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ABSTRACT

McGlade, J.M. and E.G. Boulding. 1986. The Truss: A GeometrIc and StatIstIcal Approach to the Analysis of
Form In FIshes. Can. Tech. Rept. Fish. Aquat. Sci. No. 1457.

ThIs report describes the application of and software to produce a truss (sensu Strauss and Booksteln 1982)
in reconstructIng the outline of a fIsh, based on a geometric approach, and In providing the data necessary for
a multIvarIate statistical analysis of morphology In fishes. The use of the meth~ In stock IdentIfication Is
described, and Illustrated by a case study of pol lock (Pol lachlus vlrens) and haddock (Melanogrammus aegelflnus)
on the Scotian Shelf and In the Gulf of MaIne. The truss Is vlewed as an effective alternative to more
traditional measures of morphological description, as It relies upon a rigorous definItion of homology between
IndivIduals.

McGlade, J.M. and E.G. Bouldlng. 1986. The Truss: A Geometric and Statistical Approach to the Analysis of
Form In Fishes. Can. Tech. Rept. FIsh. Aquat. Sci. No. 1457.

Ce rapport decrlt I'applicatlon d'un reseau (apres Strauss et Booksteln 1982) dans la reconstruction d'un
protil de poisson, base sur une approche geometrique, et la constructIon des donnees necessaires pour analyser
les statlstiques de variables multIples de la morphologle des polssons. On decrlt I 'appl icatlon de cette
methode a l'lndentlflcatlon des stocks. En suIte on demontre la methode en uti Ilsant nos etudes des goberges
(Pollachlus vlrens) et des algleflns (Melanogrammus aegleflnus) du Plateau ScotIan et du Golfe Maine. On
consldere que Ie reseau est plus efflcace que les mesures classlques pour decrlre la morphologle, sauve II est
base sur une defInItion rigoreuse de I 'homologle entre les Indlvlduels.



INTRODUCTION

Paradoxically, the discrImInation of marIne
fInfish stocks relies as much upon sImilarity as
upon varIabIlity. The simple fact that we can
detect differences between groups means that we
can also detect sImilarItIes within them. Human
beIngs are inveterate classifIers, and so almost
every fIeld of inquiry begIns wIth some kind of
taxonomy or natural classificatIon: physicIsts
classify elementary partIcles, chemists use a
Periodic Table and of course biologIsts have
deve loped the Li nnean system.

At the root of biologIcal classificatIon is
the tacIt assumption that the members of a
partIcular group share a similarIty of structure
or behavIour, or a commonalIty of descent, from
whIch we see a scheme of relatedness that al lows
us to assemble indIviduals into a class or taxon.
The process of classifIcation Is generally
referred to as systematIcs, which SImpson (1961)
defIned as "the scIentIfic study of the kinds and
dIversIty of organisms and of any and all
relationshIps among them". This definition Is
used In its wIdest sense, and subsumes the
problems of taxonomy which pertain to the
theoretical study of classIfication, including its
principles, bases, procedures and rules (Ibid.).

Current developments In systematics have
Included rapid changes in concepts and procedures,
hastened no doubt by the wide availability of
computers, and advances in genetIcs, cytology and
molecular bIology. And yet it is still faIr to
say that for fIsherIes, the subject of the
structure of fish populatIons is " ••• a bewilderIng
array of semantic problems because there is little
agreement on the meaning of the words used to
define groups in the hierarchy with the rank of
subspecies and below ••• " (Royce 1972). True, the
lIterature abounds wIth observations, opinIons and
statements on the nature of a fish stock, but
there is a fundamental disparity which is likely
to keep any authoritatIve resolution In abeyance
-- that is the belIef In a genetically determIned
or even phenotypIcally defined group versus a more
pragmatIc group defIned In greater part by a
management plan In ignorance of any genetic or
phenetic IntegrIty.

Attempting to define stocks, however, remaIns
an ImperatIve for fisheries management especIally
In the marIne environment, because through the Law
of the Sea Conference, more and more natIons have
taken on the responslbi lity for common fIsheries
resources within the 200 mi Ie zone adjacent to
theIr coastlInes, and in so doing have developed a
need to estimate the abundance of fish stocks in
response to fishIng pressure. Stock definItion is
thus at the core of fisheries, because impllc1t in
management is the sentiment put forward at the
begInning of the century by Theodore Roosevelt
that the Nat ion behaves we I I if it treats the
natural resources as assets whIch it must turn
over to the next generatIon increased and not
impaIred In value.

In many countries the prInciple adopted for
the most efficient way to control extraction of
marine fishes Is one of total allowable catch
(TAC), allocation within which Is subject to

negotiations. The TAC is the output from the
analytical, but essentIally deterministic models
developed by Beverton and Holt (1957). WithIn
thIs legacy, the populatIon (or stock) Is first
defined, and then the principal parameters, such
as growth, mortalIty, maturity and recruitment are
determined. Thus the first step In any fIsheries
management plan is to define the structure of the
fIsh resources withIn a stipulated area, and state
which stocks are transboundary, because in reality
a jurisdictional boundary may represent not only a
legal limit to national control but also to
dIvergent philosophIes as to the ways In whIch
common property resources are vIewed, and hence
exploIted. The evidence for stock separatIon must
thus be as unequIvocal as possIble, for it is
clear that subject to the dIvision of oceans, the
theoretIc bases of stock del ineatlon will come
under serious review and attack.

THE PROBLEMS OF STOCK DEFINITION

What then Is a stock? Traditionally it has
been defined as "a population of organIsms whIch,
sharing a common gene pool Is sufficiently
discrete to warrant cons1deration as a self­
perpetuating system which can be managed" (Larkin
1972). However, the caveat of manageability
distorts the term by bet-hedging against the
posslblltyof Irreconcilable demands from biology
and polItics.

Indeed it has been stated that wh II st
"biological management of fisherIes has been built
around the concept of the unit stock••• thIs
apparently common sense notion may be an instance
of misplaced concreteness whIch places artifIcIal
constraints on analyses or on managment rules and
proced ures. In fact the stock is an abstract term
applied to provide a ratIonale for a certain kind
of aggregatIon of catch data. ThIs Is not to say
that there mayor may not be such a thing as a
discrete group of fIsh that may constItute an
effective breedIng group or stock, but In many
cases there is signIficant uncertainty about the
identity of the group from whIch successive annual
catches are made, so that the operatIonal term
does not unequivocally refer to an IdentIfiable
physical entIty." (DickIe 1979).

How then do we recognize a stock? ImplicIt
In most statements Is the fact that a stock Is a
populatIon which by inference maintaIns itself In
Castle-Hardy-Weinberg equIlIbrium, but by default
can be distinguished by Its phenotype (Booke
1981, Ihssen et al. 1981). However, these two
statements do-rlo~proceed pari passu, and in fact
there is now a developing lIterature on epigenesis
(the phenotypIc translation of the genome under
dIfferent exogenous and endogenous constraints)
and the heirarchical organization of adaptIve
potentials that lead from DNA to the phenotype and
behavIour of an organism, which would suggest that
congruity of genetIc and phenotypic groups is
highly unlikely. This of course begs the question
as to the role of populatIon genetIcs in fIsheries
management, because there is some doubt as to how
selection, in the form of fishing, Is operating on
the phenome and hence the genome. SomethIng as
fundamental as a cline (viz. a non-unIform spatIal



distrIbutIon In the genetic composItIon of a
populatIon In equll ibrlum) may not coIncIde wIth a
cline In a phenotypic character.

The susceptibIlity of a fish species to form
genetic stocks Is probably related to the degree
of spatial or temporal separatIon It encounters.
A specIes whose range is wei I separated by
geographIc barrIers or whose life hIstory
attrIbutes Include mUltIple spawnIng perIods,
homing to a spawnIng area, longevity, and a
bottom-orIented fry stage wIll thus be likely to
consIst of multIple genetic stocks (Spangler et
ilJ... 1981, McG lade 1981). The suscept Ib I I i ty Of a
fIsh specIes to form phenotypIc stocks Is probably
related to Its morphologIcal plastIcIty or genome­
phenome lInkage, to the amount it moves and to the
presence of consIstent envIronmental dIfferences
among different parts of Its habItat. For
~xample, a specIes whose lIfe hIstory Involves
JuvenIles orIgInatIng from the same spawnIng area
dIffusIng out Into dIfferent areas, and then
returnIng to an area to spawn Is more lIkely to
consIst of multIple phenotypIc stocks.

Unfortunately, the varIabIlIty observed In
electrophoretIc analyses of enzymes -- the
technIque most generally used to ascertaIn levels
of genetIc varIabIlIty -- cannot be ImplIcItly
assumed to be representatIve of the varIabIlIty of
the genome as a whole; structural proteIns appear
to be much less varIable than enzymes, and the
varIation Itself may depend on the subunIt
molecular weIghts of the enzymes. CollectIvely,
these results suggest that estimates of genetIc
varIatIon based upon the standard electrophoretIc
technIques represent a hIghly bIased sample of
genes. Measures of genetIc dIfferentIatIon,
whether among IndIvIduals wIthIn populatIons, or
among populatIons, must thus be coupled to the
collection of other InformatIon such as
morphology, physIology and ecology. However the
explIcIt relatIonshIp between the genome and the
organIsm has not been extensively studIed.

Thus, fIsherIes managers have largely based
theIr decIsIons about stock structures on evIdence
from taggIng studIes, and more tradItIonally
merIstIc and morphometrIc analyses. The basic
assumptIon then is that the results do In fact
reflect some genetIc homogenlty, albethay
influenced by the envIronment.

PATTERNS OF GROWTH IN DIFFERENT FISH POPULATIONS

Patterns of growth from juvenl Ie stages to
adult stages often differ In dIfferent fIsh
populatIons. The growth rate of a fIsh will not
be generally unIform but there wIll be perIods (or
growth stanzas) durIng whIch It can be consIdered
approxImately so (Cock 1966). The transItIon
between one growth stanza and another often occurs
as the fIshes go from one habItat to another or
from one maturIty stage to another as ontogenetIc
potentIals are crossed.

DIfferences In form among dIfferent fish
stocks are probably most convenIently consIdered
as dIfferences In shape as a functIon of sIze.
Th IsIs comp I Icated because fIsh of the same sIze
are not necessarIly of the same age or at the same
stage of development especially If theIr average
adult sIze dIffers. The genesIs of dIfferences In
shape can occur through:
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I) dIfferences In shape generated durIng the egg
and Iarvae stages;

2) dIfferences In the relatIve growth rates of
different body parts durIng a given growth
stanza;

3) differences In the sIze at which the transItIon
from one set of growth rates to another occurs
(Cock 1966).

AI I of the above mechanIsms for generating
shape differences can occur because of genetic
causes or because of dIfferent environmental
condItIons experIenced by the varIous fIsh
populatIons. That genetIc variabIlity can be
responsIble Is easIly seen by comparIng the growth
patterns of two fish species which dIffer In
shape. But varIatIon In envIronmental varIables
such as food avaIlabIlIty and temperature can also
generate shape dIfferences. During a
phenocrltlcal perIod durIng the egg stage,
merIstIc characters, whIch In turn effect external
morphology, are very sensItIve to temperature
(Hnlng 1946, T~nlng 1952), salInIty, 0 and
CO? pressure (Heuts 1949). The relatlv~ growth
raTe of dIfferent body parts can certa I nIy be
Influenced by starvatIon as exemplIfied by the
presence of stunted fISh. And although there may
be a genetIcally-determIned crItIcal mInImum
length (Thorpe et al. 1980) that must be reached
before transItIon from one growth stanza to
another can occur, the tIme requIred to reach that
length may In part depend on the envIronmental
condItIons. Indeed there Is evIdence that fIsh
may postpone transItIon to the next growth stanza
dependIng on theIr physIcal state; Eastern­
AtlantIc salmon (Salmo salar) smoltlfy at eIther
one or two years dependIng on theIr sIze by the
fall of theIr fIrst year; those whIch smoltlfy
after two years do not feed over theIr fIrst
winter (Thorpe ~~. 1980).

THE QUANTIFICATION OF MORPHOLOGICAL DIFFERENCES

BIologIsts have long been Interested In
quantIfyIng differences In form among organisms
with some of the early workers takIng a
statIstIcal (Castle 1914, Huxley 1924 WrIght
1932) and some a geometrIc (Thompson 1917)
approach. It was recognIzed early In the 1900s
that body parts dId not necessarIly remaIn In
proportion to each other durIng growth (Castle
1914) and th Is led to the deve Iopment of a
mathematical model (Huxley 1924) and a statistIcal
method (Gould 1966) to test for what became known
as allometry.

Long-standing Interest In the genetic basIs
of morphologIcal varIatIon was and stIli Is a
drIvIng force behInd many attempts to quantIfy
morphology. An early applIcatIon of the
multivarIate procedure, prIncIpal components
analysIs, and path analysIs to morphometric data
from chIckens was prompted by an Interest In
det1nlng a general factor that Influenced overall
body size and addItIonal specIal growth factors
whIch dIfferentIally affected dIfferent body parts
(WrIght 1932). In the study of fIshes, It was
also dIscovered that an environmental factor
namely temperature, Influenced the number of'
vertebrae present in trout (Schmidt 1921), and
that durIng the phenocritlcal perIod In embryology



a difference of up to 5 vertebrae could be induced
even between genetically very similar (full
siblings) embryos (T~ning 1946). This discovery

that environmental factors could affect
meristic characters and in turn external
morphology -- was important because it showed that
the adult form of an organism resulted from an
interaction between its genome and the
environment, the details of which are still
incompletely understood.

Most of the recent advances in morphometries
use new multivariate methods for separating
differences in size from differences in shape
(Mosimann and James 1979, Humphries et al. 1981
McGlade 1981, Thorpe and Leamy 1983)-cJr-rlew '
geometric methods for quantifying changes in shape
from one form to another (Bookstein 1978). It is
important to separate variation in shape from
variation in size, so that the shape of an average
form can be compared at a given size, ontogenetic
stage or chronological age. Indeed if the
ontogeny behind a given shape difference is of
interest, some workers favour a geometric approach
to shape analysis rather than the multivariate
methods of data analysis we discuss in a later
section. They criticize multivariate methods
because:

1) morphometric data used in such analyses is
typically first reduced to a correlation or
covariance matrix which results in the loss of
their spatial relationships which would
otherwise enable a functional morphologist to
interpret the changes in shape (Bookstein
1978);

2) the interpretation of allometry in a
multivariate context is debatable (Sprent
1972); and

3) the results of such analyses are often
difficult to interpret and difficult to explain
to non-statisticians.

As a result many morphologists have taken a
geometr i c approach in compar i ng Ii fe-h i story
stages.

These comparisons are faci litated if Strauss
and Booksteints (1982) truss of morphometric
measurements is used. The truss which consists of
the distances between homologous landmarks on the
outline of a two-dimensional projection of a form
has many advantages over the traditional
morphometric data sets:

1) it provides a geometric protocol for
morphometric character selection;

2) it archives the configuration of the landmarks
so that the form of an individual specimen can
be reconstructed;

3) it makes it possible to take morphometric
measurements with a digitizing board;

4) it enables construction of a composite,
average form that represents a given
population at a given age or size; and

5) it allows visualization of multivariate trends
of growth and allometry within populations
(Strauss and Bookstein 1982).

3

The truss method has been used for cottid scuplins
(Strauss and Bookstein 1982), for juvenile chinook
salmon (Winans 1984), and in this report we
present its application to the gadoids of the
Scotian Shelf.

In this technical report we describe how to
use the truss method in selecting morphometric
characters for identification of environmental
stocks. We also describe how to construct a
composite truss that provides a geometric
representation of the ontogenetic growth patterns
in a given population, and provide FORTRAN V
programs and command Ianguage from the BMDP
Statistical Package that do the calculations.
Finally we describe a multivariate procedure for
analyzing morphometr-ic data using the BMDP
statistical package. We hope our experience will
benefit other workers interested in applying
morphometries in a fisheries context.

METHODS

SAMPLING PROBLEMS

An effective sampling design may be obvious
where there are geographical barriers that prevent
or discourage mixing of the hypothesized stocks,
but will be less so where a species is
continuously distributed over a large, homogeneous
geographlc region. If no previous information is
available, it is wise to do a preliminary study,
comparing fish from the extremes of the species
distribution before investing additional sampling
effort. If there are no d i f ferences among the
extremes of a continuous distribution over a
homogenous geographical area, there are unlikely
to be differences among intermediate areas. It is
best to sample when the geographical separation of
the hypothesized stocks is at a maximum. This
will usually be when the fish are aggregated for
spawning but if environmental stocks are of
primary interest it could be just before the young
fish leave a nursery area. We will refer to these
spawning aggregations or nursery areas as
geographical areas.

The sampling problem then reduces to two
aspects: 1) to obtain enough locations (or sets)
to characterize each geographical area, and 2) to
obtain and measure enough fish to estimate the
variation within each location (Thorpe 1976).
Single sets are not sufficient to characterize an
area if fish of the same age tend to school
together or if segregation within a habitat is
dependent on the fishts age. Therefore even in a
preliminary study there shou Id be at least two
locations (or sets) for each area and at least 50
or more fish obtained and measured from each
location depending on the amount of morphological
variation present. A more detailed study would
require many more fish and an even distribution of
sizes within the size range being characterized.
With rare species or where sampling for
morphometries is only a component of a larger
sampling program, it may be difficult to obtain
50-100 fish per location and there will be a
temptation to pool all the fish from several
locations. This should be done with caution as it
may result in grouping together two genetically
distinct populations or subdividing a cline
(Thorpe 1976).



HOW TO SET UP THE TRUSSES

The exact confIguratIon of the truss wI I I
depend on the fIsh specIes under Investigation.
Central to the concept of the truss Is the Idea of
homologous anatomIcal landmarks (Strauss and
Book~tel~ 1982). In practIce homologous characters
can De diffIcult to choose If the fish are from
dl!ferent genera. If only external morphologIcal
criterIa are used, a character may be considered
homologous with the character with whIch It shares
the greatest degree of sImIlarIty or
correspondence (Sneath and Soka I 1973), al though
Ideally this will be based on evIdence of
evolutIonary relatIonshIps from the fossl I record
or from comparative embryology.

When choosIng landmarks It Is Important to
I) choose poInts IdentIfied by some consIstent
feature of the local morphology such as the
InsertIon of a fin (Fig. I), 2) to
comprehensIvely and evenly cover the entIre body
form, and 3) to choose the poInts so that the
Inter landmark dIstances are as short as possIble
as short measures contaIn more localIzed
Information about shape (Strauss and Booksteln
1982 ).

The truss we used for these gadold fIshes
contaIns 7 cells and Is derIved from a lateral
projectIon of the 3 dImensIonal fIsh onto the two
dImensIons of the paper (FIg. 2). A truss
contaInIng 4 cells from a lateral projectIon and
an addItional cell wIth two appended trIangles
from a dorsal projection has been used for
comparIng specIes of cottlds as head shape was
Important (Strauss and Booksteln 1982). CertaInly
If prIor InformatIon on the type of Interstock
varIatIon Is avaIlable It makes sense to Increase
the densIty of landmarks In that body regIon.

I f preserved fIsh are to be used It Is
necessary to preserve them flat particularly If
they are large. Freshly caught fIsh are Ideal and
because the archiving of landmarks Is relatIvely
rapId, It may even be possIble to archIve the
landmarks of an anesthetIzed fIsh whIch Is beIng
repeatedly measured over time for a growth study.

To archIve the landmarks, the fIsh Is laId on
Its side on a piece of water-resIstant paper and
Its fins are spread out. The landmark posItions
are marked wIth a pencil. InterIor landmarks are
extended to the closest poInt on the body outlIne
on a line perpendicular to the longitudInal axIs
(see FIg. 1, landmarks 2, 3, and 5). The fIsh Is
then removed, the landmarks are cIrcled and the
paper labelled to IdentIfy the fIsh. If
InsuffIcIent landmarks exIst around the perIphery
of the fIsh, It Is possIble to establIsh poInts by
X-raying each fIsh, enhancIng the edges usIng Iron
fIlIngs In vaselIne, and then projectIng poInts
out to the edges from the vertebral column (pers.
comm., R.L. Stephenson, MarIne FIsh DivIsIon
BiologIcal StatIon, St. Andrews, New Brunswl~k).

There are two ways to transfer the landmarks
to the computer. The fIrst, Is to measure the
dIstances between the landmarks wIth a ruler, and
then keypunch them Into the computer In order.
AlternatIvely a dIgitIzer can be used to dIgitIze
the posItIon of the landmarks; then the Interland­
mark dIstances can be calculated by the computer
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usIng Pythagoras I theorem (WInans 1984).

The use of the dIgItIzer prevents errors from
measurIng and keypunching but necessItates wrIting
at least one special computer program for each
partIcular dIgitIzer.

DATA VERIFICATION

A data fl Ie composed of a large number of
sImIlar measurements for a sample of fIsh wll I
InevItably contaIn a number of errors due to
measurement, codIng, and data entry. These must
be detected and removed before further analysIs Is
possIble (see AppendIx A for a flow chart of
procedures) •

Gross errors, (viz. a datum point more than
two standard devIations from the mean and Its
character state), may result from mIsplacIng a
decImal poInt or takIng a truss measure between
the wrong landmarks. These can be detected by
packages such as BMDPID. An advantage of the
truss method Is that the archIvIng of the
landmarks on tracIng paper al lows measurements to
be checked months after the processIng of the lIve
fish has taken place.

MInor errors In multivarIate data sets are
normally dIffIcult or Impossible to detect.
However where the total number of fIsh Is
relatIvely small these can be IdentIfIed by
attemptIng to reconstruct the trusses of
IndivIdual fIshes usIng the FORTRAN program TRUSSD
(see AppendIx B for FORTRAN listIngs). The
approprIate option should be selected, so that the
resulting plotflle can be drawn on a small flatbed
plotter (e.g. a TektronIx) and examIned for
dIstortIon. DubIous cases can be reconcIled by
comparIng plots of comparable sIzed fIsh. Any
gross errors that remaIn In the data set wI I I
cause an error message statIng that the program Is
unable to compute the x-y coordinates for that
partIcular fish.

A GEOMETRIC APPROACH: THE COMPOSITE FORM

The orIgInator of a geometrIc approach to
shape analysIs was the noted ScottIsh bIologist
and classIcal scholar D'Arcy Wentworth Thompson
(1917, 1942). In hIs classIc book On Growth and
Form, he showed the transformation fran one shape
to another by drawIng the dIstortIon of a grId
(FIg. 3). Attempts to quantify the dIstortIon of
Thompson-type grIds In terms of growth gradIents
(Hux ley 1932) were Iarge Iy unsuccess fu I because
the mathematIcs were Intractable (Booksteln 1978).
A promIsIng new quantitatIve approach to measurIng
the shape change between any two forms Is the
method of blorthogonal grIds (Booksteln 1978).
Booksteln1s method dIffers from that of Thompson
In the orIentatIon and structure of the grId. A
mesh of poInts from the first form Is mapped onto
the second form by InterpolatIng between
homologous landmarks. A local grId Is then
computed at each of these poInts so that one of
Its axes Is orIented along the dIrectIon of
maximum or minImum local rate of change. A set of
curving lInes Is then derIved by IntegratIon from
the prIncIpal directIons of the axes. The
elongations or contractions at any desired poInt
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Figure 1. Posftfons of landmarks around a pollock (Pollachfus vfrens).
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TRUSS CONFIGURATION FOR SHAPE ANALYSIS

Ffgure 2. Trusses constructed from the landmarks fndfcated fn Ffgure 1.
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We can determIne the coordInates of these
po1nts algebraically:

F1g. 4. CalculatIon of the X-Y coordinates for
each landmark Is based on the poInt of
Intersection of two cIrcles wIth radIi
equal to the dIstance between the f1rst
two landmarks and an addItIonal poInt.

\

populatIon. CalculatIon of the coordInates of the
fIrst two poInts Is easIer If both are arbitrarIly
placed on the y axIs. Thus, If the fIrst poInt Is
assIgned the coordInates x = 0, y = 0, then the
second poInt wIll be at x = 0, y = d Where
d 1 ? 1s the dIstance between the first 2and
second landmarks. The thIrd point Is at a
d1stance d from the fIrst poInt and d
from the s~20nd poInt. If a c1rcle wlth 3a radIus
of dn Is drawn, centered at the fIrst poInt
and another wIth a radius of d 1s drawn
centered at the second poInt, tAe cIrcles wIll
Intersect at two poInts, one to rIght and one to
the left of the y axIs (FIg. 4).

Using Pythagoras I theorem twIce:

( la) (x - 2 2 2
xl) + (y - y ) d131

(1 b) (x -
2 2 2x2 ) + (y - Y2) d23

where: x, y - are the coordInates of the new
landmark (number 3)

Xl' Yl - are the coordInates of the
first poInt

x2' Y2 - are the coordInates of the
second poInt

d12 - Is the distance from the
fIrst to second landmark

d
23 - Is the dIstance from the

second to th I rd landmark

/' '-

'" "~." '''' ,4:&,,,
'y

Diodon

are thus obtaIned and can be depIcted directly on
the form (Booksteln 1978). Whl Ie we do not
Include programs for blorthogonal analysIs, we
mentIon It here because the first step Is the
constructIon of a composite truss for each of the
groups beIng compared (Strauss and Booksteln
1982) •

FIg. 3. DIstortIon of a grId gIvIng the outlInes
of Dlodon and Orthagorlscus (after DIArcy
Thompson, 191 7) •

The geometrIc technIque we descrIbe In detaIl
ln thls report Is the constructIon of a composIte
form (Strauss and Booksteln 1982) to represent a
gIven fIsh populatIon. The populatIon
characterIzed by a composIte form Is a functIon of
the sIze-classes the sample consIsts of; problems
wI I I arIse If extrapolation outslde the range of
the data ls attempted. However, the strength of
thIs technique Is ln lts versatIlIty -- one could
characterIze the entIre ontogenetIc growth pattern
from juvenIle to adult or alternatIvely all the
two year olds by varyIng the data set used. The
method for constructIon of the compos IKe form Is
derIved from the power functIon Y = bX
descr 1bed by Hux Iey (1924) to test for a I lometry
where Y Is a body part, X Is a measure of total
body length and band K are the back-transformed
1ntercept and slope, respectIvely from a lInear
least-squares regressIon on log X and log Y (Gould
1966). Thus if band K are estImated for a g1ven
body part for a gIven populatIon of fIsh, the sIze
of that body part can be pred1cted for any desired
s1ze of fIsh. In the method we descr1be (a
revIsed vers10n of Strauss and Booksteln 1982)
the scores on the f1rst wIthIn-group prIncIpal'
component are used 1n place of total body length
as the fIrst wlth1n-group prIncIpal component best
explaIns the patterns of covarIance among the
morphometrIc var1ables.

Theory and Algebra

CalculatIon of X-Y Co-ord1nates:

The procedure for calculat10n of the x-y
coord1nates for each landmark Is the same whether
an 1ndlvldual truss 1s beIng reconstructed or a
composIte truss Is be1ng constructed from a

Ellmlnating y from the sImultaneous equatIons
In la and lb and solvIng for x usIng the quadrat1c
formula gIves us:
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(2) 2 -l:
-b -

-l:x -b +(b -4ac) or x

2a 2a

where: a 1 + k2
2

b 2k,k2 - k2y, - 2x,
2 + k2.L 2 - 2k, Y1

2c xl 1 ' Y, -d
13

and: 2 + 2 2 2 2 2
k, (xl y, + d23 - d'3 - x 2 -Y2)

a)

/
/

'I / X 1Y
'111 «

\
\
\
\
\

"pseudo Iatera I" II ne from the "nose" to the "ta 11"
Is placed on the x axIs.

FInally, to facIlItate plottIng, the truss Is
translated up the y axIs untIl It Is entIrely
wIthIn the fIrst quadrant.

from left to
of x Is chosen
la or , b to

- y )
2

1s to be bu 1It
the two va lues
Into equatIons

SInce the truss
rIght, the larger of
and substItuted back
gIve:

2 2 -l:
(3) Y = Y, + (d'3-(x3-x,) )

where x Is the larger value obtaIned In
equatloM 2.

The coordInates of the fourth landmark can be
obta Ined us Ing d and d , d , and d , or d
and d~4' AgaIn t~o valu~~ fo~4the x c6~rdlnat~4
wIll De obtaIned, SInce the defInItIon of the
truss Is such that landmark four Is above landmark
three, and so d Is on the y axIs, the value
of x chosen Is t~at gIvIng the largest value of
y.

b)

and then apply an approprIate angular
transformat10n to all the poInts calculated so
far, so that d'3 now lIes on the x axIs.
Thus:

To calculate the coordInates of subsequent
landmarks, It Is Important to rotate the truss to
a standard orIentatIon so that the correct value
of x can be selected from the quadratIc equatIon.

The above procedure Is repeated for each cel I
untIl the coordInates of all the landmarks have
been calculated. When the entIre truss Is
completed, It Is rotated, usIng a sImIlar
procedure to that shown above, untIl a

FIg, S, CalculatIon of the X-Y coordInates of
subsequent landmarks based on the
rotatIon of the truss to a standard
orIentatIon by a) calculatIng e and
applyIng the transformatIon to al I
poInts; b) for a compos Ite truss the
mIdpoInts of the shared sIdes are lIned
up, as on A

4
and B

2
,

A compos I te or "average" form can usua I IY be
constructed for any sIze that Is wIthIn the slze­
range of flsh found wIthIn the sample. Before
thIs form can be plotted It Is necessary to
calculate the sIze of the truss measures
comprIsIng It, The method used Is vIrtually
IdentIcal to that described by Strauss and
Booksteln (1982, p. 123) but we shall recapItulate
Ithere br 1ef Iy.

CalculatIon of "Average" Truss Measures:

The measure of standard sIze used was the
fIrst wIthIn-group prIncIpal component scores,
however the total length of the fIsh or some
equIvalent could be used. These scores were taken
from a prIncIpal components analysIs on the log­
transformed truss measures, and shou Id be done
usIng the covariance matrIx (AppendIx C BMDP4M).
LInear regressIons between each truss element and
the fIrst wIthIn-group prIncIpal component scores
as the lndependent varIable were completed, as

x'
n(S)

yl Y Cos e - x sln e
n n n

In a composIte truss, the length of a shared
sIde may have been adjusted to slIghtly dIfferent
values In adjacent cells, To compensate for th1s,
the posItIon of the poInts In the prevIous cel I
are adjusted so that the shared slde has the value
of the next ce I I, Th lsI s done by II n Ing up the
segment's mIdpoInts (FIg. Sb),

To carry out thIs rotatIon we fIrst calculate
the angle, e, that d'3 makes wIth the x axIs
(FIg. Sa), Thus:

(4) e = Arctan «Y3-Y1)
(x

3
-x

1
) )
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descrTbed Tn the prevTous sectIon. The
coeffIcIents from these regressIons al lowed the
expected length of the truss measures for a fIsh
of the desIred standard sIze from the gIven
populatTon to be calculated (FIg. 6).

the except Ton. Even when care has been taken to
delete all obvIous errors from the raw data, some
wIll InevItably remaIn. Thus a method of
flattenIng the composIte truss Is requIred.

Usua I IY on Iy sma I I adj ustments to the truss
elements makTng up each cell are needed to allow
the cell to relax Into a planar confIguratIon. In
order for these sIx dIstances (four edges and two
dIagonals) to be co-planar they must satTsfy
Salmon's (1914) crlterTon of planarTty: T.e., the
determInant V of a matrIx must be equal to zero.

where:

FlattenTng the Truss:

FIg. 6. Truss measurements for a fTsh of a
desIred standard sTze can be calculated
from a regressIon of the fTrst wTthln­
group prTnclpal component scores and the
logarIthm of each truss measure.

If k Ts the slope and b Is the Tntercept from
these regressTons, d

1
. Ts the dIstance between

landmark 1 and landmatk j, and S Is the fTrst
wIthIn-group prlncTpal component score from the
analysIs on the log (d

Tj
).

then: logd 1j =logb+k'S

whIch allows us to predIct a d
1J

. for the
desIred S.

STANDARD
SIZE CHOSEN

0 1 1 1

2 2 2
0 d

12
d

13
d

14

I~
2 0 2 2

0d12 d23 d24
2 2 0 2d
13

d
23

d
34

2 2 2 0d14
d24 d34

AlgebraIcally:

ThIs determInant can be wrItten algebraIcally as:

Let 0 be the InItIal vector of the sTx truss
elements for the cell beIng "f lattened",
then the corrected vector 0* = 0 + x where x
Is the vector of correctTons. - - -

(6)

I ,! 2 2 2 2 2
'I -2d 13d24 - 2d 13d24 - 2d 12d34 - 2d 12s 34

2d~4d23 - 2d 14d;3 + 2d13d12d24 + 2d13d12d34

- 2d13d12d14 + 2d13d24d34 + 2d13d24d14

+ 2d13d24d23 - 2d13d34d23 + 2d13d14d23

+ 2d12d24d34 - 2d12d24d23 + 2d12d34d14

+ 2d12d34d23 + 2d12d14d23 - 2d24d34d14

+ 2d24d14d23 + 2d34d14d23

ThIs method of adjustIng the truss elements
untl I they are co-p Ianar, d 1f fers from that of
Strauss and Booksteln (1982) Tn that the
determInant Is used dIrectly. In thTs way the
magnItude of the correctTon to each truss element
of the cell Is mTnTmlzed, whT Ie forcIng the
determInant V, as close to zero as possIble.

o 0

o

fiRST WITHIN-GROUP PRINCIPAL COMPONENT

SCORES

/

c

') 'J
o 0

o ()
o

o 0 ,_')

-----~------ ',) ~
:) 01 :)

I 0

1
I
I
I
I
I

o
()

o

We want:

IV(<..Q..+~/)I =0

where V Is the determInant of the corrected truss
elements for that cell, and the whole Ts termed
the penalty functIon,

If each cel I of the truss consTsted of only
fTve truss elements It would always be possTble to
form a planar truss. The presence of the sTxth
element provTdes redundancy. ThIs facT I Ttates the
detectTon of errors by makTng Tt Tmposslble to
reconstruct a planar truss Tf one element contaIns
a gross error. However even when the data set Ts
composed of planar trusses from lndTvTdual fIshes,
thIs does not guarantee that a planar composIte
truss can be constructed. By examlnTng the
sTmplest case where the populatTon consTsts of
only two TndTvTduals It can easTly be shown that
the populatIon means for each type of truss
element wIll not necessarIly form a planar truss.
Non-homogeneous varIances among the dTfferent
types of truss elements are the rule rather than

and:

6 2
I: x

1=1 1

to be mlnTmTzed, where x
Is the dTfference betwee~
the lnTtlal and fInal call
vectors.
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Where:

Therefore we want to mInImIze:

where: K Is a constant whIch the penalty functIon
1s mu I tIp 11 ed by.

DETER Is equal to the value of the
determInant of the corrected truss elements.
Each element of the vector F Is squared and
added together by ZXSSQ. -

are used to predIct the fIrst prIncIpal component
score of a fIsh of the desired sIze of the
composIte, and thIs Is used wIth the other slopes
and Intercepts to predIct Its expected truss
dimensions. The regressions are based on the log­
transformed truss measurements plus the fIrst
principal component scores from the BMDP4M
analysIs. For each of the regressIons used to
predict the truss dImensIons, the truss measure Is
the dependent varIable and the fIrst prIncIpal
component score Is the Independent varIable. For
the addItIonal regresslon the fIrst princIpal
component score Is the dependent varIable and the
log-transformed total fork length Is the
Independent varIable. The coeffIcIents from these
regressions are saved In a standard fIle.

The next FORTRAN program, CTRUSS, uses the
regressIon coeffIcIents to calculate the expected
truss dImensIons for a composIte fish of the
desIred sIze. These "average" truss measures must
then be constructed into a composIte truss. As
prevIously discussed, although the "average" truss
measures are derIved from planar trusses, there Is
no guarantee that they wIll recombIne to gIve a
planar truss. Therefore the program adjusts the
"average" truss measures, cell by cel I, untIl they
form a planar tr uss, by ca I 11 ng a su brout i ne from
a non-II near Ieast sq uares package (I MSL IS ZXSSQ
Appendix B). This subroutIne mInimizes the value
of a determInant whIch is equal to zero when the
truss Is perfectly planar.

6
x~ + K1V (Q. + ..~./)I

1=1
(7) F (x)

To do thIs we use the derIvatIve-free versIon of
the Levenberg-Marquandt algorIthm. The FORTRAN
program, TRUSS (AppendIx B), calls the l~lSL

(InternatIonal MathematIcal and StatIstIcal
L1brary) (1984), subroutIne ZXSSQ; L1NPAC an
equIvalent program may have to be used 1t IMSL Is
not avaIlable. ZXSSQ Is a subroutIne whIch fInds
a local mInImum of the sum of squares of m real
functIons In n real varIables. The form of
equatIon 7 used In the external subroutIne, FUNC
(AppendIx B), whIch Is called by ZXSSQ Is:

DO 30 K= 1,6
F(K)=ABS(X(K))+(100,000*DETER)**2
30 CONTINUE

The large value of the constant, K, means
that the value of the determInant affects the
value of F more than the absolute value of X. ThIs
means 1t 1s not techn 1ca II y a Ieast squares
problem but In practIce the algorithm seems to
work we II.

When each cell of the composite truss has
been "f lattened" the adjusted truss elements are
ready for poInt calculatIon and plottIng by the
FORTRAN program TRUSSD (Appendix B).

InstructIons

Once the data have been verIfIed and edIted a
composite form can be constructed for each group.
InItially, we use the program BMDP4Ma (AppendIx C)
whIch transforms the data usIng log ,
completes a prIncIpal components an~9ysls usIng
the covarIance matrix optIon, and saves the data
and principal component scores in a BMDP save
file. Note that the USE statement in the TRAN
paragraph can also be used to select a subset of
the total number of cases so that only the fish
from the desIred location are present in the BMDP
save fIle (Appendix C).

BMDP save flies are an effIcIent method of
data storage but are not easi Iy read by non-BMDP
programs. To get around thIs problem we use a
BMDP program BMDP1Db, to read directly the BMDP
save fIle then interface It wIth the FORTRAN
subroutIne TRANSF (AppendIx B), which wrItes the
data Into a standard ASCII fl Ie. This subroutIne
precedes the FORTRAN program TRUSRG descrIbed
below.

The FORTRAN programs TRUSRG and CTRUSS
(AppendIx B) are used to compute a series of
unIvarIate lInear least squares regressIons. The
slope and Intercept from one of these regressIons

Non-lInear optImIzatIon techniques are not
foolproof, and the one used by ZXSSQ Is no
exception, but It works well In this app Iication
when the necessary corrections to the truss
measures are sma I I (see the IMSL manua I, Append 1x
Z-2). It is important to check that the value of
the variable Infer passed back from ZXSSQ is not
equal to zero sInce a value of zero Implies that
convergence has faIled. In practTce thIs usually
occurs because there are stIli uncorrected gross
errors Tn the data set, or because the standard
sIze chosen for the composTte constructIon Ts well
outsIde the sIze-range of fish Tn the data set.
The program, CTRUSS, warns the user when thTs has
occurred by prlntTng a message at the bottom of
the fIle assTgned to unTt 6, and called LDBUG.

The adjusted "average" truss dimensIons are
then wrItten Into a standard fT Ie. They are then
read by another FORTRAN program, TRUSSD (Appendix
A), that calculates the x-y coordInates of
landmarks correspondIng to these truss measures.
On the CYBER InstallatIon at the Bedford Institute
of Oceanography this program Interfaces with a
graphTcs package "DISSPLA" whIch generates a plot
fl Ie. The plotfi Ie can then be plotted on a
Tektronix or any type of flatbed plotter.

A STATISTICAL APPROACH: MULTIVARIATE ANALYSIS OF
FORM

The quantification of form has also been
approached from a statistIcal point of vIew. As
stated above, the presence of allometry can be
tested by a sImple power function, described by
Huxley (1924) and Tessier (1936) as Y = BX

K
,

where Y is a body part, X a measure of body
length, and band K constants wh i ch can be
estimated by a linear least-squares regression on
a 10garithmTc transformatIon (Gould 1966).
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Another approach to the problem, has been to
use a number of multTvarlate technIques Tn
conjuctIon wlth each other. Three methods
commonly applIed, although rarely together are
prIncIpal component analysIs (PCA), dIscrImlnant
functIon analysIs W/\), and multIvarIate analysis
of varTance (MANOVA). These technIques are
descrIbed In varIous texts (e.g. MorrTson 1967,
1976; PImental 1979; Reyment et al. 1984), and
wIll not be descrlbed In detalT1i8re. Suffice to
say, however, that despIte the wIdespread use of
multlvarlate technIques In bIologIcal studIes of
growth and systematIc varIation, many of the
statistical ram1flcations with regard to
systematIcs have not been fully apprecIated.
Indeed, the multIvarIate approach to size and
shape varlatlon Is sti II In an exploratory phase.
With this In mInd, only the Important statistlcal
operatIons performed by these methods '1111 I be
stressed In thIs work.

Multivariate Procedures: Pattern RecognItIon In
MorphologIcal Hyperspace

However Jollcoeur (1963) subsequently reallzed
that the allometrIc equatIon was too sImplIstIc In
Its portrayal growth, and attempted to derlve a
generalIzatlon to the multIvarlate case, uslng the
dIrectIon coslnes of the logarIthmIc covarIance
matrIx. Unfortunately, the theoretIcal
assumptTons of thIs method are stlll not
understood adequately to assess the effect on each
varIable (Sprent 1972).

FIg. 7a.

PrIncIpal component analysIs Is an ordTnatIon
technIque, whTch can be used to sImultaneously
examIne varIation in a number of characters:
there are two types -- R-mode and Q-mode. I n an
R-mode analysis where X is anr-nxp data matrix, the
pxp mInor product matrIx Is X X, compared to a

CY4node anafysIs performed on the ~~ major product
matrix, XX. In R-mode analysIs the relatIon­
ship between variables Ts of Import, whereas in
Q-mode the defInTtlon of Inter-object sImilarIty
Is of Tnterest. Thus In an R-mode analysis,
varIatIon can be regarded as the dIfferential
response of cahracters along an ontogenetIc
traj ectory. Each character 'liT I I show a range In
Its response, whIch can be expressed statistIcally
as Its varIance.

The maIn purpose of PCA Is to descrIbe
parsImonIously the total varIance for all
characters, In as few dImensIons as possIble. The
derIved dImensIons are lInear combInations of the
orIgInal varIables, that successively account for
the major patterns of varIatIon. The relatIonshIp
between each dImensIon Is an expressIon of the
correlatIon or covarIance matrix of the orIgInal
data set.

Geometrically, the relationshIp can be
defIned as the cosIne of the angle between two
vectors, which descrIbe the equlprobabll Ity
contours of two variables (FIg. 7a). If two
varIables are uncorrelated, then the vectors are
orthogona I; whereas, If they are corre Iated, then
the correspond Ing contours are e I II pt Ica I. The
fIrst prIncIpal component lies along the long axIs
of the ellIpse. The second component lIes
orthogonally to It, and Is regarded to be
Independent of the fIrst component (Fig. 7b).

Equlprobablilty contours (p = 0.75,
0.95, and 0.995) for uncorrelated
varIables Xi and X? (after MorIson,
1976). )-Ii and)J2 refer to two
vectors drawn at zero varfance; these
axes Intersect at 90· thus the cosIne of
S= O. Pearson's product moment
correlatfon coeffIcient (f) = 0.6.

7b. The lInes of equlprobability are
ellIptic, def fned by S = 60·, and with

1'= 0.6.

Algebraically, the princIpal components can
be obtained by solvIng for the eigenvalues and
eigenvectors of the correlatIon or covariance
matrIx. The eigenvalues are derIved from the
characterIstIc equation of the matrix used:

D - AI 0

where DIs a square matr Ix, of order p, A Is the
scalar (eigenvalue), and I Is the IdentIty matrIx
of order p. Each eigenvalue has an associated
eigenvector, whIch satlsffes the functIon:

W - AI I)

where A Is one of the p efgenvalues, and a
lIs one 6f the corresponding eIgenvectors.
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where n Is the total number of observations, and g
Is the number of groups.

The linear discriminant function Is connected
with the Mahalanobls' generalized distance as
follows:

0 2 - (X - X )' S-1 (X - X) = d' a
- 1 2 1 2

where vector d Is the dIfference between the two
rample mean vectors (Reyment ~~. 1984). To
test whether the centroIds of two groups are
significantly dIfferent, an F-test can be used,
where:

The eigenvalue Indicates the length of each
principal component. When these are standardized
to represent the total variance, then their
eigenvectors are equivalent to the principal
components that they represent. In biological
terms, the first principal component has been
considered representative of overal I size effects
(Lee 1971, Kuhry and Marcus 1977), and the second
component Indicative of shape, an argument
determined by the bipolarity of the loadings
(P I menta I 1979, Reyment et a I. 1984), However,
detailed work on this aspec~of principal
components analysis has yet to be done.

A second mUltivariate technique, discriminant
function analysis WA), Is useful where a priori
knowledge of the groupings Is available. This
method essentially assigns an IndIvIdual to a
group, based on a number of predesignated groups.
The functions are derived from the Inverse matrix
of the within group variance-covariance matrix,
and are given by:

Y = (X
1

-)(2)' S-1 X

where x and x are the mean vectors for the
respectlve sam3les, S-1 Is the Inverse
matrix, and X Is a vector of variables. The
details of this method are given In a number of
statistical texts, such as Morrison (1976) and
Reyment ~~. (1984).

Biologists have used the technique In two
ways, 1) the description of the differences
between the groups on the basis of the sample
data, and 2) the allocation of future elements,
whose origins are not known with certainty
(Habbema and Hermans 1977). Usually, the
differences between groups are expressed In terms
of a distance measure, such as 2the Mahalanobls'
(1936) generalized distance, 0 , or Wilks'
(1932) crIterion • The former has a number of
Important properties, one of which Is useful In
taxonomic research, namelY2that the contribution
of each character to the 0 can be ascertained
(Rao 1952).

The Problem of Size

Much of the variatIon In many morphometric
data sets, Inc Iud Ing our own, can be attr Ibuted to
sIze. But defining what Is meant by size Is more
difficult than mIght fIrst appear. Early workers
Interested In allometry treated size as a II near
distance measure from the extreme anterIor to the
extreme posterIor of the organism (Huxley 1924,
Gould 1966). This Is stili used sInce the
multivariate portrayal of allometry (JolIcoeur
1963) Is not yet \'/ell developed (Sprent 1972).
But most recent workers prefer a multivarIate
definition of size especially those who are
Interested In the genetic basis of form (eg.
Thorpe and Leamy 1983): they consider size to be
an unmeasured latent variable whIch explaIns the
observed correlations among the morphometric
variables best, arguIng that this avoids
confounding the variation of an explicItly
measured size varIable wIth that of the
morphometrIc varIables (Booksteln et al. 1985).
The measure of size used for an IndivIdual
specimen Is otten Its score on the first principal
component from a R-mode principal component using
the covarIance matrIx (Humphries ~~. 1981,
Thorpe and Leamy 1983, see preceding section).

Differences In form among dIfferent groups of
fish can be subdivIded Into differences In sIze
and differences In shape. Differences In mean
size at sexual maturity or In mean adult size are
often Important In characterizing different groups
of fish (McGlade 1981). But differences In mean
size among groups can also result from Inadequate
sampling. Thus It Is often Important to
distinguish differences In shape from differences
In sl ze.

Some of the most Important points to consider
at the beginning of this analysis are 1) the costs
of assignment to a particular group, 2) the ~
priori probabf Ilty of belongIng to one of the
groups, and 3) the number of groups Involved
(Lachenbruch and Goldstein 1979), Other aspects
that shou Id be cons Idered are 1) homogene Ity of
the within-group varIation, 2) multi-normal
dIstributional assumptIons, 3) criterIa for
selection of variables, 4) the way In which
selection Is made during the computai-Ions, and 5)
the derivatIon of the estImates of posterior
probabilIty. These poInts are dIscussed In most
texts on mUltivarIate techniques. Overall, thIs
method provides a robust test of group
associatIon, and can be quite effective In an
exploratory study of Inter-group relationships.

The criteria for selection of variables Is
often the highest F-value. Generally, this method
tends to dIstinguIsh wei I-separated groups
further, Instead of trying to separate poorly
defined groups. A jackknife procedure Is often
applied (Jennrlch and Sampson 1983) to reduce bias
In the final computatIons of the discrimInant
functions. Each case Is eliminated, In turn, from
the computations of the group means and
cross-products (Lachenbruch and Mickey 1975).
Homogeneity of the wIthin-group covariance
matrices can be tested with a chi-square test
(Kendall and Stuart 1966).

(n - p - 1)
p (n - g)

F (p,n - g - p + 1)

02 (1 + 1 )-1
nA nB

Three major classes of techniques have been
used to separate size from shape: ratios,
residuals from regressions against size, and
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multivariate analyses. We will brlefly discuss
each of these three methods, but for a more
thorough review see Humphries et al. (1981) or
Reyment ~~. (1984). --

Ratios of morphometric variables over an
explicit sIze measure such as total body length
have been extensively used but have come under
considerable crIticism. A ratIo will not be
constant within a group for IndIviduals showIng
dIfferential growth, and the effect of allometry
may be large compared to the differences In shape
among groups (Reyment et al. 1984). The use of
ratIos assumes that a linear regression for a
morphometr Ic measure versus tota I length wou Id
give a good fit and would pass through the origIn,
something whIch may not be true even If the
varIables are fIrst log-transformed (Thorpe and
Leamy 1983). FInally the use of a ratio of a
morphometric character over an explIcitly measured
var Ia bIe such as tota I Iength con founds the
variance In the numerator with that of the
denominator (Booksteln et al. 1983). Moreover
the statistical propertlEls-C>f a ratIo of two '
random variables can cause problems which may not
be noticed by non-statisticians (Atchley et al.
1976). We th Ink that a II of these prob Iems make
It InadvIsable to use ratIos to correct for sIze
-- but not everyone agrees wIth this conclusion
(Moslmann and James 1979).

A second method of removIng size Is to
undertake a statIstIcal analysIs of shape on the
resIduals from unIvariate regressIons of the
morphometrIc variables against sIze (Thorpe 1976).
The patterns of growth and thus any allometry Is
lIkely to be different for groups from different
environments. Therefore a separate univariate
regression for each morphometrIc measure against
size must be done separately for each group. The
consequences of tryIng to fit regressIon lInes to
the pooled data from all the groups combined are
shown In Fig. 8; If there are different patterns
of growth In the dIfferent groups, the resIduals
will be non-random. One method of avoIdIng thIs
Is to use an average of the wIthIn-group slopes
(Thorpe 1976), but thIs will not work If the
wIthin-group slopes are substantially different
(Booksteln ~~. 1985).

The thIrd method of separating sIze from
shape Is wIth multIvarIate techniques, prlmarlly
principal components analysis. In practice the
scores of the IndIvidual specimens on the first
principal component are hIghly correlated with
traditIonal measures of size such as total length.
The scores on the second and subsequent princIpal
components are then considered as measures of
shape. The scores on the first principal
component are plotted against those on the second
principal component, and the plot examined to see
If there Is any separation of fIsh from dIfferent
locations. If there Is any differentIation along
the axIs of the first prIncipal component then It
Is usually attributed to differences In size and
If there Is separation along the axis of the'
second prIncIpal component then It Is attrIbuted
to differences In shape. The procedure can be
repeated usIng the thIrd or subsequent princIpal
component scores In place of the second If they
account for a signIficant proportion of the
varIance. The strength of this method Is that no
~ prIori grouping of sample locations Is requIred.

The major criticism of the technique however,
Is that the fIrst principal component does not
necessarily account for al I the size varIatIon In
the data, so that the remainIng components mIght
contain a mIxture of size and shape (Humphries et
~. 1981; McGlade 1981). A method of shearing li1e
scores on the second and subsequent princIpal
components to remove size has been proposed
(Humphries et al. 1981). This method has the
dIsadvantages that It treats fish from dIfferent
sample locations dIfferently and that It Is
diffIcult to program on non-Michigan Terminal
System (M.T.S) operatIng systems (although It has
been done usIng IMSL subroutines (Winans 1984».
Indeed this shearing procedure Is probably
unnecessary unless a more aesthetIc plot Is
desired. Any dependence of the second prIncIpal
component scores on sIze can usua I Iy be seen In
the orIginal plot as the magnItude of scores on
the second pr Incl pa I component wI I I show a linear
Increase wIth those on the first (Humphries et a
1981). ThIs will most often occur when fishtrom
different genera are beIng compared and not when
dIfferentiating stocks within a species where the
patterns of growth are quite similar.

InstructIons

o

Some parts of the procedure for analysIng the
truss measures wll I depend on the type of study.
The fIrst step, however, Is always the same and
consists of verifIcation of the data-set (see
previous description).

The next step depends on whether there Is an
a prIorI hypothesis about the subpopulatlon
structure In the fIsh population. If there Is no
such hypothesis then a prIncIpal components
analysis should be undertaken on the log­
transformed truss measures usIng the covariance
matrIx. The resultIng plots of the prIncipal
component scores can then be exam Ined for
clusters. IdentificatIon of the groups to which
the points belong can be facilitated by saving the
data and scores from thIs analysIs In a BMDP save
fIle and using BMDP6D (Appendix C) to produce a
plot that Is labelled with the group Identity. If
such plots reveal clustering by group then these
groups can be consIdered subpopulatlons.

A

Regression of two sets of data pooled to
gIve a single regressIon lIne usIng
Thorpe's (1976) method.

j'----------------1l>-
fiRST WITHIN-GROUP PRINCIPAL COMPONENT

SCOR ES

()

o

FIg. 8.



AN EXAMPLE OF RESULTS -­
THE SCOTIAN SHELF GADOIDS

We will present three examples that use the
techniques described In this report: 1) an
Investigation of stock structure In Scotian Shelf
pollock (Pollachlus vlrens), 2) an Investigation
of stock ~ructur~lrlScotlan Shelf haddock
(Melanogrammus aegleflnus), and 3) a comparison of
the morphology and of the growth patterns of
po II ock and haddock.

The fish were collected during three cruises
on the~ Hammond by Marine Fish Division
personnel. These were cruise H088 on January
6-11, 1983 (Fig. 9), cruise H089 on January 12-18,
1983 (Fig. 9), and cruise Hll0 from November 28 to
December 8, 1983 (Fig. 10). The sampling design
was a compromise between what was desirable for
stock Identification purposes and what was
desirable for other objectives of the Marine Fish
Division.

A seven eel I truss was used as a basis for
collecting the morphometric data (Fig. 2).
Meristic counts were also made on these fish and
tissue samples were taken for electrophoresis:
these data will be published elsewhere.

GULF OF MAINE AND SCOTIAN SHELF POLLOCK

The pollock were all collected during cruise
Hll0 (Fig. 10). Fish were combined from sets 18
and 19 (hereafter set 18) which gave a total of
100 fish In set 3, 32 fish In set 12, and 100 fish
In set 18.

We used BMDP4M (Appendix C) to do a principal
components analysis on the correlation matrix of
the log - transformed truss measures. (We
suggest 19hat workers use the covariance matrix,
but In this case, the results are very similar.)
We then used BMOP6D (Appendix C) to produce
labelled plots of the scores on the principal
components.

The first principal component has high
positive loadings from all of the truss measures,
except for Bl <Table 1). The loadings suggest
that the first principal component does In fact
embody general size. Moreover, as the first
principal component explains 89.6% of the
variance, we can conclude that most of the
variance In the pol lock morphometric data can be
attributed to variation In size. The only truss
measure somewhat Independent of size Is Bl (Table
1), the distance between the attachment of the
pectoral and the attachment of the pelvic fins
(Figs. 1 and 2).

The second principal component has bipolar
loadings for the variables (Table 1): the
Importance of a varlable1s contribution to a
principal component score can be determined by
comparing the magnitude of the absolute value of
Its loading coefficient to that of other
variables. In this example, the second component
shows a high positive loading for Bl and a
moderate, negative loading for E3 (the distance
between the second and third dorsal fins). This
means a fish would have a high second principal
component score If Its value of Bl was large and
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Its va Iue of E3 was sma I I. Th Is component
accounts for an additional 2.6% of the variance.

The third principal component has a high
positive loading from E3, moderate positive
loadings from B1, Cl, E1, E5, and G3, and small
negative loadings from most of the rest of the
variables (Table 1), It accounts for only 1,5% of
the var Iance so wIII not be discussed further

Before plotting the scores for a given
component, the program standardizes them by
subtracting their mean, dividing them by the
standard deviation and then squaring them. The
plot of the scores on the first principal
component versus those on the second principal
component shows two distinct clusters, one
containing mostly fish from set 18 and one
containing mostly fish from sets 3 and 12 (Fig.
11). The clusters are separated along the axis of
the first principal component but not along that
of the second suggesting that the separation Is by
size rather than by shape. Indeed the mean fork
length, another measure of size, of fish from set
18 was only 37.0 cm compared to the mean of 67.9
cm for sets 3 and 12 combined.

We have constructed composite forms for
average pollock of fork lengths of 25 cm, 50 cm,
and 75 cm (Figs. 12a, b, c) using the regression
coefficients for the data from all the sets
combined (Table 2). Note that the distortion, the
amount of correction needed to allow the average
truss measurements to be constructed Into an
average form, Is very sma I I. The 50 em form Is a)
proportionately shorter In cell A, In side B1, and
In cell F, b) proportionately longer In celiO,
and c) proportionately narrower In cell E compared
to the 25 em form. The same trends are noticeable
when the 75 cm form Is compared with the 50 cm
form. Thus as a pol lock grows from 25 to 75 cm,
Its head, the distance between the pectoral and
the pelvic fins, and the body region below the 3rd
dorsal fin become proportionately shorter, the
body region below the 2nd dorsal fin becomes
proportionately longer, and the body region
between the 2nd and 3rd dorsal fins becomes
proportionately narrower. Pol lock thus, exhibits
considerable differential growth of Its various
body regions.

We also consiTucted composite forms for the
two groups separated In the principal component
analysis: one for sets 3 and 12 and one for set
18. Both of these forms were constructed for an
average fish of the size corresponding to the mean
fork length for that group (Figs. 13a, b). The
differences In shape between these two composite
forms are what we would have expected for a 37.0
cm pollock and a 68.0 cm pollock on the basis of
the changes we saw between the smaller and larger
forms constructed from al I the sets combined.

GULF OF MAINE AND SOUTH-WEST NOVA SCOTIAN HADDOCK

The haddock were collected from sets 9, 10,
30, 31, 37, 41, 42, and 43 on cruise H088 (Fig.
9), from sets 3, 4, 6, 11, 28, 29, and 30 on
cruise H089 (Fig. 9), and from sets 10 and 19 on
Hll0. To avoid confusion, set 30 from H088 was
recoded as set 88, set 30 from H089 was recoded as
set 89, and sets 10 and 19 from Hll0 were recoded
as sets 70 and 79 respectively.
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Figure 9. Cruise track off south-western Nova Scotia for the R.V. Lady Hammond, H088/89.
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Table 1. Principal component scores for each truss measure of pol lock, the
variance explained and cumulative percentage for the first three
unrotated components (PC1, PC2, PC3) (using the correlation
matr ix).

A1 .991 -.021 -.021
A2 .981 -.017 -.037
A3 .990 -.054 -.007
A4 .996 -.006 -.023
A5 .991 -.012 -.026
A6 .990 -.026 -.023

81 .365 .909 .176
83 .984 -.000 -.075
84 .995 -.030 -.034
85 .993 -.005 -.027
86 .996 -.006 -.028

C1 .973 -.125 -.016
C3 .767 -.020 .122
C4 .989 -.022 -.013
C5 .990 -.014 -.011
C6 .995 -.033 -.033

01 .988 -.002 -.048
03 .982 .006 -.065
04 .990 .034 -.007
05 .985 .017 -.049
06 .909 -.017 -.063

E1 .787 -.068 .255
E3 .704 -.227 .605
E4 .993 .030 -.039
E5 .993 .019 .005
E6 .991 .017 -.013

F1 .982 -.017 -.064
F3 .985 .014 -.066
F4 .972 .021 -.064
F5 .930 .012 -.129
F6 .990 -.010 -.046

81 .901 -.032 .099
83 .918 -.026 .114
84 .932 .121 -.011
85 .934 .048 .017
86 .964 .037 .014

Variance Explained 32.271 .930 .559

Cumulative % 89.6% 92.2% 93.7%
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Ffgure 11. Plot of the ffrst and second princfpal components (PC1 and PC2) from an
analysis of pol lock; 1 = Gulf of Mafne; 2 = Scotian Shelf.
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POLLOCKALLSETS

TOTAL fISH LENGTH IS 2S.0CM

DISTORTION IS 0.068

b

c

POLLOCKALLSETS

TOTAL fISH LENGTH IS 50.0CM

DISTORTION IS 0.037

POLLOCKALLSETS

TOTAL fISH LENGTH IS 7S.0CM

DISTORTION IS 0.027

Figure 12. Composite forms for pollock of fork lengths a) 25 cm; b) 50 cm; and c) 75 cm
using all sets combined.
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Table 2. Regressfon coefffcfents for pollock for the ffrst princfpal
component loadfngs of each truss measure and the log-transformed
measures versus total length, for all sets combfned used to
reconstruct a composite truss form.

e

-7.19444 4.24707 .90 Total Fork Length 1st PC scores
1 09960 18352 .99 1st PC scores Truss (1,1)
.75694 .18565 .98 1st PC scores Truss (2,1)

1.03883 .18900 .99 1st PC scores Truss (3,1)
1.05631 .18522 1.00 1st PC scores Truss (4,1)
1.00253 .18234 .99 1st PC scores Truss (5,1)
1.21779 .18934 .99 1st PC scores Truss (6,1)
-.04523 .08531 .37 1st PC scores Truss (1,2)
1.05631 .18522 1.00 1st PC scores Truss (2,2)

.75805 .18761 .98 1st PC scores Truss (3,2)
1.15565 .19050 1.00 1st PC scores Truss (4,2)
1.05257 .18765 .99 1st PC scores Truss (5,2)
1.16835 .18673 1.00 1st PC scores Truss (6,2)

.93428 .20661 .97 1st PC scores Truss ( 1,3)
1.15565 .19050 1.00 1st PC scores Truss (2,3)
.08225 .21378 .77 1st PC scores Truss (3,3)

1.08282 .18861 .99 1st PC scores Truss (4,3)
1.07562 .18863 .99 1st PC scores Truss (5,3)
1.18056 .19194 .99 1st PC scores Truss (6,3)
1.14781 .19487 .99 1st PC scores Truss (1,4 )
1.08282 .18861 .99 1st PC scores Truss (2,4)
1.04183 .20728 .98 1st PC scores Truss (3,4)
.85108 .16474 .99 1st PC scores Truss (4,4)

1.15744 .19206 .99 1st PC scores Truss (5,4)
1.21054 .20103 .91 1st PC scores Truss (6,4)

.14437 .18440 .79 1st PC scores Truss (1,5)

.85108 .16474 .99 1st PC scores Truss (2,5)

.18378 .14433 .70 1st PC scores Truss (3,5)

.82763 .16964 .99 1st PC scores Truss (4,5)

.85329 .16743 .99 1st PC scores Truss ( 5,5)

.84496 .16661 .99 1st PC scores Truss (6,5)

.82821 .17016 .98 1st PC scores Truss (1,6)

.82763 .16964 .99 1st PC scores Truss (2,6)

.84594 .17200 .99 1st PC scores Truss (3,6)

.51014 .16379 .97 1st PC scores Truss (4,6)

.92343 .16812 .93 1st PC scores Truss (5,6)

.91105 .17103 .99 1st PC scores Truss (6,6)

.15698 .21953 .90 1st PC scores Truss ( 1,7)

.51014 .16379 .97 1st PC scores Truss (2,7)

.15315 .20347 .92 1st PC scores Truss (3,7)

.47520 .17005 .93 1st PC scores Truss (4,7)

.53589 .17442 .93 1st PC scores Truss (5,7)

.53483 .16935 .96 1st PC scores Truss (6,7)
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a
POLLOCKSETS3AND12

TOTAL FISH LENGTH IS 68.0CM

DISTORTION IS 0.063

b
POLLOCKSET18

TOTAL FISH LENGTH IS 37.0CM

DISTORTION IS 0.080

Figure 13. Composite forms for pol lock from a) the ScotIan Shelf and b) the Gulf of
Maine correspondIng to a mean fork length of 68 em and 37 em, respectively.



A prIncIpal components analysIs was agaIn
undertaken on the correlatIon matrIx, for all the
sets from all the cruIses combIned. The fIrst
principal component accounted for 89.1% of the
varIance (Table 3). This component had hfgh
posItIve loadings for all the varIables Including
Bl. As was true of the pollock data then, most of
the varIance In the haddock data could be
attributed to varIation In size. The second
prlnclpal component had large posItive loadings
from Cl, El, E3, Gl, and G3, a large negative
loadIng from Bl, and accounted for an additIonal
2.4% of the varIance (Table 3). The thIrd
princIpal component accounted for only an
additIonal 1.4% of the variance so wi II not be
dIscussed.

BMDP6D can be used to label the poInts on the
plots of the princIpal component scores fn
different ways depending on the hypotheses about
stock delIneatIon. We InItIally used a different
symbol for each of the sets but the resulting
plots showed no evidence of clusterIng by set, so
we have not Included them. We then decIded to
aggregate the sets Into four geographic groupings:
X containing sets 3,4, 6, 9, 10, 11,31,37,41,
42, 43, and 88 (Browns Bank - LaHave Basin), F
containIng sets 28, 29, and 89 (mouth of the Bay
of Fundy), WcontainIng set 70 (Emerald Bank), and
Y containIng set 79 (Gulf of MaIne) (Fig. 9). We
drew an envelope around the extreme points for
each group to facflltate InterpretatIon of the
plots.

On the plot of the fIrst princIpal component
scores versus the second prIncipal component
scores (Fig. 14), groups W (Emerald) and Y (Gulf
of Maine) are separated from groups X (Browns ­
LaHave) and F (Fundy) along the axis of the first
princIpal component. FIshes from groups Wand Y
are on average larger than fishes from groups X
and F, but It wi II not be possible to tell jf this
dIfference Is real or a sampling artifact until
more than one set Is available from each of areas
W (Emerald) and Y (Gulf of MaIne). There was no
separatIon of these four groups along the axIs of
the second principal component although group Y
has a more restrIcted dIstribution than the other
three groups.

To defIne stocks on the basis of morphometrIc
characters alone, the robustness of the
class!flcatlon should be tested by class!fylng
fishes of unknown origIn to one of the prevIously
IdentIfIed stocks. Before thIs can be done a
classIficatIon function must be constructed from a
I!near combinatIon of the morphometrIc varIables
for each of the stocks. We have done this for the
four geographIcal groupIngs of haddock using a
dlscr!mlnant analysIs program (BMDP7M, AppendIx C)
which uses a stepwIse method of enterIng and
removIng the variables Into the classifIcation
functions In order to select the most
discrImInating set of varIables. The use of these
four groupIngs Is meant as an example only -- we
are not making ImplIcations about the stock
structure of haddock on the ScotIan Shelf. With
the F value to enter set at 2.00 and the F value
to remove set at 1.99, the classifIcation
functIons contaIned coeffIcIents for 18 of the 37
var!ables on step 18, the fInal step (Table 4).
The jackknIfed classifIcatIon matrIx shows that
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these class!flcat!on functIons correctly
classifIed an average of 70.7% of the fish Into
the correct geographIcal grouping (Table 5).

Group X (Browns - LaHave) had the hIghest
number of Its fIsh correctly classIfied (83.1%)
wh lie group F (Fundy) had the lowest (34.4%).
Fish from the Browns - LaHave group were most
often mlsclasslfled Into the Fundy group and
vice-versa. Fish from Emerald and from the Gulf
of Ma!ne were most often mlsclasslffed Into the
Browns - LaHave group. Most of the dIspersIon
between the centroIds of the groups (86.5%) was
accounted for by the first two canonical variables
(Table 6). The plot of these var!ables shows
whIle the centrofds of group W (Emerald) and group
Y (Gulf of MaIne) are well separated from those of
the other groups, the envelopes drawn around the
extreme points show considerable overlap (Fig.
15). We suspect that at least some of this
separation of the centroIds Is attrIbutable to
dIfferences In mean size among the groups,
especlally In lIght of the results obtaIned from
the prIncIpal component analys!s.

We constructed composite forms for haddock at
three s!zes: 25 em, 50 em, and 75 cm using the
data combined for all sets from all cruises. The
25 cm form Is proportfonately much longer In cell
A and proportIonately shorter In cel I C and D than
the 50 cm form (Figs. 16a, b, c). As a haddock
grows from 25 em to 75 cm Its head gets
proport Ionate Iy sma I Ier and Its body reg Ion be Iow
the 2nd and 3rd dorsal fIn gets proportfonately
longer. We have constructed composfte forms at 50
om for each of the four geographIcal groupIngs.
All four forms are sImIlar (FIgs. 17a, b, c, d).

POLLOCK VERSUS HADDOCK

The pollock data, combIned for al I sets, were
compared wIth the haddock data, combIned for all
sets. A prfnclpal components analysIs was
performed on the correlatfon matrix of the
combIned data from both specIes.

From the results (Table 7) we can see that
the fIrst prlncfpal component has large posItIve
loadIngs from all the varIables except Bl. The
coef f !c Ient for B1 Is sma I I re Iat Ive to those of
the other varfables fndfcatlng It Is relatfvely
Independent of general sfze. The fIrst prlnclpal
component expla!ns 88.3% of the varIance; even
though we are now deal fng w!th data from two
specles most of the varlatfon !n the data can
stIli be attrIbuted to varIatIon fn sIze. The
second prIncIpal component explafns an addItIonal
3.7% of the varIance. ThIs component has a very
h!gh poslt!ve loadfng from B1 and h!gh negatfve
loadings from E1 and E3. Ffsh wIth a large score

on thfs component wfll have a large value of B1
and a smal I value of E1 and E3. The thfrd
prIncIpal component accounts for an addItIonal
1.4% of the varIance and has large posItIve
loadIngs from Bl, C3, El, E3, G1, and G3, and
smal I negatIve loadfngs from most of the other
varIables <Table 7). Haddock and pollock show
good separatIon on the axIs of the 2nd prIncIpal
component but not on the axIs of the ffrst (Ffg.
18a). It fs InterestIng that the best lIne
separatfng the two clusters of pofnts would be a
dIagonal one; thfs suggests the scores on the
second prIncIpal component are somewhat sIze
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Table 3. Principal component scores for each truss measure for haddock,
the variance explained and the cumulative percentage for the
first three un rotated components (PC1, PC2, PC3) (using
correlation matrix).

Al .940 -.007 .016
A2 .971 .024 -.057
A3 .972 -.014 .019
A4 .992 -.025 -.012
A5 .978 -.019 .005
A6 .991 .001 -.011

81 .731 -.221 -.041
83 .954 -.085 -.014
84 .990 -.027 -.008
85 .990 -.024 -.011
86 .991 -.050 -.014

Cl .953 -.006 -.022
C3 .834 .182 -.009
C4 .987 -.033 -.033
C5 .985 -.032 -.025
C6 .992 -.014 -.019

01 .975 -.073 .024
03 .975 -.084 .044
04 .985 -.058 -.032
05 .979 -.062 .013
06 .976 -.060 .001

El .701 .449 -.396
E3 .704 .470 -.223
E4 .988 -.069 -.023
E5 .989 -.037 -.035
E6 .988 -.057 -.030

Fl .975 -.093 .015
F3 .977 -.067 -.009
F4 .967 -.061 -.017
F5 .972 -.081 .004
F6 .976 -.090 .024

81 .751 .419 .406
83 .827 .301 .331
84 .964 -.060 -.027
85 .973 .030 .074
86 .962 .007 .053

Variance Explained 32.095 .854 .506

Cumulative % 89.1% 91.5% 92.9%
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Figure 14. Plot of the first and second principal components (PCl and PC2) from an analysis of
haddock; X = Browns-LaHave Banks; F = mouth of the Bay of Fundy; W = Emerald Bank;
and Y = Gulf of Maine.
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Figure 15. Plot of the first and second canonical variates (CVl and CV2) from a discriminant
function analysis of haddock; the centroids for each group are circled -- X =
Browns-LaHave Banks; F = mouth of Bay of Fundy; W = Emerald Bank; and Y = Gulf of
Maine.
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Table 4. Results from the discriminant function analysis of haddock:
classification functions for the four groups.

Browns-LaHave Bay of Emerald Gulf of
Variable Banks (X) Fundy (F) Banks (W) Maine (Y)

AI 54.96812 46.88943 61.67882 55.48672

A2 -210.93507 -219.25172 -182.07651 -199.99408

A4 -230.67607 -216.12962 -214.52070 -157.65714

A5 111.34489 113.79213 135.39158 80.29010

A6 1252.60022 1223.34600 1228.68963 1185. 74304

Bl

B3

Cl

C3

C4

D1

E5

E6

F3

F4

G3

G5

G6

-20.22112

11.26280

-207.84874

-87.61634

154.62978

-4.06531

84.28142

-235.61437

-127.75501

-210.14415

-79.56089

-56.11385

-69.74275

-28.50871

2.24227

-203.06384

-86.74213

158.01670

1.03590

78.13561

-205.05537

-134.83338

-209.03612

-85.86851

-48.09416

-64.21309

-21.75976

.60841

-197.26514

-91.02581

125.64992

-5.55832

71.13342

-244.52142

-121.06742

-195.96999

-85.07580

-42.02010

-75.84045

-23.49483

1.80206

-184.05957

-88.53851

124.75467

17.84244

56.48189

-190.75460

-141.51438

-204.57436

-83.33117

-51.11458

-71.38562
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Table 5. Jackknifed classification matrix for the discriminant function
analysis of the four groups of haddock.

Number of Cases Classified into Group

Percent Browns- Bay of Emerald Gu If of
Group Correct LaHave Fundy Bank Maine

Browns-LaHave 83.1 275 16 19 21

Bay of Fundy 34.4 47 33 2 14

Emerald Bank 72.0 17 6 72 5

Gu If of Maine 63.3 26 6 4 62

TOTAL 70.7 365 61 97 102
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Table 6. Results from the discriminant function analysis of haddock.

Cumulative Proportion of Total Dispersion

.53509

Canonical Correlations

.64485

.86519

.55240

1,00000

.38995

Variable Coefficients for Canonical Varl ab Ies

A1 -3.43925 3.24647 4.91256
A2 -13.30696 3.87387 5.45256
A4 -14.21527 -31.63220 19.26072
A5 -4.95893 18.55716 -20.73224
A6 14.93822 30.63949 -3.98424

B1 .19512 3.04430 4.97345
B3 4.42015 3.81279 4.50425

C1 -6.66723 -9.08509 5.18741
C3 1.51346 -.59383 -.39484
C4 15.31848 5.54516 -10.39193

Dl -1.76055 -11.13310 6.48660

E5 8.03565 10.56778 -5.49537
E6 .62617 -28.93087 -.51023

F3 -1.48241 9.24386 -2.33259
F4 -6.04808 .58291 -1.09264

G3 1.98011 1.87047 4.06284
G5 -5.26035 -.82892 -6.47440
G6 3.09786 -2.00742 -3.65146

Group Canonical Variables Evaluated at Group Means

Browns-LaHave Banks .55319 .36521 .16341
Bay of Fundy .45503 -.67510 -.86231
Emerald Bank -1.69539 .63118 -.22055
Gulf of Maine -.58418 -1.21624 .51782
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HAOOOCKALLSETS

TOTAL fISH LENGTH 15 2S.0CM

DISTORTION IS 0.109

b HAOOOCKALLSETS

c

TOTAL fISH LENGTH IS SO.OCM

DISTORTION IS 0.151

HAOOOCKALLSETS

TOTAL fISH LENGTH IS 7S.0CM

DISTORTION IS 0.596

Figure 16. Composite forms for haddock of fork lengths a) 25 cm; b) 50 cm; and c) 75 cm
using all sets combined.
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HADDOCKGROUPX

TOTAL F1SH LENGTH IS 50.0CM

D1STORT10N IS 0.060

b HADDOCKGROUPF

TOTAL F1SH LENGTH IS 50.0CM

D1STORT10N lS 0.150

Figure 17. Composite forms for haddock from a) Browns-LaHave Banks (X)j b) mouth of the Bay of
of Fundy (F)j c) Emerald Bank (W)j and d) Gulf of Maine (Y) all scaled.
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HAOOOCKGROUPW

TOTAL FISH LENGTH IS 50.0CM

DISTORTION IS 0.060

d HAOOOCKGROUPY

TOTAL FISH LENGTH IS 50.0CM

DISTORTION IS 0.015

Ffgure 17. (Contfnued).
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Table 7. Principal component scores for each truss measure for pol lock and
haddock, the variance explained and cumulative percentage for the
first three unrotated components (PC1, PC2, PC3) (using
correlation matrix).

Al .964 -.024 -.038
A2 .947 .171 .032
A3 .951 -.226 -.054
A4 .994 -.019 -.036
A5 .984 .011 -.041
A6 .986 -.094 -.025

B1 .364 .820 .240
B3 .938 .210 -.051
B4 .989 -.082 -.055
B5 .992 -.001 -.037
B6 .992 -.039 -.043

C1 .960 .025 -.046
C3 .793 .130 .276
C4 .987 -.056 -.046
C5 .988 -.028 -.040
C6 .991 -.076 -.044

01 .973 -.098 -.059
03 .975 .093 -.048
04 .987 .015 -.056
05 .981 .072 -.047
06 .954 -.075 -.067

E1 .771 -.348 .202
E3 .736 -.476 .175
E4 .989 .043 -.062
E5 .990 .006 -.046
E6 .989 .019 -.056

F1 .960 .181 -.064
F3 .967 .163 -.041
F4 .971 -.033 -.067
F5 .948 .163 -.066
F6 .978 .097 -.064

G1 .833 -.175 .360
G3 .863 -.006 .306
G4 .959 .023 -.023
G5 .964 .010 .070
G6 .966 -.059 .033

Variance Explained 31.797 1.352 .504

Cumulative % 88.3% 92.0% 93.4%
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PC 1

.i'

C 00

PC 1

PC 2

Figure 18. Plots of the first, second, and third principal components (PC1, PC2,
and PC3) from an analysis of pol lock (P) and haddock (H)j a) PC1 versus
PC2j b) PC1 versus PC3, and c) PC2 versus PC3.



dependent. Thfs plot also shows the same
separatfon of the pol lock Into two clusters, based
on sfze, that we saw In the analysIs of pollock
only. The plot of the thfrd prfncfpal component
scores versus the ffrst prlncfpal component scores
shows fafr separatIon of the two specfes along the
axfs of the ffrst prIncipal component but none
along the axfs of the thIrd (Fig. l8b). The plot
of the second prIncipal component agafnst the
thIrd confirms that there Is no separatIon of the
two specIes along the axIs of the thIrd prlncfpal
component (Fig. 18c)

The patterns of growth fn pol lock can be
usefully compared wfth those fn haddock usfng the
composfte forms we dIscussed prevfously (FIgs. 12
and 16). The 25 cm pol lock form fs
proportIonately narrower In cel I A, and
proportfonately shorter fn cel I F and sides Bl,
C3, and proportlonatley longer fn sfdes Dl, El,
and E3 than the 25 em haddock. The same trends
are notIceable when the 50 cm pol lock form fs
compared to the 50 em haddock and the 75 em
pollock form Is compared to the 75 cm haddock.
The most noticeable dIfferences fn the growth of
the pol lock and the haddock, then, are fn the body
streaml Infng and fn the dIstance between the
pectoral and the pelvfc fIns. The shape of a
pol lock Is such that the body does not reach Its
widest point until the end of the fIrst dorsal ffn
whereas the haddock body reaches Its wIdest poInt
at the beglnnfng of the fIrst dorsal fIn. As a
pollock grows from 25 em to 75 em the dIstance
between the pectoral and pelvfc fIns becomes
proportIonately shorter whereas fn the haddock
this dfstance stays In proportIon. It would
therefore be Interesting to understand how these
dffferences fn morphology relate to ontogeny and
the dIfferent envIronments that these ffsh lIve fn
-- the pol lock Is semf-pelaglc and the haddock
largely benthIc -- although these fdeas are beyond
the scope of th fs report. In short, however, the
technIques outl fned above can dffferentiate the
growth patterns observed wfthln and between
specIes, and can be used to gIve a quantitative
estimate of the dIfferences.

CONCLUSIONS

Bfologfsts can as a rule be dfvlded Into
those who strfve to capture dfversfty, and those
who seek underlyfng unftles fn the more than one
mfl lIon specIes of lIvIng organfsms. D'Arcy
Wentworth Thompson was amongst the latter, as he
searched for the basIc Immutable patterns of a
bauhaus desfgn In the organIsms he studfed. But
as many bfologlsts real fze, these approaches are
sImply aesthetic styles that affect the modus
operandi of scIence rather than dffferent theorIes
of bIology. Indeed anyone who studIes dfverslty
would admIt to common generatfng patterns, and any
analysts of unfty recognfse the fmportance of
partIcular expressfons of a pattern. Thus the
dffferences Ife In the appl Icatfon and fInal
fntent. Populatfon bfologfsts tend generally to
think fn terms of poInt by poInt, or character by
character dIfferences, whflst systematlcfsts
generally look for contInued slmf larltfes In
overal I characterfstlcs. The pofnt of departure
Is thus the event horfzon agafnst whfch the
results are posfted; fn ffsherfes management the
horfzon fs generally ffve to ten years, In
Ichthyology ft can be marked In thousands of
years.
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From the analyses gfven above, It fs clear
that truss data sets provIde a clear and relfable
vIew of shape dffferences fn gadofds. Moreover,
comparfsons with conventfonal morphologfcal data
sets suggest that truss data capture more
fnformatlon about local body proportfons (pers.
comm., J. McGlade). In the examples used In thfs
study, pofnt by pofnt fnterspecfflc dffferences fn
the ontogeny of shape were fdentfffed, and certaIn
areas Isolated wIth respect to causal I Inks
between morphology and Iffe-hfstory. Thus the
data from trusses provIde a vIew for both the
populatfon bfologfst and the systematfclst
fnterested fn long-term evol ut fonary patterns.
The fact that the trusses can be used to fdentffy
those areas of body development whfch Increase
most rapfdly wfth age, and descrfbe the actual
form of such growth fs of real Importance In a
ffshery where mesh controls are used as the
conservat fon measure. Indeed, It wou Id be
possfble to predfct the shape of a selectlvfty
ogfve gfven the cross-dImensIons of the mesh and a
serIes of trusses for fIsh of dffferent sIzes.
The Impact of a mesh-regulatfon on a multlspecfes
ffshery could thus be modelled.

The long-term evolutfonary vfew fs gfven
through comparfsons of growth patterns for
dffferent specIes; as was shown fn thIs study,
growth rates of the area In front of the caudal
peduncle and of the head regfon were dIfferent fn
haddock and po I lock. Such dIfferences may In fact
represent an overall response to a seml-pelagfc
versus a benthic way of lIfe -- hypotheses that
could be open to analysfs through experfments on
swfmmlng and observatfon of prey preference. More
Important, however, fs that the truss analysfs can
be used to transcend the somewhat reductfonfst
approach that generally ensues frem takfng each
character and presumIng In some naIve way that
every varfatfon represents an optImal desfgn. And
thfs Is clearly the most fmportant conclusfon that
studIes of morphology must real fse, for organIsms
are dfrected and lImIted by thefr past, and hence
Imperfect and unpredfctable fn theIr form and
functIon.
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APPENDIX A:

RECONSTRUCTION OF COMPOSITE TRUSS

**(CYBER procedure given In bold type and underlined)

raw morphometric data
10910 transformed

for each group

PCA using covariance matrix
PCAONE: BMDP4M (Appendix C)

ser les of univariate regressions with each truss
measure as dependent variable and first prlncfpal

component scores as Independent variable
REGPROC: TRUSSRG (Appendix B)

choose a size to reconstruct composite fish

use regression coefficients to predict length
measures for a fish of that size

flatten the truss
LEASUB: CTRUSS with ZXSSQ (Appendix B)

use plotting procedure to calculate
po Ints and plot composite fish

TRUSSPLT: TRUSSD with DISSPLA (Append Ix B)
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APPENDIX B:
FORTRAN VPROGRAMS USED IN MORPHOMETRIC ANALYSIS.

THE PROGRAMS IN THIS APPENDIX ARE WRITTEN IN FORTRAN VAS INSTALLED
ON THE CYBER MAINFRAME COMPUTER AT THE BEDFORD INSTITUTE OF OCEANOGRAPHY.
THE OPERATING SYSTEM OF OUR CYEER IS NOS 2.4 WHICH IS WRITTEN BY THE CONTROL
DATA CORPORATION.

THE ENTIRE NOS PROCEDURE IS LISTED HERE. FOR PEOPLE WITH ACOMPUTER
SYSTEM EXACTLY LIKE OURS AT B.I.O., YOU RUN THE NOS PROCEDURES BY TYPING
THE PROCEDURE'S NAME THEN PUSHING THE CARRIAGE RETURN. THE CYBER WILL
PROMPT YOU FOR THE INFORMATION IT NEEDS TO RUN THE PROGRAM.
NOTE THAT AUTOSAV IS APROCEDURE WE HAVE IN OUR LIBRARY AT M.F.D. THAT DECIDES
IF AFILE IS DIRECT OR INDIRECT THEN USES EITHER RETURN OR SAVE AS
APPROPRIATE. YOU CAN REPLACE THESE TWO LINES WITH "SAVE,FILENAME."
UNLESS YOU HAVE THOUSANDS OF FISH IN WHICH CASE 'RETURN, FILENAME. '
IS NECESSARY. SOME COMPUTER CENTRES WITH ACYBER (SUCH AS DALHOUSIE UNIVERSITY)
KEEP BMDPiD IN AFILE CALLED SOMETHING OTHER THAN BMDPiD - YOU'LL HAVE
TO CHECK. ALSO WATCH OUT FOR DIFFERENCES ON OTHER CYBERS IN THE TWO LINES
THAT FOLLOW THE '/JOB' STATEMENTi THESE RELATE TO ACCOUNTING OF COMPUTER
FUNDS, ALLOCATION OF MEMORY AND TIME FOR THE JOB RUN BY THE PROCEDURE.

IF YOUR COMPUTER HAS ADIFFERENT OPERATING SYSTEM THESE NOS
PROCEDURES WILL NOT RUN. YOU SHOULD BE ABLE TO MODIFY THE FORTRAN VPROGRAMS
SO THAT THEY WILL RUN ON YOUR COMPUTER. IF YOU ARE INTERESTED IN DOING
THIS PLEASE NOTE THE FOLLOWING:
1) THE FORTRAN PROGRAMS THEMSELVES ARE AT THE VERY END OF THE PROCEDURE.
2) THE FIRST FIVE OR SIX LINES OF THE NOS PROCEDURE BEGIN WITH A

NOS VARIABLE NAME THAT MAY BE USED IN THE FORTRAN VPROGRAM LISTINGS.
THESE ARE USED TO PROMPT THE USER FOR ARRAY SIZES, NUMBER OF FISH j

DATA FILE NAMES j AND OUTPUT FILE NAMES. IF YOU ARE MODIFYING
THE FORTRAN VPROGRAMS FOR ANOTHER SYSTEM YOU WILL HAVE TO REMOVE
THE NOS VARIABLES FROM THE FORTRAN PROGRAMS AND REPLACE THEM
WITH EXACT NUMBERS AND NAMES. OF COURSE EVERY OPERATING SYSTEM
HAS MINOR DIFFERENCES IN THEIR INSTALLATION OF FORTRAN VTHAT YOU
WILL HAVE TO LOOK OUT FOR. PARTICULARLY WATCH OUT FOR THE WAY
YOUR OPERATING SYSTEM INTERFACES YOUR FORTRAN VPROGRAM WITH THE
DATA FILES AND OUTPUT FILES IT USES.'

3) THE GRAPHICS PROGRAM 'DISSPLA" USED BY THE FORTRAN VPROGRAM
TRUSSD IN TRUSPLT AND THE IMSL SUBROUTINE "ZXSSQ' USED BY THE
FORTRAN VPROGRAM CTRUSS IN LEASUB MAY NOT BE AVAILABLE ON ALL
SYSTEMS DR EVEN ON ALL NOS SYSTEMS. BUT AT LEAST IF YOU HAVE A
NOS SYSTEM YOU HAVE THE OPTION OF BUYING DISSPLA AND IMSL FROM THE
COMPANIES THAT PRODUCE THEM.

4) IN THE PROCEDURE REGPROC THERE IS AFORTRAN VSUBROUTINE "TRANSr' THAT
INTERACTS WITH BMDPiD IN ORDER TO WRITE OUT SOME VARIABLES IN
FROM THE BMDP SAVE FILE CREATED IN PCAONE (YOU NEED THE
PRINCIPAL COMPONENT SCORES TO DO THESE REGRESSIONS). FOR
ADIFFERENT OPERATING SYSTEM YOU WILL WANT TO CONSULT THE
BMDP MANUAL TO FIGURE OUT THE BEST WAY OF DOING THIS.
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.PROC,REGPROCtI,ARRAY"FOUR DIGITS GREATER THAN NUMBER OF FISH"=ltS4l1234567B9011,
NUMCElLS"NUMBER or CELLS IN YOUR TRUSS"=ltSI(4567)1,
BMDFILERCONTAINING DATA AND SCORES FROM PCAu=(*F),
RESIDULS"DESIRED NAME OF OUTPUT FILE RESIDUALSH=(tFl j

COEFFS"DESiRED NAME OF OUTPUT fiLE FHiR COEF"=l:r.F),
MEANS"DESIRED NAME OF OUTPUT FILE BMDPID"=ltF),
t THIS DOES 37 REGRESSIONS AND SAVES RESIDUALS
t AND REGRESSiON COEFFICIENTS.
t FOR MORE INFORMATION SEE COMMENTS IN
t FORTRAN PROGRAM BELOW,
SUBM IT, SUBJOB .
.D,HA, SUBJOB.
/JOB
REG,CM177000 j TI00.
IREAD jMFDUl
13ET jBMDFILEINA.
IFE,.NOT.FILElBMDFILEjASljNOGET.

ATTACH jBMDFILE.
ENDIF,NOGET.
ATTACHjBMDPID/UN=LIBRARY.
FTN5.
BMDPID,L=MEANS,B jW=15000.
PACf<jBMDPOUT.
REWIND,BMDPOUT.
mJIND,LGO.
FTN5.
LGO.
GETjAUTOSAV/UN=LIBRARY.
REPLACEjMEANS.
ROUTE,MEANSjDC=LP.
REPLACEjRESID=RESIDULS,
REPLACEjCOEF=COEFFS.
DAYFILE jOUTPUT.
REPLACEjOUTPUT=REGOK.
ENQU I~:E, F.
EX IT.
DAYFILE, OUTPUT,
REPLACElOUTPUT=REGBOMB.
REPLACE, MEANS.
ENI~UIREj F.
IEOR
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SUBROUTINE TRANSFIXjKASE1NPROB1USE1NVARjXMIS)
r THIS FORTRAN VSUBROUTINE INTERFACES WITH ASMDPID PROGRAM TO WRITE OUT
r VARIABLES FROM THE BMDP SAVE FILE CONTAINING
C THE PRINCIPAL COMPONENT SCORES TO AN ASCII FILE THAT CAN BE
r READ BY THE SUBSEQUENT FORTRAN PROGRAM "TRUSRG".
r FROM THE FIRST PRINCIPAL COMPONENT ANALYSIS OF THE TRUSS MEASURES.
C THERE MUST NOT BE ANY MISSING DATA FOR ANY OF THE CASES IFISH).

DIMENSION XINVAR)
INTEGER OUTFIT(35)IOUTBUFI512)INCELL j NTRUSM 1J1ILAI
CHARACTER GROUP(5)tll0
PARAMETERINCELL=NUMCELLS jNTRUSM=5tNCELL+l)

C DETERMINE POSITION OF FIRST VARIABLE IN FILE
ILAl=NVAR-5-NTRUSM

C CALCULATE NUMBER OF LINES OF DATA PER CASE
L=I+INTIIINVAR-ILA1+1)/l1)+1)

Ct DEFINE AND OPEN FILE ONLY FOR THE FIRST CALL
IF IKASE .EQ. 1) THEN

CALL FILESQ IOUTFIT1jLFNf,fBMDPOUTfjfRTf,'lf,
&'BT' ,'C' ,'FL',1101'FWB',OUTBUF(I),
&'BFS' ,512,'DFC' ,3)

CALL OPENMIOUTFIT,'OUTPUT')
CALL CLOSEMIOUTFIT,INI)
ENDIF

Ct.t FOLLOWING IS EXECUTED FOR EVERY CASE
CALL OPENMIOUTFIT1'OUTPUT',INl)
WRITEIGROUPll),200)Xll)IXI2)
WRITEIGROUP(2)1201)IXIJ),J=ILAl INVAR)
DO 20 I=1 1L

CALL PUTIOUTFIT,GROUPII), 110 )
20 CONTINUE

CALL CLOSEMIOUTFIT,'N')
200 FoRMATI2X1A4,IX jF3.0)
201 FORMAT (11FI0.4/11FI0.4/11FIO.4/9FIO.4 )

RETURN
END

IEOR
IPROBLEM TITLE='WRITING OUT MEANS'.
IINPUT

FILE=BMDFILE.
CODE=SECRET.

ITRAN
lEND
IEOR
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PROGRAM TRUSRG
Ctttttttttttt.t.t.tt.t.tttt.t.t.t.t.tttttt.tt.ttt*t.t.tt.t.t.t.t.ttt.t.t.t.t.t.*tt.t.t.t.t.tt.t.ttt.tt.t
I'

C THIS PROGRAM DOES 37 REGRESSIONS USING THE LOG-TRANSFORMED TRUSS
f MEASURES AND THE FACTOR SCORES FROM THE FIRST PRINCIPAL COMPONENT
f IT SAVES THE COEFFICIENTS FROM THE REGRESSIONS FOR LATER USE
C IN TRUSS RECONSTRUCTION AT ASTANDARD SIZE.
C THE RESIDUALS FROM THE REGRESSIONS ARE ALSO SAVED IN ASEPARATE FILE.
f

C WRITTEN BY ELIZABETH BOULDING
f MARINE FISH DIVISION
C BEDFORD INSTITUTE OF OCEANOGRAPHY.

C VERSION MAY 4,1984.
f'

C
REAL XVAR(ARRAY),YVAR(ARRAY), TRTRUS(3b,ARRAY), TLENG(ARRAY)
REAL FACTR1(ARRAY),FACTR2(ARRAY)
INTEGER NTRUSM,NCALL,NCASE,NCASES,NTAG(ARRAY),NSET(ARRAY),NCELL
PARAMETER(NCELL=NUMCELLS,NTRUSM=NCELLt5+1)

C
OPEN (8,FILE='BMDPOUT')

crt. THIS FILE CONTAINS THE ORIGINAL TRUSS MEASURES AFTER THEY HAVE BEEN
C LOG-TRANFORMED AND THE FACTOR SCORES FROM THE PRINCIPAL COMPONENT
C ANALYSIS. IT IS THE INPUT DATA FOR THIS PROGRAM.
C

OPEN (10,FILE='COEF'l
ctt THIS FILE CONTAINS THE REGRESSION COEFFICIENTS THAT WILL BE
C USED IN THE TRUSS
C RECONSTRUCTION FOR AFISH OF ASTANDARD SIZE.
C THE FIRST VALUE ON EACH LINE IS THE INTERCEPT AND THE SECOND
f IS THE SLOPE.

OPEN (12,FILE='RESID')
Ct.t THIS FILE CONTAINS THE RESIDUALS FROM THE REGRESSIONS OF THE
C LOG-TRANSFORMED TRUSS MEASURES AGAINST THE FIRST PRINCIPAL COMPONENT
r SCORES.
C
f FORMAT STATEMENTS
f 100 IN THIS PROGRAM HUST HATCH 200 AND 201 IN THE PRECEDING SUBROUTINE
f TRANSF THAT WROTE THE DATA INTO THE ASCII FILE READ BY THIS PROGRAM.
f 104 IS THE FORMAT IN WHICH THE RESIDUALS FROM THIS PROGRAM ARE WRITTEN
C TO AN ASCII FILE.
f 105 IS THE FORMAT IN WHICH THE REGRESSION COEFFICIENTS ARE WRITTEN TO AN
f' ASCII FILE.
r
ctt. INITIALIZE VARIABLES

NCALL=O
NCASE=1

99 READ C8,100,ERR=1b,END=18lNTAG(NCASEl,NSETCNCASE),
&(TRTRUS (I, NCASEl, 1=1, tmUSt1) ,
&TLENG(NCASEl,FACTRICNCASEl,FACTR2CNCASEl

Ctt ASSUME THAT ALL CASES HAVE NO MISSING DATA
NCASE=NCASE+1
GO TO 99
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100 FORMAT (2X I14 1 1Xj12 1 / 1 11 FlO. 4,/ 1 I! F! 0.4 1 II 11 FlO. 41 II 5F1O. 4)
103 FORMAT (' ERROR WHILE READING I CHECK YOUR DATA')

15 WRITE(10 1 103)
IS NCASES=NCASE-l

Crt DO FIRST REGRESSION WHICH WILL BE USED TO OBTAIN THE
r FACTORl SCORE OF AFISH OF TOTAL LENGTH X.

DO 10 J=l jNCASES
crr XVAR IS THE INDEPENDENT VARIABLE

XVAR W=TLENG (J)

crr. YVAR IS THE DEPENDENT VARIABLE
YVAR(J)=FACTR1(J)

10 CONT INUE
CALL REGRES(TRTRUSjXVAR,YVAR,NCASES,NCALL)

C
crr DO INDIVIDUAL REGRESSIONS FOR EACH TRUSS MEASURE WITH fACTOR 1
C SCORES AS THE INDEPENDENT VARIABLE.
C
crt THE INDEPENDENT VARIABLE IS THE SAME FOR ALL SUBSEQUENT REGRESSIONS

DO 15 L=I,NCASES
XVAR(Ll=FACTR1(L)

15 CONTINUE
Crt DO THE FOLLOWING FOR EACH TRUSS MEASURE

DO 20 K=I INTRUSM
Ctt HOWEVER THE DEPENDENT VARIABLE DOES CHANGE FOR EACH REGRESSION

DO 30 M=l jNCASES
YVAR(M)=TRTRUS(KIMl

30 CONTINUE
CALL REGRES(TRTRUSIXVARjYVARINCASESjNCALL)

20 CONTINUE
crt WRITE THE RESIDUALS INTO AfILE

DO 40 IN=I,NCASES
WRITE(12

1
104lNTAG(IN)jNSET(IN)jTLENG(INlIFACTR1(IN)IFACTR2(IN),

&(TRTRUS(N,INl IN=I,NTRUSM)
40 CONTiNUE

\~RITE( lO,105)NCASES
104 fORMAT(2XII4,lXjI2j3Fl0.4j/jlSFS.4,/j15F8.4,I,5F8.4l
105 fORMAT(ITHE NUMBER OF CASES (FISH) IS '/14)

WRITE(10,t)'REGRESSIONS WERE SUCCESSfUL!'
STOP
END
SUBROUTINE REGRES(TRTRUS,XVARjYVAR,NCASESjNCALL)
REAL XVAR(ARRAY)IYVAR(ARRAYlIXDEV(ARRAY)IYDEVjINTCPT,SLOPEjR
REAL RESY jSUMX,SUMY,SUMXX ISUMYY jSUMXY,XMEAN,YMEAN,TRTRUS(35,ARRAYl
INTEGER NCALLjNCASES,NVAR

crt INITIALIZE AND SUM VARIABLES
NC.~LL =NCALL+1
SUrlY=O.O
SUMY'{=O.O
SUMXY=O.O

r IF THIS IS LESS THAN THE THIRD CALL TO THIS SUBROUTINE
C INITIALIZE ALL VARIABLES ASSOCIATED WITH INDEPENDENT VARIABLE

IF (NCALL.LT.3) THEN
SIJMX=O.O
SUMXX=I).O

HlDIF
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DO 10 I=1 jNCASES
IF (NCALL.LT,3) THEN

SUMX=SUMX+XVAR(I)
ENDIF

C*t CALCULATE THE SUM OF YFOR ALL CALLS TO REGRESS
SUMY=SUMY+YVAR(I)

10 CONTINUE
IF (NCALL.LT,3) THEN

XMEAN=SUMXfNCASES
ENDIF

VMEAN=SUMYfNCASES
DO 20 J=l jNCASES

IF (NCALL,LT,3) THEN
XDEV(J)=XVAR(J)-XMEAN
SUMXX=SUMXX+XDEV(J)tXDEV(J)

ENDIF
YDEV=YVAR(J)-YMEAN
SUMYY=SUMYYtYDEVtVDEV
SUMXV=SUMXYtXDEV(J)tVDEV

20 CONTINUE
SLOPE=SUMXYfSUMXX
INTCPT=YMEAN-(SLOPEtXMEAN)

C*t CALCULATE RTHE CORRELATION COEFFICIENT
R=SUMXYf((SUMXXtSUMVY)ttO.5)

Ctt NCAlL REFERS TO NO. OF CALLS TO REGRESS
CALL COEFSV(SLOPEjINTCPTjRjNCALL)
IF (NCAll.GT.l) THEN
DO 30 K=ljNCASES

Ctt REPLACE INDIVIDUAL TRUSS MEASURES WITH RESIDUALS FROM REGRESSIONS
RESY=(YVAR(K)-(SlOPEtXVAR(K)tINTCPT))
NVAR=NCAll-l
TRTRUS(NVARjK)=RESY

30 CONTINUE
ENDIF
RETURN
END
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SUBROUTINE COEFSV(SLOPE,INTCPT,R,NCALL)
REAL OLDCEF(3),SLOPE,INTCPT,R
INTEGER SIDE,CELL,NCALL

C** INITIALIZE SIDE AND CELL
IF (NCALL.EQ.l) THEN

5IDE=0
CELL=O

ENDiF
C*t. WRITE THE COEFFICIENTS FROM THE REGRESSIONS INTO THE FILE
C*t DO THE FOLLOWING ONLY FOR FIRST REGRESSION

IF USIDLEQ.Ol.AND. (CELL.EQ.On THEN
WRITE(10,l04) INTCPT,SLOPE,R

104 FORMAT(2Fl0.5,2X,'CORRELATIDN COEFFICIENT IS ',F4.2)
ELSE

Ctt DO THE FOLLOWING FOR ALL SUBSEQUENT REGRESSIONS
IF (SIDE.EQ.4) THEN

Ctt MUST STORE COEFFICIENTS FOR SHARED SIDE
OLDCEF(l)=INTCPT
OLDCEF(2)=SLOPE
OLDCEF(3)=R
ENDIF
WRITE (10,105) INTCPT,SLOPE,R,SIDE,CELL

105 FORMAT(2F10.5,2X,'CORRELATION COEFFICIENT IS I,F4.2,2X,
&' TRUSS (I, 11, , , , , 11, , )I )

Ctt MUST AUTOMATICALLY FILL IN COEFFiCIENTS FOR SHARED SIDE
IF ((SIDE.EQ.l).AND.(CELL.GT.l)) THEN

SIDE=SIDE+l
WRITE(10,l05)(OLDCEF(J),J=l,3),SIDE,CELL

ENDIF
ENDIF .

Ctt DO THE FOLLOWING FOR ALL REGRESSIONS
IF ((SIDE.EQ.0).OR.(SIDE.EQ.6)) THEN

SlDE=l
CELL=CELL+l

ELSE
SIDE=SIDE+l

ENDIF
F.:ETURN
END
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.PROC,lEASUBtIjTlENGTH"DESIRED SIIE OF COMPOSITE FISH INTEGER"=(tS3(123456789011,
NUMCEllS"NUilBER OF CELLS IN YOUR TRUSS"=(:tSl(4557)1,
COEFFIlE"INPUT FILE CONTAINING REGRESSION COEF"=(tFI,
ADJUSTED"TRUSS DESIRED NAME OF OUTPUT FILE tr"=(rFI,
RUNMESS"DESIRED NAME OF FILE WITH IMSl MESSAGES"=(rFI .
.r THIS PROCEDURE RUN THE FORTRAN PROGRAM THAT FLATTENS THE
.r TRUSS OF AVERAGE TRUSS MEASURES FROM AFISH POPULATION .
.r IT USES THE INTL. MATH. STAT. LIBRARY (SUBROUTINE ZXSSOI .
.r FOR MORE DETAILED COMMENTS REFER TO FORTRAN PROGRAM BELOW.
SUBMIT, SUBJOB .
.DATA,SUBJOB.
/JOB
LEAST,CM177000,T32.
IREAD,MFDUI
ATTACH,IMSLIB/UN=LIBRARY.
II BRARY , IMSLI B.
SET,COEF=COEFFILE.
FTN5.
LDSET(LIB=IMSLIB,PRESET=ZEROI
lSO.
SET, AUTOSAV/UN=LIBRARY.
REPLACE,OUT=ADJUSTED.
BEGIN"AUTOSAV,LDBUG,RUNMESS.
DAYFILE, OUTPUT.
REPLACE,OUTPUT=lEAOK.
aWUIRE,F.
EXIT.
DAYFIlE,OUTPUT.
REPLACE,OUTPUT=lEABOMB.
SAVE,LDBUG.
ENQUIRE/.
IEOR
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PROGRAM CTRUSS
t.t.t.ttt*t**********************************ttttt***t*tt**********t*tt**************
( CTRUSS CALCULATES THE TRUSS FOR AN AVERAGE FISH AT ASTANDARD SIZE
C USING THE REGRESSION COEFFICIENTS FROM THE REGRESSIONS OF THE TRUSS MEASURES
( OF THE INDIVIDUAL FISH AGAINST THE FIRST WITHIN-GROUP PRINCIPAL COMPONENT.
C IT THEN "FLATTENS EACH CELL OF THE TRUSS BY ADDING OR SUBTRACTING A
( SMALL CORRECTION TO EACH OF THE SIX SIDES.
C THESE CORRECTIONS ARE CALCULATED BY MINIMIZING THE VALUE OF A
( DETERMINANT WHICH WILL BE EQUAL TO ZERO WHEN THE TRUSS IS
C PERFECTLY PLANER. THE ADJUSTED TRUSS MEASURES
C ARE THEN IN AFORM WHERE THEY CAN BE RECONSTRUCTED IN X-Y SPACE AND
C TRANSFORMED INTO APLOT FILE BY OUR COMPANION PROGRAM TRUSSD.
C
C DEVELOPED 1984 BY:
C JACQUELINE MCGLADE (M.F.D'I B.I.O.)
C AND ELIZABETH G. BOULDIN8 (M.F.D., B.I.O.)
C WITH ASSISTANCE FROM:
C TOBY KEITH HAY (BIOLOGY/ DALHOUSIE UNIVERSITY)
C GENERAL IDEA SIMILAR TO THAT IN STRAUSS &BOOKSTEIN (1982, SYSTEMATIC
C ZOOLOGY 31:113-135).
r
Ctt THIS PROGRAM WORKS FOR TRUSSES OF FOUR TO SEVEN CELLS EACH CONTAINING
ct* SIX MEASUREMENTS.
C THE SIX MEASUREMENTS ARE LISTED IN THE ARRAY "TRUSS"
C IN THE FOLLOWING ORDER:
C
C
C
C
C
r
v

I 2 3
I

4 I
I

\
\ 5
\

/
6 /

/

C NOTE THAT SIDE4 IS THE SAME AS SIDE 2 OF THE NEXT CELL.
C THIS PROCEDURE CALLS THE SUBROUTINE lXSSQ FROM THE
C INTL. MATH. STAT. LIBRARY WHICH CAN ONLY BE CONNECTED
( BY CLEARING ONE OF OUR EXISTING LIBRARIES. THIS IS
C DONE NEAR THE BEGINNING OF THIS PROCEDURE.
C
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I

C INTERPRETATION OF CONVERGENCE CRITERION AND ERROR MESSAGES FROM
C IMSL1S lSSQ SUBROUTINE ARE IN THE FILE RUNMESS.
C
C INFER=O CONVERGENCE FAILED
C SEE VARIABLE IER FOR EXPLANATION.
r
C
r CONVERGENCE SATISFIED
r INFER=l CRITERION THAT THE PARAMETER ESTIMATES AGREE TO NSIG DIGITS
C ON SUCCESSIVE ITERATIONS WAS SATISFIED.
C
r INFER=2 CRITERION THAT ON TWO SUCCESSIVE ITERATIONS THE RESIDUAL
C SS ESTIMATES DIFFER BY NO MORE THAN EPS WAS SATISFIED.
C
C INFER=4 CRITERION THAT EUCLIDIAN NORM OF THE APPROXIMATE GRADIENT
C IS LESS THAN OR EQUAL TO DELTA WAS SATISFIEDa
C
C~~ IF MORE THAN ONE CRITERION WAS SATIFIED THEN INFER WILL
I BE EQUAL TO THE SUM OF THOSE SATISFIED.
C
Cit ERROR PARAMETERS TO REFER TO WHEN INFER=O
C
CFATAL ERRORS
C
C IER=129 SINGULARITY WAS DETECTED IN THE JACOBIAN AND
I RECOVERY FAILED,
C
C IER=130 AT LEAST ONE OF Mj Nj IOPT j PARM(1)1 OR PARM(2)
I WAS SPECIFIED INCORRECTLY,
C
r IER=131 MARQUAND PARAMETER EXCEEDED PARM(3J,
I

C IER=132 AFTER ASUCCESSFUL RECOVERY FROM ASINGULAR
r JACOBIAN, THE VECTOR XHAS CYCLED BACK TO THE FIRST
r SINGULARITY.
r
C IER=133 IMPLIES THAT MAXFN WAS EXCEEDED, WE HAvE SET
e MAXFNCTHE MAXIMUM NUMBER OF CALLS TO THE SUBROUTINE)
r TO BE 100.
e
ctt WARNING ERROR
I IER=O IMPLIES THAT THE JACOBIAN IS ZERO, THE
C SOLUTION XIS ASTATIONARY POINT,
(

C~* FOR AMORE DETAILED DESCRIPTION SEE THE IMSL
C MANUAL, THE RELEVANT PORTIONS OF WHICH ARE
CAPPENDED ONTO THE "TRUSS· MANUAL
C
ct**t*t*t****t**t****tt****t***:tt******t~tttt*t*tt*ttt~t~~t*tttttttt*tttttttt*t
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C
C INPUT - OUTPUT INFORMATION
C
C FORTRAN UNITS
C 5= INPUT FILE
r 6= DEBUG AND RUN TIME MESSAGES
C 7= ADJUSTED TRUSS MEASURES AND CALCULATION OF DISTORTION
C READY FOR INPUT INTO THE COMPANION PROGRAM TRUSSD.
C

C

C

C
C

C

C FORMAT STATEMENTS
r 102 &103 READ THE SLOPES AND INTERCEPTS FOR THE REGRESSIONS
C OF THE TRUSS MEASURES AGAINST THE FIRST WITH-IN GROUP
C PRINCIPAL COMPONENT SCORES (SIZE) AND OF THESE SCORES

AGAINST EXPLICITLY MEASURED SIZE I TLENG. THESE WERE
CALCULATED BY REGPROC.

r 104 THIS WRITES OUT THE TRUSS MEASURES SO THEY CAN BE USED
BY TRUSPLT TO CALCULATE THE CO-ORDINATES OF THE
COMPOSITE FORM.

C 105 THIS WRITES OUT THE DISTORTION OR DEPARTURE FROM PLANARITY
OF THE COMPOSITE FORM AND THE SIZE THE FISH HAS BEEN
CONSTRUCTED AT.

C
C DICTIONARY OF SELECTED VARIABLES
C NOTE: CHECK TYPE DECLARATION, FIRST LETTER TYPE DECLARATION IS
C NOT USED.
C
C B(6) - REAL ARRAY CONTAINING THE INTERCEPTS
r FSIZE - TOTAL LENGTH (CM) DESIRED FOR COMPOSITE FISH
C LFACTl - REAL VARIABLE CONTAINING FIRST P.C. SCORE OF FISH
C LFSIZE - REAL VARIABLE LOGI0-TRANFORHED OF TOTAL LENGTH
C OF THAT TOTAL LENGTH
C SIDE(6) - REAL ARRAY CONTAINING THE DISTANCE MEASURES OF THE
C CELL BEING PROCESSED
C SL(6) - REAL ARRAY CONTAINING SLOPES
C TRUSS(6,7) - REAL ARRAY CONTAINING DISTANCE MEASURES OF COMPOSITE FISH
r WITH 6 SIDES PER CELL AND UP TO 7 CELLS IN THE TRUSS
C X(6) - REAL ARRAY CONTAINING CORRECTIONS TO DISTANCE MEASURES
C XCOR(b,7) - REAL ARRAY CONTAINING CORRECTION FOR ALL CELLS
C



47

REAL TRUSSCbI7)IXCORebI7)IXe6)ISIDE(6)ILFSIZEILFACTl
REAL B(6) ,SUb)
INTEGER INFER1WARN1NCELLS
PARAMETER (NCELLS=NUMCELLS)
DATA X/0.OIO.OIO.OIO.010.OIO.01
OPEN (51FILE='COEFJ)
OPEN ebIFILE=ILDBUGI)
OPEN C71FILE='OUTI)

CSt INITIALIZE VARIABLES
DO 3 KK=11NCELLS

DO 4 JJ=1 16
XCOR (JJ 1 KK) =0. 0

4 CONTINUE
3 CONTINUE

Cr.t THIS IS THE STANDARD SIZE AT WHICH THE "FISH" WILL BE RECONSTRUCTED
FSIZE=FLOAT(TLENGTH)
READ (51102)BLFACT1SLFACT
WRITEC6,t)IFOR AFISH OF STANDARD SIZE ',FSIZE
WRITECbIS)BLFACTISLFACT

r CALCULATE FIRST PRINC. COMPo SCORE OF AFISH OF DESIRED STANDARD SIZE
LFSIZE=LOGI0CFSIZE)
LFACTl=SLFACTr.LFSIZE+BLFACT
ICELL=1
WRITEC61t)FSIZE,LFSIZE,LFACTI

99 WRITECb,t)ITHE CELL NUMBER IS ',ICELL
DO 5 1=1,6

READC51103IEND=990)BCI)ISLCI)
5 CONTINUE

Cst CALCULATE THE AVERAGE TRUSS MEASURES FROM THE REGRESSION COEFFICIENTS.
DO 10 J=I,6

SIDECJ)=SLeJ)tLFACTl+BCJ)
SIDECJ)=10S*SIDECJ)
HRITEC61:n 'TF.:USSC 'I JI'I " ICELL, ')1, SIDE (J)

10 CONTINUE
C NOW ADJUST THE SIDES OF THE CELL UNTIL IT IS PLANER
C THIS IS DONE BY ADDING AND SUBTRACTING SMALL AMOUNTS
C ONTO EACH OF THE SIX SIDES THAT COMPRISE EACH CELL.
C
C
r THIS SUBROUTINE IS CALLED ONE FOR EACH OF THE SEVEN CELLS.

CALL FLATCSIDE1X1INFER)
DO 30 K=I,b

30 CONTINUE
DO 40 L=I,b

TRUSSCL, ICELL)=SIDECL)
IFCINFER.NE.O)XCORCL,ICELL)=XCL)

40 CONTINUE
ICELL=ICELL+l
IF CICELL.LE.NCELLS) GO TO 99
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Crt IF ALL SEVEN CELLS HAVE BEEN FLATTENED CONTINUE
C CALCULATE THE DISTORTION

DISTORT=O.O
DO 45 M=I,NCELLS

DO 47 N=1,5
DISTORT=DISTORT+(XCORIN,M)/TRUSSIN,M))tt2

47 CONTINUE
45 CONTINUE

DISTORT=IDISTORT)ttO,5
WRITEI7,1(5)DISTORT,FSIZE

r CALCULATE THE FLATTENED TRUSS
r ADD THE NECESSARY CORRECTIONS TO THE ORIGINAL DATA MATRIX,

WRITE(6,t)'THE ADJUSTED TRUSS IS'
DO 50 II=l,NCELLS

DO 50 JJ=I,6
TRUSS(]], l!)=TRIJSS(J],ll)+XCOR(]],ll)

60 CONTINUE
WRITEI7,104)(TRUSSIKK,II),KK=I,5)
WRlTE(6,104) mUSS(KK, Il) ,KK=I,6)

50 CONTINUE
102 FORMAT(2FI0.5)
103 FORMAT(2FI0.5)
104 FORMAT(6F5.2)
105 FORMAT(F6.4 I F6.1)
'3'30 STOP

END
C
c
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SUBROUTINE FLAT(SIDEP1XX1INFER)
C DRIVER FOR ZXSSQ LEAST SQUARES ESTIMATION
C TO FORCE CELL TO BE PLANER
C IMSL VERSION FEBRUARY 211984.
C ***rrttttttttttttttttttttttttttttttttttt

EXm:NAL rUNC
INTEGER M,N,IXJAC,NSIG, IOPT,I,INFER,1 L, LL
REAL PARM(4),X(6),F(6),XJAC(S,S),XJTJ(21)jWORK(S3),EPS,DELTA,

&SSQjSIDE(b),XX(£),SIDEP(S)
COMMON/ZSQ/SIDE,ITER
DO 3 NM=l,b

SIDE(MM)=SIDEP(MM)
3 CONTINUE

ctr INITIALIZE VARIABLES
INFER='39
m:='39
M=5
N=6
ITER::O
IXJAC::S
NSIG=3
EPS=O.1
DELTA=!).O
MAXFN=100
IOPT=1

DO 5 J=I,o
X(J)=O.O

5 CONTINUE
CALL ZXSSQ(FUNC,M,N,NSIG,EPS,DELTA,MAXFN,IOPT,PARM,X,SSD.jF,

& XJAC, IXJAC,XJTJ,WORK,INFER,IER)
C

~JRITE (S, n'
WRITE(S,t)'THE RESULTS OF ',ITER,' ITERATIONS ARE'
WRITE (o,:n' IER=' , IER
W~:ITE (b, n! INfER=' ,INFER
WRITE(o,t)'SSQ=' ,SSQ
DO '3 L=I,6

WRITE(S,*)'F(',L, ')=',F(L)
'3 CONTINUE

DO 11 LL=I,b
~jF:ITE(blt)'X(lILLj' )=1, Xt:LU

W:LU =X (LU
11 CONTINUE

RETURN
END
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SUBROUTINE FUNC(X,M,N,F)
f SUBROUTINE TO CALCULATE FUNCTION REQUIREO BY IXSSQ

INTEGER M,N,I,J,K,ITER
REAL X(N),F(M)IY(5),O(6)ISIOE(6),XSUM,OETER
COMMON IZSQ/SIOE,ITER

C

ITER= ITEF~+ 1
WRITE(b,*)'MAOE IT TO FUNC, NO. OF ITERATIONS=I,ITER
XSUM=O
00 10 I=I,b

O(I)=SIOE(I)+X(I)
o(I) =0 m:U:2
WRITE(6,:t) 'OSQO('I 11 ')= '1 0m

10 CONTINUE
crt. WHEN THIS OETERMINANT IS ZERO THE CELL (OF THE TRUSS)
C** IS PERFECTLY PLANER.

OETER=-2.*0(3)*0(1)t.*2-2.*0(1)*0(3)t.t.2-2.tD(4)tD(2)*t2
&-2.*0(2)*0(4)**2-2.*0(6)*0(5)**2-2.*0(5)*D(b)**2
&+2.rO(1)rO(2)*0(3)+2.*D(I)*0(2)*0(4)-2.*D(I)*0(2)*0(5)
&+2.*0(1)*0(3)*0(4)+2.*0(1)*0(3)*0(5)+2.*0(1)*D(3):0(6)
&-2.*0(1)*0(4)*D(6)+2.*0(1)*0(5)*0(6)+2.*0(2)*D(3)*0(4)
&-2.*0(2)*0(3)*0(6)+2.*0(2)*0(4)*0(5)+2.*0(2)*0(4)*D(6)
&+2.*0(2)*0(5)*0(6)-2.*0(3)rO(4)*0(5)
&+2.*0(3)*0(5)*0(6)+2.rO(4)*D(5)*0(6)

WRITE(6,r)IDETER=' ,DETER
DO 20 J=I,6

XSUM=XSUM+X(J)
20 CONTINUE

DO 30 K=I,6
F(K)=ABS(X(K))+(100000rDETER)r*2

30 CONTINUE
RETURN
ENO
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.PROC lTRUSPLTtI lPLTLABEL"19 DIGITS TO LABEL TRUSS DRAWINS",
NUMCELLS"NUH8ER OF CELLS IN YOUR TRUSS"=ltSl(4567l)/
FISHTYPE"l FOR INDIVIDUAL FISH OR 2 FOR COMPOSITE"=(t.Sl(12ll l
DATAFILE"INDIVIDUAL TRUSSES OR ADJUSTED COMPOSITE"=It.Fl,
PLDTFILE"NAME YOU WANT PLOT FILE SAVED AS"=ltFl l
RUNNESS"RUN TIME MESSAGES DETAILS OF POINT CALC"=(tFl.
t THIS VERSION IS FOR TRUSSES WITH FOUR TO SEVEN CELLS.
t. THIS PROCEDURE CONVERTS THE TRUSS
t. MEASURES TO X-Y COORDINATES.
t. IT THEN USES DISSPLA TO GENERATE A
t PLOTFILE.
SU8MIT, SUBJOB .
.DATA,SUBJOB.
/JOB
PLOT,CM177000, T32.
IF~EAD, MFOU 1
SET,TDATA=DATAFILE,
ATTACH,OISSPLA/UN=LIBRARY.
FIN5,
LDSETILIB=DISSPLAl.
LSO.
SET,AUTOSAV/UN=LIBRARY.
REPLACE,PLFILE=PLOTFILE.
AUTOSAV,PDEBUGlRUNMESS.
DAYFILE,OUTPUT.
REPLACE,OUTPUT=PLOK.
ENQUIRE,F.
EXIT.
DAYFILE,OUTPUT,
REPLACE,OUTPUT=PLBOMB.
SAVE,PDEBUG=RUNMESS.
ENJ]UIRE,F.
IEOR
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PROGRAM TRUSSD
C t.ttt****ttt*tt*t*****tt*****r.tttttttt***t**ttttrtttttttttttttttttttttttttttt
C PROGRAM TRUSSD RECONSTRUCTS THE TRUSS IN X-Y SPACE IN AFORM WHICH
C CAN BE PLOTTED ON AGRAPHICS DEVICE. THE INPUT DATA CAN EITHER
r BE TRUSS MEASURES FROM INDIVIDUAL FISH OR AVERAGE 'FLATTENED'
e TRUSS MEASURES FROM ARECONSTRUCTED AVERAGE FISH AT A
C STANDARD SIZE.
e
C
C DEVELOPED 1984 BY:
r JACQUELINE MCGLADE (M.F.D., B.I.O.)
C AND ELIZABETH G. BOULDING (M.F.D., B.I.O.l
r WITH ASSISTANCE FROM:
r TOBY KEITH HAY (BIOLOGY, DALHOUSIE UNIVERSITY)

C ORIGINAL: FEBRUARY 1984
C REVISED: JULY 1984 &MAY 1985
C GENERAL IDEA SIMILAR TO THAT IN STRAUSS &BOOKSTEIN (1982, SYSTEMATIC
C ZOOLOGY 31:113-135),
C
crt THIS PROGRAM IS FOR TRUSSES WITH FOUR TO SEVEN CELLS
Ctr. EACH CONTAINING SIX MEASUREMENTS,
C THE MEASUREMENTS ARE LISTED IN THE ARRAY "TRUSS"
C WHERE TRUSS IS ATWO DIMENSIONAL ARRAY WITH SIDE NUMBER
C BEING THE FIRST DIMENSION AND CELL NUMBER BEING THE SECOND
C (lEI, TRUSS(SIDE,CELL),
C CELL 1 IS NEAREST THE HEAD AND CELL 7 IS NEAREST THE TAIL.
e THE SIDES ARE NUMBERED IN THE FOLLOWING ORDER:
C

C
r
e

I
I 2
I

I
4 I

I

\
\ 5
\

I
5 I
I

C NOTE THAT SIDE 4 IS THE SAME AS SIDE 2 OF THE NEXT CELL.

C INPUT - OUTPUT INFORMATION
r
C FORTRAN UNITS
C 4= INPUT FILE
C 7= DEBUG AND RUN TIME MESSAGES
C THE PLOT OF THE TRUSS IS AUTOMATICALLY GENERATED BY
r DISSPLA INTO THE FILE PLFILE
C
e FORMAT STATEMENTS
C 100 MUST MATCH DATA FILE WITH RAW TRUSS MEASURES FOR
C INDIVIDUAL FISH.
C 200 &201 MUST MATGH OUTPUT DATA FILE FROM THE FORTRAN
C CTRUSS CONTAINING THE "FLATTENED" TRUSS MEASURES
C FROM THE RECONSTRUCTED COMPOSITE FISH.
C
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C
C DICTIONARY OF SELECTED VARIABLES
C
C NOTE: CHECK TYPE DECLARATiON j FiRST LETTER TYPE DECLARATiON
r IS NOT USED.
C
C CELL - INTEGER VARIABLE j CURRENT CELL NUMBER INDEX.
C DISTOR - REAL VARIABLE j DISTORTION OF COMPOSITE TRUSS READ
C FROM CTRUSS PROGRAM,
elFISH - INTEGER VARIABLE j EQUALS 1 FOR INDIVIDUAL TRUSSES AND
C EQUALS 2 FOR COMPOSITE,
C M- INTEGER PARAMETER j NUMBER OF SIDES (ALWAYS 6).
C N- INTEGER PARAMETER j NUMBER OF CELLS IN THE TRUSS.
C NPNTS - INTEGER PARAMETER j NUMBER OF POINTS NEEDED TO PLOT TRUSS.
C SET - iNTEGER VARIABLE j READ FOR INDIVIDUAL FISH.
C SIDE - INTEGER VARIABLE, CURRENT SIDE NUMBER INDEX.
C PLABEL - CHARACTER ARRAY, LABEL FOR TRUSS DRAWING.
r TRLENG - REAL VARIABLE j ACTUAL LENGTH OF TRUSS
r TLENG - REAL VARIABLE, LENGTH OF FISH TO BE DRAWN IN CHi READ IN.
C TRUSS - REAL ARRAY j CONTAINS TRUSS MEASURES.
r XPOINT - REAL ARRAY j CONTAINS XCO-ORDINATES OF TRUSS.
C YPOINT - REAL ARRAY, CONTAINS YCO-ORDINATES OF TRUSS.
C
C
C
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C
Ctt MAIN PROGRAM tttttt******r*********r*********rr**r*r****r*t:ttttrr*
C

REAL TRUSSC6,7),TLENG,XPOINTCIS),YPOINTCI5)lDISTORlTRLENG
CHARACTER PLABELtl9
INTEGER CELL,SIDE,MlN,SET,L,LL,NFISH,NPNTS
COMMON TRUSS, TLENG,SET,XPOINT,YPOINT,NFISH,DISTOR, TRLENG
PARAMETER CM=5,N=NUMCELLS,NPNTS=2rN+2)

C INITIALIZE VARIABLES
SET=O
DISTOR=O.O
DATA PLABEL/' 'I
DATA PLABEL/'PLTLABEL' I

r'
crr INPUT FILE DEPENDS ON WHETHER INDIVIDUALS OR COMPOSITE.

IFISH=FISHTYPE
IF CIFISH.EQ.I) THEN

C USED ONLY FOR INDIVIDUAL FISH
OPEN C4,FILE=ITDATA',RECL=150)
ELSE

C USED ONLY FOR COMPOSITE FISH
OPEN C4,FILE=ITDATA')
ENDIF
OPEN C7,FILE=IPDEBUG')
CALL COMPRS
NFISH=1

C
IF (IrISH .EQ. 1) THEN

C FOLLOWING USED FOR INDIVIDUAL FISH
99 READ (4,100,ERR=16,END=18)SET, CCTRUSSCSIDE,CELL),SIDE=1,M),

~CELL=I,N), TLENG
100 FOF.:MAT C5X,I2J,7X,7F4.1,T20/4.I,T36,5F4.I,T40,F4.1,TS6,SF4.1,

&160, F4.1 lT76,5F4.1, T80 ,F4.1, T%,5F4.1, TI00, F4.1, Tl16,4F4.1,
I,F3.1, T121, F3.1, TI35,4F3.1, F4.1)
WRITEC7,1(4)SET, CCTRUSSCSIDE,CELL),SIDE=1 lM),CELL=I/N),TLENG
CALL FINDP
WRITE(7,105)CXPOINTCL),L=1,NPNTS), (YPOINTCLL),LL=I,NPNTS)
CALL DRAWITCPLABEL)
NFISH=NFISH+1
IFCNFISH.GT.I00)GO TO 17

GO TO 99



55

ELSE
C USE FOR COMPOSITE FISH

READ(4 1 201)DISTORITLENG
199 DO 10 CELL=I IN

READ (4 1 200 IERR=15,END=18)(TRUSS(SIDE,CELL)ISIDE=I,M)
10 CONTINUE
200 FORMAT(5F5.2)
201 FORMAT(F5.4,F6.1)

WRITE(7,104lSET, ((TRUSS(SIDE ICELLl,SIDE=I,Ml,CELL=l INl,TLENG
CALL FlNDP
WRITE(7 1 10Sl(XPOINT(Ll IL=I,NPNTSl, (YPOINT(LL),LL=l,NPNTS)
CALL DRAWIT(PLABEL)
NFISH=NFISH+l
GO TO 1'3'3
ENDIF

C
15 WRITE(7,103)

STOP
17 WRITE(7 1 T.l'DO YOU REALLY WANT TO DRAW MORE THAN 100 TRUSSES?'
18 CALL DONEPL
103 FORMAT ('ERROR WHILE READING, CHECK YOUR DATA')
104 FORMAT U2,2X,24FS.l,/ 1 12FS.l/4.1,5F4.1 1F5.1J)
lOS FORMAT ('X COORDINATES: ',15F5.1/'Y COORDINATES: 'llSFS.l)

STOP
END

C
C
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SUBROUTINE FINDP
C
C THIS SUBROUTINE CHANGES THE TRUSS DISTANCES INTO XlV COORDINATES
C SUITABLE FOR PLOTTING,

REAL TRUSS(6 17),TLENG,XPOINT(16)IYPOINTCI6)IRADNXTIRADLST1TRLENG
REAL YNEXTLIYLASTIKlIK21A1B,CITHETAIXSUB,XADDIYSUBIYADD, [M,D,DYIDX
REAL XMID1YMID,XLAST,XNEXTL,THETB, TEMPI TEMP2,PI,DISTOR
INTEGER II,MISSINTEMP,I,J, IJ IMM,NN1KK,NTEMP3
INTEGER LPOS(7),CELL,NEW,SET,JK,NFISH
COMMON TRUSS,TLENG,SETIXPO[NT,YPOINT,NFISH,DISTOR,TRLENG
PARAMETER CN=NUMCELLS,NPNTS=2tN+2,PI=3,141592653)
DATA LPOS(I)ILPOSC2),LPOS(3),LPOS(4)ILPOS(S),LPOSC6),LPOS(7)

&/-1,2,1,1 12,-1,-1/
r ONE SIDE OUT OF SiX is REDUNDANT AND IS NOT NEEDED TO CALCULATE
C THE XlV CO-ORDINATES OF EACH CELL. THE SHORT SIDES SHOULD BE
C USED LEAST THEY BE SQUEEZED OUT OF EXISTENCE.
C WHEN LPOS [S ONE , THE TOP SIDE OF THE CELL IS NOT USED ,
C WHEN IT IS -1 THE BOTTOM SIDE IS NOT USED,
C AND WHEN IT IS TWO THE END IS NOT USED,
C

DO 10 II=I,NPNTS
XPOINH III =0, 0
YPOINT(I!)=O,O

10 CONTINUE
YPOINT(2)=TRUSSC2,1)

C THE VALUES OF THE FIRST TWO COORDINATES ARE NOW DEFINED
DO 20 J=I IN

CELL=J
NEW=2:t.CELL
DO 30 1=1 12

MISS=LPOS(CELL)
IF (LEO,1) THEN

C DO THE FOLLOWING ONLY FOR THE FIRST TRIANGLE
NEXTL=2:tCELL-l
XNEXTL=XPOINT(NEXTL)
YNEXTL=YPOINT(NEXTL)
LAST=2tCELL
XLAST=XPOINTCLAST)
YLAST=YPOINT(LAST)
IF «MISS,EQ,I).OR,(MISS,EO,2)) THEN

C DO THE FOLLOWING IF THE TOP SIDE IS NOT USED
RADNXT=TRUSS(I,CELL)
RADLST=TRUSSC5,CELL)
NEW=NEW+l

ELSE
C DO THE FOLLOWING IF THE BOTTOM SIDE IS NOT USED

RADNXT=TRUSS(6ICELL)
RADLST=TRUSS(3,CELL)
NEW=NEW+2

ENDIF
ELSE
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r DO THE FOLLOWING ONLY FOR THE SECOND TRIANGLE
IF (MISS.ED.!) THEN

r DO THE FOLLOWING IF THE TOP SIDE IS NOT USED
XLAST=XPOINT(NEW)
YLAST=YPOINT(NEW)

r XNEXTL &YNEXTL RETAIN THE SAME VALUE AS FOR THE FIRST TRIANGLE
RADNXT=TRUSS(b,CELL)
RADLST=TRUSS(4,CELL)
NEH=NEW+l

ELSE IF (MISS.EQ.2) THEN
C DO THE FOLLOWING IF THE END IS NOT USED
C NB. NOTE THAT XLASTjYLAST,XNEXTL, &YNEXTL STAY THE SAME.

RADNXT=TRUSS(b,CELL)
RADLST=TRUSS(3,CELL)
NEH=NEW+l

ELSE
C DO THE FOLLOWING IF THE BOTTOM SIDE IS NOT USED

XNEXTL=XPDINT(NEWl
YNEXTL=YPOINT(NEHl

C XLAST &YLAST RETAIN THE SAME VALUE AS FOR THE FIRST TRIANGLE
RADNXT=TRUSS(4,CELLl
RADLST=TRUSS(S,CELL)
NE\~=NEW-l

ENDIF
ENDIF
Kl=CXNEXTLtt2+YNEXTLt*2+RADLSTrr2-RADNXTtt2-XLASTtt2

&-YLASTtt2l!C2t(YNEXTL-YLASTll
K2=CXLAST-XNEXTLl!CYNEXTL-YLASTl
A=l +K2:t:t2
B=2t.KltK2-2tK2tYNEXTL-2tXNEXTL
C=XNEXTLti2+Kltt2+YNEXTLtt2-2tKltYNEXTL-RADNXTtt2
IM=B:t.t2-4lAtC
IF (IM.LT.O.Ol GO TO 999
IM=CSQRTCIMl)/(2:t.A)
XADD=(-1.OtB!(2tAll+IM
XSUB=(-1.0tS/(2tA))-IM
IF (I. EQ. 1) THEN

C IF THIS IS THE FIRST TRIANGLE, TAKE THE LARGEST XVALUE
XPOINT(NEH)=XADD
YPOINT(NEW)=Kl+K2tXADD

ELSE
C IF THIS IS THE SECOND TRIANGLE

YADD=K 1+K2:t.XADD
YSUB=Kl+K2t.XSUB
IF (MISS.EQ.2) THEN

XPOINT(NEW)=XADD
YPO INW1EW) =YADD

ELSE IF «MISS.EQ.l.AND.YADD.GT.YSUB).OR.
& (MISS.EQ.-l.AND.YADD.LT.YSUB)) THEN

C IF THE TOP SIDE IS NOT USED WE WANT THE LARGEST VALUE OF Y



58

r WHEREAS IF THE BOTTOM SIDE IS NOT USED WE WANT THE SMALLEST.
XPOINT(NEW)=XADD
YPOINT(NEW)=YADD

ELSE
XPOINHNDn=XSU8
YPOINT(NEW)=YSUB

END IF
IF (CELL.LT.N) THEN

C IF NOT THE LAST CELL DO THE FOLLOWING
C MUST ROTATE THE COMPLETE CELL NOW SO THAT IT IS ON XAXIS
C TELLS US WHICH WAY IS UP.

M=-1+2tCELL
MN= 1+2:iCELL
THETB=ATAN(YPOINT(MN)-YPOINT(M))/(XPOINT(MN)-XPOINT(M)))
DO 40 IJ=ljNPNTS

TEMP=XPOINHIJ)
XPOINT(IJ)=XPOINT(IJ)tCOS(THETB)+YPOINT(IJ)tSIN(THETB)
YPOINT(IJ)=YPOINT(IJ)tCOS(THETB)-TEMPtSIN(THETB)

40 CONTINUE
r NOW ADJUST THE SHARED SIDE TO ITS VALUE IN THE NEXT TRUSS

NTEMP=CELL+l
D=(TRUSS(2 jNTEMP)-TRUSS(4 jCELL))

C VALUE OF LOWER POINT
M/1= 1+2:iCELL

C VALUE OF UPPER POINT
NN=2+2tCELL
THETA=ATAN(YPOINT(NN)-YPOINT(MM))/

& (XPOINT(NN)-XPOINT(MM)))
IF (THETA.LT.O.O) THEN

THETA=PI+THETA
ENDIF
DY=0.5totSIN(THETA)
DX=0.5tDtCOS(THETA)
XPOINT(MM)=XPOINT(MM)-DX
XPOINT(NN)=XPOINT(NN)+DX
YPOINT(MM)=YPOINT(MM)-DY
YPOINT(NN)=YPOINT(NN)+DY

ENoIF
ENDIF

30 CONTINUE
20 CONTINUE

C ROTATE COMPLETED TRUSS BACK TO STANDARD ORIENTATION
C BISECT 'FISH' AT PSEUDOLATERAL LINE
C FIND POINT BISECTING SIDE 4 IN LAST CELL.

NTEMP3=NPNTS-l
XM ID=XPOINT (NTEMP3) +0. 5:t. (XPOINT (NPNTS) -XPOI NT UHErlP3) )
YMID=YPOINT(NTEMP3)+0.5:t.(YPOINT(NPNTS)-YPOINT(NTEMP3))
THETA=ATAN(YMID/XMID)
DO 50 JK=ljNPNTS

TEMP2=XPOINT(JK)
XPOINT(JK)=XPOINT(JK):t.COS(THETA)+YPOINT(JK)tSIN(THETA)
YPOINT(JK)=YPOINT(JK)tCOS(THETA)-TEMP2tSIN(THETA)

50 CONTINUE
TRLENG=«(XMID-XPOINT(1))**2+(YMID-YPOINT(1))tt2)ttO.5

C TRANSLATE POINTS TO ABOVE XAXIS
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DO 60 KK=l,NPNTS
YPOINT(KK)=YPOINT(KK)+0.25tTlENG

50 CONTINUE
RETURN

999 WRITE(7,t)'THE ROOTS OF THE QUADRATIC ARE IMAGINARY, '
WRITE(7,t)'CHECK YOUR DATA!! I I I 11

RETUF~N

END
C
C
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SUBROUTINE DRAWITIPLABEL)
C
CtiTHE SUBROUTINE DRAW AND DRAWIT PLOT THE POINTS WHOSE CO-ORDINATES
C ARE IN XPOINT AND YPOINT USING THE DISSPLA GRAPHICS PACKAGE BY
r ISSCO. YOU WILL HAVE TO MODIFY THEM FOR OTHER GRAPHICS PACKAGES.

REAL CURVX1(30)jCURVYiI30),CURVX2114J,CURVY2114)
REAL XPOINTI16J,YPOINT(16)jTRUSSI6 j7J jTLENG jDISTOR,TRlENG
INTEGER PENPSl(30)jPENPS2114)jI jJjSET,ISET jNjNPNTS,NCURV!,NCURV2
CHARACTER PlABElt19
COMMON TRUSS,TLENGjSET,XPOINT,YPOINT,NFISH,DISTORjTRlENG
PARAMETER IN=NUMCElLS,NPNTS=2tN+2,NCURV1=2tNPNTS-2 jNCURV2=NPNTS-2)
DATA PENPS1/!j4j3,2jlj3,bj4j5j617,5,B,7110,8j9,10,

&11,9,121ll, 14112,13,14,15 j13116)151
DATA PENPS2!2j4j3,5jb,Bj7,9jlOjI2jl1,13jI4,16/

C
ISET=SET
DO 10 I=II NCURV I

CURVXIII)=XPOINTIPENPSIII»)
CURVYIII)=YPOINTIPENPSIII»)

10 CONTINUE
DO 20 J=IINCURV2

CURVX2IJ)=XPOINTIPENPS2IJ»)
CURVY2IJ)=YPOINTIPENPS2IJ»

20 CONTINUE
CAll DRAW ICURVXl,CURVYI ICURVX2 jCURVY2IISET,NFISH,DISTOR,

&PlABEl l TLENG ITRlENG)
RETURN
END

C
C
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SUBROUTINE DRAW (CURVXl jCURVY1,CURVX2,CURVY2,ISET jNFISH,DISTOR,
~PLABELj TLENG, TRLENG1

C
CHARACTER PLABELt19
REAL CURVX1(301,CURVY1(301,CURVX2(14)jCURVY2(14)jDISTOR, TLENG
REAL XXSTPjXXMAX,YYSTP,YYMAX,TRlENG
INTEGER N,NPNT5,NCURV1, I5ET
PARAMETER (N=NUMCELLS, NPNTS=2tN+2, NCURV1=2tNPNTS-2, NCURV2=NPNTS-21

C
CALL BGNPL(NFISH)
CALL TITLE (PLABEL,-19,O,0,0,O,lO.0,b.O)

C SCALE THE PLOT FROM 10.0 X6.0 INCHES TO UNITS or CO-ORDINATES.
XXSTP=(TRLENG+(TRLENGtO.l))!lO.O
XXMAX=XXSTPt10.0
YYSTP=XXSTP
YYMAX=YYSTPtS.O
CALL GRAF(0.,XXSTP,XXMAX,0.,YYSTP,YYMAX1
CALL MARKER(4)
CALL CURVE (CURVX1,CURVY1,NCURVl jl)
CALL CURVE (CURVX2,CURVY2,NCURV2,O)
CALL MESSAG ('TOTAL FISH LENGTH IS CM',28,6.015.0)
CALL REALNO (TLENG,103,8.5,5.0)
CALL MESSAG ('DISTORTION IS 'jI3,5.0 1 4.5)
CALL REAL NO (DISTOR,104,7.7,4.5)
CALL ENDPL(O)
RETURN
END
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APPENDIX C:

BMDP PROGRAM CONTROL LANGUAGE LISTINGS FOR MORPHOMETRIC ANALYSIS.

NOTES ON USING BHDP STATISTICAL SOFTWARE.

THE CONTROL LANGUAGE LISTINGS IN THIS APPENDIX ARE THE ONES WE USED
TO RUN PRINCIPAL COMPONENTS ANALYSIS j OBTAIN PLOTS OF THE PRINCIPAL
COMPONENTS SCORES THAT WERE LABELLED BY GROUP , AND TO DO DISCRIMINENT
ANALYSIS. WE INCLUDE THESE LISTINGS ONLY AS AGUIDE j YOU WILL HAVE TO MAKE
MANY CHANGES IN THEM TO USE THEM FOR YOUR DATA. FOR EXAMPLE IN THE LISTING
FOR PRINCIPAL COMPONENT ANALYSIS YOU WILL HAVE TO PROBABLY CHANGE THE
FORMAT AND IF YOU HAVE OTHER THAN 7 CELLS IN YOUR TRUSS YOU WILL HAVE TO
CHANGE THE NUMBER OF VARIABLES j THE ADD STATEMENT j THE USE STATEMENT j THE
VARIABLE NAMES j AND THE NUMBER OF TRANSFORMATION STATEMENTS,

FOR THE LISTING TO PRODUCE THE LABELLED PLOTS OF PRINCIPAL COMPONENT
SCORES YOU WILL HAVE TO CHANGE THE ABOVE AS WELL AS THE VARIABLE NUMBER
IN BRACKETS INCLUDED IN THE MAXjMINjCODE AND NAMES STATEMENT. IN THE
TWO EXAMPLES OF LISTINGS FOR PCAPLOT WE GIVE THERE ARE TWO DIFFERENT METHODS
OF DEFINING GROUPS TO LABEL WITH ADISTINCT SYMBOL: ONE USING THE TRAN
PARAGRAPH TO SUBDIVIDE BY CASE NUMBER AND ONE USING THE VALUE OF A
VARIABLEj YOU WILL WANT TO CHOOSE THE APPROPRIATE ONE FOR YOUR DATA.

FOR THE DISCRIMINENT ANALYSIS LISTING YOU WILL HAVE TO CHANGE ALL OF THE
ABOVE PLUS THE CODE AND NAME STATEMENT TO CORRESPOND TO THE NUMBER OF
GROUPS YOU HYPOTHESIZE FOR YOUR DATA. YOU WILL ALSO HAVE TO CHANGE THE
PRIOR STATEMENT (NOTE THAT FOR AGIVEN GROUP THAT THE PRIOR PROBABILITY
IS EQUAL TO THE NUMBER OF FISH IN THAT GROUP DIVIDED BY THE TOTAL NUMBER
OF FISH IN THE ANALYSIS). DEPENDING ON THE RESULTS YOU MAY ALSO WANT TO
ADJUST THE F TO ENTER AND REMOVE.

TO MAKE THE ABOVE CHANGES YOU WILL WANT TO REFER TO THE 1983 REVISED
PRINTING OF THE BMDP STATISTICAL SOFTWARE MANUAL. THERE IS ALSO AHANDY
QUICK REFERENCE MANUAL THE SMDP USER'S DIGEST. FOR THE CYBER INSTALLATION
OF BMDP YOU WILL WANT TO REFER TO THE ONLINE DOCUMENTATION (AVAILABLE AT
YOUR COMPUTER CENTRE IF THEY HAVE BMDP) "BMDP-83 rCDC VERSION) FOR NOS
OPERATING SYSTEMS" WHICH WAS RELEASED BY NORTHWESTERN UNIVERSITY IN
APRIL 1985.

TO RUN EITHER THE PCAONE PROCEDURE OR THE DISCONE PROCEDURE ON ACYBER
WITH BMDP83 AND NOS 2.4 YOU JUST NEED TO MAKE THE CHANGES DESCRIBED ABOVE
TO CUSTOMIZE IT FOR YOUR DATA, TYPE THE PROCEDURE NAME AND ANSWER THE
INTERACTIVE QUESTIONS ABOUT THE NAMES OF YOUR INPUT AND OUTPUT FILES.
NOTE THAT AUTOSAV IS APROCEDURE WE HAYE IN OUR LIBRARY AT M.F.D. THAT DECIDES
IF AFILE IS DIRECT OR INDIRECT THEN USES EITHER RETURN OR SAVE AS
APPROPRIATE. YOU CAN REPLACE THESE TWO LINES WITH ·SAVE,FILENAME.·
UNLESS YOU HAVE THOUSANDS OF FISH IN WHICH CASE 'RETURN, FILENAME.'
IS NECESSARY. THE TWO LINES OF THE PROCEDURE AFTER !JOB RELATE TO ACCOUNTING
OF COMPUTER FUNDS AND ALLOCATION OF MEMORY AND TIME AND MAY DIFFER ON
OTHER CYBERS. ASK YOUR CONSULTANTS BUT INFORM THEM THAT MULTIVARIATE
BMDP PROGRAMS REQUIRE LOTS OF TIME AND MEMORY.
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NOTE THAT SOME COMPUTER CENTRES WITH CYBERS, SUCH AS DALHOUSIE UNIVERSITY
,PUT ALL THE BMDP PROGRAMS IN ONE GIANT FILE WHICH MAY HAVE ADIFFERENT

NAME THEN THE ONE ASSUMED HEREj CONSULT YOUR COMPUTER CENTRE THEN CHANGE
THE ATTACH COMMAND. NOTE THAT PEOPLE ON COMPUTERS THAT USE OTHER OPERATING
SYSTEMS WILL NOT USE THESE PROCEDURES. HOWEVER THE BMDP CONTROL LANGUAGE
(EVERYTHING AFTER THE "/EOR") IS ALMOST IDENTICAL ON MOST TYPES OF COMPUTERS,

THE LABELLED PLOTS OF THE PRINCIPAL COMPONENT SCORES (PCAPLOT) ARE BEST
HADE BY RUNNING BMDP60 INTERACTIVELY. TO 00 THIS ON OUR CYBER:
GETISAVEFILE. (IT COULD BE DIRECT ACCESS IF IT IS REALLY LARGE),

ATTACH/BMDP6D/UN=LIBRARY.
BMDP6D I L=OUTPUT,W=15000.
AFTER THE JOB HAS RUN YOU CAN SEND OUTPUT TO THE PRINTER.
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.PROC,PCAONEtIjDATAFILE'INPUT FILE WITH RAW DATA"=(tFl j
SAVEFILE'DESiRED NAME OF SMDP SAVE FILE tt'=(tFl,
RESULTS'DESIRED NAME OF FILE WITH SMDP OUTPUT'=(tFl,
OUTTITLE"LASEL FOR SMDP OUTPUT LESS THAN 20 CHAR'.
t THIS DOES PCA ON LOG-TRANSFORMED DATA.
SUBl1 IT, SUBJOB .
•DATA,SUBJOB.
/JOB
PCAl jCMi77000, T290.
IREAD,MFDUI
GET,DATAFILE/NA.
IFE,.NOT.FiLE(DATAFILE,ASl,NOGET.

ATTACH,DATAFILE.
END IF, NOGEL
ATTACH jBMDP4M/UN=LIBRARY.
8MDP4M,L=OUTPUT,W=20000.
80MB.
EXIT.
ENQU IRE I F~ I

DAYFILE,DAYPCAI.
REPLACE jDAYPCAI.
GET,AUTOSAV/UN=LI8RARY.
AUTOSAV,OUTPUT,RESULTS.
AUTOSAV,SAVEFIlE.
REWIND, OUTPUT.
IEOR
IPROBlEM TITlE='PCA LOG-TRANS OUTTITLE'.
IINPUT VARIABLE=39.

FILE=DATAFILE.
FORMAT=' (28X,3X,I,lX,M,F2.O,31F4.1,5F3.1,F4.1l'.

IVARIASLE
NAMES=TAG,SET,Al,A2,A3,A4,A5,Ab,Bl,B3,B4,B5,B6,Cl,C3,C4,C5,Cb,Dl,

D3,D4,D5,Db,El,E3 jE4 I E5,Eb,FI,F3 I F4,F5,F6,Gl,G3,G4,G5,G6, TLENG,
LAl jLA2,LA3,LA4,LA5,LAb,LBl,LB3,LB4,L85,LBb,LCl,LC3,LC4,LC5,LC6,
LDl,LD3 I L04,LD5,LD6,lEl,LE3,lE4,LE5,LEb,lFI,lF3,lF4,lF5,LFb,
LGl,LG3,LG4,LG5,LGb jlTLENG.

ADD=3? •
USE=LAI TO Ulb.

LABEl=TAG.
/TRAN



IFCSET EQ 0) THEN USE=-l,
LA 1=LOfi CAl ).
LA2=LOGCA2).

LA3=LOGCA3),
LM=LOG CM),
LA5=LOG (A5) .
LAb=LOG Wi),
LB1=LOGCBll .
LB3=LOI3 (83),
LB4=LiJG (B4) .
LB5=LOG(B5),
LB6=LOfi CB6) .
LCl=LOGCCl) .
LC3=LOG(C3),
LC4=LOGCC4).
LC5=LOG CC5) ,
LC5=LOG eeli).
LD1=LOGCDl! .
LD3=LOGCD3).
LD4=LOGCD4).
LD5=LOGCD5) .
LD6=LOfi (D6),
LE1=LOGCEll •
LE3=LOGCE3).
LE4=LOI3CE4) •
LE5=LOG(E5).
LE5=LOG CE5).
LF1=LOGCF1! .
LF3=LOGCF3) •
LF4=LOG(F4) .
LF5=LOG CFS),
LF6=LOGCFb).
LG1=LOGCGl).
Lfi3=LOGCG3) •
LG4=LOGCG4).
Lfi5=LOGCG5).
L!35=LOG CG6).
LTLENG=LOfi(TLENG).

iFACTOR FORM=COVA.
NUMBER=5.

CONST=0.0125.
iROTATE METHOD=NONE.
iSAVE CODE IS SECRET.

NE\~.

FILE=SAVEFILE.
FORM=BMDP,

CONT=DATA.
iEND
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fPROBLEM TITLE IS 'HADDOCK: PLOT OF PC SCORES/ RAW DATA (MORPHOMETRICS), .
IINPUT FILE=BHADALL.

CODE IS SECRET.
IVAR
MAXIMUM IS (77)3/ 3j 3.
MINIMUM IS (77)-3/ -3/ -3.

GROUPING IS SET.
IGROUP
CODES (2) =3 j4j5j9j1I), 11 j28, 2'3/ 31 1

37j41j42143j70179j88189.
NAMES(2)=X 1X,X,X,X,X jF1F,X j

X,XjXjXjW1Y,X/.
IPLOT

YVAR ARE FACTOR2,FACTOR3 jFACTOR3.
XVAR ARE FACTOR1 jFACTOR1 jFACTOR2.

GROUP IS W,XjYjF.
GROUP IS X.
GROUP IS Y.
GROUP IS W.
GROUP IS F.

SIZE=70 j55.
lEND
IPROBLEM TITLE IS 'POLLOCK: PLOT OF PC SCORES j RESIDUALS CORRELATION MATRIX'.
IINPUT FILE=BTOT.

CODE IS SECRET.
IVAR
ADD=1.
MAXIMUM IS (39)3 j 31 3.
MINIMUM IS (39)-3 j -3, -3.
NAMES=(44)SPECIES.

GROUPING IS SPECIES.
ITRAN

IFIKASE LT 233) THEN SPECIES=2.
IFIKASE GE 233) THEN SPECIES=l.

IGROUP
CODES(44)=1,2.
NAMES(44)=H,P.
IPLOT

YVAR ARE FACTOR2 jFACTOR3 jFACTOR3.
XVAR ARE FACTOR1,FACTOR1 jFACTOR2.

GROUP IS HjP.
G~:OIjP IS H.
GROUP IS P.

SlZE=70,56.
lEND
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.PROC,DISCONEtI,DATAFILE"NAME OF STANDARD INPUT FIlE"=ltFI,
QUTFIL'FILE THAT WILL CONTAIN 8MDP OUTPUT"=ltFI.
* THIS PROGRAM DOES DISCRIMINANT ANAYLSIS ON THE MORPHOMETRIC DATA

t YOU WILL HAVE TO CHANGE THE GROUP PARAGRAPH DEPENDING ON WHICH
t DATASET YOU USE.
t IT IS CURRENTLY SET UP FOR THE HADDOCK DATA.
S YOU MUST CHANGE THE CODES,NAMES, AND PRIOR STATEMENTS
SUBMIT ,5U8JOB .
.DATA,SUBJOB.
/JOB
DISCR,TI00 ,CM177000.
IREAD,MFDUI
GET,DATAFILE/NA.
IFE,.NOT.FILEIDATAFILE,A51,NOGET.

ATTACH, DATAFIlE.
ENDIF,NOGET.
ATTACH,8MDP7M/UN=LIBRARY.
BMDP7M,L=OUTPUT,W=35000.
BOMB.
EXIT .
ENQUIRE, F:.
DAYFILE,DAYDI5C.
GET,AUTOSAV/UN=LIBRARY.
AUT05AV,OUTPUT,OUTFIL.
REWIND,OUTPUT.
ROUTE,OUTPUT,DC=LP.
AUTOSAV,DAYDISC.
IEOR
IPROBLEM TITLE IS 'DISCRIMINANT ANALYSIS OF HADDOCK'.
IINPUT VARIABLE=39.

FILE=DATAFILE.
FORMAT=' 128X,3X, I ,IX, M, F2. O,31F4.1,5F3.1, F4.1 I I •

IVARIABLE
NAMES=TAG,SET,Al,A2,A3,A4,A5,Ab,Bl,B3,B4 ,B5,Bb,Cl,C3,C4,C5,CS,Dl,

D3,D4,D5,DS,El,E3,E4,E5,ES,Fl,F3,F4,F5,FS ,Gl,G3,G4,G5,GS, TLENG,
LAl,LA2,LA3,LA4,LA5,LAS,LBl,L83,LB4,L85,LBS,LCl,LC3,LC4,LC5,LCb,
LDl,LD3,LD4,LD5,LDS,LEl,LE3,LE4,LE5,LES,LFl,LF3,LF4,LF5,LFS,
LGl,LG3,LG4,LG5,LGS,LTLENG.

ADD=37.
USE=LAI TO LTLENG.
lABEL=TAG.
GROUP=SET.
ITRAN
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LA 1=LO(J(All •
lA2=LOG (A2),
LA3=LOG(A3) ,
LA4=LOG (M),

LA5=L06CA5) ,
LA6=LOG(A6),
LB1=LOGCBll •
LB3=LOG(B3l.
LB4=LOGCB4),
LB5=LOG (85) •
LB6=LOG(B&) ,
LC!=LOGCC!),
LC3=LOGC(3).
LC4=LOG(C4).
LC5=LOGCC5) •
LC6=LOG (Cf,) •
LDI=LOG(DI).
LD3=LOG(D3) •
LD4=LOG (04),
LD5=LOG CD5) •
LD&=L06CD&).
LE!=LOG(El ).
LE3=LOG (E3) •
LE4=LOG(E4)'
LE5=LOG(E5).
LE&=LOG(E6).
LF1=L06(F!) •
LF3=LOG (F3).
LF 4=LO(J( F4) •
LF5=LOG(F5) •
LF6=LOG(F&).
LGl =LOG WI).
LG3=L06(133) •
LG4=LOG UJ4) •
LG5=L06(G5).
LG&=LOG (16).

LTLENG=LOG(TLENG).
fGROIJP
CODES (2) ARE 3,4, &, 9,10,11,28,29,31,37,41,42,

43,70,79,88,89,
NAMES(2) ARE X,X,X,X,X,X,F,F,X,X,X,X,X,W,Y,X,F.
PRIOR=.52%, .153&, .1&, .1568 •
fDISC ENTER=2.0,2.0.

REMOVE=1.99,1.99.
JACKKNIFE.

fPRINT POST.
POINT.

fEND


