
v ' L i Z  ( v z w )

' •LAAW8 iMST!TUUT V O O R  D P  ? r c
Oecologia (1998) 113:278-289 c  i <, . . . .   4-1 1  ©  Springer-Verlag 1998

M A R I N E  I N S T I T U T P ____________________________
• - » o s t e r i i o  - B e l ag iu m

K .R . C la r k e  R .M . W a rw ic k

Quantifying structural redundancy in ecological com m unities
/ I f 37^1

Received: 23 January  1996 /A ccepted: 14 Ju ly  1997

A b s tr a c t  In  m u l t iv a r ia te  a n a ly s e s  o f  th e  e f fe c ts  o f  b o th  
n a tu r a l  a n d  a n th r o p o g e n ic  e n v i r o n m e n ta l  v a r ia b i l i ty  o n  
c o m m u n i ty  c o m p o s i t io n ,  m a n y  sp e c ie s  a re  in te r c h a n g e ­
a b le  in  th e  w a y  t h a t  th e y  c h a r a c te r i s e  th e  s a m p le s ,  g iv in g  
r is e  t o  th e  c o n c e p t  o f  s t r u c tu r a l  r e d u n d a n c y  in  c o m ­
m u n i ty  c o m p o s i t io n .  H e r e ,  w e  d e v e lo p  a  m e th o d  o f  
q u a n t i f y in g  (h e  e x te n t  o f  th is  r e d u n d a n c y  b y  e x tr a c t in g  a  
s e r ie s  o f  s u b s e t s  o f  sp e c ie s , th e  m u l t i v a r i a t e  r e s p o n s e  
p a t t e r n  o f  e a c h  o f  w h ic h  c lo se ly  m a tc h e s  t h a t  f o r  th e  
w h o le  c o m m u n i ty .  S t r u c tu r a l  r e d u n d a n c y  is  th e n  re ­
f lec te d  in  th e  n u m b e r  o f  su c h  s u b s e ts ,  w h ic h  w e  te rm  
“ r e s p o n s e  u n i t s ” , t h a t  c a n  b e  e x tr a c te d  w i th o u t  re ­
p l a c e m e n t  W c  h a v e  a p p lie d  t h is  te c h n iq u e  t o  th e  e ffe c ts  
o f  th e  A m o c o - C a d iz  o i l- s p il l  o n  m a r in e  m a c r o b e n th o s  in  
t h e  B a y  o f  M o r la ix ,  F r a n c e ,  a n d  to  th e  n a tu r a l  in te r -  
a n n u a l  v a r ia b i l i ty  o f  m a c r o b e n th o s  a t  tw o  s ta t io n s  
o f f  th e  c o a s t  o f  N o r t h u m b e r l a n d ,  E n g la n d .  S t r u c tu r a l  
r e d u n d a n c y  is  s h o w n  t o  b e  r e m a r k a b ly  h ig h , w ith  th e  
n u m b e r  a n d  s iz e s  o f  s u b s e ts  b e in g  c o m p a r a b le  in  
a ll th r e e  e x a m p le s .  T a x o n o m ic / f u n c t io n a l  g r o u p in g s  o f  
sp e c ie s  w i th in  th e  d if f e r in g  r e s p o n s e  u n i ts  c h a n g e  in  
a b u n d a n c e  in  th e  s a m e  w a y  o v e r  t im e . T h e  r e s p o n s e  
u n i ts  a r e  s h o w n  t o  p o s s e s s  a  w id e  ta x o n o m ic  s p r e a d  a n d ,  
u s in g  tw o  d if f e r e n t  ty p e s  o f  r a n d o m is a t io n  te s t ,  d e m ­
o n s t r a te d  t o  h a v e  a  ta x o n o m ic a l ly  a n d  f u n c t io n a l ly  c o ­
h e r e n t  s t r u c tu r e .  T h e  lev e l o f  s t r u c tu r a l  r e d u n d a n c y  m a y  
th e r e f o r e  b e  a n  in d ir e c t  m e a s u r e  o f  th e  r e s i l ie n c e  o r  
c o m p e n s a t io n  p o te n t i a l  w i th in  a n  a s s e m b la g e .
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Introduction

T h e  d e te c t io n  a n d  m o n i to r in g  o f  c o m m u n i ty  r e s p o n s e s  
t o  e n v i r o n m e n ta l  c h a n g e  o f t e n  e m p lo y  m u l t iv a r i a te  o r ­
d in a t io n s  in  w h ic h  th e  s a m p le  r e la t io n s h ip s  c a n  b e  w e ll 
s u m m a r is e d  in  tw o  d im e n s io n s ,  r e d u c e d  f r o m  a  v e ry  
m u c h  h ig h e r - d im e n s io n a l  sp e c ie s  s p a c e  ( C la r k e  1993). 
T h is  im p l ie s  t h a t  m a n y  sp e c ie s  m u s t  b e  in te r c h a n g e a b le  
in  th e  w a y  th e y  c h a r a c t e r i s e  th e  s a m p le s ,  a n d  th a t  a n  
a n a ly s is  o f  a  sm a ll  s u b s e t  o f  t h e  t o ta l  n u m b e r  o f  sp e c ie s  
m a y  g iv e  a  s im i la r  r e s u l t  to  th a t  o f  th e  fu l l  sp e c ie s  a n a l ­
ysis. I n d e e d ,  G r a y  c t  a l.  (1 9 8 8 )  c o m p a r e d  th e  c o n f ig u r a ­
t io n s  p r o d u c e d  f r o m  a  n o n - m e t r i c  m u lt id im e n s io n a l  
s c a l in g  o r d in a t io n  ( M D S )  o f  110 sp e c ie s  o f  m a r in e  
m a c r o b e n th o s  a t  s ix  s t a t i o n s  in  F r i e r f jo r d ,  N o r w a y ,  w ith  
a  s im ila r  a n a ly s is  u s in g  le s s  t h a n  2 0 %  o f  th e s e  sp e c ie s , 
s e le c te d  a t  r a n d o m ,  a n d  s h o w e d  t h a t  th e  o r d in a t io n s  
w e re  r e m a r k a b ly  s im ila r  in  th e  w a y  in  w h ic h  th e y  d is ­
c r im in a te d  b e tw e e n  s i te s . T h u s ,  f o r  m a r in e  m a c r o ­
b e n th o s  a t  l e a s t ,  th e r e  a p p e a r s  t o  b e  c o n s id e ra b le  
r e d u n d a n c y  in  t h e  s p e c ie s  w h ic h  c h a r a c te r i s e  th e  c o m ­
m u n ity  c o m p o s i t io n .  T h is  h a s  b e e n  w id e ly  e x p lo i te d  in  
e n v ir o n m e n ta l  a s s e s s m e n t  p r o g r a m m e s  in  w h ic h  a n a ly s is  
a t  t a x o n o m ic  le v e ls  h ig h e r  t h a n  t h a t  o f  sp e c ie s  h a s  b e en  
s h o w n  to  r e v e a l  s im ila r  p a t t e r n s  to  th e  fu l l  sp e c ie s  a n a l ­
y s is  (W a rw ic k  1993 a n d  r e fe r e n c e s  th e r e in ) ,  th e  in fe re n c e  
b e in g  t h a t  t h e  sp e c ie s  w i th in  a  t a x o n  re a c t  in  s im ila r  w a y s  
to  e n v i r o n m e n ta l  v a r ia b i l i ty .  I f  th e  in te r c h a n g e a b le  s p e ­
c ie s  a re  a ls o  f u n c t io n a l  e q u iv a le n ts ,  th e  lev e l o f  r e d u n ­
d a n c y  m a y  a ls o  b e  a  u s e fu l  m e a s u r e  o f  a s s e m b la g e  
r e s i l ie n c e  ( C h a p in  c t  a l.  1 9 9 5 ), a n d  th e  r e d u n d a n c y  c o u ld  
b e  r e g a r d e d  a s  th e  p o t e n t i a l  f o r  f u n c t io n a l  c o m p e n s a t io n  
( M e n g e  e t  a l .  1994 ; F r o s t  e t  a l .  1995). O u r  o b je c t iv e  h e re  
i s  l o  d e v e lo p  a  m e th o d  o f  q u a n t i f y in g  th e  lev e l o f  s tr u c ­
tu r a l  r e d u n d a n c y  in  sp e c if ic  s tu d ie s  o f ,  p a r t ic u la r ly ,  
t e m p o r a l  c o m m u n i ty  r e s p o n s e  t o  e n v ir o n m e n ta l  c h a n g e , 
a n d  th e n  t o  e x p lo r e  i ts  r e la t io n s h ip  to  m o re  fu n c tio n a l  
c o n c e p ts ,  s u c h  a s  th e  p o t e n t i a l  f o r  c o m p e n s a t io n .

O u r  p r in c ip a l  e x a m p le ,  in  e x p lo r in g  th e  c o n c e p t  o f  
s t r u c tu r a l  r e d u n d a n c y ,  is  o f  a  m a r in e  a s s e m b la g e  o f  so f t-  
b o t to m  m a c r o b e n th o s ,  s a m p le d  a t  a  s t a t i o n  in  th e  B ay
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o f  M o r la ix  ( P ie r r e  N o i r e ) ,  F r a n c e ,  a t  a p p r o x im a te ly  3 - 
m o n th ly  in te r v a l s  o n  21 o c c a s io n s  b c lw e e n  A p r i l  19 7 7  
a n d  F e b r u a r y  198 2  ( D a u v in  1984 ; W a r w ic k  a n d  C la r k e  
1 9 9 3 ). T h is  s p a n n e d  th e  p e r io d  o f  th e  w re c k  o f  th e  
A m o c o -C a d iz  o il t a n k e r  s o m e  50 k m  w e s t  o f  t h e  s t a t io n ,  
in  M a r c h  19 7 8 . N o n - m e tr i c  m u l t id im e n s io n a l  s c a lin g  
o r d i n a t i o n  ( M D S )  h a s  b e e n  p e r fo r m e d  o n  th e  sp e c ie s  
a b u n d a n c e  d a ta .  F o l lo w in g  s t a n d a r d  p r a c t ic e  (C la rk e  
a n d  W a r w ic k  1994), a b u n d a n c e s  o f  th e  2 5 7  sp e c ie s  
o b s e r v e d  a r e  in i t ia l ly  s u b je c t  t o  s e v e re  t r a n s f o r m a t io n  
( f o u r t h  r o o t ) ,  t o  e n s u r e  t h a t  t h e  m u l t iv a r i a te  a n a ly s is  
a ls o  re f le c ts  p a t t e r n s  o f  v a r ia t i o n  in  th e  le s s - a b u n d a n t  
t a x a  r a th e r  t h a n  b e in g  d o m in a t e d  o n ly  b y  th e  m o s t  
c o m m o n  sp e c ie s , a n d  B r a y - C u r t i s  s im ila r i t ie s  (B ra y  a n d  
C u r t i s  1 9 5 7 ) a r e  c o m p u te d  b e tw e e n  e v e ry  p a i r  o f  s a m ­
p le s . T h e  M D S  o r d i n a t i o n  ( K r u s k a l  a n d  W is h  1978) 
th e n  a t t e m p t s  t o  p la c e  t h e  21 s a m p le s  in  a n  a r b i t r a r y  2 - 
d im e n s io n a l  s p a c e  s u c h  t h a t  t h e i r  r e la t iv e  d i s t a n c e s  a p a r t  
m a tc h ,  in  r a n k  o r d e r ,  th e  c o r r e s p o n d in g  p a irw is e  s im i­
la r i t ie s :  n e a r b y  s a m p le s  h a v e  s im ila r  c o m m u n i t ie s ,  a n d  
v ic e -v e rs a . T h e  r e s u l ts  o f  t h is  o r d in a t io n  (F ig .  1) s h o w  
a n  im m e d ia te  p o s t - s p i l l  c h a n g e  in  t o ta l  c o m m u n i ty  
c o m p o s i t io n ,  fo l lo w e d  b y  a  g r a d u a l ,  t h o u g h  o n ly  p a r t i a l ,  
r e v e r s io n  o f  th e  c o m m u n i ty  to  th e  p re -s p i ll  c o n d i t io n .  
P r io r  t o  th e  sp i l l ,  a n d  p a r t i c u l a r ly  t o w a r d s  th e  e n d  o f  th e  
s a m p lin g  p e r io d ,  r e g u la r  s e a s o n a l  c h a n g e s  in  c o m m u n i ty  
c o m p o s i t io n  a r c  e v id e n t  f r o m  th e  c y c lic  p a t t e r n s  s u p e r ­
im p o s e d  o n  th e  r e c o v e ry  t r e n d .  T h u s  th e  a s s e m b la g e  h a s  
r e s p o n d e d  to  tw o  d is t in c t  t im e - s c a le s  o f  e n v ir o n m e n ta l  
v a r ia t io n ,  a  m a j o r  m e d iu m - te r m  c h a n g e  r e s u l t in g  f r o m  
th e  p o l lu t i o n  in c id e n t ,  a n d  s h o r t e r - t e r m  s e a s o n a l  c h a n ­
ges.

Oi l  s p i n

A  c o n c e p t  o f  s t r u c tu r a l  r e d u n d a n c y  a r is e s  n a tu r a l l y  
in  q u e s t io n in g  th e  e x te n t  t o  w h ic h  th e  o v e ra l l  p a t t e r n  o f  
c o m m u n i ty  c h a n g e  th r o u g h  t im e  is  e x p re s s e d  b y  a  
s m a l le r  n u m b e r  o f  s p e c ie s :  is  th e r e  o n ly  o n e  s u b s e t  o f  
sp e c ie s  a c c o u n t in g  f o r  th e  p r in c ip a l  f e a tu r e s  o f  t h e  M D S  
p lo t  o f  F ig . 1, o r  a r e  t h e r e  m a n y  s u c h  m u tu a l ly  e x c lu s iv e  
s u b s e ts ?  T h e  te c h n ic a l  p r o b le m s  h e r e  a r c ,  f i r s t ly ,  t o  d e ­
f in e  a  s u i t a b l e  m e a s u r e  o f  th e  m a tc h  b e tw e e n  th e  c o m ­
m u n ity  p a t t e r n  d e r iv e d  f r o m  th e  fu l l  d a t a  s e t  a n d  th a t  
f o r  a n y  r e d u c e d  se t  o f  s p e c ie s ,  a n d  s e c o n d ly ,  t o  s e a rc h  
th e  s p a c e  o f  sp e c ie s  s u b s e t s  f o r  “ g o o d ”  m a tc h e s ,  i.e. 
th o s e  f o r  w h ic h  th e  m e a s u r e  e x c e e d s  s o m e  th r e s h o ld  
v a lu e .

M ethods I

S e le c t in g  sp e c ie s  s u b s e ts

The subset selection procedure is show n schematically in Fig. 2. In 
the non-param elric  context o f  m atching M D S configurations for 
species data  to the m ultivariate  patterns o f  associated environ­
m ental variables, it has been argued  (Clarke and A insw orth 1993) 
th a t an  appropria te  m easure o f  agreem ent is the simple Spearm an 
ran k  correlation coefficient (p), com puted between th e  corre­
sponding entries in the tw o  underlying triangular m atrices o f  be- 
twccn-sample similarities. This correlation is calculated with the 
s tandard  adjustm ent fo r tied ran k s  (Kendall 1970) but no te  th a t  p  
does not have standard  distributional properties because the ele­
m ents o f  a  similarity m atrix  a re  not independent o f  each other.

Em ploying the m easure p here, it is n a tu ra l to define a  ''r e ­
sponse unit”  as the sm allest species subset for which the rank 
correlation  with sam ple sim ilarities for the full species set exceeds, 
say, 0.95. It would rarely be  com putationally  feasible to  search the 
full space o f  2’  -  1 possible subsets, where s  is the to ta l num ber o f 
species, so  a  stepwise procedure is adopted. This is analogous to 
stepwise m ultiple regression, in which subset selection proceeds 
incrementally. A t each iterative stage, the single species which 
m aximally increases p  is added to  the existing subset, and  there is 
also an  elim ination step in  which the effect o f  dropping one species 
a t a lime is considered.

This "forw ard  selection/backw ard elim ination" algorithm  is 
exemplified in Table 1 for a  d ata  set o f six species: the hypothetical

S a m p le s
1 2 3 4 5 6 7

S a m p l e
similarities O r d i n a t i o n

All s p e c i e s

S u b s e t  o f  •
s p e c i e s  by  ;
s t e p w is e
s e l e c t i o n  «

Fig. 1 Non-metric multi-dimensional scaling (MDS) ordination of 
m acrobcnthic community samples from the Bay of Morlaix, taken on 
21 occasions (A -U ), each point representing an  average of 5 Ham on 
grab samples (Dauvin 1984). The ordination is based on Bray-Curtis 
similarities calculated from 4th-root transformed species abundances 
(257 species). ''Stress” (Kruskal’s  formula 1), which reflects inaccurate 
representation o f  the among-sampte similarities in the 2-d ordination, 
is low (0.09). From  Warwick and Clarke (1993)

B ra y-
C urtis

MDS

Fig. 2 Schema for m ultivariate analysis and the m atching procedure. 
F o r the full set o f  species (top), the abundance data  matrix (left) is 
converted to  a  triangular m atrix  o f  similarities between all pairs o f 
samples (centre), the ranks o f  which are used to  derive the non-metric 
M D S plot (riRht). The same steps can be carried out for any subset o f 
species (bottom) and the m atch to the full set determined by rank 
correlation (p) o f the elements o f  the tw o similarity matrices
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Tabic 1 H ypothetical illustration o f  stages in the stepwise algorithm  
(forward selection /"/backward elim ination B ) to  select a subset o f 
species w ith a  good m atch of the sam ple pattern  to that fo r the full set 
(6 species). A t each  stage, b o ld lype  indicates the subset with the best

p and the italics denote a  backw ard elim ination step that fails (de­
creases p)  and is therefore ignored. The selection ends w henp  a ttains 
the value 0.95. (A forw ard  selection step  which did not increase p 
would also have term inated the algorithm .)

Step Direction Species sets Best p

1 F 1 2 3 4 5 6 0.6
2 F 2 + 1 2 +  3 2 +  4 2 +  5 2 +  6 0.65
3 B 2 4 0.6
4 F 2 +  4 + 1 2 +  4 + 3 2 +  4 +  5 2 +  4 + 6 0.7
5 B 2 +  4 2 +  5 4  +  5 0.8
6 B 4 5 0.55
7 F 4 +  5 + 1 4 +  5 +  2 4 - 5  +  3 4 +  5 +  6 0.85
8 B 4 +  5 4 + 1 .5 +  / o.a
9 F 4 + 5 + 1 + 2 4 +  5 + 1  +.3 4 + 5 + 1 + 6 0.9

10 B 4 +  5 + 1 4 + 5  +  6 4 + 1 + 6 5 +  1 +  6 0.92
11 B 5 + 1 5 +  6 1 + 6 0.93
12 B 5 6 0.55
13 F 5 +  6 + 1 5 +  6 + 2 5 +  6 +  3 5 +  6 +  4 0.94
14 B 5 + 6 5 + 2 6 + 2 0.93
15 F 5 + 6 + 2 + 1 5 + 6 + 2 + 3 S + 6 + 2 + 4 0.95
16 B 5 +  6 +  2 5 + 6  + 4 5 + 2 + 4 6 + 2 + 4 0.94
17 STOP p  = 0.95 threshold reached, for species subset 2 + 4 + 5 + 6

p values are implausible (though no t inconsistent) but are chosen lo 
illustrate the full workings o f  the algorithm . It first selects the single 
species 2, a d d s species 4 then 5, drops 2, adds 1 then  6, drops 4 then 
1, adds 2 then 4 , a t w hich stage the subset consists o f  species 2 ,4 , 5, 
6 and the algorithm  term inates, having attained the threshold 
"m atch” o f  p  -  0.95. O f the 63 ( =  26 -  1) possible species sub­
sets, the algorithm  has considered abou t h a lf  o f  them and this 
proportion  d rops dram atically  as the num ber o f  species increases to 
realistic levels (100 +  ) and  a  full evaluation becomes impossible 
(2II)0 com binations!). Clearly, even if  a  unique minimal-sized subset 
exists that satisfies the p > 0.95 criterion, there is no guarantee 
that a stepwise procedure will find it. A  degree o f  "redundancy”  is 
expected, in the sense o f  species responding in  parallel ways to  the 
timc-scalcs o f  environm ental change, and there a re  likely to be 
m any near-optim al subsets w hich are never considered. N ote that 
the algorithm  may also term inate prem aturely, before p  =  0.95 is 
a ttained, if  the p value docs not increase a t  any  o f  the forward 
selection steps (i.e. no  single species addition  im proves the m atch, 
though two o r  more m ay do  so).

In  response to  some o f  these difficulties it is desirable to  repeat 
the stepwise procedure several times, starting  with different initial 
species subsets chosen a t  random , so th a t the algorithm  explores 
different regions o f  the massive param eter space. The examples 
given later use 40 such random  starts and a n  initial subset o f  ap­
proximately 10% o f  the full species list (form ally, each species has 
independent probability  0.1 o f  being selected for the initial list). A 
typical run o f  the a lgorithm  (term ed BVSTEP) is m ore orderly than 
the illustration o f  Table 1. There is usually an  initial elimination 
phase, removing several o f  the starting  set, followed by a steady 
forward selection phase (with only occasional backw ard steps), 
adding species until the p  =  0.95 threshold is a ttained. Failure to 
reach the threshold can  occur bu t usually docs so  in  a m inority o f 
runs; this is genuinely prem ature term ination  since there m ust exist 
a  species set with p > 0.95, nam ely the full set (for which p  -  1 o f 
course). O f those repeat runs for which the p > 0.95 criterion is 
reached, the one with the smallest num ber o f  species is selected as 
giving the m inim al species subset "best”  cap turing  the full com­
m unity pattern.

E x p lo r in g  s t r u c tu r a l  r e d u n d a n c y

H aving identified a  m inimal-sized subset o f  species (the first re­
sponse unit) encapsulating the sample relationships in the com­
m unity as a whole, a  n a tu ra l next step is to  exclude these species

and ask w hether there  exists a  fu rther subset (the second response 
unit) which replicates th e  full com m unity pattern  and, if  so, a t  w hat 
level o f  m atching. The BVSTEP algorithm  is therefore rc-run for 
the reduced species m atrix  against the full set and, since this time a 
match for w hich p  > 0.95 is no t guaranteed  to exist, the algorithm  
may term inate according to  the second stopping rule, a l  a genuine 
optim um  for p. T he selection from  the several (40) random  starts is 
then made purely on the basis o f  the largest p obtained, irrespective 
o f the size o f  the species subsets. The resulting second response unit 
is now excluded (along w ith the first set) and  the "peeling” pro­
cedure repeated, the w hole process eventually yielding a set o f 
successive response units whose num ber reflects the degree of 
structural redundancy in the com m unity m atrix.

Results I

M o r la ix  o il- s p ill  d a t a

F o r  th e  M o r la ix  d a t a ,  th e  b e s t  s u b s e t  f o u n d  b y  th e  
B V S T E P  p r o c e d u r e  c o m p r is e s  o n ly  n in e  sp e c ie s  a n d  th e  
s a m p le  M D S  b a s e d  o n  th is  s u b s e l  is  s h o w n  in  F ig .  3 b ; 
lh c  v e ry  c lo s e  m a tc h  s e e n  t o  th e  w id e r  c o m m u n i ty  p a t ­
te rn  (F ig .  3 a )  s u b s ta n t i a t e s  th e  u s e  o f  a  p  >  0 .9 5  
m a tc h in g  c r i t e r io n .  E x c lu d in g  th e s e  9  sp e c ie s  ( th e  f irs t 
r e s p o n s e  u n i t )  a n d  r e -a p p ly in g  th e  c n l i r e  s te p w is e  p r o ­
c e d u r e  g iv e s  a  s e c o n d  s e t  o f  11 sp e c ie s , a n d  th e  c o m ­
p o n e n t  p lo ts  o f  F ig .  3 s h o w  th e  r e s u l ts  o f  c o n t in u in g  th is  
p e e lin g , b y  c u m u la t iv e  r e m o v a l  o f  (h e  r e s p o n s e  u n i ts  
g e n e r a te d  a t  e a c h  s ta g e .  F o u r  u n i ts  c a n  b e  f o u n d  w h ic h  
a t t a in  th e  p  >  0 .9 5  c r i t e r io n  ( F ig .  3 b  e ); a f t e r  th is  p o in t  
o n e  a d d i t i o n a l  s u b s e t  c a n  b e  f o u n d  w h ic h  h a s  a  c le a r  
v is u a l  a f f in i ty  w i th  t h e  o v e r a l l  m u l t i v a r i a t e  p a t t e r n  ( o p ­
t im u m  p  =  0 .9 1 , F ig .  3 f). T h e  r e m a in in g  tw o  o p t im i ­
s a t io n s  g iv e  r a p id ly  d e g r a d in g  m a tc h e s  to  F ig .  3 a ,  w ith  
th e  f in a l  p lo t  (F ig .  3 i) b e in g  b a s e d  o n  th e  r e s id u a l ,  u n ­
se le c te d  sp e c ie s  a f t e r  s e v e n  p ee ls . N o t e  t h a t  th e  h e a v y  
c o m p u ta t io n a l  c o n s t r a i n t s  i n  t h e  s te p w is e  p r o c e d u r e  
r e q u ir e d  a n  in i t ia l  r e d u c t io n  o f  th e  sp e c ie s  c o m p le m e n t  
lo  t h e  125 “ m o s t  i m p o r t a n t ” , in  t h e  s e n se  o f  n o n -n e g -



l ig ib le  p e r c e n ta g e  a b u n d a n c e  in  a n y  o n e  s a m p le ,  a n d  th is  
r e d u c e d  se t  is  t h e  b a s is  o f  th e  p lo t  in  F ig . 3 a  a n d  a ll 
s u b s e q u e n t  s e le c t io n s .  ( T h e  o m i t t e d  127  sp e c ie s  w e re  a ll 
r a r e ,  a c c o u n t in g  f o r  o n ly  0 .2 %  o f  t h e  t o ta l  a b u n d a n c e  
a n d ,  o n  a v e r a g e ,  b e in g  a b s e n t  f ro m  a li  five  g r a b  s a m p le s

S e i  6  ( 1 9  s p p )

A l l  a p p

S o i e (13 sop)

Fig. 3 Non-m etric M D S plots from  the Bay o f  M orlaix macrobenthic 
samples, showing the remarkable extent to  which a the overall 
comm unity pattern, a  complex mixture o f  seasonal and pollution 
signals across the 5-year time period, is reproducible by b - f  a 
succession of five small, mutually exclusive subsets o f  species, 
generated by the peeling procedure (see text), after which g -i the 
pattern breaks down. The m atching coefficient (p) to a is shown in the 
bottom  right com er o f each plot and the size o f  the species subsets 
given in the top right com er. The M D S stress values are a 0.09, b-d 
0.08, e, f 0.12, g 0.21 and h, i 0.24
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f o r  9 0 %  o f  s a m p l in g  t im e s .  T h e i r  e x c lu s io n  h a d  n e g li­
g ib le  e ffe c t o n  th e  o v e r a l l  c o m m u n i ty  p a t t e r n :  p  =  0 .9 9  
f o r  th e  c o m p a r is o n  o f  F ig .  3 a  w ith  F ig .  1. A ls o ,  a  r u n  o f  
th e  s te p w is e  s e le c t io n  p r o c e d u r e  o n  th e  o m i t t e d  sp e c ie s  
f a ile d  t o  f in d  a n y  c o n v in c in g  m a tc h  w i th  F ig .  3a ; a t  
b e s t  p  — 0 .6 5  w ith  a r o u n d  o n e - th i r d  o f  th e  sp e c ie s  
s e le c te d .)

S t r u c tu r e  o f  r e s p o n s e  u n i ts

T h e  r e s p o n s e  u n i ts  w h ic h  a t t a in  a  g o o d  m a tc h  a r e  se e n  
t o  b e  o f  s te a d i ly  in c r e a s in g  s iz e  (9 , 11, 14, 18 a n d  2 7  
sp e c ie s ) . O n e  m ig h t  h y p o th e s is e  t h a t  th e  o v e ra l l  p ic tu r e  
is  d ic ta te d  b y  c e r ta in  k e y  s p e c ie s ,  w ith  a  r e la t iv e ly  s t r o n g  
“ s ig n a l- to - n o is e ”  r a t i o  t h r o u g h  t im e , w h ic h  c a n  b e  
s u b s t i tu te d  b y  sp e c ie s  f r o m  s im ila r  ta x o n o m ic  o r  fu n c ­
t io n a l  g r o u p s ,  b u t  w h ic h  h a v e  a b u n d a n c e  p a t t e r n s  w ith  
w e a k e r  s ig n a l- to - n o is e  r a t i o s .  T h e  l a t e r  s u b s e t s  m a y  
th e r e f o r e  r e q u ir e  tw o  o r  t h r e e  r e p re s e n ta t iv e s  t o  m ir r o r  
th e  e ffe c t o f  s in g le  s p e c ie s  f r o m  e a r l ie r  se ts . T h e  d e m ­
o n s t r a t i o n  o f  g r o u p  c o h e r e n c e  o f  t h is  ty p e  a c r o s s  th e  
s u b s e ts  is  c e n t r a l  to  th e  i n te r p r e t a t i o n  o f  r e d u n d a n c y  
a n d  is  a  t e s ta b le  h y p o th e s is .

F ig u r e  4  d iv id e s  th e  s p e c ie s  s u b s e ts  f r o m  th e  f irs t  five 
p e e ls  in to  a  s im p le  t a x o n o m ic / f u n c t io n a l  g r o u p in g .  T h e  
c a te g o r ie s  a r e  e s s e n t ia l ly  p h y le t ic  b u t  th e  p o ly c h a e te  
w o r m s ,  c r u s t a c e a n s  a n d  m o llu s c s  a r e  e a c h  d iv id e d  in to  
tw o  f u n c t io n a l / t a x o n o m ic  g r o u p s :  A  =  C n id a r ia  (se a - 
a n e m o n e s ) ;  B  =  S ip u n c u la ;  C  =  s e d e n ta r y  P o ly c h a e ta  
( S e d e n ta r ia ) ,  w h ic h  a r e  d e p o s i t  f e e d e rs ;  D  =  m o ti le  
P o ly c h a e ta  ( E r r a n t i a ) ,  w h ic h  a r e  m a in ly  c a rn iv o re s ;

Fig 4. Species lists (response 
units), from  the Bay o f  M orlaix 
m acrobenthic analysis, fo r each 
o f  th e  first five subsets extracted 
by the peeling procedure, 
divided into nine m ajo r taxo­
nom ic/functional faunistic 
groupings (A  C nidaria , B  Sip­
uncula, C  sedentary Polychaeta, 
D  m otile Polychaeta, E  small, 
burrow ing C rustacea, F  large, 
epibenthic C rustacea, G  gastro ­
pod M ollusca, H  bivalve 
M ollusca, /  Echinoderm ata)

Subset I
<( ¿  I

Subset 2 Subset 3 Subset 4 Subset 5

r Edwardsia callimorpha

Chaetozone setosa  
'Scolelepis girardi 
Ampharete acutifrons 
Leiochone clupeola

Owenia fusiform is  
M elinna palmata 
Heterocirrus alatus

Stylaroides plumosa 
M yriochele  sp. 
Thelepus cincinnatus  
A ricidea  minuta

Notom astus latericeus 
Polycirrus sp. 
Spiophanes bombyx 
Scolp los armiger 
A ricidea  cerruttfl

M arphysa belti 
Clymene lumbricoides 
Dorvillea kefersteini 
Spio filicornis  
Lanice conchilega 
M ediom astus fragilis 
Terebellides stroemi

Y Harmothoe lunulata 
Eteone longa

O donlosyllis gibba Hyalinoecia bilineata  
N ephtys hombergii 
Phyllodoce lineata  
Exogone hebes

Leptonereis glauca  
Syllis  cornuta  
Sthenelais lim icola

Goniada maculata 
Eulalia sanguinea 
Lumbrineris impatiens 
Glycera convoluta 
Lumbrineris latreilli

' P
Apseudes latreilli 
Photis longicaudata

Am pelisca brevicornis 
Bathyporeia tenuipes 
Leucothoe incisa  
Periambus typicus

Bathyporeia nana  
M egaluropus agilis 
Ampelisca typica

Urothoe pulchella  
Am pelisca tenuicornis 
Ampelisca sarsi 
Am pelisca spinipes  
Orchom ene nana

Argissa hamitipes 
Bathyporeia elegans 
D iastylis laevis 
Aora typica 
Phtisica marina 
Perioculodes longimanus 
Apherusa ovalipes

Philocheras inspinosus Philocheras bispinosus Gastrosaccus lobatus Anapagurus hyndmanni P agurus bernhardus

G '$ ¡S m Nassarius reticulatus

Thyasira flexuosa Venus ovata Thracia fasciolina  
A bra  alba 
Cultellus pellucidus 
Nucula turgida

Cardium scabrum 
Corbula gibba 
Cardium echinatum  
Spisula solida

[ Acrocnida brachiata
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Table 2 F o r  the five response units from the M orlaix m acrobenthic 
analysis, the num ber o f  species falling within each o f  eight taxo­
nom ic/functional groupings (the observed frequencies from Fig. 4, 
om itting  g roup  B for which all frequencies are zero). The figures in 
brackets a re  the expected  frequencies under the usual null hy­
pothesis o f  "n o  interaction”  in a  2-way contingency table

T axonom ic/
functional
group

Response unit Total

1 2 3 4 5

A 0 (0 .1 ) 0 (0 .1 ) 0  (0.2) 0 (0.2) 1 (0-3) 1
C 4 (2.6) 3 (3.2) 4 (4 .1 ) 5 (5.2) 7 (7.9) 23
I) 2 (1 .7 ) 1 (2.1) 4 (2 .7 ) 3 (3.4) 5(5 .1) 15
E 2 (2.4) 4 (2.9) 3 (3.7) 5 (4.8) 7 (7.2) 21
F 1 (0.8) I (FO) 2(1 .2 ) 1 (1.6) 2 (2.4) 7
G 0 (0 .1 ) 1 (0.1) 0 (0.2) 0 (0.2) 0 (0.3) 1
II 0 (1 .1 ) I (1.4) 1 (1.8) 4 (2.3) 4 (3.4) 10
I 0 (0 .1 ) 0 (0 .1 ) 0 (0.2) 0 (0.2) 1 (0.3) 1

T otal 9 11 14 18 27 79

E  =  s m a ll ,  r e la t iv e ly  s e d e n ta r y ,  b u r r o w in g  C r u s ta c e a  
( a m p h ip o d s ,  c u m a c e a n s ,  t a n a id s  a n d  l e p to s t r a c a n s ) ,  
w h ic h  a r e  m a in ly  d e p o s i t  f e e d e rs ;  F  =  la rg e ,  w id e -  
r a n g in g ,  e p ib c n th ic  C r u s ta c e a  ( d e c a p o d s  a n d  m y s id s ) ,  
w h ic h  a r e  s c a v e n g e rs ;  G  =  g a s t r o p o d  M o llu s c a ;  
H  =  b iv a lv e  M o l lu s c a ;  I  =  E c h in o d e r m a ta  (a ll b r i t t le -  
s t a r s  in  th is  c a s e ) .  T h e  s p e c ie s  o r d e r in g  w ith in  th e  c e lls  is  
a c c o r d in g  to  t h e i r  m a tc h  (p ) ,  a s  s in g le  v a r ia b le s ,  t o  th e  
p a t t e r n  o f  c o m m u n i ty  c h a n g e  d e r iv e d  f r o m  a ll sp e c ie s  in  
th e  r e le v a n t  s u b s e t .

T h e  n u m b e r s  o f  s p e c ie s  w i th in  e a c h  cell o f  F ig .  4  a r e  
l is te d  in  T a b le  2 , o m i t t in g  c a te g o r y  B , w h ic h  is  a b s e n t  
f r o m  a ll  5 s u b s e ts .  T h e  q u e s t io n  o f  in te r e s t  is  w h e th e r  th e  
t o ta l  c o u n ts  w i th in  e a c h  s u b s e t  ( th e  c o lu m n  to ta l s )  a r e  
m o r e  c o n s is te n t ly  a p p o r t i o n e d  t o  th e  t a x o n o m ic / f u n c ­
t io n a l  g r o u p s  t h a n  w o u ld  b e  e x p e c te d  b y  c h a n c e ,  i.e . d o  
th e  r e s p o n s e  u n i t s  h a v e  a  c o h e r e n t  s t r u c tu r e ?

M ethods II

T e s t in g  f o r  c o h e r e n c e :  y f  s ta t i s t ic

The observed frequencies within the cells o f  Table 2 form  a  stan­
d ard  two-way contingency table, w ith fixed m arginal totals. The 
null hypothesis under test is that o f  no  coherence, i.e. the species 
falling w ithin successive subsets are, in effect, random ly selected 
(w ithout replacem ent) from the full set o f  species in the table. The 
random  selection retains th e  differing response unit sizes (e.g. as in 
the colum n to tals o f  Table 2) and, o f  course, th e  differing faunistic 
g roup  sizes (as in the row  totals). This is the hypergeom etric m odel 
fo r a  contingency table, and  a  test can be based on the usual chi- 
squared statistic, X2 =  Z (0 - E ) 2!E , where 0  represents the ob­
served num ber o f  species in a  cell o f  the two-way table and E  its 
expectation (the corresponding row  to ta l m ultiplied by the column 
to ta l and  divided by the g rand total). There arc, however, two non­
standard  features in  this case. Firstly, the alternative hypothesis 
postulates th a t the allocation o f  species to  the faunistic groups is 
m ore coherent (i.e. regular) across subsets th an  would be expected 
by chance. Thus, th e  alternative hypothesis is favoured if  the value 
o f  X2 is significantly small, in contrast to  the standard  “ interaction” 
test which rejects the null hypothesis for significantly large values 
(the latter w ould correspond here to  a  test for a  significantly dif­

feren t faunistic com position in each subset). Secondly, the observed

frequencies, a n d  those expected under the null hypothesis, are likely 
to  be to o  low to  justify  the usual approxim ation  o f  a  x2-distribution 
for the test statistic. Instead, the exact d istribution is  simulated by a 
random isation/perm utation  test in w hich a  large num ber (2000) o f 
random  re-allocations o f  th e  full species set are m ade (without 
replacem ent) to  the response units, and  the x2 value recom puted for 
each. T he null hypothesis o f  no  coherence is then rejected, a t the 
0.05 level, i f  the observed x2 is sm aller th an  all bu t 5%  of the 
sim ulated values.

T e s t in g  f o r  c o h e r e n c e :  ta x o n o m ic  m a p p in g

The contingency table test could be  criticised for an  element o f 
subjectivity in the choice o f  the m ixed functional and  taxonom ic 
a ttribu tes in the faunistic groupings, so an  alternative, based purely 
on  standard  taxonom y, has also been developed. (An analysis 
based purely o n  functional attribu tes is no t possible w ithout a 
better understanding o f  the functional roles o f  m any o f  the mac­
robenthic species involved.) This alternative test has the additional 
advantage o f  using th e  full hierarchy o f  taxonom ic relations be­
tween the subsets ra ther than  a  single-level categorisation. The 
question posed is whether, w ithin successive response units, each 
species has an  analogue, o r  analogues, to  which it is m ore closely 
related (taxonom ically) than  would be  expected by chance.

T he question is answered by defining an  "optim al taxonom ic 
m apping”  statistic, M .  This is illustrated in Fig. 5, which uses as an 
example ju s t tw o subsets o f  species, o f  sizes 11 and 14 respectively 
(in fact, these are two o f  the five response units from  the M orlaix 
m acrobenthic analysis). F o r each species in the first subset, its 
closest taxonom ic relative in  th e  second subset is identified (con­
tinuous line in Fig. 5), scoring 1-5 for a  species o f  the same genus, 
family, order, class and  phylum, respectively, and 6 if  it has no 
phyletic coun terpart (as in W arwick and Clarke 1995). These scores 
are averaged over all th e  species from  th e  first subset (underlined 
num bers in Fig. 5, M  = 2.73). This is not a  reversible "one-to-one

O w enia  fu s ifo r m is  2  ..................................... s  M y r io c h e le  sp.

M elinna p a lm a ta  3 ........................................  3  T h e le p u s  c in c in n a tu s

H e te ro c ir ru s  a la tu s  Í   .......... .7. .77.....7.77 4  S y ta ro id e s  p lum osa

... 4  A ric idea  m inu ta

O d o n to s y ll is  g ib b a  2  — —   2  E xogene h e b e s

 -• -  3  n e p h ty s  h o m b erg ii

■ 3  P h y llo d o c e  linea ta

. 4  H ya lin o ec ia  b ilinea ta

A m p e lisc a  b r e v ic o r n is  2  ................... .77...........  ,  A m p e lisca  ty p ic a

B a th y p o r e ia  te n u ip e s  2    ,  B a th yp o re ia  nana

L e u c o th o e  in c isa  3  - - — ^

P e ria m b u s  ty p ic u s  3  —— : 7 . : 3  M ega lu ro p u s ag ilis

P h ilo c h e ra s  b is p in o s u s  3   ....................“  7 7 .  7  3  M a crop ipus  d ep u ra to r

N a s s a r iu s  r e tic u la tu s  6  —-------   4  G a s tro sa c c u s  lo b a tu s

T hyasira  f le x u o s a  3  .7.7.’ 3  V enus ovata

M ■ 2 . 7 3  M  ■ 2 . 8 6

Fig. 5 Illustration o f  “ taxonom ic m apping” , using just the second 
{¡eft) and third (right) subsets o f  species obtained by the peeling 
procedure, from the M orlaix m acrobenthic analysis (Fig. 4). Contin­
uous lines represent the best “m any-to-one”  m ap of the left-hand 
subset onto the right, w ith the underlined number showing the 
taxonomic distance between connected species (distances are from a 
simple Linnean classification, counting 1 fo r species in the same genus, 
2 for species in the same family, and so on). Dashed tines and italic 
numbers represent the m apping of the right-hand set onto the left



283

m ap” , e.g. two species could have the same closest relative (Leu­
cothoe incisa and  Periambus typicus bo th  m ap on to  Megaluropus 
agilis in  Fig. 5), so the com plem entary average is a lso taken of the 
optim al m apping o f  the second subset o n to  the first (dashed lines 
and  italic num bers in Fig. 5, M  =  2.86). These tw o values are 
averaged (M  =  2.80) and  a  grand m ean M  is then com puted over 
all successive pairs o f  response units. The use o f  simple averaging 
on the M  values fo r consecutive pairs largely elim inates artefacts 
which could arise from  m apping very disparately sized subsets onto 
each other.

U nder the null hypothesis o f  no  coherence, the distribution  of 
possible values o f  M  w as determ ined by the sam e random isation 
procedure as previously. The full set o f  species in all response units 
was allocated a t  random  to  those units, preserving th e  different 
subset sizes, and  the overall value o f  M  calculated for each simu­
lation. Again, 2000 random isations were perform ed and  the true 
value o f  M  referred to  the sim ulated distribution , a sufficiently 
small value indicating rejection o f  the null in  favour o f  the alter­
native hypothesis, o f coherent subset structure.

R esults II

C o h e r e n c e  o f  M o r la ix  r e s p o n s e  u n i ts

T h e  five  r e s p o n s e  u n i ts  f r o m  t h e  M o r la ix  p e e l in g  p r o ­
c e d u r e  (F ig .  4 )  g iv e  r is e  to  t h e  o b s e rv e d  a n d  e x p e c te d  
f r e q u e n c ie s  s h o w n  in  T a b le  2 ,  w i th  a  r e s u l t in g  y 2 v a lu e  
o f  1 6 .6 . T h e  r a n d o m is a t io n  p r o c e d u r e  g e n e r a te s  th e  n u ll  
d i s t r ib u t i o n  o f  y }  s h o w n  in  F ig .  6 a .  T h e  o b s e rv e d  y 2 is 
c le a r ly  in  th e  lo w e r  ta i l  o f  t h i s  d i s t r ib u t io n ,  w i th  o n ly  28  
o f  th e  2 0 0 0  s im u la t io n s  g e n e r a t i n g  s m a l le r  v a lu e s ; th e  
n u l l  h y p o th e s is  is  r e je c te d  ( P  <  0 .0 1 4 )  in  f a v o u r  o f  th e  
a l t e r n a t iv e  o f  c o h e r e n c e  o f  th e  r e s p o n s e  u n its .

S im ila r ly ,  t h e  ta x o n o m ic  m a p p in g  p r o c e d u r e  g e n e r ­
a te s  a n  o b s e r v e d  v a lu e  o f  M  =  2 .9 2 , o n  a v e r a g in g  o v e r  
a l l  c o n s e c u t iv e  p a i r s  o f  u n i ts ,  w h ic h  c a n  b e  c o m p a r e d  to  
t h e  s im u la te d  d i s t r ib u t io n  in  F ig .  6 b ; th e  n u l l  h y p o th e s is  
is  a g a in  re je c te d  {P  <  0 .0 0 2 )  in  f a v o u r  o f  t h e  c o h e re n c e  
a l te rn a t iv e .

A b u n d a n c e  t r e n d s  f o r  M o r la ix  d a t a

T h e  q u e s t io n  a r is e s  a s  to  w h e th e r  th e  a b u n d a n c e s  o f  th e  
s a m e  t a x o n o m ic / f u n c t io n a l  g r o u p s  o f  o r g a n is m s  in  d i f ­
f e re n t  r e s p o n s e  u n i ts  a r e  n e g a t iv e ly  c o r r e la te d ,  w h ic h  
w o u ld  b e  in d ic a t iv e  o f  c o m p e n s a t io n  b e tw e e n  th e  u n its ,  
o r  w h e th e r  th e r e  is  p o s i t iv e  c o r r e l a t i o n  a c r o s s  th e  r e ­
s p o n s e  u n i ts  ( s y n c h r o n y ) .  I n  F ig .  7 w e  h a v e  s u m m e d  th e  
f o u r t h - r o o t  t r a n s f o r m e d  a b u n d a n c e s  o f  sp e c ie s  w i th in  
e a c h  c e ll o f  F ig .  4  a n d  p lo t t e d  th e s e  a b u n d a n c e s  a g a in s t  
t im e . T h is  sh o w 's  t h a t ,  in  e a c h  r e s p o n s e  u n i t ,  g iv e n  t a x ­
o n o m ic / f u n c t io n a l  g r o u p s  o f  sp e c ie s  c h a n g e  in  a b u n ­
d a n c e  in  a  s im i la r  w a y , a l t h o u g h  th e  p a t t e r n  o f  c h a n g e  
d if f e r s  a m o n g  th e s e  f a u n is t ic  g r o u p s  w i th in  e a c h  u n it.

M a c r o b e n th ic  t im e  se r ie s  f r o m  N o r th u m b e r l a n d

T o  e x p lo r e  th e  g e n e r a l i ty  o f  th e  o b s e r v a t io n s  n o te d  
a b o u t  r e d u n d a n c y  s t r u c tu r e  in  th e  M o r la ix  se r ie s , w e
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Fig. 6  For the Morlaix m acrobenthic data, histograms o f  2000 
simulated values for the test statistics: a y2, from a  two-way layout o f  
response units by taxonomic/functional category; 1) M , from an 
optim al taxonom ic m apping o f the species in successive response units 
on to  each other. The simulations are under the null hypothesis o f  ‘‘no 
coherence in faunistic structure” , and are the result o f a  (constrained) 
random  allocation of species to  the units. The true values o f the two 
statistics fall in the lower tails o f  their respective distributions, leading 
to  rejection o f  the null hypothesis in both cases

h a v e  c o n d u c te d  a  s im i la r  a n a ly s is  o f  m a c r o b e n th i c  t im e  
s e r ie s  d a t a  f r o m  tw o  s t a t i o n s  o f f  t h e  c o a s t  o f  N o r t h ­
u m b e r la n d ,  n o r th - e a s t  E n g la n d  ( B u c h a n a n  1993; 
B u c h a n a n  a n d  M o o r e  1 9 8 6 a ,b ;  B u c h a n a n  a n d  W a r w ic k  
1974 ; B u c h a n a n  e t  a l .  19 7 4 , 1986). S ta t io n  P  is  a t  a  d e p th  
o f  8 0  m , a n d  t h e  s e d im e n t  h a s  a  m e d ia n  p a r t i c l e  d i a m ­
e te r  o f  0 .0 5 6  m m ,  c o r r e s p o n d in g  t o  th e  W e n tw o r th  
g r a d e  “ s i l t” . S ta t io n  M l  is  a t  a  d e p th  o f  5 4  m ,  m e d ia n  
p a r t ic le  d ia m e te r  0 .1 4 5  m m  (“ fin e  s a n d ” ). F o r  c o n s is ­
te n c y ,  d a t a  h a v e  o n ly  b e e n  a n a ly s e d  f o r  y e a r s  in  w h ic h  
b o t h  s t a t i o n s  h a v e  b e e n  s a m p le d :  1 9 7 3 -1 9 8 5  o m it t in g  
1 9 7 7 . S ta t io n  P  w a s  s a m p le d  a n n u a l ly  in  J a n u a r y - F e b -  
r u a r y  a n d  s t a t i o n  M l  in  M a r c h -  M a y .  T h e r e  h a v e  b e e n  
n o  o b v io u s  lo c a l  a n th r o p o g e n ic  im p a c ts  a t  e i t h e r  o f  
th e s e  s t a t i o n s  d u r i n g  t h e  s a m p lin g  p e r io d ,  a n d  c o m m u ­
n i ty  c h a n g e s  re fle c t g e n e r a l  i n te r - a n n u a l  v a r ia b i l i ty .

T h e  M D S  f o r  4 th - r o o t - t r a n s f o r m e d  a b u n d a n c e s  o f  
a ll  sp e c ie s  (.s =  138 a t  P ,  s  =  1 9 4  a t  M l )  s h o w s  a  se ­
q u e n t i a l  c h a n g e  in  c o m m u n i ty  s t r u c tu r e  a t  b o th  s t a t i o n s  
(F ig .  8 ). T h e  s a m p le s  f r o m  t h e  1 9 8 0 s a r e  s e p a r a t e d  f ro m  
th o s e  f o r  th e  1 9 7 0 s o n  b o t h  p l o t s  a n d  r e p re s e n t  th e  
r a t h e r  a b r u p t  s w itc h  in  c o m m u n i ty  s t r u c tu r e  a t  th e  t u r n  
o f  t h e  d e c a d e  w h ic h  is  k n o w n  to  h a v e  o c c u r r e d  in  s e v e ra l  
c o m p o n e n t s  o f  th e  N o r t h  S e a  b io ta  ( A u s te n  e t a l.  1991). 
A n  M D S  p lo t  o f  t h e  tw o  s t a t i o n s  c o m b in e d  (F ig .  9 )
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Fig. 7 F or the Morlaix macrobenthos, sums of the 4th-root 
transformed abundances o f  species within specific taxonomic/func­
tional groups and “ response unit”  subsets (as in Fig. 4), plotted 
against time

s h o w s  th a t ,  a l t h o u g h  th e  c lu s te r s  f o r  e a c h  s t a t i o n  a r e  f a r  
a p a r t ,  in d ic a t in g  q u i t e  d i f f e r e n t  sp e c ie s  c o m p o s i t io n s ,  
th e  d i r e c t io n  o f  c o m m u n i ty  c h a n g e  t h r o u g h  tim e  is  th e  
s a m e  a t  b o th .

F o r  s t a t i o n  P ,  th e  f irs t  s u b s e t  e x tr a c te d  b y  th e  p e e lin g  
p r o c e d u r e  c o m p r i s e s  10 sp e c ie s  ( l is te d  in  T a b le  3 ), a n d  
th e  M D S  p lo t  f o r  th e s e  10 (F ig .  10b) s h o w s  a  v e ry  c lo se  
m a tc h  to  th e  w id e r  c o m m u n i ty  p a t t e r n  e x h ib i te d  b y  th e  
125 m o s t  a b u n d a n t  sp e c ie s  (F ig .  10a). T w o  m o r e  s u b s e ts  
o f  15 a n d  21 s p e c ie s  r e s p e c t iv e ly  m e e t  th e  p  >  0 .9 5  
m a tc h in g  c r i t e r io n  (F ig s .  1 0 c , d ) ,  a n d  a  f o u r th  se t  o f  24  
sp e c ie s  a c h ie v e s  a  m a x im u m  c o r r e la t io n  o f  0 .91  
(F ig .  1 0 e), a f t e r  w h ic h  th e  m a tc h  r a p id ly  d e c lin e s  
(F ig s .  lO f, g ,  h ) .  F o r  s t a t i o n  M l ,  th e  f irs t  s u b s e t  c o m ­
p r is e s  9 sp e c ie s  ( l is te d  in  T a b le  4 ) ,  a n d  th e  M D S  p lo t  fo r  
th e s e  9 (F ig .  l i b )  a g a in  s h o w s  a  v e ry  c lo s e  m a tc h  t o  th e  
w id e r  c o m m u n i ty  p a t t e r n  (F ig .  1 l a ) .  T h r e e  m o r e  s u b s e ts  
o f  12, 15 a n d  2 3  sp e c ie s  r e s p e c t iv e ly  m e e t  th e  p  >  0 .95  
c r i te r io n  (F ig s .  1 l e ,  d ,  e ) , a n d  a  f if th  se t  o f  14  sp e c ie s  
a c h ie v e s  a  m a x im u m  c o r r e l a t i o n  o f  0 .91  (F ig .  1 1 0 , a f te r

w h ic h  t h e  m a tc h  d e c l in e s  (F ig s .  l l g ,  h ) .  F o r  s t a t i o n s  P  
a n d  M 1 c o m b in e d ,  th e  f i r s t  s u b s e t  c o m p r is e s  7  sp e c ie s , 
l is te d  in  T a b le  5, w i th  p  o f  0 .9 5  ( th e  M D S  p lo ts  f o r  th e se  
s u b s e ts  a r e  n o t  p r e s e n te d  s in c e  th e  tw o  c lu s te r s  o f  p o in ts  
a r e  v e ry  c o lla p s e d ,  a s  in  F ig .  9 ,  m a k in g  th e  f in e  s t r u c tu r e  
o f  th e  t im e  c o u r s e s  h a r d  to  d i s t in g u is h ) .  T h r e e  m o re  
s u b s e ts  o f  9 , 10 a n d  12 s p e c ie s ,  r e s p e c t iv e ly ,  m e e t  th e  
p  >  0 .9 5  m a tc h in g  c r i t e r io n ,  a n d  a  f if th  s e t  o f  2 5  sp e c ie s  
a c h ie v e s  a  m a x im u m  c o r r e l a t i o n  o f  p  >  0 .9 4 , a f te r  
w h ic h  th e  m a tc h  d e c l in e s  w i th  a  se t  o f  2 3  sp e c ie s  
( p  =  0 .8 5 ) , th e  r e m a in in g  3 6  sp e c ie s  g iv in g  o n ly  
p  =  0 .24 .

A s  w ith  th e  M o r la ix  d a t a ,  th e  s u b s e ts  e x tr a c te d  f ro m  
th e  N o r th u m b e r l a n d  s t a t i o n s  a r e  c o h e r e n t  in  t h a t  th e y  
c o m p r is e  t a x o n o m ic a l ly  a n d  f u n c tio n a l ly  m a tc h in g  s p e ­
c ie s  w i th  a  w id e  t a x o n o m ic  s p r e a d .  A t  s t a t i o n  P , th e  
s u b s e ts  ty p ic a lly  c o m p r i s e  a  l a r g e  c o e le n te r a te  ( V irg u l­
a r ia , C e r ia n th u s ,  s u b s e t s  1 a n d  2  o n ly ) ,  p o ly c h a e te  s p e ­
c ie s  w h ic h  a r e  s u r f a c e  d e p o s i t - f e e d e r s ,  s u b s u r f a c e  
d e p o s i t- f e e d e r s  a n d  c a r n iv o r e s ,  sm a ll  c r u s ta c e a n s  
( c u m a c e a n s  a n d  a m p h ip o d s ) ,  b iv a lv e  m o llu sc s  a n d  
e c h in o d e r m s  ( T a b le  3 ). T h e  s u b s e t s  a t  s t a t i o n  M l  h a v e  a  
s im ila r  t a x o n o m ic / f u n c t io n a l  c o m p o s i t io n  e x c e p t  th a t  
th e  la r g e  c o c le n te r a te s  m a y  e i t h e r  b e  r e p la c e d  w ith  o th e r  
t a x a  ( n e m e r t in e s ,  p o ly c la d s ,  s u b s e t s  2  a n d  4 )  o r  b e  a b ­
se n t.
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Fig. 8  Non-metric M DS ordinations for the sub-tida! macrobenthic 
community samples taken a t  tw o Northum berland sites (Buchanan 
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years 1973-1976, 1978-1985 (207 species). N ote that, in spite o f the 
substantially different community composition a t the two sites (left to 
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D iscussion

T h e  a b o v e  a n a ly s e s  o f  s t r u c tu r a l  r e d u n d a n c y  h a v e  r e ­
v e a le d  a  n u m b e r  o f  c o n s i s te n t  f e a tu r e s  a m o n g  th e  d i f ­
f e re n t  t im e - s e r ie s  d a t a  se ts .

1. T h e  n u m b e r  o f  s u b s e t s  o f  sp e c ie s  e x tr a c te d  b y  th e  
p e e l in g  p r o c e d u r e ,  w h ic h  c o r r e l a t e  to  t h e  w id e r  c o m ­

m u n ity  p a t t e r n  ( o f  125  sp e c ie s )  w i th  a  m a tc h in g  c o e ffi­
c ie n t  >  0 .9 5 , i s  s im i la r  i n  a l l  c a s e s , n a m e ly  M o r la ix :  4  (5 ); 
N o r t h u m b e r l a n d  s t a t i o n  P : 3 (4 ); N o r t h u m b e r l a n d  s t a ­
t io n  M l :  4  (5 ); N o r t h u m b e r l a n d  s t a t i o n s  P  a n d  M l  
c o m b in e d :  4  (5 ). T h e  n u m b e r s  in  b r a c k e ts  in c lu d e  “ n e a r  
m is s e s ” , w h e re  p  >  0 .9 0 .

2 . T h e  n u m b e r s  o f  s p e c ie s  in  e a c h  o f  th e  s u b s e ts  is 
a ls o  s im ila r ,  n a m e ly  M o r la ix :  9 ,  11, 14, 18; N o r t h u m ­
b e r la n d  P : 10, 15 , 2 1 ; N o r t h u m b e r l a n d  M l  : 9 ,  12, 15, 23 ; 
N o r th u m b e r l a n d  P  a n d  M l  c o m b in e d :  7, 9 , 10, 12. T h e  
f a c t  t h a t  th e  n u m b e r s  o f  s p e c ie s  in  th e  s u b s e t s  te n d  t o  b e  
s m a l le r  f o r  th e  c o m b in e d  N o r t h u m b e r l a n d  d a t a  re fle c ts  
th e  r e la t iv e ly  la r g e  d i f f e re n c e s  in  c o m m u n i ty  c o m p o s i ­
t io n  b e tw e e n  th e  tw o  s t a t i o n s ,  in  c o m p a r is o n  w ith  th e  
c h a n g e s  a t  e a c h  o v e r  t im e : a  r e la t iv e ly  fe w  a b u n d a n t  
sp e c ie s  a r e  l ik e ly  to  c h a r a c t e r i s e  th is  d iffe re n c e .

3 . R e g u la r i ty  o f  t a x o n o m ic  c o m p o s i t io n  a c ro s s  su c ­
c e s s fu l  “ p e e ls ”  is  a  s u b t l e  a n d  d iff ic u lt  a l t e r n a t iv e  h y ­
p o th e s is  a g a in s t  w h ic h  t o  t e s t ,  g iv e n  th e  re la t iv e ly  sm a ll  
n u m b e r  o f  s p e c ie s  in v o lv e d  (e .g . in  th e  > f te s t) .  N o n e ­
th e le s s ,  c o h e r e n c e  h a s  b e e n  d e m o n s t r a t e d  b e y o n d  r e a ­
s o n a b le  s ta t i s t ic a l  d o u b t ,  b y  tw o  o b je c t iv e  te s ts  d e s ig n e d  
to  u t il is e  s o m e w h a t  d i f f e r e n t  a t t r i b u te s  o f  th e  d a t a  a n d ,  
in d e e d ,  c le a r  l in k s  d o  s e e m  a p p a r e n t  f r o m  in s p e c t io n  o f  
F ig .  4  a n d  T a b le s  3 , 4  a n d  5.

4 . E a c h  o f  th e  r e s p o n s e  u n i ts  e n c o m p a s s e s  a  w id e  
ta x o n o m ic  a n d  f u n c t io n a l  s p r e a d ,  a n d  it i s  e v id e n t  th a t  
th e  t o ta l  c o m m u n i ty  p a t t e r n  d o e s  n o t  s im p ly  r e s u l t  f ro m  
t r e n d s  in  o n e  g r o u p  o f  o r g a n is m s  w h ic h  is  p a r t ic u la r ly  
s e n s i t iv e  to  e n v i r o n m e n ta l  c h a n g e .

T h e  l in k  b e tw 'ee n  s t r u c tu r a l  r e d u n d a n c y  a n d  fu n c ­
t io n a l  r e d u n d a n c y /p o te n t i a l  f o r  f u n c t io n a l  c o m p e n s a ­
t io n  is  d iff ic u lt  t o  m a k e  f r o m  o b s e r v a t io n a l  s tu d ie s  o f  
t h i s  k in d .  T h e  e x a c t  f u n c t io n a l  (e .g . t r o p h ic )  ro le  o f  
e a c h  sp e c ie s  w i th in  a n  a s s e m b la g e  o f  b e n th ic  m a c r o ­
f a u n a  is  n o t  k n o w n ,  a n d  w e  c a n  o n ly  c o n s t r u c t  b r o a d  
c a te g o r i s a t io n s  b a s e d  o n  w h a t  is  k n o w rn  a b o u t  a  few  
sp e c ie s  a n d  in fe re n c e s  t h a t  p h y s io g n o m ic a lly  s im ila r  
sp e c ie s  b e h a v e  in  t h e  s a m e  w a y . S u c c e s s iv e  re s p o n s e  
u n i ts  h a v e  b e e n  s h o w n  t o  c o n ta i n  r e p re s e n ta t iv e s  o f  all 
th e  f u n c t io n a l  g r o u p s  w h ic h  m ig h t  b e  e x p e c te d  t o  o c c u r  
in  s u c h  h a b i t a t s  ( s u r f a c e  a n d  s u b s u r f a c e  d e p o s i t- f e e d e r s ,  
c a r n iv o r e s ,  s c a v e n g e r s )  a n d  a ls o  s p a n  th e  r a n g e  o f  d i f ­
f e re n t ia l  s e n s i t iv i t ie s  t o  p o l lu t i o n /d i s tu r b a n c e  k n o w n  to  
o c c u r  a m o n g  m a jo r  t a x a ,  f r o m  t h e  m o s t  s e n s it iv e  
c r u s t a c e a n s  to  th e  m o s t  t o l e r a n t  d e p o s i t- f e e d in g  p o ly ­
c h a e te  w o r m s  (W a r w ic k  a n d  C la r k e  1993). H o w e v e r ,  it 
is  a  la r g e  le a p  f r o m  c o n c e p ts  o f  f u n c t io n a l  r e d u n d a n c y  
( W a lk e r  1992; L a w to n  a n d  B ro w n  1993) t o  th e  p o t e n ­
t ia l  f o r  f u n c t io n a l  c o m p e n s a t io n  ( M e n g e  e t  a l.  1994; 
F r o s t  e t  a l.  1 9 9 5 ), s in c e  i t  is  o n ly  b y  e x p e r im e n ta l  r e ­
m o v a l  o f  sp e c ie s  o f  a  sp e c if ic  f u n c t io n a l  ty p e  f r o m  a  
p a r t i c u l a r  r e s p o n s e  u n i t  t h a t  i t  c a n  b e  s h o w n  t h a t  s p e ­
c ie s  o f  th e  s a m e  f u n c t io n a l  ty p e  f r o m  a n o th e r  r e s p o n s e  
u n i t  w ill c o m p e n s a te  f o r  t h is  f u n c t io n .  A l l  w e  c a n  s a y  a t  
t h e  p r e s e n t  t im e  is  t h a t  e a c h  r e s p o n s e  u n i t  d o e s  c o n ta in  
s p e c ie s  o r  g r o u p s  o f  s p e c ie s  w h ic h , f r o m  w h a t  is  k n o w n  
o f  th e i r  b io lo g y ,  d o  a p p e a r  to  b e  th e  f u n c t io n a l  e q u iv ­
a le n t s  o f  s p e c ie s  in  o t h e r  r e s p o n s e  u n its ,  a n d  t h a t  th e s e
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Table 3  T axonom ie com position o f  species subsets from  the peeling procedure (see text), a t  N orthum berland  Station P. The first three 
subsets a tta in  the p > 0.95 criterion, for the m atch o f  similarities to  those for the full set o f  125 species, but the fourth  subset has p  =  0.91

Subset 1 Subset 2 Subset 3 Subset 4

Coelenterates Coelenterates Sedentary polychaetes Sipunculans
Virgularia mirabilis Cerianthus lloydi Poecilochaetus serpens Golfingia vulgaris

Sedentary polychaetes Sedentary polychaetes Polydora spp. Sipunculid spp.
Spiophanes bom byx Apistobranchus tullbergi Spiophanes kroyeri Priapulids
Spionidae sp. Prionospio multibranchiata Prionospio malmgreni Priapulus caudatus
Ophelina modesta Chaetozone, setosa Spio filicornis Sedentary polychaetes
Ampharete baltica Cirratulid sp. Euclymene affinis Laonice cirrata

E rran t polychaetes Ophelina acuminata Polycirrus medusa M agelona minuta
Eteone tonga E rran t polychaetes E rran t polychaetes Cauleriella caputesocis
Goniada maculata Pholoe minuta Sthenelais limicola Tharyx sp.

Crustaceans Nereis longissima Phyllodocidae sp. Scalibregma inflatum
Eudorella truncatula Crustaceans Gyptis brevipalpa /  le  leromas tus filiform is
Harpitmia an ternaria Leucon nasica Nephtys spp. A m paretidae spp.

G astropod  m olluscs Phtisica marina Glycera rouxii E rran t polychaetes
Odostomia sp. Nephrops norvegicus Lumbrineris gracilis Linopherus hemuli

Bivalve molluscs C rustaceans H esionidae sp.
M ontacuta ferruginosa Eudorella emarginata Synelm is kla tti

(ias tro p o d  molluscs Distylia lucifera Glycinde nordmannii
Cylichna cylindracea Isopod sp. Lumbrineris hibernica

Echinoderm s Lembos longipes Schistomeringos caecus
Amphiura filiform is Photidae sp. Olicoehaetes
Amphiura chiajei Bivalve molluscs 

Nucula tenuis 
Kellia suborbicularis 

Echinoderms
Leptosynapta bergensis

Oligochaete spp. 
Crustaceans 

Diastylis rugosa 
A placophoran molluscs 

Chaetoderma nitidulum 
Bivalve molluscs 

Venus striatula 
Bivalve sp.

(ias tro p o d  molluscs 
P rosobranch sp. 

Echinoderm s 
Ophiura affinis 
Hrissopsis lyrifera

Fig. 10 N on-m etric  M D S plots 
from  N orthum berland station I* 
samples, over the 12 years, 
showing th e  precise way in 
which a the overall com m unity 
pattern  is reproducible in b-c 
consecutive species subset peels, 
before f-h  the pattern  breaks 
down. The m atching coefficient 
p  to  a is given in the bottom  
right com er o f  each plot and 
the num ber o f  species in each 
subset is show n top right. Stress 
values fo r the ord inations are 
a 0.11, b 0.09. c 0.08, d 0.12, 
e 0.14, r  0.19, g, b 0.13

S e t  1 ( 1 0  s p p >Ali 126 s p p S e t  2  ( 1 6  s  p  p) ( 2 1  a p p )S e

7 3

86

S e t  4  ( 2 4  8 p p ) S e t S e t  6  ( I O  a p p ) h S e t  7  ( 2 1  a  p p )9

. 7 0 . 2 7

sp e c ie s  a p p e a r  to  r e s p o n d  i n  s im ila r  w a y s  to  e n v i r o n ­
m e n ta l  c h a n g e .  T h e  n u m b e r  o f  su c c e s s fu l  p e e ls  m a y  
th u s  in  s o m e  s e n se  b e  r e g a r d e d  a s  a  m e a s u r e  o f  th e  
p o te n t ia l  f o r  f u n c t io n a l  c o m p e n s a t io n ,  i f  n o t  th e  c a ­
p a c i ty  f o r  it.

E v e n  i f  w e  r e f r a in  f r o m  d e f in in g  a  f o rm a l  r e d u n ­
d a n c y  in d e x  b a s e d  o n  t h e  n u m b e r  o f  su c c e s s fu l  p ee ls ,

a n d  t u r n  o u r  b a c k  o n  a n y  f u n c t io n a l  im p l ic a t io n s ,  th e  
m e th o d o lo g y  s t i ll  s e e m s  a  u se fu l  w a y  o f  d e m o n s t r a t in g  
th e  sc a le  o f  r e d u n d a n c y  in h e r e n t  in  a n y  a n a ly s is  o f  
c o m m u n i ty  s t r u c tu r e .  O n  t h a t  b a s is ,  th e  b e n th ic  m a c ­
r o f a u n a  d a t a  e x a m in e d  h e r e  w o u ld  a p p e a r  to  p r o v id e  
s t r ik in g  e x a m p le s  o f  th e  d e g r e e  o f  r e d u n d a n c y  o b s e r v ­
a b le  in  p ra c t ic e .
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Table 4 T axonom ie com position o f  species subsets from the peeling procedure, a t N orthum berland  S tation  M l. The first four subsets 
a tta in  p  > 0.9S but the fifth (smaller) group only has p  = 0.91

Subset 1 Subset 2 Subset 3 Subset 4 Subset 5

Sedentary polychaetes 
Apistobranchus tullbergi 
Spiophanes bombyx 
Chaetopterus variopedatus 
Diplocirrus glaucus 
Ampharete baltica

Sabellides octocirrata 
Lanice conchilega 

liivalvc molluscs 
M ysella bidentata 

G astropod  molluscs 
Odostomia  sp.

Nemertincs 
N em ertea spp. 

Sedentary polychaetes 
Orbinia setulata 
Paradoneis lyra 
Terebellides stroemi

E rran t polychaetes 
Pholoe minuta 
Gyptis brevipalpa 
N ephtys spp. 

Crustaceans 
Diastylis rathkei 

A piacophoran molluscs 
Chaetoderma nitidulum  

Bivalve molluscs 
Lucinoma borealis 

G astropod  molluscs 
Turritella communis 
Cylichna cylindracea

Sedentary polychaetes 
Polydora spp.
Tharyx  sp.
Ophelina modesta 
Heteromastus filiformis 
Rhodine gracilior

E rran t polychaetes 
Linopherus hemuli 
Polynoidae sp. 
Synelmis kla tti 

C rustaceans 
Diastylis lucifera 
Ampelisca tenuicornis 
Photidae spp.

Bivalve molluscs 
M ysia undata 
Spisula subtruncata 
Abra nitida 

Echinoderm s
Echinocyamus pusillus

Platyhelm inthes 
Polyclad spp. 

Sedentary polychaetes 
Scolplos armiger 
Spiophanes kroyeri 
Prionospio 
multibranchiata 

M agelona m inuta  
M agelona mirabilis 
Chaetozone setosa 
Capitomastus minimus 
C apitellidae sp. 
Pectinaria auricoma 
Polycirrus medusa 

E rran t polychaetes 
Sphaerodorum flavum  
Glycera rouxii 
Glycinde nordmanni 
Lumbrineris hibernica 
Lumbrineris gracilis 

O ligochaetes 
O ligochaete spp. 

Bivalve molluscs 
Chlamys opercularis 
Kellia suborbicularis 
Cultellus pellucidus 
M ya  truncata 
Thracia villosiuscula 

Echinoderm s 
A mphiura filiform is

Sedentary polychaetes 
Levinsenia gracilis 
Prionospio malmgreni 
C irratulidae spp. 
Euclymene affinis

E rran t polychaetes 
Aphrodita aculeata 
Eteone tonga 
Nereis longissima 

Crustaceans 
Ampelisca brevicornis 
M aera loveni 

Bivalve molluscs 
Nucula tenuis 
Thyasira flexuosa  

Phoronids 
Phoronis mulleri 

Echinoderm s 
Echinocardium flavescens 

Hem ichordates
Glossobalanus marginatus

Fig. 11 M D S plots from 
N orthum berland M l samples 
over the 12 years, again show­
ing the clear way in which b - f  
successive species peels can be 
found to  m atch  a the overall 
com m unity structure, before 
g-h the p a tte rn  begins to  break 
down. Stress values are a,b 0.08, 
c 0.07, d , e 0.09. f  0.10, g, h 0.15
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Table 5 T axonom ie com position o f  species subsets front the peeling procedure, a t  N orthum berland Stations P and M l com bined. The first four subsets a tta in  p  values o f  0.95, the fifth 
has p =  0.94 and th e  sixth, /> =  0.85

Subset 1 Subset 2 Subset 3 Subset 4 Subset 5 Subset 6

Coelenterates Sedentary polychaetes Sedentary polychaetes Coelenterates Nemertincs Sedentary polychaetes
Virgularia mirabilis Tharyx  sp. A pis tobranch us tu I ¡bergi Halacampa crysatuhemum N em ertea spp. Orbinia sertulata

Sedentary polychaetes Ophelina acuminata Prionospio malmgreni Sedentary polychaetes Sipunculans Levinsenia gracilis
Prionospio multibranchiata Euclymene affinis Scalibregma inflatum Spiophanes bombyx Golfingia elongata Poecilochaetus serpens
Rhodine gracilior M yriochele oculata Ampharete baltica M agelona minuta Golfingia vulgaris Spiophanes kroyeri

E rran t polychaetes Trichobranchus glacialis E rran t polychaetes Chaetozone setosa Sipunculid spp. Spio filicornis
Eteone longa E rran t polychaetes N ereis longissima E rran t polychaetes Sedentary polychaetes Caulleriella caputesocis

Crustaceans Linopherus hemuli N ephtys  spp. Phyllodocidae sp. Polydora  spp. Diplocirrus glaucus
Diastylis rugosa Pholoe minuta C rustaceans Lumbrineris hibernica Pectinaria koreni Heteromastus filiform is

Bivalve molluscs Crustaceans Leptognathia  sp. Crustaceans H esionidae sp. E rran t polychaetes
Nucula tenuis Ampelisca tenuicornis Calocaris macandreae Leucon nasica E rrant polychaetes Sthenelais limicola
Lucinoma borealis Bivalve molluscs A placophoran molluscs Bivalve molluscs Synelmis k la tti G yptis rosea

Cultellus pellucidus Chaetoderma nitidulum Thyasira flexuosa Glycera rouxii Glycinde nordmanni
Bivalve molluscs Kellia suborbicularis Goniada maculata Drilonereis filum

Venus striatula M ysella bidentata Lumbrineris gracilis C rustaceans
Phoronids Crustaceans Eudorella emarginata

Phoronis mulleri Eudorella truncatula Perioculodes longimanus
Echinoderm s Diastylis lucifera Lembos longipes

Amphiura filiformis Ampelisca macrocephala Protomedia fasciata
Harpinnia antennaria Bivalve molluscs
Corophium affinis M ontacuta ferruginosa
Photidae spp. Cardium scabrum
Nephrops norvegicus Hiatella arctica

Bivalve molluscs G astropod  molluscs
Abra nitida Odostomia sp.

G astropod m olluscs P rosobranch  sp.
Turritella communis Echinoderm s
N atica alderi Ophiura affinis
Cylichna cylindracea Ilem ichordates

Echinoderm s Glossobalanus margina tus
Amphiura chiajei
Echinocardium cordatum
brissopsis lyrifera
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