h e  v a lu e  o f  a  is  

a  m e a s u r e  o f  m e ta b o l ic  in te n s ity  a n d  g iv e s  re sp ira tio n  p er  u n it  b o d y  w e ig h t .  T h e r e  

is a  fa ir ly  la r g e  b o d y  o f  d a ta  o n  r esp ira tio n  o f  n e m a to d e s . W a r w ic k  & P r ic e  ( 1 9 7 9 )  

c o n c lu d e  th a t  r e s p ir a t io n  d if fe r s  a c c o r d in g  to  fe e d in g  ty p e  (o r  tr o p h ic  p o s it io n )  o f  

th e  s p e c ie s  : n o n - s e le c t iv e  d e p o s it  fe e d e r s  r esp ire  le s s  th a n  p r e d a to r s , w h e r e a s  

e p ig r o w t h  f e e d e r s  h a v e  a n  in te r m e d ia te  m e ta b o lic  in te n s ity . T h u s  th e  p a r t i t io n in g  

o f  fe e d in g  t y p e s  in  a  n e m a to d e  c o m m u n it y  h a s  to  b e  ta k e n  in to  a c c o u n t  w h e n  

r esp ir a tio n  h a s  t o  b e  c a lc u la te d  fr o m  s u c h  data . O n  th e  o th e r  h a n d , W a r w ic k  & 

P r ic e  ( 1 9 7 9 )  s u g g e s t  a n  o v e r a ll  f ig u r e  o f  6  1 0 2. m ' 2. y ' l .g  w w -1 v a lid  a t 2 0 ° C  fo r  

n e m a to d e  c o m m u n i t i e s ,  a n d  H e ip  e t  a l .  ( 1 9 8 2 )  s u g g e s t  lo g  R  =  0 .4 2  +  0 .7 5  lo g  W  

w ith  R  in  n l O 2. f r 1 a n d  W  in  p g  d w t  for  th e  re sp ira tio n  o f  an  in d iv id u a l n e m a t o d e .
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a g a in  at 2 0 ° C . S u c h  v a lu e s  a r e  c e r ta in ly  p r e lim in a r y  a n d  s h o u ld  b e  u s e d  w it h  

c a u t io n , b u t  th e y  m a y  b e  u s e fu l  w h e n  e n e r g y  b u d g e ts  h a v e  to  b e  c a lc u la te d  a n d  

r esp ira tio n  m e a s u r e s  a r e  n o t  a v a ila b le .

F o r  h a r p a c t ic o id  c o p e p o d s  f e w e r  o b s e r v a t io n s  are  a v a ila b le  ( ta b le  3) b u t  th e y  

in d ic a te  th a t  a c t iv e ,  e p ib e n t h ic  o r  b u r r o w in g  s p e c ie s  h a v e  a  h ig h e r  m e ta b o lic  

in te n s ity  ( 1 0 - 1 2  n l 0 2.h ~ './¿ g  d w t ' 1) th a n  tr u e ly  in terstitia l s p e c ie s  (3 -5  n l 0 2.h " ‘./.ig 

d w t ' ' ) .

T A B L E  3

R esp i ra t io n  p e r  u n i t  b o d y  w eig h t  for different m eioben th ic  g ro u p s  
fo l lo w in g  log R =  log a + 0 .75  log W  at 20°C
R  a n d  a in nl 0 2.pg  d w t W  in p g  dwt.

log a a S ourc e

N e m a t o d a

N on-se lec tive  d epos i t  feeders 0.25 1.77 W a r w ic k  & Price  (1979)
E p ig ro w th  feeders 0.41 2.56 W a rw ic k  & Price (1979)
O m n iv o re s -p re d a to rs 0.58 3.78 W a r w ic k  & Price (1979)

O s t r a c o d a

C y p r id e is  to ro sa 0.25 1.78 H e rm a n  & Heip  (in press)
C o p e p o d a

C a n u e l la  p e r p le x a 0.57 3.72 H e rm a n  (unp.)
M e s o c h r a  lilljeb o rg i 1.02 10.47 H e rm a n  (unp.)
T a c h id iu s  d is c ip e s 1.10 12.59 H e rm a n  (unp.)
P a r a le p ta s ta c u s  la t ic a u d a tu s 0.62 4.20 Lasserre  & R e n a u d -M o rn a n t  (1973)
H a s t ig e r e lla  le p to d e r m a 0.53 3.42 V ern b e rg  e t a l. (1977)

Production o f  m eiobenthos in the Belgian coastal waters of the North Sea

T h e  B e lg ia n  c o a s ta l  w a t e r s  a re  in f lu e n c e d  in  t h e  e a st  b y  w a t e r  le a v in g  th e  

h e a v i ly  p o l lu te d  W e s t e r n  S c h e ld t  e s tu a r y  a n d  tu r n in g  s o u th  fo r  s o m e  te n s  o f  

k ilo m e te r s  d u r in g  e b b  t id e  u n t i l  t h e y  a re  a g a in  d e f le c te d  t o w a r d s  th e  n o r th  a s  a  

c o n s e q u e n c e  o f  t h e  f lo o d  t id e  c o m in g  in  th r o u g h  th e  S tra its  o f  D o v e r .  A s  a  

c o n s e q u e n c e  o f  th is  tu r n in g  m o v e m e n t  s i l t  a n d  c la y  w it h  a  h ig h  c o n t e n t  o f  h e a v y  

m e ta ls  a n d  o th e r  p o l lu t a n t s  a r e  d e p o s ite d  in  a n  a rea  fr o m  th e  m o u th  o f  th e  r iv e r  to  

a b o u t  2 0 - 3 0  k m  t o  th e  s o u t h - w e s t  (Fig. 3).
T h e  m e io b e n t h ic  c o m m u n i t y  in  th is  a rea  h a s  b e e n  d e sc r ib e d  b y  G o v a e r e  

e t  a l .  ( 1 9 8 0 ) .  T h e  c o a s ta l  z o n e  is  c h a r a c te r iz e d  b y  a  M ic r o a r th r id io n  l i t to r a le -  

H  a  ¡ e c tin o s o m a  h e r d m a n i  c o m m u n i t y ,  n a m e d  after  th e  d o m in a n t  c o p e p o d  s p e c ie s .  

H o w e v e r ,  n e m a t o d e s  a r e  o v e r w h e lm in g ly  a b u n d a n t in  th is  a r e a , a lw a y s  a c ­
c o u n t in g  fo r  m o r e  th a n  9 0 %  o f  th e  m e io fa u n a , a n d  th e  to ta l m e io fa u n a  

p r o d u c t io n  w i l l  t h e r e f o r e  b e  n e a r ly  e x c lu s iv e ly  n e m a to d e  p r o d u c t io n . O ff-sh o r e ,  

w h e r e  c le a n  s a n d s  p r e d o m in a t e ,  th e  m e io fa u n a  c h a n g e s  d r a s t ic a lly  a n d  is
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c h a r a c te r iz e d  b y  th e  p r e s e n c e  o f  sm a lle r ,  tr u e ly  in t e r s t i t ia le  ( b e t w e e n  th e  sa n d  

g r a in s)  l iv in g  c o p e p o d s .  T h e  la rg er , e p ib e n th ic  sp e c ie s  d isa p p e a r , p r o b a b ly  a s  th e  

in p u t o f  o r g a n ic  m a tte r  th r o u g h  s e d im e n ta t io n  is m u c h  lo w e r  in  th is  a rea  th a n  in  

th e  c o a s ta l z o n e .  T h e  B e lg ia n  o f f - s h o r e  w a te r s  in  th e  w e s t  a r e  c h a r a c te r iz e d  b y  th e  

p r e s e n c e  o f  a  n u m b e r  o f  s a n d b a n k s , c re a ted  b y  th e  v e r y  s tr o n g  tid a l c u r r e n ts ,  o n e  

o f  w h ic h  is  th e  K w in te b a n k  a ls o  s h o w n  o n  fig . 3.

THE 
ETHERLANOS• £ > ......

* Z e t b r u g g e

-Z  R

10 km■'Kwintebank
E I GI UM

S c h e l d t

FRANCE

F ig . 3  M a p  o f  t h e  Belgian Coasta l  Z o n e  s h o w in g  m ajor  cu r re n ts  a n d  se d im e n ts  charac ter is t ics .  
Ind ica ted  a re  a l s o  p ro d u c t io n  (P) a n d  respira t ion  (R) o f  nem atodes  a n d  c o p ep o d s  in d if fe ren t  area 's .

T h e  d a ta  u s e d  to  c a lc u la te  n e m a to d e  p r o d u ctio n  in  th e  c o a s ta l a rea  a n d  o n  th e  

s a n d b a n k  a r e  g iv e n  in  ta b le  4 . In  th e  co a sta l z o n e  th e  a v e r a g e  b io m a s s  o f  th e  

n e m a to d e s  v a r ie s  b e t w e e n  0 .3 4  g  d w t .m -2 in w in te r  a n d  0 .5 7  g  d w t .m -2 in  

s u m m e r .  W it h  a  P /B - r a t io  e q u a l to  9 ,  p r o d u c tio n  w o u ld  b e  4 .1  g  d w t .m -2 o r  

1 .6 4  g  C .m - 2 . In  t h e  e a s te r n  p a rt o f  th e  c o a sta l a rea  n e a r ly  a ll n e m a to d e s  a r e  n o n -  

s e le c t iv e  d e p o s it - f e e d e r s  w i t h  a l o w  m e ta b o lic  in te n s ity . T a k in g  te m p e r a tu r e  in to  

a c c o u n t ,  to ta l a n n u a l  r e sp ir a t io n  c a n  b e  c a lc u la te d  a s  5 .7 5  1 0 2. m -2 . y -1 , e q u iv a le n t  

to  2 .3 1  g  C .m - 2 . y -1 . F r o m  H u m p h r e y s '  r eg r ess io n  w e  th e n  o b ta in ,  ta k in g  

1 g  C  =  1 2  k c a l ,  P  =  1 .1 7  g  C .m -2 . y -1 , a  v a lu e  c o r r e s p o n d in g  w ith  a  P /B - r a t io  o f  

o n ly  6 .4 .  W i t h  a  p r o d u c t io n  e f f ic ie n c y  o f  0 .3 4 ,  P  =  0 .5 2 5  R , P  =  1 .21  g  C . m - 2 . y - 1 .
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T h e  sa m e  k in d  o f  c a lc u la t io n s  c a n  b e  p e r fo r m e d  fo r  th e  K w in te b a n k  a n d  for  

h a r p a c tic o id s  a n d  t h e  r e s u lts  a r e  c o m p a r e d  in  fig . 3 . T w o  in te r e s t in g  c o n c lu s io n s  

c a n  b e  d r a w n  fr o m  th is  f ig u r e . N e m a t o d e s  p r e d o m in a te  in  m e io b e n th ic  

m e ta b o lis m  in  th e  c o a s ta l z o n e ,  b u t  o n  th e  sa n d b a n k s  h a r p a c tic o id s  h a v e  a  h ig h e r  

r esp ira tio n . S e c o n d ly ,  a l th o u g h  th e  e n e r g y  in p u t  o n  t h e  sa n d b a n k s  m u s t  b e  se v e r a l  

o r d e r s  o f  m a g n itu d e  lo w e r  th a n  in  th e  c o a s ta l z o n e ,  th e  to ta l m e io b e n th ic  

a s s im ila t io n  (P +  R ) is  o n ly  a b o u t  h a lf , in d ic a t in g  th a t w h e n  e n e r g y  f lo w  is lo w e r  a 

m u c h  la rg er  part o f  it p a s se s  th r o u g h  m e io b e n th o s .

T A B L E  4

N e m a to d e  resp ira t ion  in s u m m e r  in th e  Belgian coastal w aters  
a n d  o n  the  K w in tebank .

Coastal W aters K w in teb an k

T e m p e ra tu r e  (°C) 16 16
Ind. w e ig h t  (jig dwt) 0 .26 0.26
D ensity  (N. 10 c m ' 2) 2175 628
Biomass (g d w t . m ' 2) 0 .57 0.17
Resp ira t ion  (nl. i n d ' L h ' 1) 0.47 0.77
Resp ira t ion  (1. h a l f  y ' . m ' 2) 4.50 2.12
A n n u a l  respira t ion  ( l . y ' L m " 2) 5.75 2.64
A n n u a l  respirat ion  ( g C . y ’. m ' 2) 2.31 1.06
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Growth and Respiration of Cyprideis torosa Jones 1850 
(Crustacea Ostracoda)
P .M .J . H erm an  and C . H eip
M a r i n e  B i o l o g y  S e c t i o n ,  Z o o l o g y  I n s t i t u t e ,  S t a t e  U n i v e r s i t y  o f  G h e n t ,  B e l g i u m

Su m m ary. T h e o stra co d  C y p r id e is  to ro sa  J o n es  1850  is a 
d o m in a n t sp ec ies  in b ra ck ish  w ater  h a b ita ts . T o  a ssess  its 
im p o rta n ce , g row th  a n d  resp ira tion  w ere m easured . T h e  
sh e lls  form  an in crea sin g  part o f  to ta l w e ig h t as the a n im a ls  
g r o w  but there is no  c o rre la tio n  b etw een  sh ell w e ig h t and  
so ft  parts w eigh t in the a d u lts , in d ic a tin g  that tissu e g ro w th  
is a  c o n tin u o u s  p rocess in th ese  o str a co d s.

R esp ira tion  w as m easu red  a t 20° C . T h e slo p e  o f  the  
lo g - lo g  regression  o f  resp ira tion  o n  dry w eight w a s 0 .7 4 6 , 
sh o w in g  that C y p r id e is  to ro sa  fo llo w s  the general rule for 
th is re la tion sh ip . T h e  resp ira tio n  rate per un it b io m a ss  w a s  
0 .2 4 6  nl 0 2 pg~  1 h ~ ‘ , w h ich  is lo w  bu t w ell w ith in  th e  
range  o f  ob serv ed  m e io b en th ic  resp ira tio n  rates.

T h e  Q 10, exp ressin g  th e  tem p eratu re  d ep en d en ce  o f  res­
p ira tio n , w a s 2 .15 . T h e  g en era l v a lid ity  o f  Price and  W a r­
w ic k 's  (1 9 8 0 ) h y p o th esis  rela tin g  Q , 0 to  sta b ility  o f  fo o d  
su p p ly  is q u estio n ed .

Introduction

In fo rm a tio n  o n  life -cy c les  and  e n erg e tic s  o f  m e io b en th ic  
sp ec ies , particu larly  o f  o str a co d s, is still scarce. T h e  im p o r ­
ta n ce  o f  the latter as m icr o fo ss ils  h a s  d irected  research  
m a in ly  to  m o rp h o lo g ica l a n d  p a la e o ec o lo g ic a l a sp ec ts , to  
th e  ex ten t that m o st stu d ies  o n  o str a c o d  g row th  d o  n o t  
ev en  m en tio n  s ize  o r  w e ig h t o f  the a n im a l itse lf  but fo c u s  
en tire ly  o n  its sh ells.

In  certa in  h a b ita ts  o s tr a c o d s  a re  a n  e co lo g ica lly  im p o r ­
ta n t g ro u p  and  m ay rep resent a c o n sid e r a b le  part o f  b en th ic  
b io m a ss . T h is  is  cer ta in ly  th e  ca se  fo r  C y p r id e is  to ro sa  J o n e s  
1850 , a w id esp read  a n d  ex trem ely  c o m m o n  sp ec ies  in  
sh a llo w , q u iet brack ish  w a ter  h a b ita ts  (V esp er  1972; H eip  
1976). T h e  m ean a n n u a l d e n s ity  o f  th is  sp ec ies  in  th e  h ab ita t  
w e stu d ied  w a s a ro u n d  4 6 7 ,0 0 0  in d iv id u a ls  m - 2 , a n d  it 
p resu m a b ly  has an  im p o rta n t part in  to ta l en ergy  flow .

T o  a ssess  th is im p o rta n ce , w e  m ea su red  resp iration  o f  
C y p r id e is  to ro sa  a s a fu n ctio n  o f  d e v e lo p m en ta l sta g e  and  
tem p eratu re , and  its w e ig h t. T h e  in flu en ce  o f  tem p erature  
o n  resp iration  w a s stu d ied  b eca u se  th e  life -cyc le  o f  C y p r i­
d e is  to ro sa  is c lo se ly  lin k ed  to  tem p era tu re  (H e ip  1976) and  
the link m a y  be th e  g en era l tem p era tu re  d ep en d en ce  o f  m e­
ta b o lism . B esides b e in g  a m easu re  o f  m eta b o lic  a c tiv ity ,  
resp ira tion  a lso  in d ica tes  the m a g n itu d e  o f  the en erg y  flo w  
p a ssin g  th rou gh  a p o p u la tio n  (M c N e ill  and  L aw ton  1970).

O f f  p r i n t  r e q u e s t s  t o  : P . M . J .  H e r m a n

M a ter ia ls  and M eth ods

T h e  a n im a ls  were ta k en  from  a very  sh a llo w  (a b o u t  10 cm ) 
brack ish  w ater p o n d , th e  “ D ie v e n g a t” , s itu a te d  in  a p o ld er  
in  north -w estern  B elg iu m . S a lin ity  flu c tu a ted  b e tw een  6 °/00 
and  40  °/00 in the p er iod  1 9 6 8 -1 9 8 0 , w ith  a m ea n  o f  19 °/00. 
T h e  sed im en t is a w ell-so rted  fine sa n d  (m ed ia n  gra in  size  
0 .2 2 3  m m ). It is c o v ered  w ith large a m o u n ts  o f  d etritu s, 
m o stly  debris o f  P h ra g m ite s. T h is  ty p e  o f  se d im e n t is p re­
ferred by  C. to ro sa  (V esp er  1972).

F o r  the w eig h in g s a sed im en t sa m p le  w a s  ta k en  on  
9 A p ril 1981. In the la b o ra to ry  the a n im a ls  w ere  im m ed ia te ­
ly so rted  a liv e  and  th en  fixed in a n eu tra lized  iso to n ic  4%  
fo rm a ld eh y d e  so lu t io n , w h ere  th ey  rem ain ed  fo r  n o  longer  
th an  1 w eek .

D ry  w eight w a s d eterm in ed  o n  a M ettler  M E 2 2  m icro- 
b a la n ce  to  a p recisio n  o f  ±  1 pg. B efo re  w e ig h in g  the a n i­
m a ls  w ere w ashed  fo u r  tim es in b id istilled  w a te r , a n d  dried  
for  2 h at 110 C.

F o r  the d eterm in a tio n  o f  sh ell w e ig h t, the a n im a ls  w ere  
p la ced  in a  b o ilin g  1 N  K O H  so lu tio n . T h e  sh e lls  w ere then  
ch eck ed  under the d issec tin g  m icr o sc o p e , a n d  i f  so ft  parts  
rem a in ed , they w ere ca refu lly  r em o v e d . T h e  sh e lls  w ere  
w a sh ed , dried and  w eig h ed  aga in  in th e  sa m e  w a y  as the  
w h o le  a n im als. F o r  th e  a d u lts , to ta l w e ig h t a n d  sh ell w e ig h t  
w ere d eterm ined  in d iv id u a lly  fo r  ea ch  a n im a l. T h is  co u ld  
n o t b e  d o n e  for the ju v e n ile s , w h ere  sev era l in d iv id u a ls  w ere  
w eig h ed  togeth er.

L en gth  and  h e ig h t o f  the le ft  sh e lls  w ere  m easured . 
T h e se  sh ells  w ere m o u n ted  w ith  th e  c o n c a v e  s id e  d o w n  and  
d ra w n  w ith  a cam era  lu c id a . O n  th ese  d r a w in g s  len g th  and  
h eig h t w ere determ in ed  fo llo w in g  V esp er  (1 9 7 2 ).

R esp ira tio n  w a s m easu red  w ith  a s to p p e r e d  d iv er  C a rte ­
sian  D iv er  resp irom eter (K le k o w sk i 1 971). T h e  d iv ers had  
a  g as v o lu m e  o f  2  p i for  m ea su rem en ts  w ith  a d u lts , and  
1 pi for  the ju v en iles . E ach d iv er  c o n ta in e d  o n e  a n im al. 
T h e  a n im a ls  were a cc lim a ted  to  th e  e x p e r im en ta l tem p era ­
ture fo r  at least 3 d a y s  in Petri d ish es  c o n ta in in g  natural 
sed im en t, w hich w ere kept in in c u b a to r s  u n d er  c o n sta n t  
tem p eratu re  and  a n atu ra l lig h t-d a rk  cy c le . S a lin ity  w as  
c o n tr o lled  daily  and  k ep t c o n sta n t to  20  °/00 . T h e  a n im a ls  
w ere n ot kept in the la b o ra to ry  fo r  lo n g e r  th a n  2 w eek s.

R esu lts

T h e  w e ig h ts  o f  in d iv id u a l adu lt a n im a ls  a n d  th eir  sh ells  
are presented  in T a b le  1. T h e w e ig h ts  o f  th e  w h o le  a n im a ls

0 0 2 9 -8 5 4 9 /8 2 /0 0 5 4 /0 3 0 0 /Î0 1 .00
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T a b l e  1. C y p r id e is  lo r o s a : T o t a l  w e i g h t ,  s h e l l  w e i g h t  a n d  s o f t  p a r t s  w e i g h t  o f  a d u l t s  ( p g  d w t  i n d  ' ) .  M e a n  a n d  s t a n d a r d  d e v i a t i o n  
o f  n  m e a s u r e m e n t s

T o t a l  w e i g h t  ( p g ) S h e l l  w e i g h t  ( p g ) A n i m a l  w e i g h t  ( p g )

X s n X s n X •V n

9 1 0 2 . 9 5 1 4 .0 8 6 5 8 8 . 6 3 1 5 .8 3 16 1 9 .8 1 8 . 2 3 1 6

d 8 1 . 3 2 9 . 2 6 4 7 5 9 . 1 9 9 . 7 7 16 1 9 .8 8 6 . 9 9 1 6

T a b l e  2 .  C y p r id e is  lo r o s a :  L e n g t h  a n d  h e i g h t  o f  a d u l t  s h e l l  v a l v e s  
( m m ) .  M e a n  a n d  s t a n d a r d  d e v i a t i o n  o f  n  m e a s u r e m e n t s

L e n g t h  ( m m ) H e i g h t  ( m m )

X s n X  s n

9 0 .9 9 9 1 0 . 0 2 6 5 8 2 0 0 . 5 7 3 0 5  0 . 0 2 0 5 0 2 0

6 1 . 0 6 7 2 0 . 0 2 3 2 2 2 0 0 . 5 5 6 8 0  0 . 0 1 4 4 4 2 0

are  norm ally  d istr ib u ted  in both  sex es (K o lm o g o r o v -  
S m irn ov  test, F <  0 .0 0 1 ), and  s ig n ifica n tly  d ifferen t for  
m ales and  fem a les ( F <  0 .0 0 1 ). H o w ev er , th e  w e ig h ts  o f  the  
so ft  parts (to ta l w e ig h t —sh ell w e ig h t) are a lm o st  ex a ctly  
the sam e in b o th  sex es. T h e  d ifference  in  to ta l w e ig h t can  
thu s be a ttr ib u ted  to  th e  heavier  sh ell o f  th e  fem ales.

T h ere  is no  co rre la tio n  betw een  to ta l w e ig h t a n d  shell 
w eigh t in  m ales (r  =  0 .3 3 5 ; n =  18; F — 2 .0 2 ). S in ce  th e  form  
o f  the sh ell is d ifferen t in m ales and  fem a les, a n d  a s  there  
is no  reason  to  b e liev e  th a t a d ifferen ce  e x is ts  a c co rd in g  
to  sex , o n ly  d a ta  from  m a les  were u sed . L en g th  a n d  height  
o f  th ese  sa m e  sh ells  are presented  in  T a b le  2 . T h ere  is a 
sig n ifica n t co rre la tio n  b e tw een  shell len g th  a n d  sh ell heigh t  
(r =  0 .6 0 5 ; n =  18; F < 0 .0 0 1 ) .  T h e co rr e la tio n  b e tw e en  shell 
w eigh t a n d  sh ell len gth  is a lm o st s ig n ifica n t a t  F  =  0 .0 5 , 
bu t there is n o  re la tio n sh ip  a t all b e tw e en  a n im a l w eigh t  
an d  sh ell length .

T a b le  3 sh o w s the m ea n  w eig h ts o f  w h o le  a n im a ls , 
sh ells , a n d  so f t  parts, resp ectively , o f  th e  la st  three ju v en ile  
in stars. S in ce  th e se  w e ig h ts  w ere n o t  in d iv id u a lly  d eter ­
m ined , n o  sta n d a rd  d e v ia t io n s  can  b e  g iv en . T h e  c o n tr ib u ­
tio n  o f  th e  so ft  p a rts  to  to ta l w e ig h t d ec lin es  s te a d ily  to ­
w ards th e  en d  o f  th e  o n to g e n e tic  ser ies, w ith  a  su d d en  d ro p  
in  ad u lts . T h u s g ro w th  o f  the m e ta b o lic a lly  a c tiv e  tissu e  
is s lo w er  th a n  w o u ld  be inferred fro m  w e ig h in g s  o f  w h o le  
an im als. T h is  is  reflected  in  the “ g ro w th  fa c to r s ” , ra tios  
o f  v a lu es in su ccessiv e  sta g es, for  th e  m ea su red  p aram eters. 
(W e ca lcu la ted  th ese  g ro w th  factors m a in ly  fo r  co m p a r iso n  
w ith  o th er  p a p ers o n  o str a co d  g ro w th , w h ere  th e y  seem  
to  c o n stitu te  a s tr o n g  tra d itio n ). T h e  g ro w th  fa c to rs  for

T a b l e  4 .  C yp r id e is  to r o sa :  G r o w t h  f a c t o r s  f o r  l e n g t h  o f  s u c c e s s i v e  
s t a g e s  ( a f t e r  H e i p ,  1 9 7 6 )

S t a g e G r o w t h  f a c t o r  

=  L n , , / L „

S t a g e G r o w t h  f a c ­
t o r
=  L n + 1/ L n

V I I I 1 .3 4 5 IV 1 .2 2 8
V I I 1 .3 3 5 I I I 1 . 2 8 4
VI 1 .3 3 7 II 1 . 2 4 6
V 1 .2 6 5 I 1 . 2 6 5

T a b l e  5 .  C yp r id e is  to ro sa :  M e a n  r e s p i r a t i o n  ( n l  O 2 h ~  1 i n d ” ‘ ) o f
j u v e n i l e  i n s t a r s  V I - V I I I  a n d  o f  a d u l t s .  M e a n  a n d  s t a n d a r d  d e v i a ­
t i o n  o f  n m e a s u r e m e n t s

S t a g e M e a n  r e s p . ■V n
( n l  0 2 i n d " h r - 1 )

A D .  F e r n . 1 9 .2 9 8 4 . 5 8 3 6 5
A D .  M a l e 1 6 . 0 4 4 6 4 . 5 7 3 0 5
V I I I 9 .8 9 5 1 2 . 5 7 1 6 13
V I I 6 . 0 0 5 3 1 . 2 8 7 9 5
VI 4 . 1 1 7 0 0 . 7 3 0 1 7

so ft parts are the lo w est, bu t a lso  th e  m o s t  c o n s ta n t , in 
this set. M easurem ents o f  the len g th  o f  la rv a l s ta g es and  
adu lts from  the sam e h ab ita t h a v e  b e e n  p r e v io u s ly  p u b ­
lished by  H eip  (1976). In T a b le  4  w e g iv e  th e  g ro w th  fa c to rs  
ca lcu lated  from  these figures.

T he results o f  the resp ira tion  m e a su r em e n ts  at 20° C  
are presented in T ab le  5. F igu re  1 sh o w s  th e  reg ression  o f  
respiration  rate o n  b o d y  w eig h t (i.e . th e  w e ig h t  o f  th e  so ft  
parts). In d ividual w e ig h in g  o f  th e  ju v e n ile s  w a s  tech n ica lly  
im p ossib le , a n d  shell m ea su rem en ts w ere  n o t  u sed  b eca u se  
o f  the absen ce o f  a n y  rela tio n sh ip  b e tw e e n  a n y  sh ell m e a ­
surem ent and tissue w eigh t o f  th e  a d u lts . T h erefo re , w e  
co u ld  n ot determ ine the b o d y  w e ig h t o f  th e  ju v e n ile s  used  
in the experim ents, and for th is rea so n  w e  u sed  the m ean

T a b l e  3 .  C y p r id e is  to r o s a :  T o t a l  w e i g h t ,  s h e l l  w e i g h t  a n d  s o f t  p a r t s  w e i g h t  o f  i n s t a r s  V I —VI11 ( p g  d w t  i n d  ‘ ) .  G F  ( g r o w t h  f a c t o r )  is 
t h e  p r o p o r t i o n  o f  t h e  w e i g h t  o f  s u c c e s s i v e  s t a g e s .  M e a n  o f  n  d e t e r m i n a t i o n s

S t a g e T o t a l  ( p g ) S h e l l  ( p g ) S o f t  P a r t s  ( p g ) %  S P

X G F n X G F n X G F

V I I I 3 5 . 7 5 2 . 5 7 4 2 3 2 5 . 4 2 2 .9 0 7 38 1 0 .3 3 1 .9 2 1 2 8 . 8 9
V I I 1 7 . 5 2 2 . 0 4 1 9 0 1 2 . 1 9 2 .0 8 5 38 5 .3 3 1 . 9 3 8 3 0 . 4 4
V I 8 . 6 5 2 . 0 2 5 6 9 5 .7 8 2 .1 0 9 27 2 .8 7 1 . 8 5 7 3 3 . 2 0
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Fig. 1. Cyprideis torosa: mean respiration (nl 0 2h “ ‘ in d “ 1) o f  
instars VI—VIII and adult males and females as a function o f  body  
weight (pg dwt in d “ •). Mean and standard error o f 5-13 determ i­
nations
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Fig. 2. Cyprideis torosa: mean respiration (nl 0 2  h “ 1 in d “ 1) o f  
instar VIII individuals as a function o f  temperature. Mean and 
standard error o f  3-13  determinations

T ableó. Cyprideis torosa: Q 10 values as calculated from the Ar­
rhenius equation for different temperature intervals

Temp. °C 0 -5 5-10 10-15 15-20 20-25 25-30

Qio 2.318 2.250 2.188 2.130 2.077 2.027

w eig h t o f  the s ta g e  a s  the b est estim ate o f  th e ir  a c tu a l  
w eig h t, b o th  for  ju v e n ile s  a n d  adu lts.

T h e  d e p e n d en ce  o f  resp ira tion  rate o n  b o d y  w e ig h t  is  
g iven  by  lo g  R  =  0 .2 4 6  +  0 .7 4 6  lo g  W  (1) (n  =  3 5 ; r =  0 .9 1 ;  
F = 1 6 4 ) ,  w h ere R  is ex p ressed  in n l 0 2 in d iv id u a l- 1  h ~ \  
a n d  W  in  pg dry w e ig h t in d iv id u a l - 1 .

W e a lso  ca lcu la ted  th e  regression  o f  resp iration  o n  to ta l  
w eig h t (in c lu d in g  sh e lls ) . In th is case  the s lo p e  6 =  0 .6 1 8  
(S E  0 .0 4 6 ), w h ich  is  s ig n ifica n tly  d ifferen t fro m  0 .7 5 , th e  
g en era lly  a ccep ted  th eo retica l va lue . W hen th e  w e ig h t  o f  
the sh ell is in c lu d ed , th e  e stim a te  o f  the s lo p e  is se r io u s ly  
biased .

F o r  th e  a n a ly s is  o f  the relation sh ip  b etw een  resp ira tio n  
rate a n d  tem p eratu re  w e used o n ly  an im als o f  th e  la s t  ju v e ­
n ile  in sta r , sin ce  th e se  w ere the m o st ab u n d a n t in  th e  fie ld  
p o p u la tio n  at th e  t im e  o f  the experim en ts. E x p er im en ta l  
tem p eratu res w ere  7 .5 °  C , 13 .5° C , 16° C , 20° C  a n d  2 5 °  C . 
F ig u re  2 sh o w s th e  resu lts o f  th ese  experim en ts. T h e  cu rv e

fitted  through  th e  p o in ts  is the fu n ctio n  =  0.351 T-1100 
(r =  0.911 ; n =  3 6 ; F =  167), w h ich , o f  all m o d e ls  tr ied , g a v e  
the b est fit.

T h e  Q io  v a lu es, a s ca lcu la ted  from  th e  A r rh en iu s’ cu rve  
for  d ifferen t tem p eratu re  in terva ls fo llo w in g  Iv lev a  (1 9 8 0 ),  
are g iven  in T a b le  6. T h e (c o n sta n t)  Q 10 c a lc u la ted  d irec tly  
fro m  the V a n ’t H o f f  eq u a tio n  is 2 .15 .

D iscussion

O n e  o f  the p u rp o ses o f  th is stu d y  w a s to  in v estig a te  w h eth er  
th e  g row th  o f  O stra co d a  is c o n tin u o u s  o r  n o t. In  th is regard  
it  is in teresting  to  n o te  th a t there is n o  c o rr e la t io n  b e tw een  
an im al (so ft  tissu e) w e ig h t a n d  len gth  o r  w e ig h t o f  th e  sh ell. 
T h e  d im en sio n s o f  th e  sh ell are p r o b a b ly  d eterm in ed  by  
the co n d itio n  o f  th e  an im al w h en  it m o u lts , w h ich  m a y  
b e  a lm o st in d ep en d en t o f  its  co n d itio n  sev era l w e ek s  or  
ev en  m o n th s a fterw ard s. T h is  w ill b e  tru e  e sp e c ia lly  w h en  
g ro w th  o f  the so f t  parts is a c o n tin u o u s  p ro cess, and  the  
ab sen ce  o f  a c o rre la tio n  th erefore su p p o rts  th is h y p o th e sis .  
It is further su p p o rted  by  th e  c o n sid e r a b le  range in the  
so ft  part w e ig h ts: in fact, several ad u lt a n im a ls  w e ig h ed  
less than  lO jig , th e  m ean  w e ig h t o f  s ta g e  V III a n im als. 
W h en  tota l w e ig h t, in c lu d in g  sh ells , is c o n sid e r ed , there  
is n o  overlap  a t a ll.

T h e  grow th  fa c to rs (ra tio s  o f  su cc e ss iv e  sta g es) for  
len g th , total w e ig h t and  so ft tissu e  w e ig h t are  n o t c o n sta n t  
th ro u g h o u t larval d ev e lo p m en t. T h is is in  a g reem en t w ith  
recen t stu d ies o n  o stra co d  g ro w th  (H e itk a m p  1 9 7 9 ; G il-  
la n d t 1977) in  w h ic h  th ese  v a r ia tio n s  are rela ted  to  d ifferen ­
tia tio n  o f  org a n  sy stem s in th e  a n im al. A n  e x p o n e n tia l in ­
crea se  in th ese  g ro w th  fa c to rs, a s im p lic it ly  a ssu m ed  by 
A n d e rso n  (1 9 6 4 ), w a s  n o t fo u n d  in  C . to ro sa .

T h e  d ep en d en ce  o f  resp iration  on  b o d y  w eig h t, as d e ­
scr ib ed  by th e  s lo p e  o f  th e  lo g -lo g  re la tio n sh ip  b etw een  
resp iration  rate a n d  b o d y  w e ig h t, is very  near  to  the m ea n  
v a lu e  0 .7 5 , w h ich  h a s  been  fo u n d  to  a p p ly  t o  a  w id e  range  
o f  org a n ism s (H em m in g sen  1 9 60), m o re  e sp e c ia lly  to  C ru s­
ta c ea  (Iv lev a  1 980), and  is a lso  w ell e s ta b lish e d  for  m e io b en -  
th o s  (W arw ick  a n d  Price 1979). H o w e v e r , c o n sid era b le  
sca tter  arou n d  th is  v a lu e  is o b serv ed , a n d  it is n o t  k n o w n  
h o w  m u ch  o f  th is  rep resents b io lo g ic a l rea lity . Part o f  it 
is u n d o u b ted ly  d u e  to  exp erim en ta l erro rs , b u t o th e r  ty p es  
o f  error c o u ld  b e  im p o rta n t: w h en  th e  ra tio  o f  o rg a n ic  
w e ig h t to  to ta l w e ig h t is  n o t  c o n sta n t th r o u g h o u t d e v e lo p ­
m en t, th is w ill resu lt in  a  b ia sed  e s t im a te  o f  6 . T h e  lo w  
6  v a lu e  (6  =  0 .4 4 0 )  fo u n d  fo r  the O str a co d  C o n ch o ec ia  sp. 
( in  Iv leva  1980), th e  o n ly  o th er  o s tr a c o d  sp ec ies  fo r  w h ich  
a  r esp ira tio n -b o d y  w eig h t re la tio n sh ip  is k n o w n , m a y  result 
fro m  this error. A t  present, w e  m ay n o t  a ssu m e  th a t o s tr a ­
c o d s  are an  e x ce p tio n  to  the 0 .75  ru le. T h e  v a lu e  o f  a  in 
E q . (1 ) is a m ea su re  o f  th e  in ten sity  o f  resp ira tion , a s it 
rep resents the co rrected  resp ira tion  per u n it b io m a ss . It is 
d ifficu lt to  c o m p a re  a -v a lu es sin ce  they  d e p e n d  o n  the u n its  
o f  m ea su rem en t fo r  b o th  resp iration  a n d  b o d y  w eig h t. R e ­
ca lcu la ted  to  the u n its u sed  in Iv leva  (1 9 8 0 )  (pi 0 2, m g ), 
w e g e t a =  —0 .5 1 6  for  C. to ro sa , w h ich  is co n sid e r a b ly  less  
th a n  her m ean  v a lu e  o f  0 .5 0 5  ( 5  =  0 .2 1 7 ) fo r  m arin e C r u sta ­
c ea  a t 20° C . F o r  co m p a r iso n  o f  ou r  a -v a lu e  w ith  o th er  
m e io fa u n a , as su m m arized  by  T eare a n d  P rice  (1 9 7 9 ;  F ig . 5) 
w e a ssu m ed  a  w e t  w e ig h t: dry w e ig h t r a tio  o f  4 :1  a n d  a 
sp ec ific  g rav ity  o f  1.1 . T h e  r esp ira tio n -b o d y  w eig h t r e la tio n ­
sh ip  thu s reca lcu la ted  for  C . to ro sa  is a t th e  lo w er  en d , 
bu t w ell w ith in  th e  range o f  m e io b en th ic  resp ira tion  rates.
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P ossib ly  resp iration  in ten sity  o f  m e io b en th o s  as a  w h o le  
is low er th an  average. C om p ared  to  the n em a to d e  data  
o f  W arw ick a n d  Price (1 9 7 9 ), C. to ro sa  w o u ld  b e  w h a t these  
au th o rs call a “ m od erate ly  s lo w ly ” resp irin g  organ ism .

T h e Q 10 v a lu e  exp ressin g  the tem p eratu re  d ep en d en ce  
o f  respiration  rate is aro u n d  2 .15 , w h ich  is very near to  
the va lue o f  2 .17  found by T eare a n d  Price (1979) for the 
m eio b en th ic  h arpactico id  T ach idius d isc ip e s  and  the va lue  
o f  2 .20 , a s ca lcu la ted  from  L asker et al. (1970) for A se llo p ­
s is , an oth er  h arpactico id  (see  T eare a n d  P rice, 1979). Ivleva
(1 9 8 0 ), ex p ressin g  tem p erature d e p en d en ce  by the p a ram e­
ter p in the A rrh en iu s e q u a tio n , fin d s  th is param eter to  
lie w ith in  rather narrow  lim its: p =  5 5 ,5 0 9  J m o l ~ 1 (5 — 541). 
T h is p v a lu e  corresp on d s to  a Q 10 in th e  15° C -2 0 ü C  range  
o f  2 .203 (5 =  0 .0 1 7 ). M iller and M a n n  (1 9 7 3 ) find a m ean  
and  c o n sta n t Q I0 o f  2 .0 5  for m arin e  inverteb rates from  
the n orthern  hem isphere. A ll th ese  d a ta  are very co n sisten t.

Price and  W arw ick (1 9 8 0 ), w h en  rev iew in g  Q 10 va lues  
for m eio b en th ic  species, p ro p o se  th a t there ex ist tw o  d is ­
tinct g ro u p s in m eio fa u n a : a n im a ls  w ith  a  “ sta b le  fo o d  
su p p ly ” (o rg a n ic  m atter, n e m a to d e s), w ith  a Q 10 o f  1, and  
an im als w ith  an  “  un stab le  fo o d  s u p p ly ” (d ia to m s, bacteria)  
w ith a Q 10 o f  2. H o w ev er , it is hardly  p o ss ib le  to  see  w h eth ­
er C . to ro sa , w h ich  is a se lec tiv e  d e p o s it  feeder, actually  
eats the bacteria  or the detr itu s. In g en era l, the d istin ctio n  
betw een feed in g  on  bacteria  a n d  feed in g  o n  o th er  organ ic  
m aterial is hard to  m ake. It is ta u to lo g ic a l to  argue that 
a Q )0 o f  2 e v o lv e d  because it en a b les e x p lo ita t io n  o f  tem p er­
a tu re-d ep en d en t resources. A n y w a y , there are  g o o d  reason s  
to  believe that a Q 10 o f  2  is the m o st prim itive  sta te , since  
it reflects the general tem p erature  d e p en d en ce  o f  ch em ica l 
reaction s, and  o n e  sh o u ld  th erefore lo o k  for  reason s w hy  
a n  anim al w o u ld  ev o lv e  to w a rd s a lo w er  Q i 0- A  sta b le  
fo o d  su p p ly  in itse lf  d o es  n ot seem  to  co n stitu te  a g o o d  
reason , a s it is n o t clear w h y  a sta b le  fo o d  su p p ly  for  on e  
sp ec ies  co u ld  n o t  be the sa m e  for  a n o th er  sp ecies , so  that 
o n ly  w h en  o th er  lim ita tio n s are p resen t w o u ld  c o m p etit io n  
be p reven ted . A n y w a y , it seem s b etter  to  w a it for  m ore  
d a ta  on  tem p erature d ep en d en ce  o f  m e io fa u n a  resp iration  
rates before  d ra w in g  far-reach in g  c o n c lu s io n s .

T h e  p o p u la tio n  d y n a m ics o f  C . to ro sa  in  th is h a b ita t  
are in app aren t co n tra st w ith  the h y p o th e s is  o f  P rice and  
W arw ick . H eip  (1976) su g g ested  th a t its  d en s ity  is n o t regu ­
lated  by fo o d  ava ila b ility . H e  sh o w ed  further  the p ro fo u n d  
in fluence  o f  th e  yearly  tem p era tu re-cy c le  o n  the d y n a m ics  
o f  the sp ec ies . S in ce  the sp ec ies  su rv iv es freezin g  o n ly  in 
the eg g  stage, its life -cy c le  m u st b e  a d a p ted  to  th is. T h is  
regu la tion  o f  th e  life-cycle  in  a g reem en t w ith  en v iron m en ta l

tem p erature  ca n  o n ly  be ach ieved  if tem p era tu re  h as a net 
effect o n  m etab o lism , i.e. if  the Q 10 is h igh  e n o u g h . T h u s  
there is n o  a d ap tive  value for the sp ec ies  in  e v o lv in g  to w a rd s  
a lo w er  Q 10.

A c k n o w le d g m e n t s .  B o th  a u t h o r s  a c k n o w l e d g e  a  g r a n t  f r o m  th e  
B e lg ia n  N a t i o n a l  F o u n d a t i o n  fo r  S c ie n t i f i c  R e s e a r c h  ( N F W O ) .
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The production of Cyprideis torosa Jones 1850 (Crustacea, Ostracoda)
P .M .J . H erm an , C . H eip , and  G . V ran k en
M a r i n e  B io lo g y  S e c t i o n ,  Z o o l o g y  I n s t i t u t e ,  S t a l e  U n i v e r s i t y  o f  G h e n t ,  B e lg iu m

Sum m ary. T h e  o stra co d  C y p r id e is  to ro sa  J o n e s , 1850  is a 
d o m in a n t sp ec ies  in  the m e io fa u n a  o f  b ra ck ish  w ater  h a b i­
tats. Its p ro d u ctio n  in the field  o v e r  a f iv e -y ea r  p eriod  has  
been  ca lcu la ted  usin g  tw o  p r o d u ctio n  m o d e ls . T h e  first 
m o d e l uses th e  a g e -d istr ib u tio n  o f  sh e lls  p reserved  in the 
sed im en t to  a ssess  the sta g e -sp ec ific  m o r ta lity  rates and the 
sta g e  d u ra tio n s . T h e  seco n d  m o d el is th e  size-freq u en cy  
m o d e l, m o d ified  for use w ith  d e v e lo p m e n ta l sta g e s  in stead  
o f  s ize-c lasses. P ro d u ctio n s c a lc u la ted  w ith  b o th  m eth o d s  
a g ree  very w ell. T h eir  v a lu es are  9 .7  a n d  9 .2  g  d w t • m 2 - y  1 
respectively . T h e  yearly  P jB -ra tio  is 2 .7  o r  2 .6  y ', p ro d u c­
tio n  e ffic ien cy  P /A  is 0 .3 8  o r  0 .37 .

T h e p ro d u ctio n  e ffic ien cy  o f  C y p r id e is  to ro sa  nearly  
eq u a ls  the m ean  e ffic ien cy  o f  n o n -in se c t in v erteb ra te  detriti- 
vores. T h e  sp ec ie s ’ co n se r v a tiv e  stra teg y  a n d  lo n g  gen era ­
tio n  tim e en a b le s  it to  m a in ta in  a re la tiv e ly  h igh  b io m a ss  
w ith  a fixed  a m o u n t o f  fo o d . T h e se  ch a r a c te r istic s  m ake  
it a su perior  c o m p etito r .

Introduction

T h e  en erg y -flo w  th rou gh  m a rin e  se d im e n ts  is related  to  the  
m eta b o lism  o f  the b io lo g ica l p o p u la t io n s  th a t in h a b it  them . 
A s m eta b o lism  is  s ize -d ep en d en t, it is g en e ra lly  accepted  
th a t the sm aller  m eio fa u n a  h a s a larger  p a rt in en erg y  flow  
th an  an  eq u a l b io m a ss  o f  m a cro fa u n a . H o w e v e r , apart from  
su ch  general s ta tem en ts , very little  is k n o w n  o n  th e  energetic  
ro le  o f  m e io fa u n a . T h e  p r o d u ctio n  o f  f ie ld  p o p u la t io n s  has  
b een  estim a ted  fo r  tw o  h a rp a c tico id  c o p e p o d  sp ec ies  on ly  
(F e ller  1977; F leeg er  and  P a lm er 1 9 8 2 ) a n d  e s t im a tio n s  o f  
p ro d u ctio n  e ffic ien cy  (p r o d u c t io n /a ss im ila t io n )  are k n ow n  
for  o n e  h a rp a c tico id  c o p e p o d  a n d  o n e  m a rin e  n em a to d e  
o n ly  (W arw ick  1981).

M cN e ill and  L aw ton  (1 9 7 0 ) a n d  H u m p h re y s  (1979)  
ha v e  sh o w n  th a t resp iration  data  c a n  be used  to  estim ate  
p ro d u ctio n . T h e  p ro ced u re  rests o n  th e  a ssu m p tio n  that 
p ro d u ctio n  e ffic ien c ies  are rela tiv e ly  c o n s ta n t  w ith in  d iffer ­
en t e co lo g ica lly  d efin ed  g ro u p s for  w h ic h  reg ressio n s are  
ca lcu la ted . I f  a sim ilar  re la tio n sh ip  c o u ld  b e  sh o w n  to  ex ist  
in  m e io fa u n a  p o p u la tio n s , the s te a d ily  a ccu m u la tin g  
a m o u n t o f  resp ira tion  d a ta  m ay be used  to  o b ta in  a g lo b a l  
assessm en t o f  th e  e n erg y -flo w  p a ss in g  th ro u g h  th is c o m ­
partm en t o f  m arin e  system s.

O f f p r i n t  r e q u e s t s  t o :  C .  H e ip

C y p r id e is  to ro sa  is a very im p ortan t m e io fa u n a  sp ec ies  
in the sh a llo w  brack ish  w a ter  h ab ita t w e  stu d ied . It h as  
a fairly c o m p lex  life -cy c le  (H eip  1976). T h e  a n im a ls  d e v e lo p  
through  e ig h t larval in sta rs b efo re  b e c o m in g  a d u lt . T h e  e g g s  
are p ro d u ced  d u rin g  th e  su m m er m o n th s a n d  are  c o n ta in e d  
betw een the sh ells  o f  the m o th er , a s  are th e  in sta r  I a n im a ls . 
In au tu m n  the d e v e lo p m en t o f  the ju v e n ile s  s lo w s  d o w n  
and  it s to p s  a lto g eth er  in  w inter . D u e  to  th is  p ro lo n g ed  
rep rod uction  the p o p u la tio n  p asses the w in te r  in d ifferen t  
stages (in sta r  V to  a d u lt). O n ly  in the n ex t sp r in g  d o  o v e r ­
w in ter in g  ju v e n ile s  b e c o m e  ad u lt a n d  r ep ro d u ce . T h e  
sp ecies th u s has o n e  g en era tio n  a n n u a lly .

T h e resp ira tion  rate o f  C y p r id e is  to ro sa  a s  a fu n c tio n  
o f  b o d y  w eig h t and  tem p eratu re  h as b een  d escr ib ed  by  
H erm an a n d  H eip  (1 9 8 2 ). In th is p ap er w e p resen t p r o d u c ­
tion  e stim a tes  o f  th is  p o p u la tio n , ca lcu la ted  b y  tw o  d ifferen t  
m eth o d s , and  e s t im a te s  o f  p ro d u ctio n  e ffic ie n c y .

M ateria l and m ethods

/ .  F ield  sa m p les

S am p les w ere ta k en  fo r tn ig h tly  from  197 0  th r o u g h  1974 , 
in a  very sh a llo w  b rack ish  w ater p o n d , th e  “ D ie v e n g a t” , 
in a p o ld er  in north  w est B elg ium . S a lin ity  flu c tu a ted  b e ­
tw een  6  and  4 0 ° /oo, w ith  a  m ean  o f  19°/00- T h e  sed im e n t  
is a w ell so r ted  fine sa n d  co v ered  w ith  la rg e  a m o u n ts  o f  
detritus.

T h e  sa m p lin g  and  é lu tr ia tio n  p ro ced u res are  e x ten s iv e ly  
d escrib ed  b y  H eip  (1 9 7 6 ). In sh o rt, three 6 .0 6  c m 2 c o r e s  
w ere ta k en  to  a d ep th  o f  5 cm . T h ey  w ere  e lu tr ia ted  f o l lo w ­
ing  the m e th o d  o f  B arnett (1 9 6 8 ). T h e  a n im a ls  w ere  se p a ­
rated from  the d etr itu s, g ro u p ed  in s ta g e s  a c c o r d in g  to  th e ir  
size, and c o u n te d . A n im a ls  o f  the first th ree  larva l s ta g e s  
w ere co u n ted  to g eth er .

P o p u la tio n  resp ira tion  w a s ca lcu la ted  u s in g  the a b u n ­
d a n ce  d a ta , a n d  the re la tio n sh ip  b etw een  resp ira tio n  rate, 
bod y w eig h t a n d  tem p eratu re  (H erm a n  a n d  H e ip  1 9 82). 
T h e tem p erature  o f  th e  h ab ita t w a s a p p r o x im a te d  by  a  s in u ­
so idal fu n ctio n  o f  tim e, d escr ib ed  by  H e ip  a n d  S m o l (1 9 7 6 ) .

T h e  dry w e ig h t o f  the o rg a n ism s, u sed  in  th e  p r o d u ctio n  
c a lcu la tio n s, is th e  dry w eigh t o f  th e  t is su e s , e x c lu d in g  the  
w eight o f  the c a lc a re o u s sh ells. It w a s d e te rm in e d  for  the  
last four d e v e lo p m en ta l stages by H erm a n  a n d  H e ip  (1 9 8 2 ).  
F or the first sta g e s  tissu e  w eigh t w a s e s t im a te d  a s  1 /3  o f  
the to ta l dry w e igh t.

T h e m o d el d e v e lo p ed  to  e stim a te  th e  a v e r a g e  d u ra tio n  
o f  the larval s ta g e s  a n d  the average  s ta g e -sp e c if ic  m o r ta lity
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rates uses th e  nu m b ers o f  em p ty  sh ells  fo u n d  in th e  upper­
m o st sed im en t layers. F o r  this p u rp o se  a sed im en t sa m p le  
w as taken  o n  M a y  8 th , 1980, and  th e  86 4  sh e lls  fo u n d  
were g rou p ed  a cco rd in g  to  stage.

2. The p ro d u ctio n  m o d e l

B ecau se the life -cyc le  o f  C y p r id e is  to ro sa  is rather co m p lex , 
ex istin g  p r o d u ctio n  m o d e ls  w ere n o t a p p ro p r ia te  a n d  a  new  
m odel w a s d ev e lo p ed . T h is  m o d el is b a sed  o n  the fo llo w in g  
lo g ic : a s an  in d iv id u a l p a sses from  o n e  d e v e lo p m en ta l sta g e  
to  the next, it sh ed s its  sh ells  and  b u ild s  n ew  o n e s . A n  
anim al d y in g  in sta g e  7 , e .g ., thu s p ro d u ces a n d  su b se ­
q u en tly  sh ed s sh ells  o f  s ta g es 1 th ro u g h  7 , w h ich  are p re ­
served  in the b o tto m . W e  th u s e x p e c t to  Find m o re  sh ells  
o f  the y o u n g er  sta g es. A s  th e  sed im e n t is  n o t su b ject to  
w ave a c tio n s  o r  ser io u s w ater  f lo w s, w e  ca n  a ssu m e  that 
th ese  sh ells  reflect th e  life  h isto ry  o f  th e  p o p u la tio n  in  recen t 
years.

S in ce  the em p ty  sh e lls  o f  sta g es 1, 2 , 3 are to o  sm all 
to  be d istin g u ish ed  fro m  ea ch  o th er , m o st  o f  th e  fo llo w in g  
an a ly sis  is b a sed  o n  th e  sta g e s  4 , 5, 6 , 7 , 8 and  adu lt.

W e first d e fin e , for  4 ^ / ^ 9  (in  w h ich  i d e n o te s  stage  
nu m ber): N¡ =  the  n u m b er o f  a n im a ls  th a t ha v e  entered  
stage  / d u rin g  th e  stu d y  p er io d  o f  5 yea rs . N¡ has the d im e n ­
sio n s  in d iv id u a ls  (1 0  c m 2) -1  (5  y ) _ i .
L , =  th e  n u m b er o f  a n im a ls  d y in g  w h en  they  are in  sta g e  
i du rin g  the stu d y  p er io d . It h a s th e  sa m e  d im e n sio n s  a s  
N ,
k¡ — N J N A (N a b e in g  the nu m ber th a t h a v e  en tered  s ta g e  
4). k t is d im en sio n le ss . It is the fra ctio n  o f  the nu m ber  
o f  a n im a ls th a t h a v e  en tered  sta g e  4  a n d  su rvived  un til at 
least the b eg in n in g  o f  s ta g e  i.
11 =  L JN ¡. T h is  d im e n sio n le ss  n u m b er is th e  fra ction  o f  the  
nu m ber o f  an im a ls  th a t h a v e  en tered  s ta g e  /, and  d ied  w h en  
they are in th is stage.
5 ,  =  nu m ber o f  sh e lls  o f  sta g e  i c o u n te d  in the sed im en t  
sam p le.
/ l (= t h e  su rfa ce  u n d er  th e  cu rve  o f  d e n s ity  a g a in st t im e  for  
sta g e  i.
A  i is ca lcu la ted  b y  the tra p ezo id a l ru le  a s A¡ =  I . F j ( h j+  
hj+  j ) /2 , in w h ich  F j is th e  o b serv ed  n u m b er  o f  an im a ls  
a t the tim e tj  a n d  hj = t J— t , l ( /  in d a y s ). A¡ h as th e  d im e n ­
sio n s  ( in d . X d a y s ) /(1 0  c m 2 x  5 year).

A ll a n im a ls  th a t e n ter  s ta g e  4  lea v e  s ta g e  4  sh e lls  in  the  
sed im en t. W h en  th e y  su rv iv e  at le a s t  u n til th e  b eg in n in g  
o f  sta g e  /  ( 4 < / ^ 9 ) ,  th e y  a lso  leave  s ta g e  i  sh ells . T h erefo re  
k¡ can  b e  e stim a ted  fro m  th e  shell c o u n t in g s  (th e  n u m b ers  
S;) as:

/fi =  S ;/S 4 (1)

for  all sta g es.
By a sim ila r  a r g u m en t, l¡ c a n  be e stim a ted  as:

(2 )

for  all sta g es e x cep t th e  a d u lt stage.
F or th e  e n su in g  c a lc u la t io n s  w e  m a d e  tw o  im p o rta n t  

a ssu m p tio n s:
i) T h e  su rv iv a l cu rve  w ith in  ea ch  s ta g e  is n eg a tiv e  e x p o ­

n en tia l. R ep resen tin g  th e  in sta n ta n e o u s  m o rta lity  rate  o f  
stage  i  by  d¡, a n d  th e  a v era g e  d u ra tio n  o f  the s ta g e  by  
D¡, w e get

e-d‘D<=l-l;.

ii) T h e m axim u m  tim e an an im al ca n  sp en d  a s an adult 
is fixed  to  D 9. T h is m eans that a fter  a  tim e D 9 an  adult 
invariab ly  d ies. T here is, as in  ju v e n ile s , an  e x p o n en tia l  
m o rta lity  w ith  in sta n ta n eo u s m o rta lity  rate  d 9 b e fo re  the  
a g e  D 9 . W e c a n n o t estim ate d 9 fro m  th e  a v a ila b le  data . 
T h erefore  w e assu m e d 9 =  d 8. i.e. the in s ta n ta n e o u s  m o rta li­
ty  rate o f  adu lts before the final a g e  is the sa m e  as in the  
la st ju ven ile  instar. T h is is not u n rea so n a b le  a s s ta g e  8 ju v e ­
n iles are long-lived .

W ith  these assu m p tion s, N¡ a n im a ls e n ter in g  sta g e  / w ill 
g iv e  a surface under the d en sity  cu rve  o f:

D,

N¡ J e 
o

- d , I d t  =  N ¡ ( \ - e - a'u ')/d (3)

T h is ca n  be com p ared  to  the a c tu a lly  o b serv ed  su rfaces  
A ,:

A i =  N i( \ - e ~ d‘D<)/di (4 )

from  w hich:

N ^ A - M  \ - e ~ d'D'). (5 )

T h e  su rv iv in g  fraction  e  d,D' e q u a ls  1 — /,-, a n d  is k n o w n  
from  the shell cou n tin g s for s ta g es 4  th ro u g h  8, but not 
for the ad u lts , H o w ever , Eq. (5 ) g iv es the p o ss ib ility  to  e v a l­
u ate  e ~dl>D9: since N 9 =  N 8e ' d*D*, a n d  d 9 w a s  se t  equa l to  
d 8 (ass. 2), w e o b ta in :

A 9 ( \ - e ~ d*D») 

Aa e ~ d*D*
(6 )

in w hich the surfaces A B and A 9, and  th e  fa c to r  e ~ d«D,t 
are k n ow n from  the observations.

W hen e ~ d‘Di is k n ow n for a ll s ta g e s , E q. (5 )  exp resses  
N¡ in fu n ction  o f  the know n su rfaces A -„ th e  k n o w n  su rviva l 
e ~ d‘D( and the u n k n o w n  m o rta lity  rates d¡. M u ltip lic a tio n  
o f  b o th  sides o f  Eq. (5) by £>, g ives:

(7)

A ll term s in the righ t-hand side o f  E q . (7 ) are k n o w n  from  
o b servation . W hen , furtherm ore, b o th  s id e s  are m ultip lied  
by the k n o w n  factor N J N i = \ / k i a n d  su m m ed  o ver  all 
sta g es, w e  o b ta in  :

d: D ;

1 —e -d i Di (8)

E D ¡  is the to ta l tim e elap sing  b e tw een  th e  o n s e t  o f  sta g e  4  
and  the end o f  the adult life. W h en  an  e stim a te  o f  th is  
period  is availab le , N 4 can  be e stim a ted  fro m  E q . (8 ) as:

i  A  *
d: D i

1 —e - d i  D ,
(9)

O nce N a is k n o w n , all values N-t =  k ¡ /N 4 c a n  b e  ca lcu la ted . 
D¡ can  then be ca lcu lated  from  E q. (7 ) , a n d  k n o w in g  e ~ d‘Di 
and  D „ the m o rta lity  rates d-t are a lso  o b ta in e d .

T h e  a b o v e  m odel on ly  treats the s ta g e s  4  th r o u g h  ad u lt. 
A  separate  estim ate  o f  the num ber o f  e g g s  p r o d u ce d  (rep re­
sented  as N y) can  be m ade as fo llo w s . T h e  m ea n  sex  ra tio  
is 0 .37 . E ach  fem ale produ ces 11 e g g s  o n  a v era g e  (H eip  
1976). is then  given by:

/V, =  /V9 ( 1 - 0 .3 7 )  11. (10 )
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S in ce  N a =  N { e ~ ä,Dl (th e  su b scr ip t “ 1 ” d e n o te s  the c o m ­
b in ed  stages 1, 2  and  3 !) , c  d' D' can  b e  ca lc u la ted . E q u a ­
tio n  (5 ) then g iv es  d { and  D x.

F rom  w e ig h in g s o f  in d iv id u a l a d u lt a n im a ls , H erm an  
a n d  H eip  (1 9 8 2 ) co n c lu d ed  th a t tissu e  g ro w th  in C . to ro sa  
is e ssen tia lly  a c o n tin u o u s  p ro cess. W e th erefo re  a ssu m e  
that the m ean  w eigh t o f  a s ta g e  / an im al c o rr esp o n d s to  
th e  w eight o f  an  an im al h a v in g  h a lf  passed  th is sta g e . M h 
the n u m ber o f  a n im a ls  a liv e  at the m id d le  o f  the sta g e  z, 
is g iven  by:

from  w h ich  : 

N ■
lim  Ar - l .

a , — co V
( 1 8 )

(19 )

W ; = i V , e ' w . (ID

T h erefo re  w e  h a v e  for th e  adu lt sta g e:

A j_ \_

N j  ~~ 0

A j/N j is th e  m ean  n u m b er o f  d a y s  sp en t as an  a d u lt. It 
ca n  ea sily  be ev a lu a ted  since:

1 , ¿ 2- =  — In —  
0  A \L et M q rep resent the n u m b er o f  eg g s p ro d u ced , a n d  M {0 

the num ber o f  an im a ls  d y in g  a fter  h a v in g  p a ssed  a tim e  
D 9 in the a d u lt sta g e . L et further  W¡ be the m ea n  dry w e ig h t P aJ c a n  then  be ca lcu la ted  for  a lly  as
o f  a stage  i  a n im a l, W Q th e  d ry  w e ig h t o f  an  e g g , a n d  W lQ , i
the dry w eigh t o f  an  a d u lt a fter  h a v in g  p a ssed  a tim e D 9 p  , =  a  I V  a
in  th e  adu lt sta g e . W i0  is e stim a ted  a s  W 9 +  { W 9 — W B) j2. aj j  I j = t  J
P ro d u ctio n  is th en  estim a ted  as:

(2 0 )

(21

M , +  M ,
(12)

3 . P rodu ction  e s tim a tio n  b y  th e  s ize -freq u en cy  m e th o d

T h is  m eth o d , in the fo r m u la tio n  o f  M en zie  (1 9 8 0 ) e stim a tes  
p ro d u ctio n  as:

1 / 2 (13)

w h ere  :

N j =  iñ j ( P J P ú)j  36 5 /C P I (14)

a n d  i = n u m b e r  o f  size-c la sses. P e j=  1 / / = estim a ted  p ro p o r ­
tio n  o f  the life -cy c le  sp en t in  s ize -c la ss  j .  P aj= a c t u a l  p ro p o r ­
tio n  o f  the life -cy c le  sp en t in s ize -c la ss  j .  C P I =  c o h o r t  p r o ­
d u c tio n  in terva l. n , =  m ean  n u m b er  o f  a n im a ls  in  s ize -c la ss  j .

T h is  m e th o d  can  be a p p lied  to  sp ec ies g r o u p ed  in  d ev e l­
o p m en ta l sta g e s  in stead  o f  in  s ize-c la sse s, i f  an  a p p ro p ia te  
estim a tio n  o f  P aj is av a ila b le . A c co r d in g  to  severa l a u th o rs  
the accu racy  o f  th ese  e s t im a tio n s  is  n o t very  critica l (H a m il­
to n  1969; B en k e a n d  W aid e  1977).

W e m ade an  e s tim a tio n  o f  P aj by  a ssu m in g  a  c o n sta n t  
m o rta lity  th r o u g h o u t the e n tire  life . In  th is  c a se  w e have  
(M a n ly  1977):

e ~aj °  =  A 'j+  y l A j  (15 )

w h ere  a} =  d u ra tio n  o f  sta g e  j .  /i^ =  th e  su m m ed  su rfaces  
u n d er  the d en sity  curves o f  s ta g e  j  a n d  a ll su b seq u e n t sta g es, 
inc lu d in g  a d u lts . 0  =  m o rta lity  rate.

W h en  the d u ra tio n  o f  s ta g e  1 is arb itrar ily  c h o se n  a s  
1 tim e unit, th e  d u ra tio n s o f  a ll su b seq u en t larval sta g es  
ca n  b e  ca lcu la ted  in these re la tiv e  un its a s:

a  : ——
- I n  A'j + l /A 'i 

— In A'2/ A \
(16 )

T h is  ex p ressio n  c a n n o t be used  for  a d u lts . H o w e v er , it  is 
p o ssib le  to  c a lc u la te  the m ea n  n u m b er o f  d a y s  an  an im al 
sp en d s in the a d u lt  stage. W h e n  m o rta lity  is ex p o n e n tia l, 
o n e  ca n  sta te  in  general :

( H )

R esu lts

T h e  n u m b er o f  a n im a ls  o f  the d ifferen t s ta g e s  are repre­
sen ted  in F ig . 1. P o p u la tio n  d yn am ica l ch a ra cter istic s  to 
be d ra w n  fro m  th ese  cu rv es ha v e  been  fu lly  d iscu ssed  by 
H eip  (1 9 7 6 ). T h e  area ’s A¡ under th ese  cu rv es are g iven  
in  T a b le  1.

In to ta l, w e  co u n ted  864 em p ty  sh ells . T h e  n u m b er o f  
sh ells  in  ea ch  s ta g e  S, is sh o w n  in  T a b le  2 . A lso  rep resented  
here are the q u a n tities  /,, k¡, a n d  e ~ iiDi =  1 —/,.

In o rd er  to  use E q. (9 ), an  e stim a te  o f  Z D¡ — G  m ust 
b e  av a ila b le . S in ce  C . to ro sa  has m o st p ro b a b ly  o n e  g en era ­
t io n  a year, th e  tim e b etw een  h a tch in g  o f  a n  a v era g e  e g g  
o f  o n e  g en era tio n  and  o n e  o f  th e  n ext m u st, o n  a v erage , 
e x a c tly  eq u a l 36 5  d a ys. I f  th is w ere n o t th e  c a se , there w o u ld  
be  a  y early  sh ift  in the rep rod u ctive  p er iod  to  less fa v o u r ­
a b le  se a so n s . H o w ev er , w e  c a n n o t in fer fro m  th is  sta tem en t  
a p recise  e stim a te  o f  G , a s  th is is n o t eq u a l to  th e  gen era tio n  
tim e. A s  a  lo n g  p o st-rep ro d u ctiv e  life -sp a n  is im p ro b a b le ,

T a b le t . Cyprideis torosa: area’s A¡ ((ind x  days)/(5 y x  10 cm 2)) 
under the density curves o f  the different developm ental stages
(Fig. 1)

Stage XI

days/(5 ;y x  10 cm 2))

1 -2 -3 105,920
4 33,542
5 70,768
6 139,133
7 179,676
8 138,583
A D . 180,253

Table 2. Cyprideis torosa: shell countings in the sedim ent sample
and derived parameters. See text for definitions

Stage Si hi /,. e - M

4 226 1 0.2522 0.7478
5 169 0.7478 0.1479 0.8521
6 144 0.6372 0.1319 0.8681
7 125 0.5531 0.1600 0.8400
8 105 0.4646 0.0952 0.9048
A D . 95 0.4204 - 0.8641
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Fig. 1. C y p r id e is  to r o s a : D en sitie s  o f  th e  d if fe re n t d ev e lo p m en ta l s ta g es d u rin g  th e  5 -y ea r s tu d y  p e r io d  (AV10 c m 2). S tag es 1, 2 a n d  
3 a re  c o m b in e d , a s  th e y  c a n n o t b e  d is tin g u ish e d  o n  th e  basis o f  size

T a b l e  3 . C y p r id e is  to r o sa  : re la tiv e  d u r a t io n  o f  th e  s tag es, expressed  
as f  =  D ¡fZ  D ¡ a n d  a b s o lu te  d u ra t io n s  D¡ (d ay s) o f  th e  s ta g es a s su m ­
ing  £  ¿>, =  365

Stage r D¡

4 0.0257 9.38
5 0.0681 24.86
6 0.1557 56.85
7 0.2354 8 5 .94
8 0.2085 7 6 .10
A D . 0.3065 111.88

w e  s u g g e s t  G  n o t  t o  b e  m u c h  d i f f e r e n t  f r o m  o n e  y e a r ,  
t h o u g h ,  a n d  p u t  i t  G  =  3 6 5  d a y s .  T h i s  is  t h e  b e s t  e s t im a te  
w e  a r e  a b le  to  m a k e  w i th  t h e  p r e s e n t  d a t a .  A  d e p a r t u r e  
o f ,  e .g . ,  1 0 %  f r o m  th i s  v a lu e  w il l  p r o d u c e  a  c o r r e s p o n d i n g  
b ia s  in  t h e  p r o d u c t i o n  e s t im a t e  o f  1 0 % .  W i t h  th i s  e s t im a te  
o f  G ,  w e  g e t  t h e  d u r a t i o n s  o f  t h e  s ta g e s  t h a t  a r e  l i s te d  
in  T a b l e  3.

F r o m  E q . (9 ) ,  A 4 is  c a l c u l a t e d  a s  4 1 1 9  in d iv id u a l s  p e r  
10  c m 2 p e r  5 y e a r s .  T a b le  4  p r e s e n t s  t h e  v a lu e s  N ¡  w h ic h

T a b l e  4 .  C y p r id e is  to r o sa  : N u m b e rs  A', o f  a n im a ls  th a t  h a v e  e n te re d  
sta g e  / d u rin g  th e  5 y e a r  s tu d y  p e r io d  (p e r  10 c m 2)

S tage N t

1 -2 -3 12,003
4 4,119
5 3,080
6 2,625
7 2,278
8 1,914
A D . 1,732

c a n  b e  d e r iv e d  f r o m  th i s  F ig u r e .  N x is  e s t im a t e d  [ E q .  (1 0 )]  
t o  b e  1 2 ,0 0 3  i n d iv id u a l s  p e r  1 0  c m 2 p e r  5  y e a r s .  D 1 i s  t h e n  
c a lc u la te d  a s  1 4 .4  d a y s .

T a b le  5 l i s t s  t h e  v a lu e s  o f  M ¡  a n d  W ¡  t h a t  w e r e  u s e d  
in  t h e  p r o d u c t i o n  c a l c u l a t i o n s .

- 2  iP r o d u c t io n  o f  s o f t  p a r t s  a m o u n t s  t o  9 .7  g  d w t  m ~  y  
T h e  m e a n  b io m a s s  is  3 .6  g  d w t  m - 2 , a n d  t h e  y e a r ly  P / B  

is  2 .7  y - 1 . T h e  o x y g e n  c o n s u m p t i o n  is  e s t im a t e d  t o  b e  
2 0 .3 8  1 0 2 m - 2  y ~ l .
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Tabic 5. Cyprideis torosa : V alues o f  M , ( in d . p e r  10 c m 2) a n d  Wt 
(p g  d w t)  as used in th e  p ro d u c tio n  ca lc u la tio n s

1 Mi w ,

0 12,003 0.11
1 -2 -3 7,031 0.28

4 3,562 0.93
5 2,843 1.50
6 2.446 2.87
7 2,088 5.33
8 1,821 10.33
9 1,610 19.85

10 1,497 24.61

T a b le ó .  Cyprideis torosa: d a ta  fo r  th e  s ize -freq u en cy  p ro d u c tio n  
e s tim a tio n

S tag e a i ( W j W j , . ) 1/2 P ,

1 -2 -3 847,875 0.875 1 1108.13 0.51 46.3
4 741,955 0.955 0.345 1017.14 1.18 94.2
5 708,413 0.900 0 .790 937.18 2.08 305.8
6 637,645 0.782 1.843 789.80 3.91 898.3
7 498,512 0.639 3.356 560.12 7.42 1633.7
8 318,583 0.566 4.265 339.94 14.32 1264.5
A D . 180,253 7.494 251.64 19.85 4995.0

In T a b le  6 the d a ta  for  the p ro d u ctio n  e stim a tio n  by  
th e  s ize-freq u en cy  m eth o d  are su m m arized . T h e  first c o l ­
um n  sh o w s the su m m ed  su rfa ces under th e  d en s ity  curves  
A j \  th e  se c o n d  co lu m n  sh o w s  the v a lu es e  ~0a', ca lcu la ted  
fro m  Eq. (1 5 );  the third c o lu m n  g iv es  the rela tive  d u ra tio n s  
o f  th e  sta g es [E q. (16)]. T h e  v a lu es a n d  ( W jW j+ l ) x'1, 
used  in E q. (1 3 ), are sh o w n  in  the fo u rth  a n d  fifth  c o lu m n s, 
g iv in g  the partia l p ro d u ctio n  e stim a tes  P ¡ o f  th e  six th  c o l ­
u m n . T h e  to ta l p ro d u ctio n  is estim a ted  a s P  =  
9 .2  g  d w t m ~ 2 y “ 1, and  P ¡B  =  2 .6  y - 1 .

F o r  the co m p a riso n  b e tw een  o x y g e n  c o n su m p tio n  and  
p r o d u ctio n , w e con v erted  th ese  v a lu e s  to  en erg y  un its. W e  
u sed  the fo llo w in g  c o n v ers io n  fa c to rs: 1 1 0 2 c o n su m ed  is 
a ssu m ed  eq u iv a len t to  0 .4  g C  m eta b o lized  (C risp  1971), 
l g C  =  4 5 .8 k J  ( = 1 0 .9 2  k ca l)  (S a lo n e n  et al. 1 976), and  
o r g a n ic  ca rb o n  is 52%  o f  a sh  free dry w e ig h t (S a lo n en  
e t  a l. ib id .).

R esp ira tio n  then  rep resents 373 k J m ~ 2 y ~ 1 
(  =  89  kcal m - 2  y " !). P ro d u c tio n , a s ca lcu la ted  by  th e  first 
m o d e l, is 231 k J m “ 2 y _1 (  =  55 k ca l m - 2  y - *). T h e  p r o ­
d u c tio n  effic ien cy , P / ( P + R ) ,  is estim a ted  a t resp ectively  
0 .3 8  a n d  0 .37 .

Discussion

T h e  use o f  sh ells  preserved in  th e  sed im en t to  d e v e lo p  ou r  
first m o d e l has so m e  q u es t io n a b le  a sp ects. It is im p o ss ib le  
to  k n o w  i f  there is a d ifferen tia l b rea k d o w n  fo r  sh e lls  o f  
d ifferen t size. M o reo v er , w e  d o n ’t k n o w  i f  c o n d it io n s  for  
C . to ro sa  in  th is  p on d  h a v e  a lw a y s been  sim ilar. H o w ev er ,  
w e  d isp o se  o f  a  lo n g  tim e  series o f  o b ser v a tio n s , w h ich  
m a y  w ell co v er  a  co n sid era b le  range  o f  p o ss ib le  c o n d it io n s  
fo r  th e  p o p u la tio n . S in ce  o u r  c o n c lu s io n s  are  b a sed  o n  a ver­
a g e  v a lu es, th ey  m ay g iv e  reliab le  figu res o f  m ea n  a n n u a l 
e n e rg y  turnover  in th is p o p u la tio n .

F u rth erm ore, the fa c t th a t the nu m ber o f  sh ells  d e ­

crea ses w ith  increasing  s ta g e  num ber se e m s to  correspon d  
w ell w ith  the h y p o th e sis  th a t p reserv a tio n  c o n d it io n s  are  
sim ila r  fo r  all shells.

F in a lly  the results o f  the first m o d e l are co rro b o ra ted  
by th e  s ize-freq u en cy  e s tim a te . A lth o u g h  th a t m eth o d  b a s i­
c a lly  c o n s is ts  o f  the f itt in g  o f  a p o p u la tio n  d y n a m ic a l m odel 
that is very sim p le , it is k n o w n  to  g iv e  fa irly  a ccu rate  p r o ­
d u ctio n  e stim a tes  (M en z ie  1980). T h e  a d a p ta tio n  o f  the  
m e th o d  to  p o p u la tio n s  g ro u p ed  in d e v e lo p m en ta l s ta g es  
rather th a n  in size c la sse s  d o e s  n o t seem  to  a lte r  th is c o n c lu ­
s io n . T h erefo re  it ca n  b e  an  in terestin g  m e th o d  for  the p r o ­
d u c tio n  e stim a tio n  o f  m a n y  a r th ro p o d  p o p u la tio n s .

T h e  g en eration  P /B ,  w h ich  in  th is ca se  is the sam e as 
th e  y early  P /B , is n o t v ery  h igh . It is in  th e  low er  part 
o f  th e  range  (2 .5 -5 )  in d ic a ted  by  W aters (1 9 6 9 )  fo r  a q u a tic  
in v erteb ra tes . T h e fa c to r  m o st  ser io u sly  in flu e n c in g  the sp e ­
c if ic  p r o d u ctio n  is th e  ra tio  fin a l: in itia l p o p u la t io n  size. 
T h is  ra tio  is fairly h igh  in  C . to r o s a : 1 ,7 3 2 /1 2 ,0 0 3 = 0 .1 4 4 .

H e ip  (1 9 7 6 ) sta ted  th a t C . to ro sa  is a m eio b en th ic  
sp ec ie s  o n  top  o f  a fo o d  ch a in , liv in g  in  an  en v iron m en t  
th a t is ,  a t  least for th is  sp ec ies , rather p red ictab le . B oth  
th ese  fa c to rs  favou r  a  s tra teg y  o f  red u c in g  th e  num ber o f  
o ffsp r in g , thereby in crea sin g  the in d iv id u a l o ffsp r in g ’s 
p ro b a b ility  to  grow  a d u lt. It can  be seen  th a t, a s a b y ­
p r o d u ct, th is stra tegy  lo w e rs  sp ec ific  p r o d u ctio n  per gen era ­
tion  tim e.

O n  th e  o th er  han d , th e  “ p ro d u ctio n  e f f ic ie n c y ” , P /(P  +  
R ), h a s  a lm o st ex a ctly  th e  v a lu e  0 .3 6 2 , th e  m ean  o f  23 
“ n o n -in se c t  inverteb rate  d e tr it iv o re s” , a s  review ed  by  
H u m p h re y s  (1979). T h e  p r o d u ctio n  w e ca lcu la ted  is a lm o st  
id en tica l to  the v a lu e  p red ic ted  from  resp ira tio n  by H u m p h ­
reys’ (1 9 7 9 )  regression  e q u a tio n  for  n o n -in se c t  invertebrate  
d etr itiv o res. T h e  v a lu e  p red icted  by  the “ C r u s ta c e a ”  regres­
s io n  lin e  is but h a lf  th e  m ea su red  p r o d u c tio n . H o w ev er , 
w e c o n s id e r  the first lin e  to  b e  the m o re  re lia b le , since C ru s­
ta cea  co m p r ise , from  a n  e co lo g ic a l p o in t  o f  v iew , a very  
h e te ro g e n e o u s  g ro u p  o f  a n im a ls .

A  n o rm a l p ro p o r tio n  o f  th e  a ss im ila ted  en erg y  is thu s  
tu rn ed  in to  p ro d u ctio n , w h ile  at th e  sa m e  t im e  a relatively  
h igh  b io m a ss  ca n  be m a in ta in ed  by  C . to ro sa .  B oth  th is  
m a in te n a n c e  o f  h igh  p o p u la t io n  n u m b ers , a n d  the e ffic ien t 
u se  o f  th e  a ss im ila ted  e n e r g y  m u st in crea se  th e  co m p etitiv e  
a b ility  o f  th e  species.

T h e  o n ly  c o m p a r a b le  v a lu es o f  p r o d u c tio n  effic iency  
for  m arin e  m e io fa u n a l p o p u la tio n s  are  th o s e  g iven  by  
W a rw ick  (1 9 8 1 ) for  th e  n e m a to d e  D ip lo la im e llo id e s  bru cie i 
a n d  th e  h a rp a ctico id  T a ch id iu s d isc ip es . T h e  va lues o b ­
ta in ed  fro m  cu lture e x p e r im en ts  for  D . b ru c ie i  are e x ce p ­
t io n a lly  h ig h : 70  to  8 0 % , w ith  a  p eak  a t 8 6 .9 % . E ven th ese  
h ig h  v a lu e s  are m in im a l e stim a tes . In d eed  in  ex p o n en tia l  
d y n a m ic s  the correct m ea su re  o f  sp ec if ic  p r o d u ctio n  is the  
birth  rate, n o t the in tr in s ic  rate  o f  n atu ra l in crea se  (Z a ik a , 
1 9 73). W h en  there is  a n y  m o rta lity  th e  b irth  rate  is h igh er  
th a n  r. F o r  ex a m p le , a s su m in g  a c o n s ta n t  m o rta lity  rate  
c a u s in g  25%  o f  the ju v e n ile s  to  d ie  b e fo re  rea ch in g  a d u l­
th o o d , th e  e ffic ien cy  a t 15° C  is raised  to  8 8 .1 % , and the  
e ffic ie n c y  o f  the fem a les a t th is  tem p era tu re  to  9 1 .4 % . E ven  
th is v a lu e  is a m in im a l e s tim a te , n o t a c c o u n t in g  for  any  
ex creted  o rg a n ic  m a ter ia l (m u cu s secre tio n  m a y  b e  im p o r­
ta n t in  n em a to d es) o r  e x u v ia . H o w ev er , a s  e v e n  the e ffic ie n ­
c ie s  o f  bacteria  g ro w n  o n  th e  r ichest d ie ts  d o  n o t exceed  
8 5 % , w e su g g est that th e  e ffic ien c ies  c a lc u la te d  by  W arw ick  
are  t o o  h igh , p erh ap s d u e  to  the lo n g  s ta r v a tio n  in  the  
resp ira tio n  exp erim en ts.
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T h e  p ro d u ctio n  e ffic ien cy  ca lcu la ted  for  th e  h a rp a c ti­
c o id  T ach id ius d isc ip es  is a b o u t 7 0 % , a g a in  a  very h igh  
value . In th is ca lcu la tio n  resp iration  v a lu es o b ta in e d  from  
an im a ls in the L ynher estuary  (T eare  and P rice 1979) are  
used  to g e th er  w ith  p o p u la tio n  d y n a m ica l d a ta  from  the  
D ie v en g a t (H eip  1977, H eip  and S m o l 1976). H o w e v er , it 
ap p ea rs from  ou r  data  that th ese  p o p u la t io n s  d iffer  in  a 
nu m ber o f  characteristics (H erm an  and  H eip , in p rep a ra ­
tio n ). T h e  m o st im p ortan t d ifferen ce  in  th is resp ect is th a t  
the D ie v en g a t p o p u la tio n  h as a m u ch  h igh er resp iration  
rate. T h e  e ffic ien cy  we ca lcu la ted  w ith  th is resp ira tio n  rate  
is a b o u t 30% . W e therefore c o n c lu d e  th a t there is n o  stro n g  
ev id en ce  for the sta tem en t that m e io fa u n a  e ffic ie n c ies  in 
g en era l a re  h igh er than th o se  o f  o th e r  groups.

T h e  m o st im p ortan t factor in d e term in in g  the yearly  
P /B  is th e  n u m ber o f  gen era tio n s per year. A  lo w  n u m b er  
o f  g en era tio n s  per year (1 to  3) w a s fo u n d  in  sev en  o str a co d  
sp ec ies  by  T h e isen  (1966). T h e P /B  fo u n d  in  th is s tu d y , 
th erefo re, m ay be typ ical for  a n u m b er o f  o th e r  o stra co d  
sp ec ies . B anse and  M o sh er  (1980) s ta te  that th e  m e io fa u n a  
h as a n o th er  rela tio n sh ip  b etw een  a n n u a l P /B  a n d  a d u lt  
w eig h t than  th e  o th er  g ro u p s o f  a n im a ls. In fact, they  
p ro p o se  to  u se  th is low er P /B  a s th e  d e fin it io n  criter ion  
o f  m e io fa u n a . T h e  results o f  o u r  stu d y  fit in  w e ll w ith  the  
P /B  -  b o d y  m a ss relation sh ip  they p r o p o sed  for  m e io fa u n a . 
H o w ev er , it ca n  be q u estio n ed  i f  C . to ro sa  is typ ica l for  
all m e io fa u n a l groups. Several n e m a to d e s , o s tr a co d s , F o r a ­
m in ifera , T urbellaria , H a rp a ctico id a  are k n o w n  to  ha v e  
lo n g  g en era tio n  tim es (G erlach  1 9 7 1 ; S m o l e t  a l. 1980; 
F eller  1 980), bu t o ther sp ec ies  m a y  h a v e  e x trem ely  sh o rt  
g en era tio n  tim es (e.g . V rank en  et al. 1981). In  fa c t th e  d iv er ­
s ity  o f  life  h isto r ies in m e io b en th o s  m a y  be sim ila r  to  that 
fo u n d  in  m a cro b en th o s (G er la ch  1 9 7 1 ), a lth o u g h  th e  s ize  
ran ge  o f  m eio fa u n a  is o n ly  a b o u t 2 o rd ers o f  m a g n itu d e.

In g en era l, th e  fact th a t P /B  v a lu es c a n  rather w ell be  
sca led  by  a d u lt b o d y  m ass has no  o b v io u s  a n d  d irec t p h y s i­
o lo g ic a l reason . R ather “ b o d y  m a ss"  is a  su m m a ry  o f  se v ­
eral ch a ra cteristic s o f  a sp ec ies , su ch  a s lo n g e v ity , ty p e  o f  
fo o d  av a ila b le , vu ln erab ility  to  p red a tio n  e tc . I t seem s th a t  
w ith in  m e io fa u n a  all th e  d ifferen t s tra teg ie s  w ith  regard  
to  th ese  fa c to rs ca n  o ccu r  in sp ec ies  th a t d o  n o t  d iffer  very  
w id e ly  in  size. C. to rosa  m a y  be so m e w h er e  a t th e  en d  o f  
the m e io b en th ic  size  range: sp ec ies  g ro w in g  b ig g er  th a n  
th is  are in d eed  lik ely  to  b e c o m e  h ig h ly  v u ln era b le  m em b ers  
o f  a m a cro fa u n a , w h ich  is, a s a ru le , less s ta b le  (W arw ick  
1980). T h erefo re , i f  a re la tio n sh ip  b e tw een  b o d y  m a ss  and  
P /B  e x is ts  a t  a ll, w e w o u ld  ex p ect b o th  s lo p e  a n d  in tercep t  
to  b e  d ifferen t.

T h e  f i r s t  t w o  a u t h o r s  a c k n o w l e d g e  a  g r a n t  f r o m  t h e  B e l g i a n  F u n d  
f o r  S c ie n t i f i c  R e s e a r c h  ( N F W O ) .  T h e  t h i r d  a u t h o r  a c k n o w l e d g e s  
a  g r a n t  f r o m  t h e  I n s t i t u t e  f o r  t h e  E n c o u r a g e m e n t  o f  S c i e n t i f i c  R e ­
s e a r c h  i n  I n d u s t r y  a n d  A g r i c u l t u r e  ( I W O N L ) .  P a r t  o f  t h i s  r e s e a r c h  
w a s  c a r r i e d  o u t  w i th i n  t h e  p r o g r a m  F K F O  2 .0 0 1 0 .7 8 .  o f  t h e  F u n d  
f o r  C o l l e c t i v e  F u n d a m e n t a l  R e s e a r c h  ‘ P r o d u c t i v i t y  o f  M a r i n e  E c o ­
s y s t e m s ’.
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w a t e r  B io l  7 : 6 1 - 6 3  

C r i s p  D J  ( 1 9 7 0 )  E n e r g y  f lo w  m e a s u r e m e n t s .  I n :  H o l m e  N A ,  M c I n ­
t y r e  A D  ( e d s )  M e t h o d s  f o r  t h e  s t u d y  o f  m a r i n e  b e n t h o s .  B la c k -  
w e ll ,  O x f o r d ,  p p  1 9 7 - 2 7 9  

F e l l e r  R J  ( 1 9 7 7 )  L i f e  h i s t o r y  a n d  p r o d u c t i o n  o f  m e i o b e n t h i c  h a r ­
p a c t i c o i d  c o p e p o d s  in  P u g e t  S o u n d .  D i s s e r t a t i o n  U n i v o f  W a s h ­
in g t o n ,  S e a t t l e ,  p p  2 4 9  

F e l l e r  R J  (1 9 8 0 )  Q u a n t i t a t i v e  c o h o r t  a n a ly s i s  o f  a  s a n d - d w e l l i n g  
m e io b e n t h i c  h a r p a c t i c o i d  c o p e p o d .  E s t  C o a s t  M a r  S c ie n c e  
1 1 : 4 5 9 - 4 7 6

F le e g e r  J W ,  P a l m e r  M A  (1 9 8 2 )  S e c o n d a r y  p r o d u c t i o n  o f  t h e  e s ­
t u a r i n e  m e i o b e n t h i c  c o p e p o d  M ic r o a r th r id io n  litto r a le . M a r  
E c o l  P r o g  S e r  7 : 1 5 7 - 1 6 2  

G e r l a c h  S A  ( 1 9 7 1 )  O n  t h e  i m p o r t a n c e  o f  m a r i n e  m e i o f a u n a  f o r  
b e n t h o s  c o m m u n i t i e s .  O e c o l o g ia  ( B e r l i n )  6 : 1 7 6 - 1 9 0  

H a m i l t o n  A L  ( 1 9 6 9 )  O n  e s t i m a t i n g  a n n u a l  p r o d u c t i o n .  L i m n o l  
O e a n o g r 1 4 : 7 7 1 - 7 8 2  

H e i p  C  (1 9 7 6 )  T h e  l i f e  c y c le  o f  C y p r id e is  to r o sa  ( C r u s t a c e a ,  O s t r a ­
c o d a )  O e c o l o g ia  ( B e r l i n )  2 4 : 2 2 9 - 2 4 5  

H e ip  C  ( 1 9 7 7 )  O n  t h e  e v o l u t i o n  o f  r e p r o d u c t i v e  p o t e n t i a l s  in  a  
b r a c k i s h  w a t e r  m e i o b e n t h i c  c o m m u n i t y .  M i k r o f a u n a  M e e r e s ­
b o d e n  6 1 : 1 0 5 - 1 1 2  

H e ip  C ,  S m o l  N  ( 1 9 7 6 )  I n f lu e n c e  o f  t e m p e r a t u r e  o n  t h e  r e p r o d u c ­
t i v e  p o t e n t i a l  o f  tw o  b r a c k i s h - w a l e r  H a r p a c t i c o i d s  ( C r u s t a c e a ,  
C o p e p o d a )  M a r  B io l 3 5 : 3 2 7 - 3 3 4  

H e r m a n  P M J ,  H e i p  C  (1 9 8 2 )  G r o w t h  a n d  r e s p i r a t i o n  o f  C y p r id e is  
to ro sa  J o n e s  1 8 5 0  ( C r u s t a c e a ,  O s t r a c o d a ) .  O e c o l o g ia  ( B e r l in )  
5 4 :3 0 0 - 3 0 3

H u m p h r e y s  W F  ( 1 9 7 9 )  P r o d u c t i o n  a n d  r e s p i r a t i o n  in  a n i m a l  p o p u ­
l a t i o n s .  J  A n im  E c o l  4 8 : 4 2 7 - 4 5 3  

M a n ly  B F J  ( 1 9 7 7 )  A  f u r t h e r  n o t e  o n  K a r i t a n i  a n d  N a k a s u j i 's  m o d e l  
f o r  s t a g e - f r e q u e n c y  d a t a  i n c l u d i n g  c o m m e n t s  o n  t h e  u s e  o f  
T u k e y ’s  j a c k k n i f e  t e c h n i q u e  f o r  e s t i m a t i o n  o f  v a r i a n c e s .  R e s  
P o p  E c o l  1 8 : 1 7 7 - 1 8 6  

M c N e i l l  S , L a w t o n  J H  ( 1 9 7 0 )  A n n u a l  p r o d u c t i o n  a n d  r e s p i r a t i o n  
in  a n i m a l  p o p u l a t i o n s .  N a t u r e  2 2 5 : 4 7 2 - 4 7 4  

M e n z ie  C A  ( 1 9 8 0 )  A  n o t e  o n  t h e  H y n e s  m e t h o d  o f  e s t i m a t i n g  
s e c o n d a r y  p r o d u c t i o n .  L i m n o l  O c e a n o g r  2 5 : 7 7 0 - 7 7 3  

S a lo n e n  K ,  S a r v a l a  J ,  H a k a l a  1, V i l j a n e n  H  ( 1 9 7 6 )  T h e  r e l a t i o n  
o f  e n e r g y  a n d  o r g a n i c  c a r b o n  in  a q u a t i c  i n v e r t e b r a t e s .  L i m n o l  
O c e a n o g r  2 1 : 7 2 4 - 7 3 0  

S m o l  N ,  H e ip  C  G o v a e r t  M  (1 9 8 0 )  T h e  l i f e  c y c le  o f  O n c h o la im u s  
o x y u r is  ( N e m a t o d a )  in  i t s  h a b i t a t .  A n n a l e s  S o c r  Z o o l  B e lg  
1 1 0 :8 7 - 1 0 3

T e a r e  M , P r ic e  R  (1 9 7 9 )  R e s p i r a t i o n  o f  t h e  m e i o b e n t h i c  h a r p a c t i ­
c o id  c o p e p o d ,  T a c h id iu s  d isc ip es  f r o m  a n  e s t u a r i n e  m u d f l a t .  
J  e x p  m a r  B io l  E c o l  4 1 : 1 - 8  

T h e i s e n  B F  ( 1 9 6 6 )  T h e  life  h i s t o r y  o f  s e v e n  s p e c i e s  o f  O s t r a c o d s  
f r o m  a  D a n i s h  b r a c k i s h  w a t e r  lo c a l i t y .  M e d d e l e l s e r  f r a  D a n -  
m a r k s  F i s k e r i  o g  H a v u n d e r s o g e l s e r  4 : 2 1 5 - 2 7 0  

V r a n k e n  G ,  T h i e l e m a n s  L K ,  H e ip  C ,  V a n d y c k e  M  ( 1 9 8 1 )  A s p e c t s  
o f  t h e  l i f e  c y c le  o f  M o n h y s te r a  p a r e le g a n tu la  ( N e m a t o d a ,  M o n ­
h y s te r i d a e ) .  M a r  E c o l  P r o g r  S e r  6 : 6 7 - 7 2  

W a r w ic k  R M  ( 1 9 8 0 )  P o p u l a t i o n  d y n a m i c s  a n d  s e c o n d a r y  p r o d u c ­
t i o n  o f  b e n t h o s .  I n :  T e n o r e  K R  C o u l l  B C  ( e d s )  M a r i n e  b e n t h i c  
d y n a m ic s .  T h e  B e l le  W  B a r u c h  l i b r a r y  in  m a r i n e  s c ie n c e s  11 . 
U n iv  o f  S o u t h  C a r o l i n a  P r e s s ,  p p  1 - 2 4  

W a rw ic k  R M  ( 1 9 8 1 )  T h e  i n f l u e n c e  o f  t e m p e r a t u r e  a n d  s a l i n i t y  
o n  e n e r g y  p a r t i t i o n i n g  in  t h e  m a r i n e  n e m a t o d e  D ip lo la im e l­
lo ides  b ru c ie i. O e c o l o g i a  ( B e r l in )  5 1 : 3 1 8 - 3 2 5  

W a te r s  T F  ( 1 9 6 9 )  T h e  t u r n o v e r  r a t i o  in  p r o d u c t i o n  e c o lo g y  o f  
f r e s h w a te r  i n v e r t e b r a t e s .  A m  N a t  1 0 3 :1 7 3 - 1 8 5  

Z a i k a  V E  (1 9 7 3 )  S p e c i f i c  p r o d u c t i o n  o f  a q u a t i c  i n v e r t e b r a t e s .  
H a ls te d  p r e s s .  J o h n  W i le y ,  N e w  Y o r k  T o r o n t o ,  p p  1 5 4

R e c e iv e d  J a n u a r y  2 5 ,  1 9 8 3
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THE RESPIRATION OF FIVE BRACKISH-WATER HARPACTICOID
COPEPOD SPECIES

P . M .J .  H e r m a n  a n d  C . H e i p

M a r in e  B io lo g y  S e c tio n . Z o o lo g y  In s titu te . S ta t e  U n ivers ity  o f  G hen t. B -9 0 0 0  G h e n t. B e lg iu m

A b s t r a c t :  T h e  d e p e n d e n c y  o f  r e s p i r a t io n  r a t e  o n  b o d y  w e ig h t  a t  2 0  ° C  w a s  d e t e r m i n e d  fo r  f iv e  m e io b e n th ic  
c o p e p o d s  f ro m  a  b r a c k i s h - w a t e r  h a b i ta t .  T h e  r e s p i r a t io n  r a t e  o f  th e  fo u r  s m a l le r  s p e c ie s  w a s  g e n e ra l ly  h ig h , 
«  1 0 - 1 4  n l  0 2 • h  ~ 1 • p g  d r y  w t "  b u t  w a s  m u c h  lo w e r  fo r  a  la r g e r  s p e c ie s . C a n u e lla  p e r p le x a  T . &  A . S c o t t  
1893  ( 2 - 3  n l 0 2 • h  "  1 ■ p g  ” ' ) -  T h is  p a t t e r n  is  d i s c u s s e d  in  te r m s  o f  th e  a d a p t iv e  b e h a v io u r  o f  th e  
p o p u la t io n s .  T h e  s ig n i f i c a n c e  o f  r e s p i r a t i o n  r a t e s  in  th e  e v o lu t io n  o f  p o p u la t io n s  is  i l lu s t r a t e d  b y  d i f f e re n c e s  
b e tw e e n  t h e  r e s p i r a t i o n  r a t e s  o f  a  B e lg ia n  T a c h id iu s  d isc ipes  G ie s b r e c h t  188 2  p o p u la t io n ,  a n d  t h a t  o f  
T . d isc ip es  f ro m  th e  L y n h e r  e s tu a r y ,  U .K .  I t  is  h y p o th e s i z e d  th a t  r e s p i r a t io n  r a t e s  w ill b e  lo w e r  w h e n  s p e c ie s  
a r e  in  c o m p e t i t io n  fo r  r e la t iv e ly  s ta b l e  f o o d  s o u rc e s .

I n t r o d u c t i o n

T h ere  e x is ts  a  c o n s id e r a b le  litera tu re  o n  th e  resp ira tion  o f  m a r in e  p la n k to n ic  
c o p e p o d s  bu t v e r y  little  o n  b e n th ic  s p e c ie s .  T h is  c a n  b e  partia lly  e x p la in ed  b e c a u s e  th e  

p ro d u ctiv ity  o f  m e io b e n th o s  is  s o  p o o r ly  k n o w n  th a t ev en  its p o te n tia l im p o r ta n c e  in  

m a rin e  sy s te m s  is e a s ily  o v e r lo o k e d . M o r e o v e r , w ith in  th e  m e io b e n th o s , a tten tio n  h a s  
b e e n  fo c u se d  m o s t ly  o n  th e  resp ira tio n  o f  n e m a to d e s , a s th is  is  th e  n u m erica lly  d o m in a n t  

ta x o n  in  m o s t  h a b ita ts  (s e e  W a r w ick  &  P rice , 1 9 7 9 ; H e ip  e ta l . ,  19 8 2  for  a  su m m a ry  

o f  th e  resp ira tio n  d a ta ) .  C o p e p o d s  m a y  a lso  b e  very  im p ortan t in  b io m a ss ,  a n d  m e a su r e ­
m e n t o f  the ir  r e sp ira tio n  rate  is  a n  im p o r ta n t s te p  in  th e  a s s e s sm e n t  o f  their p a rt in  to ta l  

en erg y  f lo w  th ro u g h  th e  b e n th o s . T h is  is  e sp e c ia lly  im p o rta n t s in c e  it  h a s  b e e n  s h o w n  

(M c N e ill  &  L a w to n , 1 9 7 0 ; H u m p h r e y s , 1 9 7 9 ) th a t th e  resp ira tio n  o f  a p o p u la tio n  is  a  
g o o d  in d ic a tio n  o f  i t s  se c o n d a r y  p r o d u c t io n . In  th e  p resen t s tu d y  w e  d e te rm in e d  th e  

resp ira tio n  ra te  o f  f iv e  c o p e p o d  s p e c ie s  fro m  a  sh a llo w  b r a c k ish -w a ter  p o n d . A lth o u g h  
very  p r o d u ctiv e , th is  h a b ita t i s  p o o r  in  s p e c ie s  ; o n ly  n in e  c o p e p o d  sp e c ie s  h a v e  b e e n  

fo u n d , a n d  s e ld o m  m o r e  th a n  f iv e  o n  a n y  o n e  d ate .

M a t e r i a l  a n d  M e t h o d s

T h e  a n im a ls  w e r e  ta k e n  fr o m  a  p o ly -m e so h a lin e  p o n d  c a lled  “ D ie v e n g a t” , s itu a te d  

in  a  p o ld er  in  n o r th w e s te r n  B e lg iu m  (m a p  referen ce  5 1 ° 2 1 '3 0 " N  : 3 ° 2 2 '  1 5 " E ) . T h e  
se d im e n t is  a  w e ll-so r te d  fin e  sa n d  (m ed ia n  grain  s iz e  0 .2 2 3  m m ), m ix ed  w ith  la rg e  

a m o u n ts  o f  d e tr itu s (m o stly  d e b r is  o f  P h ra g m ite s).

0 0 2 2 -0 9 8 1 /8 3 /S 0 3 .0 0  ©  1983 E ls e v ie r  S c ie n c e  P u b l is h e r s  B .V .
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F o r  T ach idius d isc ip es  a n d  H a licyc lo p s  m ag n icep s, th e  an im a ls u sed  in resp ira tio n  
m ea su rem en ts w e re  m o u th -p ip e tted  d irec tly  from  sed im en t sa m p les. T h e y  w ere  

a cclim a ted  to  th e  e x p erim en ta l tem p era tu re  (2 0  ° C )  for a  few  d a y s in P etri d ish e s  
c o n ta in in g  natu ral se d im e n t. T h e s e  P etri d ish e s  w ere  k ep t in in cu b a to rs un d er  c o n s ta n t  

tem p erature  a n d  a  natu ral l ig h t -d a r k  cy cle .
P aro n ych o ca m p tu s nan us. M e so c h ra  lilljeborgii a n d  C anuella  p e rp le x a  w ere  cu ltu red  in 

th e  lab oratory . T h is  w a s  n e c e s sa r y  s in c e  it is im p o ss ib le  to  d istin gu ish  liv in g  c o p e p o d ite s  

o f  th e  first tw o  sp e c ie s  u n d er  th e  d is s e c t in g  m ic r o sc o p e , and  w e co u ld  n o t ex tra ct en o u g h  

in d iv id u a ls  o f  C . p e rp le x a  fro m  th e  sa m p le s . T h e se  three sp ec ie s  w ere  k ep t in  g la ss  
v e s s e ls  o f  10 m l w ith  ster ilized  sa n d  a n d  so m e  b o iled  detritu s from  the h a b ita t. T h e  

v e s se ls  w ere  h a lf  filled  w ith  w a ter  fro m  th e  D ie v en g a t , w h ich  w a s  s iev ed  th ro u g h  a  5 p m  
p la n k to n  net a n d  a d ju ste d  to  a  sa lin ity  o f  18%0. T o  th is w ater  o n e  drop  o f  “ V la sb lo m -  

m ed iu m ” (G er a er t e t a i ,  1 9 8 1 ) a n d  o n e  d ro p  o f  N a 2 S i 0 4 so lu tio n  (1 5  g/1) w e re  a d d e d .  
T h e  v e sse ls  w e re  in c u b a te d  in  th e  ligh t for  a  fe w  d a y s  to  ob ta in  su ffic ien t algal d e v e lo p ­

m en t. A fter  th e  a d d itio n  o f  a d u lt a n im a ls  th e  cu ltu res w ere  p la ced  in in cu b a to rs at 2 0  ° C  
w ith  a  n atu ral l ig h t-d a r k  c y c le .

R esp ira tio n  w a s  m e a su r ed  w ith  a  s to p p e re d  d iver C artesian  D iv er  resp iro m eter  

(K le k o w sk i, 1 9 7 1 ). T h e  d iv e rs  h a d  a  g a s  v o lu m e  o f  1 or  2 p \.  E ach  d iver c o n ta in e d  o n e  

a n im al. T h e  n u m b er  o f  r ep lic a te s  for  e a ch  sp e c ie s  is g iven  in T a b le  I.
D ry  w e ig h ts  w e re  d e te rm in e d  o n  a M ettler  M E 2 2  m icro b a la n ce  to  a p r e c is io n  o f  

±  1 p g ,  u s in g  b a tc h e s  o f  ~  100 in d iv id u a ls  b e lo n g in g  to  the sa m e  d e v e lo p m e n ta l s ta g e . 
B efo re  w e ig h in g  th e  a n im a ls  w e re  w a sh e d  in  tw ic e -d is tilled  w ater  a n d  dried  fo r  2  h  at 

110 ° C . In  th e  r e s p ir a t io n -b o d y  w e ig h t re la tio n sh ip  th e  dry w e ig h t o f  an o r g a n ism  is  

ta k en  as th e  m e a n  d ry  w e ig h t o f  th e  s ta g e  to  w h ic h  it b e lo n g s. F o r  T ach id ius d isc ip e s  
a  re la tio n sh ip  b e tw e e n  m e a su r e m e n ts  o f  len gth  and  w id th  and  th e  b o d y  v o lu m e  w a s  

g iv en  b y  T e a re  &  P r ice  (1 9 7 9 ) .  F o r  c o m p a r iso n  w ith  their m ea su rem en ts w e  fo l lo w e d  
th e ir  m e th o d . D u e  to  te le s c o p y  o f  th e  b o d y  se g m en ts , there is , h o w ev er , c o n s id e r a b le  
u n certa in ty  a b o u t  th e  p r e c is io n  o f  v o lu m e  m ea su rem en ts .

R e s u l t s  a n d  D i s c u s s i o n

F ig . l a - e  s h o w s  th e  d e p e n d e n c y  o f  resp ira tio n  (R ) o n  b o d y  w e ig h t ( W )  fo r  th e  f iv e  

sp e c ie s  stu d ied . T h is  d e p e n d e n c y  is  d escr ib ed  by th e  lo g -lo g  rela tio n sh ip

lo g  R  =  a  +  b log  W  (  1 )

w ith  R  in n l 0 2 • h  ~ 1 a n d  W  in  p g  dry  w t. In th is re la tion sh ip , th e  p ara m eter  a  is  a 

w e ig h t- in d e p e n d e n t m e a su r e  o f  th e  m e ta b o lic  in ten sity . In m o st  sp ec ie s  th e  p a ra m eter  
b  h a s  a  v a lu e  «  0 .7 5  (H e m m in g s e n , 1 9 6 0 ). T h e  v a lu es for a  and  b in  our e x p e r im e n ts  

are g iv en  in T a b le  I. F o r  T. d isc ipes, th e  re la tio n sh ip  b etw een  resp iration  a n d  b o d y  
v o lu m e  ( V )  is  g iv en  by:

lo g  R  =  0 .3 4  + 0 .9 2  log  V ( V  in nl; r =  0 .9 0 , n =  4 2 ) (2 )



Canuella perplexa
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F ig . 1. R e la t i o n s h ip  b e tw e e n  r e s p i r a t i o n  a n d  b o d y  w e ig h t  fo r  five  s p e c ie s  o f  m e io b e n th ic  c o p e p o d s :  
p a r a m e te r s  o f  t h e  r e g r e s s io n s  a r e  g iv e n  in  T a b le  I ;  r e s p i r a t io n  in  n l 0 2 - h "  b o d y  w e ig h t in  p g  d ry  w t.
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T h is  re la tio n sh ip  is b a se d  o n  th e  sa m e  resp ira tio n  m ea su rem en ts  as th e  o n e  sh o w n  in  
F ig . l e ,  e x ce p t that for  sev en  a n im a ls  n o  len gth  a n d  w id th  m ea su rem en ts co u ld  b e  m a d e .

In  m o s t  p a p ers d ea lin g  w ith  th e  resp ira tio n  o f  b en th ic  c o p e p o d s , th e  resp ira tory  r a te  
is  e x p r essed  as resp ira tio n  per u n it b o d y  w e ig h t, o b ta in e d  by  d iv id in g  th e  resp ira tio n  
o f  o n e  o r  m o re  in d iv id u a ls  by  the ir  w e ig h t. W h e n  th e  in d iv id u a l w e ig h t is n o t g iv en , a s  

is  o ften  th e  c a se , it is d ifficu lt to  u s e  th is  m e a su r e  for  c o m p a r iso n s , s in ce  it d e p e n d s  o n  

th e  w e ig h ts  o f  th e  ex p er im en ta l a n im a ls  u s e d . F ro m  E q u ation  (1 )  o n e  se e s  th a t  
R / W  =  a  W b ~ ', w h ere  in g en era l b  d iffers fro m  1. F o r  co m p a r iso n  w ith  p u b lish ed  d a ta ,  

w e  ca lcu la ted  from  ou r  reg r ess io n s  tw o  v a lu e s  fo r  th e  w e ig h t sp ec ific  resp ira tion , g iv in g  

R / W  co rr esp o n d in g  to  th e  m ea n  w e ig h t o f  th e  y o u n g es t  stage  stu d ied  a n d  o f  th e  a d u lts . 
T h e s e  v a lu e s  are g iv en  in T a b le  II, in w h ic h  th e  a v a ila b le  d a ta  on  resp ira tion  per u n it  

b o d y  w eig h t o f  m e io b en th ic  c o p e p o d s  are  su m m a rized .

T a b l e  I

P a r a m e te r s  a  a n d  b , c o r r e l a t i o n  c o e f f ic ie n t  a n d  n u m b e r  o f  d e t e r m in a t io n s  in  th e  r e g r e s s io n s  o f  r e s p i r a t io n  
o n  b o d y  w e ig h t fo r  f iv e  s p e c ie s  o f  m e io b e n th ic  c o p e p o d s .

S p e c ie s a b r n

C a n u e lla  p e r p le x a  T . &  A . S c o t t ,  1893 0 .5 7 0 .77 0 .9 5 22
M e so c h ra  lilljeborgii B o e c k , 1864 1.02 0 .8 6 0 .9 4 51
T a ch id iu s  d isc ip es  G ie s b r e c h t ,  1882 1.12 0 .8 6 0 .9 4 4 9
P a r o n y c h o c a m p tu s  n a n u s  ( S a r s ,  1908) 1.03 0 .90 0 .9 7 5 4
H a lic yc lo p s  m a g n ic e p s  (L i l l je b o rg ,  1 8 53 ) 0 .98 0 .84 0 .8 9 3 9

T a b l e  II

S u m m a r y  o f  th e  a v a i la b le  in f o rm a tio n  o n  th e  r e s p i r a t io n  o f  m e io b e n th ic  c o p e p o d s :  th e  v a lu e s  g iv e n  a r e  w e ig h t -  
s p e c if ic  r e s p i r a t io n  r a t e s  { R / W ) ,  e x c e p t  f o r  th e  r e l a t i o n s h ip s  b e tw e e n  re s p ir a t io n  (R )  a n d  b o d y  v o lu m e  ( V  in  n l)

g iv e n  b y  T e a r e  &  P r ic e  (1 9 7 9 ) .

S p e c ie s R / l E ( n l 0 2 h  ' - / i g d r y w t  ' ) R e fe re n c e

A se llo p s is  in te rm e d ia 3 .8 L a s k e r  e t a i ,  1970
H a stig e re lla  le p to d erm a 3 .4 2 V e rn b e rg  e t a l . ,  1977
N a n n o p u s  p a lu s tr is 4 .9 9 V e m b e rg  e t a l., 1977
T h o m p s o n u la  h y a e n a e • 10 S e lln e r , 1976
P a ra le p ta s ta c u s  sp in ic a u d a 4 .2 L a s s e r r e  &  R e n a u d - M o r n a n t ,  1973
E n h y d r o s o m a  p ro p in q u u m 2.0 C o u ll &  V e rn b e rg ,  1970
L o n g ip e d ia  helg o la n d ica 6 .6 C o u ll &  V e r n b e rg ,  1970
H a r p a c t ic o id s  b r a c k i s h  w a te r

“ C la s s  I“  (9 .0  p g  d ry  w t) 4 .0 L a s s e r r e  e t a l., 1975
“ C la s s  I T  (1 .5  p g  d ry  w t) 10.0 L a s s e r r e  e t  a l . ,  1975

T a c h id iu s  d isc ipes  f ie ld  a n im a ls lo g  R =  - 0 . 1 0  +  0 .8 2  lo g  V T e a r e  &  P r ic e ,  1979
la b .  r e a r e d lo g  R =  - 0 . 0 7  +  1 .10  lo g  V T e a r e  &  P r ic e ,  1979

C a n u e lla  p e rp le xa 3 .4 6 -2 .2 1 T h is  p a p e r
M e so c h ra  lilljeborgii 1 3 .8 0 -1 0 .0 5 T h is  p a p e r
T a c h id iu s  d iscipes 1 7 .4 4 -1 1 .7 5 T h is  p a p e r
P a ro n y c h o c a m p tu s  n a n u s 1 3 .7 1 -1 0 .5 0 T h is  p a p e r
H a lic yc lo p s  m a g n ice p s 1 1 .7 1 -  8 .9 7 T h is  p a p e r
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It is d ifficu lt to  c o n v e r t  th e  d a ta  in  T e a r e  &  P rice  (1 9 7 9 )  to  w e ig h t u n its . W h en  
c o m p a r in g  w ith  literatu re d a ta , th e s e  a u th o r s  c o n v e r te d  dry w e ig h ts  to  b o d y  v o lu m e s  

a ssu m in g  a  b o d y  v o lu m e  to  dry w e ig h t r a t io  o f  4 : 1 .  O u r d a ta  o n  T. d isc ip e s  su g g es t th a t  
at le a s t  for  ou r  p o p u la tio n  th e  b o d y  v o lu m e  to  dry w e ig h t ratio  e x c e e d s  7 : 1 .  E v en  u s in g  

th is  h igh er  r a tio , th e  resp ira tio n  per u n it  d ry  w e ig h t o f  T ea re  &  P r ice ’s ad u lt a n im a ls  

fro m  th e  field  is o n ly  4  n l 0 2 • p g  ~ 1 • h  ~ 1 a n d  fo r  a d u lts  from  th e  la b o ra to ry  it is «  7 .5  n l 

0 2 • p g  ~ 1 • h ~ 1. T h is  is  c o n s id e r a b ly  lo w e r  th a n  ou r  v a lu e  o f  «  12 n l 0 2 • p g  ~ 1 - h  ~ 1 for  
a d u lts .

T h is  is n o t  th e  o n ly  d iffe re n c e  b e tw e e n  th e se  tw o  p o p u la t io n s  o f  T. d isc ip es. In th e  
L yn h er  e stu a ry  (T e a re  &  P rice , 1 9 7 9 ) th e  sp e c ie s  o c c u r s  a n d  r ep ro d u c es  th ro u g h o u t  

th e  y ea r  w h er ea s  in  th e  D ie v e n g a t  it is  o n ly  p r e se n t  fro m  early  sp r in g  un til early  su m m er. 
T h e  s iz e  o f  th e  a d u lt  a n im a ls  is  a ls o  d iffe re n t. T h e  m o d a l b o d y  v o lu m e  o f  a  w ild  adu lt 

( s e x  n o t  sp ec if ie d  b u t there is  little  se x u a l d im o r p h ism  in  s iz e  in  th is  sp e c ie s )  is ä  8 n l 

(v a lu e  read  fro m  th e  fig u res). In  th e  D ie v e n g a t  p o p u la tio n , th e  m o d a l b o d y  v o lu m e  o f  
an  a d u lt  is 12.5 n l.

T h ere  are se v e ra l r e a so n s  to  su g g e s t  th a t th e se  d ifferen ces  are a t le a s t  in  part 

g e n e tic a lly  d e te rm in e d  and  th a t  th e y  m a y  a r ise  fro m  d ifferen t se le c t io n  p r e ssu re s  in  th e  
r e sp e c tiv e  h a b ita ts  o f  th e  tw o  p o p u la t io n s .  F ir st, resp ira tion  o f  th e  D ie v e n g a t  an im a ls  

fo l lo w s  a  str ik in g ly  d ifferen t p a tte rn . T e a r e  &  P r ice  (1 9 7 9 )  fm d  fo r  th e  r e s p ir a t io n -b o d y  

v o lu m e  re la tio n sh ip  o f  th e ir  la b o r a to ry  p o p u la t io n  a  s lo p e  o f  1 .1 0 , w h ic h  is  sig n ifica n tly  
h ig h er  th a n  th e  s lo p e  o f  0 .8 2  fo r  th e ir  w ild  a n im a ls . A lth o u g h  o u r  a n im a ls  are  b igger th a n  

th e ir  la b o ra to ry  a n im a ls , th e  s lo p e  o f  o u r  r eg r ess io n  is in term ed ia te , 0 .9 2 . T h e  in tercep t  

o f  th e  r e la tio n sh ip  is ,  o n  th e  c o n tr a ry , n o t  s ig n ifica n tly  d ifferen t fo r  T e a r e  &  P r ice ’s  w ild  

a n d  la b o ra to ry  p o p u la t io n s . T h u s , w h e r e a s  th e  resp ira tio n  o f  th e  sm a lle s t  nau p lii is  
a b o u t  th e  sa m e  for  la b o ra to ry  a n d  w ild  a n im a ls  o f  th e  L y n h er  e stu a r y , th e  g ro w in g  

a n im a ls  in  th e  la b o ra to ry  g r a d u a lly  r esp ire  m o r e  a n d  g r o w  b igger  th a n  th e  w ild  a n im a ls . 

T h e  in tercep t fo r  th e  D ie v e n g a t  p o p u la t io n  is  0 .3 4 , m u c h  higher th a n  th e  v a lu e s  o f  -  0 .1  
a n d  -  0 .0 7  fo u n d  b y  T e a re  &  P r ice , a n d  im p lie s  a  2 .5 -fo ld  in c re a se  in  th e  w e ig h t-sp ec ific  

r esp ira tio n . T h e  D ie v e n g a t  p o p u la t io n  w ith  b o th  a  s lo p e  sm aller  th a n  1 (a lth o u g h  th e  

a n im a ls  a re  larger th a n  th e ir  la b o r a to ry  a n im a ls )  a n d  a  m u c h  h igh er  in te rc ep t th u s  
c le a r ly  fa lls  o u ts id e  th e  p a tte rn  o f  p h e n o ty p ic  variab ility  e x h ib ited  b y  th e  L yn h er  

p o p u la tio n .

S e c o n d ly , th a t  p h y s io lo g ic a l r e s p o n s e s  c a n  b e  un d er  se le c t iv e  c o n tr o l h a s  a lread y  
b e e n  d e m o n s tr a te d  b y  V ern b erg  &  M o r e ir a  (1 9 7 4 )  fo r  th e  p la n k to n ic  h a r p a c tico id  

E u terp in a  a cu tifron s. T h e y  d e m o n s tr a te d  d iffe re n c es  in  a c c lim a tio n  p a ttern s  b e tw e en  

t w o  g eo g ra p h ica lly  iso la te d  p o p u la t io n s  o f  th is  sp ec ie s .
I f  d iffe re n c es  in  resp ira tio n  ra te  b e tw e e n  p o p u la tio n s  o f  th e  sa m e  sp e c ie s  c a n  b e  

in d u c e d  b y  n a tu ra l se le c t io n , a  fo r tio r i th e  sa m e  m e ch a n ism  sh o u ld  b e  at w o rk  b e tw e en  
d ifferen t s p e c ie s .  T h e r e  are s o m e  g o o d  in d ic a t io n s  th a t th is is  in d e e d  th e  c a se . L a sserre  

e t a l .  (1 9 7 5 )  m e a su r ed  th e  r e sp ira tio n  r a te s  o f  h a rp a c tico id s  fro m  a  p o ly -m e so h a lin e  
b r a c k ish -w a ter  a rea  n ea r  A r c a c h o n  (F r a n c e ) ,  w h ic h  is sim ilar  to  th e  D ie v e n g a t in  

se v e ra l r e sp e c ts . B o th  the ir  “ sm a ll” a n d  “ la rg e ” c o p e p o d s  h a v e  w e ig h t-sp e c ific  resp ira-
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tion  rates sim ilar  to  t h o s e  fo u n d  by  u s  ( C anu ella  p e rp le x a  is  th e  o n ly  large sp e c ie s  in  our  
stu d y ), a n d  th e se  v a lu e s  are all higher than  th e  resp ira tio n  rates fo u n d  for truely m arin e  
h a r p a c tico id s  (T a b le  I I ) .  (S e lln er , 1976, stu d ied  T hom psonula  h ya en a e  in very artificia l 

c ir cu m sta n ce s .)  F u r th e rm o r e , all m e io b en th ic  c o p e p o d s  h a v e  lo w e r  w e ig h t-sp ec ific  
resp ira tion  ra tes th a n  p la n k to n ic  c o p e p o d s . M a rsh a ll (1 9 7 3 )  c a lc u la te d  an in tersp ec ific  

r esp ira tio n -b o d y  w e ig h t  re la tio n sh ip  for  p la n k to n ic  c o p e p o d s  w h ic h  g ives a  w e ig h t-  

sp ec ific  resp ira tio n  o f  1 1 .5  n l 0 2 • ^ g  " 1 • h " 1 for l - p g d r y  w t a n im a ls . In th is reg ressio n  
sh e  d id  n o t c o rrec t fo r  d ifferen ces in ex p erim en ta l tem p era tu re  a n d  m o st  ex p erim en ts  
w ere  perform ed  a t » 1 0 °  C . Iv lev a  (1 9 8 0 )  a lso  g iv e s  an  in tersp ec ific  r e sp ir a tio n -d r y  

w eigh t r e la tio n sh ip  fo r  m a r in e  c a la n o id  c o p e p o d s  b u t o n ly  ta k e s  in to  a c co u n t ex p eri­

m e n ts  m a d e  at 2 0 ° C . F rom  th is reg ressio n  a w e ig h t-sp ec ific  resp ira tion  o f  30  nl 

0 2 ■ p g  ~ 1 • h -  1 is  c a lc u la te d  for \ - p g  dry w t a n im a ls . T h e  e ffec t o f  tem p erature  a c c o u n ts  
for m uch  o f  th e  d if fe r e n c e  b e tw een  the tw o  v a lu es.

W e h a v e  c o m p a r e d  th e  resp ira tion  ra tes o f  tw o  p o p u la tio n s  o f  th e  sa m e  sp e c ie s  

T ach idius d isc ip es, o f  la rg e  a n d  sm all b en th ic  c o p e p o d s  fro m  tw o  sim ila r  b ra ck ish -w a ter  
area s , o f  b r a c k ish -w a ter  a n d  m arin e  b en th ic  c o p e p o d s , a n d  o f  b en th ic  and p la n k to n ic  

c o p e p o d s . F ro m  th e s e  c o m p a r iso n s  w e  d er iv e  th e  fo llo w in g  g en era l sch em e. W h en  w e  
co m p a r e  “ sm a ll” a n d  “ large” c o p e p o d s , it is  str ik in g  th a t there is  a lo w er  resp ira tion  
p er un it b o d y  w e ig h t fo r  th e  larger sp e c ie s . T h is  lo w e r  resp ira tio n  o f  (in  ou r  c a s e )  

C anu ella  p e rp le x a  c a n n o t  so le ly  b e  ex p la in ed  by  th e  a llom etry  o f  th e  r e sp ir a t io n -b o d y  

w eig h t r e la tio n sh ip , a s  th e  in tercep t (th e  m e ta b o lic  in te n s ity ) o f  th is  sp e c ie s  is o n ly  a b o u t  
h a lf  th e  in tercep t for  t h e  o th er  sp ec ie s . L ik e w ise , th e  ex p la n a tio n  o f  th e  lo w er  v a lu e s  

fo u n d  by L a sserre  e t  a l. (1 9 7 5 )  by  a llo m etry  a lo n e  w o u ld  im p ly  a  very  lo w  v a lu e  

{b  =  0 .4 9 )  fo r  th e  e x p o n e n t  in E q u ation  (1 ) .  A  lo w  in tercep t (0 .2 5 )  w a s  a lso  fo u n d  for  
th e  o s tr a c o d  C y p r id e is  to rosa  (ad u lt dry w t w ith o u t sh e lls  s s 2 0 /x g )  in the D ie v en g a t  

(H er m a n  &  H e ip , 1 9 8 2 ) .  B o th  C. to rosa  a n d  C anu ella  p e rp le x a  h a v e  lo n g  g en era tio n  

t im es in th e  D ie v e n g a t  (1  yr, a n d  6  m o n th s , r e sp e c tiv e ly ). S in c e  th e  ratio  o f  b o d y  m a ss  
to  g en era tio n  t im e  i s  m u c h  lo w er  in th e se  sp e c ie s  th a n  in  th e  fa ster  b reed in g  sm a ller  
c o p e p o d s , the ir  g r o w th  rate  is a lso  low er. A  rela tiv e ly  lo w e r  resp ira tio n  rate h a s  a  d irec t  

a n d  im p o rta n t e ffe c t  o n  p ro d u ctio n  e ffic ien cy . W ith  a  rela tive ly  lo w  g row th  rate  th e  
a b so lu te  a m o u n t o f  a ss im ila te d  fo o d  tu rn ed  in to  p ro d u ctio n  p er u n it tim e is rela tive ly  

lo w . A t le a s t  in  C y p r id e is  to ro sa , w h ere  it  h a s  b een  ex p lic itly  m ea su red  (H erm a n  e t a l.,  
in  p r e ss ) , th e  p r o d u c t io n  e ffic ien cy  rem ain s rela tive ly  h ig h  (0 .3 7 ) ,  a n d  th is  is d u e  to  th e  

lo w  resp ira tio n  ra te . T h is  resu lts , therefore, in  th e  sa m e  a m o u n t o f  fo o d  b e in g  a b le  to  
su sta in  a  h igh er b io m a s s  w h ile  th e  p o p u la tio n  p ro d u ctio n  e ffic ien cy  rem a in s co m p a r a b le  

w ith  th a t o f  p o p u la t io n s  w ith  a  higher resp ira tio n  rate. T h is  c o n se r v a tio n  o f  en erg y  m a y  

b e  e sse n tia l fo r  th e  d o m in a n t  p o s it io n  that C yp rid eis to rosa  o c c u p ie s  in  th e  h a b ita t. T h e  
sa m e  a rgu m en t m a y  b e  v a lid  for  C anuella p e rp lex a ,  w h ic h  is  a k ey  sp e c ie s  in  c o m p e tit iv e  
situ a tio n s , a n d  w h o s e  d y n a m ic s  are relatively  u n a ffec ted  by  th e  p r e se n c e  o f  o th er  sp e c ie s  

(H erm a n  &  H e ip , in  p r e ss ) .
P o p u la tio n s  su ch  a s  C yp rid e is  torosa  a n d  C anuella  p e rp le x a  w ith  their lo n g  gen era tio n  

t im es are u n a b le  to  tr a c k  sh ort-term  flu c tu a tio n s in th e  e n v iro n m en t. T h u s, o n ly  w h en
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r eso u r ce s  are r e la tiv e ly  s ta b le , w ill th e  lo n g  g e n e ra tio n  tim e a n d  lo w  resp iration  rate o f  
th e se  p o p u la tio n s  b e  a n  a d v a n ta g e  in  c o m p e tit iv e  s itu a tio n s . T h e  co m p a r iso n  o f  th e  tw o  

T ach idius d isc ip es  p o p u la t io n s  re in fo rces  th is  p o in t. T h e  D ie v en g a t p o p u la tio n  liv es in 

an  e co lo g ica l v a c u u m , d e v e lo p s  very  q u ick ly  in  early  sp rin g  a n d  d isa p p ea rs in  early  
su m m er , n o t b e c a u se  th e  h a b ita t  b e c o m e s  u n su ita b le , as th e  n u m b er o f  eg g s p ro d u ced  

per fem a le  r em a in s  h ig h , b u t  b e c a u se  o f  in te n se  p red a tio n  (H e ip , 1 9 8 0 ). In su ch  a 

situ a tio n  a r e la tiv e ly  h ig h  re sp ira tio n  rate  is  a d v a n ta g e o u s , a s  c o m p e tit io n  from  o th er  
sp e c ie s  is a lm o s t  a b se n t . T h e  L y n h er  estu a ry  p o p u la tio n  is  p resen t and  d o m in a n t during  

th e  w h o le  y ea r  a n d  is ,  th e r e fo r e , su b je c te d  to  a  to ta lly  d ifferen t se t  o f  en v iro n m en ta l 

fa c to rs.
In gen era l, in  b r a c k ish -w a te r  a rea s w h ere  th e  sp e c ie s  n u m b er is  lo w  and prod u ctiv ity  

is h igh , w e  fin d  h igh er  re sp ira tio n  ra tes th a n  in  m a r in e  h a b ita ts . R esp ira tio n  rates are  

lo w e r  in b en th ic  sy s te m s  w h e r e  th e  ch a ra cter istic  t im e  sc a le s  o f  en v iro n m en ta l ch a n g es  
are lo n g er  th a n  in p la n k to n ic  sy s te m s , a n d  w h ere  stab ility  and  the in ten sity  o f  

c o m p e titiv e  in te ra c tio n s  a re  greater.
A ll th e se  o b s e r v a t io n s  in d ic a te  th a t th e  resp ira tio n  rate o f  a  p o p u la tio n  in a particu lar  

h a b ita t is su b je c te d  to  s e le c t iv e  p ressu re  a n d  fo r m s part o f  a  p o p u la tio n ’s a d a p ta tio n  

to  th a t p articu lar h a b ita t.

A c k n o w l e d g e m e n t s

B o th  a u th o rs a c k n o w le d g e  a  g ra n t from  th e  B e lg ia n  N a tio n a l F u n d  for S c ien tific  

R e se a rc h . P art o f  th is  r e se a r c h  w a s  fu n d ed  b y  G ra n t F .K .F .O . 2 .0 0 1 0 .7 8  “ P rod u ctiv ity  
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ABSTRACT S e v e n  y ears (1 9 7 0 -1 9 7 6 )  o f  d e n s ity  d a ta  o n  th ree  h a r p a c t ic o id  c o p e p o d s  w e r e  a n a ly se d
b y  M a x im u m  E n tr o p y  S p e c tr a l  A n a ly s is . T h e  sp e c tr a  a r e  v e r y  d iffe re n t, in d ic a t in g  
p o p u la t io n  r e g u la t io n  is  a l s o  d if fe r e n t  T a c h id iu s  d is c ip e s  is  r e g u la te d  b y  e x ter n a l s e a ­
s o n a l  factors, m a in ly  th e  a n n u a l  l ig h t  c y c le , a n d  h a s  a  v e r y  s im p le  sp e c tr u m . C a n u ella  
p e r p le x a  h a s  m u c h  lo n g e r  c y c le s  in  its  sp e c tr u m  a n d  c a n  b e  tr e a te d  a s  a  s in g le  sp e c ie s  
p r o b le m  w ith  lo g is t ic  d y n a m ic s .  P a ro n y c h o c a m p tu s  n a n u s  h a s  a ls o  a  c o m p le x  sp e c tr u m  
th a t  c a n  p a r tly  b e  e x p la in e d  b y  c o m p e t it iv e  in te ra c tio n s .

O c e a n o l. A c ta ,  1 9 8 3 . P r o c e e d in g s  17th  E u r o p e a n  M a r in e  B io lo g y  S y m p s iu m , B rest,  
F r a n c e , 27 S e p te m b e r -1  O c to b e r , 1982, 109-112 .

RÉSU M É Dynam ique à long term e de populations m éiobenthiques

S e p t  a n n é e s  (1 9 7 0 -1 9 7 6 )  d e  d o n n é e s  su r  le s  d e n s ité s  d e  t r o is  c o p é d o d e s  h a r p a c t ic o id e s  
o n t  é té  a n a ly sé e s  p a r  la  «  M a x im u m  E n tr o p y  S p ec tra l A n a ly s is  ». L e s  sp e c tr e s  s o n t  tr è s  
d ifféren ts, m o n tr a n t  q u e  la  r é g u la t io n  d e s  p o p u la t io n s  e s t  a u s s i d ifféren te . T a c h id iu s  
d is c ip e s  e s t  r é g u lé  p a r  d e s  fa c te u r s  e x te r n e s  e t  sa iso n n ie rs , su r to u t  p a r  le  c y c le  a n n u e l  
d e  la  lu m ièr e  ; c e t t e  e s p è c e  a  u n  sp ec tre  tr è s  s im p le . C a n u e lla  p e r p le x a  a  d e s  c y c le s  b e a u ­
c o u p  p lu s  lo n g s  d a n s  s o n  s p e c tr e , et p eu t ê tr e  tra itée  c o m m e  u n e  e s p è c e  is o lé e  a v e c  u n e  
d y n a m iq u e  lo g is t iq u e . P a ro n y c h o c a m p tu s  n an u s  a  a u s s i u n  sp e c tr e  c o m p liq u é  q u i p e u t  
ê tr e  p a r t ie lle m e n t  e x p l iq u é  p a r  d e s  in te r a c tio n s  c o m p é tit iv e s .

O c ea n o l. A c ta ,  1 9 8 3 . A c te s  17 e S y m p o s iu m  E u r o p é e n  d e  B io lo g ie  M a r in e , B rest, 27  se p -  
t e m b r e - ler o c t o b r e  1 9 8 2 , 1 0 9 -1 1 2 .

I N T R O D U C T I O N

T h e  stu d y  o f  lo n g -te r m  e c o lo g ic a l  t im e  se r ie s  is  a  t o p ic  
o f  g r e a t  p r a c tic a l a n d  th e o r e t ic a l  in te r e s t  In  th e  f ie ld  o f  
p o p u la t io n  b io lo g y ,  th e o r e t ic a l  m o d e ls  h a v e  s h o w n  th a t  
p o p u la t io n s  c a n  e x h ib it  v e r y  d ifferen t ty p e s  o f  b e h a v io u r  
in  tim e, r a n g in g  fr o m  e x tr e m e  s ta b ility  t o  a p p a r e n t ly  
r a n d o m  b e h a v io u r  (M a y , O ste r , 1976). In  t h e  f ie ld  o f  
sy s te m s  th e o r y , t h e  th e r m o d y n a m ic s  o f  n o n - l in e a r  o p e n  
sy s te m s  far fr o m  e q u il ib r iu m  su g g e s t  th a t  e c o s y s te m s ,  
th a t  c a n  b e  c o n s id e r e d  a s  ty p ic a l  d is s ip a t iv e  s tr u c tu r e s ,  
s h o u ld  b e  c h a r a c te r ise d  b y  p e r io d ic  b e h a v io u r  in  t im e  
a n d  sp a ce  (P la tt , D e n m a n , 1975). F ro m  a  p r a c t ic a l  p o in t  
o f  v iew , in  t h e  a b s e n c e  o f  k n o w le d g e  o n  th e  d y n a m ic s  
o f  a  sy stem  p r e d ic t io n  is o n ly  p o s s ib le  w h e n  it is b a se d  
o n  lo n g  e n o u g h  t im e  se r ie s  ( P o o le ,  1978).

T h e  lin k  b e tw e e n  th e o r e t ic a l  e c o lo g y  a n d  th e  a c tu a l  
s itu a t io n  in  th e  f ie ld  is  n o t  v e r y  clear. W h a t  is  c lea r , 
h o w ev e r , is th a t  c y c l ic ity  is a n  im p o r ta n t c o m p o n e n t

o f  th e  b e h a v io u r  o f  rea l p o p u la t io n s  a n d  c o m m u n it ie s  
a n d  th a t  e c o lo g ic a l  v a r ia b le s  s h o u ld  b e  a n a ly se d  fo r  it. 
A n  o b v io u s  to o l  in  th is  s tu d y  is  sp e c tr a l  a n a ly sis . T h is  
m e th o d  d e te r m in e s  h o w  m u c h  o f  th e  o b s e r v e d  v a r ia ­
b ility  o f  a  t im e  ser ie s  c a n  b e  e x p la in e d  b y  c y c lic a l  
c o m p o n e n ts  o f  v a r y in g  fr eq u e n c y . Id e a lly , t h e  im p o r ta n t  
c y c lic it ie s  th u s  r e so lv e d  s h o u ld  b e  r e la te d  t o  h y p o th e s e s  
g e n e ra te d  in  th e o r e tic a l m o d e ls  o r  t o  o b s e r v e d  e x te r n a l  
o sc illa to r s .

In  th e  p r e se n t  s tu d y  a  r e la t iv e ly  s im p le  c o m m u n ity  o f  
m e io b e n th ic  c o p e p o d s  w a s  m o n it o r e d  a t  fo r tn ig h ly  
in te rv a ls  o v e r  a  se v e n  y e a r  p e r io d  (1 9 7 0 -1 9 7 6 ) . T h e  
s tu d y  a rea  is a  b r a c k ish  w a te r  p o n d  in  n o r th e r n  B e lg iu m ,  
c a lle d  “  D ie v e n g a t  ” . I t is  a  s h a llo w  (1 0 -2 0  c m  d e p th )  
h a b ita t  w ith  p r o n o u n c e d  s e a s o n a l  f lu c tu a tio n s . S u p e r ­
im p o se d  o n  th ese , se v e ra l p h y s ic o -c h e m ic a l  p a r a m e te r s  
su c h  a s  o x y g e n  c o n c e n tr a t io n , p H  a n d  n u tr ie n t  c o n c e n ­
tr a tio n s  s h o w  im p o r ta n t lo n g - te r m  f lu c tu a t io n s  ( H e r ­
m a n , H eip , in prep.).
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T h ree  c o p e p o d  p o p u la t io n s  a re  d is c u s se d  here. T a c h i­
d iu s  d isc ip e s  G ie sb r e c h t 1 8 8 2  is a  m e d iu m  s iz e  h a r p a c t i­
c o id  liv in g  e p ib e n th ic a lly , a n d  fe e d in g  o n  d ia to m s  a n d  
o th e r  a lgae. C a n u ella  p e r p le x a  S c o tt  189 3  is a  r e la t iv e ly  
large  a n im a l, th e  a d u lts  m e a su r in g  w e ll o v e r  1 m m  
in  length . I t  liv e s  b u r ie d  in  th e  s e d im e n t , w h ic h  is a 
m ix tu re  o f  fin e  sa n d  a n d  d e tr itu s , o n  w h ic h  th is  sp e c ie s  
feed s. P a ro n y c h o c a m p tu s  nan us  (Sars, 1 9 8 0 ) is  th e  
sm a lle s t  sp ec ies . It is a ls o  a  d e tr itu s  feeder.

M A T E R IA L  A N D  M E T H O D S

S a m p le s  w ere  ta k en  w ith  a  6 .0 6  c m 2 g la s s  c o r e  to  a  d e p th  
o f  5 cm . E lu tr ia t io n  te c h n iq u e s  a re  d e sc r ib e d  b y  H e ip  
e t  al. (1974). T h e  sp e c tr a l a n a ly s is  w a s  p e r fo r m e d  o n  
d etren d ed  ln -tr a n sfo r m ed  d a ta  w ith  th e  r e c e n t ly  d e v e ­
lo p e d  “ M a x im u m  E n tr o p y  S p ec tr a l A n a ly s is  ”  (M E S A )  
m e th o d  (K ir k  e t a l., 1 9 7 9 ;  R u st, K irk , 1 9 7 7  a n d  refe­
ren ces therein ). T h is  m e th o d  h a s  th e  a d v a n ta g e  th a t  
c o m p o n e n ts  w ith  a  p e r io d  a b o u t  e q u a l t o  th e  le n g th  
o f  th e  tim e se r ie s  c a n  b e  re so lv e d . T h e  g r e a te r  a c c u r a c y  
in  th e  lo w  freq u en cy  r a n g e  is m a in ly  d u e  to  th e  fa c t  
th a t  M E S A  m in im iz e s  th e  a s s u m p tio n s  a b o u t  th e  
u n a v a ila b le  d a ta  {i.e. th e  d a ta  o f  th e  s ta t io n a r y  t im e  
ser ie s  before  a n d  a fter  th e  p e r io d  th a t  o b s e r v a t io n s  w e r e  
m ade). M a th e m a tic a lly  th e  m e th o d  is d e r iv e d  b y  im p o ­
s in g  th e  c o n d it io n  th a t  th e  m o s t  r a n d o m  sp e c tr u m  {i.e. 
w ith  h ig h est e n tr o p y  in  th e  in fo r m a t io n  th e o r e t ic a l  
sen se) m u st b e  fo u n d  w h ic h  is c o n s is t e n t  w ith  th e  a u t o ­
c o rr e la t io n  d a ta  o f  th e  t im e  se r ie s  s tu d ied .

T h e  tim e ser ie s  c o n s is t  o f  1 8 4  d a ta  p o in ts  sp a c e d  14  d a y s  
a p a r t  F it t in g  o f  c y c le s  t o  th e  d a ta  w a s  p e r fo r m e d  w ith  
a  m u ltip le  lin ea r  r e g r e s s io n  p r o g r a m  a c c o r d in g  to  
B u lm er  (1974).

R E S U L T S
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F ig u r e  1

D e n s it i e s  (n u m b e r  p e r  6 .0 6  c m 2 s a m p le )  o f  th e  th r e e  c o p e p o d  s p e c ie s  
in  th e  s e v e n -y e a r  p e r io d  ¡ 9 7 0 -1 9 7 6 .

T h e  three tim e  ser ie s  a re  s h o w n  in  F ig u r e  1. In T . d is c ip e s  
th ere  is o n ly  o n e  p e a k  in  s p r in g  in  e a c h  y e a r , e x c e p t  in  th e  
v ery  dry su m m er  o f  1 9 7 6  w h e n  a  s e c o n d  p e a k  is  p r e s e n t  
T h e  a n a ly sis  o f  3 -d a y  in te r v a l sa m p le s  o f  th e  1 9 7 9  p e a k  
sh o w e d  th a t it is c o m p o s e d  o f  th ree  o v e r la p p in g  g e n e ­
ra tio n s, co n tra ry  to  th e  o p in io n  o f  H e ip  (1 9 8 0 )  w h o  
th o u g h t  o n ly  o n e  g e n e r a t io n  p r e se n t e a c h  yea r .

In  con tra st, C. p e r p le x a  is  c o n s ta n t ly  p r e se n t  in  th e  
h a b ita t, b u t  it  is  d iff icu lt  t o  r ev e a l a  p a tte r n  in  i t s  a b u n ­
d a n ce . T h e  p e r c e n ta g e  o f  o v ig e r o u s  fe m a le s  in  th e  a d u lt  
p o p u la t io n  s h o w s  th a t  in  m o s t  y e a rs  t w o  r e p r o d u c t io n  
p e a k s  occu r. C u ltu r e  e x p e r im e n ts  c o n f ir m a !  th a t  th is  
sp ec ie s  m o s t  p r o b a b ly  h a s  tw o  g e n e r a t io n s  a n n u a lly .

P . nanus  a s  w e ll  is  p r e se n t  t h r o u g h o u t  th e  y ea r . R e p r o ­
d u c t io n  o c c u r s  fro m  e a r ly  sp r in g  t i ll  O c to b e r -N o v e m b e r .  
T h e  a n a ly sis  o f  f iv e -d a y  in te r v a l sa m p le s , c o m b in e d  w ith  
la b o r a to ry  e x p e r im e n ts  (S m o l, H e ip , 1 9 7 4 )  s h o w e d  th e  
e x is te n c e  o f  a b o u t  e ig h t  g e n e r a t io n s  e a c h  y e a r , a g a in  
m u c h  m o r e  th a n  h a d  b e e n  e s t im a te d  e a r lie r  (H e ip ,  
1980).

F ig u re  2  sh o w s  th e  sp e c tr a  o f  th e  th r e e  t im e  ser ie s . I t  is  
c le a r  that, e v e n  in  c lo s e ly  r e la te d  sp e c ie s , a  w id e  v a r ie ty  
o f  tim e d e p e n d e n t b e h a v io u r  c a n  b e  o b s e r v e d . In  th e  
sp ectru m  o f  T . d is c ip e s  (F ig . 2 a )  th ere  is  o n ly  o n e  p r o ­

m in e n t  p e a k  c o r r e s p o n d in g  t o  a  p e r io d  o f  o n e  year. 
T h e  m in o r  p e a k s o c c u r in g  b e s id e s  th e  o n e  y e a r  p e a k  
a r e  h a r m o n ic s  o f  th is  o n e , s h o w in g  th a t  a l t h o u g h  th e  
im p o r ta n t  c y c lic ity  is y e a r ly  th e  p r o c e s s  is  n o t  a  p u re  
s in e  w ave .

T h e  sp ec tru m  o f  C. p e r p le x a  (F ig . 2 b )  is d o m in a t e d  b y  a  
p e a k  c o r r e sp o n d in g  to  a  p e r io d  o f  3 .5  y ea rs . N e x t  in  
im p o r ta n c e  are  p e a k s  o f  1 year, 1.3 y e a r  a n d  0 .5  year. 
T h e  sp ec tru m  o f  P . n a n u s  (F ig . 2  c )  is  d o m in a t e d  b y  a 
p e a k  o n  1 .5-2 .0  years. T h is  is  fo l lo w e d  b y  p e a k s  o n
4 .6  y ea rs , 1 year, 0 .5  y e a r  a n d  0 .3  y e a r , t h e  la t te r  tw o  
b e in g  h a r m o n ic s  o f  th e  1 y e a r  p er io d .

T h e  a u to c o r r e la t io n  fu n c tio n s  o f  th e s e  t im e  se r ie s  sh o w  
th a t  in  T . d isc ip e s  th ere  is  o n ly  a  sh o r t  s e r ia l c o r r e la t io n  
(1  t o  2  m o n th s) w h er ea s  in  C. p e r p le x a  a n d  P . n a n u s  
c o n s e c u t iv e  d e n s it ie s  rem a in  p o s it iv e ly  c o r r e la te d  o v e r  
a  p e r io d  o f  a b o u t  h a lf  a  year.

D I S C U S S I O N

T h e  a p p ea r a n c e  o f  T a c h id iu s  d is c ip e s  in  th e  c o m m u n ity  
in  e a r ly  sp rin g  is m o s t  p r o b a b ly  d e te r m in e d  b y  th e  
a v a ila b ility  o f  fo o d  a lg a e  a n d  th u s  u lt im a te ly  b y  ligh t.
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Figure 2
M E S A  s p e c t r a  o f  th e  In - tr a n s -  

J o r m e d  a n d  d e t r e n d e d  s e r ie s  o f  
th e  d e n s i t ie s  o f  th r e e  c o p e p o d  
s p e c ie s . T h e  r e la t iv e  im p o r ­
ta n c e  o f  th e  p e a k s  is  p r o p o r ­
t io n a l  to  th e  s u r fa c e  u n d e r  th e  
p e a k .  T h e  o r d in a te  is  d im e n ­
s io n le s s .  th e  a b s c is s a  h a s  u n i t s  
¡4  d a y s  '  *.
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I t s  d isa p p e a ra n ce  in J u ly  is c a u s e d  b y  a n  in c r e a s in g  
p r e d a tio n , m a in ly  from  th e  p o ly p  P r o to h y d r a  le u c k a r ti  
(H e ip , S m o l, 1975). C u ltu re  e x p e r im e n ts  s h o w e d  th a t  its  
in tr in s ic  ra te  o f  in crea se  r e m a in s  h ig h  a t th e  te m p e r a tu r e s  
e x p e r ie n c e d  by  th e  p o p u la t io n  a t  th a t  t im e  (S m o l,  
H e ip , 1974). F u rth erm o re , th e  a n im a ls  a r e  w e ll  fed  a n d  
h a v e  h ig h  rep ro d u ctio n  u n t il  th e y  d isa p p e a r . T h is  
p o p u la t io n  is th u s reg u la ted  b y  e x te r n a l fa c to r s  w h ic h  
a r e  se a so n a l. In  th e  very  d ry  su m m e r  o f  1 9 7 6  p a rt o f  th e  
se d im e n t in  th e  p o n d  dried , a n d  th e  d e n s ity  o f  T . d is c ip e s  
ra p id ly  in crea sed  aga in  in th e  r e c o v e r in g  c o m m u n ity .  
It w a s fo l lo w e d  b y  a  p ea k  in  P r o to h y d r a  d e n s ity , a s  is  
n o r m a lly  o b ser v e d  in  sp ring .

In  v iew  o f  th is, th e  sh o rt se r ia l c o r r e la t io n  a n d  th e  d o m i­
n a n c e  o f  th e  y early  p e r io d  in  th e  sp e c tr u m  c a n  b e  
u n d e r s to o d  a s  th e  resu lt o f  a  s h o r t  g e n e r a t io n  t im e  a n d  
se a so n a l r eg u la tin g  fac tors. T h e  im p o r ta n t  lo n g -te r m  
f lu c tu a t io n s  in  p h y s ic o -c h e m ic a l  p a r a m e te r s  o f  th e  
e n v ir o n m e n t  a r e  n o t  tra ck ed  b y  th is  sp e c ie s . I t s  s tr a te g y  
o f  fast r e p r o d u c tio n  u n til i t  is  b a r r ed  b y  p r e d a t io n  
a p p a r e n tly  m a k e s  it  r e la t iv e ly  in s e n s it iv e  t o  th e  o v e r a ll  
s ta te  o f  th e  e n v ir o n m e n t  A lt h o u g h  c o n s id e r a b le  v a r ia ­
t io n  in  th e  h e ig h t  o f  th e  p e a k s  e x is t s  fr o m  y e a r  t o  y ea r , 
th e s e  d ifferen ces  a re  n o n -c y c lic a l  a n d  p r o b a b ly  d e p e n d  
o n  th e  d e n s ity  o f  th e  p o p u la t io n  r e a c h e d  b e fo r e  s e r io u s  
p r e d a t io n  starts.

F o r  C a n u ella  p e r p le x a  w e  f ir s t n o t e  th a t  i t s  g e n e r a t io n  
t im e  is a b o u t  h a lf  a  year. T h is  im p lie s  b y  i t s e l f  a  lo n g e r  
se r ia l c o rr e la t io n , sin ce  th e  p o p u la t io n  h a s  a  lo n g e r  
m e m o r y  o f  p r e v io u s  sta tes. T h e  d o m in a n c e  o f  lo n g e r  
p e r io d ic it ie s  in  th e  sp ec tru m  c a n  b e  r e la te d  t o  d e n s ity -  
d e p e n d e n t  reg u la tio n . T h e r e  a r e  in d ic a t io n s  th a t  th is  
in d ee d  ex is ts . T h e  p ercen ta g e  o f  o v ig e r o u s  fe m a le s  in  th e

a d u lt  p o p u la t io n  d e c r e a se s  w ith  in c r e a s in g  p o p u la t io n  
d e n s ity . F ig u r e  3 s h o w s  th e  p lo t  o f  t h e  lo g a r ith m ic  r a te  
o f  in c re a se  a g a in s t  th e  lo g  o f  d e n s ity . T h is  p lo t  w a s  c a l ­
c u la te d  fr o m  th e  d e n s ity  c u r v e  a f te r  a p p l ic a t io n  o f
0 .5  y ea r  m o v in g  a v e r a g e  (0 .5  y e a r  b e in g  th e  e s t im a te d  
g e n e r a tio n  t im e  o f  th is  sp ec ies ) . T h e  l o g  r a te  o f  in c r e a se  
is  g iv en  b y  R  =  lo g  ( N t+ 0  S/N , ) .  T h e  l in e s  in  th is  p lo t  
are  th e  t im e  tr a je c to ry  o f  th e  sy s te m .

In  m o d e ls  o f  lo g is t ic  s in g le  s p e c ie s  s y s t e m s  th e  s lo p e  
o f  th e  r eg r ess io n  l in e  b e tw e e n  R  a n d  N  c a n  b e  r e la te d  
to  th e  in te n s ity  o f  d e n s ity  d e p e n d e n t  r e g u la t io n  m e c h a ­
n ism s, w h e r e a s  th e  in te r c e p t  w ith  t h e  y - a x is  (y  =  0 )  
re la tes  to  th e  ca rr y in g  c a p a c ity  (R o y a m a , 1 9 7 7  ; H a s s e l l  
e t a l., 1976). It c a n  b e  se e n  fr o m  F ig u r e  3 th a t  w h e r e a s  
th e  in te r c e p ts  differ, th e  s lo p e s  o f  t h e  R - N  l in e s  a re  
ra th er  c o n s t a n t  U s in g  v a lu e s  o f  th e  p a r a m e te r s  e s t im a ­
te d  fro m  th is  figure, o n e  c a n  c a lc u la te  t h a t  a fter  p e r tu r ­
b a t io n  t h e  p o p u la t io n  o f  C a n u e lla  p e r p l e x a  w ill  r e tu rn  
to  e q u ilib r iu m  in  a  se r ie s  o f  s lo w ly  d a m p e d  o s c i lla t io n s .  
S u ch  a  p o p u la t io n  is l ik e ly  t o  tr a ck  c y c l ic a l  e n v ir o n ­
m e n ta l f lu c tu a t io n s  a n d  to  sta r t o s c i l la t in g  in  r e s o n a n c e  
to  th e m  (N isb e t , G u r n e y , 1982).

A  r e m a r k a b le  c o r r e la t io n  in  th is  r e s p e c t  e x is t s  b e tw e e n  
th e  lo n g -te r m  b e h a v io u r  o f  th e  C a n u e lla  p e r p le x a  
p o p u la t io n  a n d  th e  c o n c e n tr a t io n  o f  a m m o n iu m  in  th e  
h a b ita t  T h e  sp ec tru m  o f  th is  p a r a m e te r  is  a ls o  d o m i ­
n a te d  by  a  3.5 y ea r  p e r io d ic ity . W h e n  f it te d  t o  th e  d a ta ,  
th e  3.5 y e a r  c y c le s  o f  C. p e r p le x a  a n d  a m m o n iu m  are  
a lm o s t  e x a c t ly  in p h a se . A s  th e  c o n c e n t r a t io n  o f  a m m o ­
n iu m  c a n  b e  a n  in d ic a to r  o f  th e  d e c o m p o s i t io n  r a te  it 
m a y  b e  a n  in d ic a to r  o f  th e  c a r r y in g  c a p a c ity  o f  th e  
e n v ir o n m e n t  for C . p e rp le x a .

C a n u e l l a  p e r p l e x a

I n  N  ( t  +  1 ) / N  ( t )

2 . 5

1 . 5

0 .5

-0 . 5

1 .5
0 2 3 41

In N (t)
F ig u r e  3

C a n u e l la  p e r p le x a  : lo g a r i th m ic  r a te  o f  in c r e a s e  p l o t t e d  a g a in s t  d e n s i t y  
( see  t e x t  f o r  d e ta i l s ) .  L in e s  c o n n e c t  c o n s e c u t iv e  p o i n t s  in  t im e .
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A  m o r e  c o m p le x  p r o b le m  is p o s e d  b y  th e  sp e c tr u m  o f  
P a ro n y c h o c a m p tu s  nanus-.. T h e  lo n g  se r ia l c o r r e la t io n  
in  th is  t im e  ser ie s  c a n n o t  b e  e x p la in e d  b y  a  lo n g  g e n e ­
r a t io n  tim e , a n d  n e ith e r  c o u ld  w e  d e m o n s tr a te  d e n s ity  
d e p e n d e n c e  in  th is  p o p u la t io n . I t  h a s b een  s h o w n  in  
m o d e l sy s te m s  th a t  lo n g  ser ia l c o r r e la t io n s  c a n  b e  p r o ­
d u c e d  b y  c o u p lin g  o f  sev era l sp e c ie s  in  c o m p e t it iv e  
in te r a c t io n s  (R o y a m a , 1977). T h ere  is e v id e n c e  th a t  su c h  
in te r a c t io n s  d o  in d ee d  e x is t .T h e  tim e  ser ie s  o f  th e  to ta l  
n u m b e r  o f  sp e c ie s  h a s a  sp ec tru m  th a t is, m o s t  r e m a r k a ­
b ly , d o m in a te d  by  p e a k s  o f  3 .5  a n d  4 .6  years. N o t  o n ly  
d o  th e se  p e r io d s  c o r r e s p o n d  to  th o s e  fo u n d  in  C . p e r ­
p l e x a  a n d  P . n a n u s  b u t  th e  p h a se s  fit a s  w e ll  (F ig .  4). 
T h is  m e a n s  th a t w h e n  c o n d it io n s  are  b a d  for  C . p e r p le x a  
a n d  P . n a n u s  th e y  are  e v e n  w o r se  for  o th e r  s p e c ie s  a n d  
m a y  c a u se  th e ir  d isa p p e a r a n c e  fro m  th e  h a b i t a t  W e  
th in k  th a t  C. p e r p le x a  c a n  n e v e rth e less  b e  tr e a te d  a s  a  
s in g le  sp e c ie s  p r o b le m  b e c a u se  o f  its  g rea ter  s ize , w h ic h  
m a k e s  it a  su p e r io r  c o m p e t ito r  (a  k e y -sp e c ie s ) .

F o r  P a ro n y c h o c a m p tu s  n a n u s  b o t h  th e  lo n g  se r ia l co rre ­
la t io n  a n d  t h e  1.5 a n d  2 .0  y e a r s  o s c i l la t io n s  c a n  b e  
in te rp re ted  a s  r e s u lt in g  fr o m  c o m p e t it iv e  c o u p lin g .  
H o w e v e r , w e  d o  n o t  b e l ie v e  th is  to  b e  tr u e  for th e
4 .6  y e a rs  p e r io d ic ity , w h ic h  m a y  b e  th e  resu lt  o f  tra ck in g  
o f  a  v a r y in g  p a r a m e te r  in  th e  s y s te m  w h ic h  w e  h a v e  n o t  
b e e n  a b le  to  id en tify .

T h e  r esu lts  o f  th is  s tu d y  s h o w  th a t  lo n g -te r m  c y c le s  or  
q u a s i-c y c le s  a re  im p o r ta n t  in  th e s e  sh o r t- l iv in g  sp ec ies  
a n d  th a t  sp ec tra l a n a ly s is  m a y  b e  a  u se fu l t o o l  in  u n ra ­
v e lin g  te m p o r a l p a ttern s . E x p la n a t io n  o f  th e se  p a ttern s  
rem a in s  d iff icu lt  : b o th  th e  c h a r a c te r is t ic  d y n a m ic s  a n d  
in te r a c t io n  p a tte r n s  o f  e a c h  s p e c ie s  d e te r m in e  its a p p a ­
r e n tly  v a r ia b le  d e g r e e  o f  d ir e c t  d e p e n d e n c e  o n  th e  
p h y s ic a l e n v ir o n m e n t.

F ig u r e  4

T im e  s e r ie s  w ith  lo n g  p e r io d  c y c le s  f i t t e d  : 
a )  P . n a n u s  w ith  c y c le  4 .6  y r .  ; b )  C . p e r ­
p le x a  w ith  c y c le  3 .5  y r .  ;  c )  n u m b e r  o f  
s p e c ie s  w i th  c y c le  4 .6  y r .  ;  d )  n u m b e r  o f  
sp ec ies , ( r e s id u a ls  a f t e r  e x tr a c t io n  o f  th e  
4 .6  y r .  c y c le )  w a th  c y c le  3 . 5 y r .
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C A L C U L A T I O N  O F  T H E  I N T R I N S I C  R A T E  O F  N A T U R A L  

I N C R E A S E ,  r m , W I T H  R H A B D I T I S  M A R I N A  B A S T I A N  1 8 6 5
( N E M A T O D A )

BY

C  V  R A N  K E N  a n d  C  H E I  F 

I n s i i t u u i  v o o r  D i e r k u n d e ,  R i j k s u n i v e r s i t e i t  G e n t ,  L e d e g a n c k s l r a a t  3 5 ,  B - 9 0 0 0  G e n t ,  B e l g i u m

T h e  l i f e - c y c l e  o f  R h a b d i t is  m a n n a  B a s t i a n  1 8 6 5  w a s  s t u d i e d  a t  2 5 ° C  a n d  2 0 ° /OÜ s a l i n i t y .  T h e  
f o l l o w i n g  d e m o g r a p h i c  p a r a m e t e r s  w e r e  c o m p u t e d  f r o m  l i f e - t a b l e  d a t a :  t h e  i n t r i n s i c  r a t e  o f  
n a t u r a l  i n c r e a s e  ( r m ) = 0 . 9 1 4  d a y ;  n e t  r e p r o d u c t i v i t y  ( R o) =  4 0 0 ;  m i n i m u m  g e n e r a t i o n  t i m e  
( T m in) = 4 . 5  d a y s ;  c o h o r t  g e n e r a t i o n  t i m e  ( T t )  = 7 . 2  d a y s ;  m e a n  g e n e r a t i o n  t i m e  ( T )  =  6 . 6  d a y s ;  
a n d  t h e  a g e  o f  a n  a d u l t  f e m a l e  w h e n  a  m e d i a n  e g g  is  d e p o s i t e d  ( T )  = 6 .1  d a y s .  S e v e r a l  a p p r o x ­
i m a t e  e q u a t i o n s  u s e d  to  e s t i m a t e  r n , w e r e  c o m p a r e d  w i t h  t h e s e  l i f e - t a b l e  c a l c u l a t i o n s .  S o m e  g i v e  
e r r o n e o u s  e s t i m a t i o n s  a n d  s h o u l d  b e  u s e d  w i th  e x t r e m e  c a u t i o n .  F o r  i t e r o p a r o u s  o r g a n i s m s  
( i n c l u d i n g  m o s t  f r e e - l i v i n g  n e m a t o d e s ) ,  T m in o n l y  g iv e s  a n  i n d i c a t i o n  o f  t h e  d e v e l o p m e n t  t i m e  
a n d  is  t h e r e f o r e  u n s u i t a b l e  f o r  d e s c r i b i n g  ‘m e a n  g e n e r a t i o n  t i m e ’ .

K e y  w o r d s , l i f e - t a b l e ,  n e t  r e p r o d u c t i v i t v ,  d e v e l o p m e n t  t i m e ,  g e n e r a t i o n  t i m e ,  l i f e  c y c l e s .

R h a b d it is  m a rin a  B a s t ia n  1 8 6 5  is  a  c o s m o p o l i t a n  s p e c ie s  t h a t  i s  b o t h  

e u r y h a l in e  a n d  e u r y t h e r m a l  ( T ie t j e n  et a i ,  1 9 7 0 ;  H o p p e r  et a i ,  1 9 7 3 ) .  I t h a s  

b e e n  c o l l e c t e d  in  g r e a t  n u m b e r s  fr o m  s e a w e e d s  s tr a n d e d  b e t w e e n  t id e s  in  th e  

u p p e r  l i t to r a l  z o n e  ( I n g l i s  a n d  C o l e s ,  1 9 6 1 ;  S u d h a u s ,  1 9 7 4 )  a n d  fr o m  d e c a y in g  
m a n g r o v e  l e a v e s  ( H o p p e r  et a l . ,  1 9 7 3 ) .  S u d h a u s  ( 1 9 7 4 )  i l lu s t r a t e s  i t s  d i s t r i b u ­

t io n  in  E u r o p e ,  d i f f e r e n t ia t in g  n o r t h e r n  a n d  s o u th e r n  s u b s p e c i e s .  F e e d i n g  o f  

th is  s p e c i e s  h a s  b e e n  s t u d ie d ,  b o t h  g n o t o b io t ic a l ly  ( T ie t j e n  et a l . , 1 9 7 0 ;  T i e t j e n  
a n d  L e e ,  1 9 7 7 a )  a n d  a x e n ic a l ly  ( T ie t j e n  a n d  L e e ,  1 9 7 5 ) .  A l t h o u g h  R . m a rin a  

h a s  b e e n  s t u d ie d  v e r y  i n t e n s i v e ly ,  n o  life  t a b le  d a t a  a r e  a v a i la b le .
T h i s  p a p e r  d i s c u s s e s  th e  in s t r in s ic  r a te  o f  n a tu r a l  in c r e a s e  ‘r m ’ a s  o r ig i n a l l y  

d e f in e d  b y  L o t k a  fo r  a  p o p u la t io n  w i t h  a  s ta b le  a g e - d is t r ib u t io n  a n d  g r o w i n g  in  

a n  u n l im i t e d  e n v i r o n m e n t .  It is  c a lc u la t e d  fr o m ;
m ax age

L e _rmx l xm x = 1 ( 1 )
X = 0

r e q u ir in g  k n o w le d g e  o f  a g e  p e c if ic  s u r v iv a l  ( l x) a n d  a g e - s p e c i f i c  f e c u n d i t y  

( m x). T r a d i t io n a l ly  t h e s e  a r e  s u m m a r iz e d  in  l if e  t a b le s  ( s e e  M e r t z  ( 1 9 7 0 )  a n d  
S o u t h w o o d  ( 1 9 7 8 )  fo r  a  lu c id  d i s c u s s io n  o f  c o n c e p t s ) .  H o w e v e r ,  s o m e  c o n f u ­

s io n  h a s  a r is e n  a b o u t  rm b e c a u s e  m a n y  a u th o r s  ( T ie t j e n  a n d  L e e ,  1 9 7 7 b ;  

A lo n g i  a n d  T i e t j e n ,  1 9 8 0 ;  R o m e y n  et a l . , 1 9 8 3 )  u se  r m a s  th e  a c t u a l  r a t e  o f  
in c r e a s e  in  a n y  e n v ir o n m e n t  w h e t h e r  o r  n o t  th e  p o p u la t io n  h a s  a  s t a b le  a g e  

d is t r ib u t io n :
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d N /d t  = rm N  ( 2 )

w h e r e  t is t im e  a n d  N  th e  n u m b e r  o f  in d iv id u a ls .  In  th e  f o l lo w in g  w e  s h a ll  u s e  
r m a s  th e  in c r e a s e  d e f in e d  b y  e q u a t io n  ( 1 ) .

S e v e r a l  a p p r o x im a t e  m e t h o d s  fo r  th e  c a lc u la t io n  o f  r m h a v e  b e e n  u s e d :
a . T h e  c a p a c i t y  o f  in c r e a s e  ( L a u g h l in ,  1 9 6 5 ) :

rc =  (In  R 0 ) / T c ( 3 )

w h e r e  R q is th e  n e t  r e p r o d u c t iv i t y ,

m ax  age

R () = E l xm x ( 4 )
X -  0

m ax  age

T c = ( l / R 0) E  x l xm x ( 5 )
X = o

b .  th e  f o r m u la e  u s e d  b y  H e ip  et al. ( 1 9 7 8 )  for t h e  p r e d a to r y  n e m a t o d e  
O ncholaim us o x yu ris:

r m = ( l / T m ¡n) l n ( p N e) ( 6 )

w h e r e  T m ¡n is th e  m in im u m  g e n e r a t io n  t im e  ( = t im e  b e t w e e n  tw o  id e n t ic a l  

s t a g e s  o f  s u c c e s s iv e  g e n e r a t io n s ) ,  p  th e  p r o p o r t io n  o f  f e m a le s  in  th e  a d u lt  

p o p u la t io n  a n d  N e th e  to ta l  n u m b e r  o f  e g g s  p r o d u c e d  b y  a n  a v e r a g e  f e m a le  
( fe r t i l i ty ) ;

c . th e  e s t im a t io n s  u s e d  b y  G r o o ta e r t  ( 1 9 7 6 )  for  th e  s a p r o p h a g o u s  n e m a t o d e  
M esodiplog a ster Iheritieri, G r o o ta e r t  a n d  J a c q u e s  ( 1 9 7 9 )  for  th e  p r e d a to r y  

n e m a t o d e  B u tler iu s d eg risse i a n d  G r o o t a e r t  a n d  S m a ll  ( 1 9 8 2 )  fo r  th e  p r e d a t o r y  
n e m a t o d e  L abron em a v u lv a p a p illa tu m :

r m = l n ( p N e* ) / T min ( 7 )

w h e r e  N £  is th e  d a ily  e g g - p r o d u c t io n .

M A T E R IA L  A N D  M E T H O D S

R h a b d itis  m a n n a  w a s  o b t a in e d  fr o m  t h e  “ D ie v e n g a t ”  a  p o ly h a l in e  b r a c k is h  
w a t e r  p o o l ,  s i t u a t e d  n e a r  th e  N a t u r e  R e s e r v e  “ h e t  Z w i n ”  in  n o r t h - w e s t e r n  

B e lg iu m .  F o l lo w in g  th e  m e t h o d  d e s c r ib e d  b y  V r a n k e n  et al. ( 1 9 8 2 ) ,  R . m a n n a

w a s  c u l t iv a t e d  in  a  0 .8 %  b u t o - a g a r ,  m a d e  w ith  w a t e r  fr o m  th e  D ie v e n g a t

(2 0 ° /o o  s a l in i t y )  e n r ic h e d  w it h  1%  V la s b lo m - m e d iu m  ( V r a n k e n  et a i ,  1 9 8 2 )  

a n d  0 .5 - 1 .0 %  N a ^ S iO ß .O H o O  ( 0 .0 5 3  M  s to c k  s o lu t io n ) .  U n id e n t i f i e d  
b a c t e r ia ,  s u p p l ie d  in  e x c e s s ,  s e r v e d  a s  fo o d - s u p p ly .  S a l in i t y  d u r in g  th e  
e x p e r im e n t s  w a s  m e a s u r e d  w ith  a  r e fr a c t o m e t e r .  T h e  e x p e r im e n t s  w e r e  c a r ­

r ie d  o u t  in  th e  d a r k  w ith  a n im a ls  a d a p t e d  to  r o o m  te m p e r a t u r e .  T h e  d e v e lo p ­
m e n t  o f  4 7  e g g s  w a s  f o l lo w e d  at 2 5 ° C  a n d  20°/oo s a l in i t y .
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F o r  th e  s t u d y  o f  th e  l i f e - c y c le  p a r a m e te r s  t h e  c u l t u r e s  w e r e  c h e c k e d  o n c e  o r  
tw ic e  d a i ly .  A t  e a c h  o b s e r v a t io n  th e  a d u lt  f e m a le s  w e r e  tr a n s fe r r e d  in t o  n e w  

c u l t u r e  d i s h e s .

A g e - s p e c i f i c  f e c u n d it y  m x , w a s  d e t e r m in e d  fr o m  e g g - c o u n t s  u s in g  th e  
f o l lo w in g  e x p r e s s io n :  m x = N e ( x )p , w it h  N e ( x ) th e  n u m b e r  o f  e g g s  la id  a t  a g e  x ,  

p  th e  p r o p o r t io n  o f  f e m a le s  in  th e  a d u lt  p o p u la t io n  ( 0 .6 5 ) .  T h e  a g e - s p e c i f i c  

s u r v iv a l  l x w a s  o b s e r v e d  d ir e c t ly  w h i l e  t r a n s fe r r in g  a d u lt  f e m a le s  in t o  n e w  

c u lt u r e s .  T h e  o b s e r v a t io n s  o n  l x w e r e  s t o p p e d  w h e n  e g g - la y i n g  c e a s e d .  D u r i n g  
th e  f e m a l e s ’ e g g  p r o d u c t io n  p e r io d  y o u n g  m a le s  w e r e  a lw a y s  p r e s e n t  in  th e  

c u ltu r e s .

R E S U L T S

A ll 4 7  e g g s  h a t c h e d  b e t w e e n  0 . 5  d a y  a n d  1 d a y  a f te r  la y in g ,  th e  in d iv id u a ls  

s ta r te d  r e p r o d u c in g  b e t w e e n  d a y  4  a n d  d a y  5 ,  th e  f e m a le s  (n  = 2 9 )  im m e d ia t e ly  
t h e y  b e c a m e  a d u l t ,  a n d  n o  m o r t a l i t y  o c c u r r e d  d u r in g  e m b r y o n ic  a n d  p o s t -  

e m b r y o n ic  d e v e lo p m e n t  ( i . e .  a ll  4 7  in d iv id u a ls  m a t u r e d ) .  T h e  c u m u la t iv e  e g g  

p r o d u c t io n  p e r  f e m a le  (n  = 1 0 ) is  g iv e n  in  f ig u r e  1.

E g g  p r o d u c t io n  c e a s e d  a f te r  a p p r o x im a t e ly  6  d a y s .  O n  th a t  d a y  t h e  f ir s t  

f e m a le  d i e d  a n d  t w o  o t h e r  f e m a le s  d ie d  o n  d a y  s e v e n .  A s s u m in g ,  1) e q u a l
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t im e  (days from m aturation)

F i g .  1 . R  m a n n a :  C u m u l a t i v e  e g g - p r o d u c t i o n  p e r  f e m a l e  a t  2 5 ° C  a n d  2 0 ° /o o  s a l i n i t y  ( m e a n  o f  1 0
f e m a l e s ) .
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T a b l e  I

R h a b d it i s  m a r in a :  life  ta b le  a n d  f e r t i l i ty  tab le  com bined  in lxm x (  =  U x) f ig u re s  a ssu m ­

ing  no m o rta lity  a n d  6 5 %  fe m a le s  in the a d u lt p o p u la tio n . T he th ird  colum n x U x  sh o w s  
the w e ig h tin g  o f  each age by its  to ta l rea lized  fe m a le  o ffspring num ber. F or a n on grow ing  

p o p u la tio n  ( R q =  1 ), the su m  o f  these p ro d u cts  equals the cohort generation tim e, T c

x  ( p i v o t a l  a g e ,  
i n  d a y s ) u x x U x

5 2 6 .0 1 3 0 .0
6 1 0 8  6 6 5 1 .6
7 1 3 0 .0 9 1 0 .0
8 6 9  6 5 5 6 .8
9 4 3 .6 3 9 2 .4

1 0 2 2 .1 2 2 1 .0
10 10

R 0 = E  U x =  3 9 9 .9 E  x U x =  2 8 6 1 .8

0 0

v ia b i l i t y  o f  t h e  e g g s  p r o d u c e d  a t  d if f e r e n t  a g e s ,  2 )  n o  m o r ta l i t y  b e fo r e  a n d  d u r ­
in g  e g g  p r o d u c t io n  ( o u r  o b s e r v a t io n s )  a n d  3 )  6 5 %  f e m a le s  in  th e  a d u lt  p o p u l a ­

t io n  ( T ie t j e n  et a l . ,  1 9 7 0 ) ,  w e  c a n  c a lc u la t e  fo r  e a c h  a g e - in t e r v a l  th e  lxm x (  =  

U x) f ig u r e  ( T a b l e  1 ) ,  b e i n g  th e  e x p r e s s io n s  n e c e s s a r y  to  s o lv e  e q u a t io n  ( 1 ) .  T h e  
r e s u lt s  o f  th e  c o m p u t a t i o n s  fr o m  o u r  r e s u lt s  fo r  R . m a rin a , c u l t u r e d  a t  2 5 ° C  a n d  

20°/oo s a l in i t y  a r e  l i s t e d  in  t a b le  2 .  T h i s  t a b le  a ls o  s h o w s  th e  r e s u lt s  o f  th e  
c a lc u la t io n s  w h e n  a n  a d d i t io n a l  m o r ta l i ty  o f  5 0 %  ( l x = 0 . 5 ) ,  c o m p le t e ly  

lo c a l iz e d  in  th e  i m m a t u r e  s t a g e s ,  is  c o n s id e r e d  ( T ie t j e n  et a l . ,  1 9 7 0 ) .  T h i s  

m o r ta l i t y  r e d u c e s  t h e  n e t  r e p r o d u c t iv i t y  R q , w it h  5 0 %  ( R o  =  0 .5  £  m x , s e e  
ta b le  2 ) ,  a n d  rm  w i t h  1 2 %  ( f r o m  0 . 9 1 4  d a y " 1 t o  0 .8 0 1  d a y ' 1) .  T h e  p o s t -  

r e p r o d u c t iv e  m o r t a l i t y  p a t t e r n  is  ir r e le v a n t  to  t h e s e  c o m p u t a t io n s .

D I S C U S S I O N

T h e  c a lc u l a t i o n s  a r e  b a s e d  o n  d a t a  o b t a in e d  fr o m  a  s m a ll  c o h o r t  (n  =  4 7 ) ,  
a n d  t h e  o b s e r v a t io n s  w e r e  t e r m in a t e d  a f te r  a n  e g g  l a y in g  p e r io d  o f  s e v e n  d a y s .  

A d d i t io n a l  e g g  p r o d u c t io n  c o u ld  th e r e fo r e  h a v e  b e e n  p o s s ib le ,  b u t  fr o m  f ig u r e  

1 it  a p p e a r s  t h a t  t h e  c u r v e  d e p ic t in g  th e  c u m u la t iv e  n u m b e r  o f  e g g s  p r o d u c e d  
p e r  f e m a le  f l a t t e n s  a n d  r e a c h e s  a  p la t e a u .  T h e  o b s e r v a t io n  o f  a n  e g g  la y in g  

p e r io d  o f  t h r e e  d a y s  fo r  R .  m a n n a  ( T ie t j e n  et a l . , 1 9 7 0 )  s t r e n g t h e n s  o u r  a s s u m p ­
t io n .  H o w e v e r ,  i f  a d d i t io n a l  e g g  la y in g  o c c u r r e d ,  a l t h o u g h  m o s t  im p r o b a b le ,  it 

w o u ld  n o t  in f lu e n c e  r m  a s  c a lc u la t e d  fr o m  e q u a t io n  ( 1 )  g r e a t ly ,  a s  R 0 is  h ig h  

( L e w o n t i n ,  1 9 6 5 ;  S n e l l ,  1 9 7 8 )  a n d  b e c a u s e  r e p r o d u c t io n  a f te r  a g e  T  ( s e e  f u r ­

t h e r )  c o n t r ib u t e s  r e la t iv e ly  l i t t le  to  r m ( K in g ,  1 9 8 2 ) .
A  m e a n  n u m b e r  o f  6 0 0  e g g s  p e r  f e m a le  is  t h e  m o s t  e v e r  o b s e r v e d  fo r  a  f r e e -  

l iv in g  b r a c k is h  w a t e r  n e m a t o d e .  T ie t j e n  et al. ( 1 9 7 0 )  n o t e d  th a t  in d iv id u a ls  o f
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th e  s a m e  s p e c i e s  p r o d u c e d  7 0 - 1 0 0  e g g s ,  w h e r e a s  S u d h a u s  ( 1 9 7 4 )  fo u n d  a 
m a x im u m  o f  2 6 0  o f f s p r in g ,  w ith  a  m e a n  o f  1 2 8  for  a n  o v o v iv ip a r o u s  p o p u la ­
t io n .

B e c a u s e  o u r  o b s e r v a t io n s  w e r e  m a d e  o n  a  s m a ll  c o h o r t  w e  u s e d  t h e  p r o p o r ­

t io n  o f  f e m a le s  in  th e  a d u lt  p o p u la t io n  ( 9  = 0 .6 5 )  g iv e n  b y  T i e t j e n  el al. ( 1 9 7 0 ) ,  

a n d  in c lu d e d  a  m o r t a l i t y - c o r r e c t io n  u n t i l  m a tu r ity  g iv e n  b y  th e  s a m e  a u t h o r s .  
T h i s  r e s u l t e d  in  a  5 0 %  r e d u c t io n  o f  th e  n e t  r e p r o d u c t iv i t y ,  R q ( t a b le  2 ) .  It a lso  

i l lu s t r a t e s  t h a t  h a lv in g  R q , w h e n  R q is h ig h ,  d o e s  n o t  c a u s e  a  s im i la r  d e c r e a s e  
in  r m .

A s  o n e  c a n  s e e  fr o m  t a b le  2 ,  rc is a n  u n d e r - e s t im a t io n  o f  r m . B e r g m a n s
( 1 9 8 1 )  i l lu s t r a t e d  th is  e f fe c t  u s in g  d a t a  o n  th e  h a r p a c t ic o id  c o p e p o d  T is b e  f u r ­

ca ta . B e r g m a n s  ( 1 9 8 3 )  p o in te d  o u t  t h a t  rc c a n  o n ly  b e  u s e d  a s  a n  a p p r o x im a t io n  

o f  r m w h e n  e it h e r  R q =  1 o r  th e  o r g a n is m  u n d e r  s tu d y  is s e m e lp a r o u s  ( i . e .  

b r e e d in g  o n ly  o n c e  in  its  l i f e - s p a n ) .  F o r  R . m a n n a ,  a n  i t e r o p a r o u s  ( i . e .  b r e e d in g  

m o r e  th a n  o n c e  in  its  l i f e - s p a n )  n e m a t o d e  p r o d u c in g  o f f s p r in g  ( e g g s )  c o n ­

t in u o u s ly ,  rc r e s u l t s  in  a n  u n d e r - e s t im a t io n  o f  8%  ( c a lc u la t e d  a s  ( r m -  rc ) /r c 
( M a y ,  1 9 7 6 ) ) .  B e r g m a n s  ( 1 9 8 3 )  r e p o r t s  th a t  fo r  s e v e r a l  T isb e  s p e c i e s  t h e  b ia s  

in t r o d u c e d  w i t h  e q u a t io n  ( 3 )  r a n g e s  fr o m  8  to  2 9 % .

A p p ro x im a te  m ethods a p p lie d  to nem atodes

1. F o r  O n ch ola im u s oxyuris  H e ip  et al. ( 1 9 7 8 )  u s e d  e q u a t io n  ( 6 ) .  W h e n  

r m < 0 . 1 ,  th is  w il l  g iv e  r e a s o n a b ly  g o o d  a p p r o x im a t io n s  o f  r m . [ E . g . ,  u s in g  

th e ir  v a lu e s  a t  2 5 ° C  ( ±  3 e g g - m a s s e s  p e r  f e m a le ,  th e  fir s t p r o d u c e d  o n  d a y  101 

a n d  t h e r e a f t e r  o n e  e v e r y  s e v e n t h  d a y ,  1 2 .3  e g g s  p e r  e g g - m a s s ,  a  s e x - r a t io  o f  

4 0 %  f e m a le s  a n d  n o  m o r ta l i t y )  w e  o b t a in e d  a n  rm =  0 .0 2 5 0  d a y ' 1 f r o m  lif e -  
t a b le  c a lc u la t io n s  a n d  a n  r m =  0 .0 2 6 6  d a y ' 1 w ith  e q u a t io n  ( 6 ) .  F o r  c o n v e n ie n c e  

d u r in g  c a lc u la t io n s  w e  s im p l i f ie d  t h e  o b s e r v a t io n s  o n  e g g - d e p o s i t i o n  a n d  u s e d  

3  e g g - m a s s e s  e a c h  o f  1 2 .3  e g g s  in s t e a d  o f  th e  r e p o r te d  2 .7 1  e g g - m a s s e s  w ith

1 3 .6  e g g s ,  b o t h  y ie ld in g  ±  3 6 .9  e g g s  p e r  f e m a le .]  T h i s  e q u a t io n  ( 6 )  r e s u l t s  in  
a n  o v e r e s t im a t io n  o f  6 .4 % .

2 .  V a l u e s  o f  r m o b t a in e d  b y  a p p ly in g  e q u a t io n  ( 6 )  w i l l  b e  h ig h e r  t h a n  life  

t a b le  v a lu e s  b e c a u s e  j u v e n i l e  m o r t a l i t y  is n o t  in c lu d e d  in  th e  fo r m e r .  T h i s  h a s  

a lr e a d y  b e e n  n o t e d  b y  H e i p  et al. ( 1 9 7 8 ) .  T h e s e  a u th o r s  t h e r e f o r e  p r o p o s e d

rm  = ( l / T m in) l n ( p R N e ) (8 )

w i t h  1* th e  p r o p o r t io n  o f  j u v e n i l e s  s u r v iv in g  till a d u lth o o d .  A f te r  c o r r e c t in g  for  
1*, e q u a t io n  ( 8 )  s t i l l  r e s u lt s  in  o v e r - e s t im a t io n s  ( T a b le  3 )  b e c a u s e  1* is  o n ly  a  

p a r t ia l  c o r r e c t io n .  T h e  m o r e  s e r io u s  b ia s  in  e q u a t io n  ( 8 )  is in  u s in g  th e  

m in im u m  g e n e r a t io n  t im e  ( T m in) f ° r ite r o p a r o u s  o r g a n is m s  w it h  a  lo n g  
r e p r o d u c t iv e  p e r io d  r e la t iv e  to  t h e ir  l i f e - s p a n .  In  th is  c a s e  T m m  is  n o t  th e  
p r o p e r  w e ig h t in g  fa c to r .  It p r o v id e s  o n ly  g o o d  e s t im a t io n s  o f  th e  g e n e r a t io n  

t im e  fo r  s e m e lp a r o u s  in d iv id u a ls  a n d  o r g a n is m s  r e p r o d u c in g  b y  f i s s io n  ( s e e
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K in g  ( 1 9 8 2 )  lo r  d e t a i le d  f ig u r e s ) .  F o r  i t e r o p a r o u s  o r g a n is m s ,  o n  th e  c o n t r a r y ,  

T m jn m e a s u r e s  o n ly  d e v e lo p m e n t  t im e .  B e c a u s e  m o s t  f r e e - l iv in g  n e m a t o d e s  
r e p r o d u c e  c o n t i n u o u s l y  d u r i n g  a  g iv e n  p e r io d ,  m o r e  r e a lis t ic  p a r a m e te r s  o f  th e  
g e n e r a t io n  t im e  a r e  g iv e n  b y  th e  f o l lo w in g  d e f in it io n s :  1) th e  m e a n  g e n e r a t io n  

t im e  ( A n d r e w a r t h a  a n d  B ir c h ,  1 9 5 4 ) :

T  = (In  R o ) /r m  ( 9 )

2 )  th e  m e a n  a g e  o f  m o t h e r s  in  c o h o r t  a t b ir th  o f  fe m a le  o f f s p r in g  o r  th e  c o h o r t  

g e n e r a t io n  t im e  ( D u b l in  a n d  L o t k a ,  1 9 2 5  c it e d  in  K r e b s ,  1 9 7 8 ):

max age

T c » ( 1 / R 0 ) E  x lx m x ( 5 )
X = o

a n d  3 )  th e  a g e  o f  th e  m o t h e r  o f  a n  a v e r a g e  n e w b o r n  in  a n  e x p o n e n t i a l ly  

g r o w in g  p o p u la t io n  ( L e s l i e ,  1 9 6 6 ) :

max age

T  =  L  x e ~ rmx lxm x ( 1 0 )
•V -  0

H o w e v e r ,  th e r e  r e m a in  s o m e  d i f f i c u l t i e s  a n d  n e ith e r  d e f in i t io n  c a n  b e  u s e d  fo r  

all p u r p o s e s  ( M e r t z ,  1 9 7 0 ) .  T h e  m e a n  g e n e r a t io n  t im e  ( T )  r e fe r s  to  th a t  p e r io d  

o f  t im e  n e c e s s a r y  fo r  a  p o p u l a t i o n  g r o w in g  a t a  c o n s ta n t  r a te  r m , to  in c r e a s e  b y  

th e  fa c to r  R q ( M e r t z ,  1 9 7 0 ;  R i c k le f s ,  1 9 7 3 ):

R 0 = e rmT  ( 1 1 )

H o w e v e r ,  e q u a t io n  ( 9 )  is  n o t  d e f in e d  w h e n  R q =  1 a n d  rm = 0  ( s t a t io n a r y  
p o p u la t io n  i . e .  a  p o p u la t io n  h o l d in g  s t e a d y  in  s iz e ) .  T h e  c o h o r t  g e n e r a t io n  

t im e  ( T t ) ,  is  a  d ir e c t  m e a s u r e  o f  t h e  t im e - in t e r v a l  b e t w e e n  th e  d i s t r ib u t io n s  o f  

b ir th s  o f  s u c c e s s iv e  g e n e r a t i o n s  ( L a u g h l in ,  1 9 6 5 ; L e s l ie ,  1 9 6 6 ) .  T h e r e f o r e  T c 

h a s  a  c le a r  b io lo g ic a l  m e a n i n g  a n d  th e  r e la t io n s h ip  b e t w e e n  T c a n d  t h e  m e a n  
t im e  o f  th e  d i s t r ib u t io n  o f  t h e  n t h  g e n e r a t io n  b ir th s  ( t n ) fo r  a ll n  >  1 is  g iv e n  b y :

t n « t I +  (n  -  1 )T C ( 1 2 )

w it h  tj th e  m e a n  o f  t h e  d i s t r ib u t io n  o f  t im e  a t b ir th  o f  th e  f ir s t g e n e r a t io n  
( L e s l i e .  1 9 6 6 ) .  T c g iv e s  g o o d  a p p r o x im a t io n s  o f  T  w h e n  e it h e r  s u c c e s s iv e  

g e n e r a t io n s  d o  n o t  o v e r la p  o r  w h e n  th e  p o p u la t io n  is c o m p o s e d  la r g e ly  o f  

i n d iv id u a ls  o f  th e  s a m e  a g e  ( R i c k l e f s ,  1 9 7 3 ) .  B y  c o n tr a s t  w h e n  g e n e r a t io n s  d o  

o v e r la p  7 \  o v e r - e s t i m a t e s  T ,  b e c a u s e  th e  p r o g e n y  n u m b e r  R q is a t t a in e d  in  a  

s h o r t e r  t im e :  R q ( =  e r»'T ) <  R c ( =  e r" iT )  ( L a u g h l in ,  1 9 6 5 ) .
L e s l ie  ( 1 9 6 6 )  p r e fe r r e d  e q u a t i o n  ( 1 0 )  w h ic h  h e  c o n s id e r e d  to  b e  t h e  m o s t  

m e a n in g f u l  d e f in i t io n :  “ t h is  p e r io d  o f  t im e  ( T )  is d ir e c t ly  r e la te d  to  th e  r a te  
( 1 / T )  a t w h ic h ,  a f te r  a  c e r t a in  p o in t  ( A ) ,  th e  m e a n  g e n e r a t io n  n u m b e r  ( ñ t) 

in c r e a s e s  p e r  u n it  o f  t im e  ( t )  in  a  p o p u la t io n  w ith  a n u m b e r  o f  o v e r l a p p in g
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g e n e r a t io n s ” . L e s l ie  a ls o  n o t e d  th a t  th e  w e a k  p o in t  in  h is  d e f in i t io n  is t h e  p o o r ­
ly  d e f in e d  p o in t  ( A )  fo r  w h ic h  th e  f o l lo w in g  e q u a t io n  h o ld s :

ñ ,  =  A  +  ( l / T ) t  ( 1 3 )

F o r  a  s t a t io n a r y  p o p u la t io n  ( R q =  1 , r m = 0 ) ,  T  = T c .

P ie lo u  ( 1 9 7 7 )  fo u n d  it m e a n in g f u l  to  c a lc u la t e  a ll th r e e  p a r a m e te r s  r e la t e d  to  
m e a n  g e n e r a t io n  t im e .  O b v i o u s ly ,  it is v e r y  im p o r ta n t  to  s ta te  w h ic h  g e n e r a ­

t io n  t im e  is  b e in g  r e fe r r e d  to .

T a b l e  III

C om parison  o f  différen t e s tim a tio n s  o f  the in trinsic  rate o f  natural increase, rm (see text fo r  

d efin itio n ), a t differen t tem peratures, T em p. ( ° C ) .  The unit in each case is in d ~ f  except 

in equation 7, w h ere  it  is  in d~¡ In (d ~ }) .  D a ta  f o r  M .  lh e r it ie r i  a n d  L . 
v u lv a p a p i l la t u m  w ere  o b ta in ed  fro m  f ig u re s  given  by Grootaert ( 1 9 7 6 )  a n d  G rootaert a n d

S m a ll  ( 1 9 8 2 )

S p e c i e s
T e m p .

( ° C ) E q .  ( 1 ) E q .  ( 3 ) E q .  ( 6 ) E q . ( 7 ) E q . ( 8 )

J u v e n i l e
m o r t a l i t y

( % )

R  m a n n a 2 5 0 .8 0 1 0 .7 4 0 1 .3 3 1 0 .9 5 2 1 .1 7 7 5 0
2 5 0 . 9 1 4 0 .8 3 7 1 .3 3 1 0 .9 5 2 1 .3 3 1 0

M .  Ih e n t ie n 2 5 1 .4 4 7 1 .0 1 5 2 .4 2 7 1 .4 9 6 2 .4 2 7 0
L .  v u lv a p a p il la tu m 2 5 0 .0 8 4 0 .0 6 1 0 .1 5 6 0 .0 2 5 0 .1 4 2 4 0

2 8 0 . 0 9 9 0 .0 7 7 0 .1 7 9 0 .0 4 0 0 .1 6 3 4 0

3 )  F in a lly  e q u a t i o n  ( 7 )  ( t a b le  3 )  is  e r r o n e o u s .  In  th is  f o r m u la ,  u s e d  b y  

G r o o t a e r t  ( 1 9 7 6 ) ,  G r o o t a e r t  a n d  J a c q u e s  ( 1 9 7 9 )  a n d  G r o o t a e r t  a n d  S m a l l

( 1 9 8 2 ) ,  r m  is e x p r e s s e d  in  d a y -1  In d a y - 1 , a  u n it  d if f ic u lt  to  in t e r p r e t .  T h e  u s e  

o f  th is  e q u a t io n  c o n s i s t e n t ly  r e s u l t s  in  n e g a t iv e  r e p r o d u c t iv e  v a lu e s  ( e . g .  a n  i m ­
a g in a r y  n e m a t o d e  s ta r t s  r e p r o d u c in g  o n  d a y  t w e n t y ,  t e r m in a t e s  its  r e p r o d u c ­

t io n  o n  d a y  fo r ty  a n d  d ie s  o n  d a y  fo r ty - f iv e .  It d e p o s i t s  d u r in g  th e  e g g -  
p r o d u c in g  p e r io d  th r e e  e g g s  e v e r y  t w o  d a y s ,  th e  s e x - r a t io  in  th is  h y p o t h e t ic a l  

p o p u la t io n  is ( 1 : 1 )  a n d  j u v e n i l e  m o r ta l i t y  is  5 % . A c c o r d in g  to  e q u a t io n  ( 7 )  a  

p o p u la t io n  p o s s e s s in g  s u c h  l i f e - h i s t o r y  c h a r a c te r is t ic s  h a s  a  n e g a t iv e  in t r in s ic  
r a te  o f  in c r e a s e :  r m =  1 /2 0  In  ( 0 .5  x  1 .5 )  = - 0 .0 1 4  d a y -1 In d a y - 1 , w h e r e a s  l ife  

ta b le  c a lc u la t io n s  g iv e  a n  r m  =  0  0 9 3 2  d a y - 1 , a  b ir th  ra te  b  =  0 .0 9 7 6  d a y -1  a n d  
a  d e a t h  r a te  d  =  0 . 0 0 4 4  d a y - 1 ) . A  s im ila r  s i tu a t io n  h a s  b e e n  r e p o r te d  fo r  th e  

n e m a t o d e  L abron em a v u lv a p a p illa tu m  a t 1 5 ° C . A t  th is  t e m p e r a t u r e  th e  s p e c i e s  

p r o d u c e s  1 .0 8  e g g s  d a y -1  d u r in g  a p p r o x im a t e ly  8 0  d a y s ,  h a s  a  d e v e lo p m e n t  

t im e  o f  12 6  d a y s  a n d  a  s e x - r a t io  o f  ( 1 : 1 ) .  S u b s t i t u t in g  t h e s e  o b s e r v a t io n s  in  
e q u a t io n  (7 )  y i e ld s  a  r e p r o d u c t iv e  v a lu e  r m ~  1 /1 2 6  In ( 0 .5  x  1 .0 8 )  = - 0 . 0 0 5  
d a y -1 In  d a y -1 in s t e a d  o f  t h e  g i v e n  + 0 .0 0 5 .
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4 )  A n o t h e r  p o in t  th a t  n e e d s  s o m e  c la r i f ic a t io n ,  is th a t  rm c a n  o n ly  b e  

c a lc u la t e d  p r o p e r ly  w h e n  u n e  p o s s e s s e s  a c c u r a te  e s t im a t io n s  o f  lx a n d  m x , 

e x t e n d e d  o v e r  th e  c o m p le t e  r e p r o d u c t iv e  p e r io d .  It is th e r e f o r e  m e a n i n g l e s s  to  
c a lc u la t e  t h e  r e p r o d u c t iv e  p o t e n t ia l  fr o m  o b s e r v a t io n s  th a t  c o v e r  o n ly  p a r t  o f  

th e  to ta l  e g g - la y i n g  p e r io d  a s  d id  G r o o t a e r t  a n d  J a c q u e s  ( 1 9 7 9 ) .  O b s e r v a t io n s  
s h o u ld  b e  m a d e  a t le a s t  u n t i l  t h e  c u m u la t iv e  e g g - p r o d u c t io n  c u r v e  f la t t e n s  

b e fo r e  o n e  c a lc u la t e s  t h e  in t r in s ic  r a te  o f  n a tu r a l  in c r e a s e .
U s in g  th e  v e r y  d e t a i le d  f ig u r e s  g iv e n  b y  G r o o ta e r t  ( 1 9 7 6 )  a n d  G r o o t a e r t  a n d  

S m a l l  ( 1 9 8 2 )  w e  h a v e  r e c a lc u la t e d  s o m e  l if e -h is to r y  c h a r a c t e r is t ic s  o f  
M e s o d i p l o g a s t e r  I h e n t i e n  a n d  L a b r o n e m a  v u l v a p a p i l l a t u m  w h e r e  in d ic a t io n s  o f  a d u lt  

a n d  j u v e n i l e  m o r ta l i t y  w e r e  a v a i la b le  a n d  w h e r e  r e a s o n a b le  e s t im a t e s  o f  R q (1x 

a n d  m x p a t t e r n s )  c o u ld  b e  m a d e .
P a rt o f  th is  r e s e a r c h  w a s  c o n d u c t e d  u n d e r  c o n tr a c t  N °  E N V .5 5 6 . B  o f  th e  

E n v ir o n m e n t a l  P r o g r a m  o f  t h e  E E C .  T h e  s e c o n d  a u th o r  a c k n o w le d g e s  a  g r a n t  

fr o m  th e  B e lg ia n  N a t io n a l  F u n d  fo r  S c ie n t i f ic  R e s e a r c h  ( N . F . W . O . ) .  T h e  

a u t h o r s  th a n k  D r s .  M .  B e r g m a n s ,  G .  W .  Y e a te s  a n d  tw o  a n o n y m o u s  
r e v ie w e r s  fo r  th e ir  c o m m e n t s  a n d  c r it ic is m  o n  a n  e a r l ie r  d r a ft  o f  th is  p a p e r .

N o te  a d d e d  in  p ro o f:
A f t e r  s u b m i s s i o n  o f  t h i s  p a p e r  t h e  n a m e  o f  R h a b d i t is  m a rin a  B a s t i a n ,  1 8 6 5  w a s  c h a n g e d  to  
P e llio d itis  m a n n a  ( B a s t i a n ,  1 8 6 5 )  A n d r á s s y ,  1 9 8 3  n .  c o m b .
A n d r a s s y ,  I  ( 1 9 8 3 ) .  A  ta x o n o m ic  r e v ie w  o f  th e  suborder R h a b d itin a  ( N e m a to d a : Secernen tea ). E d i t i o n s  

d e  l 'O f f i c e  d e  l a  R e c h e r c h e  S c i e n t i f i q u e  & T e c h n i q u e  O u t r e - M e r ,  O R S T O M - P a r i s ;  
2 4 1  p p .

R É S U M É

C a lc u l d u  ta u x  in tr in sè q u e  d ’a cc ro issem en t n a tu re l, rm , ch e z  R h a b d i t i s  m a r i n a  ( B a s t ia n , 1 8 6 5 )

L e  c y c l e  b i o l o g i q u e  d e  R .  m a n n a  a  é t é  é t u d i é  à  2 5 ° C  e t  20°/oo  s a l i n i t é .  D i f f é r e n t s  p a r a m è t r e s  
d é m o g r a p h i q u e s  o n t  é t é  o b t e n u s  à  p a r t i r  d e  l a  f é c o n d i t é  j o u r n a l i è r e  e t  d e  la  m o r t a l i t é  d e s  a d u l t e s .  
L e  t a u x  i n t r i n s è q u e  d ’a c c r o i s s e m e n t  n a t u r e l ,  r m , é g a l e  0 .9 1 4  p a r  j o u r  e t  le  t a u x  n e t  d e  r e p r o d u c ­
t i o n ,  R (1, 4 0 0 .  D i f f é r e n t s  p a r a m è t r e s  r e p r é s e n t a n t  l a  d u r é e  d ’u n e  g é n é r a t i o n  o n t  é t é  m e s u r é s :  l a  
d u r é e  d e  d é v e l o p p e m e n t  j u s q u ’à  l ’a d u l t e ,  T min e s t  d e  4 , 5  j o u r s  e t  c e l l e  d ’u n e  c o h o r t e ,  T c , e s t  d e  
7 ,2  j o u r s ;  l a  d u r é e  m o y e n n e  d e  d é v e l o p p e m e n t  d ’u n e  g é n é r a t i o n ,  T ,  e s t  d e  6 , 6  j o u r s  e t  l ’â g e  
d ’u n e  f e m e l l e  à  l a  p o n t e  d ’ u n  o e u f  m e d i a n ,  T ,  e s t  d e  6 ,1  j o u r s .

P l u s i e u r s  m é t h o d e s  a p p r o x i m a t i v e s  p o u r  d é t e r m i n e r  r m o n t  é t é  c o m p a r é e s  a u  c a l c u l  e x a c t  d e  
r m à  p a r t i r  d e  t a b l e s  d e  m o r t a l i t é  e t  d e  f é c o n d i t é .  P o u r  d e s  e s p è c e s  i t é r o p a r e s ,  c e  q u i  e s t  l e  c a s  d e  
l a  p l u p a r t  d e s  n é m a t o d e s  l i b r e s .  T m in ,  r e p r e s e n t e  s e u l e m e n t  u n e  e s t i m a t i o n  d e  l a  d u r é e  d e  d é v e ­
l o p p e m e n t .
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Production of Tachidius discipes  (Copepoda:
Harpacticoida)
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Peter M. J. Herman, Carlo Heip and Bernadette Guillemijn

Marine Biology Section, Zoology Institute, State University oí Gent, Ledeganckstraat 35, B-9000 Gent, Belgium

A B S T R A C T :  T h e  s e c o n d a r y  p r o d u c t i o n  o f  t h e  h a r p a c t i c o i d  c o p e p o d  T a c h i d i u s  d i s c i p e s  G i e s b r e c h t  
1 8 8 1  w a s  e s t i m a t e d  d u r i n g  s p r i n g  1 9 7 9 .  T h e  p o p u l a t i o n  w a s  s a m p l e d  e v e r y  3 d .  T h r e e  g e n e r a t i o n  
p e a k s  w e r e  o b s e r v e d .  T h e s e  w e r e  c l e a r l y  d i s t i n c t  i n  t h e  f i r s t  c o p e p o d i t e  s t a g e s ,  b u t  g r a d u a l l y  s h o w e d  
m o r e  o v e r l a p  i n  o l d e r  s t a g e s .  P r o d u c t i o n  o f  c o p e p o d i t e s  a n d  a d u l t s  w a s  e s t i m a t e d  i n  2  w a y s :  (1 )  P e a k s  
w e r e  s e p a r a t e d  a n d  t h e  f o r w a r d  s h i f t i n g  o f  p e a k s  i n  c o n s e c u t i v e  s t a g e s  w a s  u s e d  t o  e s t i m a t e  s t a g e  
d u r a t io n s , -  (2 ) t h e  s i z e - f r e q u e n c y  m e t h o d  w a s  a p p l i e d .  B o th  e s t i m a t e s  o f  t h e  p r o d u c t i o n  o f  c o p e p o d i t e s  
a n d  a d u l t s  a r e  i n  g o o d  a g r e e m e n t :  1 .1 0  g  d w t  m - 2  a n d  1 .0 2  g  d w t  m - 2 . E g g  p r o d u c t i o n  a m o u n t s  to  
0 .3 1  g  d w t  m - 2 ; n a u p l i a r  p r o d u c t i o n  i s  r o u g h l y  e s t i m a t e d  a t  1 .1 1  g  d w t  m “ 2. T h e  p r o d u c t i o n  e f f i c i e n c y ,  
P / ( P  +  R ), o f  c o p e p o d i t e s  a n d  a d u l t s  i s  0 .3 6 ;  f o r  t h e  t o t a l  p o p u l a t i o n  i t  i s  0 .4 3 .  T h i s  v a l u e  c o r r e s p o n d s  
w e l l  t o  t h e  v a l u e  e s t i m a t e d  f r o m  c u l t u r e  e x p e r i m e n t s  w i t h  t h i s  p o p u l a t i o n .

I N T R O D U C T I O N

M e i o b e n t h i c  p o p u l a t i o n s  a r e  a m o n g  t h e  l e a s t  
s t u d i e d  f r o m  t h e  p o i n t  o f  v i e w  o f  e n e r g e t i c s .  O n ly  

r e c e n t l y  h a v e  p a p e r s  a p p e a r e d  d e a l i n g  w i t h  d i r e c t  
p r o d u c t i o n  e s t i m a t e s  o f  f i e l d  p o p u l a t i o n s  o f  m e i o b e n ­

t h i c  c r u s t a c e a n s  ( F e l le r ,  1 9 8 2 ; F l e e g e r  a n d  P a l m e r ,

1 9 8 2 ) . T h e  l i m i t e d  i n f o r m a t i o n  a v a i l a b l e  r e v e a l s  t h a t  
t h e  p r o d u c t i v i t y  ( m e a s u r e d  b y  y e a r l y  p r o d u c t i o n /  

b i o m a s s  r a t e s ,  P /B )  o f  m e i o b e n t h i c  p o p u l a t i o n s  c a n  
d i f f e r  w i d e l y  f r o m  t h e  s p e c u l a t i v e  a n d  o f t e n  u s e d  v a l u e  
P /B  =  9 . T h i s  v a l u e  w a s  p r o p o s e d  b y  G e r l a c h  (1 9 7 1 ) , 

b a s e d  o n  t h e  l i f e  c y c l e  c h a r a c t e r i s t i c s  o f  2  n e m a t o d e  
s p e c i e s .  W h e r e a s  t h e  u s e  o f  a  s i n g l e  P /B  v a l u e  f o r  a l l  

p o p u l a t i o n s  i s  n o t  a d v i s a b l e ,  t h e  s c a l i n g  o f  P /B  b y  b o d y  
m a s s  ( B a n s e  a n d  M o s h e r ,  1 9 8 0 )  m a y  b e  m o r e  u s e f u l  
( H e ip  e t  a l . ,  1 9 8 2 ) . T h i s  s c a l i n g  r e v e a l s  a  r e m a r k a b l e  

p a t t e r n ,  a l r e a d y  a n t i c i p a t e d  b y  B a n s e  a n d  M o s h e r
(1 9 8 0 ) , i n  t h a t  t h e  P / B - b o d y  w e i g h t  l i n e  f o r  m e i o b e n ­

t h i c  p o p u l a t i o n s  l i e s  c o n s i d e r a b l y  l o w e r  t h a n  w o u l d  b e  
e x p e c t e d  f ro m  t h e  e x t r a p o l a t i o n  o f  v a l u e s  f o r  l a r g e r  

o r g a n i s m s .  T h e  s c a l i n g  o f  t h e  i n t r i n s i c  r a t e  o f  n a t u r a l  

i n c r e a s e  r m b y  b o d y  w e i g h t  ( B a n s e ,  1 9 8 2 )  c o r r o b o r a t e s  
t h i s  o b s e r v a t i o n ,  s i n c e  b o t h  r m a n d  P /B  a r e  h i g h l y  

c o r r e l a t e d  w i t h  t h e  g e n e r a t i o n  t i m e ,  a n d  t h u s  w i t h  
e a c h  o th e r .

N o t  o n l y  a r e  P /B  a n d  rm r e l a t i v e l y  l o w e r  i n  m e i o b e n ­
t h i c  p o p u l a t i o n s ,  t h e  r e v i e w  o f  B a n s e  (1 9 8 2 )  a l s o  s h o w s  

t h a t  t h e  r e s p i r a t i o n  r a t e  o f  m e i o f a u n a  i s  l o w e r  t h a n  

w o u l d  b e  e x p e c t e d  f ro m  e x t r a p o l a t i o n  f r o m  t h e  r e s p i ­
r a t i o n  o f  l a r g e r  o r g a n i s m s .  W e  c o u l d  c o n f i r m  t h i s  t r e n d  

f o r  1 o s t r a c o d  ( H e r m a n  a n d  H e i p ,  1 9 8 2 )  a n d  5  c o p e p o d  
s p e c i e s  ( H e r m a n  a n d  H e i p ,  1 9 8 3 )  f r o m  a  b r a c k i s h  

w a t e r  h a b i t a t .  T h e  lo w  r e s p i r a t i o n  r a t e  o f  t h e  o s t r a c o d  

C y p r id e i s  to ro sa  e x p l a i n s  w h y  t h e  p r o d u c t i o n  e f f i ­
c i e n c y  (P / [ P  +  R ]) o f  t h i s  s l o w - g r o w i n g  s p e c i e s  i s  a l m o s t  

e q u a l  to  t h e  m e a n  v a l u e  fo r  n o n - i n s e c t  d e t r i t i v o r e s  
g i v e n  b y  H u m p h r e y s  (1 9 7 9 )  ( H e r m a n  e t  a l . ,  1 9 8 3 ) . T h e  

q u e s t i o n  o f  p r o d u c t i o n  e f f i c i e n c i e s  i n  m e i o b e n t h i c  
p o p u l a t i o n s  i s  n o t  a t  a l l  s e t t l e d .  S e v e r a l  s t u d i e s  o n  

n e m a t o d e s  ( S c h i e m e r  e t  a l . ,  1 9 8 0 ;  W a r w i c k ,  1 9 8 1 ;  
S c h i e m e r ,  1 9 8 2 a ,  b )  y i e l d e d  e x t r e m e l y  h i g h  v a l u e s  f o r  
t h e  p r o d u c t i o n  e f f i c i e n c y ,  o n e  v a l u e  e v e n  e x c e e d i n g  

9 0  % .
F o r  t h e  h a r p a c t i c o i d  c o p e p o d  T a c h id iu s  d is c ip e s ,  

W a r w i c k  (1 9 8 1 )  c a l c u l a t e d  a  p r o d u c t i o n  e f f i c i e n c y  o f  
c a .  7 0  % . H i s  c a l c u l a t i o n  w a s  b a s e d  o n  f i e l d  d a t a  f r o m  

t h e  'D i e v e n g a t ' ,  a  b r a c k i s h  w a t e r  p o n d  i n  n o r t h e r n  
B e l g i u m  ( H e i p  a n d  S m o l ,  1 9 7 6 ; H e i p ,  1 9 7 7 ) , a n d  f r o m  

r e s p i r a t i o n  m e a s u r e m e n t s  o f  c o p e p o d s  f r o m  t h e  L y n h e r  
e s t u a r y  (S .W . E n g la n d )  ( T e a r e  a n d  P r i c e ,  1 9 7 9 ) . E l s e ­

w h e r e  w e  s h o w  t h a t  t h e r e  i s  a  c o n s i d e r a b l e  d i f f e r e n c e
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in  r e s p i r a t i o n  r a t e s  b e t w e e n  t h e  2  p o p u l a t i o n s  o f  t h i s  
s p e c i e s  e x a m i n e d  ( H e r m a n  a n d  H e i p ,  1 9 8 3 ) . In  t h i s  
p a p e r  w e  t r e a t  i n  m o r e  d e t a i l  t h e  p r o d u c t i o n  o f  t h e  

D i e v e n g a t  p o p u l a t i o n  s o  t h a t  a  m o r e  a c c u r a t e  c a l c u l a ­
t io n  o f  t h e  p r o d u c t i o n  e f f i c i e n c y  i s  p o s s i b l e .

T a c h id iu s  d i s c ip e s  i s  a  w i d e l y  d i s t r i b u t e d  m e m b e r  o f  
e s t u a r i n e  m e i o f a u n a  ( M u u s ,  1 9 6 7 ) . I n  t h e  c o m m u n i t y  

w e  s t u d i e d ,  i t  t y p i c a l l y  o c c u r s  i n  l a r g e  n u m b e r s  d u r i n g  
s p r i n g  ( H e ip ,  1 9 7 9 ; H e r m a n  a n d  H e i p ,  i n  p r e s s ) .  M a x ­

im u m  d e n s i t i e s  a r e  c a .  1 0 0 ,0 0 0  i n d i v i d u a l s  m ~ 2, o n e  
p e a k  v a l u e  e x c e e d i n g  3 0 0 ,0 0 0  i n d .  m - 2 . T h e  s p e c i e s  

l iv e s  e p i b e n t h i c a l l y  a n d  f e e d s  o n  b e n t h i c  m i c r o a l g a e .

M A T E R I A L  A N D  M E T H O D S

D u r i n g  s p r i n g  1 9 7 9  ( M a r c h - J u n e ) ,  a  p o p u l a t i o n  o f  
T a c h id iu s  d i s c ip e s  w a s  s t u d i e d  i n  a  1 0  c m  d e e p  b r a c k ­

i s h  w a t e r  p o n d ,  t h e  'D i e v e n g a t ' ,  n o r t h e r n  B e lg iu m .  

S a l i n i t y  f l u c t u a t e d  b e t w e e n  11 a n d  1 6  %o ( m e a n :  
1 4 .6  %o) d u r i n g  t h e  p e r i o d  o f  i n v e s t i g a t i o n .  T h e  s e d i ­

m e n t  is  a  w e l l - s o r t e d  f i n e  s a n d  ( m e d i a n  g r a i n  s i z e  
0 .2 2 3  m m ), c o v e r e d  w i t h  l a r g e  a m o u n t s  o f  d e t r i t u s .

S a m p l e s  w e r e  t a k e n  e v e r y  3  d  w i t h  a  6 .0 6  c m 2 g l a s s  

c o r e r ,  to  a  d e p t h  o f  5  c m ,  a n d  f i x e d  i n  a  n e u t r a l  4  %  
f o r m a l d e h y d e  s o l u t i o n ,  h e a t e d  t o  7 0  °C . T h e  c o p e p o d s  

w e r e  e x t r a c t e d  f r o m  t h e  s e d i m e n t  a s  d e s c r i b e d  b y  H e i p  
e t  a l .  (1 9 7 4 ) , e x c e p t  t h a t  c e n t r i f u g a t i o n  o f  t h e  f i n e r  

f r a c t i o n s  w a s  d o n e  w i t h  L U D O X , a  s i l i c a - g e l ,  i n s t e a d  

o f  s u c r o s e  (D e  J o n g e  a n d  B o u w m a n ,  1 9 7 7 ) .
I t  w a s  i m p o s s i b l e  to  s a m p l e  t h e  n a u p l i i  q u a n t i t a ­

t i v e l y  i n  t h i s  d e t r i t u s - r i c h  s e d i m e n t .  C o p e p o d i t e s  a n d  

a d u l t s  w e r e  e x t r a c t e d  w i t h  h i g h  e f f i c i e n c y .  O n  e a c h  
d a t e  t h e  n u m b e r  o f  c o p e p o d s  i n  e a c h  d e v e l o p m e n t a l  

s t a g e  ( f ro m  C o p  I t o  a d u l t )  w a s  r e c o r d e d .  T h e  d e s c r i p ­

t i o n s  o f  t h e  c o p e p o d i t e s  o f  T a c h id iu s  d i s c ip e s  b y T e a r e
(1 9 7 8 )  w e r e  u s e d .

D r y  w e i g h t s  w e r e  d e t e r m i n e d  o n  a  M e t t l e r  M E 2 2  

m i c r o b a l a n c e  t o  a  p r e c i s i o n  o f  ±  1 p g .  B a tc h e s  o f  5 0  to  
1 0 0  i n d i v i d u a l s  b e l o n g i n g  t o  t h e  s a m e  d e v e l o p m e n t a l  

s t a g e  w e r e  d r i e d  f o r  2  h  a t  1 1 0  ° C  b e f o r e  w e i g h i n g .
In  o r d e r  t o  s u p p r e s s  t h e  r a n d o m  v a r i a t i o n  ( n o i s e  ) in  

t h e  d e n s i t y  d a t a ,  a  w e i g h t e d  r u n n i n g  m e a n  w a s  

a p p l i e d  w i t h  l e n g t h  3  a n d  w e i g h t  f a c t o r s  0 .2 3 , 0 .5 4 ,

0 .2 3  ( V e l l e m a n ,  1 9 7 7 ) . I n s p e c t i o n  o f  t h e  d e n s i t y  c u r v e s  
o f  t h e  6  d e v e l o p m e n t a l  s t a g e s  r e v e a l e d  t h e  e x i s t e n c e  o f  

s e v e r a l  p e a k s  w h i c h  c a n  b e  i n t e r p r e t e d  a s  r e p r e s e n t ­
i n g  s e p a r a t e  g e n e r a t i o n s .  T h e s e  p e a k s  a r e  w e l l  s e p a ­

r a t e d  i n  t h e  f i r s t  s t a g e s ,  b u t  b e c o m e  g r a d u a l l y  l e s s  
d i s t i n c t  a n d  m o r e  o v e r l a p p i n g  i n  t h e  o l d e r  o n e s .  In  
o r d e r  to  s e p a r a t e  t h e m  w e  u s e d  a  m e t h o d  d e v i s e d  fo r  

s p l i t t i n g  s t a t i s t i c a l  f r e q u e n c y  d i s t r i b u t i o n s  i n t o  G a u s ­
s i a n  c o m p o n e n t s  ( B h a t t a c h a r y a ,  1 9 6 7 ) .  I n  t h i s  m e t h o d  
t h e  m e a n  a n d  v a r i a n c e  o f  t h e  c o n s t i t u t i n g  G a u s s i a n s  

a r e  d e t e r m i n e d  g r a p h i c a l l y  o n  a  p l o t  o f  l n ( Y i+1/Y ¡)

a g a i n s t  X¡ ( w h e r e  X , is  t h e  c l a s s  m i d p o i n t  o f  t h e  i - th  
c l a s s ,  a n d  Y; t h e  c o r r e s p o n d i n g  f r e q u e n c y ) .  T h e  a b s o ­
l u t e  n u m b e r s  N ¡ in  e a c h  o f  t h e  G a u s s i a n  c o m p o n e n t s  

a r e  d e t e r m i n e d  b y  s o l v i n g  a  s y s t e m  o f  k  e q u a t i o n s  

(k  b e i n g  t h e  n u m b e r  o f  G a u s s i a n s ) .  T h i s  g i v e s  a  g o o d  
f it,  a l t h o u g h  i t  d o e s  n o t  c o n s i d e r  e r r o r  t e r m s  e x p l i c i t l y  
( B h a t t a c h a r y a ,  1 9 6 7 ) .

T h e  r e s u l t s  o f  t h i s  a n a l y s i s  c a n  b e  u s e d  f o r  a  p r o d u c ­

t i o n  e s t i m a t e  w i t h  t h e  m e t h o d  o f  R i g l e r  a n d  C o o l e y  
( 1 9 7 4 ) :  t h e  m e a n s  o f  t h e  G a u s s i a n  c o m p o n e n t s  c o r r e s ­

p o n d  t o  t h e i r  'm e a n  p u l s e  t i m e '  o f  t h e  p e a k s ,  a n d  t h e  
n u m b e r s  N j to  t h e  s u r f a c e s  u n d e r  a  p e a k ' s  c u r v e .  F o r  

e a c h  g e n e r a t i o n  t h e  p r o d u c t i o n  is  e s t i m a t e d  a s :

p*á(5T"S)x(w» Wi)l'2 (i)
w h e r e  i =  s t a g e  n u m b e r ;  D , =  d u r a t i o n  ( d a y s )  o f  t h e  
s t a g e  i;  N / D ,  =  n u m b e r  o f  c o p e p o d s  i n  t h e  s t a g e .

A s  a n  i n d e p e n d e n t  t e s t  o f  t h e  w h o l e  p r o c e d u r e  w e  

a l s o  e s t i m a t e d  t h e  p r o d u c t i o n  w i t h  t h e  s i z e - f r e q u e n c y  

m e t h o d ,  a s  m o d i f i e d  f o r  t h e  a n a l y s i s  o f  p o p u l a t i o n s  
g r o u p e d  in  d e v e l o p m e n t a l  s t a g e s  b y  H e r m a n  e t  a l .  

(1 9 8 3 ) . T h i s  m e t h o d  g i v e s  a n  a p p r o x i m a t i o n  o f  t h e  
r e l a t i v e  d u r a t i o n  o f  e a c h  s t a g e  ( g i v in g  S t a g e  I t h e  

a r b i t r a r y  d u r a t i o n  o f  1) b y  a s s u m i n g  e x p o n e n t i a l  m o r ­
t a l i t y .  I n  t h e  c a s e  o f  T a c h id iu s  d i s c ip e s  w e  a l s o  n e e d  a n  
e s t i m a t e  o f  t h e  r e l a t i v e  d u r a t i o n  o f  e g g  +  n a u p l i a r  

s t a g e s .  T h i s  i s  p r o v i d e d  b y  c u l t u r e  e x p e r i m e n t s  o f  S m o l  
a n d  H e i p  (1 9 7 4 )  f r o m  w h i c h  i t  c a n  b e  c o n c l u d e d  t h a t  

t h i s  d u r a t i o n  i s  3A  o f  t h e  c o p e p o d i t e  s t a g e s  c o m b i n e d .  
T h e  m e t h o d  f u r t h e r  r e q u i r e s  o n ly  a n  e s t i m a t e  o f  t h e  
n u m b e r  o f  g e n e r a t i o n s  o c c u r r i n g  d u r i n g  t h e  s t u d y  

p e r i o d ,  w h i c h  i n  t h i s  c a s e  i s  3 .
T h e  n u m b e r  o f  e g g s  p r o d u c e d  w a s  c a l c u l a t e d  f r o m  

t h e  o b s e r v e d  d e n s i t y  o f  f e m a l e s  c a r r y i n g  e g g s  b y  t h e  

f o r m u la :

N ,  =  Æ x E (2)
1 At

w h e r e  s u m m a t i o n  i s  o v e r  a l l  s a m p l i n g  d a t e s  t;  c  =  i n ­

t e r v a l  ( d a y s )  b e t w e e n  2  s a m p l i n g s ;  T t =  e m b r y o n i c
d e v e l o p m e n t  t i m e  a t  t h e  p r e v a i l i n g  t e m p e r a t u r e  a t  

t i m e  t ;  E  =  n u m b e r  o f  e g g s  p e r  e g g  s a c .  B o th  T t a n d  E  
a r e  a v a i l a b l e  f r o m  c u l t u r e  e x p e r i m e n t s  b y  S m o l  a n d  

H e i p  (1 9 7 4 )  a n d  H e i p  a n d  S m o l  (1 9 7 6 ) .
T h i s  e s t i m a t e  o f  t h e  n u m b e r  o f  e g g s  p r o d u c e d  a l l o w s  

a  r o u g h  c a l c u l a t i o n  o f  t h e  n a u p l i a r  p r o d u c t i o n .  A s s u m ­
i n g  t h a t  w i t h i n  t h e  n a u p l i a r  p h a s e  b o t h  g r o w t h  a n d  

m o r ta l i t y  a r e  e x p o n e n t i a l ,  w e  h a v e :

W t =  W 0 e Gt (3)

N t =  N 0 e - zt (4)

w h e r e  G  a n d  Z  =  i n s t a n t a n e o u s  g r o w t h  a n d  m o r t a l i t y  

r a t e s ,  r e s p e c t i v e l y .
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P r o d u c t io n  is  g i v e n  b y  A l l e n  (1 9 7 1 )  a s :

P  =  ( G / ( G - Z ) )  ( N t W t -  N 0W 0) (5)

w h e r e  N 0, W 0, N x , W T =  n u m b e r s  p r e s e n t  a n d  i n d i ­

v i d u a l  w e i g h t  a t  t i m e s  o  a n d  T , r e s p e c t i v e l y .  W e  e s t i ­

m a t e d  W 0 a s  t h e  w e i g h t  o f  a n  e g g ,  a n d  W T a s  t h e  
w e i g h t  o f  a  C o p e p o d i t e  I. N T i s  t h e  n u m b e r  e n t e r i n g  

t h e  C o p e p o d i t e  I s t a g e ,  a n d  N 0 is  t h e  n u m b e r  o f  e g g s  
p r o d u c e d .  G  a n d  Z  c a n  b e  c a l c u l a t e d  f r o m  E q .  (3) a n d

(4 ), p r o v i d e d  a n  e s t i m a t e  o f  T  is  a v a i l a b l e .  A n  e s t i m a t e  

o f  G , a n d  t h u s  o f  T  i s  n e c e s s a r y  fo r  t h e  b i o m a s s  i n t e g r a l  

( s e e  b e lo w ) ,  b u t  f o r  t h e  p r o d u c t i o n  e s t i m a t i o n  b y  E q .
(5) i t  i s  s u f f i c i e n t  to  e s t i m a t e  G T  a n d  Z T , s i n c e  t h e  
f a c to r  T  d i s a p p e a r s  i n  t h e  d i v i s i o n  G / ( G - Z ) .  G T  a n d  Z T  

a r e  e s t i m a t e d  a s  I n  (W T/ W 0) a n d  - I n  (N T/ N 0), r e s p e c ­
t iv e ly .

O n e  c o m p l i c a t i o n  a r i s e s  b e c a u s e  t h i s  e s t i m a t e  o f 
n a u p l i a r  p r o d u c t i o n  i s  b a s e d  o n  t h e  g r o w t h  i n c r e m e n t  

p r i n c i p l e ,  w h e r e a s  t h e  p r o d u c t i o n  o f  c o p e p o d i t e s  is  
b a s e d  o n  t h e  p r i n c i p l e  o f  s u m m a t i o n  o f  e l i m i n a t i o n  

( s e e  H e i p  e t  a l . ,  1 9 8 2  fo r  a  d i s c u s s i o n ) .  A s  a  c o n s e ­

q u e n c e  o f  t h i s  d i f f e r e n c e ,  i t  c a n  b e  s e e n  t h a t  t h e  p r o ­

d u c t i o n  o f  C o p e p o d i t e  I i s  c a l c u l a t e d  t w i c e .  A s  th i s  
p r o d u c t i o n  b e l o n g s  m o s t  l o g i c a l l y  t o  t h e  n a u p l i a r  

s t a g e ,  i t  i s  s u b t r a c t e d  f r o m  t h e  c o p e p o d i t e  p r o d u c t i o n  
fo r  t h e  c a l c u l a t i o n  o f  p r o d u c t i o n  e f f i c i e n c y .

In  o r d e r  t o  e s t i m a t e  t h e  m e a n  b i o m a s s  o f  t h e  n a u p l i i  

w e  u s e  t h e  r e l a t i o n  ( A l l e n ,  1 9 7 1 )

P  /  B x =  G  (6)

w h i c h  i s  v a l i d  i n  t h e  c a s e  o f  e x p o n e n t i a l  g r o w t h  a n d  
m o r ta l i t y .  H e r e  B x =  b i o m a s s  -  i n t e g r a l :

T

B x =  ƒ  N tW t d t  (7)
o

O n c e  B x i s  k n o w n  fo r  t h e  n a u p l i i ,  t h e  c a l c u l a t i o n  o f  t h e  

m e a n  b i o m a s s  o f  t h e  t o t a l  p o p u l a t i o n  i s  s t r a i g h t f o r ­
w a r d .

T h e  m e a n  r e s p i r a t i o n  o f  t h e  d i f f e r e n t  s t a g e s  o f  

c o p e p o d i t e s  a n d  a d u l t s  a t  2 0  ° C  w a s  d e t e r m i n e d  b y  
H e r m a n  a n d  H e i p  (1 9 8 3 )  w i t h  C a r t e s i a n  D i v e r  m i ­
c r o r e s p i r o m e t r y .  T h e  r e s p i r a t i o n - b o d y  w e i g h t  r e l a t i o n  

w a s  g i v e n  b y  R  =  1 3 .1 8  W °  82, w i t h  R  i n  n l  0 2 i n d . -1 h -1 , 

a n d  W  i n  ¡xg d w t .  T o ta l  p o p u l a t i o n  r e s p i r a t i o n  w a s  
c a l c u l a t e d  f r o m  t h e s e  v a l u e s  a f t e r  a d j u s t m e n t  f o r  t e m ­
p e r a t u r e  i n  t h e  f i e l d  w i t h  K r o g h 's  n o r m a l  c u r v e  (W in -  

b e r g ,  1 9 7 1 ) . T h e  p r o d u c t i o n  e f f i c i e n c y  w a s  c a l c u l a t e d  
d i r e c t l y  fo r  c o p e p o d i t e s  a n d  a d u l t s .

R e s p i r a t i o n  o f  n a u p l i i  w a s  e s t i m a t e d  i n  t h e  f o l l o w in g  

w a y .  A s s u m i n g  e x p o n e n t i a l  g r o w t h  a n d  m o r t a l i t y  (cf. 

a b o v e )  w e  h a v e  a t  a n y  t i m e  t  : W t =  W 0 e Gt a n d  f ro m  
R , =  a  W ?-82 w e  g e t

R , =  a  W o0 82 e 0 82G t (8)

T h e  r e s p i r a t i o n  i n t e g r a l ,  b y  a n a l o g y  to  t h e  b i o m a s s  

i n t e g r a l ,  i s  g i v e n  b y :

R x =  a  N oW 0° 82 J  e (082 G " Z) 1 d t
o

rx =  a  ( (N TW T° 82 -  N 0W 00 82] /  ,(0 .8 2  G  -  Z ]) (9 )

T h i s  r e s p i r a t i o n  is  c o m p e n s a t e d  fo r  t e m p e r a t u r e  e f f e c t s  

b y  t h e  s a m e  f a c to r  a s  w a s  o b t a i n e d  fo r  f e m a l e s  c a r r y i n g  

e g g s .
F o r  t h e  c o n v e r s i o n  o f  d r y  w e i g h t s  to  e n e r g y  u n i t s  w e  

u s e d  t h e  f o l lo w in g  c o n v e r s i o n  f a c to r s :  1 1 0 2 c o n s u m e d  
i s  a s s u m e d  e q u i v a l e n t  to  0 .4  g  C  m e t a b o l i z e d  ( C r i s p ,  

1 9 7 1 ) ;  1 g  C  -  4 5 .8  k J  ( =  1 0 .9 2  k c a l )  ( S a l o n e n  e t  a l . ,  
1 9 7 6 ) , a n d  o r g a n i c  c a r b o n  is  5 2  %  o f  a s h  f r e e  d r y  

w e i g h t  ( S a l o n e n  e t  a l . ,  1 9 7 6 ) .
A l l  p r o d u c t i o n  e s t i m a t e s  g i v e n  in  t h e  t e x t  a r e  p r o ­

d u c t i o n  o v e r  t h e  s t u d y  p e r i o d  o f  9 9  d .

R E S U L T S

T h e  r a w  d a t a  ( i .e .  c o u n t s  6 .0 6  c m -2  o f  t h e  d i f f e r e n t  

s t a g e s )  a r e  g i v e n  in  T a b l e  1. M e a n  d r y  w e i g h t  o f  t h e  
s t a g e s ,  a n d  g e o m e t r i c  m e a n  w e i g h t  o f  c o n s e c u t i v e  

s t a g e s  a r e  g i v e n  i n  T a b l e  2. F ig . l ( a - f )  s h o w s  t h e  

d e n s i t y  c u r v e s  o f  c o p e p o d i t e  a n d  a d u l t  s t a g e s  ( r u n n i n g  

m e a n s ) ,  w i t h  t h e  c o m b i n e d  f i t t e d  G a u s s i a n  d i s t r i b u ­
t i o n s  s u p e r i m p o s e d .  W e  f o u n d  3  g e n e r a t i o n s  d u r i n g  

t h e  s t u d y  p e r i o d ,  w e l l  d i s t i n g u i s h e d  i n  t h e  f i r s t  s t a g e s ,  

b u t  g r a d u a l l y  m o r e  o v e r l a p p i n g  in  t h e  o l d e r  o n e s .
F o r  c a l c u l a t i o n s  o f  t h e  s t a g e  d u r a t i o n  w i th  R i g l e r  a n d  

C o o l e y 's  (1 9 7 4 )  m e t h o d  i t  is  n e c e s s a r y  to  d r a w  a  
s m o o t h  c u r v e  o n  a  p l o t  o f  m e a n  p u l s e  t i m e s  a g a i n s t  

s t a g e  n u m b e r s .  R i g l e r  a n d  C o o le y  (1 9 7 4 )  a d v i s e  p e r ­

f o r m i n g  t h e  s m o o t h i n g  i n  s u c h  a  w a y  t h a t  e a c h  s t a g e  i s  
l o n g e r  t h a n  t h e  p r e c e d i n g  o n e ,  a n d  t h a t  n e g a t i v e  m o r ­

t a l i t y  i s  m i n i m a l .  F ig .  2  s h o w s  t h e  e f f e c t  o f  t h i s  s m o o t h ­

i n g .  T h e  o n ly  i m p o r t a n t  m o d i f i c a t i o n  i s  t h a t  t h e  
s m o o t h e d  m e a n  p u l s e  t i m e  o f  C o p e p o d i t e  IV  i n  t h e  

f i r s t  p e a k  is  s h i f t e d  f o r w a r d .  T h e r e  i s  n o  n e g a t i v e  
m o r t a l i t y .  T h e  r e s u l t i n g  s t a g e  d u r a t i o n s  a n d  t h e  

n u m b e r  o f  c o p e p o d s  i n  e a c h  s t a g e  a r e  s h o w n  i n  

T a b l e  3 . A  p r o b l e m  i s  p o s e d  b y  t h e  a d u l t  s t a g e .  T h e  

m e t h o d  o f  R ig l e r  a n d  C o o l e y  (1 9 7 4 )  i m p l i e s  t h a t  a l l  
m o r t a l i t y  o c c u r s  a t  t h e  t r a n s i t i o n  o f  o n e  s t a g e  to  t h e  
n e x t .  T h i s  a s s u m p t i o n  d o e s  n o t  l e a d  to  s e r i o u s  b i a s  a s  

l o n g  a s  t h e  s t a g e s  a r e  o f  s h o r t  d u r a t i o n ,  b u t  w h e n  t h e y  
l a s t  l o n g e r  a n d  t h e r e  i s  c o n s i d e r a b l e  m o r t a l i t y  ( a s  in  

t h e  a d u l t  s t a g e ,  w h e r e  a l l  i n d i v i d u a l s  e v e n t u a l l y  d i e )  i t  
r e s u l t s  i n  a  r e l a t i v e  f o r w a r d  s h i f t  o f  t h e  m e a n  p u l s e  

t i m e .  T h e r e f o r e  t h e  m e a n  p u l s e  t i m e  o f  t h e  a d u l t s  i s  n o t  
r e l i a b l e  a s  a  b a s i s  f o r  t h e  e s t i m a t i o n  o f  i t s  d u r a t i o n .  

F o r t u n a t e l y  t h e r e  i s  a l m o s t  n o  s o m a t i c  g r o w t h  b e t w e e n  
C o p e p o d i t e  V  a n d  a d u l t s .  T h e  a s s u m p t i o n  t h a t  a l l  
C o p e p o d i t e  V  b e c o m e  a d u l t  t h e r e f o r e  i n t r o d u c e s  o n ly
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T a b l e  1. T a c h i d i u s  d i s c i p e s .  O r i g i n a l  c o u n t s  ( N o .  6 .0 6  c m -2) o n  w h i c h  t h e  p r o d u c t i o n  e s t i m a t e s  w e r e  b a s e d .  C l  C V :
C o p e p o d i t e s  1 t o  5 ;  A D : t o t a l  n u m b e r  o f  a d u l t s ;  F C E :  n u m b e r  o f  f e m a l e s  c a r r y i n g  e g g s

D a te C l C U C H I C I V C V A D F C E

2 1 . 3 . 7 9 0 0 0 0 0 2 1
2 4 . 3 . 7 9 0 0 1 0 1 2 1
2 7 . 3 . 7 9 1 1 0 1 2 12 3
3 0 . 3 . 7 9 3 0 1 1 1 10 2

2 . 4 . 7 9 6 3 0 2 2 7 1
5 . 4 .  7 9 0 2 2 1 2 17 6
8 . 4 . 7 9 9 14 1 0 1 0 8 3

14 . 4 . 7 9 1 3 2 3 8 11 0
1 7 . 4 . 7 9 1 7 0 6 10 13 1
2 0 . 4 . 7 9 11 2 0 2 9 27 21 24 3
2 3 .  4 .  7 9 2 2 1 5 1 3 1 3 17 3 9 8
2 9 . 4 . 7 9 5 5 5 2 6 2 37 17 4 1

2 . 5 . 7 9 14 21 2 7 17 2 5 57 8
5 . 5 . 7 9 11 2 3 3 5 6 0 7 3 8 5 12
8 . 5 . 7 9 2 5 15 3 4 5 2 4 0 101 19

11 . 5 . 7 9 2 2 16 13 41 5 4 1 5 2 3 2
1 4 . 5 . 7 9 31 41 4 1 31 19 9 2 3 4
17 . 5 . 7 9 5 0 4 0 3 0 2 3 3 9 191 9 6
2 0 . 5 . 7 9 2 2 2 6 3 9 4 3 3 9 131 6 8
2 3 . 5 . 7 9 1 5 5 10 9 5 6 13
2 6 .  5 .  7 9 1 0 1 1 6 6 2 2 6
2 9 . 5 . 7 9 8 1 4 5 12 9 8 3 0

1. 6 . 7 9 1 2 1 1 0 44 15
4 . 6 . 7 9 0 0 0 0 0 2 6 5
7 . 6 . 7 9 0 0 1 1 2 2 8 9

1 0 . 6 . 7 9 0 0 0 1 0 7 6 21
1 3 . 6 .  7 9 0 0 1 0 1 4 2 7
19 . 6 . 7 9 1 0 1 2 1 7 4
2 5 .  6 .  7 9 3 0 3 0 1 11 5

T a b l e  2 .  T a c h i d i u s  d i s c i p e s .  D r y  w e i g h t s  W ¡ o f  c o p e p o d i t e  
s t a g e s .  N  =  n u m b e r  o f  c o p e p o d s  w e i g h t e d  i n  a  b a t c h .  
(W ¡W i+ 1) 1/2 =  g e o m e t r i c  m e a n  o f  t h e  w e i g h t s  o f  2  c o n s e c u ­

t i v e  s t a g e s

T a b l e  3 . T a c h i d i u s  d i s c i p e s .  D u r a t i o n  (D ) o f  c o p e p o d i t e  s t a g e s  
a n d  n u m b e r  o f  c o p e p o d s  r e c r u i t e d  to  t h e  s t a g e  f o r  t h e  3 p e a k s  
i n  s p r i n g  1 9 7 9 ,  d e t e r m i n e d  b y  t h e  m e t h o d  o f  R i g l e r  a n d  

C o o l e y  (1 9  'A)

S t a g e N W ¡ (p g ) (w,w1+1)1/2

C O P  I 5 0 0 .2 0 0 .2 3
C O P  II 5 4 0 .2 6 0 .3 4
C O P  III 1 0 8 0 .4 5 0 .6 0
C O P  IV 7 0 0 .8 0 1 .1 8
C O P  V 6 8 1 .7 3 1 .7 6
A D 3 2 5 1 .8 0
E g g  s a c 6 0 0 .4 3

a  v e r y  l i g h t  b i a s ,  a n d  c i r c u m v e n t s  t h e  t r i c k y  p r o b l e m  o f  
e s t i m a t i n g  a d u l t - s t a g e  d u r a t i o n .  T h e  p r o d u c t i o n  o f  

c o p e p o d i t e s  a n d  a d u l t s  t h u s  c a l c u l a t e d  i s  1 .5 7  g  
d w t  m ~ 2. T h i s  v a l u e  i n c l u d e s  t h e  p r o d u c t i o n  o f  t h e  
b i o m a s s  e n t e r i n g  t h e  c o p e p o d i t e  s t a g e  a s  C o p e p o d i t e  I 

( s e e  'M a t e r i a l  a n d  M e t h o d s ') :  t h i s  a m o u n t  o f  0 .4 7  g  
d w t  m ~ 2 is  b e t t e r  i n c l u d e d  i n  t h e  n a u p l i a r  p r o d u c t i o n .  

P c, t h e  p r o d u c t i o n  o f  c o p e p o d i t e s  a n d  a d u l t s ,  i s  t h e n  
e s t i m a t e d  a s  P c =  1 .1 0  g  d w t  m ~ 2.

S t a g e D u r a t i o n
(d )

R e c r u i t m e n t  
( p e r  1 0  c m 2)

C O P  I 0 .8 5 7 9
C O P  II 2 .1 5 6 9

1 s t  p e a k C O P  III 1 .8 5 6 2
C O P  IV 8 .1 5 5 5
C O P  V 9 .8 5 4 9

C O P  I 0 .5 0 1 6 1 5

C O P  II 1 .5 0 5 6 3

2 n d  p e a k C O P  III 2 .5 0 4 3 4

C O P  IV 4 .0 0 2 7 7

C O P  V 6 .0 0 2 1 1

C O P  I 0 .9 0 6 3 5
C O P  II 1 .1 0 6 0 0

3 r d  p e a k C O P  III 1 .3 0 5 3 6
C O P  IV 1 .3 0 3 0 2
C O P  V 1 .7 0 1 7 5
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F ig .  1 . ( a - f ) :  T a c h i d i u s  d i s c i p e s .  D e n ­
s i t i e s  (N  1 0  c m - 2 ) o f  c o p e p o d i t e  s t a g e s  I 
(a ) ,  I I  (b ) ,  III (c ) , IV  ( d ) , V  (e )  a n d  o f  t h e  
a d u l t s  (f) i n  a  b r a c k i s h  w a t e r  p o n d  d u r i n g  
t h e  s p r i n g  o f  1 9 7 9 . F u l l  l i n e s :  t r e n d l i n e  
( s e e  t e x t )  t h r o u g h  o b s e r v a t i o n s .  B r o k e n  
l i n e s :  c o m b i n e d  G a u s s i a n s  f i t t e d  t o  t h e  

d a t a

March A p r i l  May June

CO P. I I I  (N iO cm  2 ) 
80

March A p r i l  May June March Ap r i l  May June

March A p r i l  May June

CO P. I I  (N 10cm  2 ) 
80

March Apr i l  May

ADULTS (N 10cm  2 ) 
160

T a b l e  4  g i v e s  t h e  p r o d u c t i o n  e s t i m a t i o n  w i t h  t h e  

s i z e - f r e q u e n c y  m e t h o d .  T h e  P c, c o r r e c t e d  f o r  C o p e p o ­
d i t e  I p r o d u c t i o n  b y  t h e  v a l u e  0 .4 7  g  d w t  m - 2  (o f  t h e  

p r e v i o u s  e s t im a t e )  is :  P c =  1 .0 2  g  d w t  m ~ 2.

T a b l e  4 .  T a c h i d i u s  d i s c i p e s .  P r o d u c t i o n  e s t i m a t i o n  b y  t h e  
s i z e - f r e q u e n c y  m e t h o d ,  a j  =  r e l a t i v e  d u r a t i o n  o f  S t a g e  j 
( w h e r e  a j  =  a r b i t r a r i l y  c h o s e n  a s  1 ) ; Hj =  m e a n  n u m b e r  o f  
c o p e p o d s  i n  S t a g e  j ;  N j =  a n  e s t i m a t e  o f  t h e  r e c r u i t m e n t  i n t o  

S t a g e  j ,  'P j '  o f  t h e  p r o d u c t i o n  o f  S t a g e  j

S t a g e a i n i •Pi-

C O P  I 1 1 7 .1 3 1 1 9 9 .3 6 2 8 .5 0
C O P  II 1 .1 4 1 7 .4 9 1 0 7 4 .3 6 5 0 .2 6
C O P  III 1 .5 3 2 0 .2 6 9 2 7 .3 8 9 0 .5 3
C O P  IV 1 .8 6 2 0 .6 3 7 7 6 .5 0 1 8 2 .1 1
C O P  V 2 .2 4 2 1 .4 9 6 2 1 .6 5 1 3 7 .0 1
AD 9 .4 3 7 3 .2 7 5 4 4 .0 3 9 9 5 .5 6

1 7 .3 8 1 4 8 3 .9 8

E g g  p r o d u c t i o n ,  e s t i m a t e d  b y  E q . (2) i s :  P e =  0 .3 1  g  

d w t  m - 2 . N u m b e r  o f  e g g s  p r o d u c e d  i s  2 9 ,1 6 1  1 0  c m - 2 .
N a u p l i a r  p r o d u c t i o n ,  e s t i m a t e d  b y  E q .  (5 ) is :  P n =  

1 .1 1  g  d w t  m - 2 .
T o ta l  p r o d u c t i o n  a m o u n t s  to  2 .5 2  g  d w t  m - 2  a n d  

2 .4 4  g  d w t  m - 2 , d e p e n d i n g  o n  w h e t h e r  t h e  f i r s t  o r  

s e c o n d  e s t i m a t e  o f  P c i s  u s e d .
D u r a t i o n  o f  t h e  c o p e p o d i t e  s t a g e s  i s  2 3 , 1 4 .5  a n d  

7 .5  d  f o r  t h e  3  p e a k s .  D u r a t i o n  o f  t h e  n a u p l i a r  s t a g e  i s  
a b o u t  h a l f  t h a t  o f  t h e  c o p e p o d i t e  s t a g e  ( S m o l  a n d  H e i p ,  

1 9 7 4 ) . U s in g  t h i s  e x p e r i m e n t a l l y  o b t a i n e d  r a t i o ,  t h e  
d u r a t i o n  o f  t h e  n a u p l i a r  p h a s e  i s  e s t i m a t e d  t o  b e  8  d . 

T h e  b i o m a s s  i n t e g r a l  B x f o r  t h e  n a u p l i i  t h e n  b e c o m e s :  
B x =  2 .9 6  g  d w t  X  d a y s  x  m - 2 . T h e  b i o m a s s  i n t e g r a l  

f o r  c o p e p o d i t e s ,  a d u l t s _ a n d  e g g s  i s  2 2 .7 7  g  d w t  x  d a y s  
x  m - 2 . M e a n  b i o m a s s  B  =  2 5 .7 3 /9 9  =  0 .2 6  g  d w t  m ~ 2. 
P /B  i s  9 .7  o v e r  t h e  s t u d y  p e r i o d ,  o r  3 .2  g e n e r a t i o n - 1 .

R e s p i r a t i o n  o f  c o p e p o d i t e s  a n d  a d u l t s  i s  e s t i m a t e d  a s  

R c =  3 .3  1 0 2 m -2  o v e r  t h e  s a m p l i n g  p e r i o d .  T h e i r  

p r o d u c t i o n  e f f i c i e n c y  i s  0 .3 0 .
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F ig .  2 . ( a - c ) :  T a c h id iu s  d i s c ip e s .  M e a n  p u l s e  t i m e s  o f  t h e  
d i f f e r e n t  d e v e l o p m e n t a l  s t a g e s  p l o t t e d  a g a i n s t  s t a g e  n u m b e r s  
f o r  t h e  3  p e a k s  i n  t h e  s p r i n g  o f  1 9 7 9 .  T h e  s m o o t h  l i n e s  a r e  
u s e d  f o r  t h e  a p p l i c a t i o n  o f  R i g l e r  &  C o o l e y 's  ( 1 9 7 4 )  m e t h o d

W h e n  e g g  p r o d u c t i o n  i s  a t t r i b u t e d  t o  t h e  a d u l t  p o p u ­

l a t i o n ,  p r o d u c t i o n  e f f i c i e n c y  b e c o m e s  0 .3 6 .  W i th  a n  
e s t i m a t e d  n a u p l i a r  r e s p i r a t i o n  o f  1 .1 2  1 0 2 m - 2  (E q . 

[9 ]), t h e  p r o d u c t i o n  e f f i c i e n c y  o f  t h e  t o t a l  p o p u l a t i o n  is  
c a l c u l a t e d  a s  0 .4 3 .

D I S C U S S I O N

T a c h id iu s  d i s c ip e s  p r o d u c e d  3  g e n e r a t i o n s  i n  s p r i n g  
1 9 7 9 . I n  a  5  d  i n t e r v a l  s a m p l i n g  i n  1 9 8 0  ( e s s e n t i a l l y  

a i m e d  a t  a n o t h e r  p o p u l a t i o n )  w e  c o u l d  d i s t i n g u i s h  t h e  

s a m e  p a t t e r n .  I t  w a s ,  a s  a  w h o l e ,  s h i f t e d  t o  1 0  to  1 2  d  
l a t e r .

T h e r e f o r e  w e  s u p p o s e  t h i s  p a t t e r n  o c c u r s  c o n s i s t ­

e n t l y  e a c h  y e a r .  P r e v i o u s l y ,  i t  w a s  n o t  r e v e a l e d  b y  

H e i p  (1 9 8 0 )  i n  f o r t n i g h t l y  s a m p l e s  w i t h  a l l  c o p e p o d i t e  
s t a g e s  p o o l e d .  O n e  s i n g l e  p e a k  w a s  d e s c r i b e d ,  a n d  i t  
w a s  c o n c l u d e d  t h a t  g r o w t h  i s  s l o w e r  u n d e r  n a t u r a l  

c o n d i t i o n s  t h a n  i n  l a b o r a t o r y  c u l t u r e s .  I t  i s  s h o w n  h e r e  
t h a t  s a m p l i n g  i n t e r v a l s  s h o u l d  b e  v e r y  s h o r t ,  a n d  t h a t  

t h e  c o p e p o d s  s h o u l d  b e  s u b d i v i d e d  i n t o  s h o r t - l i v i n g  
s t a g e s  in  o r d e r  t o  r e v e a l  t h e  d y n a m i c s  o f  a  r a p i d l y  

d e v e l o p i n g  p o p u l a t i o n  s u c h  a s  T a c h id iu s  d is c ip e s .

W e  e s t i m a t e d  t h e  p r o d u c t i o n  i n  2  d i f f e r e n t  w a y s ,  

e a c h  c h a r a c t e r i z e d  b y  a  n u m b e r  o f  s i m p l i f y i n g  
a s s u m p t i o n s .  In  t h e  f i r s t  m e t h o d ,  t h e  s m o o t h i n g  o f  t h e  

m e a n  p u l s e  t i m e s  m a y  w e l l  b e  t h e  m o s t  c r i t i c a l  s t e p ,  
e s p e c i a l l y  i n  C o p e p o d i t e s  IV  a n d  V . B e c a u s e  o f  t h e  
b i a s ,  p o s s i b l y  i n t r o d u c e d  b y  t h i s  e x t e n s i v e  d a t a  h a n d l ­

i n g ,  w e  m a d e  a  s e c o n d ,  i n d e p e n d e n t  e s t i m a t e .  T h i s  h a s  
a  w e a k n e s s  i n  t h e  a s s u m p t i o n  o f  a  c o n s t a n t  m o r t a l i t y  

r a t e  in  a l l  c o p e p o d i t e  s t a g e s .  B o th  e s t i m a t e s  a r e  r e l a ­

t i v e l y  c lo s e  to  o n e  a n o t h e r ,  t h o u g h .  T h i s  a d d s  s o m e  

c o n f i d e n c e  t o  o u r  e s t im a t e s .
D u e  to  t h e  r a p i d  d e v e l o p m e n t ,  t h e  p r o d u c t i o n  o f  

T a c h id iu s  d i s c ip e s  i s  r e l a t i v e l y  h i g h .  T h e  s p e c i e s  i s

T a b l e  5 . P /B  o f  m e i o b e n t h i c  c r u s t a c e a n s  d e t e r m i n e d  f r o m  
f i e l d  o b s e r v a t i o n s

S p e c i e s P /B
( y r - 1)

S o u r c e

H u n te m a n n ia  ja d e n s i s 3 .6 F e l l e r  (1 9 8 2 )
M icro a rth r id io n  litto ra lis 1 8 .0 F l e e g e r  & P a l m e r  (19 8 2 )
C y p r id e is  torosa 2 .7 H e r m a n  e t  a l .  (1 9 8 3 )
T a c h id iu s  d is c ip e s 3 4 .3 T h i s  s tu d y
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o n ly  f o u n d  d u r i n g  s p r i n g  in  t h i s  h a b i t a t .  E x p r e s s i n g  

th e  P /B  o n  a  y e a r l y  b a s e  b y  c h a n g i n g  t h e  t i m e  d i m e n ­
s io n ,  i t  b e c o m e s  P /B  =  3 5  y r _ 1 . C o m p a r e d  to  o t h e r  
m e i o b e n t h i c  p o p u l a t i o n s  f o r  w h i c h  d i r e c t  p r o d u c t i o n  

e s t i m a t e s  h a v e  b e e n  m a d e ,  t h i s  is  v e r y  h i g h  ( T a b l e  5 ). 
It s h o u l d  b e  k e p t  in  m i n d  h e r e  t h a t  T. d i s c ip e s  d o e s  n o t  

r e a l i z e  t h i s  h i g h  p r o d u c t i v i t y .  A s  i t  i s  r e s t r i c t e d  in  

a p p e a r a n c e  to  t h e  m o s t  f a v o u r a b l e  s e a s o n ,  m a n y  

m a i n t e n a n c e  c o s t s '  e x p e r i e n c e d  b y  o t h e r  s p e c i e s  in  
a d v e r s e  s e a s o n s ,  a r e  p r o b a b l y  l e s s  i m p o r t a n t  to  t h i s  

s p e c i e s .  T h e r e f o r e  t h e  v a l u e  P /B  =  3 5  y r -1  i s  o f  l i m i t e d  

s i g n i f i c a n c e .  O n l y  w h e n  t h e  m e a n  b i o m a s s  w o u l d  b e  
e s t i m a t e d  f r o m  s a m p le s ,  r e g u l a r l y  s p a c e d  o v e r  a  f u l l  
y e a r ,  t h i s  b i o m a s s  w o u l d  h a v e  to  b e  m u l t i p l i e d  b y  3 5  to  
f in d  t h e  y e a r l y  p r o d u c t i o n .

T h e  p r o d u c t i o n  e f f i c i e n c y  o f  T a c h id iu s  d i s c ip e s  is  

m u c h  h i g h e r  t h a n  21 % , t h e  m e a n  v a l u e  g i v e n  b y  
H u m p h r e y s  (1 9 7 9 )  fo r  n o n - i n s e c t  i n v e r t e b r a t e  h e r b i ­

v o r e s .  It i s  n e a r l y  e q u a l  to  3 9  % , t h e  m e a n  v a l u e  fo r  

n o n - s o c i a l  i n s e c t  h e r b i v o r e s ,  a n d  i t  a l s o  a p p r o a c h e s  
t h e  m e a n  fo r  n o n - i n s e c t  i n v e r t e b r a t e  d e t r i t i v o r e s  

(3 6  % ). T h e  f o r m a t i o n  o f  t h e  2  g r o u p s  'n o n - s o c i a l  
i n s e c t s ' a n d  'n o n - i n s e c t  i n v e r t e b r a t e s '  w a s  t h e  b e s t  

p o s s i b l e  s t a t i s t i c a l  i n f e r e n c e  H u m p h r e y s  (1 9 7 9 )  c o u l d  
m a k e  o n  t h e  b a s i s  o f  t h e  e x i s t i n g  d a t a .  In  t h e s e  d a t a  

c e r t a i n  t a x o n o m i c a l  ( a n d  p r o b a b l y  a l s o  e c o l o g i c a l )  
g r o u p s  a r e  o v e r e m p h a s i z e d ,  w h e r e a s  o t h e r s  a r e  a l m o s t  

u n s t u d i e d .  I t  i s  h i g h l y  i m p r o b a b l e  t h a t  t h e  g r o u p i n g  in  
n o n - s o c i a l  i n s e c t s  a n d  n o n - i n s e c t  i n v e r t e b r a t e s  w i l l  

r e m a i n  u n c h a n g e d  w h e n  m o r e  d a t a  a r e  a c c u m u l a t e d .  
A n y w a y ,  T. d i s c ip e s  h a s  a  p r o d u c t i o n  e f f i c i e n c y  v e r y  

n e a r  to  t h a t  o f  t h e  n o n - s o c i a l  i n s e c t s ,  t o  w h i c h  i t  i s  b o t h  
t a x o n o m i c a l l y  a n d  e c o l o g i c a l l y  m o r e  a k i n  t h a n  t o  t h e  
m o l lu s c s ,  w h i c h  c o n s t i t u t e  t h e  b u l k  o f  H u m p h r e y s '  
n o n - i n s e c t  i n v e r t e b r a t e s .

I t  m u s t  b e  n o t e d  h e r e  t h a t  B a n s e  (1 9 7 9 )  d i d  n o t  f i n d  
d i f f e r e n c e s  in  p r o d u c t i o n  e f f i c i e n c y  a c c o r d i n g  to  t h e  

s p e c i e s '  w e i g h t  a t  m a t u r i t y ,  l o n g e v i t y  o r  f e e d i n g  t y p e .  
H e  u s e d  a  l i m i t e d ,  b u t  m o r e  c r i t i c a l l y  s e l e c t e d  d a t a  
b a s e .  W h e n  s a m p l e  s i z e  i s  s m a l l ,  i t  i s ,  o f  c o u r s e ,  d i f ­

f i c u l t  to  p r o v e  t h e  e x i s t e n c e  o f  s i g n i f i c a n t  d i f f e r e n c e s .  

N e v e r t h e l e s s ,  B a n s e 's  (1 9 7 9 )  s t u d y  i n d i c a t e s  t h a t  t h e  
d i f f e r e n c e s  b e t w e e n  g r o u p s  i n  H u m p h r e y s  (1 9 7 9 )  
c o u ld ,  a t  l e a s t  i n  p a r t ,  a l s o  b e  d u e  to  d i f f e r e n t  
m e t h o d o l o g i e s  u s e d  in  t h e  s t u d y  o f  d i f f e r e n t  g r o u p s .  

T h is  i s  a n  i m p o r t a n t  e c o l o g i c a l  q u e s t i o n  w h i c h  
r e q u i r e s  f u r t h e r  s tu d y .

T h e  p r o d u c t i o n  e f f i c i e n c y  c a l c u l a t e d  h e r e  i s  c o n s i d ­
e r a b l y  l o w e r  t h a n  t h e  v a l u e  c a l c u l a t e d  b y  W a r w i c k  

(1 9 8 1 )  fo r  t h e  s a m e  s p e c i e s .  T h i s  d i s c r e p a n c y  is  

e n t i r e l y  d u e  to  t h e  c o m b i n a t i o n  o f  f i e l d  d a t a  a n d  r e s p i ­
r a t i o n  d a t a  f ro m  2  d i f f e r e n t  p o p u l a t i o n s .  T a b l e  6  l i s t s  

t h e  e f f i c i e n c i e s  f o r  d i f f e r e n t  t e m p e r a t u r e s  u s i n g  W a r ­
w i c k 's  c a l c u l a t i o n  m e t h o d ,  w i t h  t h e  a p p r o p r i a t e  r e s p i ­

r a t i o n  d a t a .  T h a t  c a l c u l a t i o n  i s  p e r f o r m e d  f o r  a n  e x p o -

T a b l e  6 .  T a c h i d i u s  d i s c i p e s .  P r o d u c t i o n  e f f i c i e n c y  c a l c u l a t e d  
f r o m  c u l t u r i n g  d a t a  o f  H e i p  a n d  S m o l  ( 1 9 7 6 )

T e m p .  (°C ) P  ( J . J - ’ d ' 1) R  ( J . J - 1 d “ 1) P / ( P  +  R)

5 0 .0 3 6 0 .0 8 6 0 .3 0
1 0 0 .0 8 6 0 .1 2 2 0 .4 1
15 0 .1 3 6 0 .1 8 0 0 .4 3
2 0 0 .1 8 6 0 .2 5 9 0 .4 2
2 5 0 .2 3 6 0 .3 7 4 0 .3 9

n e n t i a l l y  i n c r e a s i n g  p o p u l a t i o n ,  w i t h  s t a b l e  a g e  d i s ­
t r i b u t i o n ,  w h e r e  t h e  p r o d u c t i o n  p e r  u n i t  b i o m a s s  is  

e s t i m a t e d  a s  r m, t h e  i n t r i n s i c  r a t e  o f  n a t u r a l  i n c r e a s e .  

( A  m o r e  c o n s i s t e n t  m e a s u r e  o f  i t  i s  t h e  b i r t h  r a t e  b , 
w h i c h ,  h o w e v e r ,  i s  n o t  k n o w n  f o r  T a c h id iu s  d is c ip e s ,  
a n d  w i l l  n o t  b e  m u c h  h i g h e r  t h a n  rni i n  a n  e x p o n e n ­
t i a l l y  i n c r e a s i n g  p o p u l a t i o n  w i t h  l i t t l e  m o r t a l i t y  a n d  a  

s h o r t  g e n e r a t i o n  t im e .)  T h e  p o p u l a t i o n  s t r u c t u r e  in  t h e  

f i e l d  i s  c l e a r l y  d i f f e r e n t  f r o m  a  s t a b l e  a g e  d i s t r i b u t i o n ,  
a n d  o b v i o u s l y  t h e  m o r t a l i t y  i s  q u i t e  i m p o r t a n t .  

N e v e r t h e l e s s ,  t h e  p r o d u c t i o n  e f f i c i e n c y  f o u n d  i n  t h i s  

s t u d y  i s  e x a c t l y  e q u a l  to  t h e  p r e d i c t e d  v a l u e  o f  4 3  %  a t  
15  °C . T h is  c o r r o b o r a t e s  t h e  f i n d i n g s  o f  W o o d l a n d  a n d  

C a i r n s  (1 9 8 0 )  t h a t ,  g i v e n  c e r t a i n  p a r a m e t e r s  ( r e s p i r a ­
t i o n  r a t e ,  l o n g e v i ty ,  r a t i o  f i n a l  : i n i t i a l  w e i g h t ) ,  t h e  p r o ­

d u c t i o n  e f f i c i e n c y  i s  a l m o s t  i n d e p e n d e n t  o f  t h e  p r e c i s e  
p o p u l a t i o n  a g e  s t r u c t u r e  w i t h i n  t h e  r a t h e r  w i d e  l i m i t s  

o f  'b i o l o g i c a l l y  r e a s o n a b l e '  m o r t a l i t y  p a t t e r n s .

A ck n o w led g e m e n ts .  P . H e r m a n  a n d  C .  H e i p  a c k n o w l e d g e  a  
g r a n t  o f  t h e  B e l g i a n  N a t i o n a l  F o u n d a t i o n  f o r  S c i e n t i f i c  
R e s e a r c h  ( N F W O ) .  P a r t  o f  t h i s  r e s e a r c h  w a s  s u p p o r t e d  b y  t h e  
B e l g i a n  M i n i s t r y  o f  S c i e n c e  P o l i c y  ( C o n c e r t e d  A c t i o n s  
O c e a n o g r a p h y ) .  W e  t h a n k  W . G i j s e l i n c k  f o r  p r a c t i c a l  a s s i s t ­
a n c e .
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E c o l .  M o n o g r .  5 0 :  3 5 5 - 3 7 9  

B h a t t a c h a r y a ,  C .  G . ( 1 9 6 7 ) .  A  s i m p l e  m e t h o d  o f  r e s o l u t i o n  o f  a  
d i s t r i b u t i o n  i n t o  G a u s s i a n  c o m p o n e n t s .  B i o m e t r i c s  2 3 :  
1 1 5 - 1 3 5

C r i s p ,  D . J .  ( 1 9 7 1 ) .  E n e r g y  f l o w  m e a s u r e m e n t s .  I n :  M e t h o d s  
f o r  t h e  s t u d y  o f  m a r i n e  b e n t h o s .  IB P  H a n d b o o k  N o .  1 6 . 
B l a c k w e l l  S c i e n t i f i c  P u b l i c a t i o n s ,  O x f o r d ,  p .  1 9 7 - 2 7 9  

D e  J o n g e ,  V . N . ,  B o u w m a n ,  L. A . ( 1 9 7 7 ) .  A  s i m p l e  d e n s i t y  
s e p a r a t i o n  t e c h n i q u e  f o r  q u a n t i t a t i v e  i s o l a t i o n  o f  m e i o -  
b e n t h o s  u s i n g  t h e  c o l l o i d a l  s i l i c a  L u d o x - T M .  M a r .  B io l .  
4 2 : 1 4 3 - 1 4 8



2 7 8 M a r .  E c o l .  P r o g .  S e r .  1 7 :  2 7 1 - 2 7 8 ,  1 9 8 4

F e l l e r ,  R . J .  ( 1 9 8 2 ) .  E m p i r i c a l  e s t i m a t e s  o f  c a r b o n  p r o d u c t i o n  
fo r  a  m e i o b e n t h i c  h a r p a c t i c o i d  c o p e p o d .  C a n .  J .  F i s h ,  
a q u a t .  S e i .  3 9 :  1 4 3 5 - 1 4 4 3  

F l e e g e r ,  J .  W .,  P a l m e r ,  M . A . ( 1 9 8 2 ) .  S e c o n d a r y  p r o d u c t i o n  o f  
t h e  e s t u a r i n e  m e i o b e n t h i c  c o p e p o d  M icroarthrid ion l i t ­
torale. M a r .  E c o l .  P r o g .  S e r .  7 :  1 5 7 - 1 6 2  

G e r l a c h ,  S . A . (1 9 7 1 ) .  O n  t h e  i m p o r t a n c e  o f  m a r i n e  m e i o f a u n a  
f o r  b e n t h o s  c o m m u n i t i e s .  O e c o l o g i a  ( B e r i . )  6 :  1 7 6 - 1 9 0  

F f e ip ,  C .  ( 1 9 7 7 ) .  O n  t h e  e v o l u t i o n  o f  r e p r o d u c t i v e  p o t e n t i a l s  i n  
a  b r a c k i s h  w a t e r  m e i o b e n t h i c  c o m m u n i t y .  M i k r o f a u n a  
M e e r e s b o d e n  6 1 :  1 0 5 - 1 1 2  

H e i p ,  C .  ( 1 9 7 9 ) .  D e n s i t y  a n d  d i v e r s i t y  o f  m e i o b e n t h i c  
c o p e p o d s :  t h e  o s c i l l a t o r y  b e h a v i o u r  o f  p o p u l a t i o n  a n d  
c o m m u n i t y  p a r a m e t e r s .  I n :  N a y l o r ,  E . ,  H a r t n o l l ,  R . G .  ( e d . )  
C y c l i c  p h e n o m e n a  i n  m a r i n e  p l a n t s  a n d  a n i m a l s .  P e r g a ­
m o n  P r e s s ,  O x f o r d ,  N e w  Y o r k ,  p .  4 3 —47  

H e i p ,  C . ( 1 9 8 0 ) .  T h e  i n f l u e n c e  o f  c o m p e t i t i o n  a n d  p r e d a t i o n  
o n  p r o d u c t i o n  o f  m e i o b e n t h i c  c o p e p o d s .  I n :  T e n o r e ,  K . R ., 
C o u l l ,  B . C .  ( e d . )  M a r i n e  b e n t h i c  d y n a m i c s .  T h e  B e l l e  W . 
B a r u c h  L i b r a r y  in  M a r i n e  S c i e n c e ,  N o .  11 . U n i v e r s i t y  o f  
S o u t h  C a r o l i n a  P r e s s ,  C o l u m b i a ,  p .  1 6 7 - 1 7 7  

H e i p ,  C . ,  H e r m a n ,  P . M . J . ,  C o o m a n s ,  A . ( 1 9 8 2 ) .  T h e  p r o d u c ­
t i v i t y  o f  m a r i n e  m e i o b e n t h o s .  A c a d e m i a e  A n a l e c t a  4 4 :  
1-20

H e i p ,  C . ,  S m o l ,  N .  (1 9 7 6 ) .  I n f l u e n c e  o f  t e m p e r a t u r e  o n  t h e  
r e p r o d u c t i v e  p o t e n t i a l  o f  t w o  b r a c k i s h - w a t e r  h a r p a c -  
t i c o i d s  ( C r u s t a c e a ,  C o p e p o d a ) .  M a r .  B io l .  4 5 :  2 5 5 - 2 6 0  

H e i p ,  C . ,  S m o l ,  N . ,  H a u t e k i e t ,  W . ( 1 9 7 4 ) .  A  r a p i d  m e t h o d  f o r  
e x t r a c t i n g  m e i o b e n t h i c  n e m a t o d e s  a n d  c o p e p o d s  f r o m  
m u d  a n d  d e t r i t u s .  M a r .  B io l .  2 8 :  7 9 - 8 1 .

H e r m a n ,  P . M . J . ,  H e i p ,  C . ( 1 9 8 2 ) .  G r o w t h  a n d  r e s p i r a t i o n  o f  
C yp rid eis torosa  J o n e s  1 8 5 0  ( C r u s t a c e a ,  O s t r a c o d a ) .  
O e c o l o g i a  ( B e r i . )  5 4 :  3 0 0 - 3 0 3  

H e r m a n ,  P . M . J . ,  H e i p ,  C .  ( 1 9 8 3 ) .  T h e  r e s p i r a t i o n  o f  f i v e  
b r a c k i s h - w a t e r  h a r p a c t i c o i d  s p e c i e s .  J .  e x p .  m a r .  B io l .  
E c o l .  7 1 :  2 4 9 - 2 5 6  

H e r m a n ,  P . M . J . ,  H e i p ,  C . ( in  p r e s s ) .  L o n g - t e r m  d y n a m i c s  o f  
m e i o b e n t h i c  p o p u l a t i o n s .  O c e a n o l o g i c a  A c ta  

H e r m a n ,  P . M . J . ,  H e i p ,  C . ,  V r a n k e n ,  G . ( 1 9 8 3 ) .  T h e  p r o d u c ­
t i o n  o f  C yp rid e is  torosa  J o n e s  1 8 5 0  ( C r u s t a c e a ,  
O s t r a c o d a ) .  O e c o l o g i a  ( B e r i . )  5 8 :  3 2 6 - 3 3 1  

H u m p h r e y s ,  W . F . ( 1 9 7 9 ) .  P r o d u c t i o n  a n d  r e s p i r a t i o n  i n  a n i ­
m a l  p o p u l a t i o n s .  J .  A n i m .  E c o l .  4 8 :  4 2 7 - 4 5 3

M u u s ,  B . J .  (1 9 6 7 ) .  T h e  f a u n a  o f  D a n i s h  e s t u a r i e s  a n d  l a g o o n s .  
D i s t r i b u t i o n  a n d  e c o l o g y  o f  d o m i n a t i n g  s p e c i e s  i n  t h e  
s h a l l o w  r e a c h e s  o f  t h e  m e s o h a l i n e  z o n e .  M e d d r  D a n m .  
F i s k - o g .  H a v u n d e r s .  5 :  1 - 3 1 6  

R i g l e r ,  F . H ., C o o l e y ,  J .  M .  ( 1 9 7 4 ) .  T h e  u s e  o f  f i e l d  d a t a  to  
d e r i v e  p o p u l a t i o n  s t a t i s t i c s  o f  m u l t i v o l t i n e  c o p e p o d s .  L im -  
n o l .  O c e a n o g r .  1 9 : 6 3 6 - 6 5 5  

S a l o n e n ,  K ., S a r v a l a ,  J . ,  H a k a l a ,  I . ,  V i l j a n e n ,  M . ( 1 9 7 6 ) .  T h e  
r e l a t i o n  o f  e n e r g y  a n d  o r g a n i c  c a r b o n  i n  a q u a t i c  i n v e r t e ­
b r a t e s .  L i m n o l .  O c e a n o g r .  2 1 :  7 2 4 - 7 3 0  

S c h i e m e r ,  F . ( 1 9 8 2 a ) .  F o o d  d e p e n d e n c e  a n d  e n e r g e t i c s  o f  
f r e e l i v i n g  n e m a t o d e s  I. R e s p i r a t i o n ,  g r o w t h  a n d  r e p r o d u c ­
t i o n  o f  C aenorhabditis b rig g sa e  ( N e m a t o d a )  a t  d i f f e r e n t  
l e v e l s  o f  f o o d  s u p p l y .  O e c o l o g i a  ( B e r i . )  5 4 :  1 0 8 - 1 2 1  

S c h i e m e r ,  F . ( 1 9 8 2 b ) .  F o o d  d e p e n d e n c e  a n d  e n e r g e t i c s  o f  
f r e e l i v i n g  n e m a t o d e s .  II. L i f e  h i s t o r y  p a r a m e t e r s  of 
C aenorhabditis briggsae  ( N e m a t o d a )  a t  d i f f e r e n t  l e v e l s  o f  
f o o d  s u p p l y .  O e c o l o g i a  ( B e r i . )  5 4 :  1 2 2 - 1 2 8  

S c h i e m e r ,  F ., D u n c a n ,  A .,  K l e k o w s k i ,  R . Z .  ( 1 9 8 0 ) .  A  b i o -  
e n e r g e t i c  s t u d y  o f  a  b e n t h i c  n e m a t o d e ,  P lec tu s p a lu s tr is  
d e  M a n  1 8 8 0 ,  t h r o u g h o u t  i t s  l i f e  c y c l e .  O e c o l o g i a  ( B e r i . )  
4 4 :  2 0 5 - 2 1 2

S m o l ,  N .,  H e i p ,  C . (1 9 7 4 ) .  T h e  c u l t u r i n g  o f  s o m e  h a r p a c t i c o i d  
c o p e p o d s  f r o m  b r a c k i s h  w a t e r .  B io l .  J b .  D o d o n a e a  4 2 :  
1 5 9 - 1 6 9

T e a r e ,  M . (1 9 7 8 ) .  P o s t - e m b r y o n i c  d e v e l o p m e n t  o f  T a ch id iu s  
disc ip es  G i e s b r e c h t  1 8 8 1  ( C o p e p o d a ,  H a r p a c t i c o i d a ) .  
C a h .  B io l .  m a r .  1 9 :  3 4 3 - 3 5 3  

T e a r e ,  M . ,  P r i c e ,  R . ( 1 9 7 9 ) .  R e s p i r a t i o n  o f  t h e  m e i o b e n t h i c  
h a r p a c t i c o i d  c o p e p o d ,  T a ch id iu s d isc ip e s  f r o m  a n  
e s t u a r i n e  m u d f l a t .  J .  e x p .  m a r .  B io l .  E c o l .  4 1 :  1 - 8  

V e l l e m a n ,  P . F .  (1 9 7 7 ) .  R o b u s t  n o n l i n e a r  d a t a  s m o o t h e r s :  
d e f i n i t i o n s  a n d  r e c o m m a n d a t i o n s .  P r o c .  n a t n .  A c a d .  S e i .  
U .S .A .  7 4 :  4 3 4 - 4 3 6  

W a r w i c k ,  R . M .  (1 9 8 1 ) .  T h e  i n f l u e n c e  o f  t e m p e r a t u r e  a n d  
s a l i n i t y  o n  e n e r g y  p a r t i t i o n i n g  i n  t h e  m a r i n e  n e m a t o d e  
D ip lo la im ello ides bruciei. O e c o l o g i a  ( B e r i . )  5 1 :  3 1 8 - 3 2 5  

W i n b e r g ,  G .  (1 9 7 1 ) .  M e t h o d s  f o r  t h e  e s t i m a t i o n  o f  p r o d u c t i o n  
o f  a q u a t i c  a n i m a l s .  A c a d e m i c  P r e s s ,  L o n d o n ,  N e w  Y o r k  

W o o d l a n d ,  D . J . ,  C a i r n s ,  S . C . ( 1 9 8 0 ) .  S e n s i t i v i t y  o f  p o p u l a t i o n  
e n e r g y  e f f i c i e n c y  i n d i c e s  t o  d i f f e r e n c e s  i n  m o r t a l i t y  r a t e s .  
O e c o l o g i a  (B e r i .)  4 6 :  2 1 4 - 2 1 6

T h i s  p a p e r  w a s  s u b m i t t e d  t o  t h e  e d i t o r ;  i t  w a s  a c c e p t e d  f o r  p r i n t i n g  o n  M a r c h  1 2 ,  1 9 8 4



P r o b le m s  in m e io fa u n a  e n e r g y -f lo w  s tu d ie s

P eter  M . J . H er m a n , G u id o  V r a n k en  &  C a r lo  H eip
M a r in e  B io lo g y  S e c tio n . I n s t i tu u t  v o o r  D ie r k u n d e . R i jk s u n iv e r s i te i t  G en t, K . L. L e d e g a n c k s tr a a t  3 5 . B -9 0 0 0  
G e n t. B e lg iu m

K eyw ord s: m e io fa u n a , m a r in e  m e io b e n th o s , e n e r g y -f lo w , p r o d u c t io n , r e sp ir a t io n , b io m a ss

A b stra ct

T h e  d irec t e s t im a tio n  o f  e n e r g y  f lo w  th r o u g h  m a r in e  m e io b e n th ic  p o p u la t io n s  p o s e s  se v e ra l d if f ic u lt ie s ,  
m a in ly  r e la t in g  to  sa m p lin g  p r o b le m s. T h e  u se fu ln e s s  o f  so m e  ind irect e s t im a tio n  m e th o d s  is d is c u s s e d .

D ir ec t  p r o d u c t io n  e s t im a te s  a n d  r e sp ir a t io n  m e a su r e m e n ts  fo r  th ree  b r a c k ish  w a ter  c r u s ta c e a n  p o p u la ­
t io n s  a re  g iv e n , in d ic a t in g  a re la tiv e  c o n s ta n t  p r o p o r t io n  b e tw e en  p o p u la t io n  p r o d u c t io n  a n d  r e s p ir a t io n .  
T h e  p r o d u c tio n :  a s s im ila t io n  r a tio  fo r  th e se  p o p u la t io n s  f lu c tu a te s  b e tw e en  0 .3  a n d  0 .4 . T h is  is c o n tr a s te d  to  
litera tu re  d a ta  r ev e a lin g  m u ch  h ig h er  p r o d u ctio n :  a s s im ila t io n  ra tios as d e te r m in e d  in th e  la b o r a to r y  fo r  
n e m a to d e  p o p u la t io n s .  U s in g  d a ta  o n  la b o r a to r y  cu ltu r es  o f  th e  n e m a to d e  M o n h y s te r a  d i s ju n c ta  s o m e  
fa c to r s  th a t c a n  p o s s ib ly  g e n e r a te  th is  d isc r e p a n c y  a re  d is c u s se d . A n  a n a ly s is  o f  P :B  in d if fe r e n t  l if e  s ta g e s  o f  
th is  p o p u la t io n  ju s t if ie s  th e  u se  o f  a  l ife -c y c le  tu r n o v e r  o f  a b o u t  3 fo r  m e io b e n th ic  p o p u la t io n s ,  p r o v id e d  
s o m e  c o n d it io n s  a re  m e t. A m o n g  th e se  is th a t n o  d r a stic  c h a n g e  in p r o d u c t iv ity  o c c u r s  b e tw e en  j u v e n i le s  a n d  
a d u lts , a n d  th a t th e  b io m a ss  o f  h a tc h lin g s , n o t  o f  fresh ly  la id  e g g s , is c o n s id e r e d  a s  g e n e ra tiv e  p r o d u c t io n .

In tr o d u c tio n

S in c e  th e  sta r t o f  th e  In te r n a t io n a l B io lo g ic a l  
P r o g r a m m e , c o n s id e r a b le  s c ie n t if ic  e ffo r t  h a s  b een  
d e v o te d  to  th e  s tu d y  o f  th e  p r o d u c tiv ity  o f  m a r in e  
p o p u la t io n s .  T h e s e  s tu d ie s  fo c u s  in  th e  first p la ce  
o n  a  g o o d  d e s c r ip t io n  o f  a v e r a g e  s ta n d in g  s to c k s  
a n d  tr a n sfe r  ra tes b e tw e e n  c o m p a r tm e n ts  in b la ck  
b o x  m o d e ls . T h e  f in a l a im  o f  th e  s tu d y  o f  e c o s y s ­
te m s  fr o m  th e  e n e r g e t ic  p o in t  o f  v ie w  is a n  u n d er ­
s ta n d in g  a n d  q u a n t if ic a t io n  o f  th e  t im e -d e p e n d e n t  
d y n a m ic s  o f  th e  sy s tem .

In  th is  fr a m e w o r k , r e la t iv e ly  l it t le  a t te n t io n  h a s  
b een  p a id  to  th e  m e io fa u n a . A lth o u g h  a g rea t  
n u m b e r  o f  d a ta  h a v e  b e e n  g a th e r e d  o n  d e n s ity ,  
d iv e r s ity  a n d  sp e c ie s  c o m p o s i t io n  o f  m e io fa u n a , it 
is s t ill  v ery  p r o b le m a tic  to  d e r iv e  fr o m  th e se  an  
e s t im a tio n  o f  th e  ra te  o f  e n e r g y  f lo w  th r o u g h  th e se  
p o p u la t io n s .  A s  a  c o n s e q u e n c e , th e  d e ta ile d  s tu d y  
o f  th e  in te r a c t io n s  in  w h ic h  m e io b e n th ic  p o p u la ­

t io n s  are in v o lv ed  is im p a ired . T h e  q u a n t if ic a t io n  
a n d  in d eed  th e  p r o o f  o f  th e  e x is te n c e  o f  c o m p e t i ­
t io n  in  m e io fa u n a  rem a in s  a  far  a n d  e lu s iv e  g o a l .  
T h e  sa m e  is tru e  fo r  se v e ra l p r e d a to r -p r e y  ty p e  
re la tio n sh ip s: g r a z in g  by  m e io fa u n a  o n  m ic r o f lo r a ,  
p r e d a t io n  by  e p ib e n th o s  o n  th e  m e io f a u n a ,  a n d  
p r e d a t io n  w ith in  th e  m e io fa u n a . E n e r g y  f lo w  m e a ­
su r e m e n ts  are  r e q u ire d  to  e v a lu a te  b o th  th e  g r a z in g  
p r e ssu re  o n  lo w e r  tr o p h ic  le v e ls , a n d  th e  a m o u n t  o f  
e n e r g y  and  m a te r ia l m a d e  a v a ila b le  t o  h ig h e r  t r o ­
p h ic  levels.

M e th o d s  fo r  th e  e s t im a tio n  o f  p r o d u c t io n  in  
a q u a t ic  p o p u la t io n s  are  e x te n s iv e ly  r e v ie w e d  by  
W a te rs  (1 9 7 7 ) . T h e y  c a n  b e  red u ced  t o  t w o  ty p e s:  
s u m m a tio n  o f  e lim in a te d  b io m a ss , o r  s u m m a t io n  
o f  g r o w th  in c r e m e n ts  ( in c lu d in g  r e p r o d u c t iv e  o u t ­
p u t) . A c c o r d in g  to  th e  m e th o d  u s e d , o n e  n e e d s  
g o o d  d a ta  e ith er  a b o u t  g r o w th , r e p r o d u c t io n  a n d  
r e c ru itm e n t, o r  a b o u t  m o r ta lity  a n d  c h a n g e s  in  b i­
o m a ss . In p o p u la t io n s  w ith  o v e r la p p in g  g e n e r a ­

H y d r o b io lo g ia  1 18, 2 1 - 2 8  (1 9 8 4 ) .
©  D r  W . J u n k  P u b l is h e r s ,  D o r d r e c h t .  P r in te d  in  th e  N e th e r la n d s .
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t io n s  a n d  c o n t in u o u s  r e p r o d u c t io n , th is  p r o c ed u r e  
req u ires  f it t in g  o f  a  d e m o g r a p h ic  m o d e l to  th e  
a v a ila b le  d a ta , o r  a lte r n a t iv e ly  th e  e x tr a p o la t io n  o f  
c u ltu r e  d a ta  to  f ie ld  s itu a tio n s . E sp e c ia lly  in m arin e  
p o p u la t io n s ,  b o th  freq u en t s a m p lin g  w ith  sa m p lin g  
in te r v a ls  in  th e  o r d e r  o f  d a y s ,  a n d  c u ltu r in g  in th e  
la b o r a to r y  are o f te n  im p o ss ib le .

In  th e  in s ta n c e s  w h ere  d ir ec t e s t im a te s  are  im p o s ­
s ib le , p r o d u c t io n  m a y  b e  e s t im a te d  in d ir ec t ly  by  
a ss u m in g  a  p r o p o r t io n a lity  b e tw e e n  resp ira tio n  
a n d  p r o d u c t io n  e n e r g y  f lo w s  in  th e  p o p u la t io n . I n a  
s tu d y  c o m p r is in g  e c o lo g ic a lly  v ery  d iffe r e n t  p o p u ­
la t io n s , H y m p h r e y s  (1 9 7 9 )  c o u ld  d e fin e  sev era l 
g r o u p s , a ll o f  w h ic h  sh o w e d  a s ig n if ic a n t  l o g - lo g  
r e la t io n sh ip  b e tw e e n  p r o d u c t io n  a n d  resp ira tio n  
w ith  a s lo p e  n o t  s ig n if ic a n t ly  d if fe r e n t  fr o m  1. T h is  
im p lie s  th a t w ith in  th e se  g r o u p s  th e  p r o d u c t io n  
e ff ic ie n c y , a p p r o x im a te d  by  P / ( P  +  R ), is in d e ­
p e n d e n t o f  th e  p o p u la t io n ’s s iz e  (w h e r e  P is p r o d u c ­
t io n  a n d  R r e s p ir a t io n , b o th  e x p r e s s e d  in  th e  sa m e  
u n its , e .g . J o u le s ) .  B a n se  (1 9 7 9 )  a ls o  sh o w e d  th a t  
th e  p r o d u c t io n  e f f ic ie n c y  (‘N e t  g r o w th  e f fic ie n c y ’) 
in a n u m b e r  o f  in v e r te b r a te s  fr o m  te m p e r a te  re­
g io n s  is in d e p e n d e n t  o f  th e  a n im a ls ’ s iz e  at first  
m a tu r ity . T h e  a s s u m p tio n  o f  p r o p o r t io n a l ity  b e ­
tw e en  r e sp ira tio n  a n d  p r o d u c t io n  m a y  th e r e fo r e  be  
a r e a s o n a b le  b a se  fo r  in d ir ec t p r o d u c t io n  e s t im a ­
tio n .

T h e  e m p ir ic a l r e la t io n sh ip  b e tw e e n  y e a r ly  P :B  
(w h e r e  B is m e a n  b io m a ss )  a n d  a d u lt  s iz e , e s ta b ­
lish ed  by  B a n se  &  M o sh e r  (1 9 8 0 )  is a n o th e r  p o s s i­
b ility  t o  e s t im a te  p r o d u c t io n  in d ir e c t ly . A lth o u g h  it 
is d if f ic u lt  t o  e s ta b l is h  th e  a s s u m p tio n s  by  w h ic h  
th is  r e la t io n sh ip  c a n  b e  e x p e c te d , th e  em p ir ic a l d a ta  
su g g e s t  th a t  it m a y  b e  u se fu l. F u r th e r m o r e , it is o f  
p a r ticu la r  in te r e s t  t o  m e io b e n th o lo g is t s  b e c a u se  
th e se  a u th o r s  p r o p o s e  a n o th e r , lo w e r  lin e  fo r  m e io -  
b e n th o s  th a n  fo r  s im ila r ly  s iz e d  s p e c ie s  fr o m  o th e r  
e c o lo g ic a l  g r o u p s .

In  th is  p a p e r  w e  sh a ll  d is c u s s  s o m e  fie ld  a n d  
la b o r a to r y  d a ta  o n  p r o d u c t io n  a n d  r e sp ira t io n  o f  
m e io b e n th ic  p o p u la t io n s .  O u r  d is c u s s io n  w ill fo c u s  
o n  th e  a p p l ic a b i l ity  o f  th e  a b o v e -m e n t io n e d  s h o r t ­
cu t m e th o d s  fo r  p r o d u c t io n  e s t im a tio n .

Production and  respiration

In  o u r  w o r k  o n  a  s h a llo w  b r a c k ish  w a ter  p o n d ,  
th e  D ie v e n g a t  in  n o r th -w e s te r n  B e lg iu m , w e m e a ­

su red  b o th  th e  p r o d u c t io n  a n d  th e  r e sp ir a t io n  o f  
so m e  m e io b e n th ic  c r u s ta c e a n s . R e sp ir a t io n  a s  a 
fu n c t io n  o f  b o d y  w e ig h t at 20 ° C  w a s d e te rm in e d  
by C a r te s ia n  D iv e r  m ic r o r e sp ir o m e tr y  fo r  m o st  d e ­
v e lo p m e n ta l  s ta g e s  o f  o n e  o s tr a c o d  (H e r m a n  &  
H eip , 1982) a n d  fiv e  c o p e p o d  sp e c ie s  (H e r m a n  &  
H e ip , 1 9 83). T h e  m e ta b o lic  in te n s ity , m e a su r e d  by  
th e  in te rc ep t a  in th e  a llo m e tr ic  r e la t io n  lo g  R  =  
a +  b lo g  JT (w h ere  R  is r e sp ira tio n , J T b o d y  w e ig h t  
a n d  a  a n d  b  c o n s ta n ts )  is s im ila r  in fo u r  o f  th e se  
sp e c ie s . In th e  tw o  larger a n d  lo n g e r - liv e d  sp e c ie s ,  
the c o p e p o d  C a n u e lla  p e r p le x a  a n d  th e  o s tr a c o d  
C y p r id e is  to r o s a , it is m u ch  lo w er .

T h e  p r o d u c tio n  in  th e  fie ld  w a s  e s t im a te d  d ir ec tly  
fo r  th r e e  o f  th e se  p o p u la t io n s . T h e  resu lts  o f  th e se  
s tu d ie s  are su m m a rized  in T a b le  1.

T h e  o str a c o d  C y p r id e is  to r o s a  h a s  o n ly  o n e  g e n ­
e r a t io n  a n n u a lly  in th is  h a b ita t , b u t th ere  is c o n s id ­
e ra b le  o v e r la p  b e tw e en  su c c e ss iv e  g e n e r a t io n s ,  d u e  
to  o v e r w in te r in g  o f  th e  o ld e r  larv a e . Its  p r o d u c t io n  
w a s e s t im a te d  in tw o  w a y s  ( H e r m a n e /  a l .,  1 9 8 3 ). In  
the f ir s t m e th o d  th e  d is tr ib u tio n  o v e r  th e  d e v e lo p ­
m e n ta l s ta g e s  o f  th e  e m p ty  sh e lls  in  th e  b o t t o m  w a s  
used  t o  e s t im a te  s ta g e -sp e c if ic  m o r ta lity  r a te s , a n d  
th e  d u r a t io n  o f  th e  s ta g e s . T h e  s e c o n d  m e th o d  is a  
m o d if ic a t io n  o f  th e  s iz e -fr e q u e n c y  (‘ H y n e s ’) m e th ­
o d . B o th  resu lts a r e  in  g o o d  a g r ee m en t.

T h e  p o p u la t io n  o f  th e  h a r p a c tico id  c o p e p o d  T a ­
c h id iu s  d is c ip e s  w a s  sa m p le d  e v e r y  th ree  d a y s  in  th e  
sp r in g  o f  1979. T h e  p r o d u c t io n  o f  th e  c o p e p o d ite s  
a n d  a d u lts  w a s  e s t im a te d  b y  tw o  e s t im a tio n  p r o c e ­
d u res (H e r m a n  e t a i ,  1 9 8 4 ). T h e se  a re  b a se d  o n  
R ig ler  &  C o o le y ’s (1 9 7 4 )  m e th o d , a n d  o n  th e  s iz e -  
fr e q u e n c y  m e th o d . T h e  p r o d u c t io n  e f f ic ie n c y  o f  
36%  is c a lc u la te d  w ith  n e g le c t io n  o f  th e  n a u p li i,  fo r  
w h ic h  n e ith er  g o o d  p r o d u c t io n  n o r  r e sp ir a tio n  
m e a su r em e n ts  are  a v a ila b le . In c lu s io n  o f  (ra th er  
ro u g h ) e s t im a te s  o f  n a u p lia r  p r o d u c t io n  a n d  r e s p i­
r a t io n  ra ises th e  e f f ic ie n c y  s l ig h t ly , to  42% . F o r  th is  
n a u p lia r  p r o d u c t io n  e s t im a te , a n  e x p o n e n t ia l  m o d ­
el fo r  m o r ta lity  a n d  b o d y  g r o w th  w a s  a ssu m e d .  
T h u s  e s t im a te d , th e  n a u p lia r  p r o d u c t io n  a c c o u n ts  
for  41 % o f  th e  to ta l p r o d u ctio n .

T h e  h a r p a c tico id  c o p e p o d  P a r o n y c h o c a m p tu s  
n a n u s  w a s sa m p le d  ev ery  fiv e  d a y s  in  1 9 8 0 . T h e  
p r o d u c t io n  e s t im a tio n  o f  c o p e p o d ite s  a n d  a d u lts  
(H e r m a n  & H eip , in p rep .) w a s b a sed  o n  th e  s iz e -  
fr eq u e n c y  m e th o d . A g a in  th e  p r o d u c t io n  e f f ic ie n c y  
(37% ) had  to  b e  e s t im a te d  w ith  n e g le c t io n  o f  th e  
n a u p lii. H o w e v er , w ith  th e  sa m e  m e th o d  a s  fo r  T.
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d is c ip e s , a  c ru d e  e s t im a te  o f  th e  n a u p lia r  c o n tr ib u ­
t io n  to  o v e ra ll p r o d u ctio n  w a s m ad e: 25% . O ur  
e s t im a te s  c a n  be c o m p a r ed  to  the 35%  c o n tr ib u t io n  
fo u n d  by F le eg e r  & P a lm e r  (1 9 8 2 )  fo r  M ic r o a r ­
th r id io n  l i t to r a le , and  th e  39%  e s t im a te d  for  H. 
j a d e n s i s  (F e lle r ,  1982). T h e y  c o n f ir m  th e  im p o r ta n t  
ro le  o f  th e  n a u p lii in th e  p o p u la t io n  p r o d u c t io n ,  
s tr e sse d  by  H ic k s  &  C o u ll (1 9 8 3 ) .  H o w e v e r , a s o u r  
c a lc u la t io n s  fo r  T. d is c ip e s  in d ic a te , th e y  p r o b a b ly  
h a v e  n o  p r o fo u n d  in flu e n c e  o n  th e  e s t im a tio n  o f  th e  
p o p u la t io n ’s p r o d u c tio n  e ffic ie n c y .

A s sh o w n  in T a b le  1, th e  p r o d u c t io n  e f f ic ie n c ie s  
o f  th e se  th ree  p o p u la t io n s  are  n ea r ly  e q u a l to  o n e  
a n o th e r . T h is  n ea t p r o p o r t io n a lity  b e tw e e n  resp ira ­
t io n  a n d  p r o d u c t io n  is r e m a r k a b le  b e c a u se  th e  
p o p u la t io n s  d iffe r  c o n s id e r a b ly  in  a n u m b e r  o f  
c h a r a c te r is tic s  (T a b le  2 ). T h e  v a lu e s  fo r  th e  p r o d u c ­
t io n  e f f ic ie n c y  are in  g o o d  a g r e e m e n t  w ith  th e  
v a lu e s  e x p e c te d  fro m  H u m p h r e y s ’ (1 9 7 9 )  regres­
s io n  b e tw e en  lo g  P a n d  lo g  R fo r  n o n - in s e c t  d e tr it i-  
v o r es . A ls o  in  g o o d  a g r ee m en t is th e  v a lu e  (38% ) 
fo u n d  b y  M a rc h a n t &  N ic h o la s  (1 9 7 4 )  fo r  th e  n e m ­
a to d e  P e lo d e r a .  T h e se  p r o d u c tio n  e f f ic ie n c ie s , h o w ­
ev er , a r e  m u c h  lo w e r  th a n  th o s e  o b ta in e d  fo r  n e m a ­
to d e s  in  c u ltu r e  by  W a r w ick  ( 1 9 8 1 b ) ,  S c h ie m e r  e t  
al. (1 9 8 0 ) , S c h ie m e r  (1 9 8 2 a , b) a n d  T ie t je n  (1 9 8 0 ) .  
T h e se  a u th o r s  a ll fin d  very  h ig h  p r o d u c t io n  e f f i ­
c ie n c ie s , in  th e  o rd er  o f  70%  to  90% . It is a n  im p o r ­
ta n t q u e s t io n  if , a n d  h o w  th e  m a jo r  d isc r e p a n c y  
b e tw e en  th e se  tw o  g r o u p s  o f  v a lu e s  c o u ld  be e x ­
p la in e d . W e  th in k  th a t se v e ra l fa c to r s  s h o u ld  be 
c o n sid e r ed .

/ .  F ie ld  v e r su s  la b o r a to r y  c o n d i t io n s

T h e  n e m a to d e  d a ta  a re  o b ta in e d  fr o m  la b  c u l­
tu res. T h e  c o n d it io n s  in  th e se  cu ltu r e s  are  o b v io u s ly  
d iffe r e n t  fr o m  th e  c o n d it io n s  in  th e  f ie ld . In  h is  
stu d y  o n  C a e n o r h a b d itis  b r ig g s a e , S c h ie m e r i  1982a ,

T a b le  I . S u m m a r y  o f  e n e rg y - f lo w  s tu d ie s  in  th r e e  m e io b e n th ic  
c r u s t a c e a n  p o p u la t io n s  f r o m  a  b r a c k i s h - w a te r  h a b i t a t  ( T h e  
‘D ie v e n g a t '  in  n o r th e r n  B e lg iu m ).

C y p r id e is  to r o s a  ( O s t r a c o d a )  ( d a t a  in  H e r m a n  e t  a i .  1983) 
P r o d u c t i o n :

-  ‘e m p ty  s h e lls  m o d e l ':  P  = 9 .6 9  g  d w t m  2 a  1
-  's i z e - f r e q u e n c y '

m e th o d :  P  =  9 .2 4  g  d w t m  2 a  1
M e a n  b io m a s s :  B =  3 .5 5  g d w t m  2
R e s p i r a t io n :  R  =  2 0 .3 8  10 2  m  2 a  1

P r o d u c t i o n  e f f ic ie n c y : P / ( P  +  R )  =  0 .38
P :B  P :B  =  2 .7 3  a  1 =  2 .7 3  g e n e r a t io n  1

T a c h id iu s  d is c ip e s  ( C o p e p o d a )  ( H e r m a n  e t  a i ,  1984) 
P r o d u c t i o n  o f  c o p e p o d i te s  a n d  a d u l ts  
( d u r in g  th e  s p r in g  p e a k )

-  S e p a r a t i o n  o f
g e n e r a t io n  p e a k s  P c =  1.1 g  d w t m  2

- s i z e - f r e q u e n c y  P c =  1.0 g  d w t m  2
E g g  p r o d u c t io n  P e =  0 .31  g  d w t m  2
M e a n  b io m a s s  B = 0 .2 6  g  d w t m  2
R e s p i r a t i o n  R  =  3 .3 0 4  1 O 2 m -2
P r o d u c t i o n  e f f ic ie n c y  ( P c +  P c) / ( P c +  P c +  R )  =  0 .3 6
P :B  P :B  = 9 .3 4  ( s p r in g )  =  3 .1 1 .g en .

P a r o n y c h o c a m p tu s  n a n u s  (C o p e p o d a )
( H e r m a n  &  H e ip ,  in  p re p .)

P r o d u c t i o n  o f  c o p e p o d i te s  
a n d  a d u l t s  ( s iz e -
f r e q u e n c y )  P c =  1.9 g d w t  m  2 a  1

E g g  p r o d u c t io n  P t  =  1.2 g  d w t n r 2 a - 1
M e a n  b io m a s s  B = 0 . 17 g  d w t  m  2
R e s p i r a t i o n  R  =  6 .6 7  I O 2  m 2 a  1

P r o d u c t i o n  e f f ic ie n c y  ( P c +  P C) / ( P C +  P e +  R )  =  0 .3 7
P :B  P :B  =  2 4 .5  a 1 = 3 . 2  g e n e r a t i o n - 1

b) s h o w e d ,  fo r  in s ta n c e , th a t fe e d in g  c o n d it io n s  
h a v e  a  p r o fo u n d  in f lu e n c e  o n  th e  p r o d u c t io n  e f f i ­
c ie n c y . O th e r  e n v ir o n m e n ta l fa c to r s  w ill u n d o u b t­
e d ly  h a v e  a  s im ila r  e f fe c t . T h e  m e a su r ed  d iffe r e n c e s  
in  e f f ic ie n c y  c o u ld  th e r e fo r e  im p ly  th a t  m e io fa u n a  
in  n a tu r e  l iv e s  in  fa ir ly  u n fa v o r a b le  c o n d it io n s .  
H o w e v e r , th is  d if fe r e n c e  b e tw e e n  la b  a n d  f ie ld  c o n -

T a b le  2 . C h a r a c te r i s t ic s  o f  th e  th r e e  m e io b e n th ic  p o p u la t io n s  f o r  w h ic h  e n e rg y  b u d g e ts  w e re  c o n s t r u c te d .

C . to r o s a T. d is c ip e s P. n a n u s

A d u l t  s ize  ( p g  d w t  in d . ') 1 9 .8a 1.8 0 .6  (< 5 )-1.0 ( 9 )
M e ta b o l ic  in t e n s i ty 6 0 .2 5 1.1 1 .0
N u m b e r  o f  g e n e ra t io n s :  y e a r 1 3 C 8
F o o d  s o u rc e d e t r i tu s a lg a e d e t r i t u s

a w i th o u t  th e  w e ig h t  o f  th e  s h e lls ,  s e e  H e r m a n  &  H e ip  (1 9 8 2 )
6 e x p re s s e d  a s  th e  p a r a m e te r  a  in  L o g  R  =  a  +  b  lo g  W , w ith  R  in  In  0 2 in d . 1 a t  2 0  ° C ,  a n d  W  in  n g  d w t i n d . - 1 
: o n ly  p r e s e n t  d u r in g  a  2 - 3  m o n th s  s p r in g  p e r io d .
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d it io  ns a lo n e  is in su ff ic ie n t  a s a n  e x p la n a t io n .  B o th  
T a c h id iu s  d is c ip e s  a n d  P a r o n y c h o c a m p tu s  n a n u s  
h a v e  been  cu ltu r ed  in th e  la b o r a to r y  ( S m o l  & H e ip ,  
1974; H eip  & S m o l ,  1976; H e ip , 1 977). A p p ly in g  
o u r  resp ira tio n  d a ta  to  th e  s ta b le  a g e  d is tr ib u tio n  
d e r iv e d  fro m  th e  c u ltu r e  d a ta  y ie ld s  an  e f f ic ie n c y  o f  
a b o u t  40%  for  b o th  sp ec ie s  a t  15 ° C . F u r th e rm o r e ,  
th e  e ffic ie n c y  o f  P e lo d e r a  (M a r c h a n t  & N ic h o la s ,  
1974) has a lso  b een  e s t im a te d  in  th e  la b o r a to r y .

2. D iffe re n c e s  in  m e ta b o l ic  p a th w a y s

R e sp ir a tio n  in fu n c tio n  o f  th e  b o d y  w e ig h t has  
b een  m easured  fo r  the tw o  c o n g e n e r ic  n e m a to d e s  
C a e n o r h a b d i tis  b r ig g sa e  (S c h ie m e r , 1982a) a n d  C. 
e le g a n s  (D e  C u y p e r  & V a n fle ter e n , 1982). In b o th  
s tu d ie s  th e  r e sp ira t io n  rate  o f  th e  ju v e n ile  s ta g e  I is 
r e la t iv e ly  low : th e  o b s e r v a t io n s  lie  u n d er  th e  a l lo -  
m etr ic  r e la tio n  d e te r m in e d  fo r  th e  o th e r  s ta g e s . D e  
C u y p e r  &  V a n fle te r e n  (1 9 8 2 )  c o u ld  e x p la in  th is  
p h e n o m e n o n  by  th e  p r e v a le n c e  o f  a d iffe re n t  m e ta ­
b o lic  p a th w a y , th e  g ly o x y la te  c y c le , by  w h ic h  th e  
fa t  s to r e s  are  c o n s u m e d  in e g g s  a n d  e a r ly  ju v e n i le s  
o f  n e m a to d e s . In th is  p a th w a y  less o x y g e n  is c o n ­
su m e d  for  th e  sa m e  a m o u n t  o f  e n e r g y  m e ta b o liz e d .  
O b v io u s ly  th is  is o f  im p o r ta n c e  in  th e  e s t im a t io n  o f  
a ss im ila t io n  as A  =  P +  R , s in c e  n o  s im p le  c o n v e r ­
s io n  fa c to r  o f  R  to  m e ta b o liz e d  e n e rg y  is a v a ila b le .

In  th e  ca se  o f  C a e n o r h a b d i t i s , th is  fa c to r  m a y  
o n ly  h a v e  a  m in o r  im p o r ta n c e  fo r  th e  p o p u la t io n ’s 
e n e r g y  b u d g et. F o r  p a r tia lly  a n a e r o b ic  s p e c ie s ,  
h o w ev e r , it m a y  be m u ch  m o r e  im p o r ta n t.

3 . N e o n a te  w e ig h t v e r su s  e g g  w e ig h t

A  th ird  fa c to r , w h ic h  m a y  w e ll  b e  th e  m o s t  im ­
p o r ta n t  o n e , c re a te s  c o n s id e r a b le  d if f ic u lt ie s  fo r  th e  
c o n c e p t  o f  p r o d u c t io n . In  n e m a to d e s ,  th e  w e ig h t  o f  
a  n e o n a te  is c o n s is te n t ly  lo w e r  th a n  th e  w e ig h t  o f  a 
fr e sh ly  d e p o s ite d  e g g . T h e  w e ig h t lo s s  d u r in g  e g g  
d e v e lo p m e n t  is so m e t im e s  3 / 4  o f  th e  fresh  e g g  
w e ig h t. P r e su m a b ly  th e  a d u lts  pu t o r g a n ic  m a tte r  
in to  th e  eg g s in  a r e la tiv e ly  u n o r g a n iz e d  s ta te , a n d  
th e  w e ig h t lo ss  in  th e  e g g s  is th e  e n e r g e t ic  c o s t  o f  
b o th  m a in te n a n c e  a n d  o f  th e  o r g a n iz a t io n  o f  th is  
m a ter ia l in to  liv in g  t issu e .

D u e  to  th is  en e r g y  lo s s  in th e  e g g  s ta g e  it is u n c le a r  
w h a t sh o u ld  b e  c o n s id e r e d  a s  ‘p r o d u c t io n ’: the  
w e ig h t o f  th e  e g g s  p r o d u c e d  o r  th e  w e ig h t  o f  th e  
n e o n a te s . I f th e  o r g a n ic  m a tter  o f  th e  e g g  m a ss  is

c a lle d  p r o d u ctio n , th e  p o p u la t io n ’s e n e rg y  budget 
sh o u ld  c o m p r ise  a  term  fo r  th e  ‘ n e g a tiv e  p r o d u c ­
t io n ’ in th e  eg g  d e v e lo p m e n t .  In th is  sta g e  an  
a m o u n t  o f  o r g a n ic  m a tter  d isa p p e a r s  from  the  
p o p u la tio n : th e e n e r g y  lo st  d u r in g  th e  d e v e lo p m en t  
is d iss ip a ted  as h eat. T h e  in c lu s io n  o f  the eggs' 
‘n e g a tiv e  p r o d u c t io n ’ m a y  c o n s id e r a b ly  lo w er  the  
to ta l  p o p u la t io n ’s p r o d u c t io n  e f fic ie n c y , and  bring  
it back  to  m o re  rea listic  v a lu e s . F o r  th e  rep ro d u c in g  
fe m a le s , h o w ev e r , it r e m a in s  very  h ig h  (W a rw ick
(1 9 8 1 )  a n d  T ie tje n  (1 9 8 0 )  reco rd  v a lu e s  o v er  90% ). 
T h is  h ig h  e ffic ie n c y  is a r t if ic ia l if  th e  en erg y  co st o f  
s to r in g  org a n ic  m a ter ia l in th e  e g g s  is lo w e r  th an  the  
e n e rg y  c o st  o f  s to r in g  an  e q u iv a le n t  q u a n tity  o f  
m a ter ia l in th e  in d iv id u a l’s o w n  b o d y  grow th .

A n  a ltern a tiv e  d e f in it io n  o f  g e n e ra tiv e  p ro d u c­
t io n  co u ld  reso lv e  so m e  o f  th e  c o n c e p tu a l d iff ic u l­
t ies  d iscu ssed . W h e n  th e  b io m a ss  o f  th e  n e o n a te s  is 
d e fin e d  as p r o d u ctio n , th e  to ta l p o p u la t io n ’s p ro ­
d u c t io n  e ffic ie n c y  is th e  sa m e  a s  th e  v a lu e  o b ta in ed  
b y  in c o rp o ra tin g  th e  e g g s ’ ‘n e g a tiv e  p r o d u c tio n ’. 
T h e  r ep ro d u c in g  fe m a le s ’ e f f ic ie n c y  is lo w e re d , and  
th e  tw o  a llo c a t io n s  o f  o r g a n ic  m a tter  -  o w n  tissu e  
g r o w th  a n d  n e o n a te s ’ t is su e  -  are  m o re  c o m p a r a b le  
a s  far  a s e n e rg e tic  c o s t  is c o n s id e r e d . In  th is d e f in i­
t io n  o f  p r o d u ctio n  th e  fe m a le s  b e c o m e ‘c o n c e p tu a l­
ly  v iv ip a ro u s’. H o w e v er , th is  d e f in it io n  su ffer s from  
in c o n s is te n c y  w ith  c la ss ica l p r o d u c tio n  theory: o n ce  
th e  e g g s  are fo r m e d , th e y  d o  rep resen t a n  a m o u n t o f  
e n e rg y  w h ich  is a v a ila b le  to  h ig h er  tr o p h ic  levels.

A lth o u g h  th ere  rem a in  c o n c e p tu a l p ro b lem s, 
w h a tev e r  d e f in it io n  o f  g e n e r a tiv e  p r o d u ctio n  is 
c h o se n , the fa c t th a t  a lo t  o f  e n e r g y  sto r ed  is lo st  
fro m  th e  p o p u la tio n  d u rin g  eg g  d e v e lo p m e n t  sh o u ld  
b e  ta k e n  in to  a c c o u n t  fo r  th e  c a lc u la t io n  o f  en erg y  
b u d g e ts . In m o st n e m a to d e  p o p u la t io n s  fo r  w h ich  
v ery  h ig h  e ffic ie n c ie s  h a v e  b een  d e sc r ib e d , th e  bu lk  
o f  th e  p r o d u ctio n  is e g g  p r o d u c t io n . W h e n  th e  d e ­
v e lo p m e n ta l e n e rg y  lo ss  is su b tr a c te d  fro m  th e se  
p ro d u ctio n  figures, th e  e ffic ie n c y  w ill b e  c o n s id e r a b ­
ly  lo w e r . F o r  e x a m p le ,  a d ju s t in g  S c h ie m e r ’s 
(1 9 8 2 a , b) d a ta  fo r  C a e n o r h a b d i t i s  b r ig g sa e  (a t  a  
fo o d  d e n s ity  o f  IO10 b a c te r ia l c e lls  m l ’), y ie ld s  a 
c u m u la t iv e  e ff ic ie n c y  o v e r  a n e m a to d e ’s life  sp a n  o f  
a b o u t  40%  in stea d  o f  62% , a lth o u g h  a  p ea k  v a lu e  o f  
o v e r  60%  is s t ill  o b se r v e d  in  e a r ly  rep ro d u c tiv e  
fem a les.

In  c o n c lu s io n  w e  th in k  th a t th e  h ig h  p r o d u c tio n  
e ffic ie n c ie s  in  la b o r a to r y  c u ltu r e s  a re  o v e r e s t im a ­
t io n s ,  and  that w ith  the p resen t d a ta  th ere  is n o  c lear
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e v id e n c e  th a t m e io b e n th ic  e f f ic ie n c y  is h ig h er  th a n  
th e  e f f ic ie n c y  in  o th e r  g r o u p s . O n  th e  o th e r  h a n d , 
w e need  m o re  d a ta  to  b e  a b le  to  e s t im a te  th e  range  
o f  p r o d u c t io n  e f f ic ie n c ie s  in m e io b e n th ic  p o p u la ­
t io n s . T h e  e s t im a tio n  o f  p r o d u c t io n  fr o m  resp ira ­
t io n  by a s s u m in g  a n  e f f ic ie n c y  o f  e .g . 40%  is still  
very  te n ta tiv e .

Production:B iom ass (P:B) and body weight

S o m e  o f  the p o in ts  m a d e  a b o v e  a re  a lso  o f  im p o r ­
ta n ce  fo r  a d isc u s s io n  o f  th e  s c a lin g  o f  P :B  by  b o d y  
w eig h t in m e io fa u n a . T h e  fe w  fie ld  p r o d u c t io n  e s ­
t im a te s  o f  m e io b e n th ic  p o p u la t io n s  s h o w a  P :B  per  
g e n e r a tio n  tim e  o f  a b o u t  3 . T h is  f ig u r e  w a s used  by  
H eip  e t at. (1 9 8 2 )  to  e s t im a te  P :B  o f  n e m a to d e s  
fro m  c u ltu r e  d a ta  o n  g e n e r a t io n  t im e s . It w a s first 
g e n e ra lize d  fo r  th e  m e io b e n th o s  b y  G e r la c h (1 9 7 1 ) ,  
w h o  d er iv ed  it fr o m  a  p a r tia lly  h y p o th e t ic a l  n e m a ­
to d e  life  h isto ry . B o th  p a p er s  c ite , a s  a  ju s t if ic a t io n  
fo r  the g e n e r a liz a t io n , th e  m o d e l s tu d y  o f  W a ters  
(1 9 6 9 ) . In  th is  p a p er  it w a s  s h o w n  th a t  fo r  a  w id e  
va r ie ty  o f  g r o w th  a n d  m o r ta lity  m o d e ls ,  th e  life tim e  
P:B  d o e s  n o t v a ry  g r e a t ly  a r o u n d  a  m o d a l v a lu e  o f  
a b o u t 3 .5 .

H o w e v e r , o n  c lo s e r  in s p e c t io n  it a p p ea r s  th a t  
n e m a to d e s  are  very  d if fe r e n t  fr o m  th e  ty p e  o f  p o p u ­
la t io n s  W a te rs  ( 1969) m o d e lle d . H e  d e r iv e d  th e  lif e ­
tim e , n o t  th e  g e n e r a t io n  tim e  tu r n o v e r  a n d  sh o w e d  
th a t fo r  s ta t io n a r y  c o h o r t  p o p u la t io n s  th is  e q u a ls  
th e  P: B per p e r io d  b e tw e e n  t w o  r e p r o d u c tiv e  p ea k s. 
N e m a to d e s  o n  th e  c o n tr a r y  h a v e  c o n t in u o u s  r ep ro ­
d u c t io n  a n d  th e ir  r e p r o d u c t iv e  o u t p u t  is a n  im p o r ­
ta n t c o n tr ib u t io n  to  o v e r a ll  p r o d u c t io n :  it c a n n o t  
b e  n e g le c te d  as W a te rs  (1 9 6 9 )  d o e s .  T h e  m a in  q u e s ­
tio n s  to  a sk , if  o n e  w ish e s  to  g e n e r a liz e  a b o u t  n e m a ­
to d e  P :B , are th erefo re: c a n  th e  te rm  ‘g e n e r a tio n  
tim e  b e  e x a c t ly  d e f in e d , a n d  is th e r e  a  ju s t if ic a t io n  
to  use th e  f ig u re  P :B  =  3 “ p er g e n e r a t io n  t im e ”?’ (In  
c o n tr a s t  to  th e  d e m o g r a p h ic  lite ra tu re , w h ere  s e v ­
eral e x a c t ly  d e fin e d  m e a su r e s  o f  g e n e r a t io n  tim e  are  
u sed , th e  term  h a s a lo o s e  m e a n in g  in p r o d u c t io n  
stu d ie s .)

T o  c la r ify  th e se  p o in ts , w e  sh a ll  u se  d a ta  on  
M o n h y s te r a  d is ju n c ta , c u ltu r e d  in a g a r  d ish e s  at 
12 ° C a n d  30% 0 s a lin ity  (V r a n k e n  e t  a l .,  in  p r ep .). 
B a cter ia l fo o d  in th e se  c u ltu r e s  w a s  a b u n d a n t, but 
its c o m p o s it io n  w a s  n o t  c o n tr o lle d . F o r  th is  n e m a ­
to d e , c o m p le te  life  ta b le s  a n d  fe c u n d ity  ta b le s  w ere

d e te rm in e d . F ro m  th e se  ta b le s  m a n y  d e m o g r a p h ic  
p a ra m e te r s  w ere  c o m p u te d :  th e  in tr in s ic  ra te  o f  
n a tu ra l in c r e a se  rn„ th e  s ta b le  a g e  d is tr ib u t io n  at 
e x p o n e n t ia l  g r o w th , th e  b irth  ra te  b , th e  m in im u m  
g e n e r a tio n  t im e T min, th e  c o h o r t  g e n e r a t io n  tim e  T c, 
etc . . .

It w a s p r o v e n  by  Z a ik a  (1 9 7 3 )  th a t  in s ta b le  age  
d is tr ib u tio n  p o p u la t io n s ,  th e  P :B  e q u a ls  th e  b irth  
rate  b. T h u s  th e  o v e r a ll  p o p u la t io n  tu r n o v e r  rate  
fo r  th is  p o p u la t io n  w a s c a lc u la te d  as P :B  — 0 .1 8  
d a y  ', c o r r e s p o n d in g  to  65 y e a r -1. T h is  P :B  c a n  be 
p a r tit io n ed  a m o n g  th e  d iffe re n t  life  h is to r y  s ta g e s  
as fo llo w s .

T h e  ju v e n ile  b o d y  g r o w th  w a s  s tu d ie d  a t 17 ° C  
(F ig . 1). It c a n  be d escr ib ed  v ery  w e ll  by  th e  e x p o ­
n e n tia l fu n c t io n  W , =  W 0e Gl w h e r e  W , is th e  w et  
w e ig h t a t t im e  t, a n d  W 0 and  G  a re  c o n s ta n ts .  T h e  
p a ra m eters o f  th is  e q u a t io n  are  W 0 = 0 .0 1 4  /jg  w w t, 
G  =  0 .3 7  d a y - '  (r 2 =  0 .9 9 5 ;  F  =  1 1 3 5 ). T a k in g  in to  
a c c o u n t  th e  d e v e lo p m e n t  t im es  a t 12 ° C a n d  17 ° C ,  
th e  g r o w th  ra te  G  a t 1 2 ° C b e c o m e s  0 .2 1  d a y  ! . 
B e ca u se  o f  th e  e x p o n e n t ia l  fit , th is  f ig u re  a lso  
e q u a ls  th e  ju v e n ile  P :B .

E g g  d e p o s it io n  o c c u r s  a t  a n e a r ly  c o n s ta n t  r a te  o f  
5.1 e g g s  p er  fe m a le  a liv e  per d a y , u n t il  a fter  a b o u t  
4 0  d a y s  se n e sc e n c e  starts ra th er  a b r u p t ly , a n d  a l­
m o st n o  e g g s  are  d e p o s ite d  a n y  m o r e .

N e g le c t in g  a d u lt  so m a t ic  g r o w th , w h ic h  is n o t  
im p o r ta n t  in  s ta b le  a g e  d is tr ib u t io n s  a s  m o s t  a d u lts

Wet w e i g h t  (pg)
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Days  f r om h a t c h i n g

t-ig . I .  M . d is ju n c ta :  ju v e n i le  b o d y  g r o w th  b e tw e e n  h a t c h i n g a n d  
a d u l th o o d  in  a g a r  c u l tu r e s  a t  17 ° C .
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are v e r y  y o u n g , th e  a d u lts ’ P:B  is g iv e n  by th e  
fo rm u la:

P :B  =  (1 / ad u lt  w e ig h t) X  n o . e g g s  p r o d u c e d /  
fe m a le  d a y  X  e g g  w e ig h t  X  fr a c tio n  
fe m a le s

T h e P:B  eq u a lsO .33  d a y  A s w a s m e n t io n e d  b efore, 
i f  w e  c a lc u la te  th e  a d u lts ’ P :B  w ith  th e  e g g ’s w e ig h t , 
w e m u st in c o r p o r a te  a  n e g a tiv e  p r o d u c t io n  in  th e  
e g g  s ta g e . In  th is  c a se , th is  e g g  P :B  a m o u n ts  to  
- 0 .1 3  d a y " 1. A lte r n a tiv e ly , w e  c a n  c a lc u la te  the  
a d u lts ’ P :B  by  ta k in g  in to  a c c o u n t  o n ly  th e  w e ig h t  
o f  th e  n e o n a te s .  T h e  a d u lt  P :B  th e n  b e c o m e s  0 .2 0  
d a y 1, a lm o s t  e x a c t ly  eq u a l to  th e  ju v e n ile  P :B .

B e c a u se  o f  th is e q u a lity , th e  p o p u la t io n ’s a g e  
s tr u c tu r e c a n  o n ly  a ffe c t  its P: B th r o u g h  a d u lt  b o d y  
g r o w th , w h ic h  h o w ev e r  w e th in k  is n o t v ery  im p o r ­
ta n t in th is  c a se . T h u s  th e  p o p u la t io n  P :B  e q u a ls  th e  
ju v e n ile  P :B  w h ic h , d u e  to  th e  e x p o n e n t ia l  g r o w th  
is g iv en  by:

P :B  =  ln ( W x / W 0) =  G T

per d e v e lo p m e n ta l p e r io d , w h ere  W T a n d  W 0 are  th e  
b o d y  w e ig h t s  a t  th e  e n d  a n d  th e  sta r t o f  th e  ju v e n ile  
p eriod  r e sp e c tiv e ly , a n d  T  is th e  d e v e lo p m e n ta l  p e ­
riod .

T h is  f ig u r e  g iv e s  a re lia b le  e s t im a te  o f  th e  p o p u la ­
t io n  P :B  b e c a u se  th e  f o l lo w in g  c o n d it io n s  are  m et:
1. T h e  n e o n a te s ’ w e ig h t  is c a lle d  ‘p r o d u c t io n ’, o r  a 

term  fo r  ‘n e g a tiv e  p r o d u c t io n ’ in th e  e g g  s ta g e  is 
in c o r p o r a te d  in  th e  b u d g et.

2. T h e  ju v e n i le  b o d y  g r o w th  is e x p o n e n t ia l .
3. T h e  a d u lt  b o d y  g r o w th  is n o t t o o  im p o r ta n t .
4 . T h e  p r o d u c t iv ity  o f  th e  (y o u n g )  a d u lts  is n o t  

m u ch  d iffe r e n t  fr o m  th e  ju v e n ile  p r o d u c t iv ity .

It is not c lea r  w h eth er  th e  la st th r e e  c o n d it io n s  ca n  
be g en era lized  to  n e m a to d e s  a s  a  g r o u p , and  th e r e ­
by p ro v id e  a ju s t if ic a t io n  fo r  th e  u se  o f  an  o v e ra ll  
fig u re  fo r  P:B  per d e v e lo p m e n ta l  p e r io d . T h e a v a i l-  
a b le  in fo r m a tio n  su g g e s ts  th a t ju v e n ile  g r o w th  in 
n e m a to d e s  d o e s  n o t d ep a r t to o  w id e ly  fro m  an  
e x p o n e n t ia l m o d e l. T a b le  3 g iv e s  so m e  a p p r o x i­
m a te  v a lu es fo r  ln( W T/ W 0), s h o w in g  th a t th is  v a lu e  
d o e s  n ot vary to o  w id e ly  e ith er .

T h e  m o st im p o r ta n t c o n d it io n  th e n  b e c o m es  4. 
T h is  c o n d it io n  is rather  d if f ic u lt  to  c h e c k  in p u b ­
lish ed  stu d ies . In tu itiv e ly  o n e  w o u ld  e x p e c t  th a t the  
w e ig h t-sp e c if ic  p r o d u c t io n  o f  a d u lts  d e fin ed  in 
term s o f  n e o n a te s ’ w e ig h t c a n n o t  be h ig h er  th a n  the  
w e ig h t-sp e c ific  p r o d u c tio n  o f  th e  ju v e n ile s . In g e n ­
era l, the in ten sity  o f  m e ta b o lis m  d e c re a se s  w ith  a ge . 
A lth o u g h  the d a ta  o n  M . d is ju n c ta  su g g es t  a fa ir ly  
c o n sta n t  rate, it m a y  in fa c t d e c r e a se  a fter  th e  first 
d a y s  o f  a d u lth o o d , i f  th e  a d u lts  h a v e  so m e  so m a tic  
g ro w th .

A n  u n re so lv e d  p r o b le m  in  th e se  d a ta  is th e  a l lo ­
c a t io n  o f  th e  a d u lts ’ p r o d u c t io n  b e tw e e n  th e  se x e s . 
A s the w e ig h t-sp e c if ic  p r o d u c t io n  o f  th e  a d u lts , a s a 
w h o le , is a lm o st eq u a l to  th e  ju v e n ile s ’, fe m a le s  
ha v e  a h igh er  p r o d u c tiv ity  th a n  ju v e n ile s , a n d  
m a les a m uch  lo w er  o n e . W h a te v e r  th e  m ech a n ism  
is th a t a llo w s  fe m a le s  to  h a v e  a h ig h er  p r o d u c tiv ity  
th a n  ju v e n ile s , it is d iff icu lt  to  u n d e r s ta n d  w h y  th is  
h a s n o t e v o lv e d  in th e  ju v e n ile  s ta g e . P o s s ib ly  the  
h y p o th e s is  th a t m a le  sp er m  c o n tr ib u te s  to  th e  
en e rg y  sto r ed  in th e  e g g s  (W a r w ic k , 1981a; J e n ­
n in g s &  D e u tsc h , 1975) c o u ld  e x p la in  th e se  d a ta .  
O n  th e  o th e r  h a n d , o b s e r v a t io n s  b y  J e n se n  (1 9 8 2 )  
h a v e  m ade th is h y p o th e s is  le s s  p r o b a b le .

T h e  c o n d it io n s  ( 1 -4 )  s ta te d  a b o v e  c la r ify  th e  a s-

T a b le  J .  N a t u r a l  lo g a r i th m s  o f  th e  r a t i o  o f  f in a l  ( W x ) t o  in i t ia l  ( W 0) w e ig h t o f  n e m a to d e  ju v e n ile s .  S e e  t e x t  f o r  d e ta i l s .  N u m b e r  in 
b r a c k e ts  f o r  C . b r ig g s a e  a n d  P. p a lu s tr is  r e fe r  t o  b a c te r ia l  d e n s i t ie s .

S p e c ie s  l n ( W x / W 0)

M o n h y s te r a  d i s ju n c ta 2 .9 (1 7  ° C ) T h is  p a p e r
C h r o m a d o r a  n u d ic a p i ta ta 2 .8 (1 2  ° C ) V r a n k e n ,  u n p u b l .
M o n h y s tr e l la  p a r e le g a n tu la 2 .3 (2 5  ° C ) id .

C a e n o r h a b d it is  b r ig g sa e 3 .5 ( 5 x  IO8) S c h ie m e r .  1982a
3 .7 (IO 9)
4 .0 (IO 10)

P le c tu s  p a lu s t r i s 3 .4 ( ! K) S c h ie m e r  e t a l.  1980
3 .6 (1 0  K )

E u d ip lo g a s te r  p a r a r m a tu s 4.1 (1 2  ° C ) R o m e y n  e t  a l . .  1983
2 .3 (21 ° C )

D ip lo la im e l lo id e s  b r u c ie i 3 .6 (2 0  ° C ) W a rw ic k .  1 981a



2 7

s u m p t io n s b y w h ic h a  P: B =  3 p e r ‘g e n e r a t io n  t im e ’ 
m a y  b e  e x p e c te d  in  n e m a to d e s . A t  th e  sa m e  t im e , it 
is d e m o n s tr a te d  th a t th e  ju v e n ile  d e v e lo p m e n ta l  
p e r io d  sh o u ld  be used  as th e (p r e v io u s ly  ill-d e fin e d )  
‘g e n e r a t io n  tim e ’.

C o n c lu s io n s

F r o m  o u r  d is c u s s io n s  w e  c a n  m a k e  a fe w  g e n e r a l­
iz a t io n s  a b o u t  m e io fa u n a l p r o d u c tiv ity . W e ha v e  
a r g u e d  th a t th ere  is n o  e v id e n c e  fo r  a d iffe r e n c e  in 
p r o d u c t io n  e ffic ie n c y  b e tw e en  m e io fa u n a  a n d  o th er  
e c o lo g ic a l  g r o u p s . T h e  c o n d it io n s  fo r  th e  u se  o f  a 
P :B  =  3 per ju v e n ile  d e v e lo p m e n t  p e r io d  h a v e  been  
s ta te d . T h e y  seem  to  a p p ly  w e ll to  n e m a to d e  p o p u ­
la t io n s . T h is  a d d s c o n f id e n c e  t o  th e  g r a p h  g iv en  by  
H eip  e t  al. (1 9 8 2 ) ,  w h ic h  s h o w s  th a t  th e  P :B  b o d y  
w e ig h t l in e  fo r  m e io b e n th o s  in  B a n se  &  M o sh e r  
(1 9 8 0 )  f its  th e  d a ta  ra th er  w e ll.  T h u s  th e  s ta te m e n t  
o f  th e se  a u th o r s  th a t a  r e la t iv e ly  lo w  p r o d u c t iv ity  is 
a d e f in it io n  c r iter io n  fo r  m e io fa u n a , is c o r r o b o r a t­
ed , a lth o u g h  n o t p r o v en .

A p a r t  fr o m  th e se  g e n e ra l c o n s id e r a t io n s ,  h o w ­
ev er , c o n s id e r a b le  p r o b le m s  r e m a in  if  o n e  w ish e s  to  
e s t im a te  th e  p r o d u c t io n  o f  a  p o p u la t io n  fo r  w h ich  
o n ly  b io m a s s  e s t im a te s  are a v a ila b le . In p a rticu la r , 
th e  e s t im a tio n s  b a sed  o n  a  c o n s ta n t  p r o d u c t io n  
e ff ic ie n c y , a n d  th o s e  b a sed  o n  a  P :B  b o d y  w eig h t  
r e la t io n sh ip  m a y  b e  in c o n s is te n t . W a r w ick  &  P rice
(1 9 7 9 )  n o te d  th a t, a fter  c o r r e c t io n  fo r  tem p era tu re , 
th e  c o m m u n i ty  r e sp ira t io n  o f  n e m a to d e s  nearly  
e q u a lle d  6  1 0 2 g  w w t '1 a -1 in  se v e r a l d iffe re n t  
h a b ita ts: th e  L yn h er  m u d f la t (U K ) ,  tw o  sa lt  m arsh es  
in  M a ssa c h u se tts  ( U S A )  (W ie s e r  &  K a n w ish er , 
1 9 6 1 ), a s a l t  m a rsh  in  G e o r g ia  ( U S A )  (T e a l  &  W ie s­
er , 1 966). F o r  th e  c o a s ta l  a rea  a n d  a  sa n d b a n k  in  th e  
S o u th e r n  N o r th  S e a  (d a ta  in  H e ip  e t a l . ,  1984)  
th e se  v a lu e s  are 5 .5 3  a n d  5 .8 7  1 0 2 g  w w t-1 a~‘ 
r e sp e c t iv e ly . T h is  c o n s ta n tc y  is rem a r k a b le  (a n d  
p r o b le m a tic )  a s th e  m ea n  in d iv id u a l w e ig h t o f  a 
n e m a to d e  in  th e se  h a b ita ts  d if fe r s  b y  m o re  th a n  an  
o rd er  o f  m a g n itu d e  (r a n g e O .3 3 -8 .6 4  f ig  w w t in d .'1). 
A s s u m in g  a c o n s ta n t  e f fic ie n c y  fo r  a ll  sp e c ie s  w o u ld  
resu lt in  a  c o n s ta n t  P :B , w h e r e a s  a  w e ig h t  d e p e n d ­
e n c e  in  P :B  w o u ld  g iv e  P :B -d iffe r e n c e s  by  a b o u t a  
fa c to r  8 . P r e su m a b ly  it is th e  c o n s ta n t  e ff ic ie n c y  
a ss u m p tio n  w h ic h  is v io la te d  in  th is  in sta n ce . T h e  
large  p red a to ry : o m n iv o r o u s  n e m a to d e s  (m a in ly  
O n c h o la im id a )  h a v e  a h ig h  r esp ira to r y  in te n sity

(W a r w ic k  &  P rice , 1979) w h ile  it is k n o w n  a t least 
fo r  a  fe w  sp ec ies  th a t th e y  h a v e  o n ly  o n e  t o  tw o  
g e n e r a t io n s  a y ear  in the f ie ld  (S m o l  e t a l . ,  1980; 
W ie se r  &  K a n w ish er , 1961; S k o o lm u n  &  G e r la c h , 
1971).
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Secondary production o f the  harpacticoid copepod 
Paronychocamptus nanus in a brackish-w ater habitat

P e t e r  M . J . H e r m a n  a n d  C a r lo  H e ip '
Marine Biology Section, Zoology Institute, State University of Gent,
Ledeganckstraat 35, B-9000 Gent, Belgium

A b s tr a c t

The secondary production of the harpacticoid copepod P a r o n y c h o c a m p tu s  n a n u s  (Sars, 1908) 
in a shallow, brackish-water pond was estimated during spring and summer 1980. The population 
was sampled every 5 d. Production of copepodites and adults, calculated by the size-frequency 
method, amounts to 1.91 g m - 2  dry wt over the sampling period (March-November). Egg pro­
duction is 1.23 g m-2; naupliar production is roughly 1.09 g m-2. The production efficiency (ratio 
of production to production plus respiration) of copepodites and adults is 0.37; for the total 
population it is 0.42. P  : B  of the population is 24.45 over the sampling period, or 3.2 per generation.

W a r w ic k  ( 1 9 8 4 )  a d v o c a t e d  a  b io lo g ic a l  
d e f in i t io n  o f  th e  g r o u p  o f  s m a l l  b e n t h ic  
m e t a z o a n s  c a l le d  m e io b e n t h o s .  C o n v e n ­
t io n a l ly ,  th e  m e io b e n t h o s  i s  d e f in e d  in  
m e t h o d o lo g ic a l  te r m s  a n d  r o u g h ly  c o v e r s  
m e t a z o a n s  th a t  p a s s  t h r o u g h  a  1 - m m  s ie v e .  
W a r w ic k  ( 1 9 8 4 )  s h o w e d  th a t  th e r e  a re  tw o  
se p a r a te  p e a k s  in  b o d y  s i z e  d i s t r ib u t io n s  o f  
s p e c i e s  in  b e n t h i c  c o m m u n i t i e s ,  c o r r e ­
s p o n d in g  t o  t h e  t r a d it io n a l  m e io -  a n d  m a c ­
r o fa u n a  a n d  a r g u e d  t h a t  e a c h  c a te g o r y  r e p ­
r e s e n ts  a  s e p a r a te  e v o lu t io n a r y  u n i t ,  w i t h  
a n  “ in te r n a lly  c o h e r e n t  s e t  o f  b io lo g ic a l  
c h a r a c t e r is t ic s .”  T h e s e  c h a r a c te r is t ic s  in ­
c lu d e  l i f e s p a n ,  f e e d in g  s tr a te g y , r e p r o d u c ­
t i v e  p a t te r n , a n d  g r o w th  t y p e ,  a l l  o f  w h ic h  
a ffe c t  th e  p r o d u c t iv i t y  o f  a  p o p u la t io n .  I t  i s  
p o s s ib le ,  th e r e fo r e ,  t h a t  th e  m e io f a u n a  d i f ­
fe r s  fr o m  th e  m a c r o f a u n a  in  p r o d u c t iv i t y ,  
w h e r e a s  w ith in  b o t h  g r o u p s  p r o d u c t io n  r a tes  
a r e  m o r e  c o n s is t e n t .

T h e r e  a r e  in d ic a t io n s  o f  m e io f a u n a - m a c -  
r o fa u n a  d i s c o n t in u i t ie s  in  t h e  r e la t io n s h ip  
b e t w e e n  p r o d u c t io n  : b io m a s s  r a t io  ( P  : B )  
a n d  b o d y  siz;e (B a n s e  a n d  M o s h e r  1 9 8 0 ;  H e ip  
e t  a l.  1 9 8 2 )  o r  in  th e  r e la t io n s h ip s  b e t w e e n  
r e s p ir a t io n ,  in t r in s ic  r a te  o f  n a tu r a l i n ­
c r e a s e ,  a n d  b o d y  s iz e  ( B a n s e  1 9 8 2 ) .  T o  c o r ­
r o b o r a te  th e s e  g e n e r a l iz a t io n s ,  w e  n e e d  m o r e  
d a t a  o n  th e  p r o d u c t iv i t y  o f  m e io b e n t h ic  
p o p u la t io n s .

1 We both acknowledge a grant from the Belgian 
National Fund for Scientific Research (NFWO). Part 
of this research was sponsored through grants 2.0010.78 
and 2.9007.82 from the Belgian Fund for Collective 
Fundamental Research.

T h is  p a p er  i s  p a r t o f  a  s e r ie s  o f  s t u d ie s  o f  
t h e  e n e r g y  f lo w  t h r o u g h  t h e  d o m i n a n t  
m e i o b e n t h i c  c r u s t a c e a n s  in  a  s h a l l o w ,  
b r a c k is h -w a te r  p o n d .  T h is  c o m m u n i t y  w a s  
m o n it o r e d  a t 2 - w e e k  in te r v a ls  fo r  7  y e a r s  
( 1 9 6 9 - 1 9 7 6 )  (H e r m a n  a n d  H e ip  1 9 8 3 6 )  a n d  
la te r  p r o d u c t io n  a n d  r e s p ir a t io n  w e r e  m e a ­
su r e d  t o  in v e s t ig a t e  t h e  r e s o u r c e  u t i l iz a t io n  
o f  th e  d o m in a n t  p o p u la t io n s .  W e  h a v e  r e ­
p o r te d  o n  th e  r e s p ir a t io n  a n d  p r o d u c t io n  o f  
t h e  o s tr a c o d  C y p r id e i s  to r o s a  ( H e r m a n  a n d  
H e ip  1 9 8 2 ;  H e r m a n  e t  a l .  1 9 8 3 ) ,  t h e  r e s ­
p ir a t io n  o f  f iv e  m e io b e n t h ic  c o p e p o d s  ( H e r ­
m a n  a n d  H e ip  1 9 8 3 a ) ,  a n d  t h e  p r o d u c t io n  
o f  t h e  h a r p a c t ic o id  T a c h id iu s  d i s c ip e s  ( H e r ­
m a n  e t  a l. 1 9 8 4 ) .

P a r o n y c h o c a m p tu s  n a n u s  (S a r s , 1 9 0 8 )  i s  
t h e  s m a lle s t  a n d  m o s t  a b u n d a n t  c o p e p o d  in  
t h i s  h a b ita t . I t  i s  a  d e tr itu s  f e e d e r  th a t  l i v e s  
in  th e  u p p e r  f e w  c e n t im e t e r s  o f  t h e  s e d i ­
m e n t .  T h e  s p e c ie s  is  f o u n d  t h r o u g h o u t  t h e  
y e a r . I t r e p r o d u c e s  f r o m  F e b r u a r y  th r o u g h  
N o v e m b e r .  M o s t  a n im a ls  f o u n d  in  o t h e r  
m o n t h s  a r e  a d u lt s .

W e  th a n k  W . G y s e l in c k  a n d  R . M o r t ie r  
fo r  t e c h n ic a l  a s s is t a n c e .  K . B a n s e  a n d  W .  
M . L e w is , Jr ., c o m m e n t e d  o n  a n  e a r lie r  d r a ft  
o f  th e  m a n u sc r ip t .

F ie ld  s a m p le s

P a r o n y c h o c a m p tu s  n a n u s  w a s  s a m p le d  in  
a  v e r y  s h a llo w , b r a c k is h -w a te r  h a b ita t ,  t h e  
D ie v e n g a t ,  in  a  p o ld e r  in  n o r t h w e s t  B e lg iu m  
( m a p  r e f e r e n c e  5 1 ° 2 T 3 0 WN ,  3 ° 2 2 '1 5 " E ) .  
W a te r  a t  t h e  s a m p lin g  s i t e  i s  10  c m  d e e p .  
T h e  s e d im e n t  i s  a  w e l l  s o r te d , f in e  s a n d  c o v ­
e r e d  w it h  la rg e  a m o u n t s  o f  d e tr itu s .  S a l in i t y

1 0 6 0
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f lu c tu a te d  b e tw e e n  7 a n d  2 5 %o d u r in g  th e  
s a m p lin g  p e r io d .

A  s e d im e n t  s a m p le  w a s  ta k e n  e v e r y  5 
d a y s , to  a  d e p t h  o f  5  c m ,  f r o m  19 M a r c h  to  
1 4  N o v e m b e r  1 9 8 0  w i t h  a  g la s s  c o r e r  ( 6 .0 6  
c m 2). T w o  s a m p le s  w e r e  lo s t  (7  J u n e  a n d  
1 6  A u g u s t) . T h e  m a t e r ia l  w a s  f ix e d  in  n e u ­
tra l 4%  f o r m a ld e h y d e  (f in a l c o n c n )  h e a te d  
to  7 0 °C . E lu tr ia t io n  w a s  a c c o r d in g  t o  H e ip  
e t  a l. ( 1 9 7 4 )  e x c e p t  th a t  a  s i l ic a  g e l ( L U -  
D O X )  w a s  u s e d  fo r  c e n tr ifu g a t io n  o f  t h e  
f in e r  f r a c t io n s  in s t e a d  o f  s u c r o s e  (d e  J o n g e  
a n d  B o u w m a n  1 9 7 7 ) .

N a u p l i i  c o u ld  n o t  b e  s a m p le d  q u a n t ita ­
t iv e ly  in  th is  d e tr itu s -r ic h  s e d im e n t .  O n  e a c h  
d a te  th e  n u m b e r  o f  a n im a l s  in  o th e r  d e v e l ­
o p m e n t a l  s ta g e s  ( c o p e p o d i t e s  a n d  a d u lts )  
w a s  r e c o r d e d . C o p e p o d i t e  s t a g e s  c o u ld  e a s ­
i ly  b e  r e c o g n iz e d  b y  th e  n u m b e r  o f  b o d y  
s e g m e n ts .

D r y  w e ig h t s  w e r e  d e t e r m in e d  o n  a  M e t t -  
le r  M E 2 2  m ic r o b a la n c e  ( ± 0 . 1  tig ). B a tc h e s  
o f  5 0 - 1 0 0  a n im a ls  b e lo n g in g  t o  th e  s a m e  
d e v e lo p m e n t a l  s ta g e  w e r e  r in s e d  tw o  t im e s  
in  d o u b le - d i s t i l l e d  w a te r ,  d r ie d  fo r  2  h  a t  
1 1 0 °C , c o o le d  in  a  d e s ic c a t o r ,  a n d  w e ig h e d .  
R e p lic a te  w e ig h in g s  s h o w  h ig h  r e p r o d u c ­
ib ility :  fo r  m a le s ,  t w o  w e ig h in g s  y ie ld e d  0 .5 9  
a n d  0 .6 3  p g  i n d - 1 ; f o r  f e m a le s  c a r r y in g  eg g s ,  
th r e e  w e ig h in g s  y i e ld e d  1 .2 6 ,  1 .2 8 ,  a n d  1 .2 3  
p g  in d - 1 . N o  d u p l ic a t e s  w e r e  d e t e r m in e d  
fo r  th e  o th e r  s ta g e s .

P r o d u c t io n

P r o d u c t io n  o f  t h e  c o p e p o d i t e s  a n d  a d u lt s  
w a s  c a lc u la t e d  b y  t h e  s iz e - f r e q u e n c y  m e t h ­
o d .  S im p l i f y in g  t h e  f o r m u la t io n  o f  M e n z ie
( 1 9 8 0 ) ,  w e  c a lc u la t e  p r o d u c t io n  a s

i

p  = 2  w  -  N ^ W j W j ^ y  (d
j - 1

w h e r e

a n d  i  i s  t h e  n u m b e r  o f  s i z e  c la s s e s ,  W¿ th e  
m e a n  w e ig h t  o f  a n  in d iv id u a l  in  s iz e  c la s s  j  
(jig  d r y  w t  i n d - 1 ) , f j  th e  p r o p o r t io n  o f  th e  
l i f e  c y c le  s p e n t  in  s i z e  c la s s  j ,  ñ j th e  m e a n  
n u m b e r  o f  i n d iv i d u a ls  o b s e r v e d  in  s iz e  c la s s  
j  ( N o .  in d  s u r f a c e - 1 ), a n d  C P I  th e  c o h o r t

p r o d u c t io n  in te r v a l  ( t im e  n e e d e d  to  g r o w  
in t o  t h e  la r g e s t  s iz e  c la s s ,  d a y s ) . I f  w e  m u l ­
t ip ly  1 /C P I  ( d a y s - 1 )  b y  th e  c o n s t a n t  3 6 5  d  
y r - 1 , 3 6 5 /C P I  h a s  d im e n s io n s  y r - 1 . N y 
t h e r e fo r e  h a s  d im e n s io n s  n u m b e r  o f  i n d i ­
v id u a ls  s u r fa c e -1  y r - 1 . I t i s  a n  e s t im a t e  o f  
t h e  n u m b e r  o f  in d iv id u a ls  p e r  u n it  su r fa c e  
th a t  g r o w  in t o  th e  s iz e  c la s s  j  d u r in g  a  y e a r .

A s  s h o w n  b y  c u ltu r e  e x p e r im e n t s  ( S m o l  
a n d  H e ip  1 9 7 4 ;  H e ip  a n d  S m o l  1 9 7 6 ) ,  t e m ­
p e r a tu r e  h a s  a  p r o fo u n d  in f lu e n c e  o n  th e  
d e v e lo p m e n t  t im e  o f  P . n a n u s .  O u r  s a m p le s  
c o v e r  a  c o n s id e r a b le  p a r t o f  th e  y e a r , w ith  
v a r ia t io n s  in  w a te r  te m p e r a tu r e  o f  a b o u t  
1 5 °C , s o  th a t  th e  p a r a m e te r s  r e la t in g  to  s ta g e  
d u r a t i o n s  c a n n o t  b e  a s s u m e d  c o n s t a n t  
th r o u g h o u t  th e  s a m p lin g  p e r io d . W e  th e r e ­
fo r e  c o n v e r t e d  th e  t im e  a x is  t o  a  p h y s io lo g ­
ic a l  t i m e  sc a le .  H e ip  a n d  S m o l  ( 1 9 7 6 ) ,  fr o m  
c u ltu r e  e x p e r im e n t s  w it h  e x c e s s  f o o d ,  d e ­
s c r ib e d  th e  d e v e lo p m e n t  t im e  D  fr o m  e g g  
t o  f e m a le  c a r r y in g  e g g s  a s  a  f u n c t io n  o f  t e m ­
p e r a tu r e  T :

D  =  5 2 8  r - 1 0 5 . (3 )

T h e s e  w o r k e r s  a ls o  d e s c r ib e d  t h e  y e a r ly  
t e m p e r a tu r e  c y c le  in  t h e  D ie v e n g a t  b y  th e  
s in u s o id a l  fu n c t io n

T =  1 1 .2  +  8 .3  s in ( i  -  1 1 7 )  (4 )

w h e r e  T  is  th e  w a te r  te m p e r a tu r e  in  °C  a n d  
t  t h e  t i m e  in  d a y s  fr o m  31  D e c e m b e r .  F r o m  
E q . 3 a n d  4 ,  th e  c a le n d a r  t im e  t  ( e x p r e s s e d  
in  d a y s  s in c e  31  D e c e m b e r )  i s  t r a n s fo r m e d  
t o  t h e  p h y s io lo g ic a l  t im e  t '  ( e x p r e s s e d  in  
u n it s  o f  d e v e lo p m e n t a l  p e r io d s )  b y

t

t '  =  2  ( 1 /5 2 8 ) [ 1 1 .2
/=i

+  8 .3  s i n ( / -  1 1 7 ) ] 105. (5 )

O n  t h i s  s c a le ,  th e  s a m p lin g  p e r io d  (1 9
M a r c h - 14 N o v e m b e r )  c o v e r s  7 .6 3  d e v e l ­
o p m e n t a l  p e r io d s . W e  u s e d  7 .6 3  fo r  th e  te r m  
3 6 5 /C P I  in  E q. 2.

T h e  r e la t iv e  p r o p o r t io n s  o f  th e  l i f e  c y c le  
s p e n t  in  th e  c o p e p o d i t e  a n d  a d u lt  s ta g e s  
( g iv in g  C l  th e  a r b itra r y  d u r a t io n  o f  1) c a n  
b e  e s t im a t e d  b y  a s s u m in g  a n  e x p o n e n t ia l  
m o r ta l i t y  m o d e l  fo r  c o p e p o d i t e s  a n d  a d u lt s  
w it h  a  c o n s t a n t  m o r ta l i ty  r a te  ( H e r m a n  e t
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F ig . 1 . P a r o n y c h o c a m p t u s  n a n u s .  D e n s i t y  ( N o .  p e r  IO  c m 2) o f  t h e  d e v e l o p m e n t a l  s t a g e s  o n  a  p h y s io lo g i c a l  

t i m e  s c a l e  ( i n  u n i t s  o f  d e v e l o p m e n t a l  p e r i o d s ,  s e e  t e x t ) .  F e m a le s  w i t h o u t  e g g s — F E M .W .E . ;  f e m a le s  c a r r y i n g  
e g g s — F E M .C .E .

a l .  1 9 8 3 ) .  I n  c u ltu r e  e x p e r im e n t s  (S m o l  a n d  
H e ip  1 9 7 4 )  i t  w a s  o b s e r v e d  t h a t  t h e  r a t io  
o f  e m b r y o n ic  a n d  n a u p lia r  p h a s e  t o  th e  c o ­
p e p o d ite  s ta g e  w a s  0 .8 .  T h e  a b s o lu t e  p r o ­
p o r t io n s  o f  t h e  l i f e  c y c le  f y s p e n t  in  e a c h  s ta g e  
j  a r e  t h e n  c a lc u la t e d  a s

(6)

w h e r e  f r j a r e  th e  r e la t iv e  p r o p o r t io n s  ( in  u n its  
o f  C l  d u r a t io n s ) .

T h e  m e a n  r e s p ir a t io n  o f  t h e  d if fe r e n t  
s ta g e s  o f  c o p e p o d i t e s  a n d  a d u lt s  a t  2 0 ° C  w a s  
d e t e r m in e d  b y  C a r te s ia n  D i v e r  m ic r o r e s ­
p ir o m e tr y  ( H e r m a n  a n d  H e ip  19 8 3 a ) .  T o ta l  
p o p u la t io n  r e s p ir a t io n  w a s  c a lc u la t e d  fr o m  
th e s e  v a lu e s  a f te r  a d j u s t m e n t  fo r  t e m p e r a ­
tu r e  in  t h e  f ie ld  w i t h  K x o g h ’s n o r m a l  c u r v e  
(W in b e r g  1 9 7 1 ) .

M e t h o d s  fo r  t h e  e s t im a t io n  o f  e g g  p r o ­
d u c t io n  a n d  o f  n a u p lia r  p r o d u c t io n ,  b io ­
m a s s ,  a n d  r e s p ir a t io n  a r e  t h e  s a m e  a s  t h o s e

u s e d  fo r  T . d i s c ip e s  (H e r m a n  e t  a l. 1 9 8 4 ) .  
E g g  p r o d u c t io n  i s  o b t a in e d  f r o m  t h e  n u m ­
b e r  o f  f e m a le s  c a r r y in g  e g g s  a n d  t h e  d e v e l ­
o p m e n t  t im e  o f  t h e  e g g s  a t  t h e  p r e v a il in g  
te m p e r a tu r e . D e v e l o p m e n t  t i m e s  a r e  g iv e n  
b y  S m o l  a n d  H e ip  ( 1 9 7 4 ) .  N a u p l i i  c o u ld  n o t  
b e  c o u n t e d  in  t h e  f ie ld  s a m p le s ;  a  r o u g h  
e s t im a t e  o f  th e ir  p r o d u c t io n  a n d  m e a n  b i o ­
m a s s  i s  m a d e  b y  a s s u m in g  e x p o n e n t ia l  m o r ­
ta l ity  a n d  g r o w th . W it h  t h e s e  s im p l i f y in g  
a s s u m p t io n s ,  p r o d u c t io n  a n d  m e a n  b io -

T a b le  1. P a r o n y c h o c a m p tu s  n a n u s .  D r y  w e ig h t s  ( VPJ) 
o f  c o p e p o d i t e  s ta g e s  a n d  a d u l t s .  N u m b e r  o f  c o p e  p o d s  
w e ig h e d  i n  a  b a t c h — M

Stage N Wt  in d "1)

C l 1 1 9 0 . 0 9

c u 8 0 0 . 1 4

c h i 1 0 9 0 . 2 2

C IV 1 0 7 0 . 3 1

c v 1 3 2 0 . 4 8

M a le 2 0 3 0 . 6 1

F e m a le  ( - e g g s ) 1 2 1 0 . 9 5

F e m a le  ( + e g g s ) 1 9 6 1 .2 6
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T a b le  2 . P a r o n y c h o c a m p t u s  n a n u s .  P r o d u c t i o n  e s ­
t i m a t e s  b y  t h e  s i z e - f r e q u e n c y  m e t h o d .  S u r f a c e  u n ­
d e r  t h e  c u r v e  o f  d e n s i t y  a g a i n s t  p h y s io lo g i c a l  t i m e  o f  
s ta g e  d u r a t i o n  o f  t h e  s t a g e  in  u n i t s  o f  C l  d u r a t i o n ;  
fj— p r o p o r t i o n  o f  t h e  t o t a l  l i f e  c y c le  s p e n t  i n  s ta g e  j\ 
ñ j  m e a n  n u m b e r  o f  c o p e p o d s  in  s ta g e  j \  N j— e s t i m a t e  
o f  t h e  r e c r u i t m e n t  i n t o  s ta g e  j \  P r o d ,— e s t i m a t e  o f  t h e  
p r o d u c t io n  o f  s ta g e  j .

Stage a j / , I
(in d  N (ind 

10 c m '1) 10 c m '1)
P rod , {y% 
10 c m '1)

Cl 1 4 8 1 0 . 0 4 1 1 9 3 , 6 2 2 3 1
c u 1 3 1 0 . 9 6 0 . 0 3 9 17 3 , 3 4 8 5 4
c m 1 6 7 1 .3 5 0 . 0 5 5 2 2 3 , 0 3 8 8 4
CIV 1 7 3 1 .5 6 0 . 0 6 4 2.3 2 , 7 1 2 1 3 8
c v 1 8 4 1 .9 1 0 . 0 7 8 2 4 2 , 3 5 6 1 1 5
A d u l t 1 ,0 9 2 1 2 .3 2 0 . 5 0 2 1 4 3 2 , 1 7 4 1 , 8 1 4

m a s s  a re  c a lc u la te d  f r o m  th e ir  in i t ia l  a n d  
f in a l w e ig h t ,  in it ia l  a n d  f in a l n u m b e r s ,  a n d  
t h e  p r o p o r t io n  o f  th e  l i f e  c y c le  s p e n t  in  t h e  
n a u p lia r  p h a se . A n  e s t im a t e  o f  n a u p l ia r  r e s ­
p ir a t io n  i s  m a d e  fr o m  t h e  s a m e  p a r a m e te r s ,  
p lu s  th e  r e s p ir a t io n - b o d y  w e ig h t  r e la t io n ­
sh ip .

F o r  t h e  c o n v e r s io n  o f  d r y  w e ig h t s  t o  e n ­
e rg y  u n its  w e  u s e d  t h e  f o l lo w in g  c o n v e r s io n  
fa c to rs:  1 lite r  o f  0 2 c o n s u m e d  is  a s s u m e d  
e q u iv a le n t  t o  0 .4  g  o f  C  m e t a b o l iz e d  (C r isp  
1 9 7 1 );  1 g  o f  C  =  4 5 .8  kJ ( S a lo n e n  e t  a l.  
1 9 7 6 ) ,  a n d  o r g a n ic  c a r b o n  =  5 2 %  o f  a s h  fr e e  
d r y  w t  (S a lo n e n  e t  a l. 1 9 7 6 ) .

A l l  p r o d u c t io n  e s t im a t e s  g iv e n  a r e  fo r  th e  
e n t ir e  s tu d y  p e r io d  o f  2 4 5  d a y s .

Results
T h e  d e n s it ie s  o f  t h e  c o p e p o d i t e  a n d  a d u lt  

s ta g e s  in  th e  c o n s e c u t iv e  s a m p le s  a r e  s h o w n  
in  F ig . 1 o n  a  p h y s io lo g ic a l  t i m e  s c a le  (o r ig ­
in a l  d a ta  a v a i la b le  o n  r e q u e s t ) .  T h e  m e a n  
d r y  w e ig h t  o f  th e  d e v e lo p m e n t a l  s ta g e s  is  
g iv e n  in  T a b le  1. T h i s  s p e c i e s  s h o w s  a  p r o ­
n o u n c e d  s e x u a l  d im o r p h is m ;  m a le s  a r e  c o n ­
s id e r a b ly  s m a lle r  t h a n  f e m a le s .  T a k in g  in t o  
a c c o u n t  t h e  s e x  r a t io  in  t h e  f ie ld ,  w e  f in d  
t h e  m e a n  w e ig h t  o f  a n  a d u lt  i s  0 . 8 3  /xg ( w i t h ­
o u t  eg g  sa c s) .

In  T a b le  2  th e  d a t a  fo r  t h e  p r o d u c t io n  
c a lc u la t io n  a re  g iv e n .  T h e  s u m  o f  t h e  r e la ­
t i v e  d u r a t io n s  f r j o f  t h e  c o p e p o d i t e  s ta g e s  
( ta k in g  th e  d u r a t io n  o f  C l  a s  1) i s  6 .7 8  u n i t s ,  
a n d  th e  d u r a t io n  o f  e g g  +  n a u p l iu s  i s  e s t i ­
m a t e d  a s  6 .7 8  X 0 .8  =  5 .4 2  u n it s .  T h e  s u m  
o f  a ll  d u r a t io n s  is  2 4 .5 2 ,  w h ic h  i s  u s e d  to  
c a lc u la te  f ¡ ,  th e  p r o p o r t io n  o f  th e  l i f e  c y c le

sp e n t  in  e a c h  s ta g e . U n d e r  P ro d , th e  v a lu e s  
(N j — N j+ x ) (W JW j + i y /‘ a r e  g iv e n . T h e  s u m ­
m a t io n  o f  t h e s e  v a lu e s  g iv e s  th e  p r o d u c t io n  
o f  c o p e p o d it e s  a n d  a d u lts ,  2 ,2 3 7  p g  p e r  10  
c m 2 d r y  w t.

T h e  n u m b e r  o f  e g g  sa c s  p r o d u c e d  is  e s ­
t im a te d  a s  3 ,9 6 1  p e r  10  c m 2. T h e  m e a n  
n u m b e r  o f  e g g s  p e r  e g g  s a c  is  1 9 , a n d  t h e  
m e a n  n u m b e r  o f  h a tc h in g  n a u p li i  i s  17 p e r  
egg  sa c  ( S m o l  a n d  H e ip  1 9 7 4 ) .  T h e  e s t i ­
m a te d  in it ia l  n u m b e r  o f  n a u p li i  is  6 7 ,3 3 4 ;  
o f  th e se ,  3 ,6 2 2  d e v e lo p  in t o  C l .  W ith  0 .0 1 6  
a n d  0 .0 9  p g  a s  in i t ia l  a n d  fin a l w e ig h t  o f  th e  
n a u p li i ,  th e  n a u p lia r  p r o d u c t io n  is  e s t im a t ­
e d  a s P n =  1 ,0 8 6  p g  p e r  10  c m 2 d r y  w t . F o r  
c a lc u la t io n  o f  to ta l p r o d u c t io n , w e  m u s t  ta k e  
in to  a c c o u n t  th a t  th e  s iz e - f r e q u e n c y  m e th o d  
is  a  r e m o v a l - s u m m a t io n  m e th o d ,  w h e r e a s  
th e  c a lc u la t io n  m e t h o d  fo r  th e  n a u p lia r  p r o ­
d u c t io n  i s  b a s e d  o n  th e  in c r e m e n t - s u m -  
m a t io n  m e th o d  (s e e  H e r m a n  e t  a l. 1 9 8 4 ) .  
A s  a  c o n s e q u e n c e ,  th e  p r o d u c t io n  o f  th e  
3 ,6 2 2  C l  a n im a ls  i s  in c o r p o r a te d  in  b o th  
th e  n a u p lia r  a n d  t h e  c o p e p o d i t e  p r o d u c ­
t io n  fig u res . T h e  c o r r e c t  e s t im a te  o f  to t a l  
p r o d u c t io n  is  th u s: P , =  1 ,2 2 8  +  1 ,0 8 6  +  
2 ,2 3 7  -  ( 3 ,6 2 2  x  0 .0 9 )  =  4 ,2 2 5  p g  p e r  1 0  
c m 2 d r y  w t.

T h e  m e a n  b io m a s s  o f  t h e  n a u p li i  i s  e s t i ­
m a te d  a s  2 4  p g  p e r  10  c m 2 . F o r  c o p e p o d i t e s ,  
a d u lts , a n d  e g g s , i t  i s  1 4 9  p g  p e r  1 0  c m 2 . 
T h e  m e a n  b io m a s s  o f  th e  to ta l  p o p u la t io n  
is  B , =  17 3 Mg p e r  10  c m 2 . T h e  P  : B i s  2 4 .4 5  
o v e r  th e  s a m p lin g  p e r io d ,  o r  3 .2  p e r  g e n ­
e r a t io n . T h e  r e s p ir a t io n  o f  c o p e p o d i t e s  a n d  
a d u lts  i s  e s t im a te d  a s  6 .6 7  m l 0 2 p e r  10  c m 2 
d u r in g  th e  s a m p lin g  p e r io d .  N a u p l ia r  r e s ­
p ir a t io n  is  e s t im a t e d  a s  0 .8 6  m l 0 2 p e r  10  
c m 2.

W ith  eg g  p r o d u c t io n  a t tr ib u te d  t o  t h e  
a d u lt  p o p u la t io n ,  t h e  p r o d u c t io n  e f f ic ie n c y  
P /( P  +  R )  o f  c o p e p o d it e s  a n d  a d u lts  is  0 .3 7 .  
T h e  p r o d u c t io n  e f f ic ie n c y  o f  th e  to ta l  p o p ­
u la t io n  i s  e s t im a te d  a s  0 .4 2 .

D is c u s s io n

T h e  s iz e - f r e q u e n c y  m e t h o d  u s e d  in  t h is  
e s t im a te  o f  p r o d u c t io n  w a s  a ls o  u s e d  fo r  th e  
c o p e p o d  T . d is c ip e s  (H e r m a n  e t  a l .  1 9 8 4 )  
a n d  th e  o s tr a c o d  C . to r o s a  (H e r m a n  e t  a l .
1 9 8 3 )  fr o m  th e  s a m e  h a b ita t .  In  b o t h  s t u d ie s  
th e  r e s u lts  w e r e  in  g o o d  a g r e e m e n t  w it h  th a t  
o f  a n  in d e p e n d e n t  e s t im a t e .  F o r  C . to r o s a
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the independent estim ate was based on the 
age distribution o f  em pty ostracod shells in 
the sedim ent. For T. discipes, a m odified  
version o f  the m ethod o f  Rigler and C ooley  
( 1974) was used.

Feller ( 1982) strongly recom m ended cal­
culating confidence intervals for estim ating  
production. H ow ever, many elem ents enter 
into calculating production, which often in­
volves nonlinear functions. The confidence 
intervals calculated by Feller ( 1982) for the 
copepod Huntemannia jadensis incorpo­
rate m ost (but not all) structural elem ents 
o f  the procedure for estim ating production. 
A s a consequence, they alm ost span two  
orders o f  magnitude: 0 . 1- 14.7 around a pro­
duction value o f  1.75 g C yr- 1. Such values 
greatly increase the probability o f  type II 
errors in com parisons o f  production esti­
mates. M oreover, there are m any possib il­
ities o f  introducing bias in calculating pro­
duction, so that even  when a confidence 
interval can be calculated it is not certain 
at all that it really encom passes the true 
production value with a given probability.

The m ost im portant factors that influence 
the accuracy o f  our production estim ate are 
sam pling error and the extrapolation o f  lab­
oratory data to field situations. In sched­
uling our sam pling program we have chosen  
to take samples at brief intervals, rather than 
to devote our sam pling effort to  m ore rep­
licates at longer intervals. T his is  the m ost 
appropriate schedule for com puting the areas 
under the abundance curves o f  the stages— 
the basic quantities from w hich the calcu­
lations start.

O f the laboratory data extrapolated to the 
field, the m ost critical is the tim e needed to  
mature, used in calculating the physiologi­
cal tim e scale. Sm ol and H eip ( 1974) tried 
several diets and cultivation  techniques and  
determ ined generation tim es in  what they 
found to be optim al conditions. T hese cul­
tures contained sedim ent; detritus from  the 
habitat and a m ixture o f  algal species were 
added. This seem s sufficiently close to nat­
ural conditions to y ield  reliable extrapola­
tions.

Naupliar and egg production m ake up a 
considerable fraction o f  total production o f  
P. nanus: 26% o f  the total for nauplii and 
29% for eggs. Production o f  copepodites and

adults accounts for 45% o f  the total. This 
high proportion o f  egg and naupliar pro­
duction seem s to occur consistently  in 
m eiobenthic copepods. For T. discipes in 
the sam e habitat the ratio o f  egg : naupliar : 
copepodite production was 13 :41  :4 6  (in % 
o f  the total). Feller ( 1982) found 2 0 : 35 :45 
for H. jadensis and Fleeger and Palm er
( 1982) estim ated that naupliar production  
was 39% o f  the total for Microarthridion  
littorale (egg production was n o t estim ated).

The proportion o f  eggs that eventually d e­
velop to the adult stage is tw ice as high in 
P. nanus as in T. discipes (Table 3). Thus, 
although the intrinsic rate o f  natural in ­
crease is higher in T. discipes, due to the 
higher number o f  eggs and the shorter d e­
velopm ent tim e, the realized rate o f  increase 
is about equal in the two species (H eip 1977). 
In both populations about 5% o f  the ani­
m als survive the naupliar stage, but the 
mortality o f  the copepodites is markedly 
higher in T. discipes.

Tachidius discipes is also very fast-grow­
ing. Although its adult weight is m ore than 
tw ice that o f  P. nanus it m atures in  only  
80% o f  the tim e needed by the latter. This 
fast growth allows explosive exponential d e­
velopm ent o f  the species in spring when  
benthic diatom s bloom . H ow ever, the d is­
appearance o f  T. discipes in sum m er is  not 
caused by a decline in food availability; it 
is correlated with increasing predation, 
m ainly by the polyp Protohydra leuckarti 
and the fish Pomatoschistus microps. These  
predators restrict their activities to  the water 
or the surface o f  the sedim ents and are un­
important to the deeper-living P. nanus.

Banse and M osher ( 1980) have argued 
that low  production rates have evo lved  in 
meiofauna because predation pressure is 
relatively low  and a low  food  intake per unit 
tim e is advantageous. T his is a rephrasing 
o f  the classical r-K  selection theory, except 
that com petition is not considered exp lic­
itly. Our data for the copepods P. nanus and  
T. discipes and for the ostracod C. torosa fit 
this hypothesis: T. discipes is probably  
predator-controlled; P. nanus suffers co n ­
siderable predation on the nauplii but less 
on  copepodites and adults; C. torosa is least 
subject to predation. An estim ated 14% o f  
hatched juveniles o f  C. torosa reach adult-



C opepod production 1 0 6 5

T a b l e  3 .  C o m p a r i s o n  b e t w e e n  s o m e  l i f e  h i s t o r y  p a ­
r a m e t e r s  o f  T a c h id i u s  d i s c i p e s  a n d  P a r o n y c h o c a m p t u s  
n a n u s  o f  t h e  D ie v e n g a t ,  B e lg iu m .

T. discipes P. nanus

A d u l t  w e ig h t  ( p g  d r y  w t) 1 .8* 0 .8 3
E g g  w e ig h t  (p g  d r y  w t) 0 .0 1 0 * 0 .0 1 6
E g g s  p e r  e g g  s a c f 41 19
A d u l t s / c o p e p o d i t e s 0 .7 6 * 1 .3 6
A d u l t s  r e c r u i t e d / e g g s

p r o d u c e d 0 .0 1 9 - 0 .0 1 5 * 0 .0 3 2
E g g  s a c s  p r o d u c e d /

a d u l t  d 0 .0 9 8 * 0 .1 3 2

D e v e l o p m e n t  t i m e  ( e g g -e g g , d ) t

2 0 °C 17 .9 2 2 .7
15°C 2 4 .7 3 0 .7
10°C 3 9 .1 4 7 .1

P / ( P  +  R ) 0 .4 3 0 .4 2

* From  H erm an e t al. 1984. 
t  From  H eip  and  Smo! 1976.

h o o d ,  e v e n  th o u g h  t h e  p o p u la t io n  o v e r w in ­
ters m a in ly  a s  j u v e n i le s  (H e r m a n  e t  a l. 1 9 8 3 ) .  
T h is  o s tr a c o d  l iv e s  in  t h e  s e d im e n t s  a n d  it s  
c a lc a r e o u s  s h e l l s  p r o te c t  i t  fr o m  m e io f a u n a l  
p r e d a t io n . In  t h e  f e w  m o n t h s  th a t  it  i s  p r e s ­
e n t ,  T . d is c ip e s  i s  th e  m o s t  p r o d u c t iv e  o f  th e  
th r e e  s p e c ie s ;  P . n a n u s  i s  n e x t  a n d  C . t o r o s a  
i s  th e  le a s t  p r o d u c t iv e  (a n n u a l P  : B  is  2 .7 ) .

D if f e r e n c e s  in  th e  p r o d u c t iv i t y  o f  t h e s e  
p o p u la t io n s  a r e  n o t  d u e  t o  d if f e r e n c e s  in  th e  
p r o d u c t io n  e f f ic ie n c y . In  fa c t, w e  o b t a in e d  
v e r y  s im ila r  v a lu e s  f o r  e f fic ie n c y :  0 .3 6  fo r  
C . to r o s a ,  0 .4 3  fo r  T . d is c ip e s ,  a n d  0 .4 2  fo r  
P . n a n u s .  A p p a r e n t ly  t h e  f o o d  in t a k e  i s  d i ­
r e c t ly  r e la te d  t o  th e  p r o d u c t iv i t y .

A n n u a l  P  : B  v a lu e s  fo r  m e io f a u n a l  p o p ­
u la t io n s  ar e  s t i l l  s c a r c e .  T h e  v a lu e s  a v a i la b le  
v a r y  w id e ly  b e t w e e n  p o p u la t io n s .  N o  s in g le  
a n n u a l  P  : B  f o r  m e io f a u n a  a s  a  g r o u p  c a n  
b e  u s e d . H o w e v e r ,  t h e  P  : B  p e r  d e v e lo p ­
m e n ta l  p e r io d  (e g g -to -e g g  d e v e lo p m e n t  t im e )  
a lw a y s  h a s  a  v a lu e  a r o u n d  3 .  T h i s  f ig u re  w a s  
p r o p o s e d  b y  G e r la c h  ( 1 9 7 1 )  a n d  n o  c o n ­
f l ic t in g  r e s u lt s  h a v e  s in c e  b e e n  p u b lis h e d .  
B a n s e  a n d  M o s h e r  ( 1 9 8 0 )  s c a le d  a n n u a l  P  : 
B  v a lu e s  b y  b o d y  w e ig h t  o f  th e  a d u lt s  a n d  
p r o p o s e d  a  s e p a r a te  P  : B - b o d y  w e ig h t  l in e  
fo r  t h e  m e io b e n t h o s ,  w it h  th e  s a m e  s lo p e  
b u t  a  lo w e r  in te r c e p t  th a n  t h e  l in e  fo r  th e  
o th e r  in v e r te b r a te s ,  in c lu d in g  t h e  m a c r o ­
b e n t h o s .  T h e  P : B o f P .  n a n u s  i s  h ig h e r  th a n  
th e  v a lu e  p r e d ic te d  b y  B a n s e  a n d  M o s h e r ’s 
m e io b e n t h o s  l in e  ( p r e d ic t e d  v a lu e ,  a n n u a l  
P : B  =  1 2 ). H o w e v e r ,  i t  i s  m u c h  lo w e r  th a n

th e  a n n u a l  P  : B  o f  6 0  p r e d ic te d  fr o m  e x ­
tr a p o la t io n  o f  th e  g e n e r a l l in e  fo r  in v e r t e ­
b r a te s . O th e r  d a ta  c o n f ir m  th a t ,  a l th o u g h  
c o n s id e r a b le  sc a tte r  i s  le f t ,  t h e  B a n s e  a n d  
M o s h e r  l in e  fo r  m e io b e n t h o s  r e p r e s e n ts  
m e io f a u n a l  p r o d u c t iv ity  r e a s o n a b ly  w e ll  
( H e ip  e t  a l. 1 9 8 2 ) .

T h e  e v id e n c e  th a t  m e io f a u n a  is  r e la t iv e ly  
l e s s  p r o d u c t iv e  th a n  m a c r o fa u n a  i s  in  a c ­
c o r d  w it h  W a r w ic k ’s ( 1 9 8 4 )  h y p o t h e s i s  o f  a  
d if fe r e n t  e v o lu t io n a r y  h is to r y  fo r  th e  t w o  
g r o u p s , b u t  w h y  th e  p a r t ic u la r  tr a it s  r e ­
s p o n s ib le  fo r  th is  lo w e r  p r o d u c t iv i t y  s h o u ld  
h a v e  e v o lv e d  r e m a in s  u n c le a r .
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(Figs. 1- 6 )

A benthic copepod community has been monitored over seven years (1970-6). The 
density of the different species and total density, diversity, species richness, biomass and 
respiration of the copepod community were analysed using Maximum Entropy Spectral 
Analysis. The spectrum of density shows the existence of long-term cyclicity in most 
species, although the annual cycle is always important. T his long-term cyclicity can be 
explained partially by salinity changes in the habitat and partially by the intensity of 
decomposition processes. Diversity and species richness have long-term components as 
well, and these are also related to salinity changes to which the community appears to adjust 
with a lag of one year. The functional characteristics o f the community, especially 
respiration, do not show significant cyclicities of longer than two years and the annual cycle 
is predominant.

I N T R O D U C T I O N

T h e  stab ility  o f  eco sy stem s is a m atter o f  o b v io u s  co n cern  to  m a n  and  has b een  
th e  subject o f  m u ch  sp ecu la tion  and d eb ate o v er  th e  last 15 years s in ce  th e first  
attem p t tow ard s con cep tu a liza tion  w as m ad e b y  L e w o n tin  (1 9 6 9 ). In th is  
approach th e  sta b ility  o f  th e  system  is d efin ed  as its  a b ility  to  retu rn  to  eq u ilib riu m  
after pertu rb ation . T h e  sy stem  is c lo sed  and  d escr ib ed  b y  th e  a b u n d an ces o f  
se lected  sp ec ie s  w h ic h  are affected by in tersp ec ific  in teraction s m o d e lled  after  
first-order L o tk a -V o lterra  equations an d  p resen ted  in  a m atrix . T h e  stab ility  
properties o f  th is  m atrix  can  th en  b e  in vestiga ted .

V iew s o n  th e  u se fu ln ess  o f  su ch  an approach  h a v e  ch a n g ed  s in c e  th e  in itia l 
en th u sia sm , as sh o w n  b y  tw o  statem ents m ade b y  o n e  o f  th e  lead ers in  the fie ld , 
R . M . M ay . In  1 9 7 3 , M a y  w rote: ‘W ith in  th e  form al fram ew ork o f  n e ig h b o rh o o d  
stab ility  an a ly sis , th e  co m m u n ity  m atrix  is h e ld  u p  as an  e n t ity  w h ich  b o th  
ep ito m izes th e  b io lo g y  o f  th e  com m u n ity  and a lso  se ts  its sta b ility  ch aracter’ b u t  
in  1984,-M a y ’s o p in io n  is d ifferent: ‘ I t  is lu n acy  to  im ag in e th at th e  dynam ic b e ­
h avior o f  real co m m u n itie s  bears an y th in g  b u t th e  v a g u est m eta p h o r ica l re la tion  
to  th e  lin earized  stab ility  properties o f  th e  co n v en tio n a l c o m m u n ity  m atrix. ’

A  d ifferent v ie w  o n  th e  stab ility  o f  eco sy stem s h as b een  p h ra sed  b y  N ic o lis  & 
P rigog in e  (1 9 7 7 ). T h e y  sh o w  that w h en  o p en  sy ste m s are b ro u g h t far from  
eq u ilib riu m  th e y  b eco m e u n stab le  but m ay th en  ev o lv e  tow ard s n e w  structures  
w ith  n o n -lin ea r  b u t co h eren t behaviour ch aracterized  by large flu ctu ation s th at  
can  on ly  b e  m a in ta in ed  b y  a large en erg y -flo w  th r o u g h  th e sy ste m . T h e  stab ility  
regim e for su c h  n o n -lin ea r  system s is a d yn am ic  reg im e  c o n s is t in g  o f  p er iod ic ities  
and  cycles. T h e  b a sic  e lem en t o f  tem poral org a n isa tio n  is th e  cy c le :  all real
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therm odynam ical m ach in es capable o f  m ain ta in ed  b eh av iou r , in clu d in g  all 
eco sy stem s, ex h ib it a d yn am ic stab ility  characterized  b y  n o n -lin e a r , b u t cyclica l, 
p rocesses. A lth o u g h  a form al app lica tion  o f  th ese  ideas to  eco sy stem s is still 
largely  lacking, th e y  are in tu itive ly  ap p ea lin g; w h en  eco sy stem s are, in  fact, op en  
sy stem s far from  eq u ilib r iu m , th eir  sta b ility , th e ir  p ers is ten ce , m u st b e  linked to  
cyclica l p rocesses an d  th e  id en tifica tion  and  in terp reta tion  o f  th e  characteristic  
freq u en cies in  the sy stem  b ecom es an essen tia l part o f  th eir  stu d y .

T h e  cy c lic ities  in  tim e  series are reso lved  b y  sp ectra l an a lysis  (P la tt & D en m a n , 
1975). Spectral an a lysis  is a k ind  o f  an alysis o f  variance in  w h ich  th e  variance is 
d iv id ed  in to  co n trib u tion s to  freq u en cies th at are h arm on ics o f  th e  len g th  o f  th e  
tim e series. It a m o u n ts to  th e  fittin g  o f  s in u so id a l cu rves w ith  am p litu d es that, 
w h en  ordered , ex p la in  less and less o f  th e  to ta l variance in  th e  tim e  series. A  fin ite  
n u m b er o f  su ch  s in e  and  co sin e  fu n ctio n s are fitted  to g eth er  to  th e  tim e series.

T h e  system  in v estig a ted  here is a sh a llo w  b rack ish -w ater  p o n d  in  northern  
B elg iu m ; th e c o m m u n ity  stu d ied  co n sists  o f  all b en th ic  co p ep o d s in th is  
particular pon d . T h e s e  in clu d e Canuella perplexa  T .  & A . S c o tt , Tachidius discipes 
(G iesb rech t), Amphiascoides debilis (G ie sb rech t) , N itocra  typica  B o eck , Mesochra 
lilljeborgi B oeck , Paronychocamptus nanus (S a rs), an d  H alicyclops magniceps 
(L illje b o r g i D ata  o n  th e  d en sity  o f  all sp ec ies  h ave b een  c o llec ted  sin ce  1968, but  
on ly  th e  p eriod  1 9 7 0 -6  w ill be treated  here . F u rth erm ore , respiration  and  
p rod u ction  o f  the d o m in a n t sp ecies w ere d eterm in ed . T ra d itio n a lly , th e  d en sity  
o f  th e  sp ecies se le c te d  to represent th e  co m m u n ity  is u se d  in  m o st  m o d els  o f  
stab ility . T h e se  m o d e ls  have alw ays h ad  a m u ch  greater im p a ct in  terrestrial 
eco lo g y  than  in  m arin e eco lo g y , w here m u ch  a tten tio n  has b een  d ev o ted  to energy  
flow  as a stru ctu rin g  force instead . E n ergy  flo w , resp iration  and  ev en  b iom ass are 
con sid ered  to  b e  b e tter  param eters than  d en sity .

M A T E R I A L S  A N D  M E T H O D S  
Samples were taken fortnightly between 1970 and 1976 with a 6-o6 cm* glass corer to a depth 

of 5 cm from the Dievengat, a meso-polyhaline brackish water pond in northern Belgium. 
Elutriation follows the technique of Heip, Smol & Hautekiet, (1974). All copepods were counted 
according to sex and age ; copepodites were grouped together, nauplii disregarded.

From the density of the individual species, diversity was calculated according to Brillouin’s 
formula H  = (1 / N )  log, ( N \ / ( N1 ! N ,! . .  .N n!). Evenness was calculated according to Heip (1974) 
as E = (e" — i) / ( S — 1), in which 5  is the number of species and H  has been converted to In. This 
formula was used because of the low species number and is essentially a corrected version of 
Sheldon’s (1969) index e*1 / S ,  falling into the general notation proposed by Hill (1973)- 

The respiration of the individual species was measured by Cartesian Diver Respirometry as 
described by Herman & Heip (1983 a). Production was calculated from field data for Tachidius 
discipes (Herman, Heip & Guillemijn, 1984) and Paronychocamptus nanus (Herman & Heip, 
in the Press).

In total, 184 data points of specific and total density, biomass, diversity, evenness, species richness 
and total respiration were analysed. The periodicities in these time series were extracted using 
Maximum Entropy Spectral Analysis (MESA) (Kirk, Rust & Van Winkle, 1979). In  this method 
components with a period about equal to the length of the time series can be resolved. The method 
is derived by imposing the condition that the most random spectrum (with the highest entropy) 
must be found that is consistent with the autocorrelation of the time series.
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R E S U L T S
Population param eters

F ig . 1 sh o w s th e d en sities o f  th e six  m o st  im p o rta n t c o p e p o d  sp ec ie s  over th e  
se v e n  years stu d ied . T h e  corresp on d in g  (in teg ra ted ) sp ectra  are sh o w n  in  F ig . 
2 . T h e  d en sitie s  and spectra o f  th e th ree  d o m in a n t sp e c ie s  Tachidius discipes,
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Fig. 1 . Density (num bers 1 0  cm -1) o f six benthic copepod populations over the period 1 9 7 0 -6 . (A) 
Paronychocamptus nanus. (B) Canuella perplexa. (C ) Amphiascoides debilis. (D) Tachidius discipes. (E) 
Halicyclops magniceps. (F) Nitocra typica.

Canuella perplexa  and  Paronychocamptus nanus w ere  d isc u sse d  in  a p rev io u s paper  
(H erm an  & H e ip , 19836). In  th a t paper w e  p o in te d  o u t  th at th e  a b u n d an ce o f  
th e h erb ivore  Tachidius discipes is d eterm in ed  b y  sea so n a l (yearly ) factors. A s  
sh o w n  in  F ig . 3 , for tem p eratu re, im p ortan t yearly  d r iv in g  forces ex ist in  th is  
sh a llo w  h ab itat. T h e  sp ectru m  o f  tem perature (F ig . 4 )  is en tire ly  d om in ated
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b y  a peak at a frequency o f  i  cycle  p er  year. C h lo r in ity  (F ig . 3 , sp ectru m  Fig. 
4 ) also varies seasonally , d u e  to ch an ges in  th e  evap oration -p recip ita tion  
balance. In  w inter, ch lor in ity  is gen era lly  low er th a n  in  su m m er . H ow ever, 
lon ger  p er iod ic ities are a lso  im portant in  th e  sp ectru m .

P. NANUS T. (DISCIPES

1 2  3 4 5 60

C. PERPLEXA

0 1 2  3 4 5 6

H. MAGNICEPS

A AIĴ IamAâl
-1,FREQUENCY (cycles yr

Fig. 2 . M ESA -integratcd spectra of the ln-transform ed, detrended density  data o f  the four dom inant 
benthic copepods: Paronychocamptus nanus, Canuella perplexa, Tachidius discipes and  Halicyclops 
magniceps. T h e  abscissa is frequency in cycles year-1, the o rdinate is dim cnsionless.
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Fig. 3 . T em perature  (°C) and chlorinity (%J o f  the brackish w ater habitat.

W ith , regard  to th e  large detritivore Canuella perp lex a , w e  argu ed  that this  
sp ec ies can b e  treated as a  s in g le  sp ec ies  p rob lem , a n d  th a t its  d en sity  fo llow s a 
flu ctu atin g  en v iron m en ta l param eter. T h e  h ig h est p eak  in  th is  sp ec tru m  is found  
for a p er io d  o f  3 8 years; w h e n  fitted  to  th e  data, th is  c y c le  is p er fec tly  in  phase  
w ith  a c y c le  o f  the sam e p eriod  in  N H 4+-co n cen tra tio n , a p o ss ib le  ind icator o f  
d eco m p o sitio n  processes in  th e  en v iron m en t. O u r a rg u m en t th a t th is population  
sh ow s d en sity -d ep en d en t rates o f  increase is b a sed  o n  in co rrec t ev id en ce ; as 
p o in ted  o u t  to  us by R . H . G reen  (p erson al c o m m u n ic a tio n )  a correlation
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b etw een  In (N l+l/ N t) and In N t is to  b e  exp ected  ev en  w h en  N t+l and  N t are  
uncorrelated .

Paronychocamptus nanus is  th e  n u m er ica lly -d o m in a n t sp e c ie s . I ts  sp ectru m  
(F ig . 2) is rela tively  com p lex  w ith  th ree  peaks in  th e  range 1 -2  y ears and  a peak  
at period  4-6 years. W e in terp reted  th e  p er io d ic itie s  o f  1 -4 and  2 years as th e  resu lt

TEMPERATURE CHLORINITY

0 1 2 3 4 5 60 1 2 3 4 5 6

FREQUENCY (cy c le s  yr

Fig. 4 . M ESA -integrated spectra o f th e  tem perature and  chlorinity tim e series.

- 1»

o f  ‘ co m p etitiv e  cou p lin g  ’ b e tw een  th is  sh o r t-liv e d  and  oth er  sp e c ie s . T h e  4 -6 -year  
p eriod  w as vagu ely  in terp reted  as th e  track ing o f  an  ex tern a l o sc illa tin g  
param eter.

T h is  sam e 4 -6-year peak is fo u n d  in  th e  sp ectru m  o f  H alicyclops magniceps (F ig . 
2 ), w h ere it is th e m ost im p o rta n t p eak  after th e yearly  c y c le . H . magniceps is 
a herb ivore w ith  a regular pattern  o f  ap p earan ce in  th e  c o m m u n ity , a lw a y s lagg in g  
b eh in d  Tachidius discipes to  w h ic h  it is  s im ilar in  gen era l h a b itu s , feed in g  an d  
m icrod istr ib u tion . T h e  4 -6-year p eak  in  H . magniceps is p er fec tly  in  p h ase w ith  
the sam e cy c le  in  P . nanus, in d ica tin g  a co m m o n  cau se  for th e se  flu ctu a tio n s in  
b oth  sp ecies.

T h ere  are three other, m ore erratic , sp e c ie s  in  th e  co m m u n ity . D u e  to  th e  large  
n u m b er o f  zero  densities in  th eir  tim e  series, th e y  co u ld  n o t  b e  an a lysed  
su ccessfu lly  b y  spectral an a lysis. M esochra lilljeborgi (d en sitie s  n o t  sh o w n  h ere)  
is n ever  very  abundan t and o ccu rs a t irregu lar in terva ls. O n ly  in  early  1970 and  
late 1975 w ere m ore than tw o  in d iv id u a ls  p er  sam p le  fo u n d . A m phiascoides debilis 
is a d etritivore w h ich  is e c o lo g ica lly  s im ila r  to  Paronychocam ptus nanus. I t  has a 
m ore coh eren t abundance p attern  th a n  M . lilljeborgi (F ig . 1 C ). T h e  sp ec ies h a d  
already b een  fo u n d  in  1 9 6 8 -9  b u t w as co m p le te ly  a b sen t fro m  th e  co m m u n ity  
in  1970 and  1971. In 1972 a few  in d iv id u a ls  ap p aren tly  im m ig ra ted  and th e  
population  increased  th rou gh  1973 to  a tta in  a m a x im u m  d e n s ity  in  1974. B u t  
su b seq u en tly  th e  p op ulation  grad u ally  d ie d  o u t again . T h e  sam e p a ttern , th o u g h  
less clear, is fou n d  for N itocra typ ica  (F ig . 1 F ), an  o p p o r tu n is tic  sp ec ies  th at  
dom inates cu ltu res, or le ft-o v er  sa m p les , a fter a few  w eek s in  th e  laboratory.
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Com m unity param eters  
T h e  d iversity  H  o f  th is co m m u n ity  sh o w s an  in creasin g  linear tren d  d u rin g  

th e seven  years o f  stu d y  (F ig . 5 A ). I ts  sp ec tru m  (F ig . 6 )  has peaks a t p eriods  
o f  i  year, th e seasonal co m p o n en t, o f  2  years an d  again  o f  4*6 years. T h e  n u m b er
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Fig. 5 - ‘Community param eters’ of a benthic copepod taxocene: T h e  curves are w eighted running 
means with length 3  and weights 0 -2 3 , 0  5 4 , 0 -2 3 . (A) Brillouin diversity. (B) N um ber o f species. (C) 
Evenness. (D) Density (num bers 1 0  cm - *). (E ) Biomass Qig dw t 1 0  cm - *). (F ) R espiration 
Qii O , 1 0  c m - * h_l).

o f  sp ec ies  accounts for m ost o f  th e linear tren d  in  d iv ersity  (F ig . 5 B ); its  sp ectru m  
also sh o w s th e  4  6-year p eriod  (F ig . 6 ) , w h ic h  is in  p h ase  w ith  th e  sa m e cycle  
in  P. nanus and  H. magniceps. E v en n ess  has an  o n ly  m a rg in a lly -s ig n ifica n t linear  
p ositive  trend (F ig . 5 C ) and its sp ec tru m  is d o m in a ted  b y  peaks at 1 an d  2 years 
(F ig . 6 ). A  very long period  flu ctu a tion  (5 -7  years) is also p resen t in  its  sp ectru m .

T h e  total d en sity  o f  the co p ep o d s ov er  th e  sev en  years is sh ow n  in  F ig . 5 D .  
It has a s ligh tly  negative trend  w h ich  is m arg in a lly  sign ifica n t (0  05 >  P  >  0  0 25 ).
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Its  sp ectru m  has peaks on  p er io d s o f  1 -2  years (F ig . 6 ) b u t  n o t in  th e  lon ger  
p er io d  range. T o ta l d en sity  th u s sh o w s less  v a r ia tio n  in  th e  lon ger  tim e  scales  
th an  th e  d en sities o f  th e s in g le  sp ec ies .

T o ta l  cop ep od  biom ass a lso  sh o w s a n eg a tiv e  tren d  (F ig . 5 E ) . In  its sp ectru m  
(F ig . 6 ) w e find th e  sam e 3 8 year p er iod ic ity  th a t d o m in a ted  the sp ectru m  o f  
th e  largest species C. perplexa  (n o t  su rp r is in g ly , as th is  sp ec ies  is 5 -1 0  tim es  
h ea v ier  than the others).

OIVERSITY

. IA/w^aaÍI

Nr. OF SPECIES

M - a/Va-ûaa.

EVENNESS

0 2 3 4 5 61

DENSITY

0 1 2 3 4 5 6

BIOMASS RESPIRATION

1 2 3 4 5 600 1 2 3 4 5 6

FREQUENCY (cycles yr
Fig. 6 . MESA-integrated spectra of the (detrended) community parameters shown in Fig. 5 .

-1,

T o ta l com m u n ity  resp iration , as ca lcu la ted  fr o m  th e  d e n s ity  data, is sh o w n  in  
F ig . 5 F . T h ere  is n o  linear tren d  in  resp ira tio n , d esp ite  th e  trends fou n d  in  
d e n s ity , biom ass and d iversity . A  p o sitiv e  tren d  is  fo u n d  in  resp iration  p er  u n it  
b io m a ss , probably d u e  to  a sh ift  in  sp ec ies c o m p o s it io n  fro m  sp ecies w ith  low er  
m eta b o lic  rates to  sp ecies w ith  h ig h er , s in ce  n o  tren d  in  m ea n  w e ig h t w as fou n d . 
T h e  sp ectru m  o f  respiration (F ig . 6 ) has n o  p eak s at p er io d s  longer than tw o  
years; as is the case for d en sity , resp iration  ap p ears to  b e  rela tively  invariant o n  
lon ger  tim e scales.

D I S C U S S I O N

C y c le s  in  p opulation  d en sities or c o m m u n ity  p aram eters m ay b e  d riven  by  
ex tern a l, abiotic oscilla tors, or b y  b io tic  in tera c tio n s , or b y  b o th . A n  o b v io u s, 
im p o rta n t external oscilla tor in  th is  hab itat is th e  yearly  c y c le  o f  ligh t. T h e  large 
a m p litu d e  o f  tem perature flu ctu ation s (F ig . 3 ) c learly  ex em p lifie s  th is  p o in t. It 
is n o t  surprising therefore to find peaks at a o n e -y e a r  p er io d  in  m ost o f  th e  spectra  
co n stru cted  from  our tim e series data.

It is m ore difficult to  find lon ger  p eriod  c y c le s  in th e se  sh ort-lived  species
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G eneration  tim es range from  a few  w eek s fo r  th e  sm a ller  sp ec ies , to  h a lf  a year 
for th e  large Canuella perp lexa , m u ch  sh o rter  th an  th e  o b served  lo n g -term  
period ic ities in th e ir  spectra. F o r  C . perp lexa , th e  co u p lin g  o f  th e 3 -8-year  
p eriod  to the p eriod  in  N H /  seem s re la tiv e ly  stra igh tforw ard . W h y  a 3-8-year  
period ic ity  in th e in ten sity  o f  d eco m p o sit io n  p r o c e sse s  sh ou ld  ex ist is unclear, 
b u t th e error on  th ese  estim ates is u n k n o w n  a n d  3 8 is c lo se  to 4.

A n oth er in tr igu in g  q u estio n  is p osed  b y  th e  4 -6 -y ea r  p eriods o b serv ed  in th e  
spectra o f  P. nanus an d  H . magniceps and in  d iv ers ity  a n d  th e  n u m b er o f  sp ecies. 
A ll th ese  cycles are in  phase, w ith  a m ax im u m  o ccu rr in g  in  early 1974. T h e  sam e  
p eriod ic ity  is fou n d  in  ch lo r in ity , b u t th is  c y c le  ru n s a lm ost exactly  on e year  
before  th e cycles in  th e  b io lo g ica l data.

T h e  im portance o f  salin ity  in  d e term in in g  sp ec ie s  r ich n ess in  brackish  w ater  
has b een  know n for m any d ecad es (R em a n e , 1 9 3 4 );  at the m eso -p o ly h a lin e  
boundary esp ecia lly  a sligh t increase o f  sa lin ity  m ay  p erm it the ex isten ce  o f  m ore  
sp ecies. O ur data sh o w  that th e  co u p lin g  m a y  b e  in te n se  and that it operates w ith  
a lag. T h is  lag can b e  u n d erstood  by ex a m in in g  th e appearance o f  Amphiascoides 
debilis in the com m u n ity . I t  takes about o n e  year b e tw e e n  th e  appearance o f  the  
first specim en  in  o u r  sam p les and th e  first p o p u la tio n  peak o f  th e sp ecies. 
M axim u m  d en sity  is not ach iev ed  u n til o n e  year later. I t  seem s reasonable to  
p ostu la te  that im m igration  and esta b lish m en t o f  a p o p u la tio n  are resp on sib le  for 
th e tim e lag b e tw een  ab iotic  and  b io tic  tim e  series.

M an y  spectra sh o w  im portant peaks at a b o u t 1*5—2 years. T h is  is a lso  th e tim e  
sca le  o f  m ost o f  th e variation  in  ev en n ess. E v e n n e ss  reflects th e  p artition in g  o f  
resources am ong sp ec ies , w h ereas n u m b er o f  sp e c ie s  reflects th e v ia b ility  o f  the  
en viron m en t for all p o ten tia lly  p resen t sp e c ie s . In  an en v iron m en t w h ich  
constantly  changes th e  p artition in g  o f  resou rces is n o t an  im m ed iate p ro cess , sin ce  
there is a con stan t im balance in  th e  c o m m u n ity  stru ctu re  as sp ec ies try to  adjust 
to  th e changing en v iron m en t. T h is  in tro d u ces in sta b ility  at a tim e sca le  o f  o n e  
to  tw o  years, and  an eq u ilib r iu m  d oes n o t  e x is t ;  in  th e  sen se  o f  retu rn in g  to  an  
eq u ilib riu m  p o in t, th is  co m m u n ity  is n ev er  stab le .

A lth ou gh  th e  co m m u n ity  structure is ch a n g in g  ov er  lon g  tim e sca les, th e  
fu n ction al a sp ects o f  th e co m m u n ity  rem ain  sta b le . T h e  d en sity  and  b iom ass o f  
th e cop ep od s s t ill sh o w  lo n g -term  linear tren d s an d  th ere  is a lo n g -term  cy c le  in  
b iom ass, but th ese  lo n g -term  flu ctu ation s are le ss  p ro n o u n ced  than  th o se  fou n d  
in  d iversity  for exam ple. T h e  m o st str ik in g , h o w e v e r , is th e  relative con stan cy  
o f  com m u n ity  resp iration . In  th is  series th ere  is n e ith e r  a trend  nor a lon ger  p eriod  
cycle . A pparently , a relatively  con stan t se t  o f  reso u rces is  u sed  b y  th e  cop ep od s  
in  th is habitat year after year, in d ep en d en t o f  th e  c o m p o sit io n  o f  th is  co m m u n ity . 
E lm gren  (1984) co n clu d ed  th at, w ith in  a sca le  factor , gen era l energy  flow  m od els  
in d ifferent m arine sy stem s are very com p arab le as lo n g  as n o  en tire trop h ic  group  
is absent. T h e se  ob servation s m ay provide a ju stifica tio n  for th e u se  o f  b lack-box  
m od els in en erg y -flo w  stu d ies as w ell.
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A re-evaluation of marine nematode productivity 5
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K eyw ords: n e m a to d e s , m e io b e n th o s ,  p r o d u c t io n , P /B , g e n e ra tio n  tim e

A b stract

N e m a to d e s  are th e  m o s t  a b u n d a n t  m u lt ic e l lu la r  a n im a ls  in  m arin e  s e d im e n ts  b u t th e ir  ro le  in  th e  b e n th o s  
h as n o t b een  p ro p er ly  q u a n t if ie d  yet. In  n e a r ly  a ll e n e r g y -f lo w  b u d g e ts  o f  m a r in e  sy s te m s  th eir  a n n u a l p r o d u c ­
t io n  P  is g iv en  a s  a b o u t  n in e  t im e s  th e ir  m e a n  b io m a s s  B a n d  the ir  part in  th e  to ta l e n e r g y -f lo w  is c o n s e ­
q u en tly  e s t im a te d  a s a n y w h e re  b e tw e e n  3 a n d  3 0 %  o f  th e  to ta l (c a r b o n ) in p u t in  th e  b e n th ic  sy s te m . O u r  
la b o r a to ry  e x p e r im en ts  d e m o n s tr a te  th a t n e m a to d e  p r o d u c tiv ity  is m u c h  h ig h er  th a n  P / B - 9  p er  y ea r  a n d  
m a y  reach  v a lu e s  o f  o v er  6 0  fo r  b a c te r ia l g ra zers . T o o b ta in  m o re  reliab le  e s t im a te s  for  f ie ld  p o p u la t io n s  w e  
p r o p o se  a  reg ressio n  e q u a t io n  r e la t in g  e g g - to -e g g  d e v e lo p m e n t  tim e T min to  te m p er a tu r e  (t) a n d  a d u lt  fe m a le  
w eig h t (W  in  fig  w et w e ig h t) : lo g  T min = 2 .2 0 2 - 0 .0 4 6 1  t +  0 .6 2 7  lo g  W. W h e n  m u lt ip l ie d  by th e  c o n s ta n t  b i ­
o m a ss  tu rn o v er  per g e n e r a t io n  ( P /B ) gen =  3 , d e v e lo p m e n t  rate  1 /T min is a  g o o d  p red ic to r  o f  d a ily  P /B . T h is  
m e th o d  w a s a p p lie d  t o  tw o  se r ie s  o f  f ie ld  d a ta . A  rather  s ta b le  c o m m u n ity  fr o m  a  su b litto r a l m u d  in  th e  
N o r th  S e a  h a d  a n  a n n u a l P /B  =  2 0 . A  le s s  s ta b le  A u fw u c h s  c o m m u n ity  fro m  S a rg a ssu m  in  J a p a n  h a d  a n  
a n n u a l P /B  =  58 .

D e n s ity  o f  m a r in e  n e m a to d e s  is  in  t h e  o r d e r  o f  
10s - I O 6 in d . p e r  m 2, th e ir  b io m a s s  u s u a lly  ra n g es  
b e tw e en  0.1 a n d  1 g  d ry  w e ig h t  p er  m 2 (H e ip  e t  a l .,  
1985). T h ere  is  e x p e r im e n ta l e v id e n c e  th a t  th e y  
s tim u la te  m in e r a lisa t io n  o f  o r g a n ic  m a tte r  (F in d la y  
&  T enore, 1982) a n d  n u tr ie n t  r e g e n e r a t io n  (T ie t je n ,  
1980) by  g ra z in g  o n  b a c te r ia . T h e y  c y c le  a n  im p o r ­
ta n t p r o p o r t io n  o f  th e  s e d im e n t  p o o l  o f  s o m e  
h ea v y  m e ta ls  (e .g . C d ) (F r ith s e n , 1 9 8 4 ). T h e y  are  
e a ten  by  sm a ll c r u s ta c e a n s  (G e r la c h  &  S ch ra g e , 
1969; Feller, 1984) a n d  f ish  (L a sserre  e t  a l . ,  1 976), 
th u s  fo r m in g  a  lin k  b e tw e e n  b a c te r ia l p r o d u c t io n  
a n d  h ig h er  tr o p h ic  lev e ls . T h e  ra tes  o f  th e se  
p r o c esse s  are la rg e ly  u n k n o w n . T h e s e  rates m a y  b e  
e st im a te d  fr o m  en erg y  f lo w  th r o u g h  th e  p o p u la ­
t io n s  (C r isp , 1971). A n  im p o r ta n t  p a r t o f  th e  e n e rg y  
in tak e  is c h a n n e le d  in to  b io m a s s  p r o d u c t io n .  
P r o d u c t io n  e s t im a te s  o f  n e m a to d e  p o p u la t io n s  in  
th e  sea  d o  n o t  ex ist: m a n y  s p e c ie s  r e p r o d u c e  c o n ­
t in u o u s ly  th r o u g h o u t  th e  y ear  a n d  t h e  lo g is t ic s  o f

sa m p lin g  su b tid a l s e d im e n ts  a lso  p r o h ib it  th e  u se  
o f  th e  c la s s ic a l m e th o d s  in p r o d u c t io n  s tu d ie s  
(a n a ly sis  o f  g r o w th  o r  m o r ta lity  o f  c o h o r t s  in  th e  
f ie ld ) . N e a r ly  th e  w h o le  literatu re  o n  b e n th ic  
p r o d u ctiv ity  u ses  a n  a n n u a l P /B  a r o u n d  n in e  
(M cIn ty re , 1969; G e r la c h , 1971; W a rw ick  &  P r ice ,  
1979) as rep resen tin g  th e  a n n u a l b io m a s s  tu r n o v e r  
o f  m a r in e  n e m a to d e s  a n d  even  m e io fa u n a  in  g e n e r ­
a l. G er la ch ’s e s t im a te  P /B  =  9 is b a s e d  o n  a  s tu d y  
o f  o n e  b ra ck ish -w a ter  sp e c ie s  in  th e  la b o r a to r y  w ith  
a  b io m a ss  tu r n o v e r  o f  th ree  per g e n e r a t io n . T h r e e  
g e n e ra tio n s  per y ear  is a n  average for  th e  few  lo n g -  
liv ed  m e io fa u n a  sp e c ie s  fo r  w h ic h  th e  l if e -c y c le  w a s  
k n o w n  a t th e  tim e. W arw ick  & P rice  (1 9 7 9 )  c a lc u ­
la ted  P /B  =  8 .7  fro m  resp ira tio n  m e a su r e m e n ts  a n d  
th e  re la tio n sh ip  b e tw e e n  resp ira tio n  a n d  p r o d u c ­
t io n  p r o p o sed  by  M c N e il  & L aw ton  (1 9 7 0 ).

A  p r o d u c tio n  in  e a c h  g e n e r a tio n  o f  th r e e  t im e s  
th e  average b io m a s s  is a  v a lid  f ig u re  fo r  th e  sev era l 
c o p e p o d s , o s tr a c o d s  a n d  n e m a to d e s  w h e r e  it  h a s
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been  v er if ied  (H e ip  e l  a /.,  1982; H e r m a n  e l  a l., 
1984). F ie ld  d a ta  for  n e m a to d e s  d o  n o t  e x is t . S in c e  
th e  b irth rate o f  a  p o p u la t io n  in th e  s ta b le  a g e  d i s ­
tr ib u tio n  is e q u a l to  its  d a ily  P /B  (Z a ik a , 1973) w e  
c o n str u c ted  life  ta b le s  fo r  fo u r  sp e c ie s  o f  n e m a ­
to d es  cu ltu red  in  ou r  la b o r a to ry  (V ra n k en , 1985). 
T h e  average v a lu e  o b ta in e d  fro m  th e se  e x p e r im e n ts  
w as P /B  =  2 .9 8  ±  0 .13 (n =  7 ) p er T mjn. F ro m  th e se  
ex p er im en ts  it a lso  b e c a m e  c lea r  th a t fe c u n d ity  o f  
n e m a to d e s  is m u c h  h igh er  th a n  p r e v io u s ly  th o u g h t .  
In a recent rev iew  (Z a ik a  & M a k a r o v a , 1979) an  
average fe c u n d ity  o f  tw e n ty  e g g s  per fe m a le  w a s  
p ro p o sed . H o w ev er , a  s in g le  fe m a le  o f  M o n h y s te r a  
d is ju n c ta  in  a g n o to b io t ic  c o n d it io n s  (D o u g h e r ty ,  
1960) p r o d u c e s  o ver  2 0 0  e g g s  d u r in g  th e  7 0  d a y s  
that her p r o d u c tiv e  a d u lt  life  la s ts , w h ic h  r ep resen ts  
m ore th a n  f if te e n  t im e s  h er o w n  b o d y  w e ig h t  
(V ranken , 1985). W h e n  fed  in  m o n o x e n ic  c u ltu r e s  
o n  an  o p t im a l d ie t  th e  f ig u re  r ise s  to  o v e r  5 0 0  eg g s .  
T h e se  eg g s d e v e lo p  in to  a d u lts  w ith in  tw o  w eek s.  
T h e  r h a b d itid  P e l l io d i t is  m a r in a  h a s  a n  ev en  h ig h er  
rep ro d u ctiv e  p o te n t ia l,  p r o d u c in g  o v er  6 0 0  e g g s  p er  
fem a le  w h ic h  m a tu re  in  le s s  th a n  f iv e  d a y s  
(V ranken  &  H e ip , 1983).

For m o st m a r in e  n e m a to d e s  s tu d ie d  th e  average  
d u ra tio n  o f  e g g - to -e g g  d e v e lo p m e n t  is in  th e  o rd er  
o f  tw o  to  th ree  w e ek s at th e  a n n u a l m e a n  te m p e r a ­
ture in  th e  h a b ita t . T h is  in d ic a te s  m a x im u m  a n n u a l  
P /B  ra tio s in  th e  o rd er  o f  50  to  7 0 . F or th e  b est  
stu d ied  sp e c ie s , M o n h y s te r a  d i s ju n c ta , th e  y ea rly  
P /B  w as e s t im a te d  as 6 9  fr o m  th r e e  t im e s  th e  n u m ­
ber o f  g e n e r a t io n s  p r o d u c e d  in  th e  f ie ld  c a lc u la te d  
from  d e v e lo p m e n t  t im e  a n d  te m p er a tu r e  (V ra n k en  
&  H eip , 1985) a n d  a s  6 6  fr o m  th e  d a ily  b ir th  rate, 
w h ich  is a  lin ea r  fu n c t io n  o f  te m p er a tu r e  in  a ll  s p e ­
c ie s  s tu d ie d  (V ra n k en  &  H e ip , 1 9 8 5 ). T h e s e  f ig u r es  
are a lm o s t  a n  o r d e r  o f  m a g n itu d e  h ig h er  th a n  a s ­
su m ed  in  th e  literatu re.

In order to  b e tter  a s s e s s  th e  p r o d u c t iv ity  o f  m a ­
rine n e m a to d e s  in  th e  s e a  w e  c a lc u la te d  a  m u lt ip le  
lin ear r eg r ess io n  b e tw e e n  d u r a t io n  o f  e g g - to -e g g  
d e v e lo p m en t T min a n d  te m p er a tu r e  t ( ° C )  a n d  
a d u lt fe m a le  b o d y  w e ig h t W  ( in  p g  w e t w e ig h t)  fo r  
a ll sp ec ie s  fr o m  te m p e r a te  a reas (m a x im u m  te m p e r ­
ature low er th a n  2 2 ° C )  fo r  w h ic h  re lia b le  d a ta  e x ­
ists (T able 1). T h e  r e su lt in g  e q u a t io n  (1) h a s  a  t e m ­
perature c o e f f ic ie n t  c o r r e s p o n d in g  to  a  Q ,0 =  2 .9 5  
a n d  a very s te e p  d e p e n d e n c e  o n  b o d y  w e ig h t , in ­
d ic a tin g  th a t th e  sp e c tr u m  o f  b io m a s s  in  a  n e m a ­
to d e  c o m m u n ity  w ill s tr o n g ly  in f lu e n c e  its p r o d u c ­
tion :

T a b le  I .  L is t o f  s p e c i e s  u s e d  t o  c a l c u l a t e  t h e  r e l a t i o n s h i p  o f  
T mm v e r s u s  t e m p e r a t u r e  a n d  b o d y  w e i g h t ;  d a t a  c o d e d  1 a r e  
c o m p i l e d  by  H e i p  e l  a l.  ( 1 9 8 5 ) ;  o t h e r s ,  l a b e l e d  2 a r e  f r o m  
V r a n k e n  &  H e i p  ( in  p r e s s ) .

S p e c i e s R e f e r e n c e

M o n h y s t e r a  d e n t ic u la ta 1
M o n h y s t e r a  p a r v a 2
M o n h y s t e r a  d i s ju n c ta 1, 2
D ip lo la im e l la  s p e c .  1 2
D ip lo la im e l lo id e s  b r u c ie i 1
T h e r is tu s  p e r te n u is 1
C h r o m a d o r a  n u d ic a p i ta ta 1, 2
N e o c h r o m a d o r a  p o e c i lo s o m o id e s V r a n k e n ,  1985
P a r a c a n th o n c h u s  c a e c u s 2

C h r o m a d o r i t a  te n u is J e n s e n ,  1983
E u d i p lo g a s te r  p a r a r m a tu s 1
O n c h o la i m u s  o x y u r i s 1

lo g  T min =  2 .2 0 2  -  0 .0461  t +  0 .6 2 7  lo g  W  (1) 
(R 2 =  0 .88 ; F (2 ,4 6 )  =  173; n  =  4 9 )

A s  an  ex a m p le  eq . (1) w a s u sed  to  d e te r m in e  th e  
a n n u a l p r o d u c tio n  o f  a su b tid a l c o m m u n ity  fr o m  a 
m u d d y  sed im e n t (m e d ia n  g ra in  s iz e  4 5  p m )  o f f  th e  
B e lg ia n  c o a s t  in  th e  N o r th  S e a  (V in c x  &  H e ip ,
1984) a n d  fro m  a n  A u fw u c h s  c o m m u n ity  o n  S a r­
g a s s u m  c o n fu s u m  in  J a p a n  (K ito , 1982). T h e  N o r th  
S e a  s ta t io n  is p o llu te d  a n d  c h a r a c te r iz ed  b y  a  lo w  
d iv e rs ity  c o m m u n ity  d o m in a te d  b y  S a b a t ie r ia  
p u n c ta ta  (av. 8 4 .5 % ) a n d  D a p to n e m a  te n u is p ic u ­
lu m  (av. 8 .4 % ). T h e  b io m a s s  str u c tu r e  (m a le s , f e ­
m a le s  a n d  ju v e n ile s )  w a s d e te r m in e d  e a c h  m o n th .  
T h e  average  b io m a ss  w a s 1.10 g  w w  per m 2. T h e  
P /B  w as c a lc u la te d  fo r  e a c h  m o n th  as  
l / T minx D x 3 ,  w ith  D  th e  n u m b e r  o f  d a y s  in  th e  
m o n th . T otal p r o d u c t io n  s o  c a lc u la te d  a m o u n te d  to
2 2 .2  g  w w  per m 2 per year  a n d  th e  a n n u a l P /B  o f  
th is  c o m m u n ity  is P /B  =  2 0 . T h e  A u fw u c h s  c o m ­
m u n ity  fro m  S a r g a ss u m  sh o w e d  a  m a rk ed  s e a s o ­
n a lity  w ith  m a x im u m  n u m b ers  in  S p r in g  a n d  S u m ­
m e r  a n d  v ir tu a lly  d isa p p e a r e d  in  W in ter . 
M o n h y s te r a  re fr in g e n s , C h r o m a d o r a  n u d ic a p i ta ta ,  
A r a e o la im u s  e le g a n s  a n d  T h e r is tu s  a c e r  w ere  th e  
fiv e  d o m in a n t sp ec ie s . T h e  a v era g e  b io m a s s  o f  th is  
c o m m u n ity , a g a in  d e te r m in e d  fro m  m o n th ly  s a m ­
p le s , w a s 157 m g  w w  per m 2, its a n n u a l p r o d u c t io n  
9  144 m g  w w  per m 2. T h e  a n n u a l P /B  =  5 8 . T h e  
c a lc u la t io n  p r o p o s e d  h ere  s t i l l  h a s  s p e c u la t iv e  
a sp e c ts . T h e se  in c lu d e  tw o  e x tr a p o la t io n s :  1)
la b o r a to ry  rates a re  u sed  to  e s t im a te  d e v e lo p m e n t
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rates in th e  fie ld ; and  2 ) d a ta  b a sed  o n  a  lim ited  
n u m b er  o f  sp e c ie s  are e x tr a p o la te d  to  a ll sp e c ie s  in  
a  c o m m u n ity . O u r  e q u a t io n  is  b a s e d  o n  a ll th e  
relia b le  d a ta  a v a ila b le  in  th e  litera tu re  a n d  in c lu d e s  
15 p o p u la t io n s  b e lo n g in g  to  12 sp e c ie s . F or O n ­
c h o la im u s  o x y u r is , E u d ip lo g a s te r  p a r a r m a tu s  a n d  
C h r o m a d o r a  n u d ic a p i ta ta  w e  d is p o s e  o f  d a ta  o n  
g ro w th  rates in  th e  f ie ld  a n d  in  la b o r a to r y  c o n d i­
t io n s  (H e ip  e t  a l., 1978; S m o l  e t  a i ,  1980; R o m ey n  
e t  a i ,  1983; V ranken , 1 985). T h e se  sh o w  a  g o o d  
a g reem en t b e tw e en  d e v e lo p m e n t  rates rea lized  in 
th e  f ie ld , a n d  th o s e  p r e d ic te d  fro m  la b o r a to r y  e x ­
p e r im e n ts . A lth o u g h  very  lim ite d , th is  d a ta  set s u g ­
g e sts  th a t  o u r  first e x tr a p o la t io n  m a y  b e  va lid .

T h e  se c o n d  e x tr a p o la tio n , fr o m  th e  lim ite d  set o f  
cu ltu red  sp e c ie s  to  a ll sp e c ie s  in  a  c o m m u n ity , is th e  
m o st fa r -rea ch in g  a s s u m p tio n  in  o u r  m e th o d .  
T h ree  sp e c ie s  ( O n c h o la im u s  o x y u r is ,  P a r a c a n th o n ­
c h u s  c a e c u s  a n d  E u d ip lo g a s te r  p a r a r m a tu s ) ,  p o s ­
se ss  e ith er  lo w  fe cu n d ity  o r  s lo w  d e v e lo p m e n t  rates  
a n d  m a y  b e  c o n s id e r ed  r e la t iv e ly  ‘c o n se r v a tiv e ’ s p e ­
c ie s . T h e  m a jo r ity  o f  o u r  d a ta  are  fro m  o p p o r t u n is ­
tic  sp ec ie s  a b le  to  rea lize  h ig h  p o p u la t io n  g ro w th  
rates (H e ip  e t  a l.,  1985). T h is  o f  c o u r se , r e f le c ts  a  
q u ite  ‘n a tu ra l’ se le c t io n  by  e x p e r im e n ta l n e m a to lo -  
g ists . N e m a to d e -c o m m u n it ie s  in  th e  f ie ld , e s p e c ia l­
ly o f  su b tita l se d im e n ts , are  o f t e n  d o m in a te d  by 
m o re  c o n se r v a tiv e  sp ec ies . D u e  to  th e  in c lu s io n  o f  
m a n y  o p p o r tu n is t ic  s p e c ie s , o u r  e q u a t io n  m a y  
o v e re stim a te  th e  p r o d u c tiv ity  o f  th e se  c o m m u n i­
t ie s . U n le s s  m o re  d o m in a n t  sp e c ie s  fro m  m a r in e  
c o m m u n it ie s  are cu ltu red , w e  c a n n o t  a s s e s s  th e  im ­
p o r ta n c e  o f  th is  factor. In  a n y  c a se , in  o u r  d a ta  set  
th e  m o re  ‘co n se r v a tiv e ’ s p e c ie s  d id  n o t  d e v ia te  in  a 
sy s te m a tic  w ay fro m  th e  p a tte r n  sh o w n  by  th e  o th e r  
sp ec ie s . B o d y  w eig h t m a y  w e ll  b e  a  g o o d  p red ic to r  
o f  th e  s tr a teg y  o f  a  p a r ticu la r  sp ec ie s .

In a  s im ila r  a p p ro a c h  to  th e  o n e  a d a p te d  here, 
V rank en  &  H e ip  (1985) sh o w e d  a  r e la t io n sh ip  b e ­
tw e en  e g g  w e ig h t a n d  e m b r y o n ic  d e v e lo p m e n t  t im e  
a t 2 0 ° C . T h is  r e la t io n sh ip  p r e d ic te d  th e  e m b r y o n ic  
d e v e lo p m e n t  t im e  o f  S a b a t ie r ia  p u n c ta ta  fro m  th e  
s lu ic e  d o c k  o f  O ste n d  (B e lg iu m ) , w h ic h  w a s  n o t  in ­
c lu d e d  in  th e  d a ta -se t , e x a c t ly  (p r e d ic t io n :  9 .8 7  d, 
e x p er im en ta l:  9 .9 2  d ). U n fo r tu n a te ly  w e  w ere n o t  
a b le  to  m a in ta in  th e  cu ltu r es  lo n g  e n o u g h  to  d e ter ­
m in e  g e n e r a tio n  tim es .

O u r  r eg ress io n  e q u a t io n  is a  n ew  to o l  to  e s t im a te  
n e m a to d e  p r o d u c tio n  in d irec tly , r eq u ir in g  o n ly  
k n o w le d g e  o f  th e  b io m a ss  sp e c tr u m  o f  th e  n e m a ­

to d e  c o m m u n ity  in  th e  f ie ld  a n d  o f  th e  a n n u a l t e m ­
perature reg im e  o f  th e  h a b ita t . O th e r  m e th o d s  to  
d e te rm in e  p r o d u c t iv ity  o f  f ie ld  p o p u la t io n s ,  in ­
d irec tly  have b e e n  rev iew ed  by H e ip  e t  a l .  (1 9 8 5 ).

In o u r  o p in io n ,  th e  u se  o f  a s in g le  P /B  v a lu e  for  
n e m a to d e s , a n d  a  fo r tio r i for  th e  m e io fa u n a  a s  a 
w h o le  is in v a lid . N e m a to d e  p r o d u c tiv ity , e sp e c ia l ly  
th a t o f  m e m b er s  o f  ‘A u fw u c h s ’ c o m m u n it ie s  m a y  
b e  m u ch  h ig h er  th a n  p r e v io u s ly  t h o u g h t .  N e m a ­
to d e s  are a s ig n if ic a n t  c o m p o n e n t  in  th e  en erg y  
f lo w  in sh a llo w -w a te r  m a r in e  e c o s y s te m s .
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T H E  P R O D U C T I V I T Y  O F  M A R I N E  N E M A T O D E S

G u id o  V r a n k e n  &  C a r lo  H e ip

M a r i n e  B i o l o g y  S e c t i o n ,  Z o o l o g y  I n s t i t u t e ,  S t a t e  U n i v e r s i t y  o f  G e n t ,  B - 9 0 0 Ü  G e n t ,  B e l g i u m

A B S T R A C T

T h e  p r o d u c t i v i t y  o f  m a r i n e  n e m a t o d e s  w a s  s t u d i e d  f r o m  l a b o r a t o r y  e x p e r i m e n t s  i n v e s t i g a t i n g  t h e  

r e l a t i o n s h i p  b e t w e e n  m i n i m u m  g e n e r a t i o n  t i m e  a n d  t e m p e r a t u r e ,  t h e  d a i l y  b i r t h  r a t e  a s  c a l c u l a t e d  

f r o m  l i f e - t a b l e s  t a k i n g  f e c u n d i t y  a n d  s u r v i v o r s h i p  i n t o  a c c o u n t  a n d  t h e  t e m p e r a t u r e  r e g i m e  in  t h e  f i e ld .

T h e  li fe  c y c l e  o f  M o n h y s t e r a  d i s ju n c ta  is d e s c r i b e d .  F e m a l e s  p r o d u c e  a b o u t  2 0 0  e g g s  i n  a g n o t o b i o t i c  

c o n d i t i o n s  o v e r  a b o u t  7 0  d a y s :  t h i s  r e p r e s e n t s  1 7  t i m e s  t h e i r  o w n  b o d y  w e i g h t .  T h e  m e a n  g e n e r a t i o n  

t i m e  is 2 0  d a y s  a t  1 2 ° C  a n d  t h i s  s p e c i e s  c a n  p r o d u c e  2 3  g e n e r a t i o n s  in t h e  f i e ld  e a c h  y e a r .  T h e  

m a x i m u m  a n n u a l  P / B  is  e q u a l  t o  6 9 .  T h e  a n n u a l  P / B  c a l c u l a t e d  f r o m  t h e  b i r t h  r a t e  is 6 0 .

F r o m  s i m i l a r  s t u d i e s  o n  f iv e  o t h e r  n e m a t o d e  s p e c i e s  i t  is c o n c l u d e d  t h a t  t h e  l i f e - c y c l e  t u r n o v e r  is 

e q u a l  t o  t h r e e  b u t  t h e  n u m b e r  o f  g e n e r a t i o n s  a n n u a l l y  p r o d u c e d  in  t h e  f ie ld  v a r i e s  f r o m  o n e  t o  t w e n t y .  

A n n u a l  P / B  f o r  t h e  s p e c i e s  s t u d i e d  a n d  f r o m  l i t e r a t u r e  d a t a  o n  o t h e r  s p e c i e s  li es  b e t w e e n  4  a n d  6 9 .  T h e  

u s e  o f  a  s i n g l e  P / B  v a l u e  f o r  n e m a t o d e s  i s  t h e r e f o r e  i n v a l i d .  S c a l i n g  w i t h  b o d y  w e i g h t  is p o s s i b l e  w i t h  

t h e  e q u a t i o n  l o g  P / B  =  - 1 . 2 8 8  -  0 . 4 4 0  l o g  M s w h e r e  M s i s  t h e  w e i g h t  a t  s e x u a l  m a t u r i t y  in  k c a l .

I N T R O D U C T I O N

N e m a t o d e s  a r e  th e  m o s t  a b u n d a n t  m e ta z o a n s  in  m a r in e  s e d im e n ts ,  w it h  d e n s it ie s  

o f  se v e r a l  m i l l io n  a n im a ls  p e r  sq u a r e  m e te r  o f  th e  sea  f lo o r  in  m a n y  s h a l lo w  

s u b t id a l  e n v ir o n m e n t s .  T h is  r e p r e se n ts  a  b io m a s s  o f  a r o u n d  0 .2 - 0 .5  g  C  m - 2 . 

C o a s t a l  s e d im e n t a r y  s y s te m s  r e c e iv e  a  c a r b o n  in p u t in th e  o r d e r  o f  5 0 - 1 5 0  g  
C - m - 2 - a n - 1 , t h u s  le s s  th a n  1 %  o f  th is  a m o u n t  s h o w s  up  a s  n e m a to d e  b io m a s s .  

T h o u g h  t h is  m a y  s e e m  l it t le ,  n e m a t o d e s  d o  fa r  b e tter  th a n  o th e r  m e io fa u n a  c o m ­

p o n e n t s ,  e s p e c ia l ly  w h e n  th e  in p u t  is  la rg e  (H e ip  e t  a l.  1 9 8 2 ) ;  th e y  r e p r e se n t  m o r e  
th a n  9 0 %  o f  t h e  t o t a l  m e io f a u n a  in  m a n y  c o a s ta l  se d im e n ts .

W h e th e r  n e m a t o d e s  are  a n  im p o r ta n t  f o o d  t o  m a c r o fa u n a  o r  f ish  is s t i l l  a  m a tte r  
o f  r e se a r c h  t o d a y ,  b u t  th e ir  r o le  in  s t im u la t in g  b a cter ia l p r o d u c t iv ity  a n d  th u s  

m in e r a l iz a t io n  o f  d e tr itu s ,  d e c o m p o s i t io n  a n d  n u tr ie n t r eg e n e ra tio n  h a s  b e e n  w e l l  

e s t a b l is h e d  ( T e n o r e  e t  a l .  1 9 7 7 ,  G e r la c h  1 9 7 8 ,  T ie tjen  1 9 8 0 ,  F in d la y  &c T e n o r e  

1 9 8 2 ) .  T h e  r a te s  o f  th e se  p r o c e s s e s  in  th e  se a  are  im p o r ta n t in  e c o lo g ic a l  m o d e ls  

b u t  la r g e ly  u n k n o w n .  O n e  o f  t h e  p o s s ib le  s ta r t in g  p o in ts  t o  e v a lu a te  w h a t  n e m a ­
t o d e s  m a y  d o  in  s e d im e n t s  is t o  e x a m in e  th e  e n e rg y  f lo w  th r o u g h  n e m a to d e  c o m ­
m u n it ie s .
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It is h a r d ly  p o s s ib le  t o  m e a s u r e  n e m a to d e  resp ira tio n  in  th e  fie ld  o r  to  c a lc u la te  

b io m a s s  p r o d u c t io n  fr o m  a n  a n a ly s is  o f  g r o w th  o r  m o r ta lity . N e a r ly  a ll o u r  k n o w ­
le d g e  o f  e n e r g y  f lo w  is  b a s e d  o n .la b o r a to r y  e x p e r im e n ts  a n d  e x tr a p o la t io n  to  th e  

f ie ld  is b a s e d  o n  d e n s it y  a n d  b io m a s s  o f  f ie ld  p o p u la t io n s .  A s an  e x a m p le  o f  th e se  

c a lc u la t io n s ,  c o n s id e r  th e  f o l lo w in g :  to ta l  in g e s t io n  (o r  c o n s u m p t io n )  is a c o n s ta n t  
a  X  a s s im ila t io n  ( p r o d u c t io n  +  r e s p ir a t io n )  w h ic h  is a c o n s ta n t  h  X  p r o d u c t io n .  

S in ce  p r o d u c t io n  is a  c o n s ta n t  c  X  b io m a ss , o n e  en d s up  w ith  the form u la  \ =  a  b - c  h . 

T h e r e  is  n o  n e e d  t o  s tr e s s  th e  u n c e r ta in ty  in v o lv e d  in th is  ty p e  o f  c a lc u la t io n s .
M o s t  s tu d ie s  o n  m a r in e  n e m a to d e s  re s tr ic t  th e ir  a t te n t io n  to  th e  r e la t io n sh ip s  

b e tw e e n  r e s p ir a t io n  o r  p r o d u c t io n  a n d  b io m a s s .  S in ce  m o s t  n e m a to d e s ,  fo r  w h ic h  
th is  is k n o w n ,  m a tu r e  w it h in  a  p e r io d  o f  t w o  to  th ree  w e e k s , a n d  s in c e  r e p r o d u c ­

t io n  is c o n t in u o u s  a n d  r e p r o d u c t iv e  life  is m u c h  lo n g e r  th a n  p r e -a d u lt  life  (W o o m b s  

&  L a y b o u r n -P a r r y  1 9 8 4 ) ,  g e n e r a t io n s  in  th e  fie ld  s tr o n g ly  o v e r la p  a n d  in d iv id u a l  
c o h o r ts  c a n n o t  b e  d i s t in g u is h e d .  T h is  m a k e s  th e  c la s s ic a l a p p r o a c h  to  p r o d u c t io n  

(C r isp  1 9 7 1 )  in a p p l ic a b le  a n d  o u r  in fo r m a t io n  is b a se d  n ea r ly  e x c lu s iv e ly  o n  

la b o r a to r y  s tu d ie s .  F r o m  o n e  o f  th e  e a r lie s t  o f  su ch  s tu d ie s ,  th e  w o r k  o f  T h u n
( 1 9 6 8 )  o n  t h e  b r a c k is h  w a t e r  h e r b iv o r e  C h r o m a d o r i ta  te n u is , G e r la c h  ( 1 9 7 1 )  

c a lc u la te d  t h e  p r o d u c t io n /b io m a s s  r a tio  o f  th e  life  c y c le  as th r e e . A s su m in g  th a t  
m e io fa u n a  s p e c ie s  in  g e n e r a l  p r o d u c e  th r e e  g e n e r a t io n s  p er  y ear  in  th e  f ie ld ,  

G e r la c h  ( 1 9 7 1 )  t h e n  o b t a in e d  h is  c la s s ic a l  f ig u re  P /B  =  9 - a n - 1 , w h ic h  h a s  s in c e  

b e e n  u n iv e r sa lly  u s e d  t o  e s t im a te  m e io fa u n a  a n d  a  f o r t i o r i  n e m a to d e  p r o d u c t io n .
A  s o m e w h a t  m o r e  s o p h is t i c a t e d  a p p r o a c h  c o n s is t s  in  c a lc u la t in g  th e  a n n u a l P /B  

r a tio  fr o m  t h e  e m p ir ic a l  r e la t io n s h ip  b e tw e e n  b o d y  w e ig h t  a t se x u a l m a tu r ity  M s 

a n d  P /B  (B a n s e  &  M o s h e r  1 9 8 0 ) .  T h is  r e la t io n sh ip  is d e sc r ib e d  w ith  a  p o w e r  la w  

P /B  =  a M  j. F o r  in v e r t e b r a t e s  l iv in g  b e tw e e n  5  a n d  2 0 ° C  a  =  0 .6 5  a n d  b  =  —0 .3 7  
w h e n  M s is  in  k c a l .  F o r  n e m a t o d e s  a n d  m e io fa u n a  in  g e n e r a l, B a n se  &  M o s h e r  

( 1 9 8 0 )  p r e d ic te d  t h a t  t h e  l in e  l ie s  fa r  b e lo w  th e  g en era l in v e r te b r a te  l in e . T h is  w a s  

h o w e v e r  b a s e d  o n  o n ly  o n e  o b s e r v a t io n .
In th is  s t u d y  w e  w i l l  s h o w  th a t  th e  u se  o f  a l if e -c y c le  tu r n o v e r  o f  th r e e , a s  

p r o p o s e d  b y  G e r la c h  ( 1 9 7 1 )  is  in d e e d  v a lid . W h e n  th e  n u m b e r  o f  g e n e r a t io n s  

p r o d u c e d  in  th e  f ie ld  is  k n o w n ,  w e  w il l  th e n  o b ta in  a n  a c c u r a te  f ig u re  o f  y e a r ly  
p r o d u c t io n  b y  m u lt ip ly in g  t h i s  n u m b e r  b y  th r e e . H o w e v e r , th is  w ill o n ly  in  rare  

e x c e p t io n s  b e  p o s s ib le .  F o r  s m a ll ,  r a p id ly  r e p r o d u c in g  s p e c ie s , la b o r a to r y  s tu d ie s  
h a v e  b e e n  p e r fo r m e d  t h a t  a l l o w  c a lc u la t io n  o f  a m a x im u m  n u m b e r  o f  g e n e r a t io n s  
th a t  m a y  b e  p r o d u c e d  w h e n  r e p r o d u c t io n  is c o n t in u o u s . T h e s e  s tu d ie s  d o  s h o w  

th a t  th e  u s e  o f  a  s in g le  P /B  r a t io  is in v a lid .

T h i s  r e s e a r c h  w a s  s u p p o r t e d  t h r o u g h  t h e  C o n c e r t e d  A c t i o n s  O c e a n o g r a p h y  o f  t h e  M i n i s t r y  o f  S c i e n t i ­

f i c  P o l ic y  o f  B e l g i u m ,  g r a n t  2 . 9 0 0 7 . 8 2  f r o m  t h e  F u n d  o f  C o l l e c t i v e  F u n d a m e n t a l  R e s e a r c h  o f  B e l g i u m  

a n d  t h r o u g h  g r a n t s  E N V - 5 5 6 - B  a n d  E N V - 7 6 7 - B  o f  t h e  C E C .  T h e  s e c o n d  a u t h o r  a c k n o w l e d g e s  a  g r a n t  

f r o m  t h e  B e l g i a n  N a t i o n a l  F u n d  f o r  S c i e n t i f i c  R e s e a r c h  ( N F W O ) .  B o t h  a u t h o r s  a r e  v e r y  g r a t e f u l  t o  

R u d y  V a n d e r h a e g h e n  f o r  i n v a l u a b l e  h e l p ,  a n d  t o  D r  P. H e r m a n  f o r  m a n y  d i s c u s s i o n s .
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M A T E R I A L  A N D  M E T H O D S

T h e  s p e c ie s  s t u d ie d  w e r e  iso la te d  fr o m  th e  S lu ic e  D o c k  o f  O s te n d , a  m a r in e  la g o o n  

n e a r  th e  B e lg ia n  c o a s t  o f  th e  N o r t h  S ea  a n d  fr o m  th e  D ie v e n g a t ,  a p o ly -m e s o h a l in e  
b r a c k is h  w a t e r  p o n d  in  a p o ld e r  in n o r th e r n  B e lg iu m . T h e  b a c te r ia l feed ers  D i p l o ­

la im e l la  d i e v e n g a te n s i s  (p r e v io u s ly  m is id e n t if ie d  a s  M o n h y s te r a  m ic r o p h th a lm a  

(J a c o b s  &  V r a n k e n ,  in  p r e s s ) ) ,  M o n h y s te r a  d i s ju n c ta  a n d  M o n h y s tr e l la  p a r e le g a n ­

tu la  w e r e  c u ltu r e d  in  0 .4 %  b r a c k ish  w a t e r  b a c to -a g a r  (D IF C O ) e n r ic h e d  w ith  
V la s b lo m  m e d iu m  a n d  s i l ic a te  (V r a n k e n  e t  a l .  1 9 8 4 ) .  T h e  d ia to m -fe e d e r s  C h r o m a ­

d o r a  n u d ic a p i ta ta ,  M o n h y s te r a  p a r v a  a n d  P a r a c a n th o n c h u s  c a e c u s  w e r e  g r o w n  o n  

0 . 4 %  m o d if ie d  b r a c k ish  w a te r  K illia n  a g a r  (T h u n  1 9 6 6 ) .  T h e  fo o d  o f  th e  h e r b i­

v o r o u s  s p e c ie s  c o n s is t e d  o f  an  u n id e n t if ie d  b a c te r ia l m ix tu r e  su p p le m e n te d  w ith  

th e  f o l lo w in g  d ia to m  m ix tu r e: N a v ic u la  p e r e g r in a ,  N i t z s c h ia  o v a lis ,  C o c c o n e is  s c u ­

te l lu m , C y c lo te l la  sp . a n d  M e lo s ira  s p .,  a n d  th e  g reen  a lg a  D u n a lie lla  sa lin a .  T h e  

b a c te r ia  w h ic h  s e r v e d  a s fo o d  fo r  th e  b a c te r iv o r o u s  s p e c ie s  w e r e  g r o w n  s im u l­

t a n e o u s ly  in  th e  s a m e  P etri d ish e s  a s th e  n e m a to d e s .  T h e  b a c te r ia l fe e d e r s  w e r e  
k e p t  in  th e  d a r k  a n d  th e  h e r b iv o r o u s  s p e c ie s  w e r e  g r o w n  u n d e r  c o n t in u o u s  lig h t.

T h e  m in im u m  g e n e r a t io n  t im e  T min w a s  d e te r m in e d  as th e  t im e  b e tw e e n  id e n t ic a l  

s t a g e s  in  t w o  s u c c e s s iv e  g e n e r a t io n s  ( th e  t im e  b e tw e e n  a  g r a v id  fe m a le  in  th e  

m o t h e r  g e n e r a t io n  a n d  a  g r a v id  fe m a le  in  th e  d a u g h te r  g e n e r a t io n ) .
T h e  in tr in s ic  ra te  o f  n a tu r a l in c r e a se  r m a n d  th e  n e t  r e p r o d u c t iv ity  R 0  ( th e  m u lt i ­

p l ic a t io n  r a te  p e r  g e n e r a t io n )  w e r e  c a lc u la te d  fr o m  o b s e r v a t io n s  o n  th e  a g e - s p e c i ­

f ic  fe c u n d ity  m x a n d  su r v iv a l lx, u s in g  s ta n d a r d  d e m o g r a p h ic  e q u a tio n s :

R o =  X  lxm x a n d  X  e_r'" ' lxm x =  1 .
x = 0  x = 0

T h e  b ir th  ra te  w a s  c a lc u la te d  w ith  th e  m e th o d  d e sc r ib e d  in  N is b e t  &  G u r n e y  

( 1 9 8 2 )  a s s u m in g  t h a t  m o r ta lity  w ith in  e a c h  a g e  g r o u p  is e x p o n e n t ia l .

R E S U L T S

I n f lu e n c e  o f  t e m p e r a tu r e

T e m p e r a tu r e  h a s  a p r o fo u n d  in f lu e n c e  o n  th e  m in im u m  g e n e r a t io n  tim e  7 ’min in  a ll 
s p e c ie s  s tu d ie d , w i t h  Q 10 v a lu e s  in  th e  lo w e r  te m p e r a tu r e  in te r v a l r a n g in g  b e tw e e n  

2 . 6  in  P a r a c a n th o n c h u s  c a e c u s  a n d  7 .6  in  C h r o m a d o r a  n u d ic a p i ta ta  (S lu ic e  D o c k  

p o p u la t io n ) .  D e v e lo p m e n ta l  a c c e le r a t io n  is  h ig h e r  in  th e  lo w e r  te m p er a tu r e  ra n g e  
in  a ll  s p e c ie s .  T h e  o p t im u m  te m p e r a tu r e , d e f in e d  a s th e  te m p er a tu r e  a t  w h ic h  th e  

h ig h e s t  d e v e lo p m e n t  ra te  is r e a liz e d  (T a y lo r  1 9 8 1 ) ,  is h ig h e r  th a n  2 0 ° C  in  a ll  

s p e c ie s .  In M o n h y s t r e l l a  p a r e le g a n tu la  i t  is h ig h e r  th a n  3 0 °C . T h e  b a sa l te m p e r a ­
tu r e ,  b e lo w  w h ic h  d e v e lo p m e n t  s t o p s ,  r a n g e s  b e tw e e n  1 0 ° C  in  D ip lo la im e l la  

d ie v e n g a te n s i s  a n d  M o n h y s t r e l la  p a r e le g a n tu la  a n d  b e lo w  z er o  d e g r e e s  in  M o n ­

h y s t e r a  d is ju n c ta .
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T a b le  1. M i n i m u m  g e n e r a t i o n  t i m e  T mm  o f  f e m a l e s  o f  d i f f e r e n t  n e m a t o d e  sp e c i e s ,  n  is th e  

n u m b e r  o f  f e m a l e s  s t u d i e d .  S D :  S lu i c e  D o c k  p o p u l a t i o n ;  D :  D i e v e n g a t  p o p u l a t i o n .

S a l i n i t y T e m p .

S p e c i e s %oS ° C T n m  ±  SD n

15 2 7 . 9  ±  5 .7 1 2 3

D ip lo la im e l la  d ie v e n g a te n s i s 2 0
2 0

2 5

1 0 . 2  ±  1.2 

7 .8  ±  2.5

11 3
1 7 4

3 0 6 . 6  ±  1.7 1 3 7

15 5 4 . 3  ±  7 .3 3 9

2 0 18.1  ±  2 .9 2 7 5

M o n h y s t r e l l a  p a r e le g a n tu la 3 0 2 5 7 . 9  ±  0 . 9 5 3 9

3 0 6 . 3  ±  0 .9 4 6 7

3 5 5 .3  ±  0 .9 5 5 0

8 5 0 . 6  ±  6 . 7 8 7

M o n h y s t e r a  p a r v a 3 0
12

17

1 9 .6  ±  4 . 7

1 2 .7  ±  2 .0

2 3 8

1 5 2

2 2 8 .8  ±  1.6 2 2 9

3 5 2 . 3  ±  8.4 2 8 7

8 1 8 .6  ±  3 .9 5 6

M o n h y s t e r a  d i s ju n c ta 3 0
12

15

1 7 .2  ±  4 .5  

1 1 .8  ±  2.1

6 6 2

2 4 1

17 1 0 .9  ±  2 .4 2 2 6

2 0 9 .3  ±  2 .2 2 9 1

3 1 5 3 .6  ±  1 8 .7 2 2

8 7 6 . 9  ±  7 . 6 9 5

C h r o m a d o r a  n u d ic a p i ta t a  (S D ) 3 0 12 2 4 . 7  ±  3 . 0 1 2 7

1 7 1 7 .3  ±  2 .4 3 2 3

2 2 9 . 7  ±  1.0 14 8

5 8 4 .5  ±  8.3 5 2

10 5 2 . 5  ±  4 .0 9 6

C h r o m a d o r a  n u d ic a p i ta t a  ( D ) 2 0 15 2 4 . 9  ±  2.8 6 4

2 0 1 4 . 0  ±  1.4 1 0 8

2 5 1 6 .9  ±  1.7 4 4

10 1 3 1 .9  ±  1 6 .0 9 3

P a r a c a n t h o n c h u s  c a e c u s 2 0
15

2 0

6 5 . 7  ±  3 .6  

5 1 .1  ±  5 . 6

8 2

6 6

2 5 4 1 . 9  ±  4 . 2 9 2

T h e  r e la t io n s h ip  b e tw e e n  te m p e r a tu r e  T  a n d  d e v e lo p m e n t  t im e  T mln (d a y s )  c a n  

b e  r e p r e se n te d  b y  a n  a l lo m e tr ic  r e la t io n sh ip  T mjn =  a T b. T h e  c o e f f ic ie n ts  o f  th is  
e q u a t io n  f o r  th e  d i f f e r e n t  s p e c ie s  are  g iv e n  in  T a b le  2 . a  ca n  b e  c o n s id e r e d  a s th e  

d e v e lo p m e n t  t im e  a t  1 ° C  a n d  b  is a m e a su r e  o f  th e  te m p er a tu r e  d e p e n d e n c y  o f
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T a b le  2 . V a l u e s  o f  a  a n d  b  o f  t h e  a l l o m e t r i c  r e l a t i o n s h i p  T m¡„ =  a T h  b e t w e e n  d e v e l o p m e n t  t i m e  T mjn 

( d a y s )  a n d  t e m p e r a t u r e  T  ( ° C ) .  r 2 is t h e  c o e f f i c i e n t  o f  d e t e r m i n a t i o n .  T m  a n d  T 0 a r e  t h e  o p t i m u m  a n d  

b a s a l  t e m p e r a t u r e  ( ° C ) .  D [ t )  is t h e  n u m b e r  o f  j u v e n i l e  p e r i o d s  r e a l i z e d  in t h e  f i e ld .  S D :  S lu i c e  D o c k

p o p u l a t i o n ;  D :  D i e v e n g a t  p o p u l a t i o n .

S p e c i e s a b r 2 7 „ , % D { t)

D ip lo la im e l la  d ie v e n g a te n s i s 4 6 7 9 - 1 . 9 6 0 . 7 5 28 10 10

M o n h y s tr e l la  p a r e le g a n tu la 2 0 8 0 5 3 - 3 . 1 1 0 . 9 4 35 10 6

M o n h y s te r a  p a r v a 1 7 5 5 - 1 . 7 4 0 . 9 7 2 2 5 16

M o n h y s te r a  d i s ju n c ta 1 18 - 0 . 8 4 0 . 9 0 21 < 0 2 3

C h r o m a d o r a  n u d ic a p i ta ta  ( S D ) 1 1 6 7 - 1 . 4 9 0 . 9 2 2 2 0 - 3 13

C h r o m a d o r a  n u d ic a p i ta ta  ( D ) 6 0 7 - 1 . 1 6 0 . 9 0 2 4 .5 0 - 3 10

P a r a c a n th o n c h u s  c a e c u s 2 3 5 7 - 1 . 2 8 0 . 8 9 25 5 3 .5

d e v e lo p m e n t  t im e  ( H e ip  e t  a l .  1 9 8 5 ) .  a  a n d  b  w e r e  c a lc u la te d  fro m  th e  m e a n  o f  

se v e r a l  e x p e r im e n ts  (F ig . l a ) .

W a te r  te m p e r a tu r e  in  th e  D ie v e n g a t  a n d  th e  S lu ic e  D o c k  c a n  b e  d e sc r ib e d  w it h  a 
s im p le  s in u s  f u n c t io n  o f  t im e  t .  T h e  e q u a t io n s  are:

T ( t )  =  1 1 .2  +  8 . 3 s i n ( i  — 1 1 7 )  D ie v e n g a t  (H e ip  &  S m o l 1 9 7 6 a )

T ( i )  =  1 1 .5  +  8 , 5 s i n ( i  — 1 2 0 )  S lu ic e  D o c k  (P o d a m o  1 9 7 6 )

C o m b in in g  th e  c o e f f i c ie n t s  o f  th e  p o w e r  e q u a t io n  a  a n d  b  w ith  th e  s in u so id  t e m ­
p e r a tu r e  f u n c t io n s  w e  o b t a in  th e  d a ily  d e v e lo p m e n t  rate  R  =  1 /T min as a  fu n c t io n  

o f  t im e . In te g r a t in g  R  o v e r  a p e r io d  o f  o n e  y e a r  w e  f in d  th e  m a x im u m  a n n u a l  

n u m b e r  o f  g e n e r a t io n s .  In  th e  s p e c ie s  s t u d ie d  th is  v a r ie s  b e tw e e n  3 .5  a n d  2 3  (T a b le  

2 ) ,  c o r r e s p o n d in g  t o  y e a r ly  P /B  r a t io s  o f  b e t w e e n  1 0  a n d  6 9 .

T h e  l if e  c y c le  o f  M o n h y s t e r a  d i s j u n c t a

T h e  l ife  c y c le  o f  M o n h y s t e r a  d i s ju n c ta  is s h o w n  in  F ig . 1 . T h e  e g g s  a re  d e p o s it e d  in  
th e  fir s t c e ll s ta g e . A t  1 2 ° C  th e  e m b r y o n ic  p e r io d  la sts  3 .5  d a y s  (S D  =  1 .2 ; n  =  9 5 6 ) .  

T h e  fe m a le s  b e c o m e  g r a v id  1 7 .2  d a y s  (S D  =  4 .5 ;  n  =  6 6 2 )  a fter  e g g  d e p o s it io n .  
S o m a t ic  g r o w th  d u r in g  th e  ju v e n ile  s ta g e  is  e x p o n e n t ia l  (F ig . I d )  a n d  th u s  e q u a l t o  

th e  d a i ly  P /B  (H e r m a n  e t  a l .  1 9 8 4 ) .  T h is  ju v e n ile  g r o w th  ra te  is 0 .3 7  p er  d a y  a t  

1 7 ° C . A t  1 2 ° C  a  s in g le  fe m a le  p r o d u c e s  a b o u t  2 1 8  e g g s  (S E  =  3 1 .9 ;  n  =  9 )  in  
a g n o t o b io t ic  c o n d i t io n s .  In m o n o x e n ic  c u ltu r e s ,  w h ic h  a r e  le s s  r ep r e se n ta t iv e  fo r  

n a tu r a l c o n d i t io n s ,  f e m a le s  o f  M o n h y s te r a  d is ju n c ta  are  a b le  to  p r o d u c e  4 0 0 - 5 0 0  

e g g s  w h e n  fe d  o n  th e  b a c te r iu m  A l te r o m o n a s  h a lo p la n k t is .  F resh ly  d e p o s ite d  e g g s  

h a v e  a  w e t  w e ig h t  o f  2 3  n g ; s in c e  a n  a d u lt  fe m a le  w e ig h s  a b o u t  0 .3  /xg w e t  w e ig h t ,  
s h e  p r o d u c e s  a b o u t  1 7  t im e s  h e r  o w n  b o d y  w e ig h t  d u r in g  h er  r e p r o d u c tiv e  l ife .

R e p r o d u c t io n  o c c u r s  o v e r  a b o u t  7 0  d a y s .  D u r in g  th e  f ir s t  4 0  d a y s  fe m a le s  p r o ­
d u c e ,  a t  a c o n s t a n t  r a te ,  5 .1  e g g s  p er  d a y  ( 9 5 %  C .I. =  0 .4 ) .  D u r in g  th e  la s t  3 0  

d a y s , f e c u n d ity  d r o p s  t o  1 e g g  p e r  d a y  (F ig . l b ) .  H a tc h in g  su c c e ss  is  9 6 %
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MONHYSTERA
D evelopm ent t im e  (d a y s )

0    . . _
0 5 10 15 20

T em p  ( ° C )

DISJUNCTA

30  60  90

Age (d ay s  )

W et w e ig h t ( p g  )
1

C u m u la t iv e  egg  p ro d u c t io n  
p g  w w t I fern .

0  30  60  90  120 0 2 ¿  6  8  10
Age (days) D ays from  h a tc h in g

F ig . I .  M o n h y s t e r a  d i s j u n c t a : l i f e  c y c l e  a t  3 0 % o S ;  a :  r e l a t i o n s h i p  b e t w e e n  f e m a l e  

d e v e l o p m e n t  t i m e  ( T min) a n d  t e m p e r a t u r e  ( ° C ) ;  b :  c u m u l a t i v e  e g g  p r o d u c t i o n  

( p g  w e t  w e i g h t )  p e r  f e m a l e  a t  1 2 ° C ;  c :  s u r v i v a l  o f  f e m a l e s  a t  1 2 ° C ,  t i m e  z e r o :  

m o m e n t  o f  e g g  d e p o s i t i o n ;  d :  j u v e n i l e  s o m a t i c  g r o w t h  a t  1 7 ° C .

S u rv iv a l 
1 0 ,

( fern , 12 °C )

(n  =  2 9 3 7 )  a n d  m o r ta l i t y  d u r in g  ju v e n ile  d e v e lo p m e n t  is 1 0 %  (n =  2 8 1 6 ) .  T o ta l  

m o r ta l i t y  in  th e  p r e - a d u l t  p h a se  is t h u s  1 4  % . In th e  fe r tile  l if e -c y c le  p e r io d , m o r ta ­

l ity  is  n e a r ly  z e r o  (F ig . l e ) .  S u r v iv a l ( lx ) d u r in g  th e  a d u lt  fe m a le  s ta g e  c a n  be  
d e s c r ib e d  w it h  a  W e ib u l l  fu n c t io n  (P in d e r  e t  a l .  1 9 7 8 ) :

/  _  I „ - ( * '( 5 3 .9 4 ) ’ -71)
l x  —  ' 0  e

M e a n  lo n g e v it y  o f  a d u lt  fe m a le s  a t  1 2 ° C  is 4 9  d a y s  a n d  m e a n  to ta l lo n g e v ity  is 6 6  

d a y s .  T h e  m e a n  l if e  e x p e c t a n c y  e x f o r  f ir s t -d a y  a d u lt  fe m a le s  is 4 6  d a y s .
A t  1 2 ° C  a p o p u la t io n  w it h  a  s ta b le  a g e -d is tr ib u t io n  h a s  th e  f o l lo w in g  c o m p o s i ­

t io n :  4 7 %  e g g s ,  4 8 %  ju v e n ile s ,  a n d  5 %  a d u lts . A  m o d a l e g g  w e ig h s  2 0  n g  w e t  
w e ig h t ,  a  h a t c h l in g  1 4  n g ,  a n  a v e r a g e  ju v e n ile  4 7  n g , a n d  a n  a d u lt  s o m e w h a t  less  

th a n  3 0 0  n g . O n  a  w e ig h t  b a s is ,  2 1 %  o f  th e  p o p u la t io n  c o n s is t s  o f  e g g s ,  5 1 %  o f  

ju v e n i le s  a n d  2 8  %  o f  a d u lts .  7 3  %  o f  th e  a d u lt  p o p u la t io n  c o n s is t s  o f  fe m a le s .
T h e  b ir th  ra te  o f  th e  p o p u la t io n  is 0 .1 8  per d a y  (T a b le  3 )  a t  1 2 °C . A  fe m a le  h a s  a 

n e t  r e p r o d u c t iv ity  o f  1 2 0  fe m a le  e g g s .  T a b le  4  s h o w s  th e  p o p u la t io n  e n e r g e tic s
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T a b le  3 .  L i fe  h i s t o r y  c h a r a c t e r i s t i c s  o f  f r e e - l i v i n g  n e m a t o d e s  a t  a f i x e d  s a l i n i t y  ( S )  a n d  t e m p e r a t u r e  

( T ) ;  R 0 : n e t  r e p r o d u c t i v i t y ;  r m : i n t r i n s i c  r a t e  o f  n a t u r a l  i n c r e a s e  ( d a y - 1 ) ;  b i r t h  r a t e  ( d a y - ' ) ;  P / B  

p e r  1  l i f e - c y c l e  t u r n o v e r  d u r i n g  o n e  g e n e r a t i o n ;  p . a . m . :  p r e - a d u l t  m o r t a l i t y .

S p e c i e s S(°/oo) T ( ° C ) R o r„, b o )

P /B  p e r  

7mm

p . a . m .  

( % ) A u t h o r s

D ip lo la im e l la
d ie v e n g a te n s i s

2 0 2 0 6 5 0 . 2 3 8 0 . 2 5 7 2 .6 12 th i s s t u d y

M o n h y s t r e l la
p a r e le g a n tu la

30 3 0 3 7 0 . 3 0 7 0 . 3 4 7 2 .2 5 th i s s t u d y

M o n h y s t e r a
d i s ju n c ta

3 0 12 123 0 . 1 7 1 0 . 1 8 1 3.1 14 th i s s t u d y

M o n h y s te r a
p a r v a 3 0 12 7 6 0 . 1 5 6 0 . 1 5 6 3.1 1.5 th is s t u d y

C h r o m a d o r a
n u d ic a p i ta ta

3 0 12 2 4 6 0 . 1 3 5 0 . 1 3 5 3.3 1 th i s s t u d y

P e l l io d i t i s
2 0 25 4 0 0 0 . 9 1 4 0 . 9 1 4 4.1 0 V r a n k e n  &  H e i p

m a r i n a 1 9 8 3

T a b le  4 .  M o n h y s t e r a  d i s j u n c t a .  W e i g h t - s p e c i f i c  p r o d u c t i v i t y  ( p o p u l a t i o n  

l e v e l )  a t  1 2 ° C  a n d  3 0 % o S .  T h e  d a t a  a r e  g i v e n  in  j o u l e  - j o u l e - 1  - d a y - 1 ; 

s P :  t o t a l  w e i g h t - s p e c i f i c  p r o d u c t i v i t y ;  s F ;  w e i g h t - s p e c i f i c  f e c u n d i t y ;  s G ( A ) :  

w e i g h t - s p e c i f i c  s o m a t i c  g r o w t h  o f  a d u l t s ;  s G ( J ) :  w e i g h t - s p e c i f i c  s o m a t i c  

g r o w t h  o f  j u v e n i l e s ;  s E :  w e i g h t - s p e c i f i c  g r o w t h  r a t e  in  t h e  e m b r y o n i c  s t a g e ;  

c o n t r i b u t i o n  ( % )  o f  s p e c i f i c  r e p r o d u c t i v e  p r o d u c t i o n  (A )  w h e n  h a t c h l i n g s ,  

(B )  w h e n  d e p o s i t e d  e g g s  a r e  c o n s i d e r e d  a s  r e p r o d u c t i v e  u n i t s .

sP s G ( A ) s G ( J ) sE sF A B

0 . 1 7 6 n e g l ig ib l e 0 . 1 0 8 - 0 . 0 2 6 0 . 0 9 4 3 9 % 5 3 %

(H e r m a n  e t  a l .  1 9 8 4 ) .  In th e  s ta b le  a g e -d is tr ib u t io n  a d u lt ,  s o m a t ic  g r o w t h  is  

n e g l ig ib le .  In  th e  e m b r y o n ic  s t a g e  p r o d u c t io n  is n e g a t iv e  b e c a u s e  fr e sh ly  d e p o s it e d  

e g g s  a r e  h e a v ie r  th a n  h a t c h l in g s .  G o n a d  o u t p u t  a c c o u n ts  fo r  5 3  %  o f  th e  to ta l  

p r o d u c t io n ;  w h e n  h a tc h l in g s  a re  c o n s id e r e d  as th e  r e p r o d u c t iv e  u n its ,  s o m a t ic  

g r o w t h  is  6 1 %  a n d  g o n a d  o u t p u t  is r e d u c e d  t o  3 9 %  o f  th e  t o t a l  P /B . S u m m a t io n  
o f  t h e  w e ig h t - s p e c i f i c  p r o d u c t io n  r e a liz e d  in  th e  d if fe r e n t  l i f e  s ta g e s  r e su lts  in  a 
v a lu e  o f  0 .1 7 6  fo r  th e  d a ily  P /B ,  v e r y  c lo s e  to  th e  b ir th  rate  ( 0 .1 8 1  per d a y ) .

A n n u a l  P /B  a n d  th e  l i f e  h i s to r y  o f  o th e r  s p e c ie s

F ro m  sim ila r  o b s e r v a t io n s  (V r a n k en  1 9 8 5 )  w e  e stim a ted  n e t  rep ro d u ctiv ity  R 0 a n d  
b ir th  ra te  o f  f iv e  o t h e r  n e m a t o d e  s p e c ie s .  T h e s e  v a lu e s  are  g iv e n  in  T a b le  3 .  N e t  

r e p r o d u c t iv ity  r a n g e s  b e t w e e n  3 7  in  th e  p a r th e n o g e n e t ic  s p e c ie s  M o n h y s t r e l la  

p a r e l e g a n tu la  a n d  2 4 6  in  th e  m o s t  p r o d u c t iv e  d io e c io u s  sp e c ie s  C h r o m a d o r a  n u d i ­

c a p i t a t a .  W h e n  th e  p r e -a d u lt  m o r ta l i ty  is lo w , th e  b ir th  rate  a p p r o x im a te ly  e q u a ls
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T a b le  .5. A n n u a l  P / B  o f  f r e e - l i v i n g  b r a c k i s h  w a t e r  n e m a t o d e s .

S p e c i e s

M e a n  

t e m p e r a t u r e ,  

a n n u a l  

g r o w t h  

p e r i o d  ( ° C )

D u r a t i o n ,

g r o w t h

p e r i o d

( d a y s )

B ir th  

r a t e  

(J  j "  d a y ' 1)

A n n u a l

P /B

D ip lo la im e l la  d ie v e n g a te n s i s 16 .0 196 0 . 1 3 5 2 6

M o n h y s tr e l la  p a r e le g a n tu la 16 .0 2 0 0 0 . 1 0 8 22

M o n h y s te r a  d is ju n c ta 11.5 3 6 5 0 . 1 7 3 6.3

C h  r o m a  d o  ra n u d ic a p i ta  ta 11.5 3 6 5 0 . 1 2 9 4 7

M o n h y s te r a  p a r v a 14.0 2 7 0 0 . 1 9 4 5 2

O n c h o la i m u s  o x y u r i s  * 1 1 .2 .365 - 0 . 0 1 0 - 3 . 7

" D a t a  a f t e r  H e i p  e t  a l .  1 9 7 8 .

th e  in tr in s ic  ra te  o f  n a tu r a l in c r e a se , b u t  in s o m e  sp e c ie s  th e  b ia s  in u s in g  r m is 
r a th e r  la r g e , b e t w e e n  6 %  in  M o n h y s te r a  d is ju n c ta  a n d  1 3 %  in M o n h y s tr e l la  

p a r e le g a n tu la .

M u lt ip lic a t io n  o f  th e  d a i ly  b ir th  rate  b y  th e  m in im u m  g e n e r a tio n  tim e  T min y ie ld s  

th e  tu r n o v e r  p e r  g e n e r a t io n .  T h is  r a n g es  b e tw e e n  2 .2  in M o n h y s tr e lla  p a r e le g a n tu ­

la  a n d  3 .3  in  C h r o m a d o r a  n u d ic a p i ta ta .  P e l l io d i t is  m a r in a , an  in h a b ita n t  o f  d e ­
c a y in g  s e a w e e d s  o n  th e  b e a c h ,  h a s  a P /B  p er  T min o f  4 .1 ,  th e  h ig h e s t  v a lu e  fo u n d . 

T h e  m e a n  v a lu e  o f  th e  l i f e - c y c le  P /B  is 3 .1  (S E  =  0 .2 6 )  w ith  P e ll io d i t is  m a r in a  

in c lu d e d  o r  2 .9  (S E  =  0 .2 0 )  w ith o u t .
D a i ly  b ir th  ra te  c a n  b e  u s e d  to  c a lc u la te  th e  a n n u a l P /B  w h e n  th e  d u r a t io n  o f  th e  

g r o w th  p e r io d , w h e n  t h e  s p e c ie s  is r e p r o d u c in g , is k n o w n . W e  e s t im a te d  th is  d u r a ­

t io n  fr o m  th e  b a s a l  te m p e r a tu r e  (T a b le  2 ) .  M u lt ip lic a t io n  o f  th e  b irth  ra te  at the  

a v e r a g e  t e m p e r a tu r e  d u r in g  t h e  g r o w th  p e r io d  w ith  its d u r a t io n  g iv e s  th e  a n n u a l  

P /B . T h e  a n n u a l  P /B  c a lc u la t e d  in  th is  w a y  v a r ie s  b e tw e e n  4  a n d  6 0  (T a b le  5 ) .
T h e  r e la t io n s h ip  b e t w e e n  b ir th  ra te  a n d  te m p e r a tu r e  w a s  s tu d ie d  in  M o n h y s te r a  

d is ju n c ta  a n d  D i p l o la i m e l l a  d ie v e n g a te n s is .  F o r  th e  fir s t sp e c ie s  a Q î0  v a lu e  o f  3 .3  
w a s  fo u n d  fo r  th e  in te r v a l  3 - 1 2 ° C .  F o r  D .  d ie v e n g a te n s is  th e  Q 10 e q u a ls  4 .2  in th e  

1 5 - 2 5 ° C  in te r v a l .  V r a n k e n  ( 1 9 8 5 )  h a s  a ls o  d e m o n s tr a te d  th a t  for  s im ila r ly  s iz e d  

n e m a t o d e s  th e  b ir th  r a te  (o r  d a ily  P /B ) is a l in e a r  fu n c t io n  o f  tem p er a tu r e .

D I S C U S S I O N

T h e  im p o r ta n t  c o n c lu s io n s  c o n c e r n in g  th e  l ife  h is to r y  o f  m a r in e  a n d  b r a c k ish  

w a te r  n e m a t o d e s  fr o m  o u r  r e su lts  are:

a . F e c u n d ity  o f  m a r in e  n e m a to d e s  m a y  b e  m u c h  h ig h er  th a n  2 0  e g g s  (G er la c h  

1 9 7 1 ,  Z a ik a  &C M a k a r o v a  1 9 7 9 ) ;  in  s o m e  s p e c ie s  fe c u n d ity  ca n  rea ch  v a lu e s  as 

h ig h  a s  4 0 0 - 5 0 0  e g g s  p e r  fe m a le .



N F . M A T O D E  P R O D U C T I V I T Y 4 3 7

b . T h e  in tr in s ic  r a te  o f  n a tu r a l in c r e a s e  r m a t  th e  o p tim u m  te m p e r a tu r e  is in  a ll 
s p e c ie s  s t u d ie d  h ig h e r  th a n  0 . 2  p e r  d a y ,  a  v a lu e  c o n s id e r ed  h ig h  fo r  n e m a to d e s  

(B a n s e  1 9 8 2 ) .

c . T h e  n u m b e r  o f  g e n e r a t io n s  r e a liz e d  in  th e  f ie ld  is, e x c e p t  for  th e  s lo w ly  d e v e l ­
o p in g  c h r o m a d o r id  P a r a c a n th o n c h u s  c a e c u s , h ig h er  th a n  th r e e  in a ll s p e c ie s  

s tu d ie d  b y  u s .

d . T h e  b io m a s s  tu r n o v e r  p e r  g e n e r a t io n  is c lo s e  t o  three.

e . T h e r e  is n o  v a l id it y  in  a s s u m in g  a n  a n n u a l  P /B  o f  n in e fo r  n e m a to d e s  a s  a w h o le  

(a n d , a  f o r t i o r i , for  m e io fa u n a  a s  a  w h o le ) .

S in c e  th e  l i f e - c y c le  tu r n o v e r  is c lo s e  t o  th r e e ,  a v a lu e  a lso  fo u n d  in th e  f ie ld  fo r  

m e io b e n t h ic  c r u s ta c e a n s  (H e r m a n  e t  a l .  1 9 8 4 )  a n d  a lread y  p r e d ic te d  b y  W a te r s

( 1 9 6 9 ) ,  th e  o n ly  p a r a m e te r  to  b e  e s t im a te d  is th e  n u m b er  o f  g e n e r a t io n s  p r o d u c e d  
in  th e  f ie ld  p e r  y e a r  in  o r d e r  t o  o b t a in  a  g o o d  e s t im a te  o f  th e  a n n u a l P /B . O u r  

e s t im a te s ,  b a s e d  o n  th e  d e v e lo p m e n t  ra te  a n d  th e  d e p e n d en cy  o n  te m p e r a tu r e , a re  
m a x im u m  n u m b e r s  s in c e  it  is s u p p o s e d  th a t  n e m a to d e  r e p r o d u c tio n  in  th e  f ie ld  is 

c o n t in u o u s  w h e n  te m p e r a tu r e  e x c e e d s  th e  b a s a l tem p era tu re . H o w e v e r ,  th e r e  a r e  

in d ic a t io n s  th a t  t h is  a s s u m p t io n  is  n o t  c o m p le te ly  u n ju stif ied : in m a n y  n e m a to d e  

c o m m u n it ie s  ju v e n i le s  d o m in a t e  a ll  o v e r  th e  y e a r  and  g r a v id  fe m a le s  o f  m a n y  

s p e c ie s  o c c u r  a t  a ll  s e a s o n s  (se e  H e ip  e t  a l .  1 9 8 5  fo r  a r ev iew ).

T h e  k e y  fa c to r  in  th e  f ie ld  is  p r o b a b ly  f o o d  a v a ila b ility . S c h ie m e r  ( 1 9 8 2 )  h a s  
s h o w n  h o w  v a r ia t io n s  in  f o o d  d e n s it y  s ig n if ic a n t ly  in f lu e n c e  d e v e lo p m e n t  ra te  o f  

C a e n o r h a b d i t i s  b r ig g s a e .  A t  a le v e l  o f  2 x  IO 8 c e l ls  m l“ 1 th e  d e v e lo p m e n t  t im e  o f  

th is  s p e c ie s  is  t e n  d a y s ,  a t  5 x  IO 10 c e l l s - m l “ 1 it  is o n ly  th ree  d a y s . A  s im ila r  
r e d u c t io n  in  d e v e lo p m e n t  t im e  a t  t w o  f o o d  le v e ls  w a s  fo u n d  in  P le c tu s  p a lu s t r i s ,  

w h e r e  it  w a s  r e d u c e d  fr o m  1 8 .5  t o  1 2 .5  d a y s  b e tw e e n  s u b o p t im a l a n d  o p t im a l  

f o o d  le v e ls  (S c h ie m e r  e t  a l .  1 9 8 0 ) .  T h e  t h r e s h o ld  fo o d  d e n s it ie s  w h e r e  a s s im i la t io n  

e q u a ls  r e s p ir a t io n  a r e  0 .0 2 5  m g  d r y  w e ig h t  p e r  m l for  P le c tu s  p a lu s tr is  a n d  0 .1  m g  

d r y  w e ig h t  f o r  t h e  v e r y  p r o d u c t iv e  C . b r ig g s a e  (S ch iem er  1 9 8 3 ) .  H e ip  e t  a l .  ( 1 9 8 5 )  
c o m p a r e d  p u b l is h e d  ra tes  o f  b a c te r ia l  p r o d u c t io n  in  sh a llo w  su b tid a l h a b ita t s  w i t h  

t h e s e  f ig u r e s  a n d  p r o p o s e d  t h a t  n e m a t o d e  p r o d u c tiv ity  is n o t  l im ite d  b y  f o o d  

s u p p ly  in  c o a s t a l  w a t e r s ,  w h e r e  b a c t e r ia l  d e n s it ie s  u p  to  8 x  IO9 c e lls  p e r  m l o c c u r  
( F a llo n  e t  a l .  1 9 8 3 ) .  H o w e v e r ,  fo r  m a r in e  n e m a to d e s  n o  in fo r m a t io n  a b o u t  o p t i ­
m u m  f o o d  le v e ls  e x is t s ,  a n d  e s t im a te s  o f  b a c te r ia l p r o d u c t io n  are  c u r r e n t ly  b e in g  

q u e s t io n e d  (P e te r  M .J .  H e r m a n , p e r s .  c o m m .) .
F o r  th e  l o n g - l iv e d ,  r e la t iv e ly  K - s e le c t e d  s p e c ie s  th ere  is g o o d  a g r e e m e n t  b e t w e e n  

th e  n u m b e r  o f  g e n e r a t io n s  r e a l iz e d  in  th e  f ie ld  a n d  p r e d ic t io n s  fro m  la b o r a to r y  

c u ltu r e s .  O n c h o la i m u s  o x y u r i s  h a s  o n e  o r  t w o  g e n e r a tio n s  p er  y ea r  in  th e  D ie v e n ­
g a t  (S m o l e t  a l .  1 9 8 0 )  a n d  th is  n u m b e r  w a s  p r e d ic te d  fro m  la b o r a to r y  e x p e r im e n t s  

( H e ip  e t  a l .  1 9 7 8 ) .  T h is  a ls o  h o ld s  fo r  th r e e  o th e r  sp ecies: A d o n c h o la im u s  th a la s ­

s o p h y g a s  c u ltu r e d  b y  T h u n  ( 1 9 6 8 )  a n d  o b s e r v e d  in  the K iel C a n a l (S c h ü tz  1 9 6 6 ) ;  

O n c h o la im u s  b r a c h y c e r c u s  c u l t u r e d  b y  G e r la c h  &  Sch rage  ( 1 9 7 2 )  a n d  o b s e r v e d  in
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th e  W e s e r  e s tu a r y  ( S k o o lm u n  &c G e r la c h  1 9 7 1 ) ,  a n d  A n t ic o m a  l im a l is , o b s e r v e d  in  

K iel by  S c h ü tz  ( 1 9 6 6 ) ,  a s s u m in g  its  l ife  c y c le  is s im ila r  to  th a t  o f  A n t ic o m a  p e l lu c i ­

d a .  A ll th e s e  s p e c ie s  p r o d u c e  o n ly  1 -2  g e n e r a t io n s  a n n u a lly .
B a n se  &  M o s h e r  ( 1 9 8 0 )  h y p o t h e s iz e d  th a t  th e  a n n u a l P /B  r a tio  for  m e io fa u n a  is 

lo w . T o  in v e s t ig a t e  th is  h y p o t h e s is  w e  c a lc u la te d  a n n u a l P /B  for  a ll s p e c ie s  o n  
w h ic h  r e l ia b le  d a ta  o n  d e v e lo p m e n t  h a v e  b e e n  p u b lish e d  (d a ta  in  H e ip  e t  a l .  1 9 8 5 ,  
a n d  V r a n k e n  &C H e ip  1 9 8 5 ) .  T h e  a n n u a l P /B  ra n g es from  1 .5  in th e  la rg e  e n o p l id  

P o n to n e m a  v u lg a r e  t o  6 9  fo r  th e  fa s t -d e v e lo p in g  M o n h y s te r a  d is ju n c ta .  T h e  g e o ­

m e tr ic  m e a n  is  1 6 .4  ( 9 5 %  C .I .  =  1 1 .0 - 2 4 .5 ) .  T o  c o m p a r e  w ith  th e  e q u a t io n  p r e ­
s e n te d  b y  B a n s e  &  M o s h e r  ( 1 9 8 0 )  w e  c a lc u la te d  a lin ea r  lea s t  sq u a r es  r eg r ess io n  

c o n s id e r in g  w e ig h t  a s  t h e  in d e p e n d e n t  v a r ia b le , a s su m in g  d ry  w e ig h t  b e in g  2 5  %  

o f  w e t  w e ig h t  a n d  a  c a lo r ie  c o n t e n t  o f  5  k c a l p er  g  dry w e ig h t .  A  m o d e l II d e s ig n  

b e in g  m o r e  a p p r o p r ia t e ,  w e  a ls o  c a lc u la te d  th e  c o e ff ic ie n ts  o f  a G M -r e g r e s s io n  
a n a ly s is  (T a b le  6 ). T h e r e  is a  h ig h ly  s ig n if ic a n t  c o r r e la t io n  b e tw e e n  lo g  P /B  a n d  

lo g  M s o f  r =  —0 .9 1 .  T h e  e q u a t io n  is: 

lo g  P /B  =  - 1 . 2 8 8 - 0 . 4 4 0  lo g  M s 

H o w e v e r ,  th is  l o g - l o g  r e la t io n s h ip  is n o t  r e c o m m e n d e d  a s  a to o l  fo r  e s t im a tin g  

a n n u a l P /B  fr o m  w e ig h t  b e c a u s e  b a c k - tr a n s fo r m a t io n  to  th e  lin ea r  s c a le  c a n  resu lt  

in to  s e r io u s  b ia s .

T a b le  6 .  R e g r e s s i o n  c o e f f i c i e n t s  o f  P / B  o n  M s ( k c a l ) :  P / B  =  a M hi ; n  =  n u m b e r  

o f  o b s e r v a t i o n s ;  C . I .  =  9 5 %  c o n f i d e n c e  i n t e r v a l ;  r  =  c o r r e l a t i o n  c o e f f i c i e n t .

M o d e l n a C . I .  f o r  a b C . I .  f o r  b r

I 3 0 0 . 0 5 0 . 0 2 - 0 . 1 5 - 0 . 4 4 ( ± 0 . 0 8 ) - 0 . 9 1 “

I I  ( G M - r e g r e s s i o n ) 3 0 0 . 0 3 — - 0 . 4 8 ( ± 0 . 0 8 ) - 0 . 9 1 “

* * :  P C 0 . 0 1 .

W e ig h t - d e p e n d e n c y  o f  P /B  is  n o t  s ig n if ic a n t ly  d iffe re n t  fr o m  th e  v a lu e  o f  0 .3 7  

c a lc u la te d  b y  B a n s e  &  M o s h e r  ( 1 9 8 0 )  fo r  in v e r te b r a te s . T h e  p r o p o r t io n a lity  c o ­
e f f ic ie n t  h o w e v e r  is  te n  t im e s  s m a lle r  fo r  n e m a to d e s . It is n o t  e a sy  t o  e x p la in  th is .  

H e r m a n  e t  a l .  ( 1 9 8 3 )  p o in t e d  o u t  t h a t  th e r e  is n o  o b v io u s  rea so n  w h y  P /B  r a t io s  
h a v e  t o  b e  c o r r e la te d  w i t h  b o d y  w e ig h t .  B o d y  w e ig h t  d e p e n d s  o n  a n  in te r a c t io n  o f  

a  w h o le  s e t  o f  l if e  h is t o r y  c h a r a c te r is t ic s :  fo o d  a v a ila b il ity , len g th  o f  p r e -r e p r o -  

d u c t iv e  l i f e ,  r e p r o d u c t iv e  s t r a te g y ,  v u ln e r a b ility  to  p r e d a tio n  e tc . T h e  m a in  fa c to r  
d e te r m in in g  P /B  is  d e v e lo p m e n t  r a te . In n e m a to d e s , d e v e lo p m e n t  rate  is c o r r e la te d  

w it h  b o d y  w e ig h t  a n d  te m p e r a tu r e  ( H e ip  e t  a l.  1 9 8 5 ) ,  s o  a c o r r e la t io n  b e tw e e n  P /B  

a n d  M s m a y  b e  e x p e c t e d .
T h e  r e a s o n  fo r  th e  l o w  m e io f a u n a  P /B  ( lo w  re la tiv e  to  th e ir  s iz e )  is ,  a c c o r d in g  to  

B a n se  &C M o s h e r  ( 1 9 8 0 )  r e la te d  t o  th e  fa c t th a t  th e  m e io fa u n a  c o n s t i t u t e s  an  
in d e p e n d e n t  f o o d  w e b ,  w i t h  lo w  p r e d a t io n  p ressu re  a n d  lo w  m o r ta lity . R e c e n t  

o b s e r v a t io n s  d o  n o t  s u b s t a n t ia t e  th is :  P ih l ( 1 9 8 5 )  s h o w e d  th a t  se v e ra l d o m in a n t
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f i s h  a n d  c r u s ta c e a n s  su c h  a s  P o m a to s c h i s tu s  m ic r o p s ,  P . m in u tu s ,  P le u r o n e c te s  

p la te s s a  a n d  C r a n g o n  c r a n g o n  m a in ly  p r e y  u p o n  th e  m e io fa u n a  a n d  c a lc u la te d  

t h a t  u p  t o  6 0 %  o f  th e  h a r p a c t ic o id s  a n d  9 0 %  o f  th e  o s tr a c o d s  are  c o n s u m e d  b y  
th e s e  s p e c ie s .  H o f f m a n  e t  a l .  ( 1 9 8 4 )  n o t e d  a  t e n - f o ld  in c r e a se  in  n e m a to d e  a b u n d ­

a n c e  w h e n  th e  f id d le r  c r a b  U c a  p u g n a x  w a s  e lim in a te d  fr o m  e x p e r im e n ta l  e n ­
c lo s u r e s .  O n  th e  o th e r  h a n d , d a ta  fo r  th r e e  h a r p a c t ic o id s  c o n fir m  B a n se  &  M o s h e r ’s  

h y p o t h e s is :  th e  m o s t  p r o d u c t iv e  s p e c ie s ,  T a c h id iu s  d is c ip e s , is in d e e d  m o s t  v u ln e r ­

a b le  t o  p r e d a t io n  (H e r m a n  e t  a l .  1 9 8 4 ,  H e ip  &: S m o l 1 9 7 6 b ) .
T h e  lo w  P /B  r a t io  o f  n e m a t o d e s  is  c e r ta in ly  n o t  a c o n s e q u e n c e  o f  a  lo w  p r o d u c ­

t io n  e f f ic ie n c y  (P /P  +  R ) . B a n s e  ( 1 9 7 9 )  su m m a r iz e d  th e  d a ta  fo r  15  te m p e r a te  

in v e r te b r a te  s p e c ie s  a n d  f o u n d  v a lu e s  b e t w e e n  13  a n d  5 5 % .  P r o d u c t io n  e f f ic ie n ­

c ie s  fo r  m e io b e n t h ic  c r u s ta c e a n s  v a r y  b e t w e e n  3 6 %  fo r  t h e  o s tr a c o d  C y p r id e i s  

t o r o s a  a n d  4 3 %  fo r  T a c h id iu s  d i s c ip e s  (H e r m a n  &  H e ip  1 9 8 5 ) .  F o r  n e m a to d e s ,  
p u b l is h e d  v a lu e s  r a n g e  fr o m  3 8 %  f o r  th e  fr e sh w a te r  s p e c ie s  P e lo d e r a  s p .  ( M a r ­

c h a n t  &  N i c h o l a s  1 9 7 4 )  u p  t o  v a lu e s  a s  h ig h  a s  8 0 - 9 0 %  (S c h ie m er  e t  a l .  1 9 8 0 ,  
W a r w ic k  1 9 8 1 ,  T ie t j e n  1 9 8 0 ,  a n d  S c h ie m e r  1 9 8 3 ) .  H ig h  n e m a to d e  e f f ic ie n c ie s  

h a v e  b e e n  c o n s id e r e d  a s  a r te fa c t s  b y  H e r m a n  e t  a l. ( 1 9 8 4 ) ,  b u t  it is  c le a r  th a t  

p r o d u c t io n  e f f i c ie n c y  in  n e m a t o d e s  is c e r ta in ly  n o t  lo w e r  th a n  fo r  o th e r  in v e r te ­

b r a te s .

H o w e v e r ,  a s s im i la t io n  e f f ic ie n c y  m a y  b e  lo w e r . W o o m b s  &  L a y b o u m -P a r r y  

( 1 9 8 5 )  g iv e  f ig u r e s  b e tw e e n  5  a n d  1 5 % ,  w it h  rare m a x im a  o f  2 0 %  fo r  p o ly -  
s a p r o b ic  s p e c ie s .  S p e c ie s  s t u d ie d  b y  T ie t j e n  ( 1 9 8 0 )  a b s o r b e d  fo o d  w ith  a n  e f f ic ie n ­

c y  b e t w e e n  6  a n d  2 6 % .  F o o d  d e n s ity  m a y  b e  im p o r ta n t:  P le c tu s  p a lu s tr is  a s s im i­
la t e d  e n e r g y  w i t h  a n  e f f ic ie n c y  o f  1 2 %  a t  h ig h  f o o d  le v e ls  b u t  o f  5 2 %  a t  lo w  

l e v e l s  (S c h ie m e r  e t  a l .  1 9 8 0 ) .  In  o t h e r  in v e r te b r a te s  a s s im ila t io n  a p p e a r s  to  b e  

h ig h e r :  2 5 - 7 8 %  fo r  th e  r o t ife r  B r a c h io n u s  c a ly c i f lo r u s  (W in b e r g  1 9 7 1 ) ,  7 9 %  f o r  
t h e  c la d o c e r a n  D a p h n ia  p u le x  fe d  o n  g r e e n  a n d  b lu e -g r e e n  a lg a e  (A r n o ld  1 9 7 1 ) ,  

b e t w e e n  4 0  a n d  8 5  %  fo r  t h e  z o e a  a n d  m e g a lo p a  s ta g e s  o f  M e n ip p e  m e r c e n a r ia  f e d  
o n  A r t e m i a  s a l in a  (K in n e  1 9 7 7 ) .  O t h e r  o r g a n is m s , su c h  a s  th e  a sc id ia n  P y u r a  

s t o l o n i f e r a  (K lu m p p  1 9 8 4 ) ,  th e  b iv a lv e  M e r c e n a r ia  m e r c e n a r ia  (B r ice lj e t  a l .

1 9 8 4 ) ,  t h e  d e p o s i t - f e e d in g  g a s t r o p o d  H y d r o b ia  t o t t e n i  a n d  th e  b iv a lv e  N u c u la  

a n n u la ta  (L o p e z  &c C h e n g  1 9 8 3 )  a n d  th e  m u s se l  M y ti lu s  e d u l is  ( H a w k in s  e t  a l .

1 9 8 5 )  a l s o  h a v e  h ig h e r  a s s im i la t io n  e f f ic ie n c ie s .  T h e  lo w e r  a s s im ila t io n  e f f ic ie n c y  

o f  n e m a t o d e s  h a s  b e e n  a s c r ib e d  to  a  h ig h  d e fa e c a t io n  ra te  (W o o m b s  &C L a y b o u r n -  
P a rry  1 9 8 5 ) .  T h e  r e te n t io n  t im e  o f  f o o d  in  th e  g u t  is sh o r t  a n d  d ig e s t iv e  e n z y m e s ,  

w h ic h  m a y  b e  p r e s e n t  in  l o w  c o n c e n t r a t io n s  (D e u ts c h  1 9 7 8 ) ,  h a v e  a l im ite d  t im e  to  

a c t .  W h e th e r  lo w  a s s im i la t io n  is  r e la te d  t o  lo w  p r o d u c t io n  is n o t  c le a r , h o w e v e r .
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A r n o ld ,  D .E . ,  1 9 7 1 .  I n g e s t i o n ,  a s s i m i l a t i o n ,  s u r v i v a l ,  a n d  r e p r o d u c t i o n  b> D a p h n ia  p u le x  fed  s e v e n  

s p e c i e s  o f  b l u e - g r e e n  a l g a e .  -  l . i t n n o l .  O c e a n o g r .  1 6 :  9 0 6 - 9 2 0 .

B a n s e ,  K .,  1 9 7 9 .  O n  w e i g h t  d e p e n d e n c e  o f  n e t  g r o w t h  e f f i c i e n c y  a n d  s p e c i f ic  r e s p i r a t i o n  r a t e s  a m o n g  

f i e ld  p o p u l a t i o n s  o f  i n v e r t e b r a t e s .  -  O e c o l o g i a  ( B e r l i n )  3 8 :  1 1 1 - 1 2 6 .

B a n s e ,  K . ,  1 9 8 2 .  M a s s - s c a l e d  r a t e s  o f  r e s p i r a t i o n  a n d  i n t r i n s i c  g r o w t h  in v e r y  s m a l l  i n v e r t e b r a t e s .  -  

M a r .  E c o l .  P r o g r .  S e r .  9 :  2 8 1 - 2 9 7 .

B a n s e ,  K . &  S. M o s h e r , 1 9 8 0 .  A d u l t  b o d y  m a s s  a n d  a n n u a l  p r o d u c t i o n / b i o m a s s  r e l a t i o n s h i p s  o f  f i e ld  

p o p u l a t i o n s .  -  E c o l .  M o n o g r .  5 0 :  3 5 5 - 3 7 9 .

B r ic e l j ,  V . M . ,  A . E . B a s s  &  C . R .  L o p e z , 1 9 8 4 .  A b s o r p t i o n  a n d  g u t  p a s s a g e  t i m e  o f  m i c r o a l g a e  in  a 

s u s p e n s i o n  f e e d e r :  a n  e v a l u a t i o n  o f  t h e  51C r :  l4C  t w i n  t r a c e r  t e c h n i q u e .  -  M a r .  E c o l .  P r o g r .  S e r .  

1 7 :  5 7 - 6 3 .

C r is p ,  D .J . ,  1 9 7 1 .  E n e r g y  f l o w  m e a s u r e m e n t s .  — I n  N . A .  H o l m e  &  A . I ) .  M c I n t y r e  ( e d s ) :  IB P  H a n d ­

b o o k  16 :  M e t h o d s  f o r  t h e  s t u d y  o f  m a r i n e  b e n t h o s ,  p p .  1 9 7 - 2 7 9 .  B la c k w e l l  S e i .  P u h i . ,  O x f o r d .

D e u ts c h ,  A . ,  1 9 7 8 .  G u t  u l t r a s t r u c t u r e  a n d  d i g e s t i v e  p h y s i o l o g y  o f  t w o  m a r i n e  n e m a t o d e s ,  C h r o m a ­

d o r in a  g e r m a n ic a  ( B ü t s c h l i ,  1 8 7 4 )  a n d  D ip lo la im e l la  s p .  -  B iol.  Bu ll .  1 5 5 :  3 1 7 - 3 3 . 5 .

F a l lo n ,  R . D . ,  S .Y .  N e w e l l  &  S .C .  H o p k i n s o n ,  1 9 8 3 .  B a c t e r i a l  p r o d u c t i o n  in m a r i n e  s e d i m e n t s :  w i l l  

c e l l - s p e c i f i c  m e a s u r e s  a g r e e  w i t h  w h o l e - s y s t e m  m e t a b o l i s m ?  -  M a r .  Eco l.  P r o g r .  S e r .  11 :  1 1 9 - 1 2 7 .

F in d la y ,  S .E .G .  &  K .R .  T e n o r e ,  1 9 8 2 .  E f f e c t  o f  a f r e e - l i v i n g  m a r i n e  n e m a t o d e  ( D ip lo la im e l la  c h i t ­

w o o d i )  o n  d e t r i t a l  c a r b o n  m i n e r a l i z a t i o n .  — M a r .  E c o l .  P r o g r .  S er .  8: 1 6 1 - 1 6 6 .

G e r la c h ,  S . A . ,  1 9 7 1 .  O n  t h e  i m p o r t a n c e  o f  m a r i n e  m e i o f a u n a  f o r  b e n t h o s  c o m m u n i t i e s .  — O e c o l o g i a  

( B e r l i n )  6 :  1 7 6 - 1 9 0 .

G e r la c h ,  S .A . ,  1 9 7 8 .  F o o d - c h a i n  r e l a t i o n s h i p s  in  s u b t i d a l  s i l t y  s a n d  m a r i n e  s e d i m e n t s  a n d  t h e  r o l e  o f  

m e i o f a u n a  in  s t i m u l a t i n g  b a c t e r i a l  p r o d u c t i v i t y .  — O e c o l o g i a  ( B e r l i n )  3 3 :  5 5 - 6 9 .

G e r la c h ,  S .A .  &  M .  S c h r a g e , 1 9 7 2 .  L i f e  c y c l e s  a t  l o w  t e m p e r a t u r e s  in s o m e  f r e e l iv in g  m a r i n e  n e m a ­

t o d e s .  -  V e r ö f f .  I n s t .  M e e r e s f o r s c h .  B r e m e r h .  1 4 :  5 - 1 1 .

E la w k in s ,  A .J .S . ,  P .N .  S a l k e ld ,  B .L .  B a y n e ,  E . G n a ig e r  &  D  M . L o w e , 1 9 8 5 .  F e e d i n g  a n d  r e s o u r c e  

a l l o c a t i o n  in  t h e  m u s s e l  M y t i l u s  e d u l i s : e v i d e n c e  f o r  t i m e - a v e r a g e d  o p t i m i z a t i o n .  -  M a r .  E c o l .  

P r o g r .  S e r .  2 0 :  2 7 3 - 2 8 7 .

H e ip ,  C .,  P .M .J .  H e r m a n  &  A .  C .o o m a n s ,  1 9 8 2 .  T h e  p r o d u c t i v i t y  o f  m a r i n e  m e i o b e n t h o s .  -  A c a d .  

A n a l .  4 4 :  1 - 2 0 .

H e ip ,  C . &  N .  S m o l ,  1 9 7 6 a .  I n f l u e n c e  o f  t e m p e r a t u r e  o n  t h e  r e p r o d u c t i v e  p o t e n t i a l  o f  t w o  b r a c k i s h -  

w a t e r  h a r p a c t i c o i d s  ( C r u s t a c e a ,  C o p e p o d a ) .  — M a r .  B io l .  3 5 :  3 2 7 - 3 3 4 .

H e ip ,  C . &  N .  S m o l ,  1 9 7 6  b .  O n  t h e  i m p o r t a n c e  o f  P r o to h y d r a  le u c k a r t i  a s  a  p r e d a t o r  o f  m e i o b e n t h i c  

p o p u l a t i o n s .  — l n  G .  P e r s o o n e  &C E. J a s p e r s  ( e d s ) :  P r o c .  1 0 th  E u r o p .  S y m p .  M a r .  B io l . ,  V o l .  2 :  

P o p u l a t i o n  d y n a m i c s ,  p p .  2 8 5 - 2 9 6 .  U n i v e r s a  P r e s s ,  W e t t e r e n ,  B e lg iu m .

H e ip ,  C . ,  N .  S m o l  L r  V. A b s i l l i s , 1 9 7 8 .  I n f l u e n c e  o f  t e m p e r a t u r e  o n  t h e  r e p r o d u c t i v e  p o t e n t i a l  o f  

O n c h o l a i m u s  o x y u r i s  ( N e m a t o d a :  O n c h o l a i m i d a e ) .  -  M a r .  B io l .  4 5 :  2 5 5 - 2 6 0 .

H e ip ,  C . ,  M .  V i n c x  &  G .  V r a n k e n ,  1 9 8 5 .  T h e  e c o l o g y  o f  m a r i n e  n e m a t o d e s .  -  O c e a n o g r .  m a r .  B io l .  

A n n .  R e v .  2 3 :  3 9 9 - 4 8 9 .

H e r m a n ,  P .M .J .  &  C .  H e i p ,  1 9 8 5 .  S e c o n d a r y  p r o d u c t i o n  o f  t h e  h a r p a c t i c o i d  c o p e p o d  P a r a n y c h o ­

c a m p tu s  n a n u s  in  a b r a c k i s h - w a t e r  h a b i t a t .  — L i m n o l .  O c e a n o g r .  3 0 :  1 0 6 0 - 1 0 6 6 .

H e r m a n ,  P .M .J . ,  C .  H e i p  &  B . G u i l l e m i jn ,  1 9 8 4 .  P r o d u c t i o n  o f  T a c h id iu s  d is c ip e s  G i e s b r e c h t  1 8 8 1  

( C o p e p o d a :  H a r p a c t i c o i d a ) .  -  M a r .  E c o l .  P r o g r .  S e r .  1 7 :  2 7 1 - 2 7 8 .

H e r m a n ,  P .M .J . ,  C . H e i p  &  C .  V r a n k e n ,  1 9 8 3 .  T h e  p r o d u c t i o n  o f  C y p r id e is  to r o s a  J o n e s  1 8 5 0  

( C r u s t a c e a :  O s t r a c o d a ) .  -  O e c o l o g i a  ( B e r l i n )  5 8 :  3 2 6 - 3 3 1 .

H e r m a n ,  P .M .J . ,  G . V r a n k e n  &  C . H e ip ,  1 9 8 4 .  P r o b l e m s  in m e i o f a u n a  e n e r g y - f l o w  s t u d i e s .  -  H v d r o -  

b i o l o g i a  1 1 8 :  2 1 - 2 8 .
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H o f f m a n ,  J . A . , J .  K a t z  &  M . D . B e r t n e s s , 1 9 8 4 .  F i d d l e r  c r a b  d e p o s i t  f e e d i n g  a n d  m e i o f a u n a l  a b u n d a n c e  

i n  s a l t m a r s h  h a b i t a t s .  -  J .  e x p .  m a r .  B io l .  E c o l .  8 2 :  1 6 1 - 1 7 4 .

J a c o b s ,  L .J .  &  G .  V r a n k e n .  D e s c r i p t i o n  o f  D ip lo l a im e l l a  d ie v e n g a te n s i s  n .  s p .  ( N e m a t o d a ,  M o n h y s t e ­

r i d a e ) ,  a n  a q u a t i c  n e m a t o d e  o f  t h e  B e l g i a n  c o a s t .  — N e m a t o l o g i c a ,  in  p r e s s .
K in n e ,  O . ,  1 9 7 7 .  C u l t i v a t i o n  o f  a n i m a l s :  r e s e a r c h  c u l t i v a t i o n .  -  i n  O .  K i n n e  (e d . ) :  M a r i n e  E c o l o g y ,  

v o l .  U I ,  C u l t i v a t i o n ,  p a r t  2 ,  p p .  5 7 9 - 1 2 9 3 .  W i l e y  &  S o n s ,  C h i c h e s t e r .

K l u m p p ,  D . W . ,  1 9 8 4 .  N u t r i t i o n a l  e c o l o g y  o f  t h e  a s c i d i a n  P y u r a  s t o lo n i f e r a : i n f l u e n c e  o f  b o d y  s ize ,  

f o o d  q u a n t i t y  a n d  q u a l i t y  o n  f i l t e r - f e e d i n g ,  r e s p i r a t i o n ,  a s s i m i l a t i o n  e f f i c i e n c y  a n d  e n e r g y  b a l a n c e .  -  

M a r .  E c o l .  P r o g r .  S e r .  1 9 :  2 6 9 - 2 8 4 .

L o p e z ,  G . R .  &  i . J .  C h e n g , 1 9 8 3 .  S y n o p t i c  m e a s u r e m e n t s  o f  i n g e s t i o n  r a t e ,  i n g e s t i o n  s e l e c t i v i t y ,  a n d  

a b s o r p t i o n  e f f i c i e n c y  o f  n a t u r a l  f o o d s  in t h e  d e p o s i t - f e e d i n g  m o l l u s c s  N u c u l a  a n n u la t a  ( B i v a lv i a )  

a n d  H y d r o b ia  t o t t e n i  ( G a s t r o p o d a ) .  -  M a r .  E c o l .  P r o g r .  S e r .  1 1 :  5 5 - 6 2 .

M a r c h a n t ,  R .  &  W . L .  N i c h o l a s , 1 9 7 4 .  A n  e n e r g y  b u d g e t  f o r  t h e  f r e e - l i v i n g  n e m a t o d e  P e lo d e r a  

( R h a b d i t i d a e ) .  -  O e c o l o g i a  ( B e r l i n ) :  2 3 7 - 2 5 2 .

N i s b e t ,  R .M .  &  W .S .C .  G u r n e y , 1 9 8 2 .  M o d e l l i n g  f l u c t u a t i n g  p o p u l a t i o n s .  — J o h n  W i l e y  6C S o n s ,  
N e w  Y o r k .  3 7 9  p p .

P ih l ,  L . ,  1 9 8 5 .  F o o d  s e l e c t i o n  a n d  c o n s u m p t i o n  o f  m o b i l e  e p i b e n t h i c  f a u n a  in  s h a l l o w  m a r i n e  a r e a s .  — 

M a r .  E c o l .  P r o g r .  S e r .  2 2 :  1 6 9 - 1 7 9 .

P in d e r ,  J .E .  H I ,  J . G .  W ie n e r  &  M .H .  S m i t h , 1 9 7 8 .  T h e  W e i b u l l  d i s t r i b u t i o n :  a  n e w  m e t h o d  f o r  

s u m m a r i z i n g  s u r v i v o r s h i p  d a t a .  -  E c o l o g y  5 9 :  1 7 5 - 1 7 9 .

P o d a m o ,  J . ,  1 9 7 6 .  E c o m e t a b o l i s m  o f  a  s h a l l o w  m a r i n e  l a g o o n  a t  O s t e n d  ( B e l g i u m ) .  V .  G e n e r a l  d i s ­

c u s s i o n .  -  I n  G .  P e r s o o n e  &  E .  J a s p e r s  ( e d s ) :  P r o c .  1 0 t h  E u r o p .  S y m p .  M a r .  B io l . ,  V o l .  2 :  P o p u l a t i o n  

d y n a m i c s ,  p p .  5 4 9 - 5 6 2 .  U n i v e r s a  P r e s s ,  W e t t e r e n ,  B e l g i u m .
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Introduction.

The productivity of aquatic populations has received much attention 
since the International Biological Programme during which several books 
appeared that much influenced later developments. Among the standard works 
in the field one needs to mention Edmondson & Winberg (1971), Holme & 
McIntyre (1971, 1984), Winberg (1971), Zaika (1973)* One of the important 
consequences was the standardization of concepts and symbols and the 
acquisition of a large body of data which had its theoretical roots in the 
paradigm of trophic organisation of ecosystems developed by Lindeman 
(1942).

In steady state conditions the energy budget of an organism may be 
described by the well known equation:

C = P + R + F + U

where C is food intake or consumption, P is production of biomass, R is 
respiration, F is egested faeces and U is excretion. Production is the sum 
of somatic growth and reproductive output P = Pg + Pr . Absoption (Ab) is 
the portion of the consumption not egested as faeces A b = C - F = P + R +  
U. Assimilation (A) is the portion of consumed energy used for production 
and respiration A = P + R.

In this equation all variables have to be expressed in the same units,
e.g. kJ.m“2 .an-1 . One has to be aware that even then the ecological 
meaning of each term is quite different: growth and reproduction yield 
high energy particulate organic matter, respiration has as its end product 
C 02 , a gaz, faeces is low-energy particulate matter and many excretion 
products are soluble and may be organic or inorganic. In order to evaluate 
their pathways in the ecosystem the redox-potential of these end-products 
may be a useful parameter.

2. Production
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Production measures the part of the energy consumed by a population 
that is transformed into organic matter (body tissues and reproductive 
products) potentially available for consumption by populations from a 
higher trophic level. Gross and net growth efficiencies of animals (Kj and 
K2 ) and production efficiency P/A = P/(P+R) of populations may be 
relatively predictable, and are therefore worth studying.

2.1. Somatic growth.

Production by somatic growth is the sum of the growth increments of all 
individuals in the population during a certain time, including the growth 
of the individuals that died during the interval. The methods used to 
measure production depend on the life history of the population. These 
methods can be reduced to two types: summation of eliminated biomass or 
summation of growth increments. According to the method used one needs 
good data either about growth, reproduction and recruitment or about 
mortality and changes in biomass.

The equivalence between both approaches has been demonstrated by Crisp 
(1971)* In the first case growth processes can be ignored if the biomass 
eliminated during the time period At considered can be accounted for:

P = B1 - B0 + M

where M is the eliminated biomass during At.
When the finite mortality rate AN/At of individuals from weight class i 

(mean weight w.) is Zi then the expected mortality during At is Z L At and 
the expected loss of biomass is Z.w. At. Thus :

M = Ziwi At
and

P = AB + Ei Ziwi At (1)

In the second case production is measured as the sum of the growth 
increments of all individuals in the population during At:

P = E. N ^ w .  At (2)

where Gi is the instantaneous weight specific growth rate 

1 dwi
G j . -------wi dt

and N. is the mean number of individuals alive in weight class i during 
the interval.
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In both equations (1) and (2) growth and mortality have to be known as 
a function of individual weight. Using (1) one needs to know weight- 
specific mortality, using (2) one needs to know weight-specific growth.
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Cohort populations.

If cohorts (same-aged individuals) are recognizable as a result of 
semi-simultaneous reproduction, production measurement is relatively easy 
if emigration an immigration can be accounted for. The methods require 
accurate estimates of abundance and weight over time. Four basic and 
equivalent methods exist (Waters & Crawford, 1973 ; Heip et al., 1982a) :

- increment-summation : production during a time interval is the product 
of the average abundance on two successive dates and the change in average 
weight of an individual :

P = I, Ñ. (Aw)¿

- removal-summation : production during a time interval is calculated as 
the change in abundance multiplied by the average individual weigth during 
the interval :

P = B2 - Bj + T .  (-AN), w.

- instantaneous growth : the average biomass in a sampling interval is
multiplied by the instantaneous weight-specific growth rate (assumed 
constant during the interval) :

P = Ei Gt B1

- Allen curve : mean weight is plotted against abundance (survivorship) 
and production is the surface under the curve.

Non-cohort populations.

When cohorts are not identifiable, as is the case for most meiofauna 
populations, due to overlapping generations or continuous reproduction, 
methods to calculate production require data on incremental increases in 
weight of individuals from the time they are born until they die. Most 
methods are based on knowledge of the finite growth rate of an individual 
over its life. Growth increment methods use experimental growth curves or 
estimations of stage durations, elimination methods include the size- 
frequency method and population dynamical models.

The size frequency method was originally designed for estimation of the 
correct order of magnitude of production by Hynes (I96I) and subsequently
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refined (Hynes & Coleman, I9 6 8; Benke, 1979). Thereby the method was 
restricted to the analysis of species groups with similar generation 
times, size and trophic position. The population is divided into size 
classes of similar duration. It was adapted to, and used for, populations 
divided in developmental stages by Herman et al. (I9 8 3, 1984a) and Herman 
& Heip (1985).

Estimations of the duration of life stages in the population can be 
obtained from laboratory experiments or from population models fitted to 
the field data. Laboratory experiments offer the possibility to establish 
complete life and fertility tables (e.g. Vranken & Heip, I983). However, 
they pose the problem of extrapolating the results to the field.

Fitting models to field data (e.g. the methods of estimating birth and 
death rates or stage-frequency methods) requires additional data or 
assumptions on the population. Stage-frequency methods are extensively 
reviewed by Southwood (1978). Threlkeld (1979) gives an example of 
estimating birth and death rates by using extra information on the age 
distribution of Daphnia embryos. Herman et al. (I9 8 3) estimate the 
duration of developmental stages in the ostracod Cyprideis torosa by 
counting empty shells in the sediment : the distribution of the empty
shells over the stages gives information about the mortality in the 
different stages.

2.2 Reproductive output.

Reproductive output may make up a considerable part of the total 
production of a population. In three populations of meiobenthic copepods 
it was estimated as between I3 and 29 % of the total production (Feller, 
1982, Herman & Heip, I985).

Values for nematodes in lab cultures range from 10 % (Warwick, I98I) to 
over 90 % (Schiemer, I983). These values strongly depend on the culturing 
conditions (Vranken & Heip I9 8 3, I9 8 6; Vranken et al. in press).

Apart from the experimental conditions, the age structure of the
population is important in determining the relative importance of 
reproductive output. If the population is in stable age distribution at 
exponential growth, it will mainly be composed of fast-growing juveniles. 
However, if juvenile mortality is important the population age structure 
will be different and the relative importance of egg production may well 
increase. This is most probably the case in the above-mentioned copepod 
populations, where naupliar mortality rates are much larger than
copepodite and adult mortality rates (this does not prevent that naupliar
production was quite important : naupliar and egg production together
accounted for 54-55 % of the total production in all three studies
mentioned).

5



Meiofauna production.

In practice it is often impossible to use any of the described methods 
for meiofaunal populations. Direct production estimates of field 
populations only exist for a few species : four harpacticoid species
(Feller, 1982; Fleeger & Palmer, 1982; Herman et al. 1984a; Herman & Heip, 
1985), and an ostracod species (Herman et al., 1983)•

Laboratory experiments pose their own problems. Many species of 
nematodes and copepods have now been cultured (see reviews by Heip et al., 
1985 and Hicks & Coull, I9 8 2). Two trends seem clear. In setting up 
experiments, one almost automatically selects the more "weedy" species. It 
is no wonder that so many data are available on the genera Monhystera (for 
nematodes) or Tisbe (copepods). Second, the more one knows about a 
species, the clearer become the effects of the culture conditions. As an 
example, Vranken et al. (in press) show that for Monhystera disjuncta, 
cultured with different bacterial strains as food and with different 
densities of one strain, the minimum generation time can differ with a 
factor 1.4, whereas the egg production rate differs with a factor 3*5*

In view of the gross uncertainties introduced using laboratory 
experiments, indirect approaches have been advocated. The following are to 
be mentioned :

- Measurement of respiration. When a proportionality between production 
and respiration of a population is assumed, respiration measurements may 
be used to estimate production, though respiration measurements also are 
technically difficult for meiofauna. Humphreys (1979) showed a significant 
log-log relationship between population production and population 
respiration whith a slope equal to one, which implies that P / ( P + R )  is 
independent of size. This study covered populations from widely different 
ecological and taxonomical groups, but no meiofauna. Herman et al. (1984b) 
were able to compare respiration and field production of three meiofaunal 
populations (one ostracod and two harpacticoid copepods) and found indeed 
a constant value P / ( P + R )  « 0.4.

For nematodes, Schiemer et al. (I98O), Tietjen (I98O), Warwick (I98I) 
and Schiemer (1982a,b ) found much higher values, in the order of 6O-9O % .  

Herman et al. (1984b) discuss some of the factors possibly responsible for 
such a large difference. However, Herman & Vranken (submitted) also found 
very high production efficiencies (> 60 %) for a cultured population of 
Monhystera disjuncta, even when factors such as the "negative production" 
(due to weight loss) in the egg stage is taken into account. High 
production efficiencies seem to be a consistent feature of nematode 
populations.

Are nematodes so much more efficient than e.g. copepods, converting up 
to 90 % of their energy intake into production ? At the moment, this 
cannot be excluded, although it seems improbable. An interesting 
alternative hypothesis is that respiration measurements underestimate the 
energy losses. Microelectrode measurements show that in many sediments no 
free oxygen is present from a depth of a few mm onwards (see e.g. Revsbech 
et al., I98O). In these sediments one can easily find nematodes down to a 
depth of...10 cm. This is also true in sediments without animal burrows, 
which have been advocated to be a major source of oxygen to the meiofauna 
(Reise & Ax, 1979)- It is almost inevitable to conclude that most 
nematodes live (at least partially) anaerobically. It is possible that
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even in the presence of oxygen, where they do have a measurable 
respiration, they do not use fully aerobic metabolic pathways. This is a 
field of research which surely provides the scope for interesting studies. 
In the meantime, the estimation of production based on respiration becomes 
quite questionable. At least it seems safest to assume a very high 
"apparent production efficiency" for nematodes.

When the problem of production efficiencies could be solved, the 
estimation of production from respiration has some practical advantages. 
Warwick & Price (1979) showed that, after correction for temperature, the 
community respiration of nematodes nearly equalled 6 1 02 g_1 wwt an-1 in 
several habitats, where individual nematode weight differed by an order of 
magnitude.

- P/B ratios and body weight: Gerlach (1971) provided the first estimate 
of annual P/B = 9 for meiofauna in general. The figure has two components, 
a life cycle turnover of three and three generations annually. The 
justification for the first assumption lies in a model study by Waters 
(1969) who showed that for a wide variety of growth and mortality models, 
the lifetime P/B does not vary greatly around a modal value of 3*5* Herman 
et al. (1984b) showed that for nematodes under certain conditions (neonate 
weight is production, juvenile growth is exponential, adult growth is not 
too important and the generation time is defined as the development time 
of juveniles) a P/B = 3 per generation (juvenile period) may be expected.

Scaling of annual P/B to body size has been proposed by Banse & Mosher 
(I98O), who showed a log-log relationship between the two variables. It 
was applied to meiofauna by Heip et al. (1982a) and to nematodes by 
Vranken & Heip (I986). Both compilations of meiofauna data show that the 
weight dependence coefficient in meiofauna is similar to the general value 
found by Banse & Mosher (I98O). However, the intercept values are much 
lower, in the order of 1/10 the intercept values of the macrofauna. This 
feature was anticipated by Banse & Mosher (I98O), and discussed by Heip et 
al. (1982a) and Vranken & Heip (I9 8 6). However, no conclusive arguments 
have been found to explain it.

- The number of generations : since the P/B per generation (juvenile 
developmental period) is around three a fairly accurate indirect 
estimation of production may be obtained by multiplying the number of 
generations produced annually by this figure. The reviews of Heip et al. 
(1982b, 1985) and Hicks & Coull (1982) give data on the annual number of 
generations in nematodes and copepods respectively. For both these groups 
it is clear that a uniform value for the number of generations produced 
annually does not exist and that each population has to be studied in its 
own right.

For nematodes the existing data from lab cultures have been reviewed by 
Vranken et al. (1986) who proposed the following equation relating the egg 
to egg development time Tmin to temperature and adult female weight W :

log Tmin = 2.202 - 0.0461 t + O .627 log W

When multiplied by the constant biomass turnover per generation (P/B)g = 
3, development rate 1/Tmjn can be used as a predictor of daily P/B.
This estimate is as representative for the nematode community as the 
cultured species are. The danger thus exists that the estimate, based on
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"weed” species, gives an overestimate of the real production. However, 
some comforting evidence regarding its usefulness was presented by Vranken 
et al. (1986).

Production and Biomass of meiofauna in the North Sea.

Energy flow models for the North Sea use meiobenthic biomass to
evaluate the trophic role of the meiofauna. Usually, the biomass (around 
1-2 g dwt m-2 for subtidal sediments) is multiplied by a constant factor 
(often 8-10) to obtain a production of 8-20 g dwt m"2 an-1 and energy 
consumption, which is perhaps around five times this value, i.e. 40-100 g 
dwt m"2 an-1, or I6-6O g C m-2 an-1. Gross uncertainties are present in 
such extrapolations and the use of a single P/B ratio has been strongly 
discouraged by Vranken &, Heip (I986).

The reasonably constant production efficiency P/A « 0.4 found in
"aerobic" meiofauna poplations may be used to obtain estimates of 
production from respiration measurements. In order to evaluate the energy 
consumption of a population one may try to obtain similar constants for 
P/C. Very few data exist on which such extrapolations might be based. Heip 
et al. (I9 8 5) summarize the data for nematodes. Consumption of bacteria 
and algae by three species of nematodes varied between 14 and 6O.IO"2 pg C 
d"1 . Admiraal et al. (1983) estimated that a nematode eats about double
its own carbon content each day. A community with a standing stock of 0.3
g C m-2 would then consume about 220 g C m-2 an-1. However, it is
unreasonable to extrapolate the (spring) rates from a highly productive 
intertidal community to subtidal communities without in situ primary 
production.

The evaluation of nematode production given by Heip et al. (1982a) and 
Heip et al. (1984) for areas in the Southern Bight have been revised by 
Heip et al. (I985). Two constrasting situations were compared. On a linear 
sandbank with little organic input nematode biomass was 0.07 g C m-2. 
Nematode respiration was calculated as I .0 6 g C m'2 an-1. If production 
efficiency is 40 %>, nematode production then would be O.7I g C m-2 an-1 
and with an assimilation efficiency of 20 % , consumption would amount to 
8.8 g C m-2 an-1. However, with a production efficiency of 70 % , total 
consumption would be 17*7 g C m-2 an"1. In the first case P / B  per year 
would be 10.1, in the second case it would be 35*3*

Use of the P / B  - body weight relation necessitates the knowledge of the 
distribution of adult sizes of the species in the community. A gross 
estimate, taking an average female size of 0.4 pg dwt (average individual 
size is O .26 pg dwt), results in a yearly P / B  of I6 .6 , using the equation 
given by Vranken & Heip (I9 8 6). This is in between the two previous 
estimates. It is near to the annual P / B  of 20 estimated by Vranken et al. 
(I9 8 6) for an impoverished sublittoral nematode community in the North 
Sea.

It is at least as difficult to estimate the production of the 
harpacticoid copepods in the North Sea. A very rough guess could proceed 
as follows. We assume an average biomass of 20 pg dwt / 10 cm2 : this is 
based on the observation that when density is high, individual weight is



low, thus compensating for the higher numbers. We further assume an 
average respiration rate of 3 nl 02 h”1 (pg dwt)-1. This is in the lower 
end of the range described by Herman & Heip (19Ô3). and in the same order 
as found by Gee & Warwick (1984) for interstitial species. Respiration 
would then amount to 0.21 gC m-2 an-1. With a production efficiency of 
0.4, production is 0.14 gC m-2 an-1. With an assimilation efficiency of 20 
% ,  total consumption would thus amount to 1.75 gC m~2 an-1. Annual P/B 
would equal around 14.

It should be stressed that these estimates are not much more than 
guesses. They show that consumption by meiofauna is in the order of 10 gC 
m-2 an-1. Nematodes are almost an order of magnitude more important than 
harpacticoids.

9
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Su m m ary. A sp ects  o f  the d em og ra p h y  o f  M o n h y ste ra  d is­
ju n c ta  w ere in vestig a ted  at d ifferent tem peratures (in  a g n o -  
to b io t ic  cu ltu res) and  in d ifferen t feed in g  c o n d itio n s  (m o n o -  
xen ic  c u ltu res  w ith  d ifferen t bacteria l stra ins, and  d ifferen t  
d en s itie s  in the feed in g  su sp en sio n  w ith  o n e  strain). E m b ry ­
o n ic  d ev e lo p m en t tim e, m in im um  g en eration  tim e, e g g  d e ­
p o s it io n  rate and  ad u lt lo n g ev ity  dep en d  o n  tem p eratu re , 
q u a lity  and  q u a n tity  o f  fo o d  offered . B o d y  m ass a t m a tu r ity  
is an a llo m etr ic  fu n ction  o f  food  density . It is sh o w n  that 
a p rev io u sly  inferred se lectiv ity  in  fo o d  up take is an  a rtifact  
o f  cu ltu re  co n d itio n s . pH  bu ffering  and  a d d ition  o f  stero ls  
perm it cu ltu re  o f  the sp ecies o n  a w ide variety  o f  b acteria l 
stra ins. M . d isjun cta  is less w ell adap ted  to  take a d v a n ta g e  
o f  h igh  fo o d  d en sity  than  are n em a to d es from  p o ly sa p ro b ic  
en v iro n m en ts. T h e  an im a ls chann el surp lus en ergy  in ta k e  
in to  a larger b o d y  m ass, w ith o u t be ing  ab le to  increase  
their rate o f  p o p u la tio n  grow th  accord ingly .

K ey w ords: N e m a to d e s  — D em o g ra p h y  — F ee d in g  — 
M eio b e n th o s  -  C ulture

N e m a to d e s  c o n stitu te  an  im portant fraction o f  the m e io -  
fauna in m arine sed im en ts. Y et, they have n ot a lw a y s re­
ceived  the a tten tio n  they deserve. In particu lar, their role  
in en ergy  transfer in the sed im ent eco sy stem  and th eir  im ­
p ortance a s fo o d  for higher trophic  leve ls rem ains u n es ta b l­
ished (H eip  et al. 1985).

E xperim enta l stu d ies po in t to an im portant c o n tr ib u tio n  
o f  n em a to d es in stim u la tin g  the b reakdow n o f  detr itu s  
(A b ram s and M itchell 1980; F in d lay  and T en o re  1982; 
Tietjen 1980). H ow ever , m ore recent o b serv a tio n s seem  to  
qu estio n  th is asp ect to o , at least for c o n d itio n s  o f  h igh  
detritu s sto ck s  (A lo n g i 1985a , b).

F or the stu dy  o f  n em a to d e  produ ctiv ity , w e  are en tire ly  
d ep en d en t on la b o ra to ry  experim en ts. P rod u ction  o f  field  
p o p u la tio n s  is extrem ely  d ifficu lt to m easure, as a lm o st all 
p o p u la tio n s  have co n tin u o u s rep rod u ction . In p rev io u s  
p u b lica tio n s  (H eip  et al. 1985; H erm an et al. 1984; V ran k en  
et al. 1986; V ranken and  H eip  1986) w e a p p ro a ch ed  the  
prob lem  o f  n em a to d e  p ro d u ctiv ity  in several ind irect w ays. 
T h ese  a p p ro a ch es  were based  on  d a ta  ob ta in ed  from  a g n o -  
to b io tic  n em a to d e  cu ltu res (i.e. cu ltures in w h ich  the c o m ­
p o s itio n  o f  the fo o d  is n o t co n tro lled ). A lth o u g h  fo o d  w a s  
believed  to  be o ffered  in  excess, n o  exp lic it stu dy  w a s m ade  
a b o u t the im p o rta n ce  o f  its  qu a lity  or q u antity .

O f f p r i n t  r e q u e s t s  t o :  P . M . J .  H e r m a n

In th is  p a p er  w e  sh a ll d isc u ss  the d em o g ra p h y  o f  M o n ­
h y s te ra  d is ju n c ta , cu ltu r ed  a t d ifferen t tem p eratures a n d  in  
d ifferen t feed in g  c o n d it io n s . D e m o g ra p h ic  d a ta  from  a g n o -  
to b io t ic  cu ltu res a t 12° C  w ere  a lread y  g iven  by V rank en  
a n d  H e ip  (1 9 8 6 ). T h e y  w ill b e  c o m p leted  by d a ta  o b ta in ed  
a t 3° C  a n d  17° C . F o r  the p u rp o se  o f  b io -a ssa y  stu d ies  
a  m o n o x e n ic  c u ltu re  m e th o d  o f  th is sp ec ies w a s d e v e lo p ed  
u sin g  A lte ro m o n a s  h a lo p la n k tis  (stra in  “ IS C 2 ” ) as a  fo o d  
so u rce . T h is  c h a n g e  in  cu ltu re  c o n d it io n s  w as reflected  in  
the d em o g ra p h ic  p a ra m eters (V ran k en  et al. 1984).

D e n s ity  o f  th e  bacteria l fo o d  is k n o w n  to  be a m a jo r  
d eterm in a n t for  th e  life  cy c le  o f  b a cter iv o ro u s n em a to d es. 
S ch iem er  (1 9 8 2 a , b , 1 9 8 3 ), Sch iem er et al. (1980) and  K lek -  
o w sk i e t  a l. (1 9 7 9 ) s tu d ied  the d em o g ra p h y  and en erg etics  
o f  P le c tu s  p a lu s tr is  a n d  C a en o rh a b d itis  b rig g sa e  at d ifferen t  
fo o d  c o n c en tra tio n s . T h ey  sh o w e d  that the life h isto ry  o f  
b o th  sp ec ies  is q u ite  flex ib le . T h is  flex ib ility  itse lf  is an a d a p ­
tive  trait, w h ich  d iffers b e tw een  the tw o  species. C. b r ig g sa e , 
w h ich  is lim ited  (in  n atu re) to  very h igh  bacterial d en sitie s , 
o n ly  g ro w s o p tim a lly  at the h igh est bacterial d en sitie s  that  
w ere ex p erim en ta lly  fea sib le . Its grow th  ceases at a ro u n d  
10s bacteria  m l -  *, w h ich  is still a relatively  h igh density .

P . p a lu s tr is , o n  th e  o th er  han d , survives at a bacterial 
d en s ity  o n e  o rd er  o f  m a g n itu d e  low er. Its o p tim a l fo o d  
d e n s ity  is a lso  low er. T h is  co rresp o n d s to  its occu rren ce , 
in natu re, in less sa p ro b ic  (a lth o u g h  still q u ite  en rich ed )  
en v iro n m en ts .

F o o d  q u a lity  is im p o r ta n t, as n em atod es app ear  to  be  
se lec tiv e  in the fo o d  sp ec ies  they  take up (e.g . T rotter  and  
W eb ster  1984). M o n h y s te ra  d isju n cta  did n ot grow  on  m a n y  
p o ten tia l fo o d  sp ec ies  o ccu rr in g  in its natural en v iro n m en t  
(V ra n k en  et al. 1 984). T h e  rea so n s for  th is app arent se lec ­
tiv ity  w ere n o t clear. It is p o ss ib le  that so m e  bacteria  are  
in d ig estib le  by the lim ited  array  o f  en zy m es syn th esized  by  
n e m a to d e s  (D e u tsc h  1978). A ltern ative ly , these bacteria  
m a y  c o n d it io n  th e  agar  m ed iu m  adversely , or, fina lly , they  
m ay m iss an essen tia l g row th  factor for the n em a to d es . 
T h ese  last p o ss ib ilit ie s  w ere tested  by buffering the pH  o f  
the agar, and  a d d in g  a  stero l m ixture to  the m edium  (V a n -  
fleteren  1980).

M aterial and methods

C u ltu re  techn iqu es

M o n h y s te ra  d isju n cta  w a s sam p led  in the S lu ice  D o c k  o f  
O ste n d , a m arin e  la g o o n  near  the B elgian c o a st. A  few  
m l o f  sed im en t w ere  in o c u la ted  in 4 sp o ts, m ade in 14 cm  
dia m eter  petri d ish es  w ith  (D IF C O ) b acto -a g a r  (1%  in
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w ater  from  the natural h a b ita t, see V rank en  et a í. 1981). 
A fter  1 -2  w eek s in cu b a tio n , th e  n em a to d es (a n d  o th e r  o r ­
g a n ism s) in v a d e  the agar  su rroun d ing  the d e tr itu s sp o ts . 
T h ey  w ere p ick ed  o u t o f  the agar in d iv id u a lly  to  sta r t th e  
pure cu ltu res.

A g n o b io t ic  cu ltures w ere set up in sm all petri d ish es  
(d ia m eter  3 .5  cm ) filled w ith  4  m l o f  0 .4 %  b a c to -a g a r . T h is  
agar  w a s m a d e  up w ith  S lu ice  D o c k  w ater  a n d  en rich ed  
w ith  1%  V la sb lo m  m ed iu m  (0 .278  g  F e S 0 4 - 7 H 20 ,  3 .0  g 
N a H P 0 4 -2 H 20 ,  3 0 .0  g  N a N 0 3 , 0 .4 7  g  M n C l2 - 4 H 20 ,  
5 0 .0  g  g ly c in e  in 1 1 aq . d est .:  V lasb lom  1963) a n d  0 .5 %  
o f  a 15 g/1 so lu tio n  o f  N a 2S i 0 3 -9 H 20 .  S a lin ity  w a s c o n ­
tro lled  w ith  a refractom eter  and kept b e tw een  29%o and  
31%« by  the a d d itio n  o f  d istilled  w ater w h en  n ecessa ry . T h e  
agar  w a s in o c u la ted  w ith  a  few  drops o f  p ap er-filtered  w a ter  
from  the S lu ice  D o c k . B acteria  grew  rap id ly  o n  th e  m ed iu m .

A fte r  a few  d a y s the petri d ish es w ere in sp ec ted . D ish e s  
sh o w in g  d e v e lo p m en t o f  fun gi were d isca rd ed . T h e  rest w a s  
in o c u la ted  w ith  ad u lt M . disjuncta  from  th e  ex tra c tio n  
p la tes.

A t  regu lar in tervals th ese  stock  cu ltu res w ere  ren ew ed  
by  tran sferr in g  at least 20  fem ales and  10  m a les (preferab ly  
n o t a ll c o m in g  from  the sam e o ld  sto c k  cu ltu re  d ish ) to  
a n ew  petri d ish : 4 - 5  sto c k  culture d ish es w ere  s im u lta ­
n e o u s ly  k ep t. T h e  S lu ice  D o c k  w as ro u tin e ly  sa m p led  and  
e x tra c tio n  d ish es set up, so  th a t w ild an im a ls  c o u ld  regu larly  
be a d d ed  to  the la b o ra to ry  stock .

T h e  m e th o d s for the life  ta b le  exp erim en ts in  m o n o x e n ic  
cu ltu res  w ere ex ten sively  d escrib ed  by  V ran k en  e t  al. (1 9 8 5 )  
and  w ill o n ly  be su m m arized  b e low . A  b acteria l stra in  b e­
lo n g in g  to  the A lte ro m o n a s h a lo p la n k tis  r R N A  g ro u p ,  
co d ed  IS C 2 , w a s iso la ted  from  the S lu ice  D o c k . It is d e p o s ­
ited in  the co llectio n  o f  th e  L a b oratory  for  M ic ro b io lo g y ,  
State  U n iv ersity  o f  G en t (D ir . Prof. D e  L ey), w h ere  it  w a s  
id en tified . B acterial su sp en sio n s  w ere in jected  in  a cen tral 
ring in the sterile b a cto -a g a r . T h e  agar  w as o n ly  en rich ed  
w ith  5%  stero l m ixture, c o n ta in in g  10 pg  m l - 1 o f  c h o le s ter ­
o l, stig m a stero l, erg o stero l, 7 -d eh y d ro ch o lestero l a n d  s i to s ­
tero l e a ch ; the cu ltures w ere bu ffered  to  p H  7 .5 -8 .0  by 
the a d d itio n  o f  0 .005  M  T R IS  buffer.

N e m a to d e s  w ere iso la ted  from  fie ld  sa m p les  a s  d e ­
scr ib ed  a b o v e , axen ised  du rin g  24 h in agar  c o n ta in in g  
1 0 0 0 0  IU  penicillin  and  10 m g  m l -1  s trep to m y cin e , and  
transferred to  the m o n o x e n ic  cultures.

E xperim en ts w ith d ifferen t bacterial stra in s w ere  c o n ­
d u cted  in the sam e w ay . B acterial stra ins w ere  o b ta in ed  
from  th e  S co ttish  co lle c tio n  o f  m arine b acteria , T o rry  R e­
search  S ta tio n , A b erd een , S co tla n d . T h e bacteria  w ere  in c u ­
b a ted  o v ern ig h t in nu trien t broth , separated  by  c en tr ifu g a ­
tio n , w ash ed  in artificial sea  w ater, co n cen tra ted  a g a in  by 
c en tr ifu g a tio n  and in jected  in the n em a to d e  cu ltu re  dish .

F o r  the life  tab le  exp erim en ts in e x ce ss-fo o d  m o n o x e n ic  
cu ltu res , bacterial d en sity  in the su sp en sio n  w a s >  1 0 ’ 1 ce lls  
m l ' 1.

C o n cen tra tio n s  g ra d ien ts o f  ISC 2 w ere p repared  by d i­
lu tio n  o f  a sto ck  su sp en sio n  w ith a d en sity  o f  IO11 ce lls  
ml “ ‘ . D e n s ity  w a s co n tro lled  w ith a P etro ff-H a u ser  c o u n t­
ing  ch a m b er . 20  pi o f  a su sp en sio n  o f  k n o w n  d en s ity  w a s  
add ed  in the ring. In the m o n o x e n ic  ex p erim en ts, in c lu d in g  
th o se  w ith varying fo o d  d en sity , the n em a to d es w ere in o c u ­
lated  in  the exp erim en ta l d ish  w h en  3.5 d o ld . T h is  a llo w ed  
for  a stan d ard ized  d en sity  per dish . In the a g n o to b io t ic  
cu ltu res th is factor w a s n ot stan d ard ized  d u e  to  the c o h o r t  
ra isin g  tech n iq u e used: 20 to  50 adult fem a les and  10 m ales  
w ere p la ced  on  a fresh cu ltu re  dish . T h ey  d e p o s ite d  eg g s

u n til the n ex t d a y  w h en  th ey  w ere rem o v ed . T h e  d ev e lo p in g  
e g g s  c o n stitu te d  th e  ex p erim en ta l c o h o r t.

E stim a tio n  o f  the  life  h is to ry  p a ra m e te rs

E g g  d e v e lo p m en t tim e (E ), m in im u m  g en era tio n  tim e (T min) 
o f  m a les a n d  fem a les, %  h a tch in g  su ccess, % ju v en ile  (p o st-  
em b ry o n ic ) m o rta lity , a n d  sex  ra tio  w ere d eterm in ed  sim u l­
ta n e o u s ly  in  3 - 8  rep lica te  ex p er im en ts  w ith  a  to ta l o f  at 
lea st 100  in d iv id u a ls . t0 is ta k en  a s  h a lfw a y  b etw een  the 
m o m e n ts  o f  in tr o d u c tio n  and  rem o v a l o f  th e  a d u lts  that 
d e p o s ite d  the e g g s  c o n st itu t in g  th e  c o h o r t. T h u s a d u lts  were  
rem o v ed  at t  =  0 .5  d .

T h e  cu ltu re  d ish es  w ere  c o n tr o lle d  d a ily , a n d  the  
n u m b er  o f  ju v e n ile s , m a tu re  (  =  eg g -b ea rin g ) fem ales and  
m a les  record ed . A ll m ature  a d u lts  w ere  rem oved  from  the  
c u ltu re  d ish  to  a v o id  c o n fu s io n  w ith  th e  n ex t gen era tio n .

E g g  d e p o s it io n  rate  w a s  d eterm in ed  in  several rep licate  
cu ltu res, each  c o n ta in in g  1 -3  fem a le s a n d  1 -3  m ales. A t  
lea st ev ery  3 d a y s  the n u m b er  o f  e g g s  w a s c o u n te d . D a ily  
e g g  p ro d u ctio n  w a s  ca lcu la ted  a s the m ea n  n u m b er o f  eg g s  
p ro d u ced  per fem a le  per d a y  in  th e  o b serv a tio n  in terval. 
A p p r o x im a te ly  every  TmiJ 2 the a d u lts  w ere transferred  to  
fresh  cu ltures. T h e  d e p o s ite d  eg g s w ere  fo llo w ed  un til m a tu ­
r a tio n , thu s a llo w in g  a  d irect o b ser v a tio n  o f  the num ber  
o f  fem ale  o ffsp r in g  p ro d u ced  per fem a le  a liv e  ag ed  jc. T h is  
o b serv ed  v a lu e  d o e s  n o t eq u a l m x , a s it  is lo w ered  by  em b ry­
o n ic  and  ju v e n ile  m orta lity .

H o w ev er , by  c a lc u la tin g  th e  a d u lt  su rv iva l v a lu e s  rela­
tiv e  to  a v a lu e  1.0 a t  th e  o n set o f  m a tu r ity , th e  m j x va lues  
are correct.

A g e -sp ec ific  su rv iva l v a lu es w ere d eterm in ed  in  3 - 4  rep­
lica te  cu ltures, started  w ith  in d iv id u a ls  ag ed  T mi„.

B o th  sexes w ere  kept to g eth er  in th e  cu ltures, so  a s to 
keep  the a n im a ls sex u a lly  active . T h e y  w ere transferred to 
n e w  cu ltu re  d ish es ev ery  T miJ 2  o r  so o n er .

F o llo w in g  G eh a n  a n d  S id d iq u i (1 9 7 3 ) a  risk a n a lysis  
w a s perform ed  w h ich  co m p a red  severa l fu n ctio n a l d escr ip ­
tio n s  o f  the su rv iva l d a ta : ex p o n e n tia l, lin ear , G o m p ertz  
a n d  W eib u ll fu n ctio n s . T h e  W eib u ll d istr ib u tio n  m o st o ften  
p ro v id ed  the b est fit, a lth o u g h  the G o m p ertz  curve w as  
in  so m e  in sta n ces s lig h tly  better. F o r  u n ifo rm ity , the W e i­
bull d istr ib u tio n  w a s fitted  to  all o b serv ed  su rviva l curves. 
T h e  fittin g  m eth o d  o f  P inder e t  al. (1 9 7 8 ), u sing d ou b le  
lo g a rith m ic  tra n sfo rm a tio n , w as ap p lied . T h e  W eibull d is­
tr ib u tio n  is g iven  by:

N , =  N 0 ex p  ( - ( t /b )c)

w h ere

N, =  n u m ber o f  su rv iv in g  o rg a n ism s a t tim e t

N 0 =  nu m ber o f  o r g a n ism s at the start o f  the experim en t  
(age  r min).

c, b  — c o n sta n ts  to  be fitted  

/ =  tim e from  o n set o f  the experim en t

Su rviva l v a lu es at each  a g e  x  w ere  ca lcu la ted  from  the 
fitted  d istr ib u tion , w h ich  p ro v id ed  a n  ex ce llen t fit in all 
c a ses. M ean ad u lt lo n g ev ity  (M A L ) w a s ca lcu la ted  as:

M A L  =  b  r  ( i  +  \ / c)

w ith  r  th e  g am m a fu n ctio n .
G iv en  the p ro d u cts m xlx a t a g e  „v, the d em o g ra p h ic  vari­

ab le s  R 0, Tc a n d  rm w ere  ca lcu la ted  a cco rd in g  to  stan dard  
m e th o d s (see  a lso  V ranken and  H eip  1983).
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Table  1. M .  d is ju n c ta  in a g n o to b io t i c  c u l tu re :  M e a n  d e v e lo p m e n t  
times, 9 5 %  co nf idence  intervals,  a n d  n u m b e r  o f  a n im a ls  o b se rv e d  
fo r  e m b r y o n ic  d ev e lo p m e n t  (em br.) ,  dev e lo p m en t  to  a d u l t  m ale  
and  to  a d u l t  fem ale  a t  6 d if feren t  exper im en ta l  t e m p e ra tu re s

T e m ­
p e ra tu re

E m br . Fem ale M aie

V C l n -V Cl n Ÿ C l n

3° C 9.8 0.2 490 52.3 1.0 287 47.6 1.2 158
8° C 5.1 0.2 115 18.6 1.0 56 16.9 1.1 33

12° C 3.5 0.1 956 17.2 0.3 662 15.8 0.5 245
15° C 2.9 0.1 375 11.8 0.3 241 11.7 0.4 71
11° C 2.9 0.1 1275 10.9 0.3 226 11.0 0.6 90
20° C 2.3 0.1 458 9.3 0.3 291 9.6 0.4 111

T ab le  2. M o n h y s te r a  d is ju n c ta  in  a g n o to b io t ic  cu l tu re :  p a r a m e te r s  
o f  the  a l lo m e t r ic  re la t ionsh ips  (deve lopm en t  t ime =  a  t e m p _b) d e ­
scrib ing  th e  d ep e n d e n c e  o f  em b ry o n ic  dev e lo p m en t  t im e (d),  a n d  
o f  d e v e lo p m e n t  t im e (d) to  the  a d u l t  female a n d  a d u l t  m a le  s tages  
o n  t e m p e r a tu r e  (°C)

Stage a h SE (h ) r 2

E m b ry o n ic 23.75 - 0 . 7 6 0.051 0 .88
Fem ale 118.13 - 0 . 8 4 0.051 0 .90
M ale 108.19 - 0 . 8 2 0.053 0.89

Tab le  3. M e a n  Tmin (days)  a n d  9 5 %  conf idence  interval o f  M . d is ­
ju n c ta  fed  e ight  d if feren t  bacter ia l  s t ra ins  (m o n o x en ic  c u l tu r e s  at 
17° C). E ach  m e a n  is based o n  fo u r  rep lica te  cu l tu res ,  e a c h  with 
30 n e m a to d e s

Bacteria l  s t ra in Fem ales M ales

M e an 9 5 % C I M ean 9 5 % C I

ISC2 7.35 0.15 7.13 0.16
E. coli 8.41 0.24 7.98 0.20
M ic ro c o c c u s  sp. 8.13 0.19 8.17 0.24
Ps. f luorescens 7.81 0.23 7.73 0.17
Ps. m a r in a 7.82 0.19 7.40 0.18
K B l a l 7.62 0.19 7.43 0.18
K B l a 3 8.68 0.21 7.85 0.17
K B la 5 7.61 0.22 7.65 0.20

R esults

T h e  d e p e n d e n c e  o f  T min o n  t e m p e r a t u r e  in  a g n o t o b i o t i c  
c u l t u r e  w a s  a l r e a d y  d i s c u s s e d  b y  V r a n k e n  a n d  H e i p  ( 1 9 8 6 ) .  
I t  c a n  b e  d e s c r i b e d  b y  t h e  a l l o m e t r i c  f u n c t i o n :

T min =  a T ~ b

w h e r e  7  is t e m p e r a t u r e  in  °C .  T h i s  f u n c t i o n  c a n  a l s o  b e  
a p p l i e d  t o  d e s c r i b e  t h e  d e p e n d e n c e  o f  e m b r y o n i c  d e v e l o p ­
m e n t  t i m e  o n  t e m p e r a t u r e .  T a b l e  1 g iv e s  t h e  m e a n  v a l u e s  
o f  e m b r y o n i c  d e v e l o p m e n t  t i m e  a n d  o f  T min a t  d i f f e r e n t  
t e m p e r a t u r e s  in  t h e  a g n o t o b i o t i c  c u l t u r e s .  T h e  p a r a m e t e r s  
o f  t h e  a l l o m e t r i c  f u n c t i o n s  a r e  g i v e n  in  T a b l e  2. T h e  b a s a l  
t e m p e r a t u r e  ( b i o l o g i c a l  z e r o )  is  i m p l i c i t l y  a s s u m e d  t o  b e  
0 °  C  w h e n  t h i s  f u n c t i o n  is  f i t t e d .  T h i s  is r e a l i s t i c  f o r  M .  
d i s j u n c t a .  T h e  l o w e s t  t e m p e r a t u r e  w e  t r i e d  w a s  3 °  C ,  b u t  
G e r l a c h  a n d  S c h r a g e  ( 1 9 7 1 )  r e p o r t  a  c u l t u r e  o f  M .  d i s j u n c t a  
a t  b e t w e e n  — 1 ° C  a n d  +  1 °  C .

A p a r t  f r o m  t e m p e r a t u r e ,  t e e r l i n g  c o n d i t i o n s  a l s o  i n f l u ­

e n c e  /   I a b l e  3 g i u w  t h e  m e a n  I ' ,  a t  I 7C C  w i t h  d i l ' f c r -

T a b le  4. M o n h y s te r a  d is ju n c ta  in m o n o x e n ic  cu l tu res  a t  17° C  : A N -  
O V A  o f  m e a n  d e v e lo p m e n t  t imes w ith  d if feren t  bac te r ia l  s t ra in s  
a s  food  sources .  M e a n  d e v e lo p m e n t  t im e  o f  a  sex in a  replicate  
c u l tu re  w a s  used  a s  th e  bas ic  var iable .  A nalys is  is a c c o rd in g  to  
th e  com p le te ly  r a n d o m iz e d  sp li t-p lo t  des ign ,  in which  bacter ia l  
s t ra in s  a re  th e  m a in  p lo ts ,  a n d  sexes the  sub u n i ts

S o u rc e  o f  v a r ia t ion d f SS M S F

Bacteria
e r ro r

Sex
In te ra c t io n

e r ro r

7
24

1
7

24

7.08
1.32
1.14 
1.29
1.15

1.01
0.05
1.14
0.18
0.05

18.43

23.92
3.85

P < 0 . 0 0 5

P < 0 . 0 0 5
P < 0 . 0 1

T o ta l 63 11.98

T a b le  5. M e a n  Tmin (days)  a n d  9 5 %  co n f idence  in tervals  o f  M . 
d is ju n c ta  fed  7 d if fe ren t  dens i t ies  o f  bac te r ia l  s t ra in  1SC2 in m o n o ­
xenic c u l tu re s  a t  17° C . E ach  m e a n  is based  o n  4  replicate  cu l tu res ,  
each  with  30  n e m a to d e s .  A lso  in d ica ted  is the  %  o f  the  inocu la ted  
n e m a to d e s  t h a t  even tu a l ly  m a tu re d .  U p  to  7.5 day s  o f  age, n o  
m o r ta l i t y  w a s  o b se rv e d  in  th e  cu l tu res

Bacteria l  D en s i ty

IO11 IO 10 5 - IO9 IO9 5- IO8 IO8 IO7

Fem ales
X

Cl
7.61
0.10

7.70
0.14

7.76
0.15

8.01
0.26

8.17
0.28

8.62
0.41

10.55
0.62

M ales
■V

C l
7.61
0.07

7.65
0.10

7.75
0.14

8.58
0.36

8.82
0.36

9.52
0.44

10.21
0.60

%  M a tu r e d 100.0 97.5 100.0 93.3 94.2 86.7 41.7

e n t  b a c t e r i a l  s t r a i n s  a s  f o o d .  A n a l y s i s  o f  v a r i a n c e  ( T a b l e  4 )  
d e m o n s t r a t e s  a  s i g n i f i c a n t  e f f e c t  o f  f o o d  t y p e  o n  T min. T h e  
s e x e s  d i f f e r  s i g n i f i c a n t l y  in  t h e i r  d e v e l o p m e n t  t i m e .  I n  g e n ­
e r a l ,  m a l e s  h a v e  a  s h o r t e r  d e v e l o p m e n t  t i m e ,  a l t h o u g h  t h i s  
t o o  s e e m s  t o  d e p e n d  o n  f o o d  t y p e  (c f .  s i g n i f i c a n t  i n t e r a c t i o n  
b e t w e e n  f o o d  t y p e  a n d  s e x  in  T a b l e  4) .

T a b l e  5 s h o w s  t h e  i n f l u e n c e  o f  b a c t e r i a l  d e n s i t y  ( s t r a i n  
I S C 2 )  o n  T m in a t  17°  C .  A n a l y s i s  o f  v a r i a n c e  ( T a b l e ó )  
s h o w s  a  s i g n f i c a n t  e f f e c t  o f  f o o d  d e n s i t y  a n d  s e x ,  b u t  n o  
s i g n i f i c a n t  i n t e r a c t i o n  b e t w e e n  t h e m .  D o w n  t o  a  b a c t e r i a l  
d e n s i t y  o f  5 -  IO 8 m l "  1 v i r t u a l l y  a l l  n e m a t o d e s  m a t u r e d ,  w i th  
a  T min o n l y  s l i g h t l y  i n f l u e n c e d  b y  f o o d  d e n s i t y .  T h e  f e w  
l o s s e s  a r e  a n i m a l s  w h i c h  c r a w l  o u t  o f  t h e  a g a r ,  s t a y  in  t h e  
w a t e r  f i lm  a t  t h e  b o r d e r  o f  t h e  d i s h ,  a n d  d i e  t h e r e .  T h e y  
c a n  b e  c o n s i d e r e d  t e c h n i c a l l y  i n e v i t a b l e  l o s s e s .  H o w e v e r ,  
a t  IO 8 a n d  ( m u c h  m o r e )  a t  IO 7 b a c t e r i a  m l - 1  p a r t  o f  t h e  
n e m a t o d e s  n e v e r  m a t u r e .  T h e y  l ive  f o r  a  l o n g  t i m e  a s  j u v e ­
n i l e s ,  a n d  e v e n t u a l l y  d i e  b e f o r e  r e a c h i n g  a d u l t h o o d .  C o n s e ­
q u e n t l y ,  t h e y  c a n n o t  b e  i n c o r p o r a t e d  in  t h e  c a l c u l a t i o n  o f  
T min. T h e  e f f e c t  o f  f o o d  d e n s i t y  o n  T min s e e m s  r e l a t i v e l y  
s m a l l ,  b u t  t h i s  i m p r e s s i o n  is,  a t  l e a s t  a t  I O 7 b a c t e r i a  m l  ' .  
p a r t i a l l y  a n  a r t i f a c t .  T h e  e f f e c t  is  s i m i l a r  in  b o t h  se x es ,  
r e s u l t i n g  in  a  q u i t e  c o n s t a n t  s e x  r a t i o  in  t h o s e  a n i m a l s  t h a t  
d o  m a t u r e .

E g g  d e p o s i t i o n  r a t e s  w e r e  s t u d i e d  a t  3° C ,  12°  C  a n d  
1 7 °  C  in  a g n o t o b i o t i c  c u l t u r e ,  a n d  a t  17°  C  in  m o n o x e n i c  
( h i g h  f o o d  d e n s i t y )  c u l t u r e  o n  1S C 2  ( F i g .  1 ) D a i l y  e g g  d e p < >- 

s i t i o n  i s  n e a r l y  c o n s t a n t  i n  t h e  f i r s t  p e r i o d  f o l l o w i n g  m a t u r e  

l \  l h e  l e n g t h  o f  t h i s  p e r i o d  d e p e n d s  o n  t e m p e r a t u r e  a n d
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4
/

IO 60
l im e  ( d a y s  >

/
/

/
/

/
10 15

Tim e (d )

F i g .  1 .  M o n h y s t e r a  d i s j u n c t a  : 
c u m u l a t i v e  c u r v e s  o f  e g g  d e p o s i t i o n  
( n u m b e r  o f  e g g s  p e r  f e m a l e )  v s .  l i m e  
in  ( a )  a g n o t o b i o t i c  c u l t u r e s  a t  3 °  C  
( c l o s e d  s q u a r e s ) ,  1 2 °  C  ( c l o s e d  
t r i a n g l e s )  a n d  1 7 °  C  ( o p e n  t r i a n g l e s ) ,  
a n d  ( b )  i n  h i g h  f o o d  d e n s i t y  
m o n o x e n i c  c u l t u r e s  o n  I S C 2  a t  1 7 °  C .  
N o t e  d i f f e r e n c e s  o f  s c a l e  i n  t h e  Y -  
a x i s  b e t w e e n  t h e  t w o  g r a p h s

T a b l e ó .  M o n h y s t e r a  d i s j u n c t a : A N O V A  o f  m e a n  d e v e l o p m e n t  
t i m e s  w i t h  d i f f e r e n t  b a c t e r i a l  d e n s i t i e s  o f  t h e  s t r a i n  I S C 2  i n  m o n o ­
x e n i c  c u l t u r e s  a t  1 7 °  C .  S a m e  d e s i g n  a s  i n  T a b l e  2

S o u r c e  o f  v a r i a t i o n d f S S M S F

D e n s i t y 6 5 6 .0 9 9 . 3 5 2 1 . 7 4 P <  0 . 0 0 5
e r r o r 21 9 . 0 4 0 . 4 3

S e x 1 2 . 1 2 2 . 1 2 1 0 . 1 2 P c  0 . 0 0 5
I n t e r a c t i o n 6 1 .8 8 0 .3 1 3 . 8 5 n s

e r r o r 21 4 . 4 0 0 .21

T o t a l 5 5 7 3 . 5 4

T a b l e  7 .  E g g  p r o d u c t i o n  o f  M .  d is ju n c ta  ( e g g s / f e m a l e  d a y )  7  d a y s  
a f t e r  a d u l t h o o d  in  m o n o x e n i c  c u l t u r e s  a t  1 7 °  C .  w i t h  d i f f e r e n t  b a c ­
t e r i a l  s t r a i n s  a s  f o o d .  E a c h  m e a n  is b a s e d  o n  4  r e p l i c a t e  c u l t u r e s  
w i t h  3 0  n e m a t o d e s  e a c h .  T h e  n u m b e r  o f  f e m a l e s  i n  e a c h  c u l t u r e  
is  v a r i a b l e

B a c t e r i a l  s t r a i n M e a n S t .  e r r .

I S C 2 3 5 . 1 0 3 . 5 0
E. co l i 3 9 . 5 0 3 . 6 0
M i c o r o c o c c u s  sp. 3 5 .0 0 3 . 9 0
P s .  m a r i n a 4 1 . 7 5 2 . 7 8
P s .  f l u o r e s c e n s 3 8 . 0 0 5 . 5 5
K B l a 5 2 0 . 0 0 0 .9 1

T a b l e  8 .  M o n h y s t e r a  d is ju n c ta .  D e m o g r a p h i c  p a r a m e t e r s  in  a g n o t o ­
b i o t i c  c u l t u r e  a t  3 °  C ,  12°  C  a n d  1 7 °  C ,  a n d  i n  m o n o x e n i c  c u l t u r e  
o n  s t r a i n  I S C 2  a t  1 7 ° C :  R 0 ( d i m e n s i o n l e s s ) ,  r m ( i n t r i n s i c  r a t e  o f  
n a t u r a l  i n c r e a s e ,  d - 1 ). T 0 ( g e n e r a t i o n  t i m e ,  d ) ,  e g g  p r o d u c t i o n  
( n u m b e r  o f  e g g s  p e r  f e m a l e  p e r  d a y ) ,  p r e - a d u l t  m o r t a l i t y  ( % ) .  a n d  
M A L  ( M e a n  A d u l t  L o n g e v i t y ,  d )

P a r a m e t e r A g n o t o b i o t i c  

3 ° C  1 2 ° C 1 7 °  C

I S C 2  

1 7 °  C

R o 111 123 1 0 2 3 0 2
rm 0 . 0 5 8 0 .1 7 1 0 . 2 8 5 0 . 4 2 2

To 8 0 .8 28.1 '16 .2 1 3 .5
e g g  p r o d . 2 .7 5.1 9 . 2 3 2 .3
T m,n f e m a l e 5 2 .3 1 7 .2 1 0 .9 8.1

m a l e 4 7 . 6 1 5 .8 1 1 .0 8 . 0
p r e - a d .  m o r t . 23 14 8 8
M A L  f e m a l e 1 23 4 9 38 2 3

m a l e 201 9 0 54 -

Log (bacterial density) Log (bacteria! density)

F i g .  2 .  M o n h y s t e r a  d i s j u n c t a : r e l a t i o n  b e t w e e n  b o d y  w e i g h t  ( j i g  w e t  
w e i g h t  p e r  i n d i v i d u a l )  a n d  b a c t e r i a l  d e n s i t y  i n  t h e  f o o d  s u s p e n s i o n  
( s t r a i n  I S C 2  a t  1 7 °  C )

fo o d . A lth o u g h  e g g  p ro d u ctio n  ca n  c o n tin u e  a fterw a rd s for  
q u ite  a lo n g  p er io d , th is is o n ly  a m in o r  co n tr ib u tio n  to 
the to ta l rep ro d u ctiv e  ou tp u t. W e  e stim a ted  d a ily  e g g  p ro ­
d u c tio n  as the s lo p e  o f  the lin ear reg ressio n  o f  cu m u la tiv e  
e g g  p ro d u ctio n  o n  tim e, du rin g  the p er io d  th a t th is  fu n ctio n  
w a s linear.

B o th  tem p erature  and  fo o d  have h ig h ly  s ign ifican t e f ­
fects  o n  eg g  d e p o s itio n  ( P < 0 .0 0 1 ). In th e  cu ltu res w ith  
d ifferen t bacterial stra ins a s fo o d  the e g g  d e p o s it io n  w as  
c h eck ed  7 d a y s  a fter  Tmin. T h e  resu lts are su m m a rized  in 
T a b le  7. F o o d  q u a lity  had a sig n ifica n t e ffe c t  (0 .0 0 5  <  P <  
0 .0 1 ). T h is  effect is d u e to  the lo w  e g g  p ro d u ctio n  w ith  
th e  K B 1 A 5  strain  (w h ich  is sig n ifica n tly  lo w er  th an  all the  
o th e r  stra ins: “ T ”  a poster iori test a t  th e  5%  leve l). T h e  
o th er  stra ins w ere n o t sign ifica n tly  d ifferen t from  o n e  a n ­
other .

A d u lt su rv iva l w a s  stu d ied  at 3° C , 12° C  and  17° C  
in  a g n o to b io tic  cu ltu re  and at 17° C in h igh  d en sity  cu ltu re  
w ith  ISC 2. T em p eratu re  and  fo o d  in flu en ce  su rv iva l. In 
g en era l, M ea n  A d u lt  L o n g ev ity  (M A L ) (T a b le  8 ) is inver­
se ly  correla ted  w ith  eg g  p ro d u ctio n . M a le s  liv e  lo n g er  than  
fem ales.

T h e  a b o v e  co n seq u en ces  o f  tem p era tu re  and  fo o d  are  
su m m a rized  in  the d em o g ra p h ic  p ara m eters (T a b le  8 ).

T h e  in flu en ce  o f  food  d en sity  (stra in  IS C 2 ) o n  adu lt 
b o d y  m a ss  (m easured  the seco n d  day  a fter  m a tu ra tio n  using  
A n d r a ssy ’s (1 9 5 6 ) fo rm u la ) is  sh o w n  in  F ig . 2. L o g  (b o d y  
m a ss) is a  linear fu n ctio n  o f  lo g  (b acter ia l d en s ity ), g iven  
by the eq u a tio n s:

lo g ( W ) =  - 1 . 9 5 5  +  0 .2 1 9  lo g (D )  (fem a les)

! o g ( W ) =  —2 .1 4 3  +  0.221 lo g (D )  (m a les)
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T a b l e  9 .  M o n h y s t e r a  d is ju n c ta - .  l i t e r a t u r e  d a t a  o n  c u l t u r e  o f  t h e  
s p e c i e s .  I n d i c a t e d  a r e  t h è  s a l i n i t y  (%<,), t e m p e r a t u r e  ( ° C )  a t  w h i c h  
t h e  c u l t u r e s  w e r e  h e l d ,  a n d  t h e  m i n i m u m  g e n e r a t i o n  t i m e  ( d )  o b ­
t a i n e d  ( m e a n  a n d  r a n g e  o f  t h e  o b s e r v a t i o n s )

S a l i n i t y T e m p . T min ( d ) A u t h o r i t y

S e a w a t e r 2 0 - 2 4 3 0 C h i t w o o d  a n d  M u r p h y  
( 1 9 6 4 )

5 2 0 - 2 2 2 3 ( 1 8 - 2 8 ) v o n  T h u n  ( 1 9 6 8 )
32 2 6 n o  g r o w t h G e r l a c h  a n d  S c h r a g e

( 1 9 7 1 )
3 2 1 7 - 2 2 12 ( 8 - 1 5 ) i d e m
3 2 1 3 - 1 5 15 ( 9 - 2 0 ) i d e m
3 2 9 - 1 2 17 ( 1 3 - 2 4 ) i d e m
3 2 7 2 2 ( 1 4 - 3 2 ) i d e m
3 2 0 - 2 78 ( 7 7 - 8 1 ) i d e m
3 2 - 1 - + 1 131 ( 1 2 8 - 1 3 4 ) i d e m

w here W  is adu lt w et w e ig h t in pg and D  bacteria l d en sity  
(b a cter ia  m l “ 1).

T h e  reg ressio n s are h ig h ly  sign ifican t (F  =  55 .0  and  50 .7  
resp ., w ith  6  and  133 d f; / >< 0 .0 0 1 ) .  S ligh t but s ig n ifica n t  
d e v ia t io n s  from  lin earity  are observed  ( P < 0.001 for  fe­
m ales, 0 .0 2 5  <  P  <  0 .0 5  for m ales). T h ese  are d u e to  the lo w  
v a lu es o b serv ed  at 5■ 10 9 bacteria  m l”

D i s c u s s i o n

M . d isju n cta  has p rev io u sly  been cultured by v o n  T h u n  
(1 9 6 8 ), C h itw o o d  a n d  M u rp h y  (1964). G erlach  and  Schrage  
(1 9 7 1 ). Tmin v a lu es in  th ese  stu d ies are su m m arized  in T a ­
ble 9. W h ereas the v a lu es for Tmin ob ta in ed  in earlier  stu d ies  
are co n sid e r a b ly  h igh er  th an  ou r  values, th o se  o f  G erlach  
and  S ch ra g e  (1 9 7 1 ) co rresp o n d  extrem ely  w ell w ith  ou r  
e q u a tio n  w h ich  p red icts Tmin va lues o f  9 .73  d, 12 .86  d, 
16.37 d , 23.01 d  and  6 5 .9 2  d  at 19.5° C , 14° C , 10.5° C , 7° C  
and  2° C  resp. In co n tra st to  th is g o o d  co rresp o n d en ce  for  rmin, G erla ch  and  S ch rage  (1971) find an eg g  p ro d u ctio n  
d u rin g  her en tire  life tim e o f  o n ly  37 eggs fe m a le " ' 1 at 
1 7 -2 2 °  C . T h is o b ser v a tio n  is puzzling. T h e  d ev e lo p m en t  
tim es in d ica te  sim ilar  c o n d it io n s  for both  (a g n o to b io tic )  
ex p erim en ts. O n e w o u ld  ex p ect to  find a sim ilar eg g  p r o d u c ­
tion  to o , a s d ev e lo p m en t tim e and  egg  p ro d u ctio n  are n e g a ­
tively  correla ted  in o u r  d a ta  set.

It w a s co n c lu d ed  by V rank en  et al. (1984) that M . d is ­
ju n cta  is h igh ly  se lec tiv e  in its  feed in g  h ab its , n o t be ing  
a b le  to  g ro w  o r  rep rod u ce  o n  m o st bacterial stra ins o ffered . 
T h is c o n c lu s io n  becam e q u estio n a b le  after w e ob serv ed  that 
the a d d itio n  o f  a stero l m ixture and  o f  T R IS  bu ffer  greatly  
im p ro v ed  the cu ltu re  o n  IS C 2, the on ly  bacterial strain  that 
a llo w ed  m o n o x e n ic  cu ltu r in g  even  w ith ou t these  ad d itio n s.

T h e  p resent ex p erim en ts confirm  that these  fa c to rs, 
rather th an  the p resum ed  se lec tiv ity , are responsib le.

A d d it io n  o f  T R IS  bu ffer , w ith ou t stero ls , a llo w s  
2 5 -5 0 %  o f  the in d iv id u a ls  (d ep en d in g  on  the bacterial 
stra in  g iven  a s fo o d )  to  m atu re, a lbeit o n ly  a fter  a p p ro x i­
m a tely  15 d ays. W ith  ste ro ls  bu t w ith o u t buffer,- o n ly  ISC 2  
a llo w s  g row th  o f  the n em a to d es . In the E. c o li  agar  d ish , 
the p H  w a s a s lo w  as 3 .7  a fter  tw o  days. M . d isju n cta  d o e s  
n ot su rv iv e  w hen pH  is lo w e r  than  a p p rox im ate ly  6 .5 .

In cid en tly , w e d isco v ered  that the silicate  so lu tio n  add ed  
to  the V la sb lo m  m ed iu m  in  the a g n o to b io tic  cu ltu res w as  
o n ly  usefu l as a pH  buffer .

A lth o u g h  there is  a s ig n ifica n t red u c tio n  in  Tmin a t h igh  
fo o d  c o n c en tra tio n s , M . d isju n cta  is n o t a s flex ib le  in the  
r eg u la tio n  o f  its g en era tio n  tim e a s C a e n o rh a b d itis  b rig g sa e  
(S ch iem er  1 9 8 2 a , b ). W ith  a ( lo w ) fo o d  d en s ity  o f  2 -IO 8 
b a cter ia  m l - 1  the  Tmin o f  th e  la tter  sp ec ies  is m o re  than  
th ree  t im es as lo n g  a s w ith  a  h ig h  fo o d  d en s ity  (IO 11 b a c te ­
ria m l - 1 ). T h is factor  is o n ly  1.4 in o u r  ex p erim en ts. P ro b ­
a b ly  w e  did  n ot in c lu d e  th e  very lim itin g  fo o d  d en s ity  in 
th e  ex p erim en ta l series, a lth o u g h  M . d is ju n c ta  d id  n o t su r­
v iv e  a t 5 IO6 bacteria  m l - 1 , a n d  a t IO7 b a cteria  m l“ 1 on ly  
h a lf  th e  in d iv id u a ls  reached  a d u lth o o d .

O n  th e  o th er  h a n d , w e  o b serv e  an  e n o r m o u s  flex ib ility  
in  th e  ad u lt b o d y  m a ss  o f  M . d isju n cta . A d u lts  reared at 
IO11 b a cteria  m l - 1  are a b o u t 7  t im es a s h ea v y  a s a d u lts  
reared near the lim itin g  fo o d  d en sity . T h is  is a m u ch  larger  
v a r ia b ility  th an  in  C . b r ig g sa e  (S ch iem er  1 9 8 2 a ) , w h ere  w et 
w e ig h t a t 5 -IO 10 b a cteria  m l - 1  is 1 .4  tim es the w e t  w e ig h t  
a t  5 .IO 8 bacteria  m l - 1  (u s in g  ou r  regression  e q u a t io n s  to  
in te rp o la te , w e  arrive a t a  fa c to r  2 .7 4  for  ex a ctly  th e  sam e  
ra n g e  in  M . d isjun cta). In  the a g n o to b io tic  cu ltu res  both  
T min a n d  a d u lt b o d y  w e ig h t w ere  sim ila r  to  th o se  ob ta in ed  
at IO7 IS C 2  m l" 1.

D a ily  eg g  p ro d u ctio n  rate  in a g n o to b io t ic  cu ltu res  is
3 .5  t im es  low er  th a n  in o p tim a l m o n o x e n ic  c u ltu res . T he  
p er io d  o f  e g g  p ro d u ctio n  is so m e w h a t lon ger, r esu ltin g  in 
a 3 -fo ld  d ifferen ce  in  R 0. H o w ev er , a s  Tmin d o e s  n o t ch a n g e  
very d ra stica lly , rm d iffers o n ly  by  a fa c to r  1.5. T h e  total 
p r o d u ctio n  o f  a fem a le  d u rin g  her life tim e  (so m a tic  and  
e g g  p r o d u ctio n ) d iffers by  a fa c to r  3 .75.

A p p a ren tly , M . d is ju n c ta  is n o t a s  g o o d  in  ta k in g  a d v a n ­
ta g e  o f  a b u n d a n t fo o d , a s C a en o rh a b d itis  b rig g sa e  o r  even  
P le c tu s  p a lu s tr is . A t h ig h  fo o d  d en sity , a larger p ro p o r tio n  
o f  a fe m a le ’s p ro d u ctio n  du rin g  her life tim e  is ch a n e lled  
in to  so m a tic  p ro d u ctio n  (a ro u n d  30%  a t IO11 bacteria  m l " \  
c o m p a r ed  w ith aro u n d  11%  a t IO7 b a cteria  m l- 1 , n eg lec t­
in g  th e  so m a tic  p r o d u ctio n  from  2 d a y s  after  m a tu ra tio n  
o n w a rd s in b o th  cases). T h e  larger b o d y  size  d o e s  n o t  result 
in  h ig h er  su rviva l p ro b a b ilitie s  (o n  the co n tra ry , M A L  is 
sh o rter ) n o r  in a b etter  v ia b ility  o f  the eg g s. It seem s to  
be o n ly  a b y -p ro d u ct o f  the fact that d e v e lo p m en t into  
an  a d u lt  takes a  certa in , relatively  u n flex ib le , m in im um  
tim e. E xtra energy  b e c o m in g  a v a ila b le  d u rin g  th is period  
is c h a n e lle d  in to  extra b o d y  m ass, bu t w ith o u t a n y  app arent  
a d a p tiv e  reason .

T h is  co u ld  in d ica te  that M . d isju n cta  is a d a p ted  to  low er  
fo o d  lev e ls  in  natu re  th a n  the sp ec ies stu d ies by Sch iem er  
(1 9 8 3 ). T h e  m in im al co n cen tra tio n  o f  b acteria l ca rb o n  at 
w h ich  it ca n  su rv ive  is 0 .0 0 6  m g  d w t m l“ 1. T h is  is 1 /4th  
o f  the v a lu e  for  P . p a lu s tr is  and  1 /1 6th  o f  th a t for C . b rig g ­
sa e .  N o n eth e le ss , M . d isju n cta  ca n  m a in ta in  a relatively  
h igh  rm a t lo w  fo o d  c o n c en tra tio n s . rm in the a g n o to b io tic  
cu ltu res is a b o u t eq u a l to  the r m o f  P . p a lu s tr is  in  o p tim al 
cu ltu re  c o n d it io n s  (th e  rm o f  C. b rig g sa e  in o p tim a l c o n d i­
tio n s  is 4  tim es h igher).

E gg  p ro d u ctio n  rate to o , d o e s  n ot seem  to  d ep en d  as 
s tr o n g ly  on  fo o d  d en s ity  as it d o es  in C. b rig g sa e . A d u lt  
b o d y  g ro w th  (i.e . b o d y  g ro w th  after  m a tu ra tio n ) is m uch  
m o re  im p o rta n t in  h igh  fo o d  d en s ity  cu ltu res th an  in low  
d en s ity  cu ltu res (G . V ra n k en , p erson a l o b ser v a tio n ). T his  
m a y  a lso  be a b y -p ro d u ct o f  a rela tive ly  fixed e g g  p ro d u c­
t io n  rate: w h ereas so m a tic  g row th  in th e  ju v e n ile  phase  
in crea ses  by a fa c to r  7 o v er  th e  d en s ity  range stu d ied , egg  
p r o d u ctio n  rate increases o n ly  by a fa c to r  3 .5 .

In M . d isju n cta , w h ich  seem s to  be a d a p ted  to  a (rela­



tively ) low er fo o d  d en sity  regim e, the p ro p o rtio n  o f  eg g  
p ro d u ctio n  in the to ta l {egg +  so m a tic )  p rod u ctio n  d u rin g  
a fem a le 's  life tim e  decreases w ith increasin g  fo o d  d en s ity .

T h e  reverse is true for C. briggsae . w here the p ro p o r tio n  
d e v o te d  to  eg g  p ro d u ctio n  raises from  76%  to  84 %  o v er  
a fo o d  d en s ity  range from  IO8 to  IO10. In P. p a lu s tr is  the  
p ro p o rtio n  rem ains co n sta n t at a b o u t 70% .

A lth o u g h  so m e  sp ec ies  are m ore variab le  th an  o th e r s  
in their life h isto ry  param eters, it is n o w  clear that n e m a to d e  
p o p u la tio n s  are ca p a b le  o f  co n sid erab le  flex ib ility . W h eth er  
th is flex ib ility  is in itse lf  ad a p tiv e , p rob ab ly  d ep en d s on  
the p articu lar sp ec ies . In sp ec ies liv in g  in tem p orary  e n v i­
ron m en ts. su ch  a s the p o ly sa p ro b ic  C . b rig g sa e , flex ib ility  
is very m uch  n eed ed . T h e  sp ecies is o n ly  c o m p e tit iv e ly  su p e ­
rior a t high bacteria l d en sities (S ch iem er 1983). It m ust  
be a b le  to  p ro fit as m uch  as p o ssib le  o f  these  c ircu m sta n ces. 
P ro b a b ly  for sp ec ies  norm ally  liv in g  in less en r ich ed  e n v i­
ro n m en ts. th is ex trem e flex ib ility  is less ca lled  for.

F lex ib ility  is im p o rta n t if  w e w a n t to  d raw  g en era l c o n ­
c lu s io n s  a b o u t energy  transfer th rou gh  n e m a to d e  p o p u la ­
tio n s from  our cu ltu re  data . O f  cou rse , th is c o n c lu s io n  m a y  
be b iased , sin ce  lab  cu ltu rin g  m e th o d s tend  to  se lec t for  
the m o st versatile  (“ w e e d ” ) sp ecies . A n y w a y , w e sh o u ld  
keep  th is  versa tility  in m ind. In p rev io u s c o m p ila t io n s  (H e ip  
et a l. 1 9 8 5 ;  V ran k en  et a l. 19 8 6 )  w e have used  the a g n o to ­
b io tic  cu ltures a s the best a p p ro x im a tio n s  o f  field  c o n d i­
tio n s . H o w  can  w e be sure abou t their va lid ity ?  C o m p a riso n  
o f  bacteria l d en s itie s  in sed im en ts w ith  th o se  in agar  c u l­
tures is not usefu l a s a b asis for ju s tif ic a tio n : in d iv id u a l 
size, n u tritio n a l v a lu e  and  a v a ilab ility  to  grazin g  o f  the b a c ­
teria m ay be very d ifferen t. T h u s w e still rem ain in a s itu a ­
tion  w here the ch a racteristics o f  field  p o p u la tio n s  are, at 
best, a p p ro x im a ted  by ou r  cu ltures, but rem ain largely  u n ­
kn ow n .

In the m ean tim e, gen era liza tio n s such  a s g iven  by V ra n ­
ken et a l. (1986). rem ain  usefu l but a lso  d a n g ero u s to o ls .

A c k n o w  le d g e m e n ts .  T h i s  r e s e a r c h  w a s  s u p p o r t e d  t h r o u g h  t h e  C o n ­
c e r t e d  A c t i o n s  O c e a n o g r a p h y  o f  t h e  M i n i s t r y  o f  S c i e n t i f i c  P o l i c y .  
g r a n i  2 . 9 0 0 7 . 8 2  f r o m  t h e  F u n d  o f  C o l l e c t i v e  F u n d a m e n t a l  R e ­
s e a r c h  o f  B e l g i u m  a n d  t h r o u g h  g r a n t  E N V - 7 6 7 - B  o f  t h e  C E C .  
P . H e r m a n  a n d  C .  H e i p  a c k n o w l e d g e  a  g r a n t  f r o m  t h e  B e l g i a n  
N a t i o n a l  F u n d  f o r  S c i e n t i f i c  R e s e a r c h  ( N F W O ) .  W e  t h a n k  R u d y  
V a n d e r h a e g h e n .  K r i s  V e r s c h r a e g e n  a n d  G u i d o  M a n d e l i n g s  f o r  
h e l p  w i t h  t h e  c u l t u r e s  a n d  o b s e r v a t i o n s .
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Sum m ary. A n  en erg y  budget w as co n stru cted  for the m arin e  
n em a to d e  M o n h y ste ra  disjuncta. R esp ira tion  w as m easured  
w ith  a m odified  C artesian  diver tech n iq u e, in w h ich  the  
n em a to d es w ere kept in agar inside the d iver 'h ea d '. T h e  
rela tion sh ip  b etw een  respiration  and  b o d y  w eight w as: R  
=  1.53 W 0,75. B o d y  g row th  w as e x p o n en tia l d u rin g  the j u ­
ven ile  phase, w ith  a g row th  rate equa l to  0.61 d " 1. A fter  
m atu ra tio n  th e  g ro w th  rate fell to  0 .17  d _ 1 . F o o d  u p tak e  
w a s m easured  in  experim en ts w ith rad io lab eled  bacteria . 
In o n e  series o f  experim en ts the a ccu m u la tio n  o f  rad io lab el 
in  the n em a to d es w as fo llow ed . In a se c o n d  series the d e ­
crease  in la b e lin g  w a s fo llow ed  w h en  pre-lab eled  n em a to d es  
fed o n  un labeled  bacteria . A  m odel for label u p ta k e  p erm it­
ted  the ca lcu la tio n  o f  a ssim ila tion  effic iency  and  c o n su m p ­
tio n  rates. C o n su m p tio n  rates thus m easu red , co rresp o n d  
w ell to  th o se  ca lcu la ted  from  the grow th , rep ro d u ctio n  and  
resp ira tion  rates. A ssim ila tio n  efficiency w a s lo w , a ro u n d  
25% . P ro d u ctio n  efficiency ( P/ { P +  R))  w a s h igh : 60%  for  
the p o p u la tio n  at sta b le  age d istr ib u tion , a n d  up to  75%  
for rep rod ucin g  fem ales. T his seem s to  be a g en era l featu re  
in  nem atod es.

K ey words: N e m a to d e s  -  M eio b en th o s  -  E n ergy-flow  -  R e s­
p ira tio n  -  F eed in g

A lth o u g h  they are sm all and in c o n sp icu o u s a n im als, the  
o ften  very h igh  d en sitie s  (in the order o f  IO6 m - 2 ) o f  m arin e  
n em a to d e s  m a k e  th em  a  p o ten tia lly  im p o rta n t c o n stitu e n t  
o f  th e  b enth ic  fo o d  chain . It is still d ifficu lt to  qu an tify  
th is  im portance. A  num ber o f  sp ec ies ha v e  been  cu ltu red ;  
o n  the basis o f  th ese  d a ta  w e have p ro p o sed  a n  a p p ro x im a te  
rela tion sh ip  to  estim a te  yearly p ro d u ctio n  figures (V rank en  
et al. 1986). H o w ev er  w e possess a very lim ited  d a ta  b ase  
to  estim ate  th e  a ss im ila tio n  rate or  a ss im ila tio n  effic iency  
o f  m arin e nem atod es.

T ietjen  (1980) p resen ts energy b u d g ets o f  three m arin e  
sp ec ies . T he exp erim en ta l data  on  w h ich  th ese  b u d g ets  w ere  
based  w ere, to  ou r  k n o w led g e, never d eta iled . A d m ira a l  
et al. (1983) g iv e  a grazin g  rate for the h erb iv o ro u s sp ec ies  
E u d ip lo g a ster  pararm atu s. C arbon in ta k e  w a s e stim a ted  as
1.7 tim es the n em a to d es’ ow n  b o d y  w e ig h t per day . T h is  
very h ig h  in ta k e  h a d  n o  significant in fluence  o n  the d ia to m  
s ta n d in g  sto ck  in  nature.

W arw ick  (1981) con stru cted  an  en erg y  b u d g e t for a  m a r­
in e  n em a to d e , D iplo la im ello ides bru cie i. A s  in  o th e r  (n o n ­
m arin e) n em a to d es, he found a very h igh  p r o d u ctio n  effi-

* Offprint requests to: G. Vranken

c ien cy  (P ro d u c tio n /(P ro d u c tio n  +  R esp iration)) in th is sp e ­
cies. E g g -la y in g  fem ales esp ec ia lly , had an effic iency o f  a r ­
o u n d  90% .

M o re  d a ta  are a v a ila b le  o n  freshw ater sp ecies , e sp ec ia lly  
from  h igh ly  sa p ro b ic  en v iro n m en ts. E nergy b u d g ets  w ere  
d eta iled  for P e lo d era  sp. (M arch an t and  N ic h o la s  1974), 
P le c tu s  p a lu s tr is  (D u n c a n  et al. 1974), P a ro ig o la im ella  b e r ­
nensis, D ip lo g a s te r itu s  n u d ica p ita tu s  and  R h a b d itis  cu rv ica u ­
d a ta  (W o o m b s a n d  L a yb ou rn -P arry  1985).

A  b u d g e t for C a en o rh a b d itis  b rig g sa e  (N ic h o la s  et al. 
1973) d id  n o t co rresp o n d  to  la ter  o b serv a tio n s o n  th is s p e ­
c ie s  (S ch iem er  1983).

T h e se  s tu d ie s  all in d ica te  that n em a to d es in g en era l h a v e  
high  to  very  h ig h  p ro d u ctio n  efficiencies, and  lo w  a ss im ila ­
t io n  effic ien cies . T h eir  overa ll e co lo g ica l efficiency (p r o d u c ­
t io n /to ta l fo o d  u p take) w o u ld  therefore n o t be very large, 
d esp ite  the h igh  p r o d u ctio n  efficiencies.

B ased  o n  field  e stim a te s  o f  p ro d u ctio n  and  resp ira tio n  
o f  m e io b en th ic  cru sta cea n  p o p u la tio n s , w e  form erly  (H e r ­
m an  et al. 1984) pu t forw ard  the h y p o th esis  that a p r o d u c ­
t io n  e ffic ien cy  o f  a b o u t 0 .4  w o u ld  be a  rea so n a b le  figure  
for m e io b en th ic  p o p u la tio n s . W e im p lic itly  q u estio n ed  the  
very h igh  figu res (0 .6 -0 .9 ) foun d  in la b o ra to ry  stu d ies  (at 
o p tim a l cu ltu re  c o n d itio n s) o f  (m ain ly  sem i-a q u a tic  o r  fresh ­
w ater) free -liv in g  n em a to d es. T h ese  stu d ies , h o w ev er , are  
very c o n s is te n t  in  their (extrem e) co n c lu sio n s . W e d ec id ed  
to  p u t o u r  prejud ices to  th e  test w ith  M . d isju n cta , a  sp ec ies  
w h ich  w e ex ten siv e ly  stu d ied  w ith  regard to  d em o g ra p h y  
(H erm a n  et al. 1984; V ra n k en  and  H eip  1986; V rank en  e t  al. 
1988). T h e  s tu d y  o f  its  en erg etics  w as co m p leted  by  m e a su r ­
ing  resp ira tio n  a n d  fo o d  u p take.

N e m a to d e  gra zin g  rates in  the field are hard ly  k n o w n  
a t all. M o n ta g n a  (1984) m a d e  direct m easu rem en ts, in d ic a t­
in g  th a t n e m a to d e  gra zin g  m a y  b e  q u a n tita tiv e ly  u n im p o r ­
ta n t for the sed im en t bacteria . Indirect a ssessm en ts o f  the  
in flu en ce  o f  n e m a to d e s  o n  th e  sed im en t m icr o b io ta  o n  the  
o th er  han d , in d ica te  th a t they  m ay h a v e  a  c o n sid era b le  im ­
p act. T h e  m ea su rem en t o f  a ss im ila tio n  effic iency p erm its  
an  e v a lu a tio n  o f  th e  im p a ct o f  n em a to d e  gra zin g  o n  the  
b acteria . T h is  w o u ld  m a k e  it p o ss ib le  to  ev a lu a te  if  g r a z in g  
per se, rather  th an  b io tu rb a tio n  o r  nutrient ex cretio n , c o u ld  
p r o v o k e  th e  ex p erim en ta lly  m easured  in fluences.

M aterial and methods

M . d is ju n c ta  w a s  cu ltu red  m o n o x e n ic a lly  w ith  th e  A lte r o ­
m onas h a lo p la n k tis  stra in  ‘I S C 2 ’ (bacteria l d en s ity  a b o u t  
IO11 ce lls  m l - 1 ) a s fo o d . C u ltu re  m e th o d s are  d escr ib ed  
in  V ra n k en  e t  al. (1988).
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R esp ira tion  rates w ere m easured  at 17° C  w ith  C artesian  
D iver resp irom etry (K lek o w sk i 1971). S to p p ered  divers (gas  
v o lu m e  1 pi) w ere filled w ith  sterile  b a c to -a g a r  in arlifical 
sea  w ater in the fo llo w in g  w ay. T h e  d iver ‘ h ea d s ' were pre- 
filled w ith h ot sea w ater. B o ilin g  agar  w as p ou red  in a petri 
dish , and by use o f  a m o u th  p ip ette  the sea  w ater in the  
diver w as rep laced by fluid agar. T h e  d iver w as then  trans­
ferred in to  c o ld  sea w ater; the agar  b eca m e q u ick ly  so lid . 
M ost agar  str ick in g  to  the o u ter  surface and  inside the diver  
'n e ck ' w as rem oved  w ith  the p ipette. T he d iver w as then  
transferred into  h o t sea  w ater a ga in , and  the rest o f the  
agar, except in sid e  the d iver head , carefu lly  rem oved . F in a lly  
it w as put in co ld  sea  w ater, and  th e  n em a to d es  w'ere in tro ­
du ced  into  the agar w ith  a fine needle. T he n em a to d es were  
precleaned by lettin g  them  craw l arou n d  in sterile agar. 
A n im als in o n e  d iver w ere taken  o u t o f  the sam e coh o rt. 
In all exp erim en ts relatively  y o u n g  a n im a ls  (juveniles up 
to  2 nd d a y  adu lts) w ere used. 8 - 1 0  n em a to d es  per diver  
w ere used togeth er.

T h e n em a to d es m o v ed  arou n d  in th e  agar  in qu ite  the  
sam e w ay as in th e  cu lture dishes. A t the en d  o f  an exp eri­
m ent the d iver w as pu t in h ot sea  w ater a ga in . T h e  heat 
m elted  the agar and killed  the n em a to d es. T h ey  w ere p ip et­
ted  o u t o f  the d iver a n d  b ro u g h t o n to  an object slide. B ody  
len gth  and m axim al w id th  w ere m easured  to  g ive  an e s t i­
m ate o f  bod y m ass by A n d r a s s y i  (1956) form ula.

W ith in  a sp ecies , resp iration  rate is u su a lly  an  a llom etric  
fun ction  o f  b o d y  m ass, w ith  an e x p o n e n t b o f  a b o u t 0.75. 
C o n seq u en tly , w h en  several ind iv id u a ls' are used  in o n e  
m easurem ent, it is n o  g o o d  practice  to  ta k e  their m ean  
o r  to ta l b io m a ss as m easurem ent o f  their w eight.

W arw ick and  Price (1979) so lv e d  th is p ro b lem  by tak in g  
Zj- J/.° 75 (w h ere V¡ w a s the v o lu m e  o f  in d iv id u a l i) as a m ea ­
su re o f  the b io m a ss  in o n e  diver. W e determ in ed  the e x p o ­
nent b iteratively  by  ca lcu la tin g  the reg ressio n  o f  lo g (R )  
(w here R  is the resp ira tion  m ea su red  in a d iver) on  
lo g (Z , W b) (w here W¡ is the w et w eigh t o f  th e  z-th ind iv idu al 
in  that diver) and v a ry in g  b  un til th e  s lo p e  o f  the regression  
equ a lled  1. T h e  proced ure is ju stified  by the fo llo w in g  rea­
so n in g : if  th e  resp iration  rate  R¡ o f  an in d iv id u a l n em atod e  
is g iven  by R¡ — a W b th en  th e  to ta l resp ira tio n  in a d iver  
is R = a I ¡ W b, and  lo g  R  =  lo g  a  +  lo g (Z (- W b) w here the  
s lo p e  can  be seen  to  eq u a l 1.

F or th e  feed ing exp erim en ts bacteria  w ere grow n  in 
heart in fusion  broth  (D IF C O : 1.25 g  in  50 m l artificial see- 
w ater) for 24  h. T h ey  w ere h a rvested  by  cen trifu gation  and  
resusp en ded  in 4 0  m l artificial sea w a ter , to  w h ich  a sm all 
a m o u n t o f  heart in fu sion  broth  and  50 pC i 14C -g lu co se  
(A m ersh am , 27 0  m C i/m m o l) w ere add ed . A fter  in cu b a tio n  
for an oth er  24 h the bacteria  w ere harvested , w ashed  and  
resusp en ded  in a p p ro x im a te ly  1 m l artificial seaw ater.

T h is proced ure resu lted  in a better  la b e lin g  th an  a d d in g  
the label d irectly  to  the heart in fu sion  broth , presum ab ly  
d u e  to  su b stra te  co m p e tit io n . B acteria l d en sity  in the feed ­
in g  su sp en sio n  w a s m easu red  e ith er  in  a P etroff-H au ser  
c o u n tin g  ch am ber or by  p la te -co u n tin g . B o th  m eth o d s  
y ielded  a p p ro x im a te ly  the sa m e  results. T h e  la b e led  bacteria  
w ere add ed  to  sterile  a g a r  d ish es in the sa m e  w ay a s in 
th e  o th er  experim ents.

E xperim en ts w ere perform ed w ith  n e m a to d e s  aged  7.5 
a n d  11.5 d  (m easured  from  th e  m o m en t o f  eg g -lay in g). T h e  
exp erim en ts co n sisted  o f  tw o  series. In  th e  first, 100 (or  
50  in case  o f  adu lt fem ales) a n im a ls  w ere  transferred from  
‘c o ld ’ cu ltures to  cu ltures w ith  la b e led  bacteria , in cu b ated

for a variab le  tim e, and  then transferred to  sterile  b a c to -  
agar. In the se c o n d  series, n em atod es w ere in cu b ated  w ith  
labeled  food  for at least 6  h, transferred to  sterile  agar, and  
th en  to  agar  c o n ta in in g  un labeled  bacteria. After in cu b a tio n  
for a variab le  tim e, th ey  w ere transferred back  in to  sterile  
agar.

In both  series the n em a to d es w ere transferred im m ed i­
a te ly  from  th e  ster ile  agar  in to  a d rop  o f sterile d istilled  
w ater in a sc in tilla tio n  vial. F or O h tim e exp erim en ts in 
the se c o n d  ser ies, the a n im a ls  w ere n ot incubated  w ith u n la ­
beled  bacteria , but transferred d irectly  from  the sterile  agar  
in to  a sc in tilla tio n  v ia l. It to o k  a p p rox im ate ly  10 m in  to 
transfer 100 n em a to d e s  tw ice.

T o  th e  sc in tilla tio n  v ia l w ith  the n em a to d es 1 ml o f  L u- 
m a so lv e  (L u m ac, 3 M ) w a s add ed  u p on  com p letio n  o f  the  
transfer. A ter  d ig e stio n  10 m l o f  L ipolum a (L um ac, 3 M )  
w a s a d d ed  as sc in tilla tio n  liq u id . Sc in tilla tion  w as co u n ted  
in a B eck m an  liq u id  sc in tilla tio n  co u n ter  for 3 x  5 m in.

F o r  each  ex p er im en t 10 pi o f  the bacterial su sp en sio n  
w a s d ig ested  a n d  its sc in tilla tio n  cou n ted . T he bacterial d e n ­
sity  in the su sp en s io n  w as determ ined . T his y ie ld ed  th e  
nu m ber o f  c o u n ts  per b a cteria l cell, w h ich  was su b seq u en tly  
used  to  ex p ress th e  la b e lin g  o f  the n em atod es in n u m b ers  
o f  bacteria  per n em a to d e .

T h e  dry w e ig h t o f  th e  bacteria  w a s determ ined o n  a 
M ettler  M E  22  m icr o b a la n c e  (precision  0.1 pg). 10 a lu m in ­
ium  m icro tra y s w ere  d r ied  at 110° C  for 2 h, p la ced  in  a 
d esicca to r , a n d  p rew eigh ed . F iv e  o f  them  were filled w ith  
10 pi b acteria l su sp en s io n , a n d  five w ith  artificial sea w a ter . 
D ry  w eigh t w a s d e term in ed  after drying (2h  at 110° C ) a n d  
c o o lin g  in a d esicca to r . T h e  w eight o f  10 pi bacterial su sp e n ­
s io n  w a s c a lc u la ted  as th e  difference betw een the m ea n  
w eig h ts o f  th e  tw o  series. B acteria l density  w as d eterm in ed  
and  the m ean  w eig h t o f  a  bacteria l cell calculated .

A  g ro w th  cu rv e  for th e  n em a to d es w as con stru cted  by  
sa m p lin g  a n im a ls  o f  d ifferent a g es from  different co h o r ts .

O n e  c o h o r t  w a s sa m p led  o n ly  o n ce , assuring in d ep en ­
d en ce  o f  th e  errors a t  d ifferent ages. A  logarithm ic  g ro w th  
curve

W =  W0 e m'

w as fitted  to  th e  data .
T h e  fo llo w in g  c o n v e r s io n  factors w ere used for the c a lc u ­

la tio n s  (after S ch iem er , 1 9 8 2 a , b, and  references therein ): 
dry w eig h t =  15%  o f  fresh w e ig h t; 1 g  dry w eight rep resents  
25 kJ ; an  o x y c a lo r ic  co effic ien t o f  20.2 J per m l 0 2 is a s ­
su m ed .

A m o d el f o r  la b e l u p ta k e

A  m o d e l w a s c o n str u c ted  to  d escrib e the rad io lab el u p ta k e  
and  ex cretio n  by  th e  n em a to d es . It w a s assum ed  that th e  
c o n te n ts  o f  th e  g u t are h o m o g e n ise d  co n tin u o u sly . T h is  a s ­
su m p tio n  is ju stified  by  the co n sta n t viv id  m o tio n  o f  th e  
gu t c o n te n ts  w h ich  c a n  be ob served  in liv in g  n em a to d es. 
W e further a ssu m ed  th a t per tim e unit a  co n sta n t p r o p o r ­
t io n  o f  th e  g u t c o n te n t  is in corp orated  in to  the b o d y  and  
a c o n sta n t p r o p o r tio n  is excreted  as faeces. In g estio n  rate  
is a lso  a ssu m e d  to  b e  c o n sta n t.

T h e  a m o u n t o f la b e l  in  th e  gu t is then  d escrib ed  by:

=  —i G —f G  +  U  (1)
d t
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whero G =  a m o u n t o f  label in the gut co n ten t (b a c ter ia /n e ­
m atode).

/ =  rate o f  in co rp o ra tio n  in to  the body, ex p ressed  a s a 
fraction  o f  the gut co n ten t (h " ').

ƒ  =  d e fa eca tio n  rate, expressed  as a fra ctio n  o f  the g u t 
co n ten t (h " 1 )

U  =  u p tak e  rate (bacteria n e m a to d e ’ 1 h _ l ).

S o lv in g  th is eq u a tio n  yields:

G =
U

U + J )

' in

w h en  i is rela tive ly  large. G b e c o m es co n sta n t:  

U
G , =

i + f

(2 )

(3)

T h e a m o u n t o f  label in corp orated  in to  the b o d y  in crea ses  
d u e  to  in co rp o ra tio n , and d ecreases d u e  to  resp ira tio n :

cIL

d t
=  i G  -  vL (4)

w here

L  =  a m o u n t o f  label in the tissu es (b a c t./n em a to d e )  
r — resp iration  rate, expressed  as a fraction  o f  the b o d y  

label ( h ~ l ).

T h e so lu tio n  o f  eq. 4:

r _  i U  ( \ - e ~ r,\ i i U  +

~ i + f \  r  j + / + / \  i + f - r ~
(5)

can  be sim plified  by o b serv in g  that r  is tw o  o rd ers o f  m a g n i­
tu d e  low er than  ( / + ƒ )  (see results): r % 0.008 w h erea s  
i + f  ~ 0 .5 .  N e g lec tin g  i\  eq. 4 reduces to:

d L  n
r  = lD (i t

and  eq. 4  b ecom es:

L  =  , — A U t ~ G ) .  
‘ + J

(6 )

(7)

T h e to ta l a m o u n t o f  label fo u n d  in  a n e m a to d e  a t tim e  
f w ill be:

L +  G A g  ^
i + f  i + f

(8)

w h ich  is a lin ear fun ction  o f  tim e as s o o n  as G (f) a p p ro a c h e s  
its eq u ilib riu m  v a lu e  G r . T h e  in tercep t a a n d  th e  s lo p e  
b o f  th is  lin ear fun ction  will be:

a  — G  - ƒ

i + f

h=TTf=iG*-
T h e  seco n d  series o f  exp erim en ts (ra d io la b el ex cr e tio n ) is 
sta r ted  w ith  n em a to d e s  h a v in g  an  a m o u n t G 0 a n d  L 0 o f  
rad io la b el in  their g u t and  tissu es, r esp ectiv e ly . D u r in g  the  
c o u rse  o f  the exp erim en t the gu t c o n te n t is d escr ib ed  by:

d  G
- j j = - ( ' + . / )  G 

G =  G o í’ ~(H f ".

F or th e  label in corp orated  in to  the tissu es we have:

L  « U -  U

T h e  to ta l a m o u n t o f  rad io lab c! per n em a to d e  is:

10)

L +  G — L q +
i G ( ƒ

i + f  ' i + f
2)

F ittin g  th is fu n ction  o f  the form  Y = u  +  v e  w ith n o n ­
linear fittin g  m eth o d s (S n ed ecor  a n d  C o ch ran . 1967) g ives  
an  e stim a te  o f  i + f .  T h e  o th er  p aram eters relate to  the p a rti­
cu la r ities  o f  the exp erim en t (L 0 and  G0) and  the e stim a tes  
o f  their v a lu es are n o t relevant. T h e  estim a te  o f  i +  f .  to g e th ­
er w ith  the estim a tes o f  a  and  b from  the first ex p erim en t, 
perm it the ca lcu la tio n  o f  /, f  G.  U.  and  o f  the a ss im ila tio n  
effic iency , i/(i +  ƒ  ).

Results

R esp ira tio n

F igu re  1 sh o w s the resu lts o f  the resp iration  m easurem ents. 
lo g (R ), w h ere  R  is the to ta l resp iration  in o n e  diver, is p lo t­
ted  a g a in st log (r ,- ITf). w here W¡ is th e  w eigh t o f  an im al 
i in  th e  d iver, b w as itera tive ly  determ ined . Iron ica lly , b 
turned  o u t to  equa l ex a ctly  0 .75 . T h u s W arw ick and Price’s 
(1978) m eth o d , w h ich  a ssu m ed  b =  0 .75 , w ou ld  ha v e  g iven  
id en tica l resu lts! a, the  coeffic ien t o f  m eta b o lic  in ten sity  in 
the e q u a tio n  R  =  a W b, eq u a lled  1.53 (w here R is expressed  
in nl 0 2 h - 1  a n d  W  in pg  ww t). R esp ira tion  w as 0 .7%  o f  
the b o d y  w eig h t h _1 for 15 pg  w w t a n im als, and  1.3%  h~ 1 
for 0.1 p g  w w t an im als.

T h ese  sm a ll va lues ju stify  the n eg lec tio n  o f  the resp ira­
tio n  rate  in th e  m o d e l for rad io la b el uptake.

G ro w th

T h e  g ro w th  d a ta  are sh o w n  in F ig. 2. It can  read ily  be 
seen  th a t th e  ju v en iles  had  e x p o n e n tia l b o d y  grow th . A s  
so o n  as the an im a ls m atured , h ow ever, g row th  slo w ed  
d o w n .

T h e  fact that m ales w ere sm aller  than  fem ales, but had  
the sa m e  g ro w th  rate betw een  a g e s  10 and  12 days, can  
b e  ex p la in ed  by their earlier  m a tu ra tio n  (see  V rank en  et al. 
1988). T h e  in sta n ta n eo u s g ro w th  rate o f  the ju v en iles  
eq u a lled  0.61 d _ 1 . F or m a les and  fem ales a lik e, it eq u a lled  
0 .17  d _ 1 b e tw een  d a y s 10 and  12.

(9) F eeding

T h e resu lts o f  th e  feed in g  exp erim en ts are sh o w n  in  F ig . 3 
(first series: u p ta k e  experim en ts) a n d  in  F ig . 4  (seco n d  series: 
ex cretio n  experim en ts). In th ese  figures the fitted  cu rv es are  
a lso  sh o w n . T h e  estim a tes o f  the m o d e l p a ram eters, ca lc u ­
la ted  from  th ese  fitted  curves, are g iv en  in  T a b le  1.
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F i g .  1. M o n h y s t e r a  d is ju n c ta '.  l o g - I o g  r e l a t i o n  b e t w e e n  r e s p i r a t i o n  
in a d i v e r  [X¡ R ,  w h e r e  i d e n o t e s  t h e  i n d i v i d u a l s  in  t h e  d i v e r )  a n d  
t h e  s u m  o f  t h e  t r a n s f o r m e d  i n d i v i d u a l  w e i g h t s  (£,- W ¡ ° - ' 5). R  in  
n i  ( ) 2 h W  in  | i g  w w t .  E x p e r i m e n t s  w e r e  c o n d u c t e d  a t  17°  C .  
S e c  t e x t  f o r  d e t a i l s  o n  t h e  t r a n s f o r m a t i o n  u s e d

F ig .  2. M o n h y s t e r a  d is ju n c ta :  g r o w t h  c u r v e  a t  1 7 °  C ,  f o r  a n i m a l s  
g r o w n  o n  h i g h  d e n s i t y  c u l t u r e s  o f  I S C 2. T h e  l i n e  is f i t t e d  t h r o u g h  
t h e  f i r s t  t h r e e  p o i n t s  ( j u v e n i l e s ) .  W w t  in  p g  i n d "  1

T a b l e  1. M o n h y s t e r a  d i s ju n c ta :  e s t i m a t i o n  o f  t h e  m o d e l  p a r a m e t e r s  
f r o m  t h e  u p t a k e  a n d  d e f a e c a t i o n  e x p e r i m e n t s ,  a :  i n t e r c e p t  o f  t h e  
u p t a k e  c u r v e  ( b a c t .  n e m . ' 1); b :  s l o p e  o f  t h e  u p t a k e  c u r v e  ( b a c t .  
n e m . "  1 h  "  1 );  i:  f r a c t i o n  o f  t h e  g u t  c o n t e n t  a s s i m i l a t e d  p e r  h  ( h  1 ) ; 
ƒ  : f r a c t i o n  o f  t h e  g u t  c o n t e n t  d e f a e c a t e d  p e r  h  ( h ~  ‘ ); E :  a s s i m i l a t i o n  
e f f i c i e n c y  =  / / ( /  +  ƒ ) ;  U  : u p t a k e  r a t e  ( b a c t .  n e m . "  1 h  "  ‘ )

7 .5  d 11 .5  d  d 11.5  d  V

i + f 0 . 8 3 0.41 0 .7 4
a 2 4 5 8 7 4 2 9 4 0 5 2 9 3 0
b 4 3 8 7 6 5 5 4 1 4 0 5 4
i 0 . 1 5 0.11 0 . 2 0

ƒ 0 . 6 9 0 . 3 0 0 .5 5
E 0 . 1 8 0 . 2 7 0 . 2 6
U 2 4 8 6 8 2 4 2 9 8 5 3 2 6 9

T a b l e  2 .  M o n h y s t e r a  d i s ju n c ta :  c o m p a r i s o n  b e t w e e n  t h e  e n e r g y  
n e e d s  f o r  s o m a t i c  p r o d u c t i o n  ( S o m .  P ) ,  g e n e r a t i v e  p r o d u c t i o n  
( G e n .  P ),  r e s p i r a t i o n  ( R )  a n d  t h e  m e a s u r e d  e n e r g y  u p t a k e  ( M e a s . ) .  
T o t .  is t h e  s u m  o f  S o m .  P ,  G e n .  P  a n d  R .  A l l  e n e r g y  v a l u e s  in 
10  J h _1  n e m "  1

T able  2 sh o w s the co rresp o n d a n ce  b etw een  the m e a ­
sured food  ass im ila tio n  rates, and  the ca lcu la ted  energy  
n eeds for (so m a tic  and  generative) p ro d u ctio n  and  resp ira­
tion  (m ean rates for the 12 h fo llo w in g  the tim e in d ica ted
as “ a g e ”).

G row th  p rod u ctio n  o f  the 11.5 d a d u lts  w a s ca lcu la ted  
w ith  an in sta n ta n eo u s g row th  rate o f  0 .17  d " 1. T h e g en era ­
tive p rod u ction  o f  fem ales o f  th is age c o rr esp o n d s to  an  
e g g  p rod u ction  o f  33.5 eg g s fern -1  d _1 . W e fo u n d  an e x ce l­
len t co rresp on d an ce  b etw een  the m easured  en erg y  u p tak e

A g e  (d ) S o m .  P G e n .  P R T o t M e a s .

7.5 4 5 _ 17 6 2 66
1 1 .5  ? 4 6 1 2 0 4 6 2 1 3 2 1 2
11 .5  d 3 2 ? 3 6 6 8 9 9

an d  the ca lcu la ted  en ergy  n eed s for 7.5 d ju v en iles  and for
11.5 d ad u lt fem ales. F o r  m a les  a sc o p e  for sperm  p ro d u c­
tion  o f  31 1 0 ~ 6 J h - 1  per in d iv id u a l w as foun d. T h is is 
a b o u t 25%  o f  a fem ale’s g en era tiv e  p ro d u ction .

8
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32

24
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F i g .  3 .  M o n h y s t e r a  d i s ju n c ta  : 
r e s u l t s  o f  t h e  e x p e r i m e n t s  o n  
u p t a k e  o f  l a b e l e d  b a c t e r i a  f o r  
j u v e n i l e s  (a ) ,  m a l e s  (b )  a n d  f e m a l e s  
(c).  C u r v e s  f i t t e d  a c c o r d i n g  t o  t h e  
m o d e l .  S e e  t e x t  f o r  d e t a i l s

8

6

5 0 2 3 51 U
Time (hi

F i g .  4 .  M o n h y s t e r a  d i s ju n c ta  : 
r e s u l t s  o f  t h e  s e c o n d  s e r i e s  o f  
e x p e r i m e n t s  ( d e f a e c a t i o n  o f  
l a b e l e d  b a c t e r i a )  f o r  j u v e n i l e s  (a),  
m a l e s  (b )  a n d  f e m a l e s  (c).  C u r v e s  
f i t t e d  a c c o r d i n g  t o  t h e  m o d e l .  S e e  
t e x t  f o r  d e t a i l s

b  Time (W

1 2 3

Time (h)
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T a b l e  3 . M o n h y s t e r a  d i s j u n c t a : c a l c u l a t i o n  o f  t h e  R e s p i r a t i o n / B i o ­
m a s s  r a t i o  (d  ' )  f o r  t h e  e n t i r e  p o p u l a t i o n  a t  s t a b l e  a g e  d i s t r i b u t i o n .  
F  is t h e  f r a c t i o n  o f  t h e  p o p u l a t i o n  b i o m a s s  in  t h e  a g e  c l a s s ,  R  B  
is t h e  r e s p i r a t i o n / b i o m a s s  r a t i o  f o r  t h a t  a g e  c l a s s .  T h e  p o p u l a t i o n  
r a t i o  is t h e  s u m  o f  F  x  R  B  o v e r  a l l  a g e  c l a s s e s

A g e  c l a s s I ' R  B F  X R  B

0  2 .5 0  151 0 .5 4 1 0 . 0 8 1 7

2 . 5 - 3 . 5 0 . 0 3 5 0 . 5 0 4 0 . 0 1 7 7

3 .5  5.5 0 . 1 1 9 0 . 3 8 0 0 . 0 4 5 0

5.5  7.5 0 .1 7 2 0 . 2 8 0 0 .0 4 8 1

7.5  9 .5 0 .1 4 8 0 . 2 1 2 0 . 0 3 1 4
0 .0 6 2 0 . 2 2 2 0 . 0 1 3 7

9 .5  1 1.5 0 . 1 2 3 0 . 1 8 0 0 .0 2 2 1
0 . 0 4 3 0 . 1 9 6 0 . 0 0 8 5

>  1 1.5 0 . 1 0 9 0 . 1 7 3 0 .0 1  SS
0 . 0 3 8 0 . 1 8 8 0 . 0 0 7 2

T o t a l  0 . 2 9 4 2

T a b l e  4 . A T  d is ju n c ta :  e n e r g y  b u d g e t  o f  a  c o h o r t  o f  1 0 0 0  a n i m a l s .  
P r o d u c t i o n  a n d  r e s p i r a t i o n  a r e  g i v e n  in  J  p e r  1 0 0 0  a n i m a l s  d u r i n g  
t h e  a g e  s p a n  i n d i c a t e d .  P  m a l e  a n d  P  f e m  a r e  t h e  p r o d u c t i o n  r e a ­
l i z e d  b y  m a l e s  a n d  f e m a l e s  r e s p e c t i v e l y ;  R  m a l e  a n d  R  f e m  t h e  
r e s p i r a t i o n  b y  m a l e s  a n d  f e m a l e s .  P / ( P + R ) is t h e  p r o d u c t i o n  e f f i ­
c i e n c y  o f  t h e  t o t a l  p o p u l a t i o n .  P : { P + R )  f e m  t h e  p r o d u c t i o n  e f f i ­
c i e n c y  o f  t h e  f e m a l e  p a r t .  In  t h e  c o h o r t  o f  l O O O 'a n i m a l s  w e  a s s u m e d  
t h e r e  w e r e  3 3 2  m a l e s  a n d  6 6 8  f e m a l e s

A g e P  m a i e R  m a l e  P  f e m R  f e m P,’( P  +  R ) P / ( P  +  R )  f e m

0  3.5 0 . 0 2 0 .0 2 0 .0 4 0 . 0 5 0 .4 4 0 . 4 4
3 .5  5.5 0.11 0 .0 6 0 .2 2 0 . 1 3 0 .6 3 0 . 6 3
5 .5  7.5 0 . 3 7 0 .1 6 0 .7 5 0 . 3 2 0 . 7 0 0 . 7 0
7 .5  9 .5 0 . 4 6 0 .3 2 1.73 0 . 7 4 0 .6 7 0 . 7 0
9 . 5 - 1 1 . 5 0 . 4 0 0 .4 6 3 . 9 0 1.21 0 .7 2 0 . 7 6

1 1 . 5 - 1 3 . 5 0.51 0 .5 3 4.11 1.37 0 .71 0 . 7 5
1 3 . 5 - 1 5 . 5 0 .5 3 0 .5 3 4 .2 4 1.37 0 .7 2 0 . 7 6

5 . 5 - 1 7 . 5 0 .4 7 0 .5 3 3 .7 6 1.37 0 .6 9 0 .7 3
17 .5  19.5 0 . 4 6 0 .5 3 3 .7 2 1.37 0 .6 9 0 .7 3
19 .5  2 1 .5 0 .3 7 0 .5 3 2 .9 6 1.37 0 .6 4 0 . 6 9
2 1 .5  23 .5 0 .3 1 0 .5 0 2 .48 1.30 0 .61 0 . 6 6
2 3 . 5 - 2 5 . 5 0.11 0 .4 6 0 .8 5 1.19 0 . 3 7 0 .4 2
2 5 . 5 - 2 7 . 5 0 .0 5 0 .4 2 0 .4 0 1.09 0 . 2 3 0 . 2 7
2 7 . 5 - 2 9 . 5 0 .0 2 0 .3 4 0 .1 4 0 .8 9 0 .11 0 . 1 3
2 9 . 5 - 3 1 . 5 0 .0 0 0 . 2 7 0 .0 0 0 . 7 0 0 . 0 0 0 . 0 0
3 1 . 5 - 3 3 . 5 0 .0 0 0.21 0 . 0 0 0 . 5 4 0 . 0 0 0 . 0 0
3 3 . 5 - 3 5 . 5 0 .0 0 0 . 1 5 0 . 0 0 0 . 4 0 0 . 0 0 0 . 0 0
3 5 .5  37 .5 0 . 0 0 0 . 1 0 0 . 0 0 0 .2 7 0 . 0 0 0 . 0 0
3 7 .5  39 .5 0 .0 0 0 .0 3 0 .0 0 0 .0 9 0 . 0 0 0 . 0 0

T o t a l 4 . 1 9 6 .1 4 2 9 .3 2 15 .7 8

G l o b a l 0 .41 0 .6 5
P / ( P  +  R ) 0 . 6 0

C a lcu la tio n s o f  the en ergy  bu dget o f  the p o p u la tio n  in  
exp o n en tia l g row th  are sh o w n  in T a b le  3. T h e  sta b le  a g e  
d istr ib u tion  and the b irth rate w ere ca lcu la ted  from  the  
d em o g ra p h ic  data  d iscu ssed  in V rank en  et al. (1988).

T h e birth rate eq u a lled  fr =  0 .4 4 0 d - 1 . It is an  e stim a te  
o f  the daily  P/ B.  T h e  relative  c o n tr ib u tio n  o f  the d ifferent 
age classes to  the to ta l b io m a ss  w as ca lcu la ted  for the s ta b le

a g e  d i s t r i b u t i o n .  M u l t i p l y i n g  t h e s e  f a c t o r s  w i th  t h e  w e i g h t  
s p e c i f i c  r e s p i r a t i o n  a n d  s u m m i n g  y i e l d e d  th e  a v e r a g e  R / B  
f o r  t h e  p o p u l a t i o n .  F r o m  P / B  a n d  R / B  a  p r o d u c t i o n  e ff i ­
c i e n c y  P/ ( P  +  R)  o f  0 .6 0  w a s  c a l c u l a t e d  f o r  t h e  t o t a l  p o p u l a ­
t i o n  a t  s t a b l e  a g e  d i s t r i b u t i o n .

In a  s e c o n d  a p p r o a c h  t h e  p r o d u c t i o n  a n d  r e s p i r a t i o n  
o f  a  c o h o r t  ( s t a r t i n g  w i t h  1 0 0 0  e g g s )  d u r i n g  t h e i r  l i f e t im e  
is s h o w n  in  T a b l e  4. T h e  c u m u l a t i v e  b u d g e t s  s h o w e d  a n  
e f f i c i e n c y  o f  a p p r o x i m a t e l y  0 .6 0  b y  t h e  e n d  o f  life.

P r o d u c t i v i t y  w a s  h i g h e s t  in  a d u l t  e g g - l a y i n g  f e m a l e s  ( a r ­
o u n d  0 .7 5  p r o d u c t i o n  e f f ic ien c y ) .  I t  w a s  c o n s i d e r a b l y  l o w e r  
fo r  m a l e s  ( w e  a s s u m e d  t h a t  m a l e s  h a d  a  g e n e r a t i v e  p r o d u c ­
t i o n  2 5 %  o f  t h e  f e m a le s ' ,  a s  w a s  d e d u c e d  f r o m  o u r  e x p e r i ­
m e n t s  w i t h  11.5  d  a n i m a l s ) .

D iscu ssio n

W i t h  r e s p e c t  t o  t h e  n u m b e r  o f  a n i m a l s  u s e d  a n d  t h e  t i m e  
d u r a t i o n  o f  t h e  i n c u b a t i o n s ,  o u r  f e e d i n g  e x p e r i m e n t s  a r e  
i n t e r m e d i a r y  b e t w e e n  th e  a p p r o a c h e s  o f  D u n c a n  e t  al . 
( 1 9 7 4 )  a n d  M a r c h a n t  a n d  N i c h o l a s  (1974) .  D u n c a n  e t  al. 
( 1974)  m e a s u r e d  u p t a k e  o f  b a c t e r i a  b y  i n d i v i d u a l  n e m a t o d e s  
d u r i n g  s h o r t  t i m e  i n t e r v a l s  ( 3 0  m i n  m a x i m u m ) .  T h e i r  r e s u l t s  
r e l y  h e a v i l y  o n  t h e  a s s u m p t i o n  t h a t  t h e  g u t  is e m p t i e d  c o m ­
p l e t e l y  w i t h  e a c h  d e f a e c a t i o n ,  s o  t h a t  i ts  c o n t e n t s  a r e  r e n e w ­
e d  e v e r y  f e w  m i n u t e s .  T h i s  is d e f i n i t e ly  n o t  t h e  c a s e  in  AT 
d isju n cta  ( o w n  o b s e r v a t i o n s ) .  H o w e v e r ,  t h e  ( f u n c t i o n a l )  
a n a t o m y  o f  t h e  d i g e s t i v e  t r a c t  in  R h a b d i t i d s  a n d  M o n h y s -  
t e r i d s  is s u f f i c i e n t ly  d i f f e r e n t  t o  a l l o w  f o r  d i f f e r e n t  m e c h a ­
n i s m s  h e re .

W o o m b s and  L aybou rn -P arry  (1984 , 1985) a lso  c a lc u ­
la te  lo w  a ss im ila tio n  efficiencies in three R h a b d itid  sp ec ies , 
in g e s t io n  is estim ated  from  p u m p in g  freq uencies by a ss u m ­
in g  that the v o lu m e  o f  the d ila ted  p h aryn gea l m eta co rp u s  
is the in g ested  vo lu m e per p u m p in g  cy cle , and  th a t the d e n ­
s ity  o f  the bacteria  in the ingested  fluid is the sa m e  a s in 
th e  feed in g  su sp en sion . T h is a ssu m p tio n  seem s ju stified  by  
m o r p h o lo g ica l o b serv a tio n s o n  C a en o rh a b d itis  e leg a n s  (A l­
b er tso n  and  T h o m p so n  1975); du rin g  the p u m p in g  c y c le  
flu id  c o n ta in in g  bacteria is su ck ed  in a n d  su b seq u en tly  fil­
tered. S u p erflu ou s fluid is excreted  v ia  the ram i o f  the p h a r­
y n g ea l lum en , and  o n ly  the p a ck a g es o f  bacteria  are in ­
g ested . In AT d isju n cta , th e  m ech an ism  is different. T h e  
stru ctu re  o f  the pharynx su g g ests  that su ctio n  can  o n ly  be 
e x erted  o n  a sh ort d ista n ce  range, and  that the bacteria  
are ta k en  in d iv id u a lly  o r  in  sm all p ack a g es (L.J. Ja co b s, 
p erso n a l co m m u n ica tio n ). T h is  d ifference co u ld  very  w ell 
ex p la in  w h y  R h a b d itid s in general require very h igh  b a c ter i­
al d en s itie s  for g row th  (see V rank en  et al. 1988): a t lo w  
d en s itie s  ran d o m  p u m p in g  is very energy-ineffic ien t.

M a rch an t and  N ic h o la s  (1974), o n  the o th er  h a n d , a lso  
w o r k e d  w ith  a  R h ab d itid  n em a to d e  (P elo d era  sp .), but 
fo u n d  m u ch  lo w er  rates o f  in g estio n  and  p ro d u ctio n  th an  
w e d id  ; in g estio n  0 .370  J h ~ 1 m g ~ 1 d w t o f  n em a to d es , p r o ­
d u c tio n  0 .083  J h _1 m g - 1  d w t o f  n em a to d es. In th e  sa m e  
u n its  o u r  estim a tes o f  in g estio n  are 2 .62  for 11.5 d  fem ales, 
1.69 for  11.5 d m ales, and  4 .56  for 7.5 d  ju v en iles . T h e  p r o ­
d u c tio n  o f  0 .083  J h “ 1 m g - 1  d w t co rresp o n d s to  a d a ily  
p o p u la tio n  birth rate ( P/ B)  o f  a b o u t 0 .08 , to  be c o m p a r ed  
w ith  th e  v a lu e  0 .4 4  for AT disjuncta .

T h e  a ss im ila tio n  efficiency, defined  a s (P  +  R) / I ,  is m u ch  
h ig h er  in  P e lo d era  (0.598 co m p a red  w ith  a b o u t 0.25).

N o te , h ow ever, that im p lic itly  d ifferent a ssu m p tio n s  
ha v e  b een  m a d e  regarding th e  so u rce  o f  th e  respired en ergy .
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In their ex p érim en ta i set-u p  and in terp reta tion , M archan t 
and N ic h o la s  (1974) assu m e that the a ss im ila ted  carb on  
is the im m ed ia te  sou rce  o f  en ergy  for the resp ira tion . O ur 
m odel on  the o th er  hand assu m es that all the b o d y  carbon  
form s a p o o l from  w h ich  a fraction is c o n tin u a lly  being  
respired.

N eith er  o f  the tw o  will be ex a ctly  true. N ic h o la s  et al. 
(1973) fo u n d  that after a 24 h period , no  less than 30%  
o f  the ingested  ca rb o n  w as present in the form  o f  lo w  m o lec ­
ular w eight m eta b o lites . T his fraction  p rob ab ly  represents  
the p o o l o f  o rg a n ic  m ater form ing the b asis for a n a b o lic  
m etab o lism .

O ur m o d el ca n  be changed  to  a c co m o d a te  o th er  m eta ­
bolic  path w ays. It is relatively  easy  to adjust it for the a s ­
su m p tio n  that all a ss im ila ted  energy is in sta n ta n eo u s ly  d i­
v ided in a part to  b e  respired im m ed ia te ly , and  a part to 
be built in to  sta b le  co m p o u n d s . f£q. 3 b eco m es:

(ly -  =  H l - r ) G  (13)
d  J

w here (1 — r) is the fraction  to  be built in sta b le  co m p o u n d s . 
W o rk in g  o u t th is m o d e l, the estim ate o f  ( i + f )  rem ains u n ­
ch a n g ed . T h e estim a te  o f  i is increased by a factor  1/(1 —/■). 
and ƒ  ch a n g es a cco rd in g ly  to  adjust the su m  i +  f.

T a k in g  r =  0 .30 , a crude estim ate  derived from  the energy  
budget, w e ha v e  for 11.5 d fem ales, / =  0 .28  h ” 1 and  ƒ  
=  0.46 h _ l . T h e  a ss im ila tio n  effic iency is 0 .38 . T h e  value  
212 10 -  6 J h ” 1 nem  ~ \  the estim a te  o f  to ta l a ss im ila tio n  in 
T able  2, n ow  b eco m es the estim ate  o f  the p ro d u ctio n . T ota l  
a ssim ila tio n  is increased  w ith  a n  estim ated  
91 IO- 6  J h ~  1 n e m -1  resp iration . T h is m o d e l c lea rly  fits 
less w ell w ith  the en erg y  bu dget ob serv a tio n s.

In princip le, it is a lso  p o ss ib le  to  m odel w h at is p robab ly  
nearest to  the true s itu a tio n : besides the gut c o n te n t and  
the stab ly  in co rp o ra ted  o rg a n ic  m atter  a p o o l o f  lab ile  o r ­
g an ic  c o m p o u n d s  is defined  from  w h ich  m ateria l is draw n  
for either in co rp o ra tio n  or resp iration . D u e  to  the extra  
param eters, th is m o d e l can  n o  longer  be fitted  to  the ex p eri­
m ents. H o w ever , q u a lita tiv e  in v estig a tio n s sh o w  that for 
param eter v a lu es w h ich  are c o m p a tib le  w ith  th e  o b ser v a ­
tio n s in the experim en ts, the results are in b etw een  th o se  
ob ta in ed  w ith  the o th er  tw o  m o d e l versions, in  c o n c lu sio n ,  
w e have g o o d  ev id en ce  that our estim a tes o f  a ss im ila tio n  
rate and  a ss im ila tio n  effic iency are p robab ly  so m e w h a t low , 
but n o t to o  far from  reality.

In tu itive ly , o n e  w o u ld  exp ect an  inverse  re la tio n sh ip  b e ­
tw een  g u t reten tio n  tim e (p ro p o r tio n a l to  1 / { i + f ) )  and  a s­
sim ila tio n  efficiency. T h is  is ob served  w h en  7.5 d ju v en iles  
are co m p a red  w ith  ad u lts . H o w ever , w ith in  th e  a d u lts  the 
m ales d o  n o t a ch ieve  h igh er efficiency th an  th e  fem ales, 
d esp ite  Hheir lo n g er  g u t reten tion  tim e. W e su p p o se  that 
a p h y sio lo g ica l lim it m ay be a p p ro a ch ed  near an  efficiency  
o f  0 .30. T h is rela tive ly  lo w  a ss im ila tio n  effic iency  is in  c o n ­
trast w ith  the very h igh  net p ro d u ctio n  efficiency.

H igh  p ro d u ctio n  effic iencies n o w  seem  to  b e  a  w e ll-e s­
tab lish ed  featu re in n em a to d es  (Sch iem er 1983; W arw ick  
1981; W o o m b s and  L a yb ou rn -P arry  1985). F o r  M.  d isjun c­
ta, as for o th er  n em a to d es, th is m ain ly  resu lts from  the 
e n o rm o u s egg  p ro d u ctio n  rate. D u rin g  the em b ry o n ic  d e v e l­
o p m en t there is co n sid era b le  resp iration  (w eigh t lo ss  from  
0.023  g g  to  0 .0 1 4  gg). T h is “ n egative  p r o d u c t io n ” w a s e x p li­
c itly  in co rp o ra ted  in  o u r  b u d g et c a lcu la tio n s. W e form erly  
su gg ested  (H erm an  et al. 1984) that n o n -in co r p o r a tio n  o f

th is a sp ect co u ld  p rob ab ly  a c co u n t for the very high effic ien ­
cies. T h is a rgu m en t rem ains valid , bu t its q u a n tita tiv e  im ­
p o rtan ce  seem s lim ited .

Sch iem er (1983) sh o w ed  a lin ear rela tio n sh ip  betw een  
the m eta b o lic  in ten sity  parem eter a in R = a W h (R in nl 
0 ,  h ” l , W i n  g g  w w t) and rmax (the in tr in sic  rate o f  increase  
at the o p tim al tem perature). M.  d isju n cta  perfectly  fits th is 
re la tion sh ip , w h ich  is a reflection  o f  a sim ilar  p ro d u ctio n  
effic iency  in the different sp ec ies  (T h is is o n ly  true becau se  
the sp ec ies  are o f  sim ilar  s ize ; o th erw ise  the ex p o n en t b 
w o u ld  troub le  the p icture, a s a  w o u ld  then be largely differ­
en t from  the w eigh t-sp ec ific  resp iration  for very large or 
very sm all organism s).

A p p aren tly , the m e ta b o lic  in ten sity  o f  a sp ecies is a g o o d  
in d ica to r  for its p o ten tia l p ro d u ctiv ity . It is q u estio n a b le , 
o f  cou rse , if sp ec ies a lso  realise these p o te n tia ls  in the field. 
H o w ever , ev en  if they  d o , their q u a n tita tiv e  im pact o n  the  
bacteria l co m m u n ity  in the sed im en ts m ust be ex trem ely  
lim ited . T h e m ean c o n su m p tio n  o f  bacteria  by the n e m a ­
to d es in our exp erim en t is 3 d ” 1 (g dw t o f  b a cter ia /g  dw t 
o f  nem atodes). T h e s ta n d in g  sto ck  o f  bacteria  in a typ ica l 
m arin e  sed im en t is o f  the order o f  IO10 ce lls  m l -1 w et se d i­
m ent. M a n y  ce lls  are very sm a ll: M o n ta g n a  (1984) g ives  
a m ean  w eigh t o f  2 .48 1 0 ” 14 g C  per cell, or  a b o u t  
5 1 0 ” 14 g  dw t. A ssu m in g  the (u n realistic) high co n su m p tio n  
rates from  o u r  ex p erim en ts, a typ ica l n e m a to d e  co m m u n ity  
w ith  a b io m a ss o f  0 .3  g  d w t m “ 2, o ccu rr in g  in the upper  
5 cm  o f  the sed im en t, w o u ld  c o n su m e  0 .9  g  d ” 1 (dw t o f  b a c ­
teria). i.e. 3.6%  o f  th e  bacteria l b io m a ss . T h ese  cru de but 
m a x im a l estim a tes su g g est th a t n em a to d es  m a y  not be c a p a ­
ble o f  regu la tin g  bacteria l nu m b ers: the turnover  rate o f  
n e m a to d e  b io m a ss w o u ld  be 0 .44  d - 1 . m o re  th an  10 tim es  
h igh er  than the turnover  (due to  n e m a to d e  grazing) o f  the  
b acteria l b iom ass.

T h e  co n c lu sio n s  o f  th ese  c a lc u la tio n s  are in app aren t  
co n tr a st w ith  so m e  ex p erim en ta l results. In o rg a n ica lly  e n ­
riched ‘se d im e n ts ’, n em a to d es  h a v e  been  foun d  to  exert a 
stim u la tin g  in fluence  on  the bacteria l m eta b o lism  (A b ram s  
and  M itchell 1980; F in d la y  and  T en o re  1982). It seem s  
p ro b a b le  th a t the ind irect effects, m a in ly  b io tu rb a tio n , are 
m o re  im p ortan t th an  direct grazing . W ith  gra zin g  rates in 
the o rd er  o f  a few  percent per d a y , n em a to d es  are n o t ab le  
to  rem ove sen escen t ce lls  q u ick ly  e n o u g h  to  stim u la te  b a c te ­
rial g ro w th  in that w ay.

A b ra m s and  M itch e ll (1980) o b serv e  that the in fluence  
o f  n em a to d es is m o st p ro n o u n ced  in  o rg a n ica lly  enriched  
sed im en ts. T h ey  co n c lu d e  from  that o b ser v a tio n  that b io ­
tu rb a tio n  effects m ay be m o re  im p o rta n t than  direct g raz­
ing. O n  the o th er  han d , A lo n g i (1985) d id  n ot find any  
effect o n  bacteria  by  the n em a to d e s  in  h is exp erim en ts, a l­
th o u g h  here to o , the sed im en ts w ere o rg a n ica lly  enriched.

P ro b a b ly  the d ifference in /V -conten t betw een  sew a g e  
s lu d g e  (A b ram s and  M itch e ll 1980) and  m ixed  cereal (A lo n ­
gi 1985) m a y  e x p la in  th ese  d ifferent exp erim en ta l o u tco m es , 
b eca u se  b io tu rb a tio n  m a y  be m o re  im p o rta n t in n u trien t- 
p o o r  situ a tio n s . A n y h o w , th is c o n c lu sio n  w o u ld  a lso  in d i­
ca te  th a t it is n o t n em a to d e  gra zin g  per se w h ich  in flu en ces  
the bacteria.

A c k n o w le d g e m e n ts .  T h i s  r e s e a r c h  w a s  s u p p o r t e d  t h r o u g h  g r a n t  
2 . 9 0 0 7 . 8 2  f r o m  t h e  F u n d  o f  C o l l e c t i v e  F u n d a m e n t a l  R e s e a r c h  o f  
B e l g i u m .  P .  H e r m a n  a c k n o w l e d g e s  a  g r a n t  f r o m  t h e  B e l g i a n  N a ­
t i o n a l  F u n d  f o r  S c i e n t i f i c  R e s e a r c h  ( N F W O ) .  P r o f .  J .  D e  L e y  k i n d l y  
a l l o w e d  u s  t h e  u s e  o f  a  s c i n t i l l a t i o n  c o u n t e r .  W e  t h a n k  R u d y  V a n -
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d c r h a e g h e n  a n d  M y r i a m  G e l d o f  f o r  h e l p  w i t h  t h e  e x p e r i m e n t s ,  
a n d  D r .  C a r l o  H e i p  f o r  c r i t i c a l  r e a d i n g  o f  t h e  m a n u s c r i p t .
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