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Abstract

T w o sp a tia l su rv ey s  o f  th e  m ac ro b e n th o s  o f  a n  e s tu a rin e  in te rtid a l a re a , th e  O o s te rsc h e ld e  in th e  so u th w e s te rn  p a r t o f  
T h e  N e th e r la n d s , w ere  c o n d u c te d  in d if fe re n t y e a rs . In  th e  p e r io d  b e tw een  th e  su rv e y s  ch an g es  in th e  h y d ro d y n a m ic s  o f  the 
e s tu a ry  to o k  p la c e  as a  re su lt o f  th e  c o n s tru c tio n  o f  a  s to rm -su rg e  b a n ie r . T h e  w o rk s  red u ced  th e  tida l v o lu m e  in th e  basin  
a n d  as a  c o n se q u e n c e  th e  a lti tu d e  o f  th e  tid a l fla ts  d e c re a s e d  by  ap p ro x im a te ly  0.1 to  0 .2  m. C o n s id e ra b le  d if fe re n c e s  in 
sp e c ie s  d e n s itie s  w ere  fo u n d  b e tw een  th e  tw o  su rv e y s , bu t th e se  la rg e  d if fe re n c e s  c o u ld  not b e  e x p la in e d  b y  c h a n g e s  in the 
‘s p a tia l’ e n v iro n m e n ta l v a riab le s (su ch  as a lti tu d e )  th a t  w e re  tak en  in to  a c c o u n t in a d ire c t g ra d ie n t a n a ly s is . U n k n o w n  and 
‘o n ly - to - tim e -re la te d ’ (e.g . w e a th e r-re la te d )  fa c to rs  h ad  c o n s id e ra b ly  in flu e n ced  sp e c ie s  ab u n d an ce . T h is  im p lie s  th a t the 
im p a c t o f  th e  w o rk s  on th e  m a c ro b e n th o s  c o u ld  n o t  b e  e v a lu a ted  on  th e  b as is  o f  o b se rv e d  sp e c ie s  d e n s itie s  in th e  b efo re - 
a n d  a f te r- th e -w o rk s  su rveys. G en e ra lly , it im p lie s  th a t even  i f  th e  lev e ls  o f  fu tu re  ‘sp a tia l’ e n v iro n m e n ta l v a r ia b le s  are  
k n o w n , d ire c t g ra d ie n t a n a ly s is  b a se d  on a  s in g le  su rv e y  ca n n o t b e  u sed  fo r  p re d ic tio n  o f  fu tu re d e n s itie s  in a b s o lu te  term s 
in  su c h  s tro n g ly  f lu c tu a tin g  c o m m u n itie s . Y et, th e  g ra d ie n t a n a ly se s  fo r  th e  tw o  y e a rs  revealed  ra th e r  s im ila r  es tim a tes  
o f  th e  m a jo r  en v iro n m en ta l g rad ien ts . T h e  sa m e  w a s  tru e  fo r  th e  p a ra m e te rs  th a t d e sc rib e d  th e  re la tiv e  c h a n g e  in sp e c ies  
d e n s itie s  in re sp o n s e  to a c h a n g e  in th e  e n v iro n m e n ta l g ra d ie n t levels . H e n c e  th e  m o s t ap p ro p ria te  w ay  o f  ev a lu a tin g  the 
c h a n g e s  th a t  h av e  o ccu rred  in th e  b en th ic  c o m m u n ity  a s  a  re su lt o f  th e  w o rk s  w-as in te rm s o f  the o b se rv e d  c h a n g e s  in the 
‘s p a tia l’ e n v iro n m e n ta l g ra d ie n t levels . T h e  lev e ls  o f  th e  firs t en v iro n m en ta l g ra d ie n t, w h ich  w as s tro n g ly  re la te d  to the 
se d im e n t s tru c tu re , d id  no t c h a n g e  b e tw e e n  y ea rs . L e v e ls  o f  th e  se c o n d  g ra d ie n t, w h ic h  co u ld  b e  in te rp re te d  a s  a tid a l zone 
g ra d ie n t, d e c re a se d . T h is  su g g e s ts  th a t th e  w o rk s p a r tic u la rly  a ffec ted  ta x a  th a t a re  s tro n g ly  re la ted  to th is  se c o n d  g rad ien t, 
su c h  as C o ro p h iu m  liv ing  in the u p p e r  tida l a reas  a n d  N e p h th y s  liv in g  in  th e  lo w e r tid a l zon e . 1999 E ls e v ie r  S c ien ce  
B .V . A ll r ig h ts  reserved .

K eyw o rd s:  c a n o n ic a l co rre la tio n  a n a ly s is ; d ire c t g ra d ie n t  a n a ly s is ; m a c ro z o o b e n th o s ; es tu a rin e  in te rtid a l c o m m u n itie s ; 
re d u c e d  ran k  reg re ssio n

1. Introduction

Com m unity ecologists are interested in  the re la ­
tionship betw een assem blages of organism s and the

E-m ail: meert&'nioz.nl

environm ents they live in. A w idely applied  research 
m ethod is to perform  a single observational field sur­
vey in  w hich data on species abundance and envi­
ronm ental conditions are gathered at a large num ber 
o f sam pling sites. Usually, as a next step, a  regres­
sion m odel is form ulated under the assum ption  that

1385-1101/99/$ -  see front m atter t> 1999 Elsevier Science B.V. All rights reserved. 
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264 J. van der M e e r /Journal o f  Sea Research 42 {1999) 263-2 7 3

species abundance depends on the environm ent. In 
ecology, fitting regression m odels that relate species 
abundance to environm ental variables is known as 
direct gradient analysis (W hittaker, 1967). The objec­
tive o f direct gradient analysis may be m odestly noted 
as providing a parsim onious description o f the com ­
munity (restricted in space and time to the study area 
and study period) in term s o f a  m ultivariate regression 
model that relates species abundance to environm en­
tal \ ariables. T he term  m ultivariate refers to the fact 
that usually  m ore than one species is involved.

A m ore am bitious purpose is to use the estim ated 
regression m odel for prediction o f species abundance 
from know ledge o f the environm ent (or vice versa) 
in the future, the past o r in neighbouring areas. E x­
am ples o f such extrapolations of statistical sp ec ie s- 
environm ent m odels are M oss et al. (1987), N icholls 
(1989), and Ter Braak and W iertz (1994). Extrapo­
lation in tim e requires the assum ption that a ‘true’ 
regression m odel exists that not ju s t applies in the 
study period, but that m ust have been relevant in 
the past, and will be appropriate in the future. Tim e 
does not play a role, and, strictly speaking, it is 
presum ed that a change in environm ental conditions 
is instantaneously follow ed by a response in species 
abundance, a response tow ards the abundance as pre­
dicted by the ‘true’ regression model. H ence, the 
notion o f a regression m odel that worked in the past 
and will w ork in the fu ture supposes the com m unity 
to be in a ‘steady sta te’, w hich is entirely determ ined 
by the ‘spa tia l’ environm ent.

However, even w hen the environm ent is constant, 
a com m unity is not necessarily in a ‘steady sta te ’. 
Interactions am ong species m ay bring about constant 
changes in the structure o f the com munity, in term s 
o f species abundance. T he com m unity m ight even 
show chaotic dynam ics. Besides, som e environm en­
tal factors, such as those related to w eather, may 
only vary in tim e and not in  space, at least not at 
the spatial scale o f the study. Such ‘only-to-tim e- 
rela ted ’ factors are inevitably not included in the 
m odel, but nevertheless could  have their effects on 
species abundance. H ence, species abundance is not 
necessarily constant, but m ay fluctuate around som e 
long-term  average driven by biotic interactions or 
‘only-to-tim e-related’ environm ental factors.

Such fluctuations can be m ore or less sim ilar at a 
spatial scale much larger than the size o f the study

area. Thus, w hen som e point in  tim e is considered, 
it m ight be that at a ll sites in the study area the 
observed abundance o f  a species is much low er than 
the long-term  average density. At other tim es the 
observed abundance could be much higher at all 
sites. T im e plays a role, and the notion o f a single 
‘tru e’ regression m odel that worked in the past and 
will work in  the future, is not tractable. Consider, 
for exam ple, a ‘true’ m odel w hose expected values 
(given by a function o f  the ‘spa tia l’ environm ent) are 
equal to the long-term  average species abundance. 
C om m unity dynam ics at spatial scales larger than 
the scale o f  a single sam pling site imply that in a 
single survey the errors, w hich are the differences 
betw een the observed density and the long-term 
average, are not independent from  sam pling site to 
sam pling site. The errors could even be strongly 
correlated. Consequently, the estim ated regression 
m odel from  the data o f a single survey will yield 
a  strongly biased estim ate o f the ‘true’ m odel, and 
the estim ated model is not generally  suited for the 
purpose o f  prediction. H itherto, the errors ( ‘noise’) 
in direct gradient analysis w ere usually regarded as 
‘un in teresting’ (Gauch, 1982). ‘N oise’ was thought 
to  be the resu lt o f m easurem ent error, or ‘stochastic’ 
variations o f  observed abundance around the ‘ideal 
d istribution’ (Palmer, 1993). A s argued above, the 
assum ption that the errors are uncorrelated among 
sam pling sites m ay be valid when the ‘tru e’ model 
is only m eant to give a description o f the here and 
now. If  the ‘tru e’ model is aim ed for prediction at 
o ther tim es and in o ther places, the independence 
assum ption is not generally true.

The com m only used regression model to  describe 
the dependence o f species on their environm ent is the 
G aussian response model (G auch and Chase, 1974; 
G auch et al., 1974). The regression m odel has the 
form  o f an optim um  function and m oreover can only 
give positive values for species abundance. T he name 
G aussian stem s from the m athem atical sim ilarity to 
the N orm al or G aussian probability density function. 
In its sim plest form, that is fo r a single environm ental 
variable, the G aussian response model is generally 
w ritten as:

w here the index i  =  1 refers to the sites,
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j  =  1, . . k  to  the species, y ,j  is the abundance at 
site i o f species j ,  x¡ is the value of the environm ental 
variable at site i ,  exp ( c j )  is the m axim um  abundance 
o f species j ,  m ¡  is the optim um for species j ,  tha t is 
the value of the environm ental variable w here species 
j  has its m axim um  abundance, tj  is the to lerance of 
species j , w hich is a m easure o f the w idth o f the re­
sponse curve. F or m ore than one environm ental vari­
able, for exam ple for two environm ental variables, it 
is m ore convenient to write the m odel as y¡j =  exp 
(po j +  ¿>i jX \i +  bojX^i +  b^jX2, +  b4jx f  +  b5jX \jX 2i).

T he latter equation already points to one d isad­
vantage o f fitting the Gaussian response m odel, that 
is the large num ber of param eters in w hich it may 
result. T he results cannot be presented in one or 
a few  graphical displays, w hich ham pers in terpre­
tation. A lternatively, constraints can be set on the 
param eters such that the G aussian response m odel 
can be w ritten as:

(
Ul; — m  j ) 2 \Cj---- ^ 2   )

w here all species are supposed to respond to a single 
canonical varíate u, w hich is a linear com bination of 
the q environm ental variables:

‘i

I l  i =  Cl„ +  ^  ' Cl fX ij  

/ = !

E stim ation o f  the param eters o f this constrained 
m ultivariate G aussian response model is not straight­
forw ard. Usually, therefore, approxim ating m ethods 
such as canonical correspondence analysis are used. 
Ter B raak (1986) showed that under certain  assum p­
tions the results o f canonical correspondence anal­
ysis approxim ate the m axim um  likelihood estim ates 
(assum ing a Poisson-like distribution o f species 
abundance) o f the constrained m ultivariate G aussian 
response m odel. Canonical correspondence analysis 
is now probably the m ost w idely used m ultivariate 
d irect g radient analysis m ethod in com m unity eco l­
ogy (Palm er, 1993). W hen the environm ental g rad i­
ents are short com pared to species tolerances, the 
use o f a linearised  form o f the m ultivariate G aussian 
response m odel, like the m ultivariate linear regres­
sion m odel using log-transform ed species densities, 
m ay be m ore appropriate (Ter Braak and Prentice, 
1988; Ter Braak, 1994a). Constrained form s o f the 
m ultivariate linear regression m odel can be related to

the dim ensionality-reduction techniques o f canonical 
correlation analysis and redundancy analysis (Tso, 
1981; Davies and Tso, 1982; Jongm an et al., 1987; 
Van der M eer, 1991).

Studies on the reliability o f m ultivariate direct 
gradient analysis have mainly focused  on the per­
form ance of approxim ating m ethods. M ost studies 
have been based on sim ulated data sets created by 
using the G aussian response m odel (o r slight m odi­
fications using asym m etric curves) and  independent 
errors (Palmer, 1993). Studies that have used field 
data focused on observer differences (Leps and Had- 
incová, 1992), or on the stability o f  the param eter 
estim ates by applying resam pling techniques such as 
double-cross validation (Van der M eer, 1991). The 
‘steady-state’ assum ption, w hich is im plicitly  made 
when the G aussian response m odel is used for the 
purpose o f prediction, has been o f no concern. So, 
em phasis has been placed more on the perform ance 
o f the m ethods than on the crucial assum ptions of 
the underlying model.

The present study focuses on the stab ility  o f direct 
gradient analysis o f an estuarine in tertidal m acroben­
thos com munity. Such com m unities are known for 
their large year-to-year variations in  species abun­
dance (Beukem a, 1989; Coosen et ah , 1994a). These 
variations m ay be due to the vagaries o f  the weather 
w hich have a strong im pact on the recru itm ent suc­
cess o f many species (Beukem a, 1989). Unknown 
variations in the environm ental conditions during the 
pelagic phase of the la n a e  ma}1 also contribute to 
the large variations in recruitm ent that are usually 
observed. Variation in recruitm ent seem s to  have a 
strong influence on the structure o f  the com munity. 
T he large variation in tim e and the sm all variation 
in space in intertidal benthic com m unities invalidate 
the use o f direct gradient analysis, based  on a single 
survey, for prediction of future densities in  abso­
lute term s. In the present study tw o surveys were 
conducted in the O osterschelde estuary in  the south­
w estern part o f T he Netherlands. In the study period 
a storm -surge barrier was constructed in  the mouth 
o f the estuary. Though the works m ay have affected 
the m ajor environm ental gradients and consequently 
species densities, the large year-to-year variation in 
benthos abundance makes it a priori im possib le to 
evaluate the im pact o f the works solely on the  basis 
o f the observed m acrobenthos densities in the  two
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Fig. 3. The inter-set correlations r between the tidal zone gra­
dient and the species densities >■ versus those for the sediment 
gradient. Estim ates from the 1985 analysis are indicated by a 
letter connected lo the origin. The 1989 data are only indicated 
by a letter. The gradients were based on the 1985 estimates o f  the 
canonical coefficients. Letters indicate the species; see Table 4. 
See text for further explanation.

accounted for by the first tw o canonical variâtes. So 
if  a vector approaches the un it circle, then the species 
relates strong])' to the first tw o variâtes. If  the vector 
is short, then it does not. This explained variance 
is also given in Table 4. Its value is com pared to 
the explained variance of the full-rank model, the 
w ell-know n R 2. Fig. 3 indicates that som e species 
w ere m ainly related to  the sedim ent canonical vari- 
ate. They seem ed to ‘prefer’ either sandy (e.g., Spio  

filicorn is  and Bathyporeia  sp.) o r muddy (e.g., H et­
eromastus filifo rm is  and H ydrobia ulvae) bottom s. 
O ther species, which w ere especially  related to the 
altitude varíate lived h igh (Corophium  sp.) or low 
{Nephthys sp.) in the tidal zone.

The inter-set correlations betw een the species 
abundances from  1989 and the ‘1985’ canonical 
variâtes (that is, the 1989 environm ental data are 
‘standardised’ using the 1985 m eans and variances 
and subsequently m ultip lied  by the 1985 m atrix of 
canonical coefficients A) are also provided by Fig. 3. 
These 1989 vectors do no t exactly allow all inter­
pretations that could be m ade for the 1985 vectors, 
because the ‘ 1985’ canonical variâtes applied to the 
1989 data are not uncorrelated. The explained vari-

Table 4
Explained variance between a species and all environmental 
variables Z.v, and the first two canonical variâtes u for the 1985 
data (first three colum ns) and the 1989 data (last three columns)

Explained variance

1985 1989

Z.v »1985 »1989 Z.v «1989 «1985

(a) Cerastoderma edule 0.28 0.22 0.10 0.26 0.06 0.05
(b) Hydrobia ulvae 0.48 0.40 0.27 0.46 0.38 0.34
(c) M acom a balthica 0.26 0.19 0.16 0.30 0.18 0.14
(d) M ya arenaria 0.30 0.12 0.21 0.04 0.00 0.00
(e) M ytilus edulis 0.37 0.31 0.13 0.18 0.07 0.07
(f) Retusa alba 0.09 0.04 0.06 0.08 0.02 0.02
(g) Scrobicularia plana 0.19 0.11 0.11 0.20 0.12 0.08
(h) Anaitides maculata 0.27 0.20 0.10 0.09 0.02 0.03
(i) Arenicola marina 0.33 0.25 0.21 0.27 0.16 0.17
(j) Capitella capitella 0.21 0.02 0.04 0.14 0.05 0.05
(k) Eteone  sp. 0.15 0.08 0.07 0.16 0.08 0.08
(1) Heteromastus filiform is 0.42 0.33 0.30 0.32 0.27 0.24
(m) N ephthys sp. 0.29 0.23 0.20 0.26 0.18 0.14
(n) Nereis sp. 0.25 0.11 0.17 0.38 0.29 0.26
(o) Polydora sp. 0.28 0.19 0.14 0.15 0.01 0.03
(P) Pygospio elegans 0.29 0.17 0.22 0.15 0.12 0.09
(q) Scoloplos arm iger 0.11 0.05 0.01 0.35 0.25 0.24
(r) Spio filicornis 0.31 0.28 0.23 0.38 0.32 0.26
(s) Tharyx marione 0.32 0.20 0.25 0.36 0.31 0.28
(t) Bathyporeia sp. 0.34 0.27 0.27 0.46 0.37 0.26
(u) Carcinus maenas 0.29 0.23 0.14 0.04 0.00 0.00
( \ ) Corophium  sp. 0.35 0.28 0.20 0.41 0.39 0.35
(w) Crangon crangon 0.05 0.00 0.00 0.06 0.01 0.00
Redundancy 0.27 0.19 0.16 0.24 0.16 0.14
Explained total variance 0.32 0.23 0.19 0.33 0.25 0.22
1 -  (W ilks lam bda)1 ■* 0.17 0.10 0.07 0.18 0.10 0.08

The canonical \a ria ies are either based on the 1985 data (wi9 8 s) 
or on the 1989 data (i<i9 S9 )-

ance o f the ‘ 1985’ canonical variâtes for the 1989 
data is given in Table 4. The reversed procedure, that 
is using the ‘ 1989’ canonical variâtes, is visualised 
in  Fig. 4. The results are very sim ilar to  those pre­
sented in Fig. 3. Generally, the explained variance 
o f the ‘ow n’ canonical variâtes is som ew hat higher 
than the explained variance o f the ‘o ther’ canonical 
variâtes (Table 4). For m ost species the 1985 and 
1989 vectors are rather similar.

4. Discussion

T he abundance o f m arine intertidal soft-sedim ent 
benthos may vary considerably from  year to year
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Fig. 4. T he inter-set correlations r  between the tidal zone gra­
dient and the species densities y  versus those for the sediment 
gradient. Estim ates from  the 1989 analysis are indicated by a 
letter connected to the origin. The 1985 data are only indicated 
by a letter. T he gradients were based on the 1989 estim ates o f  the 
canonical coefficients. Letters indicate the species; see Table 4. 
See text fo r further explanation.

(B eukem a, 1989; Coosen et al., 1994a). H ence one 
m ay w onder w hat the use is o f applying m ultivari­
ate direct gradient analysis to  a single survey from  
such a com m unity  w here densities are so strongly 
fluctuating. W hat is the use o f species-environm ent 
relationships that are only applicable on a very lim ­
ited tim e-sp ac e  scale? This question, w hich is rarely 
posed by the proponents o f m ultivariate direct g rad i­
ent analysis, is the them e o f the present article.

This study confirm ed that large differences in den­
sity and biom ass o f m arine intertidal m acrobenthos 
occur from  year to year. The density o f alm ost all 
species, and particularly of the m olluscs, was much 
sm aller in  1989 than in 1985. On the contrary, total 
b iom ass was m uch larger in 1989. This was m ainly 
due to a high m ortality  o f adult m olluscs in the w in­
ter o f 1984/1985  and a succeeding large recruitm ent 
o f  alm ost all m ollusc species in the spring o f 1985, 
resulting in large num bers o f sm all individuals in the 
A ugust 1985 survey (Coosen et al., 1994b). Spring 
1987 show ed another strong recruitm ent o f cockles 
and o ther m olluscs (Coosen e t a l ,  1994b). In 1989 
m ost o f the individuals o f the 1987 year-class w ere 
dead, but those w hich survived had grown to a large

individual size (Coosen et al., 1994b). The August 
1989 survey can be characterised by sm all numbers 
o f  large individuals. Clearly, no sta tistica l model of 
the species density-environm ent relationship based 
on the single 1985 survey w ould be able to predict 
accurately the 1989 densities in abso lu te terms.

Relative densities (in term s o f  “fo r this species a 
p lot w ith such or such an environm ent will contain 
tw ice as many individuals as a p lot w ith  this o r that 
environm ent”) were, however, m uch m ore consistent 
from  year to year. This consistency was also apparent 
in  the first two canonical variâtes u as found in both 
years (although reversed) and in m ost o f the inter­
set correlations between the standardised  log-trans­
form ed species densities and the canonical variâtes u 
(Figs. 3 and 4). However, som e inconsistencies (e.g., 
for Bathyporeia  sp. and Tharyx m arione ) occurred, 
and there was a loss o f explained variance w hen using 
the ‘o ther’ canonical variâtes (Table 4). O ne possible 
reason for such inconsistencies is the occurrence of 
different age-classes, each w ith its specific environ­
m ental preference, in the two years.

The species-environm ent relationship  as esti­
m ated from  the data o f a single survey m ay explain 
part o f the spatial variation, that is the total variance 
in  species densities among sites. The present study 
show ed that, in spite o f the large year-to -year fluctu­
ations in species densities which seem  to be typical 
o f m arine intertidal com m unities, such relationships 
m ay have a m ore general validity in term s o f relative 
species densities than just the tim e o f  the study. Yet, 
generally  this does not need to be true. For exam ple, 
the com m unity dynam ics may be caused by factors 
(varying only in tim e) that interact w ith the envi­
ronm ental variables (mainly varying in space) which 
w ere taken into account in the estim ated spec ies- 
environm ent relationship. For exam ple, high num ­
bers in the upper tidal zone relative to the lower 
tidal zone may occur after a severe w inter, and the 
opposite may be true after a mild w inter, o r vice 
versa. Then, serious instabilities in tim e in the esti­
m ated relationship between relative densities and the 
environm ent can be expected.

D uring the study period changes in the hydrody­
nam ics o f the study area took place as a resu lt o f 
the construction o f a  storm-surge barrier. T h e  works 
reduced the tidal volum e in the basin and as a conse­
quence the altitude of the tidal flats decreased  by ap-
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