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resource  fo r la rg e  c ru s tacean s , fish and  b ird s  (D ay , H aii, 
K em p . & Y anez -A ran c ib ia . 1989). H u m an s a lso  harvest 
m an y  species o f  shellfish a n d  crustaceans.

E stu a rie s  a re  tra n s itio n a l en v iro n m en ts  betw een 
rivers and  th e  sea, ch a rac te rized  by w idely vary ing  and  
o ften  u n p red ic tab le  h y d ro log ica l, m o rpho log ica l an d  
chem ical c o n d itio n s  (D ay  e t a l., 1989). E s tu a rin e  
o rg an ism s a re  o ften  res tric ted  to  p a rtic u la r  sections o f  
en v iro n m en ta l g ra d ie n ts , resu lting  in w ell-developed 
d is tr ib u tio n  p a tte rn s  (W olff, 1983). T h e  sp a tia l h e te ro ­
geneity  o f  m ac ro b en th o s  a lo n g  th e  e s tu a rin e  g rad ien t is 
tra d itio n a lly  described  in re la tio n  to  sa lin ity  an d  sed i­
m en t co m p o s itio n  (e.g. B eukem a, 1976; B oesch, 1977; 
C a rrik e r. 1967; G ra y . 1974; H o llan d , S haughnessy . & 
H iegel. 1987; M a n n in o  &  M o n ta g n a , 1997; M cL usky , 
1987; M eire , Seys, Buijs. & C o o sen , 1994; M ichaelis. 1983; 
S anders . M an g e lsd o rf , &  H am p so n , 1965; S ch lacher &  
W o o ld ridge , 1996; W olff, 1973, 1983; Y sebaert, M eire, 
C o osen . &  E ssink , 1998; Y seb ae rt, M eire , M aes, & 
Buijs, 1993). W arw ick  an d  U ncles  (1980) and  W arw ick  
et a l. (1991) p o in ted  o u t th e  im p o rtan ce  o f  b o th  d y ­
n am ic  processes (tida l ran g e  an d  w ave fetch d is tance) 
a n d  s ta tic  fa c to rs  (sed im en t g ra in  size an d  o rg an ic  c o n ­
ten t), in d e te rm in in g  th e  c o m m u n ity  s tru c tu re  o f  m acro ­
ben thos . O th e r  s tu d ie s  also  em phasize  th e  im portance  
o f  h y d ro d y n am ic  processes resu lting  fro m  cu rren ts  and  
w aves (such  a s  bed sh e a r  s tress) fo r  th e  tra n sp o r t an d  
d is trib u tio n  o f  sed im en t, fo o d  a n d  juvenile  m acro ­
fa u n a  (e.g. N o rk k o , C um m ings, T h ru sh , H ew itt, & 
H um e, 2001; S nelg rove & B u tm an , 1994; T u rn e r  e t  a l., 
1997). R ecen t s tud ies  have  show n a  com plex  in te r­
ac tio n  betw een h y d ro d y n am ics , sed im en t dynam ics an d  
ben th ic  b io logy  in s tru c tu r in g  d is tr ib u tio n  p a tte rn s  o f  
b en th o s  (H aii, 1994; H e rm an , M id d e lb u rg , & H eip, 
2001; P a te rso n  & B lack, 1999).

K now ledge o f  th e  sp a tia l d is tr ib u tio n  p a tte rn s  o f  
m ac ro b e n th o s  a lo n g  e s tu a rin e  g rad ien ts  m igh t help 
to  iden tify  th e  lin k ag es betw een  species d is trib u tio n s  
an d  ecological processes a n d  th e re fo re  to  gain  in sigh t 
in to  th e  fu n c tio n in g  o f  e s tu a rin e  ecosystem s (T h rush , 
L aw rie , H ew itt, &  C um m ings, 1999), w hich is essen tia l 
fo r im p lem en ta tio n  o f  in teg ra ted  e s tu a rin e  m anagem en t. 
H ow ever, in  th e ir  review  H eip  e t  al. (1995) concluded  
th a t , because o f  a b iased  sam p lin g  s tra teg y , few stud ies 
d ea lt w ith  the tw o  m a jo r g rad ien ts  in m acro tid a l, 
e s tu a rin e  ben th ic  h a b ita ts , n am ely  th e  sa lin ity  g rad ien t 
a lo n g  the e s tu a ry  an d  th e  g rad ien t fro m  h igh  in te rtida l 
to  deep  su b tid a l sites.

T he m ac ro tid a l Schelde e s tu a ry  is o n e  o f  th e  longest 
tida l es tuarie s  in  N W  E urope. T h e  Schelde e s tu a ry  is 
u n d er p e rm a n e n t s tress d u e  to  a h igh load  o f  u rb an , 
in d u s tria l an d  ag ric u ltu ra l w aste  (V an  E ck  &  D e R oo ij, 
1993). B eing an  im p o rta n t sh ipp ing  ch anne l to  the 
h a rb o r  o f  A n tw erp en , the e s tu a ry  is extensively  d redged  
(8 -12  X 106 m 3 p e r y e a r a t  p resen t). T h is  has resu lted  
in several changes in  th e  m o rp h o lo g y  o f  the e s tu a ry

(V ro o n . S to rm , &  C o o sen , 1997). I t is a tu rb id , 
n u tr ien t-rich , h e te ro tro p h ic  ecosystem  (H e ip  &  H erm an , 
1995; S o e tae rt &  H erm an , 1995a). T h e  Schelde estuary  
nevertheless h as  som e h igh  eco log ical values, being in te r­
na tio n a lly  im p o r ta n t fo r several b ird  species (Y sebaert 
e t a l., 2Ü00), an d  w ith  large p a rts  o f  th e  e s tu a ry  being d e ­
signated  u n d er th e  R am sa r C o n v en tio n  a n d  E u ropean  
B irds and  H a b ita t D irective. F u tu re  p lan s  to  fu r th e r 
deepen  th e  e s tu a ry  w ill in crease  the d redg ing  activities 
by m ore  th a n  5 0 % . T o  e v a lu a te  the im p ac ts  o f  the d red g ­
ing  activ ities, th e  m ac ro b en th o s  h as been m o n ito red  
extensively  d u rin g  the la s t decade , resu lting  in a  very 
large d a ta  se t (> 3 0 0 0  sam ples). In th is artic le , this large 
m ac ro b en th o s  d a ta  set is used to  an a lyze  the spatia l 
d is tr ib u tio n  p a tte rn s  o f  m ac ro b en th ic  species assem ­
blages o n  an  e s tu a rin e  m eso- an d  m acro -scale , in  re la­
tio n  to  the e s tu a rin e  e n v iro n m en ta l variab les salin ity , 
d e p th  (o r e lev a tio n ), c u rre n t ve locity  a n d  sed im ent 
ch arac te ris tics . C u rre n t ve locity  w as explicitly  in co rp o ­
ra te d  in  the analyses as a  m easu re  o f  the ‘d ynam ic’ 
co n d itio n  a t  o u r  sam p lin g  s ta tio n s , besides the m ore 
"static’ v a riab les  such  as d e p th  a n d  sed im en t ch a rac te r­
istics. In d ic a to r  species, tro p h ic  s tru c tu re  a n d  com m un­
ity  s tru c tu re  w ere defined  a lo n g  the p rev a len t estuarine  
g rad ien ts . V aria tio n  in  m ac ro b en th ic  co m m u n ity  s tru c ­
tu re , a n d  its re la tio n  to  changes in th e  a b io tic  en v iro n ­
m e n t w ere ana lyzed  using  m u ltiv a ria te  sta tistics. T he 
re la tiv e  im p o rtan ce  o f  th e  e n v iro n m en ta l variab les in 
exp la in ing  th e  observed  v a ria tio n  in th e  ben th ic  com m u­
n ity  a t  th e  e s tu a rin e  scale w as fu r th e r  ana lyzed  th ro u g h  
d irec t g ra d ie n t an a ly ses w ith  v a ria tio n  partitio n in g .

Species w ere  classified acco rd in g  to  tro p h ic  g roups, 
a n d  th e  a b u n d a n c e  an d  b io m ass o f  these  g ro u p s were 
described  as a  fu n c tio n  o f  th e  m a jo r g rad ien ts  in 
th e  estu a ry . C o m p a riso n  o f  d ifferen t e stu a rin e  system s 
show ed  a  re la tio n  betw een  av e rag e  ben th ic  b iom ass and  
p rim a ry  p ro d u c tiv ity  (H e rm a n  e t a l., 1999). I t suggested 
th a t  su sp en sio n  feeder b io m ass  w as th e  m o s t variab le  
p a r t  in  th is response , w h ereas d ep o sit feeder b iom ass is 
m ore  ho m o g en eo u sly  d is tr ib u ted . In  th is study , spatia l 
p a tte rn s  o f  d is tr ib u tio n  o f  b o th  g ro u p s  w ere stud ied  to 
check  w h e th e r a  d ep en d en ce  o n  p rim a ry  p ro d u c tio n  
cou ld  a lso  be valid  w ith in  an  estu a ry .

In  a sep a ra te  co n tr ib u tio n , th e  d a ta  se t p resen ted  here 
w as used to  m odel a n d  p red ic t m acro b en th ic  species 
responses to  en v iro n m en ta l c o n d itio n s  in e stu a rin e  eco­
sys tem s (Y seb ae rt, M eire , H e rm an , &  V erbeek , 2002).

2 . M ate ria ls  and m ethods

2.1. S tu d y  area

T h e  Schelde  e s tu a ry , a  m acro tid a l, nu trien t-rich , 
h e te ro tro p h ic  system , m easu res 160 km  fro m  the m o u th  
n e a r V lissingen (T h e  N e th e rla n d s) to  G e n t (Belgium )
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a b u n d a n c e  and  b iom ass p e r species fo r such a  com posite  
sam p le . F o r  th e  su b tid a l zone , e ith e r a V an  V een g rab  o r 
a  R eineck  box  c o re r  w as used. In the in te rtid a l zone, 
m o s t sam ples (7 7 % ) covered  an  a rea  o f  betw een 0.015 
a n d  0.023 n r  each , and  a  fu r th e r  18% 0.01 n r  each. In 
the su b tid a l zone , m o s t sam ples (76% ) covered  an  a rea  
o f  0 .0 15 n r  each , w hich  is c o m p arab le  w ith  the sam ples 
in the in te rtid a l zone. A  m in o r p ercen tag e  o f  the sub tida l 
sam p les covered  a m uch larger a rea  (0 .1 0 -0 .12 m 2). As 
d ifference in  sam p le  size is r a th e r  sm all betw een m ost 
sam p les, the effect o f  sam p le  size on  the occurrence o f  a 
c e r ta in  species is expected  to  be sm all. A ll sam ples w ere 
sieved on a  m esh  size o f  I mm .

In  th e  la b o ra to ry  all o rg an ism s w ere  so rted , identified 
to  species level i f  possib le  an d  co u n ted . B iom ass o f  all 
species w as d e te rm in ed  as g ram  ash  free d ry  w eight 
(g A F D W ). D ep en d in g  on  th e  m o n ito rin g  p ro g ram , b io ­
m ass m easu rem en ts  w ere m ade  d irec tly , a s  the d if­
ference betw een  the dried  (S 0 °C  fo r m in im um  48 h) and  
ash ed  (560 -80  °C  fo r 2 h ) ,  o r  m easu rem en ts  w ere based  
on len g th -w e ig h t re la tio n sh ip s a n d  fac to rs  converting  
w et w eight in to  a sh  free d ry  w eigh t. F o r  bivalves, 
regressions w ere estab lished  betw een  length  a n d  A F D W . 
sep a ra te ly  fo r each  species, reg ion  a n d  season . A F D W  
o f  a  ra n d o m  sam p le  o f  an im a ls  w as d e te rm ined  by d ry ­
ing  (80 "C  fo r m in im um  48 h ) a n d  a sh in g  (560-580  °C  
fo r 2 h ) . B iom ass o f  all o th e r  in d iv idua ls  w as then  ca lcu ­
la ted  using  this regression . F o r  the o th e r  species, co n ­
version  fac to rs  betw een b lo tte d  w et w eigh t (de term ined  
to  th e  neares t 0.1 m g) a n d  A F D W  w ere estab lished . 
T hese  fac to rs  w ere  ag a in  specific fo r species, region 
a n d  season . A fte r estab lish in g  the conversion  facto rs, 
A F D W  w as ca lc u la ted  from  th e  b lo tted  w et w eigh t o f  all 
in d iv idua ls . O ccasionally , fo r ra re  species, conversion  
fac to rs  fo r a m o rpho log ica lly  s im ila r species w ere used.

2.3. A b io tic  variables

F o r  each  sam ple the fo llow ing a b io tic  env ironm en ta l 
va riab le s  w ere a d d e d  to  the m ac ro b en th o s  d a tab ase : 
d ep th /e lev a tio n  (one  variab le), sa lin ity  (tw o  variables), 
c u rre n t ve locity  (tw o variab les) a n d  sed im en t ch a ra c te r­
istics (tw o v ariab les). A t su b tid a l s ta tio n s  d ep th  was 
reco rded  a t  the tim e o f  sam pling . T h e  e levation  o f  the 
in te rtid a l s ta tio n s  w as m easu red  d irec tly  in the field 
o r  derived  from  th e  R IK Z  G eo g rap h ica l In fo rm atio n  
System , s to rin g  all b a th y m e tr ic  d a ta  in the a rea . F o r  
2874 sam p les d ep th  values w ere av a ilab le . D ep th  is 
expressed in m  N A P  (N A P  =  D u tch  O rd n an ce  level, 
s im ila r to  m ean  sea level).

S alin ity  w as es tim a ted  fo r  each  sam pling  location  
using  the 2 D -h y d ro d y n am ic  m odel S C A L D IS 400  w ith  a 
sp a tia l re so lu tio n  o f  400 m. T h e  m odel ca lcu la tio n s are  
based  on  values fo r m ean  tidal c o n d itio n s  w ith a  yearly  
av e rag ed  d ischarge , g iv ing  an  average  sa lin ity  value. 
W hile a  h igh sp a tia l reso lu tio n  is o b ta in e d  using the

S C A L D IS 4 0 0  m odel, the estim ates a re  n o t seasonally  
defined . M o n th ly  to  fo rtn ig h tly  m easu rem en ts a t  nine 
s ta tio n s  a lo n g  the W esterschelde  w ere a lso  used to 
rep resen t the tem p o ra l v a ria tio n  in salin ity . F o r each 
sam p le  tem p o ra l sa lin ity  w as determ ined  a s  the average  
sa lin ity  o f  the 3 m o n th s  p rev ious to  th e  d a te  o f  sa m ­
pling . In te rp o la tio n  betw een the m easu rem en t s ta tio n s  
w as d o n e  a lo n g  the length  axis o f  the estu a ry . T id a l ex ­
cu rs io n  in  the e s tu a ry  is in the o rd e r o f  10 km , w hich is 
a lso  th e  o rd e r  o f  d is tan ce  betw een m easu ring  po in ts. 
E stim a tes  o b ta in ed  from  m odel sim u la tio n s a re  called 
‘m odel sa lin ities’, w hereas va lues derived  from  field o b ­
se rv a tio n s  a re  called  ‘tem p o ra l sa lin ities’.

C u rre n t %'elocities (m ax im u m  ebb  an d  llood  cu rren t 
velocities a t  th e  bed in m s ’ 1) fo r each  sam pling  loca tion  
w ere estim ated  w ith  the S C A L D IS I0 0  hydrodynam ic  
m odel fo r m ean  tida l con d itio n s , w ith  a  sp a tia l re­
so lu tio n  o f  100 m. F o r  3037 sam ples c u rre n t velocity 
e s tim ates  w ere availab le . C u rre n t velocities a t  the bed 
w ere es tim a ted  from  th e  2D  m odel, using the vertical 
c u rre n t ve locity  p a ram e te riz a tio n  in h e ren t in the m odel 
fo rm u la tio n .

Sam ples fo r sed im en t g ra in  size analysis (by  laser 
d iffrac tion  techn ique) w ere  co llected  d u rin g  several 
cam p a ig n s. S am pling  m e th o d s  fo r g ra in  size differed 
sligh tly , b u t in all cases sed im en t w as co llected  from  0 to
5 cm  deep . M ed ian  g ra in  size (1502 sam ples) a n d  m ud 
co n te n t ( 1386 sam ples) va lues w ere ad d ed  to  the d a tab a se , 
respectively . T h ro u g h o u t th is  artic le  th e  term  m ud con ­
ten t is used a s  a generic  n am e  fo r the frac tion  < 63  pm .

2.4. D a ta  analysis

All m ac ro b en th ic  a b u n d a n c e  d a ta  w ere tran sfo rm ed  to  
nu m b ers  m~~ (ind . m ~"), a n d  b iom ass d a ta  lo  g A sh  Free 
D ry  W eigh t m -2  (g  A F D W  m ~ 2). M o s t species w ere 
d e te rm in ed  a t  species level. F o r  som e gen e ra  the 
ta x o n o m ic  re so lu tio n  o f  d e te rm in a tio n  differed am o n g  
stud ies . A s a  consequence , species be longing  to  th e  genera  
B athyporeia , Ensis, M icrophthalm us, O phelia, P o ly­
dora, Sp io , a n d  Spisu la  w ere all lu m p ed  a t  the genus 
level. E ach  species w as classified in to  feeding g ro u p s 
based  o n  ava ilab le  lite ra tu re  (e.g. B arnes, 1980; F au ch a ld
6  Ju m ars , 1979). T ro p h ic  g ro u p s  included  su rface  deposit 
feeders (S D F ), su b -su rface  deposit feeders (S S D F ), sus­
pension  feeders (S F ), o m n iv o res an d  p red a to rs . Species 
feed ing  by m ore  th an  one  m ode w as classified by the ir 
m o s t co m m o n  feed ing  m echan ism . A ppend ix  A  gives a 
list o f  species, to g e th e r w ith  th e ir  feed ing  type, th a t  a re  
m en tio n ed  in th e  text o r  figures.

F o r  ease o f  su m m ariz in g  the d a ta , the long itud inal 
g ra d ie n t o f  th e  s tu d y  a re a  w as ca tego rized  in to  fo u r 
regions: low er e s tu a ry  (reg io n  1: V lissingen-T erneuzen); 
m idd le  e s tu a ry  (reg ion  2: T erneuzen  H answ eert); in n er 
e s tu a ry  (reg ion  3: H an sw eert-B a th ); in n e r /u p p e r e s tu a ry  
(reg ion  4: B a th -L illo )  (F ig . 1). In  reg ions 1-3 the
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Table 1
Average ¿ sta n d a rd  deviation and m inim um -m axim um  m odel and tem poral salinity o f  the sam ples in each region (see text for further explanation; 
it =  number o f  samples)

Regions

1 2 3 4

M odel salinitv
Avera ae 2 9 .2 3 =  1.36 23.96  ¿  1.52 16.52 =  2.04 8.93 ¿  1.41
M inim um -m axim um 26.21-31.61 20.33-27.35 10.20-20.33 5.69-13.38

Tem poral salinity
Avera sc 27.56 ¿2 .71 20.36 ¿ 4 .5 0 14.22 =  5.32 9.78 ¿ 3 .0 4
M inim um -m axim um 16.96-32.39 S.38-26.87 1.86-21.55 1 15-15.18

it 722 959 956 475

po lyha line  zone (average  sa lin ity  > 18 ). reg ions 3 and  
4 to  the a -  an d  ß -m eso h a lin e  zo n e , respectively (aver­
age sa lin ity  betw een  10-18 a n d  5 .5-10 , respectively) 
(T ab le  1). Based o n  tem p o ra l sa lin ity , region 2 cou ld  
be considered  as a  po ly -/m eso h a lin e  tran s itio n  zone, 
w hereas reg ion  4 c o u ld  be considered  as a  m eso-/ 
o ligohaline  tra n s it io n  zone. B o th  sa lin ity  m easures w ere 
s tro n g ly  co rre la ted  ( r  =  0 .8 6 ; p  < 0 .0 1 ; n  =  3112).

A  sign ifican tly  h ig h e r  m ed ian  grain  size and  
a  sign ifican tly  low er m u d  c o n te n t w ere observed  in 
the su b tid a l s tra ta  as c o m p a re d  w ith the in te rtid a l 
zo n e  (A N O  VA, F3.1498 =  56 ; p  <  0.001 a n d  A N O  VA, 
^ 3,1382 =  53; p  <  0 .001 , respectively) (T ab le  2). T h is  
w as a lso  d e m o n s tra te d  b y  a  sign ifican t positive co rre la ­
tion  betw een d ep th  a n d  m ed ian  g ra in  size (r  =  0.46; 
/; <  0.01; n =  1436) a n d  a  s ign ifican t negative co rre la ­
tio n  betw een  d ep th  a n d  m u d  co n ten t (r  =  -0 .3 9 ; 
p  <  0.01; n  =  1326). T h is  ra th e r  w eak  co rre la tio n  cou ld  
be exp la ined  by th e  fac t th a t  this tren d  w as n o t 
co n sis ten t w ith in  each  reg io n  (F ig . 2), In  reg ions 1-3 
m ud  c o n te n t w as sign ifican tly  h ig h e r  in the in te rtida l 
zone  as co m p a red  w ith  all su b tid a l s tra ta , b u t  overall 
m eans w ere relatively  low . In  co m p ariso n , in  reg ion  4 
m uch  h igher m u d  c o n te n t w as observed  in  a ll d ep th  
s tra ta , b u t h ere  d ifferences betw een  d ep th  s tra ta  w ere 
relatively  sm all, w ith  o n ly  a  w eak  tren d  to w ard s  co a rse r 
sed im en ts w ith  increasing  dep th .

T h e re  w as a sign ifican t d ifference am o n g  d ep th  s tra ta  
fo r m ax im u m  eb b  (A N O V A , .f3,3033 =  815; p  <  0.001) 
a n d  m ax im u m  flood  (A N O V A , ^ 3,3033 =  789; p  <  0.001) 
c u rre n t velocities, w ith  a  c lea r tren d  o f  h igher cu rren t 
velocities fro m  th e  in te r tid a l to  th e  (deep) su b tid a l and

ch an n e l (T ab le  2). T h is  w as a lso  d e m o n s tra te d  by the 
high ly  sign ifican t c o rre la tio n  betw een  dep th  a n d  m ax ­
im um  ebb  ( r  =  0.76; p  <  0.01; n  =  2827) an d  m ax im um  
flood ( r  =  0.75; p  <  0.01; n  =  2827) c u rre n t velocities. 
T h is  p a tte rn  w as c o n sis ten t w ith in  each  region. C u rren t 
velocities w ere m u tu a lly  h igh ly  co rre la ted  (r  =  0.83; 
p  <  0.01; n  =  3037).

A  sign ifican t, b u t ra th e r  w eak , co rre la tio n  was 
observed  betw een c u rre n t velocities a n d  m ed ian  grain  
size (/- =  0.45; p  <  0.01; « =  1455) a n d  m u d  co n ten t 
(r  =  - 0 .3 7 ;  p  <  0 .01; n  =  1340), in d ica tin g  co a rse r sed i­
m en ts  w ith  low er m u d  c o n ten ts  w ith  h ig h e r cu rren t 
velocities. F in a lly , a  s tro n g  negative  c o rre la tio n  w as 
ob se rv ed  betw een m ed ian  g ra in  size a n d  m ud  co n ten t 
(r  =  -0 .8 4 ;  n =  1386).

3.2. Genera! characteristics o f  m acrobenthos

M a c ro fa u n a  species richness (n u m b er o f  species, No) 
in a single sam p le  v a ried  betw een  0 a n d  25 species. 
In  202 sam ples (6 .5 % ) n o  m a c ro b e n th ic  an im als  w ere 
fo und . M o s t sam p les (51% ) h ad  less th a n  five species 
a n d  in 2 8 %  o f  th e  sam p les betw een  five a n d  ten  species 
w ere  observed . T h e  m o s t com m on  species w ere H etero­
m a stu s  fili fo rm is , ob served  in  58%  o f  the sam ples, 
M a co m a  balth ica  (41% ), P ygospio  elegans (36% ), 
B athyporeia  spp . (3 0 % ), N ereis diversicolor (2 6 % ) and  
H ydrob ia  ulvae (2 5 % ). O th e r species o ccu rred  in  less 
th a n  20%  o f  th e  sam ples.

T o ta l a b u n d a n c e  varied  betw een  0 an d  225,568 ind. 
m ~ 2. In  a b o u t h a lf  th e  sam p les a b u n d a n c e  w as less 
th a n  1000 in d . m - '  a n d  in  a b o u t on e -th ird  ab u n d an ce

Tabic 2
A verage =  standard deviation lor median grain size (am ), mud content (% < 6 3 a m ), m axim um  ebb (m ax. ebb) and flood (m ax. flood) current 
velocities (m s -1 ) for each depth stratum  («  — number o f  samples)

M edian grain size M ud content M ax. ebb M ax. flood

Depth stratum
1 (Intertidal)
2 (Shallow  subtidal)
3 (D eep subtidal)
4  (Channel)

139.1 ¿ 6 9 .1  it -  922 
192.9 ¿ 8 4 .8  « = 173 
202.7 ¿ 8 7 .2  11=  143 
2 1 8 .2 ± 9 1 .9  « =  264

22.9 ¿ 2 3 . 1 « =  888 
1 3 .5 ¿ 21.6 n =  150 
14 .0¿ 2 1 .9  « = 1 1 6  
10.5 ¿  18.4 «  =  232

0 .42 =  0.19 « = 1 4 8 1  
0 .74 ± 0 .2 5  « =  471 
0 .83 ¿ 0 .2 2  « =  429  
0.97 ± 0 .2 3  « =  656

0.39 ¿ 0 .2 3  « = 1 4 8 1  
0.79 =  0 .27  « =  471 
0.S8 ± 0 .2 6  « =  429 
1.00 ± 0 .2 7  « =  656
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Fig. 4. A bsolute and relative dom inance (abundance and biom ass) o f  the different feeding guilds in th e intertidal (littoral) zone o f  each region. For 
the division o f  regions sec text and Fig. 1 (regions 1 and 2: polyhaline zone; regions 3 and 4: m esohaline zone).

2 and  4 (A N O V A  F3.1533 =  26.1 ; p  <  0.0001). A b u n ­
d an ce  o f  S F  w as low , w ith  sign ifican tly  low er num bers 
in  reg ion  4 a s  c o m p a re d  w ith  th e  o th e r  regions 
(A N O V A  f 3,1533 =  27.0; p  <  0.0001). O m n iv o re /p re d a ­
to r  a b u n d a n c e  w as low  in th e  reg ions 1-3 , b u t increased  
significantly  in reg ion  4 (A N O V A  ^ 3,1333 =  37.7;
p  <  0.0001).

C lea r g rad ien ts  in th e  b io m ass  o f  the d ifferen t feeding 
gu ilds w ere  observed  in th e  in te rtid a l zo n e  (F ig . 4). S F  
b iom ass (m ain ly  C erastoderm a edule) d o m in a te d  in the 
p o lyha line  zo n e  a n d  sh o w ed  a  sign ifican t decrease in 
the m esoha line  reg ions 3 a n d  4  (A N O V A  f 3,1533 = 9 1 .0 ;  
p <  0.0001). T h e  sam e tre n d  w as o b se rv ed  fo r S D F  
b iom ass (A N O V A  f 3,1533 =  33.1; p  <  0.0001) and  D F  
b iom ass w as a lso  sign ifican tly  h igher in th e  po lyhaline  
zo n e  a s  c o m p a re d  w ith  th e  m esohaline  zo n e  (A N O V A  
f 3,1533 =  74.4; p  <  0 .0001). O m nivo res (m ain ly  N ereis 
diversicolor) show ed  an  o p p o s ite  tren d , w ith  a  signifi­
c an tly  h ig h e r b io m ass in  reg ion  4 (A N O V A  f 3.1533 

=  71.7; p  <  0 .0001), w here it  w as th e  d o m in a n t g roup . 
R egion 3 ac te d  a s  a n  in te rm ed ia te  reg ion  w ith  S D F  and  
S S D F  d o m in a tin g  th e  b iom ass.

In  th e  su b tid a l zone  a b u n d a n c e  w as a lso  d om ina ted  
by S D F  an d  S S D F  (6 0 -8 5 %  cum ulative ly ). O nly in 
reg ion  3 w as a  h igh  p ro p o r tio n  o f  S F  observed , due  to  
som e sam ples ta k e n  in m ussel ban k s. B iom ass w as 
d o m in a te d  by S F  in the su b tid a l zone . T h is  w as due  to  
th e  presence  o f  h igh  b io m ass va lues o f  S F  in only  a  few 
sam p les in all reg ions. In  th e  p o ly h a lin e  zone (reg ions 1 
a n d  2) the S F  w ere m ain ly  Ensis a n d  Spisu la , w hereas in 
reg ion  3 a  few sam p les in M ytilu s  b an k s  were 
responsib le  fo r th is d o m in an ce . In  reg ion  4  a  few 
sam p les w ith  oyste rs  w ere responsib le  fo r th is d o m i­
n an ce  (Y seb ae rt, D e N eve, &  M eire , 2000).

3.5. Seasona l variations in the in tertida l zone

In  th e  in te rtid a l zone  m ean  n u m b e r o f  species per 
sam p le , m ean  to ta l a b u n d a n c e  a n d  m ean  to ta l biom ass 
w ere significantly  h igher in a u tu m n  as co m p ared  w ith  
sp rin g  in a ll reg ions (T ab le  3). T h e  five m o s t d o m in an t 
species in  each  reg ion , b o th  in  te rm s o f  ab u n d an ce  and  
b io m ass, a re  p resen ted  in  F ig . 5. In  reg ion  1 ab u n d an ce
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88%  88%  55%  79%  76%  79%  4 0 %  79%  
Oligochaeta H. fililormisN. diversicolor M. balthica

région 4

62%  '  7 1 %  60%  69%  2 8 %  38%  
P . e le g an s  H. filiformis C. volutator

region 3

63%  53%  65%  68%  
B. pilosa M. balthica

60%  59%  65%  68%  1 7 % '2 0 %  6 0 % ' 53%  28%  38%  
H. filiformis M- balthica S . p la n a  N . d iversicolotC . volutator

region 3

4CCO

68%  77%  59%  67%  65%  67%  46%  5 t%  54%  73%  
P. e le g a n s  O ligochaeta H, filiformis T . m arioni M. balthica

39 %  66%  65%  67%  31%  3 2 %  54%  73%  4 3 %  61%  
C . edu le  H , filiformis S . p tana  M. balthica N. diversicolor

38%  63%  84%  83%  25%  33%  64%  71%  47%  30%  
C . edu le  H . filiformis M. aren aria  M. balthica A. m arina

84%  83%  77%  66%  63%  60%  38%  53%  64%  71% 
H. filiformis P . e le g an s  H. ulvae C. ed u le  M. balthica

region 1

M. aren aria  M. balthica A. m arina

region 2

C. volutator O ligochaeta

spnng autumn

F í e . 5 .  A bundance (ind. m -2  ±  b . c . )  and biom ass ( g  A F D W  m -2  =  s .e.) in spring (M arch-M ay) and autum n (A ugust-O ctober) o f  the five most 
dom inant m acrobenthic species in the intertidal (littoral) zone o f  each region. For the division o f  regions see text and Fig. 1 (regions 1 and 2: 
polyhaline zone; regions 3 and 4: m esohaline zone).

region 2
M. balthica

M l» .

7CC0-I
60C0 

2  500C

§ 4000
•o 
C¿ 20CO ra

1003

region 1

zone. A b io tic  c h a rac te riz a tio n  o f  th is c lu s te r resem bled 
c lu s te r 8; o n ly  m ean  c u rre n t velocities w ere som ew hat 
low er. A b u n d a n c e  w as relatively  low . A s fo r c lu s te r 8, 
the in d ica to r species w as B athyporeia  sp p ., b u t a lso  a 
h igher o ccu rren ce  an d  h igher densities o f  som e ch a ra c ­

te ris tic  species from  c lu s te rs  3 -4  w ere observed  (e.g. H. 
filifo rm is). C lu s te r 5 w as m ain ly  fo u n d  in the in te rtid a l 
z o n e  o f  bo th  the p o ly h a lin e  a n d  a -m eso h a lin e  zone, and  
w as charac te rized  by in te rm ed ia te  c u rre n t velocities and  
fine /m ed ium  san d s  w ith  low  m ud  co n ten t. B iom ass

76%  79%  55%  79%  61%  84%  48%  79%  88%  88%  
N. diversicolor H. filiformis C. volutator M. balthica O ligochaeta

region 4
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Table 5
Dendrogram  representing the T W IN S P A N  classification based on m acrofauna biom ass (data set B, n =  1243)

123178
235 177

167

115 1 2 2

1 62 3 84 5 7

Salinity 9.1 ± 5 .3 10.6 =  3.8 21.4  ± 4 .8 22.7 ± 1 .4 20.6 =  5.7 19.7 ±  5.0 21.8 ± 5 .5 16.4 ± 4 .7
Depth 7.9 ± 4 .4 - 0 .7  ± 2 .3 0.3 ± 3 .3 -0 .1  ± 0 .7 2.5 =  5.8 4 .0  ±  6.3 9.9 ± 5 .6 4.3 ± 4 ,9
M ax. ebb 0.86  ± 0 .2 6 0 .39 ± 0 .2 4 0.41 = 0 .1 4 0 49 ± 0 .0 9 0.54 =  0.23 0 .66 ± 0 .2 3 0.87 =  0.27 0.77 ± 0 .2 8
M ax. flood 0.77 =  0.27 0 .32 ± 0 .2 7 0.31 = 0 .1 5 0.31 ± 0 .1 4 0.53 =  0.29 0 .60 =  0.32 0.93 =  0.28 0.82 ±  0.29
Median 97 =  91 93 ± 5 4 112 ± 4 7 162 =  58 170 =  59 213 ±  60 223 ± 6 3 213 ±  45
M ud coulent 45 ± 2 7 4 1 = 2 1 24 ±  19 I 4 ±  13 11 =  14 6 =  9 4 ± 7 3 ± 4

M ean NO 4.4  ± 3 .5 5.9 ± 2 .1 12.7 ± 3 .4 8.7 =  2.2 7.7 =  3.6 5.4 =  3.6 5.7 ± 4 .2 2.7 ± 1 .6
M ean abundance 1058 =  2575 11882± 10455 32529 ± 26281 12853 ± 9 9 1 3 6718 ±  7318 1693 ± 2 2 0 4 5 6 0 =  1330 601 ± 1 1 0 0
M ean biomass 0.48 ± 1 .2 1 6.6 ± 5 .7 50.8 ± 4 .0 24.3 ±  16.8 9.1 = 2 3 .6 3 .4 7 =  10.34 1 .6 8 = 1 4 .0 4 0.21 ± 0 .3 2

Biomass
Poly lige 0.11/39% - - - - - - -
Coro vola 0.009/39% 1.12/87% 0.29/40% 0.009/11% 0.065/10% 0.0005/3% 0.00007/1% 0.00001/1%
Oligochaeta 0.005/87% 0.23/84% .. 0.08/30% 0.004/3% 0.008/25% 0.003/5% 0.0004/6% 0.0004/2%
N ere dire 0.001/3% 3.39/87% 2.36/72% 0.53/23% 0.27/30% 0.07/15% 0.00001/1% -
Cera edit/ - 0 .0001/1% 14.77/86% 2.25/53% 2.18,33% 0.11/16% 0.0004/14% 0.0001/1%
M ya aren 0.001/4%  , 0.003/6% 6.35/75% 1.09/48% 0.02,18% 0.0002/2% 0.00002/1% -
Pygo  eleg 0.0003/19% 0.06/36% 0.55/92% 0.06/72% 0.20/71% 0.03/45% 0.0003/4% 0.00004/2%
Sera plan 0.004/1% 0.02/2% 4.26/60% 1.05/15% 0.004/2% - 0.0001/1% -
I lyd r  ulva - 0 .01/22% 0.59/77% 0.32/87% 0.11/59% 0.02/19% 0.0001/6% 0.0002/4%
M aea bali 0.006/7% 0.42/81% 4.80/95% 3.66/86% 1.88/77% 0.36/34% 0.015/17% 0.003/3%
H ete f id 0.05,55% 1.31/71% 9.23/96% 6.34/100% 1.75/84% 0.31/82% 0.03/34% 0.01/14%
Aren m ar i - - 1.26/34% 8.17/75% 0.37/11% 0.50/8% - -
Baili spec. 0.007/18% 0.02/8% 0.03/17% 0.05/46% 0.14/48% 0.11/60% 0.004/12% 0.07/87%
Spio spec. - - 0.002/10% 0.0008,3% 0.006/17% 0.003/14% 0.03/56% 0.0003/2%
Neph cirr - - - 0.006/2% 0.003/3% 0.012/5% 0.13/48% 0.004/2%
Ensis spec. - - 0.15/1% - - - 1.13/33% -
lia n s  aren - - - - - 0.0004/1% 0.001/6% 0.05/31%

T h e number o f  sam ples belonging to  each cluster is indicated in the dendrogram . For each cluster m c a n iS D  o f  the environm ental variables 
m odel salinity, depth (m ), m axim um  ebb (m ax. ebb) and m axim um  flood (m ax. flood) current velocity (m s -1 ), median grain size (m edian, gm ) and 
mud’content (% ) arc given. M ean diversity (NO), mean abundance (in d .m -2 )  and m ean biom ass (g A F D W m -2)  per cluster are given (m e a n iS D ) .  
For each cluster mean biom ass o f  the dom inant macrobenthic species (indicator species) is given, together with its occurrence (% present) in that 
cluster. Boldfaced numbers represent the m ain data set structure. For species abbreviations see  Appendix A.

presen ted  fo r the a b u n d a n c e  d a ta  se t B solely  (F ig . 6). 
A dd ing  season  as co v ariab le  in  the C C A  exp la ined  a 
negligible percen tage  o f  th e  to ta l in e r tia  ( to ta l in e r­
tia =  equal to  th e  su m  o f  all eigenvalues o f  a  co rre ­
spondence  analysis o f  th e  species m atrix ).

F o r  d a ta  set A  (a b u n d a n c e  a n d  b iom ass) th e  first tw o  
axes exp la ined  a b o u t 8 3 %  o f  the to ta l varian ce  w hich 
can  be exp la ined  by th e  c u rre n t e n v iro n m en ta l variables. 
T he  th ird  a n d  fo u r th  axes w ere o f  m in o r im portance . 
F o r  d a ta  se t B th e  first th ree  axes exp la ined  8 5 -8 9 % . 
T he fo u rth  axis w as o f  m in o r im p o rtan ce .

T he re la tion  betw een  the o rd in a tio n  axes an d  the 
e n v iro n m en ta l v a riab le s  w as s im ila r fo r all d a ta  sets 
(T ab le  6). T he first axis w as m o s t s tro n g ly  co rre la ted  w ith

d e p th , w ith  m ax im u m  flood and  e b b  c u rre n t velocities 
sho w in g  s im ila r g rad ien ts  (F ig . 6). T h e  second  ax is m ainly  
co rre la ted  w ith  sa lin ity , a lth o u g h  o ften  sa lin ity  also 
show ed  a  s tro n g  co rre la tio n  w ith  the first ax is. T h e  th ird  
ax is in d a ta  se t B m a in ly  co rre la te d  w ith  sedim ent 
c h a rac te ris tic s  (m ud  co n ten t) , b u t sed im en t ch a ra c te r­
istics a lso  co rre la ted  well w ith  th e  first ax is, w ith  m ud 
c o n te n t show ing  an  o p p o site  g ra d ie n t (F ig . 6).

F o rw a rd  se lection  o n  the a b u n d a n c e  d a ta  sets A  and 
B c o rro b o ra te d  th e  co rre la tio n s  observed  betw een 
o rd in a tio n  axes a n d  e n v iro n m en ta l va riab le s  (T ab le  7). 
W ith  each  v a riab le  co n sid ered  sep a ra te ly  (m arg ina l 
effects), the h ighest e igenva lue w as observed  fo r dep th , 
b u t differences w ith  th e  o th e r  en v iro n m en ta l variables
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Fig. 6. CCA ordination diagrams based on the analysis of abundance 
data of dataset B (with sediment variables, n = 1243). The top figure 
shows the species distributions in relation to environmental variables 
(ebb current and flood current =  maximum ebb and flood current 
velocity; mud = mud content; median = median grain size). The 
orthogonal projection of a species point onto an environmental arrow 
represents the approximate center of the species distribution along that 
particular environmental gradient. The bottom figure show's the 75% 
confidence regions of the sample scores for each cluster. For results of 
the CCA analysis see Table 6. For abbreviation of the macrobenthic 
species names see Appendix A).

H . ulvae) (F ig . 6). Species ch a rac te ris tic  fo r the po ly ­
haline zo n e  w ere m ain ly  observed  in the dow n righ t 
q u a d ra n t o f  th e  b ip lo t (e.g. A naitides m ucosa, T. 
m arioni, N ep h tys hom bergii). A t th e  o th e r end , c h a rac ­
teristic  species fo r th e  ß -m esoha line  zone w ere e.g. C. 
volutator. M a n a yu n k ia  aestuarina  a n d  P. ligerica. T he  
position  o f  the d iffe ren t m ac ro b en th o s  species in  the 
b ip lo t resem bled  th e  d iv ision  in in d ica to r species over 
the d ifferen t c lu s te rs , a s  observed  by su perim posing  
th e  d ifferen t c lu s te rs  on  th e  b ip lo t (F ig . 6). T h e  su­
perim posed  c lu s te rs  show ed to  som e ex ten t overlap , 
especially  th e  c lu s te rs  3 -6 , w hich  c lu stered  a t  a  h igher

d ich o to m y . T h e  ß -m esoha line  c lu s te rs  1 an d  2 w ere 
clearly  d isc rim in a ted , an d  a lso  th e  su b tid a l c lu s te rs  7 
an d  8 w ere sep a ra ted  from  the o th e r  c lusters .

3.8. Variation partitioning

F ro m  th e  fo rw ard  se lection  in the C C A  analyses it 
w as observed  th a t  several v a riab le s  had  very  low 
co n d itio n a l effects, d u e  to  co llin ea ritv . T o  get an idea 
o f  th e  u n iq u e  effects o f  th e  fo u r d ifferen t g ro u p s  o f  
en v iro n m en ta l variab les ((1) d ep th , (2) sa lin ity  (m odel 
an d  tem pora l sa lin ity ). (3) c u rre n t velocity  (m axim um  
eb b  a n d  m ax im u m  flood) a n d  (4) sed im en t ch a ra c te r­
istics (m ud  c o n te n t and  m ed ian  g ra in  size)), bo th  
co n stra in e d  and  p a r tia l C C A s w ere ru n  fo r each  g ro u p  
o f  en v iro n m en ta l v ariab les . S a lin ity  in d ep en d en t o f  the 
o th e r  en v iro n m en ta l g ro u p s  acco u n ted  fo r  28%  (unique 
effect) o f  th e  to ta l v a ria tio n  exp la ined  by the envi­
ro n m e n ta l variab les in  d a ta  se t B. T h e  un iq u e  effect 
o f  d e p th  and  c u rre n t ve locity  w as 14.6 a n d  8 .5% , 
respectively. T h e  re la tive ly  low  un iq u e  co n tr ib u tio n  o f  
b o th  w as a ttr ib u te d  to  th e  c o v a ria tio n  betw een bo th  
en v iro n m en ta l g ro u p s  (6 .3 % ); a s  such , co m b in ed  they 
exp la ined  29 .4% . T h is  w as in ag reem en t w ith  th e  results 
o f  the fo rw ard  selection . T h e  un iq u e  effect o f  the sedi­
m e n t ch arac te ris tics  a cco u n ted  fo r 2 1 % . O th e r co v aria ­
tio n s  acco u n ted  fo r less th a n  4 %  each.

4. D iscussion

4.1. Trends a long the longitud ina l (sa lin ity )  
a n d  vertical ( depth)  gradients

In  th e ir  review  H eip  e t  a l. (1995) co n c luded  th a t, 
because o f  a  b iased  sam p lin g  s tra teg y , few m acro b en th ic  
s tud ies  dealt w ith  th e  tw o  m a jo r  g rad ien ts  in  estuarine  
ben th ic  h ab ita ts : th e  sa lin ity  g ra d ie n t a lo n g  th e  estuary  
(lo n g itu d in a l) an d  th e  g rad ien ts  from  h igh in te rtid a l to 
deep  su b tid a l sites (vertical g rad ien t) . T h e  large d a ta  se t 
ava ilab le  fo r th e  S chelde e s tu a ry  allow ed  us to  analyze 
b o th  these  g rad ien ts , an d  re la te  m ac ro b en th ic  species 
d is tr ib u tio n s  to  the p re d o m in a n t e n v iro n m en ta l vari­
ables.

T h e  u n iv a ria te  a n d  m u ltiv a ria te  analyses clearly 
d em o n s tra ted  th e  ro le  o f  b o th  sa lin ity  a n d  d ep th  in 
re la tio n  to  d iversity , a b u n d a n c e  a n d  b io m ass o f  the 
m ac ro b en th o s . M an y  stud ies  have  d e m o n s tra te d  th a t 
sa lin ity  is a m a jo r fa c to r affecting  m a c ro fa u n a  species 
d is tr ib u tio n s  a n d  c o m m u n ity  s tru c tu re  w ith in  estuaries. 
T h e  p a tte rn  o f  species richness a n d  d iversity  declin ing  
w ith  decreas ing  sa lin ity  is a  re cu rrin g  one  in  m ost 
es tu a rie s  (B oesch , 1977; D ittm e r, 1983; M a n n in o  & 
M o n ta g n a , 1997; M ichaelis. 1983; R em an e  & Schlieper. 
1971; W olff, 1983) a n d  o u r  d a ta  su p p o r t th is. N o t only
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an a ly ses th a t sed im en t ch a rac te ris tic s  ad d ed  less to  the 
to ta l fit o f  the m odel th a n  d ep th  a n d  salin ity . H ow ever, 
m ud co n ten t exp la ined  a sign ifican t p a r t n o t yet ex­
p la in ed  by the tw o o th e r m a in  g rad ien ts . In  a  study  on 
m acro b en th ic  responses to  n a tu ra l a n d  co n tam in an t-  
re la ted  g rad ien ts  in n o rth e rn  G u lf  o f  M exico estuaries, 
R ak o c in sk i e t a í. (1997) show ed  th ree  p rim a ry  n a tu ra l 
g rad ien ts  in a  C C A  analysis: C C A  ax is  1 rep resen ted  a 
p re d o m in a n t sa lin ity  g rad ien t, C C A  ax is 2 a  p red o m ­
in a n t d e p th  g rad ien t a n d  C C A  ax is  3 a  g rad ien t in 
sed im en t silt/c lay  co n ten t. R ak o c in sk i e t a l. (1997) did 
n o t inc lude  cu rren t velocities, a n d  sam p lin g  s ta tio n s  
w ere  restric ted  to  the su b tid a l zone , p ro b a b ly  explain ing  
w hy  sa lin ity  w as th e  m o s t d o m in a n t g rad ien t. W arw ick 
e t al. (1991). investiga ting  th e  in te rtid a l m acroben th ic  
co m m u n ity  s tru c tu re  o f  six B ritish  e stu a rie s , sep ara ted  
sites m ain ly  a lo n g  tw o  axes, one  d e te rm in ed  by sta tic  
va riab le s  (e.g. sed im ent g ra in  size a n d  o rg an ic  co n ten t), 
an d  the o th e r  by d ynam ic  va riab les  (i.e. c u rre n t veloc­
ities), b u t in th is s tu d y  th e  sa lin ity  ran g e  w as restric ted . 
T h e  scale  a t  w hich stud ies a re  p e rfo rm ed  (e.g. sub tida l 
vs. in te rtid a l o r  th e  inclusion  o f  th e  freshw ater tidal 
zo n e  in to  th e  survey) w ill influence th e  p e rcep tio n  o f  
th e ir  re la tive  im p o rtan ce . A lso  th e  type o f  estu a ry , 
e.g. m ic ro tid a l ag a in s t m acro tid a l, m ig h t influence the 
re la tive  im p o rtan ce  o f  the d iffe ren t env ironm en ta l 
va riab le s  considered .

C o llin earity  betw een en v iro n m e n ta l variab les m ay 
also  d iffer a m o n g  es tu a rie s  o r  a m o n g  zones w ith in  an 
estu a ry . F o r  instance, in o u r  s tu d y  m ean  m ud  co n ten t 
ap p ea red  to  be m uch  h ig h er in reg ion  4  (m eso / 
o ligoha line) a s  co m p ared  w ith  th e  h igher sa lin ity  re­
g ions, w hereas S ch lache r a n d  W o o ld rid g e  (1996) o b ­
served the op p o site  fo r th e  G a m to o s  e s tu a ry  in S o u th  
A frica.

In te rac tio n s  betw een  so ft-sed im en t m acro in v erte ­
b ra te s  a n d  th e ir  en v iro n m en t n o t  on ly  include responses 
to  the physicochem ical en v iro n m e n t (to lerances), b u t 
the effects o f  species th a t  m od ify  th e  su b s tra tu m  (b io­
genic h a b ita t  m odifiers), a s  well a s  b io log ical in te rac­
tio n s, such  as p red a tio n  a n d  co m p e titio n , will a lso  
de te rm in e  the d is tr ib u tio n  o f  a c e r ta in  species (O lafsson , 
Pe te rson , &  A m b ro se , 1994; W ilson , 1991). A lth o u g h  
b io log ical in te rac tio n s  a re  th o u g h t to  o p e ra te  w ith in  
th e  co n s tra in ts  im posed  by large-scale  physica l fac to rs  
(L egendre  e t  a l., 1997; M cA rd le , H ew itt, &  T h ru sh , 
1997; T h ru sh  e t  a l., 1997, 1999), m o re  in fo rm atio n  is 
needed  a b o u t th e  in te rac tio n  o f  physical a n d  bio logical 
fac to rs  (B a rry  &  D ay to n , 1991).

4.3. M acrobenth ic  assem blages

T h e  m ac ro b en th ic  assem blages, d is tingu ished  a t  a  
b ro a d , e s tu a rin e  scale, w ere re la ted  to  g rad ien ts  in  the 
e n v iro n m en ta l co n d itio n s  o b se rv ed  a lo n g  the estuary .

S om e m acro b en th ic  assem blages w ere  typ ica lly  re­
la ted  to  th e  su b tid a l zo n e , w here h ighest cu rren t veloc­
ities w ere observed . A  first su b tid a l assem blage  w as 
m ain ly  s itua ted  in  th e  p o ly h a lin e  zone, a n d  occu rred  in 
m ed ium  san d  sed im en ts w ith  a low  m ud  co n ten t. T h is  
assem blage  w as ch arac te rized  by the po lychae tes 
If. cirrosa  a n d  S p io  sp p . I f .  cirrosa  is k now n  as a  typical 
su b tid a l species, in h ab itin g  san d y  sed im en ts (C la rk  & 
H aderlie . 1960; W olff, 1971). In th is assem blage , o ften  
species w ere observed  w h ich  belonged  m ore  to  the 
h y p erb en th o s, such  as th e  rnysid G. spinifer  (M ees. 
D ew icke. &  H am erly n ck . 1993; M ees, F ockedey , & 
H am erlynck , 1995). In  a  few sam p les h igh b iom ass 
values w ere ob se rv ed  o f  som e bivalve species, such  as 
Ensis  a n d  Spisu la , b u t in genera l d iversity , ab u n d an ce  
a n d  b io m ass w ere  low,

A  second  su b tid a l assem b lag e  w as fo u n d  m ain ly  in 
th e  m esoha line  zone, b u t ex ten d in g  in to  b o th  the 
p o lyha line  a n d  th e  o lig o h a lin e  zones. D iversity , a b u n ­
d an ce  an d  b iom ass o f  th e  m ac ro b en th o s  w ere very  low. 
T h is  assem blage w as ch a rac te rized  by th e  very m obile  
a m p h ip o d  B athyporeia  sp p . T h is  species is capab le  
o f  very  fa s t sw im m ing  a n d  d igging (C ro k er, 1967; 
N ico la isen  & K an n ew o rff, 1969; S am eo to . 1969) and  
B athyporeia  spp ., like m o s t H au s to riid ae , a re  typical, 
w e ll-adap ted  in h a b ita n ts  o f  un stab le , san d y  sed im ents 
(B ousfield , 1970; K h a y ra lla h  & Jo n es , 1980) an d  ex­
posed  beaches w ith  a  lo t o f  w ave ac tio n  (Shackley , 1981). 
O th e r  ch a rac te ris tic  species fo r th is assem blage w ere 
th e  am p h ip o d  H . arenarius  a n d  th e  iso p o d  Eurydice  
pulchra. T h is  assem blage  w as n o t on ly  res tric ted  to 
th e  su b tid a l zone , b u t ex tended  in to  th e  in te rtid a l 
zone.

A  th ird  su b tid a l c o m m u n ity  w as c lea rly  res tric ted  to 
th e  m o s t up stream  p a r t  o f  th e  s tu d y  a rea  (ß-m eso/ 
o ligoha line  zone). H ere , th is  zone  being  p a r t o f  the 
tu rb id ity  m ax im u m  a re a  o f  th e  e s tu a ry , h igh cu rren t 
velocities o ften  co inc ided  w ith  a  m u d d y  o r  very  fine sand  
b o tto m  sed im ent. T h is  assem b lage  w as ch arac te rized  by 
som e typ ica l ‘g en u in e  b rack ish  w a te r’ species (M ichaelis, 
F ock , G ro tja h n , &  P o s t, 1992; Wolfi", 1973), w ith  
in d ica to r species being P. ligerica  (Y seb ae rt, D e  N eve, 
e t  a l., 2000). In  sam p les, c o n ta in in g  h a rd  su b s tra te s  
such  as stones a n d  pieces o f  w o o d , a  re latively  species 
rich  co m m u n ity  w as observed , w ith  several am p h ip o d  
species like C. lacustre , C orophium  insidiosum , a n d  P. 
glaber. In  very  m u d d y  sed im en ts, o n ly  O ligochae ta  and 
H . filifo rm is  w ere observed .

In  th e  in te rtid a l zone  assem b lages w ere in  th e  first 
p lace  re la ted  to  sa lin ity , a n d  second ly  to  sed im en t 
co m p o sitio n  (see a lso  Y seb ae rt e t  a l., 1993, 1998). T he 
first assem blage w as fo u n d  in  th e  p o lyha line  zone o f  the 
estu a ry , ex tend ing  to  som e e x ten t in to  reg ion  3. C u rren t 
velocities a re  m uch  low er as co m p a red  w ith  the sub tida l 
assem blages (low  d y n am ic  a reas), an d  sed im en ts consist 
o f  very  fine san d  o r  m u d . D iversity , a b u n d a n c e  and
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b iom ass observed . T h e ir  d is tr ib u tio n , being dependen t 
on pelagic food  sources w ith in  the po lyhaline  zone of 
the e s tu a ry , w ill be m a in ly  d e te rm ined  by the hydro - 
d ynam ic  con d itio n s . In  the su b tid a l zone , cu rren t 
speeds an d  in s tab ility  o f  th e  sed im en t will p reven t S F  
fro m  se ttling  d o w n . W h ere  co n d itio n s  a re  favo rab le , 
such a s  o n  h a rd  su b s tra te s  (p ea t ban k s, stones), high 
b iom ass of, fo r in s tan ce , m ussel sp a t (u p  to 
455 g A F D W  m -2) can  be observed  (p erso n a l observ- 
e rva tions). In  th e  in te rtid a l zo n e , the d is tr ib u tio n  o f  S F  
will a lso  be d e te rm in ed  by th e  hyd ro d y n am ic  co n ­
d itio n s . b u t the positive re la tio n sh ip  th a t  h as  been 
suggested  betw een  th e  S F  b iom ass a n d  cu rren t veloc­
ities m ig h t n o t be genera lly  valid . Indeed , stud ies o n  an 
in te rtid a l san d  flat o f  the W esterschelde  d em o n s tra ted  
th a t b iom ass o f  th e  S F  C . edule  w as h ighest in the zone 
w ith  low est c u rre n t velocities, p ro b ab ly  d epend ing  on 
sink ing  m ate ria l (H e rm an  e t a l.. 1999).

A h igher p rim ary  p ro d u c tio n  in the m esohaline 
zone o f  the e s tu a ry  w ou ld  p ro b a b ly  lead to  a n  increase 
in S F  b iom ass. E specia lly  M . arenaria , a  b ivalve well 
a d a p te d  to  m esoha line  sa lin ity  con d itio n s , w ould  p ro fit 
o f  sueli a  s itu a tio n . A t th e  m eso -/o ligohafine  tran sitio n  
zone, how ever, w here sa lin ity  co n d itio n s  show  large, 
seaso n a l flu c tu a tio n s, c o n d itio n s  will becom e u n favo r­
able.

D eposit feeders are  m uch  m ore  evenly d is tribu ted  
over space  w ith in  a n  e s tu a ry , an d  th e ir  b iom ass is m uch 
less v a riab le  fro m  one  system  to  a n o th e r  th a n  the 
b io m ass o f  S F  (H e rm a n  e t  a h . 1999). T h e  Schelde 
es tu a ry  receives la rg e  q u a n titie s  o f  a llo ch to n o u s  organic  
m a tte r  a n d  n u trien ts , a n d  it is su pposed  th a t th e re  is no 
food  lim ita tio n  fo r d ep o sit feeders, a lth o u g h  q ua lita tive  
aspec ts sho u ld  be ta k e n  in to  acco u n t as well (e.g. 
D auw e, H e rm an , &  H eip , 1998). O n a large scale, the 
d is tr ib u tio n  o f  d ep o sit feeders, to g e th e r w ith  th e ir  food, 
will be d e te rm in ed  to  a g re a t e x ten t by th e  hy d ro d y ­
nam ic con d itio n s . In  th e  in te r tid a l zone, d ep o sit feed­
ers, especially  g raze rs  a n d  S D F , a lso  depend  to  a large 
ex ten t on m ic ro p h y to b e n th o s  p ro d u c tio n  an d , as this 
p ro d u c tio n  is re la tive ly  c o n s ta n t over a  b ro a d  range o f  
en v iro n m en ts , a  re la tive  co n stan cy  o f  th e  m acro fau n a  
g ro u p s  d ep en d en t o n  th is so u rce  m ay  be expected 
(H e rm an , M id d e lb u rg , W id d o w s, L ucas, & H eip, 2000). 
In  o u r  s tu d y , d ep o sit feeders w ere a b u n d a n t a long  
the co m p le te  sa lin ity  g rad ien t, b u t the b iom ass o f  d e ­
posit feeders, especially  th e  S D F . w as h ighes t in the 
po lyha line  zone (reg ion  1) a n d  decreased w ith  decreas­
ing salin ities. Several fa c to rs  co u ld  exp lain  th is  decrease. 
F irstly , assign ing  a  species to  o n e  functional g ro u p  is 
d ifficult as m an y  e s tu a rin e  m ac ro b en th ic  species are  
flexible in th e ir  n a tu ra l h is to ry  an d  response to  en v iro n ­
m en ta l co n d itio n s  (high gcncra lism ). M an y  species o f 
S D F  a re  k n o w n  to  be facu lta tiv e  S F  (e.g. M . balthica  
(O lafsson , 1986; K am erm an s . 1994) a n d  ‘in terface’ 
feeding sp ion id  p o ly ch ae tes  (D a u e r, M aybury , &  Ew ing,

1981; T a g h o n  &  G reene . 1992)). T h ere fo re . S D F  in the 
p o lyha line  zone m igh t p ro fit from  the h igher p h y to ­
p la n k to n  p rim ary  p ro d u c tio n  (h igh  q u a lity  food source) 
in th is p a r t o f  th e  e s tu a ry , resu lting  in a  h igher b iom ass. 
S econd ly , in e stu a rin e  system s w ith  h igh seasonal 
variab ility  in  river flow  ra te , d is tu rb an ce  a n d  stress 
in crease  to w ard s  the low er sa lin ity  zones, as a  c o n ­
sequence o f  th e  h igh ly  v a ry in g  sa lin ity  co n d itio n s  here 
c au sin g  physio log ica l c o n s tra in ts  to  th e  ben th ic  mae- 
ro fa u n a . A d d itio n a lly , a m ax im u m  tu rb id ity  zone is 
s itu a te d  n ear th e  fre sh w a te r-se a w a te r in te rface  (o ligo ­
h a line  zone) an d  due  to  a h igh  in p u t o f  a llo ch to n o u s  
o rg an ic  m a tte r  a n d  n u tr ie n ts , m icrob ia l ac tiv ity  is 
p ro n o u n c e d  in th is region, resu lting  in oxygen  depletion  
o bserved  d u rin g  several m o n th s  a  year, especially  in 
su m m er (G o o sen  e t ah , 1999). T h is  h igh ly  variab le  
e n v iro n m e n t causes n u m ero u s , p e rh ap s  c o n s ta n t d is­
tu rb an ces  th a t m ig h t resu lt in  com m unities th a t seldom  
p ro g re ss  beyond  early  ben th ic -co m m u n itv  succession 
(sw itch  betw een  an  o lio g h a lin e  a n d  m esohaline  fauna). 
T h e  m acro b en th ic  species observed  in  th is zo n e  o f  
the e s tu a ry  a re  typ ica lly  very  m obile  (e.g. th e  am p h ip o d  
C. volutator), o p p o rtu n is tic  (tubificid  O ligochaeta , 
cap ite llid  H . filifo rm is )  o r  o m n iv o ro u s  (the  nereid 
N . diversicolor), s tra teg ies  w hich  resem ble th e  early  
response  to  “ succession  a fte r  d is tu rb an ce  series" 
(R h o a d s , M cC all, &  Y ingst, 1978) o r  “ d is tan ce  to 
p o llu tio n  source  se ries"  (P ea rso n  & R osenberg , 1978). 
In  th is zone  o f  th e  e s tu a ry  p ro b a b ly  physical and  
physio log ica l s tress co incides w ith  ‘h igh  lo ad in g ' stress. 
O n  to p  o f  th a t , sed im en t c o n ta m in a tio n  w ith  m etals 
a n d  o rg an ic  m ic ro p o llu ta n ts  is ra th e r  h igh , p ro v o k in g  
a d d itio n a l s tress (e.g. R ak o c in sk i e t a h , 1997). U nrave l­
ing  the c o n tr ib u tio n  a n d  in te ra c tio n  o f  each  o f  these 
m u ltip le  s tresso rs  is n ecessa ry  in o rd e r  to  d e term ine  
n a tu ra l versus h u m an  in d u ced  d is tu rb an ce s  (Ellis, 
S chneider, &  T h ru sh , 2000).
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