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The Use of Computers in Classifying Marine
Bottom Communities

W. STEPHENSON

Department of Zoology, University of Queensland, St. Lucia, Brisbane

Abstract

Dillerent schuots of teerestrial botanists have recognised biocoenotic communitics in terms uf dominance,
constancy and fidelity; others have stressed the existence of ecelogical continua. There are parablels in studics

ol marine benthos.

Ditferent forms of data (hinary 10 quaptitative) are listed and also the possibilitics of data reduction and

transformation. Muisures of similirity/dissimilarity are outlined, and the use of vis

ual nuatrices, Classificatory

techniques include divisive and agglomerative, monothetic and polythetic, non-hicrarchial and hierarchial.
The main hicrarchind strategics are compared with emphasis on group-averige and fiexible sorting and their

combined {ron-hicrarchial) use.

The following are stressed: (i) the wide range of methods available, (it) some ol: the criteria for selecting
the “better” methods, amd (i) the general value of selected methods for use with “Petersen-type” data.

Reference is made o the use of aumerical methods inn

warine ecology, benthic, and otherwise,

INTRODUCTION

There seem w be only three reasons why anyone
might wish (o use computers in. the present context
amad these are:

(1) 1o appear Cup-to-date”

(2) 1o try out methods for application in another

context, and )

(3) 1o atempt to analyse data oo complex for ade-
guate  consideration by “commonsense”
techniyues,

Disregarding the fiest reason, the author bas been
imvolved in computer excreises involving the second
amd third, Beginning with the third (Stephenson, Wil-
lizans, and Lance 1970), we found f{_tmpossihle in
analysing dredge catches from Moreton Bay to pick
oul  anychearPerRrseEype _ comanunittes, in which
domimim{imals _characterise mniber  of  the
sunipled sites, and _were forced begause of the com-
pleniiy™of the Jata 10 use computer methods. Oue
second paper (sephenson and Wiltizims 197 1) concerned
i limited number of grab catehes from a New Guinea
situation in which Pelersen-type communities could be
recognised intuitively, and in which we compared a
number of numerical analyses. The most satisfactory of
these enabled us 1o confirm and extend our intuitive
conclusions, )

Recently we have re-analysed the results of Petersen
(19t4) upon which the original concepts ol botlom

communilies were cstablished, and have shown that |
with the methodologivs now available it is possible to
muke considerably more use of his data and obtain
somewhat different conclusions (Stephenson, Williams,
and Cook, in press).

It is evident that we have found numerical classifica-
tion (0 be helpful, and it is cqually evident from the
literature that there is increasing application by other
workers. Recent benthic literature includes Cassie and
Michael (1968). G. F. Jones (1909}, Lie and Kelley
(1970), Bayer, Voss, wmd Robins (1970), Martin,
Duke, Bloom, and McGinnis (1970), Boudouresyue
(1970, 1971), Hughes and Thomas (1971a, b), Pop-
bt and Ellis (1971), Day, Field, and Montgomery
(1971) and Boesch (1971). There have been similar
anilyses of intertidal biotas by Ficld and MceFurlane
(1908), Field wwl Robb (1970), and others are en-
visuged  (see Muoorg 1971 for example).  Different
methods have heen used by these various workers, and
by others concerned with plankton, for example Cassie
(1961}, Williamson (1961, 1963), Fager and McGowan
{(1963), Colebrook (1964}, Colebrook and Rabinson
{1964), McConnaughey (1964), Sheard (1965), Brown
(196v) and Thorrington-Smith - (1971). Examination
of the above litcrature supgests that some of the
methods used are apen 10 serious eriticisms, and that
i brief review would be of value. This is the object of
the present paper.

Oveanography of the South Pacipe 1972, comp. R, Fraser. New Zealand National Comumission for UNESCO,
. Wellington: 1973.
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RECOGNITION OF

CoMMUNLIES AND ASSOCIATIONS

T'o uppreciale more fully the problems which arc
involved, it is desiriable 10 outhing briefly the history
of the concepts of conmunities or_associations which
fuve been developed by terrestrial botanists, Here we
Sl climinate the normal  extensive discussions  of
communily concepts by discarding the biotope con-
cept oviginated by Dahl (1908}, and concentrating on
hivcuenosis coneepls ariginated by Misbius (1877). We
shall also avoid the debates upon whether or not com-
munities  should  be regarded  as orguanisms, quisi-
arganisms, or SUPEr-Qrganisms (Clements 1905, 1916,
1030, ‘Tansley 1920; and Emerson 1939) because in
marine hottom communities the supposedly intimate
cross-linking of species is largely wnproven. In unother
paper we huve synonymised communitics with the “as-
sociations” of the botanists (Stephenson, Williams, and
Cook, in press) and followed Clark (1940), the main
Jelinition of Fager (1903, p. 418), and Mills (1969)
in only being concerned with co-occurrence of species.

BirFANICAL WORK UPON RECOGN moN 0oF COMMUNTTIES

Studies in terrestrial botany have preceded those
in maring, biology and there have been three main
.schnnls.g/dnmin' o.cunsisiehyy sehoo) which origi
nited in northern Europe al about the trn of the
ccmury.’i’lie Broun-Blanguet school (see Braun-Blan-
quet 1951) Qi inating in svuthern BEutope a little
later, und thgel isticdisseners origis
nating in Americis, und sssochuied with the numies o
Glanon (1920), Whittiuker (1962, 1970), und Mcln-
fosh (1967). "The dominance-constuncy school recog-
nised nssocialions anisms
(EEirees) which were consiuntly present und domin-
mied The community, Objections o this approach ure
(frat It s diilieudt (o apply in complex floristic situations
where muny species vie for dominunce, und that it
neglects  subdominant species, The Broun-Blungquet

school's muin contributions jn_the pres 1 ure
ils recophition _that three qnnccﬂl_s_n_l_]grjl_ummidcrulinn

in choosing_specics_which Charclerise_connunitics—
these are gduminapee, Constney. and_tidelity. In this
form they have been virtually ignored by marine biv-
Jogists until recently  (see Fager 1903; Stephenson,
williams, and lance VR but the basic ideas have
been used. As an example. plankton indicators are
faithful species which like most others lend to be in-
fregquent und are often inconstant,

‘I'he butk of modem work in terrestrinl plant ecology
appears o indicate that many species hiave essentially
individuatistic distributions, not closely related 1o any
other species, and il so recognition of associations by
any method will present problems. Conyputer methods
have been developed by phytosocivlogists 10 anilyse
these difficult situations, but until recently have found
little application in marine studies in general and ben-
thic studies in patticular,

RiL~nioNsmp  BLawieN BovaNical  AND BLNTce

CoMMUNITY ST0DILS
Petersen-type comnunities have a close allinity 1w

(haseTescribed by (he Jomiminee-constaaey school of

P
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COMMUNITIES

hotanists and_ure open Lo the sume peneril objections:
T ihe vconcepls are doubtfully a slicable to complex
sitnations_such_as appertain_ in_warmer walcrs. While
bbbl

géveral workers have recogmised  Petersen-lype conw
munitics in these waters, must of the later_workers
failed to hind communities with a fow predominating
SPECics. Examples of the former are Harinan and
Barnard (1958, 1960} and Barnurd and Ziesenhenne
(14961) in Southern Cabfornia, Longhurst {1957, 1958)
andd Buchanan (1958) in West Africa, Seshappa (1953)
i Indin, Plante (1967) in Madagascar, and Stephen-
son and Williams (1971) in New Guinea—but in o
‘possibly  special situation. Examples of workers in
warmer wilers whuo were wnaBle o recognise Petersen-
!lypc communities_inciude _Fartman (1955) and G. b
Jones (1969) in Califurnia, Parker (1956, 1960} in the
Gulf of Mexico, Barker (1904) in the Guif of Cali-
forfim, Day (1903)_in South Africa_ Lhorson (1906)
off ‘Thwland, Gallardo (briefly quoled in Thorson
[966) ofl South Victnam, and Stephenson, Williams,
and Lance (1970) in Moreton Bay. South Qucens-
land. TTTe fate Dr ‘Thorson wrote o hie in these terms
of his Thailund work: "We never found any com-
Tunity pattern, ., . On the contrary while the paralldd
communities ilways were built up by fairly few specics
found in large yuanlitics we here found a huge number
of species repiesented by only u few individuals cavh.”
Our own work in Moreton Biy led (o a similur stale
of “disorder: we suid (Slephcnsnn,.Williums. il
Lance 19, p. 484): “No coimunities based upon
these (or other) dominants were revenled eliher by
‘commonsense’ considerution or the compuler anubyses
which were undertaken. Exumination of distributional
patterns of the 30 most frequently QCCUrTing apevics
didd not reveal satisfactory groupings upurl from ill-
defined relationships 1o substratum, pidd it was evident
that neither a simple dominance goncepl nar -
dominance concept wis applicable o the present st
stion. In other words, Petersen-type communities coukl
not be recognised.”

Other criticisms huve been levelled at the Petersen
sehonlmictenfarly__the_sclection of_cIuiragierising
species. Following Petersen these have been recopnised
o an intuilive basis of aumber and weights; we have
shown that ¢lassilications hused on numbers aml on
weights give dilferent cosults  (Stephenson, Williums,
and Couk, in press). Although botom sampling dabs
using a Petersen grab or one of the multiplicity of fater
desigas is approxiniicly yuantitative, selection of char-
acterising species has been purily subjective amd in the
words of ‘Thorson (1957, p. 476): Connonsense,
combined with expericnee_and intuition _play iui_esseh-
tinl part in_selecting characle tsing. specics.” Somewhal
cynically one might suppuse that part of the experience
was knowledge of the literature, and that there may
have becn  unconscioos selection  of  characierising
species which would show  resemblances with com-
munities already described.

&3 Application ol the idens of dominanee, constanvy.
and ldelty o nurme heniic situations nas parbicalar

relevance 1o the use of nunerical methods of analysis.
il he Tast two nicnl discussion. A wpecies is highly
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STEPHIENSON COMPUTERS AN MARINE BOTTOM COMMUNITIES

constaent if Qb appears in all the samples® or guadrats*
within an association, hut it need nat be restricted 10 @
singhe ansociation, Conversely species 18 highly fuith-
ful if it oceurs only in a single association, but it need
ot oceur within all the samples within the association.
Conslinl  specics are often  duminants, but  faithful
apevics which have @ narrow spectrum of ccological
requiremcnts arc olten far from obvious in the com-
mimnilics 1hey characterise.

The interselationships between constancy and fidelity
are mportant 1 Tasilying sites* by Lheir species com-
pasition: (here are no fiem rules how far the classilica-
Hon ought proceed. At onc extreme we make 2
single site-group and have not classified at all, whereus
at the other extrenme cach site is separate and agiin we
have gained nothing. Some arbitrary imermediate level
must be sought which gives the preatest averall “sense”
o the data, and which avoids the extremes of over-
splitting and overlumping. With more sile-g ;.the
moderilely common species (i inta Tneater parcels”
and_the _conastancy of the sysicin mcrcusefsmw-
ously the less comumon specics, which include the
faialul ones. lose their fidelity by being s read between
spveral groups. In the wnalyses we huve so far under-
inken, U ntnibers © groups wished o consider

h;w_\_-_,\;l.r_\:.s.;s:d constadey with sacrifice of hidelty. In

the Li . ohtyin, bul by 8 Toute_ver Tilterent from
Peterseit’s, comuunilies h aré determined By the
]

duinnafice_and consuiney of the species.
The voncept of Tndividanlistic “Uistribution_ Uil its

oL hese. and “sputions™ tre treated a8 being Synunymous.
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corullary of an ceological continuum has been stated
or inherent in many benthic studies. Examples include
Stephen (1033, Lindroth (1935). Macginitic {1935,
1939), Tischler ( 1950y, Sanders 1960, Wieser (1960).
Murgalef (1962}, Eisma  (1960). Udvardy  (1964).
Glemaree (1909), and Mills (1969). Additional refer-
ences arc given in Pearson (1970). A typical approach
has been Lo plot species populations along a Lrunverss,
and 1o note thal houndarics do not coincide (c.g.. San-
ders 1960, Glemaree 1969, Mills 1909). Eisina (1960
used correlation couclticients amd showe fat the ben-
this e stoech ded 1o have their own dis-
tributinnal  patlerns.

The concept of complete ecological continuun is
one, which the human brain can scarcely compreheml,
A similar dillicully arises i Laxonomy when the change
in specilic features through gevlogical time is considered.
Haldane (19506, p. 96) has stated: “Thus in a com-
plete palacontology all taxonomic distinctions would
be as arbitrary as the division of a road by milestones,
.. To swmoup, the coneept of @ species 15 A coneession
to our linguistic habits and  neurological mechan-
sms L. Ager (1950, p. 105} continues: “The prob-
tem therefore lies in delining the indefhinable, and cin
only be clarified by agreed arbitrary solutions.”

Several workers huve pointed out that by using
numerical methods and in ccology one mady arrive il
4 siluativi somewhere between 1L continuui and dis-
crite communities. In boltom communil studies, both
Jones (1969) and
( Tame conclusions, |
“sharpen’ _th

| ¢ boundarles in o nearscontinuim cerinin

technigues aré preferable. - i

INTRODUCTION TO CLASS!I'*‘ICA’I'ORY TECHNIQUES

Here ordination is excluded although noting ils use
by ourselves  (Stephenson, Willizims, and Lance 1970,
Stephenson and Williams 1974) and by Boudouresgue
(1970, 1971) in benthic studies.

~Dissection” i8 included {see Kendall 1966, Kendall
and Stuart 1900, Cormack 1971): this is the spliving
of u continuous MO @ discontinuous series, and g o
slrictly continuous ecolngical classificalion we dissect’
cather  than  classify. Becuuse  presumably there is
merging hetween complete continu, near-continua, and
discontinuity in ceological situations, it secms hest O
merge dissection into classilication and use this tenm
in its wider sense.

There are many kinds of classitication, and there
huve been severul discussions of and clussifications of
classilivations, for example by Macnaughton-Smith
(19035). fendall (1900, Guoud  (1963), Lance and
willinms  (19067). Jurdine und Sihson (1908, Jardine
and Sibsun (19713, b Cormack (1971, and Williams
(1971). One may note {with, disfuvour) un increas-
ingly mathematical flavour in this ticld of literature.
I is Torunate that many of the allernulives ave not
relevant 1o the present stuation and that the renmsinder
are sulliciently understandable in commonsense lerms
1o permit comprehension by i practising marine hioko-
JUETE

Only one of the various ahernalive Lypes of classili-
cation merits_comment ol this stage, this is the dif-
ference Delween normal and inverse analyses. In ecologi-
cal surveys we note the occurrences of certain Specics
in certain sites (recognising that Gecurrences may be
in prcscncc]ubscncc form or may be in yuantitative
form). and we cin analyse our dala in two w;l?'s. First
we can clussily our sies, prouping like with Tike, using
the spccnhc Jatn_as_attribifes. Socond we can classily
aur spccics, gmuping ke with like, using the site datu
as AlAhutes, These two Lypes of clussthcation huve
had a moderalely fong history (for example in psycho-
logical and cducational rescarch) and the terms *
and VR have been applied. Unfortunately their mean-
ing have been reversed on oucasion. and following
fvimey-Cook, Proctor and Wigston (19093, and ulso
Hughes and Thomus (1971a) i is clear this nomen-
clature should be discontinued. Fotlowing Williams and
Lambert (1959, 1961) he Letms— al “ine
verse' should b wed, the for_mc_;_f’n_[__;'i.m;";ﬂmping
atler for specivs-grouping.

Later we shall return 10 the ditferent methods of
clussitication but meanwhile it is necessary 10 fist the
types of dati available for Jassification, and the pre-
liminary treapments which they may receive.

TR
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3
THE DATA

Gi-NFRAL FORMS OF DATA

Five forms exist:

(1y Binary. In ccology this means *present” and
“pot preseat”, and whenever possible in marine studics
more infarmative data should be soughl.

(2) Multistuare. For example sred”, “white”, and
“blue’; this is not applicable in the present casé.

(3) Ordinial or graded multistare. For example “abun-
Jant”, “common’, present’” Wwith improved methods
of data analysis, it 18 preferable if possible to have
full dalo. .

4 Ranked. 'This iy essentially graded within &
collection, and again should be avoided if possible.

(5) Quentitative. These data muy be meristic (in
whole numbers) of in_continuous form. if possible
these  dala should be obtuined uand  most of the
remainder of \his account will assume it

Data REDUCTION . AND THEE  PROBLEM or DoUBLE
NEGATIVES”

Classilicatory programmes are commonly used by
hiologists for either axonomic or ecological purposcs.
and it s not always appreciated that those suitable
for laxonomy might not be SO for ecology. An initial
dilference is in the form of the dats. in taxonomy most
are usually in binary orf multistate form. in marine

ceology the hulk are gsually in one of the other forms.

Another ditference can best be uppreciulcd by refer-
ence Lo binury data in which there is u subtle difference
hetween binary dato in taxonomy and in ecology. in
ccology  the allernulives are present /not present,
whereus in Luxonomy it is often the choice of two dif-
ferent types of !‘prcscnce". In laxonomy, NIOTEOVET,
the absence of 8 character is usually very meaningful.

Data 0 their final form are used, in_most nogmitl

analyses  (the polythetic anes—see  later) 10 oblain
measires _of similarity _(or dissimilurity) between ull

possible_pairs of stations, Usua Simtarity and diwse
qimilarily measures dre closely related. often one is
unity minus the other.

The literature contains @ great variely of measures—
see, for cxamplé, Goodmun and Kruskal (1954 1959).
Pagoelic (1960), Sokal and Sneath (1963), Macladyen
(1963, and Cormack (1971). These measures can be
divided into those appropriate 10 binary data only,
and those for other datd (1ypically guantitalive).
UsinG BiNary DatTa ;

Although binary data should generally be avuided,
many i workers (including ourselves) have use
them and various of the measuses, often termed coeflis
cients, which are derived therefrony. o understand
these iU s hest 1o refer 10 the sandard 2 X 2 Lable,
which in the present context, using b for presenee

and - for absence is:

MEASURES OF SIMILARYT

whilé he absence of a species from @ gile may mean
only' it is relatively rare anyway. in ecology if there
are many infrequent species the value of “double
negative” recordings becomes doubtful and needs con-
sideration.

Ohc way lo reduce (hem is fo exclude the Jess com-
mon, species and qumcruus Benthic_workers have donc
this. 1t has ihe added advantage of saving in the time
required for coding and processing. and in fact certain
Propt; s are only ible with_a_reduee datu

oprmmes. e o 058
matrix. Further mcthods of data reduction are gvail-

ables—we have successfully employed 8 divisive mono-

+ thetic classification (sec later).

Data TRANSFORM ATION

for marine benthos,
large numbers of a lew species an
[T raw_numbers are used

] biassed_b
abundant species. 1t has bceome common practice 10
use prmstormed numbers, aiming at an approximately
normal distribution after transformation. ere is @

~Ble Titerature on {hese ansformations (8¢
Mucfadyen 1963} and it is growing (sec Ebeling ef al.
1970, Edden 1971). The problem is complicated by the
fact that different transformations may be needed for
different species and that datu upon numbers and
weights may require Jdifferent treatments. We have used
g squure row (ransformation for numbers_dala and 2
logurithmic 0ne for welghts tephenson.
and Cook, in press), In thiy cuse to avoid_nggative
logs for values less than unity |

Y AND DISSIMILARI'I‘Y

+- ‘ —_

Species | Species |
e
_|_ .
Species a b
2
Species c d
2

a signilies co-vceurrences, b prescnce of specics 2 but not
species 1, € presence of species 1 but not species 2, )
signifies conjoint absence.

“The two cocllicients which appear particularly suited
for ecological work are the Juccard (1908) and the
Cv,cknnnwski (1913}, olten altributed to Dice (1945).

a
The Juccurd coctlicient 18t e while the
a 4+ b+ C
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2a
Crekunowski coetlicient is —————"—="=" and gives
2a 1 b be

douhle weighting to joint oceurrences. The Juccard coelli-
cient has been used on intertidal data by Field and
MeFarlane (1968) and by Popham and Ellis (1971). We
have used the Czekanowski coellicient, unfortunately
aaming it «the Jaccurd coellicient, in preliminary con-
aderation of dita on the Moreton Bay benthos (Stephen-
son, Williams, und 1 ance 1970} and it has also been used
in waeine studies by Ticld and McFarlane (1968) und by
Day, Field and Montgomery {1971). 1t should be noted
that both the above similarity cocllicients (and manyof
the others) ringe between 2ero for no association Lo unity
lor complete association. o

Other  voctlicients  used  in marcine work include
Pager's (1957) ivlex of allinity, modilied by Fager
and MeGowan (1963) This is:

via bbby el 24/a- b

It has only been used ininverse analyses 10 determine
the “recutient species groups”, and hus had cxtensive
use mostly by American maring workers. References
inclide Fager and MeGowan (1963), Sheard (1965),
Jones  (1909), Lorghurst  (1969). Lie and  Kelley
{1970}, Bayver, Voss, and Robins {1970}, Martin, PDuke,
Bloom. and McGinnis (1970) and Boesch (1971).

More complex  cocfticienis  have  been used. For
example Lie and Kelley {1970) for normal analysis
use  cucllicent which they call Kendall's runk cor-
relnion cocllicient, but as guoted this is Pearson’s
{(1920) product moment coctticient, which for binury
date is:

ad - be

v 1 by (@ te) (b 1 d) (el d)
Il will be noted that this involves the double negalive
d. Apart from this there are reisons for avoiding the
Pearson coellicient, particularly in normal clussitication
(»ee laler).

An even more complex coellicient derived from
Preston’s (1962} resemblunce equation has been used
in marine phytoplankion studics by Thorringlon-Smith
(1971)- the equittion has o general solution.

To appreciate makters raised  hier, it is important
o understand the concept of ecological distance, und
ihis can be illustried by reference 1o binary data.
Suppose  there  are two sumples  dilfering by the
presence of a species in one sample only. This can
be represcoted by two points (the twa simples) on
a line which is one unit long. For a presence fabsence
dilTerence of a0 second  species we o can cither  have
4 line 1wo units long or, i preferably, penerate
secomd line at fight angles to the tirst. “The two points
(samples) are now separided by the hypotenuse of a
right-angled triangle and the ceolngical distance aparl
is V2. With a third presence/uabsence of a speeies we
have o (hird axis, and o right-angled wiangle with
one side \72 (s established) and another with unily.
The ceological distance becomes v/ 3. More generally
the ccotogical Jistance sy where there are #
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presence/absence  dillerences between  the  stations.
Referring 1o the stwwdard 2 X 2 table this is v b b ¢

For hinary dala it is also pussible 1o usc infornution
gain on fusion of stations (@ good introduction to
information theory is given by Edwards, 1964). In
the above notation it is (b4 ¢)2 log 2, in other
words it is directly proportional to the square of the
ceological distance.

UsinG NUMERICAL Dara

A varicty of mecasures which ook promising have
proved disappointing in practice. ‘The Pearson (1920)
correlation coellicient can he applied satisfactorily in
the inverse (spevics/species) analyses and has been
used by o variety of plankton workers beginning with
Cassie (1961) and in benthic sudies (see Eisma 19060,
Jones 1969), sometimes in a prefiminary way (Stephen-
son, Willinms, and Lance 1970). One disadvantage is
that double negatives are included. When used for
e normal (site/site) classification it involves stand-
ardisation by sites amd hence operates on relative
abundance.

Measures  based  on  information  theory  appear
atiractive, following their successful application 1o
taxonomy, and these measures imply their own classibi-
catory strategies. We  have usedd and  disvarded  lwo
mathods—=the fusion of sites s dominated by those
with Lhe sparsest biow  (Stephenson and  Williams
[971).

Ecological distance, also called Euclidean distance,
has been variously used, IF x pand X,y are the numbers ol
the jih species at 1wo sites Lo be compared, this distance is
VEIx,) - xp)E Inils “raw' Torm it will be dominated
by the ubundum species but this can be avoided by -~
standardising all species to unit varianee (Orloci 19673,
b). This standardisation was used in recent heathic work
by Hughes and Thomis ( 1971a. b) as a usetul method of
combining data upon numbers of animals with weights
of murine plants, 1t has also been considered and re-
jected by Thorrington-Smith (1971) in phytoplankton
work, where it is described s Meclntosh's (1967) dissimi-
larity measure.

Two coclticients have recently been “employed as
dissimitarity measures, The lirst is widely known as the
“Bray-Curtis’™ measure and is the complement of that
used by Bray and Curtis (1957). [t was aetuilly used by
previous workers {Motyka er al, 1950) and is a gquanti-
intive extension of Czekanowshi's (1913) coellicient,
Using the previous notation the dissimilarity measure
berween [wo sites is:

SR I TR |
2(xay LX)
(In this the | x5 X | indicates that the value of the
dillference is always positive.) 1t should be noted that in
this cocflicient the denominator is the totab ol all indivi-
dunls of all species at The Two sites. TTence il tends 1o be
prorymmttaeTiced by occasional putstanding vikues, This
coellicient has been used by Field and Maclarlane (1968),
Ficld (1969), Day, Field, and Monigomery (1971}, and
by Stephenson and Williams (1971).

Another dissimilarity measure, apparently first used
for rainforest ecology by 1Dr W, T. Williams, proved
valuable in our analyses of Petersen’s data (Stephenson,
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Williums, and Cook, in press). This is the Canberra
meteic, which is:

¥ | Xa -%a |
—— )-'-J [
i (X4 1)

——

I difVers [rom the Bray-Curlis complement in being the
sum ol a series of fractions. An omstandingly abundant
specivs can only contribute to one of the fractions und the
same ;\pplics 10 an outstanding difference. We have lound
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this measure preferable to the Bray-Curtis. 1t has one
disadvantage—-in the above expression, so long a8 Xy is
X, X2

zero, the fraction ———= contributed by a particular

Xpl Xy
species is unity. This we have circumvented in Cases where
onc of the valucs is zero by replacing it with a smatll
number, its value being lower than any of the recorded
valucs, and judged by trial and error. The criterion for
choice was the constancy and numerical dominance
which was revealed in linal analyses.

MA'I‘RICES AND THEIR VISUAL ANALYSIS

The. sinmilarity or dissinularity measures between' all
ctes (or between all pairs of species) form

pairs of
and all classitication consisls  of  malex

A malrix,
anathysis.

Matrices can be displayed. Taking a simple arbitrary
we might have four sites 1. 01, 1L IV, and
simniliarity  mensures as follows: 1-11 0.5, -1l 0.3,
IV ol b os IV 03, 11V 07, These can
be cxpressed as @ Lwo Jimensional matrix or trellis
dingram in the following lorm:

example,

| H i v
! 0.3 0O
I 0.
imn- 0.
v

lhe upper triangle of the trellis is given, clearly

Oaly
half is a repetitivan.

the lower

Matrix analysis can begin ul o very simple and
visuul level, Typically the continuous dati arc graded
ity o small aumber of categories und then in the

ALTERNATIVE
ANl upply 10 both pormal and inverse analyses, and

alternatives, usually

are given below as @ series, ol
iMustrated by

with preferences indicuted., They arc
reference O normal (site) clussitication,

DIVISIVE. AND AGGLOMERATIVE

“The former divides the sites inlo groups from the
“top” teonsidering all the data stmultancously), while
the latter groups the data intor smaller and then larger
entities starting  frone the chottom™ (starting  from
andividual sites). Bohin the end give similar results,
typically shown by dendrogrioms-—it vonvenienl  ferm
first coined by Mayt, Linsley, and Usinger (1953}
Beciine in both cases the Jower purtions of the dendro-
Erivms ure scarcely ever used. the divisive method s
more ceonomical of compuater tinie than the agglomera-

tive. ’

The  chssiflicatory  progrianmaes involving
processes have wntil recently all been monothetic, e,
they operate by considering anly one attribute al @
vime. In the present contest Jres are divided into lwo
gronps, 1ypically by the presence andd absence of one
species. This can result i misclassilication. a site with
rescmblences o others can be “Tmise

divisive

very comsiderable

(1963, pp. 194-6}: *The
in the squares of the trellis
dingram . . .. the linear order of the sumples being
the same in the rows and the columns. This Tinear
order is then shuflied round by trial and crror so as
1o bring the highest numbers to the centre diagonal
and the lowest numbers farther from il. A moment’s
thought will show  that this results in samples with
high allinity, as measured by the index, coming
together. When arrangement has been carricd out as
far as possible it s usually found that some of the
sumples fall into distinet groups.”

Visual anabyses of “urellis” matrices  are  being
extensively used i recent publications  on marine
ecology including the penthos, LExamples are Sanders

words  of  Macludyen
indices are arranged

ooty MeNully, Wuork, and Moore (19020, Irarker
(L064), Fisma £1906) Boudouresque (1970}, Lie wnd
Kelley (1971), Pearson (I‘Wl).__l’_tllltlilm and Tllis

and_by_Boesch  (1971). Thorrington-Smith

(1971). L___\rr‘"—rvc
(1971} in phytoplinklon work fids ently published

complele natrices without griding or rearrangement,
With the technigues now available to analyse matrices

only by visual methods seems insullivient.

TYPES OF CLASSIFICATION

directed™ on the basis af & single species. 1or this
reason divisive monothetic methexls have limited appli-
cation in benthiv clussilication, although we have used
them  (mostly  for dita reduction) on WO QLCisions
{Stephenson, Williams, and Lance, 19700 Stephenson,
Williznms. and Cook, in press).

For henthic work the effective choices lie amongsl
the applomeritiye pofypheric methods. These consiler
simutancously all the atiributcs (species) of all he
sites. and because they involve handling move dita are

computationally  more cluborate, and also end (o
produce “hetter”™ resulls,
NON-HIERARCTIAL AND HIERARCIIAL

Williams  (1971) has defined these  terms. noting

it merarchial stralegy oplimises the route foltowed
in lassitivation but at possible expense in the homeo-
gencity of the groups. A non-hicrarchiad - strategy
optimises the structure of e individual groups. and
as such has advantages in marine ecological studics
Unfortunately in Williams' words ™ their curren
ante of development lags far behind  that of thei
hierrchial counterpirts, which at their best are mor

Hesible. provide a wider runge of facilities, ¢

% nt e A P
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numerically better understood. and are computationally
faster.”

o Here we will only consider hicrarchial strategics up
{0 the point of combining them 10 obtuin a non-
hicrarchial result (see later).

FL e ARCHIRL. STRATEGHES AVAILADLLE

Pisted Trom Lance and Williams (1906) and Lance
and Willioms (1967) these arc:  nearest ncighbour,
furthest neighbour, group average, centroid, median,
andd llesibie sorting.

(V) Ceneral remarks
Before considering them, ceveral of their properties
as Jdetermined by usg miust be discussed. These ure
sehaining ™, “reversals', and igroup-size dependence”.
“Chaining™ involves consideration of further lerms:
Cspace-conserving”, vspuce-dilating™ and “spuce-con-
tracting”. Reference should be made to the critical
paper in this ficld, Lance and Williams (1967). 11 the
original inter-site. measures are regarded as occurring
in o given space, then sametimes the propertics of this
apice remain unaltered as groups form, but in other
strategivs the groups alier the properties of the space
near then, The authors state (p. 374): “In a space-
contracting sysiem a group will appear, on formation,
1o move neirer (o some or all the remaining elements;
(e chance that an individual clement will add to a
presexisting group rather than act as the nucleus of
a4 new group is increased. and the system is said to
seliin® Afor w4 measure of chaining, se¢ Williams,
|amber, and Lahee, 1966). In a space-dilating system
groups appeir o recede on formation and growlh;
S Wividual glements not yet in gfoups are now more
fikely 1o furm nuclei of new groups."” _
viteversals” oceur when a descending brunch of
w dendrogrim gives rise 1o groupings at higher fevels
than the originsl. Exumples are given in Lunce and
Williats (1967, To avoid  reversals  there is
smonotoicity regquirement’” and of the methous listed,
this is conspicuously lacking in centroid sorking.
“Group-aize dependence” has  been discussed by
williams, Clilford, and Lance (1971) and applics to
space-diliting strategics. When groups are small they
admit new members readily, but as they prow entry
hecomes more difticult. This_disudvantage lies (o
flexible sorting as normally operaled, but ware so (0
most information slatisTiestrategies.

{2) Nearest neighbour

Lance and Williams (1967, p. 374 have com-
mented: “This is the oldest of the conventional
strafegies. The distunce belween two proups s delined
as the distnce hetween their closest clements,
one in il growp, As i proup grows it musl
appeir o move closer  to some  clements and
further  from noae: it is thus o space-contracting
strategy, and its consequentint chaining tendencics are
aotorious. Because of s chaining propertics  his
method is not particularly suitsble in practice. How-
ever lardine amd Sibson (1968) have erected o sel
of mathematical criteria which they believe should be
imposed on classilicatory strategics, il this virtually
confines one 10 using  nearest-neighbour fuston. N

b
t

appears that if the nearest-neighbour stralcgy has the
greatest mathenmitical justilication it gives the least
artificial  sharpening  of - boundarics wilthin o nears
continuum and hence least assists the micntal processes
of the ecologist, A recenl example of use of ncarcsl-
neighbour  strategy in marine ceological study s
given in Thorrington-Smith  (1971). As any  us
12 species are linked in chains in her specics/ species
analysis and the overall conceptual picture is con-
sidefubly weakened therehy,

(3 ll-'m'fh:-.\'r neighhour

This. like acarest neighbour, is u “single Yinkage”
mcthad, operating between, for example, a sile 10 be
admiticd to a group and a single site alrcady in the
group. t wis suggested by Mucnaughton-Smith { 1V65),
and we tricd it recently {Stephenson, williams, and
Cook, in press).

Of furthest neighbour sorling to quote Lunce and
williams (1967, p. 374): "l is the exacl antithesis
of the foregoing, in that the distance between the
two ‘groups is now defined as that between the most
remone pair of clements, one in cach group. . . . Since
on growth a group will recede from some clemenls
and move nearer to none, it is markedly space-
dikating.” In other words it gives much more mtense
clustering than nearest-neighbour sorting.

(4 Centroid

This appears o date from Sokal and Micheoer
{1958) who termed it “the weighled-group method™,
Here fusion of a site into o group, or fusion of groups.
depends upon the co-ordinates of the centroids whea:
the group is considered in multisdimensional Euclidean
space. The principle of centroid sorting s casy (o
uhderstund, aind it s spave-conserving, Because ol ils
susceptibility to reversuls it should_be gyvoided. Sokul
and™ Snealb's Ty weighted  pair method  aml
weighted group method are centroid sortings. “T'his
has been applicd 1o marine penthos by Popham and
Ellis (1971).

(5) Median

This was sugeested by Gower (1966, and avoids
anuther disadvantage of the centroid system, as shown
below in fig. 1 in diagrammatic forn.

Atlribute 2

Allribute |
Erg, 1. Groups of cntities in two-dimensional space. Iy cen-
troid grouping B loses s individuality: in median grouping
its individunlity is rethined.
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I centroid grouping, as group B fuses with group
A the new centroid comes to lic within the confines
of wroup A, To emphasise the individuality of group B
the propertics of the combined group should be inter-
medisde. This can be offected by regarding the groups
as being of unit size (unweighted) and the new posi-
tion of the fused proup (A1 B} must lic beiween
them, This grouping . has been little used and because
i is quite hable 1o give reversals it should be avoided.

%C 0} Cironp averape

tn s form of clement/group fusions 1his  was
unun.nul by Sokul and Michener (I958) and termed
the “waweighted group mean method™; it has also
heen valled the “unweipghied puir-group method™. In
the clemwn/group siluation the mean distance of
sile to cach site within a group iy derived, and the
site in fused to that group wilth the smallest mean
distinee, Lance and Williws (1967, p. 375) state:
“The system is fess rigorously space-conserving than
is centroid b, since it has no marked tendencies
10 contraction or dilation, 3t may be regurded as a
comserving  strategy.” In_other _words it _gives only
moderately sharp clustering. It has the advantage of
being monotonic _and 1s_very fillle prone_to_ mis-
clussilication. Group ~“average sorling hus  penerally
sitisfaclory propertics and has been used in benthic
marine ®ork By G. F. Jones (1969), Day, Ficld, and
Maclurline (1971) und by Stephenson, Williams, and
Cook (in pressy, It has also been used in studies
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of animals netted in deep water by Ebcling et ol
(1970).

(7) Flexihle

This system was introduced by Lance and Williums
(1966, 19671 who derived a general cquation which
permits the five foregoing siritegics o be expressed
in similar form, by changing the values of cerlain
constunts. This avoids the necessity for writing five
separule computer progrinnues, They proposed a new
flexible strategy in which the values of constants were
constrained 1o avoid reversals, and in which by alter-
ing the constants within these constraints it is possibic
{(sce Williams, Clitford, and Lance 1971) Lo maove
from a space-contracting to a space-dikating model.
The critical constant f# has been termed the cluster-
intensity  coellicient  (Witliams  [971). 11 has become
conventional to set ils vilue at ——0.25, when the

strategy  becomes space-dilating. 'I‘lx_i:-_;cmﬂls_m_lhc

sharpening of clusiers which is gencrally desirable in
manne henthic surveys and we have used this slrdlq,_v
successTully on three occasions (Stephenson, Williams,
and  Lance 1970; Stephenson and  Williams 1971
Sicphenson, Wiltiams, and Cook, in press).

To summurise the above the three strategics which
appear most satisfactory are furthest neighbour, group
average, and flexible (f = —1.25). However as might
be expected they give dill'crcnl results (see Stephenson,
Williams, and Cook, in press), so further considera-
tions are involved as outlined below. .

TWO-WAY COINCIDENCE TABLES AND COMBINATION OF
HIERARCHIAL STRATEGIES

As dinlicated éarlier, one can use the saihe dath 1w
ubtain o normal clussilication inlo site-groiips and din
inverse classitication into species-groups. 10 is desirable
to combine these in o two-way coincidence lablg which
indicates_which species (and _with _guantitadive dita
what quaniites of them) charicterise  whicl  site-
groups.

———

When ane compares the two-way tibles produced by
sliernative micthods  (for exumple Bray-Curlis versus
Canberra mctric coeflicients, or group average versus
flexible sorting) it is evident hat there are dilferences

in hoth site- g.mupm&, and spu.lcx 5rnup|u!, Questions
arise s (o whiclv is “hest™.

The UhJL‘k.lIVL ol' L|l|\\l|ll..lll0ll % 10 pmmnlL umlu-
stinding of u _cop system il _1is
by the mmluumn of discrefe grol p\ These are hcsl
indicated by the _deprees nf_mﬂ. L iy ol
the varinus species, o exs jith Im,hu oSty

of Tore species there will hc "ughlu groupings and
e et

lience a “'better” classilication. In testing three sorting
strutegics—iurthiest  neighbour,  group  average, amd
flexible, it became clesr that the choice lny between
the secomd two, but beyond this the choice was uncer-
lain {Stephenson, Williums, and Cook, in press).

Curcful scanning of two-way lables usually reveuls,
at least for Nexible sorting, a small number of apparei
misclassifications  which appear to be inevitable in
agglomerative hierarchial steategics, By ‘no means all
the differences between strategies are due 1o these mis-
classifications. It is possible by “handwork™ to deter-
mine the corresponding portions of the dilferent end-
results of clussilic;uinns. amd it is equally possible to
resallocate the non-conformist™ elements, which we
did in the above work. By so doing we were converling
two hierarchinl stradegies into a single non- -hicrarchial
method. We think the method wis successful with the
it we used: if others have w similur experience it
may be desirable 10 programme the method and avaid
tedious indwork.

\

CONCLUSION

Ic will he evident that, in handling marine benthic
data there are many_alternatve anethods, Chojees gre
needed in 1he amounts of data 1o discierd, the possible
translormations of data, the mcnsures of similarisy or
dissinnlarity, and the strategies of _clissilication, Most
af these choices may be made by the ecologist for the

very good reasons of common sense, but it seems neces-

sary at the present stage to cheek the final results of
a nomber of wiernadives (o determine which is “*best™
Preference is not in terms of which precise groupings
emerge but whether the groupings are precise or nebu-
tous.

Beyond 1his further “estrinsic™ criteria are availuble
pavticularly for the site-groupings. Other things being

-
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cyual we wauhd expect that siles would be grouped in
proximity and form some sort of topographical pat-
terns, Also other things being cqual we would not
expect amongst mixed environments there would be
close groupings between vastly dissimilar substrates,
This did happen between clean coral grit and black
stinking mud environments using certain techniques
“with our New Guinea work (Stephenson and Williams
1971y and e o rejection of the analytical methods.

4n

I

It will be clear from this paper and from the vast
literature in other ficlds that computer techniques have
come lo stay. arc developing rapidly, and that they
are likely to undergo further evolution. In ecelogy in
general and in bottom communities studies in particular
they are likely to be of great value, and subject 1o
critical scrutiny. It is hoped that from such use and
scrutiny the evolution may be facilitated. If this review
assists in making itsell obsolescent it will have pev-
formed its function.

i
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ADDENDUM ,

Importamt information received between submission
of this paper and its acceptunce is outlined below.
Gy A paper by 1 G Field has appeared entitled A
memerical analysis of changes in the soft-bottom fauna
along a transit across False Bay, South Africa (J. exp.
miar. fiol. Feol,, 7, 215-253, 1971). Field excluded from
analysis difficult taxonomic groups (e.g., Nemerlea,
Nematoda) and all species with less than wen individuals
in 55 samples. Data were log-trunsformed, and the
“Heay-Cortis™  (called  Czekanowski)  cocllicient  of
association was employed. The sorting strategies used
in normal classilication were nearest-neighbour, cen-
troid (= average-member) and  group average-criti-
visms of the fiesi two have been ouitlined earlier in

this paper. Field obtained broadly similar results by
his three methuds.

(b} Dr J. B. Jillett presented a paper at the present
conference (cf. Jillent and Mitchell, 1973). Jillewt ex-
cluded all but eight of Lis planktonic taxa, and hence
in essence eliminated all but dominant species. Species-
groups and site-groups were deduced  from  visuul
malrices, uwsing the Spearmann rank-coellicient as a

—ngasure of association.
(¢) Dr W, T. Williums (personal  communication)
is developing an information-statistic  classificatory
strategy for ecological use which avoids the objections
1o previous methods we have tricd (see Sicphenson
and Williamy, 1971).
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