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ABSTRACT : A stra tegy is p re sen ted  for analys ing  m arine  biological survey da ta  and  re la t ing  the biotic 
p a tte rns  to env ironm enta l  data. To avoid circular argum ent,  biotic and  e n v ironm en ta l  da ta  are kept 
separate.  The  strategy is i llustra ted  by a w orked  ex am p le  using  da ta  on the d is tr ibution  ot 182 
n em a tode  spec ies  in 107 sam ples  in the  River Exe estuary. N in e te en  s ta tions are g ro u p ed  into 4 m ain  
clusters u s ing  com plem en ta ry  classification and m ult i -d im ensional  sca l ing  (MDS) ord inat ion  t ech ­
niques.  These  are both based  on root-root t ransformed a b u n d a n c e  data  with  the Bray-Curtis  m easure  of 
similarity.  Indicator spec ies  characteris ing  each group are ex trac ted  using  in formation  statistics. 
Inverse  ana lyses  give clusters of co-occurring species which  are s trongly re la ted  to the  s ta tion groups. 
Relationships of station groups to env ironm en ta l  variables  are revea led  by su p e r im p o s in g  da ta  for one 
va r iab le  at a t ime on the MDS plot, showing that some station groups differ in sed im en t  g ranulom etry  
and  others in salinity, for example.  Some of the other factors p lo tted  show  no  d ifference b e tw e e n  station 
groups. Similarly, physiognom ic  characteris tics of the spec ies  are su p e r im p o sed  on the MDS plots of 
the inverse  analysis of spec ies  groups, revea ling  d ifferences in se tal  leng th  and  trophic  sta tus b e tw ee n  
the species  groups. Finally, the 4 major station groups a n d  spec ies  groups are r e la ted  to one ano the r  in 
terms of m orphological adap ta t ion  to the habitat.

INTRODUCTION

Biological surveys w h e th e r  of benthos, p lank ton  or 
nekton, usually  result in com plex bodies of biotic and 
environm enta l da ta  from which pa t te rns  and re la t ion ­
ships need  to be extracted. A lthough such m ultispecies 
data  sets have  much in common, a confusing variety of 
num erical techn iques  has  been  used  in the m arine 
ecological l iterature, often simply because  a com puter  
program  h ap p e n e d  to be  handy  and  w ithout co n s id era ­
tion of its suitability  for the data. N um erical techn iques  
have been  most com monly applied  to ben th ic  data (e.g. 
Sanders, 1958; Cassie  and  M ichael,  1968; Lie and 
Kelley, 1970; Day et al., 1971; H ughes  and  Thomas, 
1971; P opham  and  Ellis, 1971; S tephenson  et al., 1972; 
Poore and  Mobley, 1980; Shin, 1982; and  several other 
recen t papers). P lankton workers have  also used  n u m ­
erical m ethods (e.g. Cassie, 1961; F ager  and  M cG o­
wan, 1963; M cC onnaughey , 1964; Thorrington-Smith, 
1971; Angel and  Fasham, 1975), and  some similar 
analyses have b ee n  done  on fish distribution  (e.g. 
Fager  and  Longhurst, 1968; Peters, 1971; H aedrich  et 
al., 1980).

In this p ap e r  w e p re se n t  an  overall  s tra tegy  for the 
ana lysis  of m ult ispec ies  da ta  and  the  associa ted  
env ironm enta l  var iab les  w hich  w e bel ieve has w ide 
appl icab il i ty  in m arine  ecology. A set of robust and  
tes ted  num erical  te chn iques  is p resen ted  s tage by 
s tage  and  il lus tra ted  by a s im ple  exam ple . W e do not 
claim  to rev iew  all the  useful te ch n iq u e s  ava ilab le ,  but 
m ere ly  to ou tline  num erica l  m ethods  w hich  w e  have 
successfully a p p l ied  to a varie ty  of ecological data. For 
a m ore com plete  rev iew  of m a n y  of the te ch n iq u e s  see 
Clifford and  S tephenson  (1975).

W alker  et al. (1979) have sum m arized  the 3 a l te rn a ­
tive app roaches  to analysis  of survey data:

(1) A search for pa t te rns  am ongst  the bio log ica l v a r i­
ab les  with an  a t tem p t to in te rp re t  these  in term s of the 
env ironm enta l  data.

(2) A search for p a t te rn s  of re la t ionsh ip  b e tw e e n  the 
biotic and  env ironm en ta l  da ta  s im ultaneously ,  e.g. 
canonical analysis  (Cassie, 1972).

(3) A search for pa t te rn s  am ongst the physical  var i­
ab les  followed by a search  for re la ted  pat te rns  in the 
biotic data.

W alke r  et al. chose the  th ird  app roach  w h ich  m ay b e
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su i tab le  in  po llu t ion  surveys, or w h e n  one know s in 
ad v a n ce  w hich  physical var iab les  are  likely  to be 
dom inan t,  bu t  w e  prefer  the  first ap p roach  as a g ene ra l  
p rocedu re .  In other w ords we ana ly se  the  b iotic data  
first, ' le t t ing  the  species  tell the ir  story' (Day et al., 
1971) an d  once groups of b iotically  s im ilar  sam ples  
have  b e e n  recogn ized  w e test the  env ironm en ta l  var i­
ab les  for statistical differences, an  ap p roach  also 
ad o p te d  by G re en  an d  Vascotto (1978) in te r  alia. This 
s tra tegy  k eep s  the  ana lyses  of biotic an d  en v i ro n m en ­
ta l d a ta  com plete ly  separate ,  avo id ing  the  in fluence of 
any  prev ious  assum ptions  abou t re la t ionsh ips  b e tw e en  
the  b io ta  an d  environm ent,  and  m in im iz ing  the  d an g e r  
of circular a rg u m e n t  in seek ing  to ded u c e  re la t io n ­
ships.

METHODS 

Norm a] A nalysis

For sim plic ity  w e dea l  first w ith  the  com m ones t  type 
of analysis,  norm al or q-type analysis,  in  w h ich  sam ­
ples  (or stations) are a r ran g e d  into groups w h ich  each  
h av e  a s im ilar  biotic composition. Fig. 1 sum m arizes  
the  s tages  of analysis.

Raw Data

The  biotic data  consist of a m atrix  in w hich  n s a m ­
ples  (or stations) are  descr ibed  by  s  species  (or other 
taxa). D ata  m ay be ca tegorized  into 5 types:

(1) P re sen c e -ab se n ce  data, in w h ich  spec ies  are 
recorded  as b e in g  p re se n t  (1) or ab sen t  (0) in  each  
sample .

(2) C oded abundances :  sem i-quan ti ta t ive  data coded 
on an  arbitrary  scale to ind icate  rela tive a b u n d a n ce  
(e.g. from absent,  0, present,  1, fairly common, 2, to 
dominant,  5; Field, 1970). C oding  usually  tends to have  
the  effect of norm aliz ing  da ta  and  su b se q u en t  transfor­
mation is then  unnecessary .

(3) Frequencies: The n u m b e r  of occurrences of each  
species  is counted, e.g. the n u m b e r  of grabs or hau ls  in 
w hich  the species  w as iden tif ied  at a par t icu lar  station. 
F requency  data  are  often ob ta ined  by reduc ing  a large 
n um ber  of sam ples  (hauls, cores, grabs) to a smaller 
n u m b e r  of stations at w h ich  they w ere  taken.

(4) Densities: the com m onest data, in w h ich  the 
n u m b e r  of ind iv iduals  p e r  sam ple  is recorded. 
Densities often provide very skew ed  data, and  trans­
formation is norm ally  advisable.

(5) Biomass: colonial an im als  and  p lan ts  cannot be 
m eaningfu lly  counted, w h erea s  all organism s can be 
expressed  in units  of w eight.  There is a d an g e r  of 
occasional, random  inclusion of particularly  large 
organism s w hich  m ay sw am p the  other data, therefore 
transformation is usua lly  advisable.

T ransform ation

Clifford and  S tephenson  (1975) discuss a n u m b e r  of 
m ethods  of transform ation an d  s tandardization ,  the  
essential difference be ing  tha t transformation alters 
the  score for each  species  in each  sam ple  w ithout 
reference to the  ran g e  of scores in the rest of the data. A 
n u m b e r  of transformations are com monly used, the 
com m onest be in g  the  logari thm ic transformation:

Y„ =  log (XiS + 1) 

w h ere  X¡¡ = raw  da ta  score of the  fth  species  in  the yth

R a w T ra n s fo rm e d

D a ta D a ta

In d ic a to r

s p e c i e s

C la s s if ic a t io n

Fig. 1. N orm al  (q-type) analysis:  d iag ra m m a tic  su m m ary  of s tages  lead ing  to classif ication an d  ord inat ion  of sam ples.  Raw da ta  
(Stage 1) a re  r e p re se n ted  in a m atrix  of n  sam p le s  by  s species.  It m ay  be necessary  to transform data  (Stage 2). C om parison  of 
e ach  sam p le  with  every  o ther  s am p le  us in g  a m ea su re  of s imilarity  lea d s  to a t r iangu lar  similarity matrix (Stage 3). Classification 
(Stage 4) a n d  ord ina t ion  (Stage 5) a re  co m p le m e n ta ry  pictorial  sum m aries  of the  re la tionsh ips  b e tw ee n  8 sam ples  in this 

d iagram . Indica tor spec ies '  a re  o b ta in e d  directly  from raw data .  S tages  a re  re ferred  to by n u m b er  in the  text
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sam ple ; Y¡¡ = correspond ing  transformed score. Tire 
log-transformation has  the effect of scaling dow n the 
scores of ab u n d a n t  species  so tha t they do not sw am p 
the other data  (Field and  M cFarlane, 1967; Clifford 
and  S tephenson, 1975). This is usually  des irab le  for 
density  and  biom ass data.

We now prefer the 'root-root' transform:

Y,i =  Vvx; =  V
The root-root transform has a similar effect in re d u c ­

ing the w e igh ting  of a b u n d a n t  species, but in addition 
has the  advan tage  that,  w h en  similarity is assessed  by 
the Bray-Curtis m easu re  (see next section), the s im ilar­
ity coefficient is invarian t  to a scale change,  e.g. it does 
not m atter  w he the r  scores are expressed  per  cm2 or per 
m 2. It has  previously  b e e n  used  in this context by 
S tephenson  and  Burgess (1980).

M easu rem en t  of Similarity

A variety of m easu res  of distance, information, corre­
lation, similarity and  dissimilarity have  b ee n  used  to 
sum m arize  the overall s imilarity b e tw e en  2 samples, 
tak ing  all the species  into consideration. M any of these 
m easures  and  their  p roperties  are sum m arized  in Clif­
ford and  S tephenson  (1975). A f requen t fea ture of 
m arine  survey data is tha t m any  of the species  are 
absen t from a majority of the samples, so that usually  
more than  half the data  matrix entries are zeros. T rans­
formation of the data  does not alter this. Thus m easures  
which take account of joint absences, inc lud ing  the 
product-m om ent correlation coefficient w hich  is based  
on deviations from the  m ean  score, are not robust 
enough  to be genera lly  applicable . T ak ing  account of 
joint absences has the effect of saying 'es tuarine  and 
abyssal sam ples  are similar because  both lack  outer- 
shelf species'.

We have adop ted  the m easure  used  in p lan t  ecology 
by Bray and  Curtis (1957), after app ly ing  it to many 
types of data. It is not affected by jo int ab sences  (Field 
and  McFarlane, 1968) and  is therefore sufficiently ro­
bust for m arine  data, yet it gives more w eigh t  to a b u n ­
d an t species (in com paring  samples) th a n  to rare ones, 
w h ich  is w hat most ecologists do intuitively. The Bray- 
Curtis m easure  has the  form

<5jk

w here  Y¡j = score for the  i th  species in the  _/th sample; 
Y* = score for the i th  species in the k th  sample; ôJk = 
dissimilarity b e tw e en  the j t h  and  i t h  sam ples  sum m ed  
over all s species. 6¡k ranges  from 0 (identical scores for 
all species) to 1 (no species  in common) and  is the

Y „ -  Y,k

com plem ent of the  sim ilarity  Sjk'- 

S j k  =  1 ~  Ô j k

The Bray-Curtis m easu re  is a lgeb ra ica l ly  equ iva len t  
to the C zekanow ski coefficient as used  by Field and 
M cFarlane (1968) and  Day et al. (1971). It can  be used  
on all types of data, on p re se n ce -a b sen c e  data it 
r educes  to the coefficient of Dice (Sneath an d  Sokal, 
1973).

The C anberra  m etr ic  (Lance and  Williams, 1967) has 
properties  sim ilar  to the  Bray-Curtis m easure ,  but 
equa l  w e igh t is g iven  to ea ch  species. This appears  to 
be  a des irab le  p roper ty  w h en  us ing  b iom ass da ta  in 
w hich  the re  is d a n g e r  of a chance  occurrence of one 
la rge organism  in  a sam ple  sw am p in g  all the other 
data. However, in  prac tice  w e have  neve r  found the 
Bray-Curtis m easu re  over- in f luenced  by chance 
occurrences after log transform ation  of data, and  
S tephenson  and  his co-workers (pers. comm.) have 
now a b a n d o n e d  use  of the  C a n b e r ra  m etr ic  in favour of 
Bray-Curtis. However, cau tion  is req u ired  if the biota 
is very im poverished,  as S tephenson  et al. (1977) found 
after floods h ad  sw ep t aw ay  most an im als  and  the 
sam ples  w ere  charac te r ized  by very few or even  no 
species. Under these  c i rcum stances the  M anha t ten  
metric  proved a su itab le  m easu re  of dissimilarity, 
a l though  it is norm ally  not u sed  b ecau se  it is very 
sensitive to the n u m b e r  of species  present.

A pplication  of the m e asu re  of similarity  results  in a 
tr iangu la r  m atrix  w hose  en tries  com pare  each  of n 
sam ples  with every  other sam ple  (Fig. 1). This matrix 
could b e  a r ran g e d  in a trellis d iag ram  (Sanders, 1957) 
but is more conven ien tly  sum m arised  in d iag ram m atic  
form as a den d ro g ram  or an  ordination.

Classification

The various h ie ra rch ica l  sorting  s tra teg ies  ava ilab le  
to produce  a d en d ro g ram  from the s im ilarity  m atrix  are 
descr ibed  by Clifford and  S tep h e n sen  (1975). The most 
successful m ethod  ap p e a rs  to be  g ro u p -a v erag e  sort­
ing, w hich  joins 2 groups of sam ples  toge ther  at the 
ave rage  level of sim ilarity  b e tw e e n  all m em b ers  of one 
group and  all m em bers  of the  other.

D endrogram s h ave  the  a d v a n ta g e  of simplicity: sa m ­
ples are  cluste red  into dist inct groups, a l though  the 
cut-off levels are a rb itra ry  an d  d e p e n d  up o n  conven i­
ence. T here  are 4 m a in  d isa d v an tag es  to dendrogram s:

(1) The h ie ra rchy  is irrevers ib le—once a sam ple  has 
b ee n  p laced  in a g roup  its iden ti ty  is lost.

(2) D endrogram s only show in te r-g roup  re la t ion ­
ships; the  level of similarity  in d ic a ted  is the  average  
in te r-group  value.

(3) The se quence  of ind iv iduals  (here samples) in a
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d e n d ro g ra m  is a rb itra ry  an d  2 a d jac en t  sam p les  are not 
necessar i ly  the  most similar. This can be  il lus tra ted  by 
v isua liz ing  an  u p s id e -d o w n  den d ro g ram  as a sus­
p e n d e d  mobile  with  the  th reads  ho ld ing  sam ples  
w h ich  are  free to rotate in  a horizontal plane.

(4) D endrogram s tend  to over em phas ize  d iscon­
tinu i t ies  and  m ay force a g ra d e d  series into discre te  
classes.

In v iew  of these  d isadvan tages ,  it is adv isab le  to 
em p loy  an  addi t iona l  m ethod  of p resen ta t ion  to show 
ind iv idua l  rela tionships. If the  2 com plem enta ry  
m e th o d s  agree, th e n  d iscontinu i t ies  can be accep ted  as 
real; if not, one has to te m p e r  the  in te rp re ta t ion  of 
results  accordingly, b u t  it m ay  be  helpful to use the 
d ist inct classes show n by the d e n d ro g ram  to simplify 
descrip tion , e.g. in p lo tt ing  on a m ap  or by de l inea t ing  
d e n d ro g ra m  classes on the  co r respond ing  ordination.

O rd ina tion

O ur preferred  m e th o d  of ord ina t ion  is m u lt i -d im en ­
sional scaling  (MDS), a tech n iq u e  first derived  for use 
in  psychology  and  sociology (see Kruskal and  Wish, 
1978, for an in troductory  survey) bu t  po ten tia lly  of 
w id e  app l ica tion  to the  b io logica l sciences. In the 
context of sam ple  analysis, MDS p roduces  an  o rd in a ­
tion of the  n  stations in  a specif ied  n u m b e r  of d im e n ­
sions. Firstly, it in te rpre ts  som e function of the  d iss im i­
larity m easu re  b e tw e e n  each  pa ir  of stations as a d is­
tance  in ord inary  E uc l idean  space. It th e n  seeks  the 
bes t poss ib le  reconcilia tion  (according to some  op ti­
mality  criterion) of these  n (n -  l ) /2  in te r-s ta tion  'd is ­
tances '  w ith  the  physical d is tances  b e tw e e n  n  points 
on a 2 (or higher) d im ensiona l  map. M etric MDS 
(essentia lly  Principal Co-ord ina tes  Analysis) stems 
from the  w ork of Torgerson (1958); non-m etric  MDS, a 
m uch  m ore  flexible tool, d a tes  to S hepard  (1962), Krus- 
kal  (1964) and  others. K ruskal (1977) rev iew s 2 of the 
m ore w idely  ava ilab le  com pu ter  p rogram s for im p le ­
m e n tin g  non-m etric  MDS, nam ely  M-D-SCAL and 
KYST. (The version M -D-SCAL 5MS has b e e n  used  to 
derive  the results  for our exam ple).  N on-m etr ic  MDS is 
an  ite ra t ive  p rocedu re  w ith  the  following steps:

(1) A sta rt ing  'm ap ' of the  n sta tions is constructed, in 
the r eq u ired  n u m b e r  of d im ensions.  This could b e  the 
result  of an  o rd ination  by ano ther  m ethod, e.g. p r in c i­
pal co-ord inates  analysis, b u t  will often be  sim ply  an 
arb itra ry  configuration  chosen  at random .

(2) The in terpo in t  d is tances {dJk : k  > j; j  = 1, . . . nj 
of this configuration  are th e n  reg ressed  on the  corres­
p o n d in g  diss im ilarit ies  {<5^}. In the  very s im ples t  case, 
w h ere  the re  is reason  to be l ieve  tha t  the  d iss imilarities 
are  directly  proportional to distance, this could be  by 
s im ple  leas t  squares  l inea r  regression. However, for

biological q-type analysis the  relation is usua lly  n o n ­
linear, as the scatter plot for the final configuration of 
the Exe es tuary  stations illustrates (Shepard  d iagram, 
Fig. 5). Non-m etric  MDS allows for this by fitting a 
g ene ra l  m onotonic (increasing) regression of {djk} on 
{ôjk}, the  only information used  from the dissimilarities 
be ing  their  rank  order.

(3) The 'goodness-of-fit1 of this regression is m e a ­
sured  by some criterion, usua lly  the stress formula:

Stress 1 =  î  kî  (dJk -  d jk)2 /  î  . Î  d)k

w here  efjk =  d istance es t im ated  from the  regression, 
co rresponding  to dissimilarity, bJk. If stress is large, the 
current 'm ap ' ta llies poorly with the  observed d is­
similarities; conversely, low stress ind icates  tha t the 
sam ple  rela tionships  can be  well r ep resen ted  by a 
s tation 'map ' in the  specif ied  d im ensionality . Stress 
m ay be though t of as the distortion involved in 'com ­
p ressing ' the  da ta  to a small n u m b e r  of dimensions.

(4) The current configuration  is per tu rbed  in a d irec­
tion which decreases  the stress (the m ethod  of s teepest 
descen t is usua lly  em ployed  here) and  s tages  (2) to (4) 
rep e a te d  until no further reduction  in stress is possible.

As with  m any  m ult i-d im ens ional  m in im isa tion  p rob­
lems, convergence  m ay often be  to a local ra ther  than  
global m in im um  of the stress function. Small p e r tu rb a ­
tions of the  p resen t configuration m ay all lead  to 
h ig h e r  stress values but an  entirely  different configura­
tion may have  a lower stress m inimum. It is therefore 
adv isab le  to repea t  the iteration  process with  several 
d ifferent start ing  configurations. If essen tia lly  the 
sam e configurations (with the sam e lowest stress) are 
ach ieved  on a n u m b e r  of occasions, then  the  optimal 
solution has  almost certainly been  found, though  this 
can  never  be guaran teed .  It is important to note that 
the final m ap is only de te rm ined  to w ith in  an  arbitrary 
orien ta tion  and  reflection, and  arbitrary location and 
scale; this explains  the omission of axes in Figs. 4, 6, 
and  8 to 10.

Step (2) h igh ligh ts  the advan tages  of MDS over 
techn iques  such as p r inc ipa l  co-ordinates, reciprocal 
ave rag ing  and  co rrespondence analysis for ob ta in ing  a 
sim ple ordination. The la tter are all essentia lly  based 
on the e igenva lue  m ethod  of principal components 
(though they  differ in the  s tandard isa tions and  trans­
formations initially app l ied  to the data) and  are re la ­
tively inflexible, particu larly  with  regard  to the  large 
num ber  of zero counts genera lly  p resen t in a species- 
sam ples  matrix, as d iscussed  un d er  'M easu rem en t  of 
Similarity '.  By contrast,  g rea t  flexibility is bes tow ed on 
MDS by its less direct approach  -  first constructing a 
dissimilarity matrix to suit the particu lar  form of the 
data  and  then  a l low ing a gene ra l  m onotonic transfor­
mation to distance. In fact it is surprising  tha t such a
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prec ise  m ap ' of the re la tion  of sam ples  to each other 
can be constructed  solely from information of the type 
'species composition at Station A is more like tha t at B 
than  at C'.

Further  advan tages  of MDS are its ability to handle,  
with com parative ease, missing data, replication and 
data  of non-uniform reliabili ty  for w hich  it is des irab le  
to give u n eq u a l  w eights  to the  d iss imilarities in s e e k ­
ing the  'best' map. A defin ite  d isadvan tage  is the 
esca la tion  of the com puting  p roblem  for large num bers  
of stations; com puter  time increases  proportionally  to n 
and  tends to becom e prohibitive for 3 figure values 
of n.

Indicator Species

H av ing  sum m arized  the analysis  of d is tribution p a t ­
terns  in 2 com plem enta ry  diagrams, classification and  
ordination, one has lost track of the species  differences 
w hich  cause  the patterns. This information can be 
r ega ined  by re tu rn ing  to the raw  data, or preferably  to 
f requencies  derived from the raw data.

It may be  useful to know  which species  are cha rac ­
teristic of one group of sam ples  bu t  absen t from 
another.  Information statistic (I — ) tests (Field, 1969; 
Velimirov et al., 1977) provide a m eans  of assessing 
w hich  species differ most b e tw e en  one group of sa m ­
ples  and  another.  C om paring  C luster  1 with  Cluster  2 
for any one taxon (species), i:

- 2 (It¡- I u - I 2¡)

w here  Iü = total information content of both clusters 
com bined, Ia — N, log N ,-  A,¿log A,¡ -  (N r A ü) log (TV, -  
A tí); N, = n u m b e r  of sam ples  in both  clusters toge ther  
(p o ten t ia l  presences ') ; A tí =  num ber  of sam ples  in 
w hich  Species f is  actually  present;  (iV(- A tJ) =  num ber  
of sam ples  from w hich  Species i is absent.  Similarly, 
the information content I,, and  hi are ob ta ined  for 
Clusters 1 and  2 respectively. Thus any clusters may be 
com pared, pairwise , to see  w hich  species  discriminate 
best be tw e en  them.

Under the hypothesis  tha t the probabil ity  of observ­
ing Species i is the sam e for sam ples  in both Clusters, 
2 A I, has an  approx im ate  ch i-square  distribution, and  
the scores of each  species m ight be  looked up in chi- 
square  tab les  (1 d.f.) to see  w h e th e r  they differ s ignifi­
cantly  at the  5%  or 1% probabil ity  levels. However, 
these are bes t rega rded  as arbitrary cut-off levels, a 
convenien t ru le  of thum b  for se lecting  indicator 
species but lacking statistical rigor. This is because  
several assum ptions implicit in ch i-square  testing are 
not m e t (e.g. large sam ple  conditions such as expected  
values  exceed ing  5, rep e a te d  significance tests, and  
the fact tha t classification categories have a lready  
partly  b ee n  de te rm ined  by the sam e data  used  in 'I-

te s ts ’ to pick out d isc rim ina ting  species). Nevertheless ,  
we have found it a very useful w ay to re -exam ine  the 
da ta  in practice and  recom m end  its use, p rov ided  it is 
not reg a rd e d  as a statistical test of significance.

A nother  te chn ique  tha t has  b e e n  used  to extract the 
species  that differ most b e tw e e n  sam p le -g roups  is the 
F-ratio (S tephenson  et al., 1977; Shin, 1982) w hich  can 
be used  to find the species  tha t differ most am ong  all 
the sam ple  groups s im ultaneously ,  as co m pared  to the 
pa irw ise  Information Statistic tests. The F-ratio should 
be  ap p l ied  to transform ed data. S imilar constra ints  
p rec lude  its use  as a rigorous statistical test.

Inverse A nalysis

G roup ing  of species  m ay be of g rea te r  in te res t  than  
sam ple -g roups  in w hich  case inverse-  or r-analys is  is 
approp r ia te  as a com plem en t or subst i tu te  for analysis  
of samples.

If p re se n ce -a b sen c e  data  are  to be  an a ly se d  e ither  
the  Bray-Curtis m easu re  or tha t  of M c C o n n au g h e y  
(1964) have proved  satisfactory (Field, 1970), bu t  to 
avoid  spurious groups of rare species  the n u m b e r  of 
spec ies  should  be  reduced . If sem i-quan ti ta t ive  or 
quan t i ta t ive  data  are  used, the  Bray-Curtis m easu re  is 
approp r ia te  only if the  da ta  are  first s ta n d ard iz ed  (W. 
S tephenson , pers. comm.).

A d isa d v an tag e  of inverse ana lysis  a lone  is tha t  la ter 
analysis  of the  species  groups in re la t ion  to the 
env ironm enta l  da ta  is more com plex  and  s im ple  tests 
for s ignificant d ifferences b e tw e e n  groups are not 
appropria te .  This can  b e  par t ia l ly  rem e d ied  in  a p r e ­
se nce -absence  analysis  by con trad ic t ing  our overall 
s tra tegy  and  ca tegoriz ing  the  env ironm en ta l  data, the 
classes of which can be trea ted  as 'species ' w h ich  are 
'p resen t '  or absen t '  from sam ples  an d  g ro u p ed  into 
clusters a long with  the biotic species  (Field, 1971). 
Steps 2 -5  are  followed as w ith  norm al analysis, but 
addi t iona l  s tages (7) and  (8) are also req u ired  (Fig. 2).

Data Reduction

In any survey, some species  occur too se ldom  to form 
an  ana ly sab le  pattern .  T hese  ad d  to com puter  time but 
they do not affect norm al ana lysis  of sam p les  (Day et 
al., 1971). However, these  prob lem s b ecom e more seri­
ous w h e n  species  are  com pared  (inverse analysis) for 2 
reasons. Firstly, com puter  t im e inc reases  with  the 
square  of the  n u m b e r  of ind iv iduals  (now species) 
b e in g  com pared ; secondly, random  co-occurrence of 2 
rare species  w h ich  only ap p e a r  once in the  analysis, 
can resu lt  in the ir  be in g  g ro u p ed  toge ther  as hav ing  
identical distributions.
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Fig. 2. Inverse  (r-type) analysis:  d iag ra m m a tic  su m m ary  of s tages  lea d in g  to classif ication a n d  o rd inat ion  of species.  Addit ional  
steps (7 a n d  8), r ed u c t io n  of the n u m b e r  of spec ies  a n d  s tan d ard isa t io n  of a b u n d an c es  respectively,  a re  usua l ly  r eq u ired  before 
co m p ar in g  each  of the  s '  spec ies  w ith  every  o ther species.  The  c lassif ication suggests  that  there  a re  2 m ain  clusters of 4 species  

each; the  o rd ina t ion  ind ica tes  w h ich  ind iv idua l  spec ies  are close or d is tant  in distr ibution

Clifford and  S tep h e n so n  (1975) discuss several pos­
sible w ays of e l im ina t ing  rare species, and  S tephenson  
and  Cook (1980) descr ibe  a m e thod  of e l im ina ting  
species  prior  to analysis.  In m a n y  analyses, as in  the 
exam ple  below, som e sta tions will tend  to have  low 
species  d iversi ty  bu t  h igh  num erica l  ab u ndance ,  and 
others a h ig h  diversity  and  low ab u ndance .  Thus, to 
select say  the  50 overall most a b u n d a n t  species, b iases  
the  se lec tion  tow ards  the  spec ies  at the low diversity/ 
h igh  a b u n d a n c e  sta tions w h erea s  m any  species  w hich  
may be abso lu te ly  character is tic  of the h igh  diversity/ 
low a b u n d a n c e  sta tions will be  d isregarded . To over­
come this problem , w e h ave  se lec ted  on the  basis  of 
species  h av in g  above an  arb itra ry  pe rc en ta g e  dom i­
nance  at any  one station.

S tanda rd isa tion

N oy-M eir  (1970, 1973) has d iscussed  fully various 
types of s tandard iza t ion  u sed  in p lan t  ecology, and  a 
sum m ary  is g iven  by Clifford and  S tephenson  (1975). 
For norm al analysis, s tandard iza t ion  is not requ ired  
bu t it is necessary  prior  to inverse  (species) com par i­
sons w h e n  quan ti ta t ive  data  are  used. This is because  
perfectly  corre la ted  spec ies  w h ich  a lways occur 
toge ther  (e.g. host and  parasite)  bu t  in different a b u n d ­
ances  m igh t  b e  se p a ra te d  from one another  b ecause  
the ir  scores are  not the  same. The rec o m m en d e d  s ta n ­
dard isa tion  for spec ies  com parison  is:

Y¡. = 100 X u /  2  X„
¡ i  ¡ i  j =, ¡ i

w here  X ^  =  a b u n d a n c e  of the  i th  species  in the  j th

sample; 2  X u = sum m ed  ab u n d a n ce  of the i th  species 
over all samples; Yy =  co rresponding  s tandard ized  
score. This type of s tandard isa tion  is also referred to as 
'relativized data ' (Whittaker and  Gauch, 1973; C a m p ­
bell,  1978).

Relationship to Environm ental Data

H aving o b ta ined  groups of sam ples  by analysis  of 
the  biotic data, most ecologists are in te res ted  in s e e k ­
ing the  environm enta l  factors tha t are likely to be 
responsib le  for the pat terns  found. O ne approach  is to 
do this in a separa te  statistical analysis  of the environ­
m enta l  data.

A variety of techn iques  is ava ilab le  for this, rang ing  
from sim ple t-tests or their  non-param etr ic  counterpart, 
M ann-W hitney  U-tests (Siegel, 1956) to analysis of 
var iance and  m ultip le  d iscrim inant analysis (Polgar, 
1975; G reen  and  Vascotto, 1978).

In the s im plest case, 2 sam ple -g roups  are com pared. 
All observations of an  environm enta l  var iab le  (e.g. 
tem perature)  pe r ta in ing  to one sam ple  group are 
te s ted  aga ins t  the corresponding  observations of the 
o ther  sam ple  group. This is done using  each  suggested  
var iab le  in turn  and  the ones tha t  differ significantly 
are noted as be ing  possible  factors responsible for the 
biotic groups (Field, 1971). This approach  has the usual 
d raw backs  inhe ren t  in rep e a te d  significance tests and, 
because  only one pair  of sam ple -g roups  can be com ­
p a re d  at a time, the overall effect of environm enta l 
p a ram ete rs  on the observed pat terns  is not clear. With 
ordination  techn iques  it is often found tha t the samples 
or stations assum e configurations w hich  are orien ta ted  
a long par t icu lar  dom ina ting  environm enta l  gradients.
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In the  w orked  exam ple  below  w e have therefore 
ranked  several environm enta l  param ete rs  and  plotted 
them  on the station configurations of the ordination  to 
give a visual im pression of possible correlations.

A W orked Exam ple

By w ay of illustration, w e have subjected  the data 
descr ibed  by W arwick (1971) on the distribution of 
free-living nem atodes  in the Exe estuary to num erical 
analysis. In this paper,  W arwick gave a subjective 
assessm ent of station and  species  g roupings and  of the 
m ain  env ironm enta l  factors controlling distribution: it 
is of some in terest therefore to see w h e th e r  num erical 
techn iques  bea r  out this sub jective  assessment.

Briefly, 4 more or less equa lly  spaced  transects on 
the  east b an k  of the  Exe estuary w ere  sam pled  at 5 tide 
levels (except at Topsham  w here  the sea-wall p re ­
c luded  sam pling  at MHWST), g iving a total of 19 
stations. Each station was sam pled  bim onthly  b e tw e en  
O ctober 1966 and S ep tem ber  1967, at the time of the 
lowest m onthly  spring tides, by tak ing  th ree  3.5 cm 
in ternal  d iam eter  cores of sed im en t to a m axim um  
dep th  of 20 cm. The nem atodes  w ere  subsequen tly  
extracted  from the sediment,  identified, and  counted. 
On each  sam pling  occasion several environm enta l 
param ete rs  were  m easured : granulom etry , o rganic 
content, interstitial salinity, dep th  of b la ckened  H2S 
layer  and  dep th  of water  table, An outline of the 
environm enta l  conditions at each  station is g iven  in 
Table 1. Further  details, toge ther  with  tabula tions of 
the nem atode  species composition at each  station, are

g iven  in W arwick (1971). In gene ra l  the m uddy  s ta ­
tions had  a h igh  popu la t ion  density  bu t  low species  
diversity and  the  sandy  stations the  reverse. Tire 
M HW ST sandy  s tations at Lympstone and  Shelly  Bank 
had  a low d iversi ty /low  density  fauna, a t tr ibu ted  by 
W arwick (1971) to se e p a g e  of low salinity  coastal su b ­
soil water.

RESULTS 

C lassification

Fig. 3 is a den d ro g ram  show ing  s tation affinities, 
based  on the m e an  root-root t ransform ed a b u n d a n c e  of 
all 182 species  of nem ato d e s  found in  the  study, us ing  
the Bray-Curtis m easure  of similarity an d  g ro u p -a v e r ­
ag e  sorting. A b ro k en  line d raw n  at the  a rb itra ry  s im i­
larity level of 15% d e l inea te s  4 m ajor  groups of s ta ­
tions: Group  1 d iv ides into 2 h o m ogeneous  subgroups  
w hich  have  b e e n  des ig n a ted  1A and  IB. G roup  1A 
com prises all the  T opsham  stations, G roup  IB the 
low er  3 tide-levels  at Lympstone, Group  2 the 
M H W N T levels at  Lympstone and  Shelly  Bank, G roup 
3 the M HW ST levels at Lympstone an d  Shelly  Bank, 
and  G roup  4 the  rem a in in g  sand  stations (the 3 low er 
levels at Shelly  Bank and  all the O rcom be Point s ta ­
tions).

Ordination

Fig. 4 shows the  results of m u lt id im en tiona l scaling 
us ing  the sam e s imilarity  m atr ix  as above, de l in ea t in g  
groups of stations from the den d ro g ram  (Fig. 3). This

Table  1. Sum m ary  of env ironm en ta l  conditions at the 19 sam p lin g  stations

Locality Station
No.

Shore
level

Sed im ent O rgan ic  
con ten t  (%)

Intersti tia l
sa linity

H 2S layer W ater
tab le

T opsham 1 M H W N T Mud 6.43 low + surface
(head of estuary) 2 MTL Mud 7.06 low + surface

3 MLWNT M ud 7.99 low + surface
4 MLWST M ud 7.15 low + surface

Lympstone 5 MHWST Coarse  sand 0.24 v. low - absen t
(nud-estuary) 6 M HW NT M uddy-sand 0.37 m odera te + var iab le

7 MTL M ud 1.98 m odera te + surface
8 MLW NT Sandy-m ud 2.22 m odera te + surface
9 MLWST M ud 5.88 m odera te + surface

Shelly Bank 10 MHWST Sand 0.09 v. low - absen t
(inside mouth 11 M HW NT M uddy-sand 0.39 high 7 variab le
of estuary) 12 MTL Sand 0.09 high - ab sen t

13 MLWNT Sand 0.06 high - ab sen t
14 MLWST Sand 0.09 high - surface

O rcom be Point 15 MHW ST Sand 0.06 h igh - variab le
(outside mouth 16 M HW NT Sand 0.04 high - variab le
of estuary) 17 MTL Sand 0.06 high - variab le

18 MLWNT Sand 0.07 high - variab le
19 MLWST Fine sand 0.09 high - surface
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Fig. 3. D en d ro g ram  show ing  classification of 19 s ta tions in Exe es tuary  b a se d  on m ean  b im onth ly  a b u n d an c es  of n em atodes  over 
1 y. A b u n d a n ce s  w e re  root-root t ransform ed before  co m p ar in g  sta tions using  the Bray-Curtis m easure ,  and  the d en d ro g ram  
form ed by g ro u p -av e ra g e  sorting. Four m ain  s ta tion groups (1-4) are d is t ingu ished  at an arb itrary  similarity level of 15 % (X-axis)

121;

1A 1B

C D
Fig. 4. O rd in a tio n  of 19 s ta tions in Exe estuary  in 2 -dimen- 
s ions u s ing  m u lt i -d im en s io n a l  sca ling  on the  sam e  similarity  
m atrix  as Fig. 3. C lusters  1-4 an d  subclusters  1A a n d  IB were  
d i s t in g u ish ed  in the  d e n d ro g ra m  and  are  su p e r im p o sed  here  
by enc irc l ing  each  c lus ter  of stations.  Axis scales  are pu re ly  

arb itrary  a n d  therefore  not g iven

analysis  gives essen tia l ly  the sam e pic ture  as the 
dend rog ram : Stations 1, 2, 3, 4; Stations 7, 8, 9; Stations 
6, 11, an d  S tations 5, 10 are closely c luste red  and 
conform to g roup ings  defined  from the dendrogram . 
Stations 14, 12 and  13 (the lowest 3 stations at Shelly 
Bank) form a t igh t  cluster w ith in  the  ra the r  diffuse set 
of G roup  4 stations.

MDS w as first perfo rm ed  in 3 dim ensions, w ith  a 
resu lt ing  stress of 0.033. This configuration  w as then  
used  as a s ta rt ing  'm ap ' for the 2-d im ensional MDS, 
the  la t te r  th e n  converg ing  quickly  to stress of 0.053 
(Sufficient repe ti t ions w ere  carried  out to ascerta in  
w ith  rea so n ab le  certa in ty  that a g lobal m in im um  had 
b e e n  obtained). N ote  that, un like  p r incipal  com po­
nen ts  b ased  o rd inat ion  m ethods, the 2-D configuration 
is not a pro jec tion  of the  h ig h e r  d im ens iona l  solution 
onto som e p lane.  Naturally , stress a lways increases  as 
the  d im ensiona li ty  is reduced ; the  1-D solution (not 
show n here) has  stress 0.182.

The stress for the  2-D plot is ra the r  low an d  the  large 
reduc tion  in pass ing  from 1 to 2 d im ensions  and  the 
com para tive ly  s light d ec rease  for the  3-D plot suggest

tha t a 2-D m ap ad e q u a te ly  portrays the rela tionship  
b e tw e e n  the  stations. This is borne out by  more formal 
reference to the  s im ulation  studies of Spence  (1972) 
and  Spence and  G raef (1974), who give a de ta i led  
d iscussion of how to rela te  stress to the 'true ' d im e n ­
sionality  of the  data. However, just as it m ay be  helpful 
to look at data  plo tted  in the p lane  of the  first 2 
p rincipal com ponents  w h e n  these  do not account for 
most of the total variability, so a 2-D MDS plot can still 
be  a useful tool w h e n  the  stress ind icates  tha t the  'true' 
d im ensionali ty  is g rea te r  than  2. In the la tte r  case 
though, it is strongly advisab le  to superim pose  the 
results  of a separa te  classification analysis as, for 
exam ple ,  in Fig. 4.

T he  adequacy  of the  2 -d im ensional rep resen ta t ion  is 
also appa ren t  from the  small res idua l  variabili ty  about 
the  regression line show n in the Shepard  d iag ram  
(Fig. 5). The S hepard  d iagram  is also a useful tool in 
de tec ting  those stations least ad equa te ly  rep resen ted  
by a 2-D configuration. Outliers  in the plot could also 
ind ica te  errors in particu lar  dissimilarity values.

Both the classification and  ordination  discussed 
above  are based  on the m ean  ab u n d a n ce s  of species at 
each  station from the  seasonal series of samples. In 
order  to justify the use of m ean  values (possible se a ­
sonal differences could inva lida te  this) w e  have run 
each  individual sam ple  on the MDS program  to get a 
p ic ture  of the sam ple  variability. To do this it has  been  
necessary  to div ide the sam ples  into a set of 55 sum m er 
and  52 w in ter  (at p resen t the program  can cope with  a 
m ax im um  of 60 samples). Figs. 6a and  6b ind ica te  that 
the replication  is good: all replicate  sam ples  taken  
from the sam e station cluster in the sam e groups as 
Fig. 4, both in sum m er and  winter. Note tha t in Figs. 4, 
6a and  6b the rela tive positions of the clusters are 
s im ilar but the exact configurations are arbitrary, and 
rotation and /o r  reflection of the axes w ou ld  therefore 
be  necessary  in order to superim pose  corresponding 
clusters.
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Further  discussion will only concern  the station 
m eans  data, since no seasonal differences are evident.

Indicator Species

Tables  2 and  3 list the species w hich  are charac ter is ­
tic of Group 1 and  d is t inguish  it from Groups (2 +  3)

2.5-

2 .0 -

u
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Fig. 5. Shepard  d iag ram  of MDS ord inat ion  show n in Fig. 4. 
Circles; scatter  plot of in ter-s tat ion  d is tances  [djk) for final 2-D 
configuration  (Y-axis), agains t  dissimilarit ies (b:kJ r e ­
p re sen ted  in dissimilarity matrix (X-axis). Triangles:  m o n o ­
tonie, non-m etr ic  reg ress ion -es t im a ted  d is tances  (d¡k), plotted 
aga ins t  dissimilarit ies (<5jk). Asterisks:  2 or more coinc ident  
points. D istances have  arbitrary scale (Y-axis), while  X-axis 
represen ts  pe rcen t  dissimilarity. Stress =  0.053 is a m easu re  

of scatter  about reg ress ion -es t im a ted  values

Tab le  2. F requenc ies  of occurrence  of ind ica tor  species,  
ran k ed  accord ing  to information sta tist ics, w hich  d is t inguish  
sta tions of G roup 1 from those of Groups  (2 +  3). Rigorous 
statist ical criteria  are not met; spec ies  tab u la te d  above the 
arb itrary  horizontal l ine  have  2 A I >  6.63, those  be low  the 
line have  2 A 1 >  3.84. N u m b e r  of occurrences  in G roup 1 are 
given, with those in G roups (2 +  3) in p a ren theses ;  m ax im um  

values  are N 1 =  7 and  N (2 +  3) =  4, respec tive ly

Species G roup  1 (Groups 2 +  3)

M eso th er is tu s  se tosus 7 (1)
D esm o la im u s ze e la n d icu s 7 (1)
'L e p to la im u s  p a p illig e r 5 (0)

Sabatieria  pu lch ra 7 (2)
C ylin d ro th eris tu s oxycercus 7 (2)
A xo n o la im u s para sp in o su s 4 (0)

‘ This spec ies  com prises  less th a n  4 % of n u m b ers  at any
one sta tion a n d  is e x c luded  
analysis  (Table 6)

from the inverse  spec ies

and  G roup  4 respectively. T here  are  no perfect in d i ­
cators', species  w hich  occur in all sam ples  of G roup 1 
and  in none  of the com pared  groups, bu t  M esotheristus  
setosus  and  D esm olaim us zeelandicus  are a lways p r e ­
sent in Group 1 and  occur very rarely (once in each  
comparison) in other groups. Information statistics 
reveal no spec ies  w hich  d is t ingu ish  G roups (2 +  3) 
com bined, from Group 1; thus Group  1 is sep ara ted  
from G roups (2 -1- 3) by the p re se n ce  of several a d d i ­
tional species  l is ted in T able  3. As an o th e r  exam ple ,  
T ab les  4 and  5 extract from the  data  the  species  
characteris tic  of Group 4; Sigmophora litoralis, D itlev­
senella danica an d  Theristus sp. C  occur in near ly  all 
G roup  4 stations and  are absen t  from the  o ther  groups. 
The inform ation tests thus p rov ide  a sum m ary  of w hich  
species  differ most b e tw e e n  the  se lec ted  groups and  
are  partly  responsib le  for the se p a ra t io n  of the  groups 
in the  classification and  o rd inat ion  analyses. A n u m b e r

Fig. 6. MDS O rdina tion  of 
replica te  sam ples  at 19 
River Exe stations, ba sed  
on root-root t ransformed 
a b u n d an c es  of 182 
nem a tode  species. Clusters 
d e l in e a ted  a n d  n u m b ered  
as in Figs. 3 a n d  4. Fig. 6a 
shows 55 sum m er  replicate  
samples; Fig. 6b, 52 w in ter  

replicates

15 15

1B

1A

(b)
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T ab le  3. F req u en c ies  of ind ica tor  species,  r a n k ed  accord ing  to 
information  statistics,  w h ich  d is t ingu ish  stations of G roup 1 
from those in G roup 4. N u m b ers  of occurrences  in G roup 1 are 
g iven  w ith  those  in G roup  4 in brackets,- m ax im u m  values  are 

N 1 =  7 a n d  (N 4 =  8), respec tive ly

Species G roup  1 (Group 4)

M e so th er is tu s  se to su s 7 (1)
D esm o la im u s ze e la n d icu s 7 (1)
Saba tieria  pu lchra 7 (2)
C ylin d ro th eris tu s oxycercus 7 (2)
'L e p to la im u s  p a p illig e r 5 (0)
A n o p lo s to m a  v iv iparum 7 (3)
A xo n o la im u s  para sp in o su s 4 (0)

V iscosia  viscosa 5 (1)
T rip y lo id es gracilis 3 (1)
S p h a ero la im u s h irsu tu s 3 (0)
Sp ilo p h o re lla  paradoxa 3 (0)
O dontophora  setosa 3 (0)
O xysto m a tin a  e longata 3 (0)
T h eristu s procerus 3 (0)

' This spec ies  com prises  less th an  4 % of n u m b ers  a t  any
one  s ta tion  a n d  is ex c lu d ed  
analys is  (Table 6)

from the inverse  spec ies

of the  species  l is ted in  T ab les  2 to 5 m ay  b e  useful 
indicators,  bu t  are not sufficiently  dom inan t to be 
inc luded  in the inverse  ana lys is  w hich  follows. It 
should  be  no ted  tha t  the  te ch n iq u e  is most effective 
w h e n  the  2 groups b e in g  co m pared  are bo th  large, 
h ence  w e  com bined  G roups 2 an d  3 in the  com pari­
sons.

T ab le  4. F re q u e n c ies  of ind ica to r  species,  r a n k e d  accord ing  to 
information  statistics, w h ich  d is t ingu ish  G roup 4 from 
G roup  1. T h e re  a re  no perfec t  indicators '  p re sen t  in all  8 
s ta tions of G roup  4 and  ab se n t  from all 7 s ta tions of G roup  1

Tab le  5. F requences  of occurrence  of indicator species,  
r a n k e d  accord ing  to information statistics, w hich  d is t inguish  
G roup 4 from Groups (2 +  3). T here  are no 'perfect indicators '  
p re sen t  in all 8 stations of G roup 4 and  none  of Groups (2 +  3)

Species N 4 =  8 (N[2 + 3 ] ) = 4 )

■ S igm ophora  litoralis 7 (0)
'D itle v se n e lla  danica 6 (0)
' Theristus  sp. G 6 (0)

'A la im e lla  truncata 5 (0)
E pacanth ion  g o rg o nocepha lum 4 (0)
' C hrom aspirina  parapontica 4 (0)
O nch o la im ellu s calvadoscus 4 (0)
' Thalassironus  sp. 4 (0)

■ This species  comprises less than  4 % of nu m b ers  at any
one  station an d  is e x c luded  from 
analysis (Table 6)

the inverse  species

Inverse A nalysis

For the  species  analysis we have  reduced  the total 
n um bers  from 182 to 55 by using  only those species 
w hich  have  > 4 %  dom inance  at any one station. 
Species ab u n d a n ce s  have  b ee n  s tandard ised  for each 
station as a p e rcen tage  of the  total ab u n d a n c e  at all 
stations (i.e. if a species is found at only 1 station, its 
ab u n d a n c e  the re  is 100%). Fig. 7 shows the  d e n d ro ­
g ram  for the  inverse analysis. In order to define  the 
sam e n u m b e r  of species groups as station groups w e 
have  draw n  horizontal lines at 6% similarity and  at 
8 % similarity giving 5 groups (if station groups 1A and  
IB are considered  separately).  For convenience the 
species clusters on this d en d rog ram  have b e e n  d es ig ­
na ted  by the sam e notation as the  station clusters, since 
they  clearly correlate w ith  them  (see below). A list of 
the  species in each  cluster is g iven in  Table 6. There is 
good gene ra l  ag re em e n t  b e tw e e n  the  species  groups 
l is ted in T able  6 and  the indicator  species  extracted  by 
the information statistic techn ique .  Five out of 6 
species  characteris ing  G roup  1 in T able  2 are in 
Group 1 of T able  6, the  6th be in g  too rare for inclusion 
in the  inverse analysis. Similarly, all bu t  1 of the 
inc luded  species  character is ing  Group 1 in T able  3 are 
also c lustered  into Group 1 by the inverse analysis; 
Tripyloides gracilis is inc luded  in Group 2 (Table 6). 
However, only Epacanthion gorgonocephalum  and 
Oncholaim ellus calvadoscus are inc luded  in Group 4 
by the inverse analysis (Table 6) and  also d is t inguish  
Group 4 from Groups 1, 2 and  3 (Tables 4, 5). Thus it 
ap p e a rs  tha t a num ber  of rarer  species occur only in 
Group 4, and  these are too rare to ap p e a r  in the  inverse 
analysis.

Fig. 8a is the  species analysis  w ith  m ult id im ensional

Species  N 4 =  8 (N 1 = 7 )

'S ig m o p h o ra  litora lis 7 (0)
'D itle v se n e lla  danica 6 (0)
' T h eristu s  sp. G 6 (0)
'A la im e lla  truncata 5 (0)

E p a can th ion  g o rg o n o cep h a lu m 4 (0)
' C hrom aspirina  parapontica 4 (0)
O n ch o la im e llu s  ca lvadoscus 4 (0)
' T ha lassironus  sp. 4 (0)
'L e p to n e m e lla  sp. 3 (0)
■ L in h o m o e u s  sp. 3 (0)
‘ T h eristu s a lb ig e n sis 3 (0)
' T r ich en o p lu s  sp. 3 (0)
■ L in h o m o eu s  sp. B 3 (0)

■ This spec ie s  com prises  less th an  4 % of n u m b ers  at any
one s ta tion  an d  is ex c lu d ed  from the  inverse  species
analysis  (Table 6)
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Fig. 7. D endrogram  of inverse  analysis com paring  55 nem a tode  species occurr ing  in more than  4 %  d o m in an ce  at any of the  19 
River Exe stations. Species a b u n d an c es  s tan d ard ised  and  com pared  us ing  the Bray-Curtis m easu re  w ith  g ro u p -av e rag e  sorting.

Species n u m b ers  l is ted and  species  n a m e d  by c lus te r  in Tab le  6

T ab le  6. Spec ies  groups d is t ingu ished  by inverse  (r-type) analysis.  T he  g roups  are b a se d  on the d e n d ro g ra m  in Fig. 8; species  
num bers  refer to n u m b ers  used  in Fig. 7 and  8. N om encla tu re  follows that  of G er lach  a n d  R iem ann  (1973, 1974)

Group 1A
1 M eso th er is tu s setosus-, 3 Sabatieria  pulchra-, 5 H y p o d o n ­
to la im us geophilus-, 2 A n op lostom a  viviparum-, 6 D esm o ­
la im u s zeelandicus-, 4 A xo n o la im u s spinosus-, 8 A d o n ­
cho la im us thalassophygas-, 11 T heristus fle ven sis

Group IB
12 A xo n o la im u s paraspinosus-, 24 Paracanthonchus p u n c ­
tatus-, 9 Viscosia viscosa-, 10 P tych o la im e llu s ponticus-, 7 
C ylin d o th eris tu s  oxycercus-, 25 Sp h a ero la im u s hirsutus-, 22 
O dontophora setosa-, 33 Atrochrom adora microlaima-, 34 
T erschelling ia  co m m u n is

Group 2
20 P aracanthonchus tyrrhenicus; 21 T rip ilo ides gracilis-, 13 
O ncho la im us brachycercus; 19 A sco la im u s elongatus-, 22 
A d o n ch o la im u s fu scu s-, 23 Theristus acer-, 26 M icro la im us  
honestus; 29 M icro la im us robustidens-, 32 Trefusia lo n ­
gicaudata-, 28 Theristus normandicus-, 36 B a th y la im u s  
assim ilis

Group 3
15 Tripyla  so.; 16 R habditid ; 17 D o ryla im id -, 18 E u ry ­
stom ina  terricola; 14 B a th y la im u s stenolaimus-, 35 Paracy­
a th o la im u s in te rm ed iu s

Group 4
30 E n o p lu s brevis; 37 M esa ca n th io n  a fr ica n th ifo rm e; 38 
E n o p lo ides brunettii; 39 E n o p lo la im u s litoralis-, 41 T risson­
ch u lu s b en epap illo sus;  42 A ra e o la im u s elegans-, 48 
E pacanth ion  gorgonocephalum -, 49 E no p lo la im u s  
d enticu la tus; 54 A xo n o la im u s  hexapilus-, 31 C hrom adora  
nudicapitata-, 44 M esa ca n th io n  hirsutum-, 40 E no p lo la im u s  
prop inquus; 43 D ichrom adora hyalocheile-, 45 P raeacan­
thonchus opheliae; 46 Viscosia cobbi-, 47 S igm ophora  
rufum-, 53 B a th y la im u s para long ise tosus;  50 P om onem a  
red u c ta -, 51 O n ch o la im ellu s  calvadoscus-, 52 A xo n o la im u s  
orcombensis-, 55 C hrom aspirina  in g lis i

scaling; the species groups are de l in ea te d  from the 
dendrogram . Fig. 8b shows the  sam e configuration 
with the species num bers  rep laced  by the station 
group(s) in w hich  they are found to rep resen t more 
than  4 % of specim ens in any  one station. This in d i­

cates a h ig h  d eg re e  of a g re e m e n t  b e tw e e n  the  species  
and  station clusters. A lthough  the  classification artifi­
cially forces a species  to occur in only 1 group, it will 
be seen  from Fig. 8b that, in this case, ra the r  few 
species occur in s ignificant n u m bers  in  m ore th a n  1
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Fig. 8. MDS Inverse  o rd ination  co m par ing  55 n em a to d e  
spec ies  of the  River Exe, u s ing  s t an d ard ised  a b u n d a n c e s  and  
Bray-Curtis  m easu re .  Species  g roups  d e lin e a te d  from 
d e n d ro g ra m  in Fig. 7. Fig. 8a show s re la tionsh ips  b e tw ee n  
species ,  w hose  n u m b ers  a n d  n am es  are  l is ted in Tab le  6. In 
Fig. 8b the  n e m a to d e  spec ies  n u m b ers  h ave  b e e n  rep laced  by 
sta tion  group(s) in w h ich  they  rep re se n t  m ore  than  4 % of 
sp e c im en s  at any  one  s ta tion (see text). Most spec ies  are 
s trong ly  re la ted  to p a r t icu la r  s ta tion groups, a l th o u g h  some 

G roup  2 spec ies  a re  also se e n  to occur in Groups  3 or 4

group. The m ain  exception  to this is the  cen tra l group 
of m e a n  h ig h  w ate r  n ea p  tide (MHWNT) m uddy-sand  
sta tions (Group 2) w hich  contain  several  species  from 
G roups 3 and  4. This figure prov ides  a good sum m ary  
of the  d ifferences in  species  composition  b e tw e en  the 
sta tion  groups.

DISCUSSION AND CONCLUSIONS

The results  p re se n ted  above give an  exam ple  of 
som e ana lyses  tha t can be  ap p l ied  to the  biological 
data. In acco rdance  with  our s trategy (p. 38), no use has 
b e e n  m ade  of the env ironm enta l  data. We now  relate 
the  groups of sta tions d is t ingu ished  on the basis of 
species  a b u n d a n c e s  to env ironm enta l  data.

Relation of Station Groups to the Environm ent

Figs. 9a to 9e rep resen t the sam e station configura­
tions as Fig. 4 with a variety of physico-chem ical p ro ­
perties of the stations superim posed.  T here  are im por­
tan t correlations b e tw e en  the clusters and  the 
granulom etry, the organic content, and  dep th  of H2S, 
and  also with the  interstitial salinity. Similar plots 
showing % silt-clay, not rep roduced  here, give the 
sam e results. T hese  plots show quite  convincingly, for 
example , tha t Groups 1A and  IB, and  Groups 3 and  4 
are d is t inguished  from each other on salinity cha rac ­
teristics bu t  not on sed im en t granulom etry , w hereas  
w ith  Groups IB and  2 the reverse is the case. On the 
other hand  there  appears  to be no overall effect of 
certain other characters on the  clustering, for exam ple  
the he igh t of the station above chart da tum  (Fig. 9e) 
and  the dep th  of the  w ater  tab le  (not shown).

Characterisation of Species Groups

The species associations defined  in the  inverse 
analysis will c learly  be  confined to the ir  respective 
s tation groups because  of certain  b iochemical,  p h y ­
siological,  morphological or behav ioura l  adaptations.

In an ea rlier  p ap e r  W arwick (1971) com pared  the 
distribution of several physiognom ic characters of the 
nem atodes  in d ifferent habitats: (1) T he  feed ing  type 
(as d educed  from the s tructure of the buccal cavity: 1A 
-  selective deposit  feeders, IB -  non-selective  deposit 
feeders, 2A -  ep igrow th  feeders, 2B -  p reda to rs /om ni­
vores. (2) Length  of cephalic  or body setae. (3) Body 
length. (4) Cuticular  pattern: smooth, transversely  stri­
a ted  or puncta ted .  (5) The p resence  or absence  of 
visual p igm ents .

In the sam e w ay  tha t physico-chem ica l characters 
w ere  p lo tted  on the  stations MDS output, so it is pos­
s ible to p lot these  physiognom ic characters on the 
species MDS configuration to investiga te  possible cor­
relations of these  characters w ith  the clusters. Figs. 
10 a - d  show these  plots for 4 of the characters (very 
few species had  visual pigments,  and  this p lot has 
b e e n  omitted).

The m ain  fea tures  of these plots are: (1) Feeding  
types (Fig. 10a): The h igh  proportion of p redators / 
omnivores in G roup 4 (14 out of a total of 21 species), 
and  the h igh  proportion  of non-selective deposit fee d ­
ers (6 out of 8) in Group 1A. (2) Setal leng th  (Fig. 10b): 
A genera l  tendency  for increase in se tal leng th  from 
bottom r ight to top left of the configuration, cu lm ina­
t ing  in a h igh  proportion of species with  long setae in 
Group 4. (3) Body leng th  (Fig. 10c): Groups 1, 2 and  3 
with  a fairly equ i tab le  d is tribution of small and  large
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9. Relation of station 
g roups  to en v iro n m en ta l  fac­
tors. MDS plot of 19 River Exe 
sta tions b a se d  on n em a to d e  
fauna  w ith  c lusters d e l in e a ted  
as in Fig. 4. (a) At each  station 
circles p roport iona l  in d ia m e ­
ter to m e a n  salin ity  of in te rs t i ­
tial w a te r  are superim posed ,  
(b) Relation of s ta tion groups 
to par tic le  size, w ith  circles 
p roport iona l  in d iam e te r  to a v ­
e rag e  m e d ia n  sed im e n t  p a r t i ­
cle size at each  station, (c) Re­
lation of s ta tion g roups  to s e d i ­
m en t  o rgan ic  content:  circle 
d iam e te rs  rep re sen t  m ea n  % 
o rgan ic  con ten t  at e ac h  s ta tion 
on a sq u a re  root scale , (d) Re­
lation of station g roups  to 
d ep th  of H 2S layer in s e d i ­
ment:  a rrow  leng ths  p ro p o r­
t ional to m ean  d e p th  of H 2S 
layer at e ach  station, (e) R e la ­
tion of s ta tion g roups  to tidal 
level: co lum ns ind ica te  h e ig h t  
of each  sta tion  above  chart  
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Fig. 10. Relation of spec ies  
g roups  to m orpholog ical  
characteris tics .  MDS Plot of 55 
n e m a to d e  spec ies  in the  River 
Exe w ith  c lusters d e l in e a te d  
as in Fig. 8. (a) Supe r im p o sed  
symbols: f eed ing  categories,  
(b) Relat ion  of n em a to d e  
spec ies  g roups  to se tal  length ,  
with  su p e r im p o sed  symbols 
sca led  to se tal  leng th  
categories,  (c) Relation of 
n em a to d e  spec ies  g roups  to 
body length ,  w ith  su p e r im ­
posed  sym bols  p roport ional  to 
body  len g th  categories,  (d) Re­
lation of n e m a to d e  spec ies  
g roups to cutic le  pa tte rn ,  with  
symbols rep re se n t in g  cuticle  

pa t te rns
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b o d ie d  species, bu t there  is a suggestion  tha t Group  4 
has p roportionally  fewer small (or more large) species.
(4) C utic le  pa t te rn  (Fig. lOd): No m arked  difference in 
the d is tribu tion  of cuticle pat te rns  b e tw e e n  groups.

The statistical sign ificance of the  d ifferences noted  
above  can be  ex am ined  by a ch i-square  test. For a 2- 
w ay  ca tegorisa tion  into ' feed ing  type' and  'species 
cluster' ,  a test of the  null hypothesis  tha t the re  is no 
associa tion  b e tw e e n  the  classifications is just re jected  
at the  5 % level, w h e rea s  in d e p e n d e n c e  of 'cuticle 
pa t te rn '  and  species  cluster'  cannot be  rejected . The 
cont inuous var iab les  can be  ca tegorised  and  a chi- 
squa re  test a p p l ied  similarly,- 'setal leng th '  is seen  to 
be  very  s trongly assoc ia ted  w ith  species group (X 2r =  
29.6 on 9 deg re es  of freedom), bu t the  suggestion  that 
'body leng th '  differs b e tw e e n  the  clusters is not strong 
e n o u g h  to a t ta in  statistical significance.

As an  a l te rna t ive  to categorisation , the  observa tion  
th a t  se tal leng th  tends  to inc rease  a long in  axis from 
bottom  right to top left of the  MDS plot can  formally be  
verified  by  m ult ip le  l inear  regression. For the reg res ­
sion of log se ta l leng th  of the  two MDS co-ordinates, 
the  slope of the  fitted p la n e  is in the an t ic ipa ted  d irec ­
tion an d  is very significantly  non-zero  (F =  12.5 on 
2,52 deg re es  of freedom). For body leng th  reg ressed  in 
the  sam e way, the slope does not ach ieve  significance, 
in  a g re e m e n t  w ith  the ea r l ie r  x 2 test.

M ain C onclusions from W orked Example

T hese  ana lyses  show that, in the  Exe estuary, there 
are  4 m ajor  g roups  of stations rep resen ting ,  in physico­
chem ica l  terms, 4 m ajor  h ab i ta ts  each  charac ter ised  by 
a set of n em ato d e  species  w hich  have m orphological 
adap ta t ions  to suit the  habitat .

(1) M uddy  s tations with  a h ig h  organic conten t and  a 
b la c k e n e d  anoxic layer  a few  cm below  the surface, 
charac te r ised  typically  by small depos it- feed ing  
n em a to d e s  w ith  short setae. Salinity  e i ther  low (Group 
1 A, Stations 1-4) or m odera te  (Group IB, Stations 7-9).

(2) M u d d y-sand  stations at M H W N T w ith  m odera te  
sa lin ity  and  organic  conten t with  b la c k e n e d  H 2S layer 
at va r iab le  depth .  Physiognom ic characters  of the 
nem ato d e s  in te rm ed ia te  b e tw e e n  m ud (Group 1) and 
sand  (Group 4) stations. Stations 6 and  11.

(3) W ell-d ra ined  sands  at M HW ST with m odera te  
o rgan ic  content,  very low interstit ia l  salinity  and  no 
H 2S. Rather few species  so tha t the  d is tribution  of 
p hysiognom ic  characters  cannot be considered, but 3 
of the  6 species  in this g roup  belong  to fresh-w ater  
g ene ra .  Stations 5 and  10.

(4) C lean  sands, h igh  salinity, no H2S, low organic 
content. A h igh  proportion  of la rge  p reda to ry  or 
om nivorous n em a to d e  species  w ith  long se tae  w hich

enab le  them  to m ain ta in  their  position in this h ighly  
dynam ic environm ent. Stations 12-19.

A lthough  these conclusions broadly  ag ree  with  the 
subjective assessm ent m ade  earlier  (Warwick, 1971), 
they differ som ew hat in detail. W arwick did not note 
the  separation  of Group 1 stations into 2 coheren t su b ­
groups on the  basis of salinity, and  inc luded  Station 8 
from Group IB with Group 2 stations because  of its 
slightly coarser sediment. The p resen t study shows 
quite  clearly that, faunistically, Station 8 belongs with 
Group IB. Further, W arwick div ided  the Group 4 s ta ­
tions into 3 groups: Stations 12 and  13 -  coarse sands 
w hich  dry out at low tide, Stations 14 to 18 coarse sands 
with  a more or less p e rm a n en t  w ater  table, and  Station 
19 fine s tab le  sand  re ta in ing  a p e rm a n en t  w a te r  table. 
The p resen t study suggests  tha t  there  was no basis  for 
this separa tion  and  tha t the  w ate r  table  or the precise 
grade  of sand  have little effect on the clustering  of 
stations w ith in  Group 4. W arwick 's  observations on the 
dis tribution of physiognom ic characters, bea r ing  in 
m ind  some regroup ing  of stations, are la rge ly  borne 
out by the presen t study.

General C onclusion

A pplication  of our s trategy has g iven  as a first result 
a dendrogram  w hich  divides the stations into 4 groups, 
one of which is subdiv ided .  The simplicity  of the clas­
sification is useful for p resen ta t ion  but m ay force the 
da ta  into artificially distinct classes w h en  continua 
exist, hence  a com plem enta ry  m ethod  of analysis  is 
advisable. M ult i-d im ensional scaling (MDS) con­
firmed the  existence of clear groups w hich  were 
em phas ized  by de l inea ting  the  dend rog ram  groups on 
the  MDS plot. Inverse MDS analysis  (after exc lud ing  
the rarer  species to reduce  com puter  s torage and  time) 
produced  clusters of species w hich  correspond well 
w ith  the station groups. Information tests w ere  used  to 
find indicator' species characteristic  of one group  of 
stations and  absen t from ano ther  group.

The second stage of analysis, according to our 
strategy, is to rela te  to env ironm enta l  data  the groups 
formed by ana lysing  the biotic data. This was done by 
superim posing  a scaled  symbol, rep resen ting  one 
environm enta l  variable, onto the MDS plot of the  s ta ­
tions ob ta ined  previously. This dem onstra ted  clearly 
w he the r  a factor, such as salinity, differs m arkedly  
b e tw e en  the  station groups. We could have  used  s ta tis­
tical tests (e.g. ANOVA or Kruskal-Wallis tests) to test 
the  significance of differences in each environm enta l  
variab le  am ong the station groups; this was u n n e c e s ­
sary in our w orked exam ple  b ecau se  of the very 
m arked  differences.

Finally, the sam e graph ica l  approach  of supe rim pos­
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ing  symbols on the MDS plots can be used to show 
rela tionsh ips b e tw e en  attributes of the species (here 
feed ing  type and  morphometry) on the one hand, and  
the species  groups on the other. This enab les  one to 
synthesize results from com plex biotic and  env iron­
m enta l  data  in terms of adap ta tions  to the habitat,  as 
has b een  dem onstra ted  by the exam ple  of es tuarine 
nem atodes.
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