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ABSTRACT: The  spatial pa tte rn  of specific populat ions or comm unities  plays an  im portan t  role in 
ecological theories  such as species diversity, comm unity  succession and  stability. A m eth o d  based  on 
canonical co rrespondence  ordination (CCA) and constra ined  ordination  was u sed  to parti t ion the 
varia tion observed  in the species a b u n d an c e  da ta  matrix into 4 in d ep e n d en t  components:  spatial, 
environm ental,  spatial + environm enta l,  unde te rm ined .  M an te l  and  partial  M antel  test results  w ere  in 
accordance  with CCA results.
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IN TRO DU CTIO N

M e r o p la n k to n  sp ec ie s  a n d  h y d ro lo g ica l  m o n i to r in g  
d a ta  w e r e  co l le c ted  a lo n g  a t r a n s e c t  in th e  S o u th e rn  
B ight of the  N orth  Sea . T h e  coas ta l  loca t ions s tu d ie d  a re  
c h a ra c te r i z e d  by  th e  p r e s e n c e  of a  b e n th ic  c o m m u n ity  
c o n t in u u m  d o m in a te d  by th e  b iva lve  A b ra  alba, w h ich  
is su b je c te d  to s e a s o n a l  a n d  y ear ly  f luc tua t ions  
(D e w a ru m e z  e t  al. 1991). M os t  of th e  b e n th ic  spec ies  
h a v e  a p e la g ic  p h a s e  d u r in g  th e i r  life cycle , w i th  the  
m e r o p la n k to n ic  la rv a e  d is p e r s e d  ov e r  a p e r io d  of t im e  
w h ich  v a r ie s  from  1 w k  to 1 mo. T h e  com p lex it ie s  in ­
vo lved  in th e  in t e rp re ta t io n  of th e  effec ts  of local ised  
w in d -d r iven  ad vec t ion  transpo r t  on  the  in tensity  of w a te r  
m a s s  m o v e m e n ts  in  re la t io n  to th e  c h a n g e s  in the  
d is tr ib u t io n  a n d  a b u n d a n c e  of m e r o p la n k to n  a n d  Zoo­
p la n k to n  in this a r e a  h a v e  b e e n  d is c u s se d  by m a n y  
a u th o rs  (C o leb ro o k  1978, C o le b ro o k  & Tay lo r  1984, 
B e lg rano  e t  al. 1990, D e w a ru m e z  e t  al. 1991). T h e  a im  of 
this s tudy  w as  to assess  th e  spa t ia l  h e te r e o g e n e i ty  of the  
m e ro p la n k to n  c o m m u n ity  s t ru c tu re  in re la tion  to hydro -  
d y n a m ic  a n d  e n v i r o n m e n ta l  p ro cesses ,  in o rd e r  to
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u n d e r s t a n d  the  m e c h a n i s m s  in v o lv ed  in th e  la rva l d i s ­
p e rs ion  a n d  the  c o m p le x  b io log ical  fluxes ex is t in g  in  th e  
co as ta l  w a te r s  b e tw e e n  th e  E n g lish  C h a n n e l  a n d  the  
S o u th e r n  B igh t  of the  N o r th  S ea  (L uczak  e t  al. 1993).

M u l t iv a r ia te  an a ly s is  t e c h n iq u e s  su ch  as  c la s s if ica ­
tion, c lu s te r in g  a n d  o rd in a t io n  a r e  c o m m o n ly  u s e d  to 
d e s c r ib e  m a r in e  eco log ica l  d a ta .  C lass if ica t io n  c a n  b e  
r e g a r d e d  as  a h ie r a rc h ic a l  a s s ig n m e n t  of ob jec ts  into 
g ro u p s  a n d  is e i th e r  a g g lo m e ra t iv e  or divisive. C lu s t e r ­
in g  p e rm its  c o m b in a t io n  in to  g ro u p s  of sp ec ies ,  t imes, 
a n d  locat ions .  T h e  re su l ts  a r e  p r e s e n t e d  in  th e  fo rm s of 
d e n d r o g r a m s  for h ie r a rc h ic a l  m e th o d s  a n d  b y  p a r t i t io n  
for n o n -h ie ra rc h ic a l  m e th o d s .  O rd in a t io n  te c h n iq u e s  
r e d u c e  th e  d im e n s io n a l i ty  of th e  d a t a  se ts  a n d  th e  
v a r ia n c e  is e x p r e s s e d  b y  few  c o m p o n e n t  axes .  T h e  
m a jo r i ty  of the  o rd in a t io n  t e c h n iq u e s  a r e  b a s e d  on 
2 ty p es  of r e s p o n s e  m odels :  a  l in e a r  or m o n o to n o u s  
a n d  a u n im o d a l  G a u ss ia n .  U n fo r tu n a te ly ,  no  specific  
te c h n iq u e s  a r e  a v a i l a b le  w h e n  th e  r e s p o n s e  c u rv e  is 
b im o d a l  a n d  for this  r e a s o n  n e w  a p p r o a c h e s  a n d  n e w  
m e th o d s  for an a ly s in g  e co lo g ica l  d a t a  a r e  ne ce ssa ry .  
A n a w a r e n e s s  of th e s e  l im i ta t ions  is th e r e fo re  im p o r ­
ta n t  in c h o o s in g  a n d  co rrec t ly  u s in g  th e  m o s t  a p p ro p i -  
a te  s ta tis t ica l  m e th o d s  to tes t  h y p o th e s e s  a n d  e x p lo re  
field  results .
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Fig. 1. Schem atic  map of the s tudy area. Sam pling transec t  along the 
coastl ine is p re sen ted  by a dotted  line

T h e  d e v e lo p m e n t  of m u l t iv a r i a te  s ta tis t ica l  
t e c h n i q u e s  (ter B ra a k  1988a) a llow s th e  a p p l i ­
ca t io n  of p a r t ia l ly  c o n s t ra in e d  o rd ina t io ns ,  
w h e r e  by m e a n s  of m u l t ip le  l in e a r  r e g r e s s io n  it 
is p o ss ib le  to r e m o v e  th e  s ig n a l  a n d  effec ts  of 
c o v a r ia b le s  su c h  as e n v i r o n m e n ta l  p a r a m e te r s  
or sp a t ia l  co ns tra in ts .  T h e  m e th o d  p ro p o s e d  by 
B o rc a rd  e t  al. (1992) w a s  b a s e d  o n  c a n o n ic a l  
c o r r e s p o n d e n c e  a na ly s is  (CCA). T h is  t e c h ­
n iq u e  a l lo w s  m e a s u r e m e n t  of th e  a m o u n t  of 
v a r ia t io n  as  a s u m  of c a n o n ic a l  e ig e n v a lu e s  for 
th e  sp e c ie s  m a tr ix  w h ic h  c a n  b e  e x p la in e d  by 
e n v i r o n m e n ta l  v a r iab les .  In m o s t  c a se s  e n v i ­
r o n m e n ta l  v a r ia b le s  a lo n e  a r e  no t  a b le  to fully 
e x p la in  th e  a m o u n t  of v a r ia t io n  o b s e r v e d  in  the  
sp e c ie s  c o m m u n i ty  s t ru c tu re .  T h e  n e e d  to c o m ­
p a r e  se ts  of biotic a n d  ab io t ic  d a t a  w i th  sp a t ia l  
c o o rd in a te s  or d is ta n c e  b e tw e e n  th e  s a m p le s  as 
s u g g e s t e d  by  te r  B ra a k  (1987) is e x t r e m e ly  
im p o r t a n t  for fu r th e r  u n d e r s t a n d in g  th e  c o n ­
c e p t  of sp a t ia l  h e te r e o g e n e i ty ,  w h ic h  c a n  b e  
r e g a r d e d  as fu n c t io n a l  in e c osys tem s .

T h e  sp a t ia l  c o m p o n e n t  of th e  c o m m u n ity  
s t ru c tu r e  c a n  b e  iso la te d  from  th e  sp e c ie s -e n v i -  
r o n m e n t  c o m p o n e n t  to d e te c t  if th e  e n v i r o n ­
m e n ta l  con tro l  m o d e l  c a n  e x p la in  th e  v a r ia t ion  
o b s e r v e d  (M ay 1984). T h e  a p p l ic a t io n  of this  
m e t h o d  to m a r in e  e co lo g ica l  d a ta  se ts  is p r e ­
s e n t e d  h e r e  by c o n s id e r in g  th e  a s s o c ia te d  s t a ­
tist ical p ro b l e m  of sp a t ia l  a u to c o r re la t io n  
ac ro s s  g e o g ra p h ic  sp ace .  T h e  sp a t ia l  a u to c o r r e ­
la t ion  of p l a n k to n  c o m m u n i t ie s  c a n  b e  u s e d  to qu an t i fy  
c o m m u n i ty  d iss im ila r i t ies  (M ack as  1984). In this  c ase  
s p a c e  w a s  u s e d  as  a n  e x p la n a to ry  v a r ia b le  (L e g e n d re  
& F ort in  1989). T h e  re su l ts  o b ta in e d  by  a p p ly in g  C C A  
a n d  th e  M a n te l  a n d  p a r t ia l  M a n te l  tes ts  a r e  r e p o r te d  
h e re .  T h e s e  m e th o d s  a r e  su i ta b le  for e x tr a c t in g  th e  
r e la t io n sh ip  of sp e c ie s  w i th  th e  e n v i r o n m e n t ,  t ak in g  
into a c c o u n t  th e  sp a t ia l  c o m p o n e n t  p r e s e n t  in th e  d a ta  
(B orcard  & L e g e n d r e  1994).

M ETH O D S

D ata. T h e  s a m p l in g  c ru ises  w e r e  c o n d u c te d  on  10 
a n d  21 J u n e  1989 a lo n g  a  t r a n s e c t  f rom  G ra v e l in e s  
(F rance) to M i d d e lk e r k e  (Belgium), 35 n a u t i c a l  m iles  
in to  the  S o u th e r n  B ight of th e  N o r th  S e a  (Fig. 1) in  c o n ­
n ec t io n  w i th  th e  r e s e a r c h  p r o g r a m  R E N O R A  fo u n d e d  
by th e  PN D R  (P ro g ra m m e  N a t io n a l  su r  le D é te r m in ­
ism e  d u  R e c ru te m e n t ,  F rance) .  T e m p e r a tu re ,  sa lin ity  
a n d  w a te r  d e n s i ty  w e r e  m e a s u r e d  a t  20 s in te rv a ls  by  a 
h y d ro lo g ic a l  p ro b e .  D e p th  a n d  c o r r e c te d  d e p th  w e re  
m e a s u r e d  on  b o a r d  by  th e  C olor  E ch o  S o u n d e r  sy s tem  
(m odel R a y th e o n  V800). For m e r o p la n k to n ,  64 a n d

67 sam p le s ,  respec t ive ly ,  w e re  co l lec ted  d u r in g  th e  2 
c ru ise s  a t  3 m  d e p th  by a v o lu m e tr ic  p u m p  (PCM  
M o in e a u ,  200 1 m in -1). E ach  s a m p le  c o r r e s p o n d e d  to 
5 m in  co n t in u o u s  p u m p in g .  S a m p le s  w e r e  f i l te red  on 
b o a rd  u s in g  a 80 p m  m e s h  size p l a n k to n  n e t  a t t a c h e d  
to th e  p u m p in g  sys tem . M e r o p la n k to n  s a m p le s  w e re  
c o u n te d  ac c o rd in g  to the  m e th o d  p ro p o s e d  by  F ron t ie r  
(1969, 1972), A list of e n v i r o n m e n ta l  v a r i a b le s  a n d  
n a m e s  of ta x o n o m ic  g ro u p s  a r e  r e p o r te d  in T ab le  1. 
T h e  w in d  d i rec t io n  a n d  velocity  d a ta  w e re  o b ta in e d  
from  th e  m e te o ro lo g ica l  s ta t ion  at D u n k e r q u e  (France).

Table  1. Taxonomic groups and env ironm en ta l  variables

Taxonomic group Environm ental  v an ab les

Lanice conchilega Salinity (ppt)
Pectinaria koren i T em p era tu re  (°C)
M agelona  m irabilis Density (kg m '■’)
Polydora  spp. C orrec ted  dep th  (m)
N e p h ty s  spp. Tidal he igh t  (m)
A m phare t idae
Bivalves
Echinoids
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Table 2. Each step of the 4 canonical correspondence  analyses 
(CCA); ' indicates the da ta  matrix input, -  indicates no input. 

C ovanab les  w ere  used in Steps (3) & (4)

CCA
input

Species Covariables Environmental 
matrix matrix matrix

Spatial
matrix

Step (1) _

Step (2) .
Step (3) Spatial matrix -
Step (4) . Environm enta l  matrix -

N u m erica l an a lysis. T h e  d a ta  for th e  C C A  w e re  
d iv id ed  into 3 m atr ices :  (1) sp ec ie s  dens i t ies ,  (2) e n v i ­
ro n m e n ta l  v a r ia b le s  a n d  (3) g e o g ra p h ic  loca t ions  of 
th e  s a m p le s  (spatia l com p o n en t) .  F o llow ing  L e g e n d re  
(1990), a n d  B o rca rd  e t  al. (1992), th e  g e o g ra p h ic  
c o o rd in a te s  of th e  s a m p l in g  loca t ions  w e r e  u se d  to 
p e r fo rm  a c u b ic  t r e n d  su r face  r e g re s s io n  to e n s u r e  
the  ex trac t ion  of m o re  c o m p lex  s t ru c tu re s ,  s u c h  as 
p a tc h e s ,  a n d  no t  only the  l in ea r  g r a d i e n t  p a t t e r n  in 
th e  sp ec ie s  m atrix .  T h e  3 d a ta  se ts  w e re  a n a ly s e d  
u s in g  C C A , w ith  th e  spa t ia l  a n d  th e  e n v i ro n m e n ta l  
m a t r ic e s  as covariab les ,  a l te rn a t iv e ly  (Table  2). R u n ­
n in g  2 c a n o n ic a l  o rd in a t io n s  c o n s t ra in e d  by a se t  of 
e x p la n a to ry  v a r ia b le s  (co v anab les )  a l lo w e d  
us  to m e a s u r e  the  im p a c t  on th e  sp ec ie s  d a ta  
of th e  effec ts  of e n v i r o n m e n ta l  cond it ions  
a n d  of th e  spa t ia l  s t ru c tu re .  W ith  th e  a w a r e ­
ness  th a t  in so m e  ca ses  the  sp ec ie s  a n d  th e  
e n v i r o n m e n ta l  v a r iab le s  s h a r e  th e  s a m e  s p a ­
tial s t ru c tu re ,  the  d e g r e e  of v a r ia t ion  in th e  
sp ec ie s  d a ta  o w in g  to the  spa t ia l  s t ru c tu re  
w a s  p a r t ia l le d  ou t  by  th e  use  of cova r iab les .
T h e  4 s teps  in T a b le  2 r e p r e s e n t  th e  4 f r ac ­
tions of th e  va r ia t io ns  as s u g g e s te d  by Bor­
c a rd  e t  al. (1992). T h e  p -v a lu e s  for e a c h  
an a ly s is  w e re  d e te r m in e d  by a M o n te  C arlo  
p e rm u ta t io n  test. A M a n te l  tes t as  p ro p o s e d  
by  M a n te l  (1967) a n d  p a r t ia l  M a n te l  tes ts  
(S m ouse  et al. 1986) w e re  c o m p u te d  to c o r r e ­
la te  a n d  l ink  th e  eco log ica l  s t ru c tu re  w ith  
th e  spa t ia l  g r a d i e n t  p r e s e n t  in th e  e n v i r o n ­
m e n t  (L e g e n d re  & T rousse l l ie r  1988, L e g e n ­
d re  & Fort in  1989). T h e  3 d a ta  m a t r ic e s  w e re  
t r a n s fo rm e d  into d is ta n c e  m a t r ic e s  prior to 
th e s e  tests,- e u c l id e a n  d is tan ces  a m o n g  s a m ­
p ling  locat ions w e re  u se d  to form  the  spa t ia l  
d i s ta n c e  m atrix .  T h e  C A N O C O  p r o g r a m  of 
te r  B ra a k  (1988b) w a s  u s e d  for th e  C C A  in 
c o n ju n c t io n  w ith  the  M o n te  C ar lo  p e r m u t a ­
tion test. T h e  M a n te l  a n d  p a r t ia l  M a n te l  tes ts  
w e re  p e r f o rm e d  w ith  th e  p ro g r a m s  of th e  the  
R P a c k a g e  for M u l t iv a r ia te  D a ta  A nalys is  by 
L e g e n d re  & V a u d o r  (1991).

RESULTS 

Spatia l var ia tion  of the p h y sica l and b io lo g ic a l data

T h e  t r a n s p o r t  of w a te r  m a s s e s  c o m in g  from  the  
E n g l i sh  C h a n n e l  a n d  e n te r in g  the  N o r th  S e a  a t  C a la is  
is g re a t ly  in f lu e n c e d  by  m e te o ro lo g ic a l  factors; the  
m e a n  t r a n s p o r t  ve loci ty  ca n  c h a n g e  from  an  e s t im a te  
of 1 k m  d “1 for th e  E n g lish  C h a n n e l  to 5 k m  d _1 for th e  
D o v e r-C a la is  s t ra i t  (P in g ree  e t  al. 1975, P in g r e e  & 
M a d d o c k  1977, P ra n d le  1978). T h e  g e n e r a l  c ircu la t io n  
p a t t e r n  te n d s  to b e  in th e  n o r th e a s t  d irec t ion ,  b u t  th e  
w in d  c a n  c h a n g e  a n d  r e v e r s e  th is  g e n e r a l  t r e n d  
(D jenidi e t  al. 1986, D e w a r u m e z  e t  al. 1991). T h e  first 
c ru ise  on 10 J u n e  w a s  c h a ra c t e r i z e d  by  a so u th w e s t  
w in d  w ith  a m e a n  w in d  ve loc i ty  of 3.9 m  s" ’. W ind  
co n d it io ns  w e r e  r e v e r s e d  d u r in g  th e  s e c o n d  c ru ise  on 
21 J u n e  w ith  a  n o r t h e a s t  w in d  of m e a n  ve loc i ty  5.3 m  
s-1. T h e  t e m p e r a t u r e  d is tr ib u t io n  in  Fig. 2A sh o w s  a 
c lea r  in p u t  of w a r m  w a te r  for th e  first c ru ise  (18.70°C) 
a t  S tn  4, co n c o m i ta n t  w ith  G ra v e l in e s  P o w e r  S ta tion . 
T h e  m e a n  t e m p e r a t u r e  v a lu e  w a s  15.20°C. U n d e r  th e  
in f lu e n c e  of th e  s o u th w e s t  w in d  th e  co ld e r  w a te r  
m a s s e s  c o m in g  from  th e  D o v e r -C a la is  s t ra it  c an  r e a c h  
th e  B e lg ia n  c o a s t  as  far as M id d e lk e rk e .  T h e  se c o n d
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Fig. 2. (A) T em p era tu re  distribution for the first cruise shows an  in ­
c rease  in t em p era tu re  at Stn 4 (Gravelines Power Station), an d  the 
genera l  lower t em p era tu re  values coming from the Calais-Dover strait 
u n d e r  the influence of the sou thw est  wind. (B) T em p era tu re  d is t r ibu ­
tion for the second  cruise shows w a rm er  w a te r  coming from the Belgian 
coast (Stn 67) reach ing  the coastal  location (Stn. 16) a long  the F rench  

coast u n d e r  the influence of the  no r th eas t  wind
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c ru ise  on 21 J u n e  (Fig. 2B) s h o w e d  th e  effec t  
of th e  n o r th e a s t  w in d  on  t e m p e r a t u r e  d i s t r i b u ­
tion; w a r m e r  w a te r  f rom  th e  B e lg ian  co as t  w a s  
t r a n s p o r t e d  s o u th w a r d ,  th u s  r e a c h in g  th e  
F re n c h  coast .  T h e  m e a n  t e m p e r a t u r e  v a lu e  
w a s  17.85°C, d e c r e a s in g  to a m in im u m  v a lu e  
of 16 .65°C a t  S tn  11. T h e  sa l in i ty  d is tr ib u t io n  
in Fig. 3A sh o w s  for th e  10 J u n e  c ru ise  th e  
p r e s e n c e  of 3 sa l in i ty  fronts: o n e  b e tw e e n  
S tn s  2 & 7 of 0.6 pp t,  w h ic h  c a n  b e  r e g a r d e d  as 
a n  a n o m a ly  d u e  to th e  p r e s e n c e  of th e  G r a v e ­
lines  P o w e r  S ta t ion ; o n e  b e t w e e n  S tns  30 & 40 
of 1.2 p p t;  a n d  o n e  b e tw e e n  S tns  52 & 60 of 
1.4 pp t.  T h e  m e a n  sa lin ity  v a lu e  w a s  32.85 ppt.  
F or  th e  s e c o n d  c ru ise  on 21 J u n e  (Fig. 3B), th e  
sa l in i ty  d is t r ib u t io n  s h o w e d  th e  p r e s e n c e  of 2 
fronts: o n e  from  S tns  34 to 40 of 0.8 pp t,  a n d  
o n e  f rom  S tns  48 to 52 of 0.5 pp t.  T h e  m e a n  
sa l in i ty  v a lu e  w a s  32.69 pp t.  As a n  e x a m p le  of 
th e  sp a t ia l  d is t r ib u t io n  of o n e  of th e  m e r o ­
p l a n k t o n  taxa ,  th e  d e n s i ty  v a lu e s  of P olydora  
spp .  a r e  p r e s e n t e d  to g e th e r  w i th  th e  t e m p e r a ­
tu r e  a n d  sa l in i ty  d is tr ibu t io n .  T h e  ad u l t s  of 
P olydora  spp .  w e r e  p r e s e n t  in  th e  m a c r o ­
b e n th o s  as  a  d is t inc t  p o p u la t io n ,  o n e  c h a r a c ­
te r iz in g  th e  F re n c h  co as t  (S o up le t  & D e w a r u ­
m e z  1980, S o u p le t  e t  al. 1980), a n d  o n e  th e  
B e lg ia n  c o a s t  (D aro & Polk  1973). T h e  la rv a l  
d is p e rs io n  of th e s e  p o ly c h a e te s  u n d e r  d if fe r ­
e n t  w in d  co n d i t io n s  c a n  b n n g  c h a n g e s  in  th e  
sp a t ia l  d is t ib u t io n  a n d  sp a t ia l  s t r u c tu r e  of th e  
p o p u la t io n .  T h e  h ig h e s t  d e n s i ty  v a lu e s  of 
P olydora  spp .  w e r e  fo u n d  on  10 J u n e  (Fig. 4A) 
a t  S tn  4, w i th  160 ind. m -3, c o n c o m i ta n t  w ith  
th e  h ig h e s t  t e m p e r a t u r e  v a lu e  of 18.7°C, a n d  
also  a t  S tn  55, w ith  110 ind. m "3. T h e  la rv a e  
d is t r ib u t io n  in  re la t io n  to sa l in i ty  (Fig 5A) 
s h o w e d  th a t  h ig h e r  d e n s i t i e s  w e r e  lo c a te d  
b e fo re  a n d  a f te r  th e  sa l in i ty  f ron t  (Stns 3, 4, 
43, 55). For  21 J u n e  (Figs. 4B & 5B), th e  h i g h ­
e s t  d e n s i ty  v a lu e  w a s  fo u n d  a t  S tn  58 w ith  
2080  ind . m~3, c o n c o m i ta n t  w ith  h ig h  t e m p e r a ­
tu r e  v a lu e s  (18.6°C), a n d  loca ted  a f te r  th e  
sa l in i ty  front. D u r in g  this  c ru ise  th e  e ffec t  of 
th e  w in d  w a s  a p p a r e n t  in  th a t  m o re  la r v a e  of 
P olydora  spp .  w e r e  t r a n s p o r t e d  s o u th  a lo n g  
th e  B e lg ian  co as t  (Stns 67 to 50), r e a c h in g  th e  
F re n c h  co a s t  as far  as S tn  25.

C a n o n ica l c o r re sp o n d en ce  an a ly ses

T h e  re su l ts  of th e  4 C C A s  for e a c h  c ru ise  a re  
p r e s e n t e d  m  T a b le  3. T h e  p e r c e n t a g e  of th e  
to ta l  v a r ia t io n  of th e  sp e c ie s  m a tr ix  a c c o u n te d
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Fig. 3. (A) Salinity distribution for the first cruise shows the p re sen ce  of 
salinity fronts b e tw ee n  Stns 2 & 7 (Gravelines Power Station), 30 & 40, 
52 & 60. (B) Salinity distribution for the second cruise shows the p re s ­
ence  of 2 salinity fronts b e tw ee n  Stns 34 & 40, 48 & 52; the effect of the 
n o r theas t  w ind e n h an ces  the transport  of less saline w a ter  coming from 

the Scheldt estuary  an d  reach ing  the French coast
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Fig. 5. Polydora spp. density  distribution and salinity for (A) the  first 
cruise, (B) the  second cruise. Fligher densities of larvae a re  found before 

or after a salinity front

for b y  e a c h  s te p  of th e  ana lys is  w a s  o b ta in e d  as 
s u g g e s te d  by B orca rd  e t  al. (1992) a n d  B orca rd  & 
L e g e n d re  (1994). For the  10 J u n e  c ru ise  (Fig. 6A), the  
w h o le  var ia t ion  of th e  sp ec ie s  m a tr ix  w a s  67.3%  a n d  
w a s  e x p la in e d  in th e  fo l low ing  f rac ­
tions: Fract ion  (a) r e p r e s e n t i n g  the  
n o n sp a t ia l  e n v i r o n m e n ta l  varia t ion ,  a c ­
c o u n te d  for 9 .6 %  of th e  total var ia tion ;
F rac t ion  (b), w h ich  c an  b e  r e g a r d e d  as 
th e  spa t ia l ly  s t ru c tu re d  e n v iro n m e n ta l  
varia tion , a c c o u n te d  for 4 2 .6% ; F rac t ion  
(c), r e p r e s e n t in g  th e  spa t ia l  spec ie s  
v a r ia t ion  no t  s h a r e d  by the  e n v i r o n ­
m e n ta l  var iab les ,  a c c o u n te d  for 15 .1%  
of th e  to tal var ia tion ,  a n d  F rac t ion  (d), 
w h ic h  can  b e  r e g a r d e d  as th e  e x p r e s ­
sion of th e  u n e x p la in e d  v a r ia t io n  a n d  
th e  p o ss ib le  s toch as t ic  f luc tua t ions ,  w a s  
e q u a l  to 3 2 .7 %  of th e  total var ia tion .
R esu lts  for 21 J u n e  a re  p r e s e n te d  in 
Fig. 6B.

T h e  M o n te  C ar lo  p e rm u ta t io n  tes ts  on 
th e  tr a ce  sta tistics for b o th  se ts  of a n a ly ­
ses  w e re  s ign if ican t  a t  a B onferron i-  
c o r r e c te d  a '  p ro b a b i l i ty  level of 0 .05 /4  =
0.0125. D u r in g  th e  first c ru ise ,  th e  e f ­
fec t of th e  so u th w e s t  w in d  m a in ta in e d  
th e  g e n e ra l  w a te r  c ircu la t ion  p a t t e rn  
a lo n g  th e  coas ta l  loca t ions  sa m p le d ,  a n d  
m ix ing  w ith  w a te r  m a s se s  co m in g  from 
th e  S ch e ld t  e s tu a ry  d id  n o t  occur.  D u r ­

in g  th e  se c o n d  cru ise ,  n o r th e a s t  w in d  c o n d i ­
tions r e v e r s e d  th e  g e n e r a l  t r e n d  of th e  w a te r  
c ircu la t io n  p a t t e rn ,  in d u c in g  m o re  m ix in g  
w ith  th e  w a te r  m a s se s  c o m in g  from  the  
S c h e ld t  e s tuary .  T h e  c h a n g e  in e n v i r o n m e n ta l  
c o n d it io ns  re s u l te d  in an  in c re a se  of F rac t io ns  
(a) a n d  (b) on  21 J u n e .  T h e  va r ia t io n  in th e  
spec ie s  m atr ix  d u e  to th e  in f lu en c e  of th e  
e n v i r o n m e n t  w a s  1 .5%  h ig h e r ,  a n d  th e  
in f lu en ce  of the  e n v i r o n m e n t  t o g e th e r  w ith  
th e  sp a t ia l  c o m p o n e n t  w a s  5 .5 %  h ig h e r .  T h e  
a m o u n t  of th e  s trictly  sp a t ia l  v a r ia t io n  in 
F rac t io n  (c) th a t  r e m a in s  u n e x p la i n e d  by 
e n v i r o n m e n ta l  v a r i a b le s  w a s  h ig h e r  d u r in g  
th e  first c ru ise ,  s u g g e s t in g  th a t  u n d e r  th e  
s o u th w e s t  w in d  co n d i t io n  th e  s p a c e  c o m p o ­
n e n t  is s t ron ger .  In  th e  r e v e r s e d  w in d  c o n d i ­
tion, F rac t ion  (c) w a s  r e d u c e d  from  15.1%  
to 8 .5 % , s h o w in g  th e  g r e a t e r  im p o r t a n c e  of 
c h a n g e s  in th e  e n v i r o n m e n ta l  con d it io ns  
r a th e r  th a n  th e  p u re ly  spat ia l .  T h e  u n d e t e r ­
m in e d  varia tion ,  F rac t ion  (d), w a s  v e ry  s im ilar  
for b o th  c ru ises ,  s u g g e s t in g  th a t  th is  a m o u n t  
of var ia t ion  c an  be  r e g a r d e d  as th e  effect of lo ­

cal effects, s u c h  as s h o r t - t e rm  tida lly  in d u c e d  v a r ia b i l ­
ity a n d  m e s o sc a le  c h a n g e s  in th e  r e s id u a l  c u r r e n t  p a t ­
tern .  It is h o w e v e r  v e ry  im p o r ta n t  th a t  th e  re su l ts  
iden t ify  a n d  q u a n t i fy  this  in fo rm at ion .

Table 3. Results of the canonical co rre sp o n d en ce  analyses  (CCA) a re  reported  
as the am oun t  of canonical inertia  e xp la ined  by the  SH (species-environm ent 
matrices), SS (species-space matrices),  SH/S (species-env ironm ent m atrices  
constra ined by the space  matrix) and  SS/E (species-space matrices constra ined  
by the env ironm en t  matrix). Total inertia  indicates the  sum  of all un cons tra ined  
e igenvalues.  The  overall am oun t  of e xp la ined  variation as a p e rc e n ta g e  of the 
total variation of the species matrix for 10 Ju n e  1989 w as 67.3%, ob tained  by 
sum m ing  Steps (1) & (4), or Steps (2) & (3), and  par ti t ioned  as: (a) nonspatia l  
env ironm enta l  variation (Step 3): 9.6%; (b) spatially  s truc tured  env ironm en ta l  
variation (Steps 1 to 3 or Steps 2 to 4): 42.6%; (c) spatial  species variation 
not sha red  by the env ironm enta l  variables (Step 4): 15.1%; (d) u n ex p la in ed  
variation and stochastic fluctuations:  100 -  67.3 -  32.7%. For 21 Ju n e  1989 the 
total exp la ined  variation was 67.7% a n d  par ti t ioned  as: (a) 11.1%, (b) 48.1%,

(c) 8.5%, (d) 32.3%

Date SE SS SE/S SS/E Total inert ia

10 Ju n e  1989 0.152 
21 Ju n e  1989 0.634

0.168
0.607

0.028 0.044 0.291 
0.119 0.091 1.07

Pe rcen tag e  of the  varia tion 
CCA CCA 

10 Ju n e  1989 21 J u n e  1989

Step (1) 
Step (2) 
Step (3) 
Step (4)

0.152 X 100/0.291 
0.168 X 100/0.291 
0.028 X 100/0.291 
0.044 X 100/0.291

= 52.2%  
= 57.7% 
= 9.6% 
= 15.1 %

Step (1): 0.634 X 100/1.07 = 59.2% 
Step  (2): 0.607 x  100/1.07 = 56.7% 
Step (3): 0.119 x  100/1.07 = 11.1% 
Step (4): 0.091 x  100/1.07 = 8.5%

Total exp la ined  varia tion = 67.3% Total exp la ined  varia tion = 67.7%
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Fig. 6. (A) Variation par ti t ioning of the  m ero p lan k to n  c o m m u ­
nity da ta  matrix  for the  first cruise. The  whole variation of the 
spec ies  matrix is par ti t ioned  into 4 fractions: (a) nonspatia l  
e nv ironm enta l,  (b) spatially s t ruc tu red  env ironm en ta l  v a r ia ­
tion, (c) spa t ia l  species variation not sha red  by the  env iro n ­
m en ta l  variable, (d) u n d e te rm in e d  varia tion a n d  stochastic  
f luctuations. (B) Variation par ti t ioning of the m eroplank ton  

comm unity  da ta  matrix for the second  cruise

M antel and p artia l M an tel tests

T h e  M a n te l  tes t  a m o n g  th e  3 m a t r ic e s  c o n s id e re d  (1) 
g e o g r a p h ic  d is tan ce ,  (2) e n v i r o n m e n ta l  v a r ia b le s  a n d  
(3) sp e c ie s  for th e  2 s a m p l in g  da te s ,  w i th  th e  fo l low ing  
co rre la t ion s :

10 J u n e  1989: R 12 = 0.498 (p < 0.001)
Rj 3 = 0.389 (p < 0.001)
R2.3 = 0.512 (p < 0.001)

21 J u n e  1989: R u2 = 0.560 (p < 0.001)
R 13 = 0.315 (p < 0.001)
R2i3 = 0.589 (p < 0.001)

For b o th  se ts  of ca lc u la t io n s  th e  nu ll  h y p o th e s is  (H0) 
t h a t  th e  m u l t iv a r ia te  d a t a  a r e  n o t  a u to c o r r e l a te d  as  a 
g r a d i e n t  w a s  r e j e c te d  a t  th e  1 % s ig n if ic an ce  level  
a c c o rd in g  to th e  te s t  of s ig n if ic an ce  in M a n te l  sta tistics 
(M a n te l  1967, L e g e n d r e  & F o r t in  1989).

T h e  p a r t ia l  M a n te l  tes ts  for th e  2 c ru ises  g a v e  the  
fo l low ing  corre la t ions :

10 J u n e  1989: R li2 = 0.377 (p < 0 .001) '
R[ 3 = 0 .179 (p = 0.04592) ns
R2 3 = 0.398 (p < 0 .00 1 ) '

10 Ju n e  1989 A
ci 32.7%

Q 15.1% d: Undetermined

'>ÖÖÖÖ< I . : c: Space

'w 3v<b  42.6% ■ \. b. Env e space

Ÿ/\ a: Environment

a  9.6%

21 Ju n e  1989 B
Cl 32.3%

d: Undetermined 

b  l  c: Space 

L J  b- Env + space 

a: Environment

Meroplankton Com m unity

21 J u n e  1989: R, 2 = 0.488 (p < 0 .001) '
R 1i3 = -0 .0 2 2  (p = 0.05612) ns
R2 3 = 0.524 (p < 0 .001) '

T h e  p a r t ia l  M a n te l  tes ts  for th e  2 t r a n se c ts  sh o w  th a t
th e  c o m p u te d  p a r t ia l  co r re la t io n  b e tw e e n  th e  g e o ­
g ra p h y  (space) m a t n x  a n d  th e  sp ec ie s  (m ero p la n k ton )  
m a tr ix  (R t 3) w a s  n o n -s ig n if ic an t  (ns). T h e  c o rre la t io ns  
b e tw e e n  th e  g e o g ra p h y  (space) m atr ix  a n d  th e  e n v i r o n ­
m e n t  (Ri 2), a n d  b e tw e e n  th e  e n v i r o n m e n t  a n d  th e  s p e ­
cies (m ero p la n k to n ,  R2 3) w e r e  h igh ly  s ign if ican t ( ' ) a t  a 
B o n fe r ro n i-c o r re c te d  a '  p ro b ab i l i ty  leve l  of 0 .05/4 = 
0.0125. This re su l t  sh o w s  th a t  th e  s t ru c tu re  in  th e  m e r o ­
p la n k to n  d is tr ibu t ion  co m e s  from  th e  s t ru c tu r in g  of the  
e n v i r o n m e n ta l  va r iab le .  If w e  c o m p a r e  the  2 s a m p l in g  
cru ises ,  th e  M a n te l  sta tis t ic  d e sc r ib in g  th e  in f lu e n ce  of 
th e  e n v i r o n m e n t  on  th e  m e r o p la n k to n  c o m m u n ity  
s t ru c tu re  for th e  10 J u n e  c ru ise  is r e d u c e d  from  0.512 to 
0.398 w h e n  con tro l l ing  for th e  effec t  of sp ace ,  b u t  r e ­
m a in s  v e ry  h ig h ly  s ign if ican t.  T h e  specific  in f lu en ce  of 
th e  e n v i r o n m e n t  is th e r e fo re  0.398, w h ile  th e  d i f fe ren ce  
of 0.254 (0.498 x 0.512 = 0.254) can  b e  r e g a r d e d  as th e  
in f lu en ce  of th e  sp a t ia l  s t ru c tu r e  i m b e d d e d  in  th e  e n v i ­
r o n m e n t  on th e  sp ec ie s  d is tn b u t io n .  For  21 Ju n e ,  the  
M a n te l  sta tistic  d e sc r ib in g  th e  in f lu en ce  of th e  e n v i r o n ­
m e n t  on  m e r o p la n k to n  w a s  r e d u c e d  from 0.589 to 0.524 
w h e n  con tro l l ing  for th e  e ffec t  of sp ace .  T h e  in f lu en ce  
of th e  e n v i r o n m e n t  of 0.524, a n d  th e  d if fe re n c e  of 0.329 
(0.589 x 0.560 = 0.329), c o r r e s p o n d  to th e  in f lu e n ce  on 
th e  sp ec ie s  d is tr ibu t ion  e x e r t e d  by  th e  sp a t ia l  s t ru c tu re  
p r e s e n t  in th e  en v i ro n m e n t .  T h e  M a n te l  a n d  p a r t ia l  
M a n te l  tes ts  w e re  in a c c o rd a n c e  w ith  th e  re su l ts  of th e  
C C A s. T h e  sp a t ia l  g r a d i e n t  p r e s e n t  m  th e  e n v i r o n m e n t  
c a n  p a r t ly  e x p la in  th e  v a r ia t ion  w e  o b s e r v e d  in  th e  d is ­
t r ibu t io n  p a t t e rn s  of P o lyd o ra  spp. T h is  sh o w s  th a t  
c h a n g e s  in th e  sp a t ia l  s t ru c tu re  of th e  e n v i r o n m e n t  do 
in f lu e n c e  th e  m e r o p la n k to n  c o m m u n ity  s t ru c tu re .  A 
m o re  im p o r t a n t  p o in t  as  p ro p o s e d  b y  L e g e n d re  & 
T ro usse l l ie r  (1988) is to in t e rp re t  M a n te l  a n d  p a r t ia l  
M a n te l  tes ts  in a c a u sa l  f r a m e w o rk .  Fo llow ing  the ir  
m odels ,  th e  resu l ts  a b o v e  in d ic a te  th a t  th e  e n v i r o n m e n ­
tal m a tr ix  h a s  a  s ign if ican t  effec t  on  th e  sp ec ie s  matrix , 
b u t  th e r e  r e m a in s  som e  s ig n if ican t  ye t  u n e x p la in e d  
spa t ia l  v a r ia t io n  in th e  sp ec ie s  d a ta .

D ISC U SSIO N  A N D  C O N C L U SIO N

T h e  m e r o p la n k to n  c o m m u n ity  co m p o s i t io n  c h a n g e s  
b e c a u s e  of c h a n g e s  in eco lo g ica l  d e sc r ip to rs  w ith  
r e f e r e n c e  to th e  e n v i r o n m e n ta l  co n tro l  m odel .  H u d o n  
& L a m a rc h e  (1989) s u g g e s te d  th e  im p o r ta n c e  of 
c o n s id e r in g  th e  p h y s io g ra p h ic  ch a ra c te r i s t ic s  of the  
s tu d y  a r e a  in o rd e r  to tes t  th e  effec ts  of c lim atic  a n d  
h y d ro g r a p h ic  factors on  th e  a d v e c t io n  a n d  surv ival
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of p lan k to n ic  c ru s ta c e a n  la rvae .  T h e  effec ts  of w ind -  
d r iv e n  w a te r  m a s s  e x c h a n g e  on  th e  d is tr ibu t ion  of 
p e lag ic  o rg a n i sm s  w a s  te s te d  by C h r is to p h e r  e t  al. 
(1987).

T h e  re su l ts  p r e s e n te d  in this p a p e r  s u g g e s t  the  
im p o r ta n c e  of c o n s id e r in g  a prio ri th e  p re s e n c e  of 
sp a t ia l  a u to c o r re la t io n  in  the  d a ta  a n d  to r e g a r d  this  as 
a d e p a r t u r e  po in t  for an y  eco log ica l  r e s e a rc h .  As s u g ­
g e s t e d  by  M a c k a s  (1984), it is im p o r ta n t  to d e te r m in e  
to w h a t  e x te n t  s a m p le s  in d i f fe re n t  loca t ions  a re  
d e p e n d e n t  on  the ir  s ep a ra t io n .  T h e  u se  of C C A  o ffe red  
the  poss ib il ity  to fac tor  o u t  th e  covariab les ,  in this case  
e n v i r o n m e n ta l  v a r iab le s  a n d  the  g e o g ra p h ic  d is ta n c e  
b e tw e e n  sam p le s ,  in a p a r t ia l  o rd in a t io n  (ter B raak  
1987), a n d  to tes t  th e  var ia t ion  o c c u r r in g  b e tw e e n  
sa m p le s  a lo n g  a su ccess io na l  p a t t e r n  (P a lm er 1993). 
T h e  inc lu s ion  of s p a c e  in th e  form  of a sp a t ia l  d is tan c e  
m a tr ix  a l lo w e d  q u an t i f ic a t io n  of th e  a m o u n t  of v a r i ­
abil i ty  a s s o c ia te d  w ith  a  p rec ise  spa t ia l  s t ru c tu re .  This  
variabil ity , e x p re s s e d  by th e  F rac t ion  (c), c an  e i th e r  be  
e x p la in e d  or no t e x p la in e d  by  th e  e n v i r o n m e n ta l  v a r i ­
ab le s  c o n s id e re d ,  a n d  c a n  also su g g e s t  th e  im p o r ta n c e  
of u s in g  o th e r  e n v i r o n m e n ta l  v a r iab le s  to e x p la in  s p a ­
tial variabil ity . S pec ie s  v a riab il i ty  is no t  a lw a y s  r e la te d  
a n d  con tro l led  d irec tly  by th e  se t  of e n v i ro n m e n ta l  
v a r iab les  cho sen ,  b u t  by o th e r  effec ts  s u c h  as m e t e o r o ­
logical e v e n ts  or to p -d o w n  eco log ica l  p ro c e s se s  
(L e g e n d re  1990). T h e  C C A  asso c ia te d  w i th  th e  M o n te  
C arlo  p e rm u ta t io n  tes t  a n d  the  m e th o d  p ro p o s e d  by 
B o rca rd  et al. (1992) w e re  fo un d  to b e  a d e q u a t e  for 
r e p r e s e n t in g  sp e c ie s  e n v i r o n m e n ta l  re la t ion sh ip s ,  t a k ­
in g  into a c c o u n t  the  spa t ia l  co m p o n e n t ,  a n d  for te s t in g  
th e  s ig n if ic a n c e  on th e  e n v i r o n m e n ta l  var iab les .  In this 
c a n o n ic a l  o rd in a t io n  t e c h n iq u e  th e  l in e a r  co m b in a t io n  
of th e  e n v i r o n m e n ta l  v a r ia b le s  th a t  c an  a c c o u n t  for 
th e  d isp e rs io n  of th e  sp ec ie s  sco re  is m o re  s t ron g ly  
e x p re s s e d  by th e  first axis. T h is  m e th o d  a lso  p e r fo rm s  
w ell in the  p r e s e n c e  of s k e w e d  sp ec ie s  d is tr ibu t ions  
(Palm er 1993), a n d  th e  a rc h  effec t  p r e s e n t  in o th e r  
m u l t iv a r ia te  te c h n iq u e s  is g e n e ra l ly  a v o id e d  ( 0 k l a n d  
1986, M ich in  1987).

T h e  uti lity of C C A  in re s p e c t  to o th e r  o rd in a t io n  
m e th o d s  h a v e  b e e n  ex ten s iv e ly  d is c u s se d  by sev e ra l  
a u th o r s  (ter B raak  & P ren t ic e  1988, P a lm e r  1993). In 
this  s tu dy  the  use  of th e  co v a r ia b le s  a n d  a s so c ia te d  
s ign if icance  tes ts  fu r th e r  e x te n d s  the  valid ity  of this 
o rd in a t io n  te c h n iq u e .  T h e  c o n c e p t  of h o m o g e n e i ty  in 
eco log ica l  c o m m u n it ie s  on  th e  bas is  of loca t ions  s a m ­
p le d  can  b e  e x p lo re d  by  u s in g  C C A  a n d  the  s e le c te d  
se t  of e n v i ro n m e n ta l  v a r iab le s  as c o v a n a b le s .  T h e  use  
of M a n te l  a n d  p a r t ia l  M a n te l  tes ts  p ro v id e d  fu r th e r  
use fu l  in fo rm at io n  on  th e  s ign if icance  of sp a t ia l  a u t o ­
co rre la t ion .  T h e  M a n te l  tes t for m a tr ix  co rre la t io n  
m e a s u r e d  to w h a t  e x te n t  the  v a r ia t ion  in d is tan c e  
m atr ix  A c o r r e s p o n d e d  to th e  v a r ia t ion  in d is tan ce

m atr ix  B. T h e  p a r t ia l  M a n te l  te s t  m e a s u r e d  th e  level of 
co rre la t io n  b e tw e e n  m a t r ic e s  A a n d  B, w h i le  c o n t ro l ­
ling for th e  effec ts  e x e r t e d  by m atr ix  C. T h e  p a r t ia l  
M a n te l  s ta tis tic  c a n  be  r e g a r d e d  as  c au sa l  m o d e l l in g  
(S m o use  e t  al. 1986, L e g e n d r e  & T ro u sse l l ie r  1988), 
a n d  u s e d  to p red ic t ,  as in th e  p r e s e n t  w ork , th e  p o ss i ­
b le  effec ts  of th e  e n v i r o n m e n ta l  v a r ia b le s  on th e  m e r o ­
p la n k to n  co m m u n ity  s t ru c tu r e  c o m p a r e d  to th e  effec t  
of sp ace .

T h e  p r e s e n c e  of a sp a t ia l  s t ru c tu re  s h a r e d  by the  
s p ec ie s  c o m m u n ity  a n d  th e  e n v i r o n m e n t  may, as 
s u g g e s te d  by  L e g e n d r e  & T ro u sse l l ie r  (1988), o v e re s t i ­
m a te  th e  in te rac t io n  o cc u r r in g  a t  d i f fe re n t  d e g r e e s  of 
in tens i ty  b e tw e e n  th e  sp ec ie s  a n d  th e  se t  of e n v i r o n ­
m e n ta l  v a r i a b le s  m e a s u r e d .  T h e  m e th o d  u sed ,  h o w ­
ever, a l lo w e d  us to q u a n t i fy  this  k in d  of a s so c ia t io n  a n d  
to g ive  use fu l  in fo rm a t io n  in a m o r e  c lass ica l  m o d e l l in g  
a p p ro a c h .  T h e  M a n te l  a n d  p a r t ia l  M a n te l  tes ts  w e re  
u s e d  to r e m o v e  th e  in f lu en c e  of e n v i r o n m e n ta l  v a r i ­
ab le s  from  c lass if ica t ion  in b io log ica l  sp ace ,  a n d  to 
p o in t  ou t  th e  im p o r t a n c e  of sp a t ia l  a n d  e n v i r o n m e n ta l  
s t ru c tu re s  w ith in  th e  sy s tem  s tu d ie d .  T h e  c h a n g e s  in 
w in d  co nd it ion s  e x p la in e d  th e  p o ss ib le  t r a n s p o r t  of 
m e r o p la n k to n  in th e  o p p o s i te  d ire c t io n  to th e  p r e v a i l ­
ing  n o r th e a s te r ly  r e s id u a l  t ida l  c u r r e n t  (B e lg rano  e t  al. 
1990), a l lo w in g  for a s o u th w e s te r ly  d is p e r s a l  (Luczack  
et al. 1993). M o n i to r in g  the  d is p e rsa l  of m e r o p la n k to n  
s p ec ie s  a t  a p e la g ic  level c a n  b e  e x t r e m e ly  u se fu l  as a 
b io log ica l  t r a c e r  of w a te r  m a s s e s  a n d  as  a q u a n t i f i e r  of 
th e  ava i lab i l i ty  of la r v a e  to th e  a d u l t  b e n th ic  c o m m u ­
n ity  in  re la t io n  to r e c r u i tm e n t  p ro ce s se s .

A ck n o w led g e m e n ts .  This s tudy is p a r t  of the RENORA p ro ­
ject (Recrutem ent en m er  du  nord  d ans  le p e u p lem en t  à 
A bra  alba), founded  by the PNDR (Program m e National sur 
le Déterm in ism e du  R ecru tem en t  France). M any  thanks  to 
F. Ibanez  for a useful discussion. T he  au thors  a re  grateful to 
the rev iewers for their helpful rem arks  on the initial m a n u ­
script.
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