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Taximetrics Lab., Armory 101 December 29, 1969

Dear Frank:

I finally found time to read your ms, The Selection and Weighting
of Characters in Angiosperm Taxonomy. In general, I agree with the
paper, as to its inclusiveness and its efforts to explain what we mean
by character analysis.

Two points seem to need some discussion, however., The first is
the word "weighting." Since this word has so many connotations, why
not substitute the word "evaluation?® This seems to me to reflect
more accurately what a taxonomist actually does, and relieves us of
the burden of defense against those who have other connotations. I
believe Mr, White would agree with such a substitution. You might
discuss in the text the relations of evaluation to weighting, but don't
put the word weighting in the title.

The second point is, perhaps, a matter of my interpretation, but
I was startddd by your conclusion (p. 16, 2nd para.)"......it is possible
that such a taxonomist may proceed with the remaining stages of his work
without further help from taximetrics." In the very large genera, where
we believe that clustering methods such as ours are significant, we
(or I) think that you have only begun when you have your characters
straipghtened out, I really don't see how you can defend your statement,

Other than these two camments, I have no other disagr=ements.
Even these two aren't very serious, but probably merit some discussion
with Mr. White.

I have another mather which I wonder if you can help me with., I
have kept the Manihot specimens from Kew much too long, and have just
had a rather pointed letter from Sir George Taylor to get them back,
We need about 6 months more to finish study of them, and I wonder if,
through your connections with Mr, Polhill, you could aid in explaining
that we are actively engaged in study of the specimens, they are in
good condition and care, and that our computer development has slowed
down the work beyond that which would normally been required, but that
now we are in the final stages of the study, and hope to complete it
within the six month time mentioned above. I intend to write to Sir
George myself, but I am sure thet some additional knowledze, or
explanationy,of the work from you to Polhill (and hopefully from him
on to the director) would aid immeasurably., Perhaps you want to talk
this over with Mr, White before roing ahead with something like this,

Best wishes for the new year, and my regards to Mr, White.

Sincerely,
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TELEPHONES OXFORD DEPARTMENT OF FORESTRY

SE787 PROFESSOR
57881 DEPARTMENT COMMONWEALTH FORESTRY INSTITUTE
UNIVERSITY OF OXFORD
OXFORD ©OX) 3AB

10 December 1959

Professor David J. Rogers,
Taximetrics Laboratory,
Dept. of Biology,

Armory 101,

Unfversity of Colorado,
BOULDER, Colorado 80302

ATR MATL

Dear z>¢ﬁﬂ—

Hello! How are things in Boulder?

At last I have got the Character Analysis paper

completed and T shall try to submit it as soon as possible,

eSS I enclose a copy for you. If you have any major sugges-
tione or disagreements with what I have said or done, could
you possibly let me know very quickly indeed, as I am trying
to hurpry this through as guickly as possible. Mr. White
has put pressure on me to try and eliminate as many as
possible of the technical terms of taximetrics and has insisted
on my using words that are meaningful to ordinary botanists,
such as "weighting", ete.

Do let me know what is happening in Boulder now., I am
trying very hard to get a foothcld on the Atlas Computer at
Chiltern, so as to get your programmes established there.
One of the reasons for this is that the Williams & Lance
type programmes are getting a big foothold over here.

Best wishes for Christmas and the New Year to youw and

all the Lab.
Yours sm

¥.A.Bisby
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THE SELECTION AKD WEIGHTING OF CHARACTERS

IN ANGIOSFERM TAXONOMY

BY F. A. BISBY

Dopartment of Yorset Seisnce, University of Oxford

The selection snd weighting of characters is of great importance
in Angiosperm taxonomy. Fifty-two morphological characters,
observed in two hundred and seventy-three African species of
Crotalaria L., are analysed using a teximetric procedure, "Character
Analysis", which provides a quantitative measure of their potential
taxonomic value, the "information contribution". The characters are
lieted in descending order of information contribution and compared
with the relative importance given to them by Folhill in his previously
published orthodox study of the genus. The four characters used by
Folhill for his major division are asomg those highest on the list,
and only two of the twenty that he used for the delimitation of
sections ocour in the lower half of the list.

The taxonomic value of a character is dependent on how it is
defined. The way in which the information contribution measure can
be used in the production of better definitions of poor characters
is described, and one very succesaful example of "Character Improvement
is given.

The potential value of these taximetric procedures in taxonomic
revisions of large genera and families with complex reticulate patterns

of varistion is discussed.
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INTRODUCTION

The availability of computers with large memory stores and
high rates of computation has in recent years opened up the
possibility of performing very rapidly, large quantities of data
comparisons. This is of potential importance in classification
where it is receiving increasing attention. In biological
classification it has lead to the study and devslopment of
automated procedures intended to repluce some or all of the steps
in orthodox taxonomy. This subject, originally described as
numerical tsxonomy, is now frequently referred to as taximetrice.
The latter word describes the use of measurement and arrangement,
and avoids the implication of the earlier phrase, that this subject

involves a different kind of taxonomy.

Despite some common goals, such ss the precise and objective
treatment of data, avoidance of a pricri character weighting, and the
replacement of time-consuming herbarium work by sutomated procedures,
workers in taximetrics have produced methods which vary both in
procedure and in their underlying concepts concerning classification.

Teximetrics first reached the general public when Sokal and Sneath
published The Frinciples of Numericsl Taxonomy in 1963. Theyenvisaged
the complete replacement of orthodox taxonomy, particularly in the
complex field of Angiosperm taxonomy, by & revolutionary automated
process, numericsl taxonomy, designed on a phenetic model of classification.
The book is ms much concerned with pheneticiam as with taximetrica end,
being the only book available on the subject, has left many biologists
with the mistaken notion that pheneticism and a process completely
automated from beginning to end are the essential cheracteristices of
taximetrics., ‘Two particularly important features of this approach are
the use of large numbers of characters and the implicit use of the same

cheracters for all levels of classification.

The firet of these fentures arises from the assumption that the
cheracters to be used in a study are a sample from the set of possible

characters and that these provide an approximation to the gemotype of the
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Consequently it is proposed that by increasing the number of
characters used, the resulting taxonomic arrangements should

spproach asymptotically a stable configuration. In practice this
approach can lesd to the uncritical use of very large numbers of
characters. However, in Angiosperm taxonomy the number of characters
available, especislly above the species level, is strictly limited
and collecting data for the number of characters sometises advocated
by pheneticista, often in the order of one hundred, is simply not
feasible. Mayr (1965) makes it clear that many of the characters
that at first sight appear to be potentially available in higher
organisms are in fact not available because of incomplete material

or because they are found to be highly variable within taxa of

lower rank. Another difficulty is that where more characters can be
found, this is usually achieved by observing characters of a new type
and their introduction em bloc introduces bias towards the type of
characters introduced. In a particular case it mey be that the
outcome of a classification is determined by the ratio of, say, pollen
morphology characters to wood smatomy characters, and yet any method
of intreducing charscters "at rendom" must involve some arbitrary
decision as to the appropriate ratios of different character types.

A second, implied, feature in the phenetic approach is that the
seme characters are used at all or several levels of classification.
Thus Sokal snd Bneath suggest that higher taxa should be represented
by data for the full number of characters used at lower levels scored
for a chosen "exemplar" individual from the higher taxon in question.
They write "Thus the error introduced by choosing a single
representative of a taxon should not be large enough to seriously
affect the estimation of the similsrity among the taxa of the study".
This is in sharp contrast to the method used by orthodox taxonomists,
in which, st any level, only varistion between and not within the taxa
of lower rank is used in their clessification. For instance, in the
present study of Crotalaria, species are taken as the lowest taxonomic
unit and only characters that are not variable within species are used

in the study.
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Other workers in taximetrics have asked whether taximetric
methods can be used in a stage by stage process of classifying
rather than in trying to replace the whole process with a single
sutomatic one. Rogers and his collaborators at Boulder snd elsewhere
are shewing that taximetrics is of valus in this stage by stage
process in which the taxonomist retains control of each stage. They
write (Prance, Rogers and White, 1969) "that taximetrica should serve
as & tool to the taxonomist and that he alone is able to evaluate its
results."” The methods that they have devised try not only to emulate
the activities of a good orthodox tsxonomist, but also to separate
into distinct stages the various logical steps in orthedox work
(Rogers, Fleming, Estsbroock, 1967). What is of particular importance
to Angiosperm taxonomists is that they imclude in these logical steps
the selection of characters.

The importance of character selection in taxonomy wes discussed
critically by Cain (1959) who emphasized the distinction between &
priori ni‘t::gw:::‘_._ posteriori methods such as phyletic weighting
or nlmlon‘_[\nith high covariation (see also Cain and Harrison, 1959).
In chapter 14 of The Origin of Species Darwin writes "The importance,
for classification, of trifling characters, mainly depends on their
being correlated with many other characters of more or less importance’.
The characters that are most useful to taxonomists are those that are
highly correlated with others and they can sensibly be weighted or
selected after they have been found to be highly correlated. Davis and
Heywood (1963) write of the subconscious assessment of correlations
"The ability to do this is probably the most characteristic and useful
attribute of the good taxonomist". On page 139, discussing the numerical
approach, they write "Character selection is the weak link in this whole

approach”.

In weighting or selecting characters according tc their geprelations
with others, it is important to be cautious of correlation caused by
logical and functional dependence. The logical dependence of the states
or values of characters causes correlation which cen be attributed to the

way in which the cheracters have been devised. Cain and Harrison (1960)
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describe situastions in which seemingly different characters are
functionally dependent becamuse of the precise functional relationships
between parts. Such characters sre necessarily totally correlated
snd can only be treated as one character. In the Anglosperms floral
mochanisms are often highly adapted for pollination by particular
insects or birds, as in the subfamily Papilionoideas of the
Leguminosse. However, a glance at the floral characters used in this
group shows that, slthough correlations and functional relationships
do exist, the chsracters themselves occur in a bewildering number of
combinations. BSuch cheracters are ohly partially correlated through
functional relatiomships, and, without ueing them, the whole basis
for a natural classification would break down and major Angiospera
families, long regarded as natursl and monophylletic, would disappear.

Mayr (1965) writes "A character that is not part of a functional
complex, end yet is correlated in its presence or absence in several
taxa obviously has a much higher predictive value and should, therefore,
get & much higher weight in a classification than a character that is
distributed more randomly among related taxa™. and "It should be an
easy matter to use this method for an a posteriori weighting _af

charactersssss."s

In simple taxcnomic situations good taxonomists are likely to
detect those sets of charscters that are highly correlated unaided by
taximetrics., However, there resmsin many taxonomic problems of great
complexity, such as the supra-specific classification of Senecio
with over 2,000 spscies and Solanum with over 1,500 species. In these
genera, even though the species may, for the most part, be easily
separsble on the basis of many characters, the problems of evaluating
possible characters and of recognising natural groupings invelve a
formidable number of comparisons. Monographic revision of this kind
is an urgent necessity and, despite the reluctance of orthodox taxonomists
to use taximetric metheds, it may be in this field that their greatest

contribution will be made to the efficient use of taxonomic manpower.
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The genus Crotalaris L.in the Leguminosae, subfamily Papiliomoideas,
approaches the type of genus described above., Although it contains omly
about 600 species, the variation between species in the genus is highly
reticulate and presents a pattern of great comwplexity. The genus is
pantropical with the greatest aggregetion of species in Africa. BSupra-
specific classification of the genus involves a very large number of
comparisons, both between potential characters and between species, and
is a good subject for taximetric studies.

For many years Milne-Redhead and then Polhill worked on the
taxonomy of the Crotalaria species found in Africa. Their work culminated
in the delimitation of 432 African species (Milne-Hedhead 1961, Polhill
1968) and a classification of these into eleven mectionsbased on flower
morphology. Their work is based on a very extensive knowledge of the
genus, both in the field and herbarium, and is highly regarded by other

Angiosperm taxonomists.

In 1967 I stsrted a study of the African Crotalaria species based
on the same material as that used by Milne-Redhead and Folhill,
principally the large collectioms at Kew. The purpose was to classify
the African species using taximetric methods and using the same material
as was available to Polhill, I collected the data for the taximetric
study quite independently but used a large number of characters suggested
by Folhill. FHis suggestions lead to the use of 39 characters which
varied between species, but rerely or never within species. These
included those that he had found valuable and those that he found less
valuable for his classification. In addition 13 other characters were
used, The species delimited by Milne-Redhead and Polhill were accepted
as the basic units of the classification. The number of species used
{273) was limited by the availability of sufficiently complete materisl

for the description of this large number of characters.

This parallel study differed from Folhill's only in the methods
used and not in the information and material available, Taximetric methods
were substituted for the orthodox approach so that differences between

the results achieved must be interpreted as consequences of the methods
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concordance it con be assumed that both are providing the best
possible results. This may/be true, but it can only be disproved
by investigations not yet made, Where the two studies are mot in
concordsnce, clearly, at least one of the studies has been
unsatisfactory and both studies must be carefully scrutinised.
Bither the taximetric methods have failed to take into mccount
esome relationship or assessment correctly used by Polhill, or they
have revealed some situation that he has overlooked.

The information Theory Model used here was originally described
by G.F. Estabrook (1967). Hawkesworth, Estebrook and Rogers (1968)
have discussed the potential uses of the model for character smalysis
and indicate its usefulness in the relatively small genus Arceuthobium,
In the present paper the model is used for character analysis in a problem
of much greater magnitude, the usefulness of the results is demonstrated
by comparison with a parallel orthodox study, and a new technique for
character improvement is described and demonetrated.

THE INFCRMATION THEORY MODEL

In the present paper a character is a formal entity distinct from
raw obeervstional descriptions. The character is a basis for comparisca.
For esach character there exist exclusive character states which
partition the individuals being compared, so that like individuals are
in the same stante, unlike objects in different states. Given &
particular set of observations it is often possible to formalise
different chsrsctere so as to include different information. For
example, from observatione on the leaf forms of members of the
Leguminosae it is possible to formalise one character with the following
states: simple, trifoliclately palmate, trifoliolately pinnate,
imperi-pinnate, pari-pinnate, but a second character could be formalised
with states: leaflets 1, leafleta 3, leanflets more than 3. By
formalising the states of a character the objects are partitioned
(divided up into groups) and, as in the example, different formalisation

of characters from the same observations can give different partiticns.
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For each character there is a quantity called its information

content whick can be calculated as follows,

~izsalna+blob+clndg.«u«¢¢¢2+4enLn
where a is the fraction of individuals in the a th state, b is the
fraction in the b th state, up to n states in all. Ln = logarithm

to the base 2.

As with intuitive ideas of information imparted it should be noted
that this quantity rises with the number of states (for only one state
~H = 1Ln 1 =0 and there is no information) and is at a maximum for
a given number of states when their occurrence is equi-probable

(a =b = Casusne=n)s

} If the characters divide the individuals into the same partition,

I s0 that all of the objects in the same state for one character are also
in the same state of the second charmcter, then not only do they have the
same quantity of information content, but also all of this information
is identical in the two partitions, and they are said to have all of it
held in common. Given to which state of one character an individual
belongs, there is 100% probability of essigning it correctly to a state
of the second character. More frequently two characters will have some
part of their information in common. The actual quantity (called the
"sutual infermation ", by Orloci) (1968) is calculsted from the
conditional probabilities for the states of one character, given to

which state of a second character the individusls belong.

Detaile of the computations are published in an Appendix to a

paper by Estabrook (1967).

i The Analogy
In the rare case of two characters having the same information

i content and all of their information held in common, the whole set
of individuals is divided identically by the twoc characters and from
a taxonomic standpoint the situation is ideal. An Anglosperm
taxonomist encountering such complete correlstion would undoubtedly
give the partition very great importance in his deliberations.
Although the information in question is repeated identically in the two

t is of grest usefulness by virtue of this repetition.

. - acters, 1 : :
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A more likely case is that of two charamcters with different
information contents, but with all of the information of the ome
(with a smsller content) shared with the other (with a larger comtent).
Thie is the case of partitions that fit together hiersrchically so that
the states of one (with less information content) wholly contsin the
members of states of the other. Here egain a taxonomist will be most
interested in the informstion that is common to both charecters. For
instance where a particular character divides the individusls of a
study into four groups, and another divides them intc two, so that
each of the two groups contains the members of two of the groups from
the other partition, the taxonomist will consider that he has weighty
evidence for dividing them into two. In the model this important
partition is represented by the information of the second character,
which is the informatiom held in common between them.

The usual cese with two characters is that they have in cosmmon an
amount of informatiom which is less then the complete information of
either. As in the previous cases it is clearly their shared information
that is of interest, 7This represents the groupings that are in
agreement between the partitions by both characters. The differences
in the two psrtitions are represented by the inforsation in either that

is not shared.

It emarges from thie examination of the analogy between the
model and taxonomic situations that the taxcnomist is in fact
interested in obtaining a partition (or structured set of partitions)
which is most closely related to the body of information held in ccamon
by the charscters in a study. Consequently, to approach this body
of inforzation most closely the taxonomist will wish to examine the
formal characters and adjust the complete set so that he uses only
characters with as high as poseible a fraction of their information held
in cemson with other characters. It is with this end in view that

chsracter analysis snd character improvement are described.
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CHARACTER ANALYSIS

The characters are taken two at a time and for each, its
information content and its table of conditional probabilities with
the other are calculated, These conditional gpobabilities are the
probabilities of an individual being in a certeain astate, given to
which state of the other character that individual belongs. Table
3 shows two examples. From the two tables of conditional probabilities,
the quantity of information held in common by the two characters is
caloulated. This quantity is then expressed in two ways, as a fraction
of the information content of the one character, and as a fraction of

the information content of the other.

vwhere the number of individusls and charscters is large, the
conditional probsbilities may be of great interest themselves, although
with smaller studies these relationships will present no problems. It
is important in the formalisation of characters, especially if they are
to be used in a taximetric study, to realise how small an informstion
content is possessed by, say, & two-state character with one of the
states being very rare, and how large a content is possessed by a many
state character with approximately equiprobable states.

For each individual the fractional informaticn held in common
with each of the other characters is summed. This total will be
referred to as the "information contribution" of a character. In the
earlier discussion of the Information Theory Model, it was shewn that
the information of greatest interest for taxonomy was represented by the
information held in common among the characters. To approach this
information, characters with large fractiona of the information held
in common with many other characters will be more useful then characters
with lower fractions shared. Thus although high values of fractional
informetion in common with one particular character may be of interest
per se, the major assessment of the usefulness of a character will
depend on the total for that character of fractional information
quantities held in common with each of the other characters, the

"information contribution”.
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The character snalysis is now complete snd the taxonomist has

in front of him a measure for each character of its usefulness in
! revealing the structure in which he is interested. In most instances
these values will reveal a disparity among the characters and will
motivate the taxonomist to try to improve the character set so
as to eliminate those characters of low usefulness. This does not
necessarily mean that any of them will be abandoned, but rather that
the information will be formalised in a more useful way. Again the
formalisation of leaf-form characters in the Legusinosae can be used
as @ eimple example. If there is correlation between several
characters in a study and the presence or absence of a terminal leaflet,
then there will be a very low information contribution from a
character formalised with these states; leaflets 3 or less, leaflets
4 or more. However, by changing the formalisation but using the same
observational data (possibly leaflet counts or arrangement diagrams) a

| two-state character such as "pari-pinnate or impari-pinnate" can be

found which, on repeating some of the computations, is found to have

| & very much higher information contribution. This process of changing
characters to obtain the largest possible amount of useful information

from the raw observational data is described below.

|
I CHARACTER IMPROVEWENT
!

| Improving a charascter may involve testing several alternative

i formalisations before the moat satisfactory one is found. The

‘ taxonomist will draw on impressions of conditional probabilities from

‘ the materiasl and on conditional probabilities calculated in the initial
| character analysis for suggestions on how to improve the formalisation
| of a character. le may also be stimulated to collect more, or more

detailed, cobservational data from the plant saterial.

Lach experimental formalisation is treated as a potentially useful
character and is compared with the other characters in the study by
computing the same quantities as in the initial character analysis.

By summing the fractional information quantities in common with the other
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Before comparisons can be made the information contributions of the other
characters must be corrected by subtrecting their fractional inforsation
held in common with the replaced character and adding their fractional
information held in common with the experimental character. This
gorrection is necessary because by replacing one charscter with an
experimental one, the fractional information quantities of other
characters shared with it will be changed, as well as its fractional
information shared with the others. Thus if the fractiomal information
quantities held in common are tabulated in columns for each character,
replacing a character involves the substitution of a complete row as well
as a complete column of values, snd consequently the information
contributions (colusn totals) will all be altered.

After this experimental cycle of computations, the taxonomist has
the same computed quantities for the experimental character as for all
the other characters. (e can compare the performance of the experimental
formalisation with that of the character that it is hoped to replace and
if it is judged to be markedly more useful thean its predecessor, data
using the new formalisation is used to replace that of the previous
formalisation. Otherwise the search for a more useful formalisation is
continued and the experimental cycle of computation is repeated. Where
a poor character cannot be successfully improved by this method the
taxonomist must consider whether or not there is actually any useful
information to be gained from the observstional data in question end

if not, he may chocse to eliminate it from the study.

CHARACTER ANALYSIS IN Crotalaria

I had already collected data from 273 Africen species of Crotalaria,
using 52 formalised characters, before the present study was begun. All
characters were of the qualitative type for which the information theory
model is appropriate. Cf the 52, 39 were characters suggested by Polhill

and used by him (Folhill 1968).

The set of 52 charscters was analysed using the computer programme

CHARANAL, which is described briefly inm the APFENDIX on page .
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For each character the fractional informatiom held in common with each
of the remaining 51 characters was tabulated and summed to obtain its
informstion contribution (see Table 2). The information contributions

of these characters varied from 0.75 to 6.14,

The quantities of fractional information in common were low and
even where an impression of good correlstion was obtained from the
material, values were usually less than a half. This underlines the
main problem of supra-specific classification in Crotslaria, which is
that variation smong the large number of species is highly reticulate
despite the discrete nature of the species themselves. Consequently
the major divisions within the genus have to be made on combinations of
cheracters and the problem of recognition and circumscription of groups
is very real. The highest value for fractional information in common is
the 0.78 of the information in character 3 (style simple or bifurcate)
shared with character 35 (legume inflated or laterally compressed). Soth
of the charscters have a very rare second state and these are both found
in the species C. leptocarpa Balf. f. the only member of Polhill's section
Schizostigma Polhill included in the study.

The clearest demonstration of the potential value of character
analyasis comes not from listing the multitude of individually useful
facts that emerge, but from exemining the correspondence between those
characters with a high information contribution and those actually selected

by Polhill for use in his circumscriptions and keys at the sectional level.

In Table 2, the 52 characters analysed ere listed in descending order
of information contribution. Those characters used by Folhill are marked
P if used for his major division of the genus and "p" if umed by him to
separate sections. Characters marked "B" were introduced by myself and
those marked "Ba" were the major characters used by Baker in his

classification of the genus in 1914 (Baker 1914).

From Tsble 2, it is clear that Folhill's major charscters all have
relatively high information contributioms. It is also interesting that the
major characters of %.G. Baker have, with one exception, very much lower
information contributions than those of Folhill. Folhill rejects Baker's

stem Hunnt sfactory and criticises the use of these particular
the
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. They were smong the characters gudied by Folhill but rejected in

‘I favour of others, so confirming the general concordance between high

! information comtribution and usefulness as judged by him. He did

| not consider character 57 (filament length) which is in fact well

’ correlated with character 4 and, like that character has one of the
states confined to his section Dispermse Wight snd Arm..

CHARACTER IMPROVEMENT IN Crotalaria

Those characters with low information contribution values were
carefully examined and experimental formalisations tested, again
using CHARANAL, to obtain values which can be compared with those of
the original characters. The improvement achieved for character
number 7 is described below.

Character 7 is the formelisation of observations of the indumentum
on the upper margin of the keel. Three states were originally defined
— margin glabrous; margin with an indumentum of hairs less tham 1 mm
long (usually slmost ciliate and clearly distinct from the next state);
and, margin with hairs greater than 1 mm long (these are woolly white
hairs vieible to the nsked eye). In the initial character analysis

its information contribution wes 1.45, as in Table 1.

Close examination of these cbservations revealed that the second
state contained not only species with short hairs along some length of
the upper margin, but also some species with a very few short hairs
(up to 10) arranged distinctively at the proximal end of the upper margin.
Two experimental formalisations were devised and then analysed in
comparison with each of the remaining 51 charscters. In one of these
formalisations (7b) the species with few hairs were placed in the
first state, which is then defined as "margin glabrous or with a few
short hairs at the proximsl end". This was tried because of an

impression, gained from the material, that these species hod states of

other characters in common with a group of species, all of which had
: state one of charscter 7. This formalisation gives an information

contribution of 1.95. The other experimentsl formalisation (7¢), in
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which the species with few hairs were placed in a separate fourth
state, gives an information contribution of 2.30, a considerable
improvesment om the original 1.45.

It was decided to replace the original charscter 7 with the new
formalisstion 7¢. The information contributions of the other 51
characters were then adjusted for the replacement of character 7 by
7.!

The way in which thie change increases the information held in
common with another charscter can be seen from the conditional
probability distributions of character 40 (position of the inflorescence)
given to which state of character 7 or 7c a species belongs. For
character 7 only the third state is decisively correlated with
character 40. (See Table 3). However the separation into four states
of character 7¢ gives much more structure with, in additicn to the third
state, states two and three being strongly correlated with character 40.

Unfortunately, when this work was being carried ocut at Boulder,
the herbarium materiel used in the initial states was not svailable
g0 that character improvement was of necessity limited to those
characters for which I had already recorded extra observations.
Alternative formalisations of characters 50 and 51 were also tested,
but their information contributions remained virtuslly unchanged.
For character 50 it rose from 1.40 to 1.51, and for character 51 it

dropped from 1.25 to 1.1k

CONCLUSICRS

In Crotalaris the correspondence between information contribution
and prominence in Polhill's classification is evidence that information
contribution can be used as an assessment of the potentisl usefulness
of a character. The information contribution is a quantity calculated
solely from properties of the data, and is not dependent on circular
argument such as consistency with groupings of individusls. The

comparison with Polhill's classification provides an external test with
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The measure may be used for a posteriori weighting as described im
Davis and Heywood (1963).

A taxonomist who turns to taximetrics because of the problems
presented by large amounts of data, and uses character analysis
to discover the most useful characters, can save a large amcunt of
time. As this ie one of the most difficult and time-consuming stages
in taxonomic work, it is possible that such a taxonomist may proceed
with the remaining stages of his work without further help from
taximetrics.

In the description of the information theory model, observations
and charscters were carefully distinguished. In higher organisms,
where structures are frequently complex and variable this distinctionm
is real, and the process of formulising characters necessarily
precedes any activity ﬂut. uses the charascters. The procedure for
improvement is an iterative one in which the comnsequences of one
formalisation sre examined snd used in trying to devise an improved
formalisation. This method aims at extracting as many highly useful
characters as possible from the observations. In practice some
characters, especially those with very low information contribution
and low information content, will nmot respond to improvement and may

have to be abandoned.
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AFPENDIX 3 CHARANAL, A COMFUTER FROGRAMME FOR CHARACTER ANALYS1S

This programme performs comparisons between pairs of
charscters. For each pair the following quantities ere
calculated and printed out :~ Conditional probabilities;
information content of each; information quantity held
in common and information quantity held in common expressed
as a fraction of the information content of each. The
individuals missing data in one or both of the characters
are listed and eliminated from the computation.

The user specifies which of the characters he wishes to
compare. In an initial cheracter analysis this will ususlly
be all of the possible n(gil) comparisons amongst n characters.
In subsequent runs one or & few experimentally formalised

characters will be compared with the remainder.

The programme CHARANAL is written in FORTRAN for the
C.D.C. 6400 and requires only a minimal amount of core
storage. Details and a listing are available from :=-
Frofessor D. J. Rogers, Taximetrics Laboratery, 101 Arsory,

University of Colorado, BOULDER, Colorado 80302, U.S.A.
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6
21
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%
28
7
26
32
27

6.4
5.27
4,8k
h.65
b.55
b.32

k.19

4,08

boob
k.00
3.82
3.#1]

)
L§1,

337
3.33
3.20
2.75
2.55
2.45
2.h2
2.38
2.32
2.3
2.27
2.24)
2.2#%
2,05
1.95)
1.99)
1.77

Character Description Number of

Anther shape

Stigma shape

Filament length

Raceme attachment
Mature calyx deflection

Standard appendage attach-
ment

Style ahape
Beak twisting

Fresence of creat on keel

Keel shape
Markings on petals
Bract persistence
Whether a tree

Style pubescence
Calyx lobing

Legume inflation

Seed thickness

Seed number
Hypanthium development
Legume shape

Fresonce of spines
Keel pubescence

Aril development

5tipe attachment

Bracteole position & form

Calyx lobe number

Bud inflection

Calyx lobe ghape
Stipe/calyx tube length

Calyx lobe/tube length

W NN NN

m oW NN W

FowW WM NN W N F N W W N

E'H'U'll

¥ w w v
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n 14

9

| 52
30

Ly

[ 33
k2 51
43 12
4l 20
L] b5
e 4
W7 18
48 b2
L] 50
50 16
51 1"
52 39

1.69

1.65;
1.65)

1.51
1.48

1.43
1.40

.39
1-33%
1.33)

1.27
1.26
1.16
1.15

1.4

1.1

1.“
C.93

.80
.75

Adaxial pubescence of
standard

Developaent of petioles
Development of stipules
Calyx/kesl length
Shape of standard

Keel upper margin
pubescence

Keel length

Frominence of lateral
ridges on keel

Flower colour
Leaf-form

External pubescence of
legume

Reflexing of calyx lobes
Wing/keel length
Seed surface

Development of leaf
fascicles

Raceme form
Seed shape

Flower number per
inflorescence

Seed colour

Internal pubescence of
logume

Wing shape

Bract/pedicel length

W oM w W N

L A

Bi
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2= 2

Probability of the occurrence of states of

Given that a species for character 40
character 7 belongs toi- state 1 state 2 state 3
statel -sa -06 oa
l
| state 2 .80 .05 +13
!' state 3 1.00 0.00 0.00

Frobability of the occurrence of states of

Given that a species for character 40
character 7e¢ belongs toi= state 1 state 2 state 3
state 1 -68 -06 25
i state 2 .86 .06 .07
|
atate 3 1.00 0.00 0.00
state 4 o4 0.00 +85
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Taximetrics Iaboratory

31 July 1968
Armory 101

Dr. Frank White:

Department of Forestry
Commonwealth Forestry Institute
University of Oxford

Oxford, England

Dear Frank:
We are generally well satisfied with the write up, but as you might

expect, have found some places which didn't seem to say what probably
should be said. I will give the areas hHelow, and some suggestions for them.

The first one is on page two of the manuscript, the last paragraph,
starting "It might be arqued that since the taxonomist . . . ." and ending
with the last line on page 2, ". . . taxonomist's brain." We suggest that
all of that be ramoved, and renlaced with some statement including the
following ideas:

Tt might be argued that were a worker to construct two classifications,
one by conventional means, the other with the aid of a computer, the two
night not differ significantly. If this were the case, what advantage does
the computer give us? There are at least two major advantages. The compu~
ter is capable of manipulating data with a speed and accuracy far exceeding
the capabilitiea of a conventional worker. Further, the classifications
suggested by tha computer are interpretabls and communicable in the context

of the methodolcgies under whose auspices the mach#ne cperatas. ENR OF
STRTTMENT -

Return to the orasentation as it now stands on the top of page three.

The next item which we feel very stronaly about is found in the 2nd
paragraph, page 4, beginning with "Natural classifications should . . ."
and ending with " . . . by some workers in this field." Since many of our
investigations have been directed towards removing the types of hurdles
which are presanted there, and since wo have found ways in which the hurdles
can bte completely rermoved from the track, I think that this statement, at
this time, is untirely, and not in keening with what we know about the methods
of structuring chararters. Fowever, to completely cover this important area
we would need muich more room than is availbhle in this manuscript, and we
should indeed write a semarate paper on characters, their purpose, methods s
of construction, and practical considerations of their employment. Sc if
you don't mind, let's just drop out that second paragraph on ragce 4, T don't
think the flow of the argument is disturhed by its remowval.
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To F. White, 31 July 1968 2.

The last item whera we wish to modify the manuscript if on page 6,
second paragraph, the sentence which now reads, "The second is to develop
logically a set of biological rules in the taxonomic area, discover the
necessary and sufficient conditions to satisfy these rules, find mathematical
models consonant with these rules, and then develop a practical working
procedure which can be programmed to follow the mathematical model." We
want to revise this sentance to read, "The second is to develop logically

a set of biological rules in the taxonomic area, develep mathamatical models
SSRZGRARE UEER Ehes Futel; EN4 Ehen GSESVER 3 practrsal WGERIRS procedure
which can be programmed to follow the mathematical model. "

aside from these modifications, which T trust you find acceptable,

the paper reads very well, and we'll he happy to have it submitted with
th arr + as you suggest.

I have corresponded with Mr. Bishy, giving him the necessary detalls
of working with us, and one or two other points about the computer programn
he wanted to hnow about.

Thanks for your wfforts - the time lapse you mentioned was not too bad,
considering all the obligations which T know vou have.

Best renards,

DAvid J. Rogers
Professor of Piology
DJIR :om
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o DEPARTMENT OF FORESTRY
bovccedh by COMMONWEALTH FORESTRY INSTITUTE
UHIVERSITY OF OXFORD
/e 24 July 1968

Frofessor David J. Rogers,
Taximotrics Laboratory,
Dept. of Biology,
University of Colerado,
Boulder, Colorado, U.S.A.

Dear Dave,

When I wrote to you last on 7 May I fully mticipated being able to
complete our Introductory remarks for The New Phytolorist paper, within
a few days, Unfortunately, my teaching load md other responsibilities
were so arduous that I did not in fact find time to do this. Term is
now over and I gave this job top prierity and have recently completed
what I hope will be the final draft, I enclose a copy for your aes
comments,

Since a few of the points you made in your contribution over-lapped
with points I have mede in my introductory remarks I have taken the
liberty of slightly mltering your text in a few places. I hope in doing
this I have not in any way misrepresented your views md that what I
have done is acceptable.

I hops to deliver the entire work by hand to the editor of
Whowmyﬁtﬁh&mtnn& I don't think it will be
go. to press immediately so there should be time for any alteratioms you
would like to be made, to be arrenged.

Now that this introductory part is written I think it would be better
published ss an Introduction to the work on Chrysobalanacess, rether than
as a separate item. This being so I would like to supgest that the
combined paper should be attributed to Prance, Rogers and myself, the
nazes arranged like that in alphabotical order,

I s sorry that I have taken so long getting this piace of work
ready for publication,

Mr, Bisby has recently prepared an account of what he has schisved
8o far in his research programme, and a statement of what he would still
1ike to do, He 15 at present on holiday but when he returns he will be
writing to you.

Best wishes, Yours sinceraly,

Kot

F.White
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This s m account of the way in vhich some taximetric teshniques were
used in the solution of the problem of generic delimitstion in mn Anglo-
wem fanlly, the Ohrysobelanscess, (ne of ue (F.W.) firet becase evare
of the problem 19 years ago when supervising the work of a stulent on the
Wewt African species of Pardoaxd (Trappes-lomex, /250 )e It vas quite
clear that the single genms Parinari wes more heteregenecus than the
yemainder of the fmily, but oqually clesr thet the problem could emly be
golved by stulying ell availobls materisl of all imown species in the
roup, throughout ite entire rage. Some years later C.T.F. undertock this
task ed when his vork wes for sdvanced, motivated by curlosity; decided to
subnit his deta to mumerical snalysis to see whether the teclniques
avallabls would glve tamoncnically meanfngful results and would provide
further insights into the taxonomic situstiom, Subsequently, on moving %o
the New York: Botenical Gardem, in collsboration with the third author
(D.J.R,), he subjected his date to anslysis using the Wirth, Fatsbrock and
Rogers model of elustering enalysis, end so bogan o long mnd fruitful period
of collaboration.

During the lest few yoars there hos beem much debate comcerning such
m-thodnndmpu.utmuedtmnqrww?m
methode that cen mogt properly be used, md the number, selectiam, welghting
md treatment of charsoters. lsny of the questions sro still unresclved,
-d.mhuth.uwulwd‘maummmummmmeﬂn
thet it is to be expected that different teciniques will be sppropriste

e mme L e aa  —— & A ABA b B AR wdh e

# Those temus were independently colned sbout 10 years agoe to
cover the type of investigation in which computers are used to
manipulate the data of taxcnouy, Although neither term
edequately conveys the operations undertaken w- profer the latter.
The torm "mmerlcal taxonony' implies that computers are concerned

wi pocial kind of taxonomy, a view to which we do not subgeribe,

thasg
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speoles level he is obliged to sccomsodate every specles md every taxon
of higher rank, Bvery species he omits could be a "missing link'., As
Burtt points out ( /765 ) a numericel classificstion of the '
Genneriscens based on a 50% sauple would probsbly leave cut helf of the
really diffigult problems. The reson why it is so easy to improve on
the clascdfications of the Mineteenth Century is not beocsuse their mthors
were ingompetent but becsuse thelr material ves inccmplote, Any sube
sequent classification based on an inocmplete but different sample is
bound to be different, but not necescarily better, however many characters
ore used,

It is for remsons such s these that we think that cur comtribution
nay be of some interest, espocially to those who are comcerned sbout the
potantial gpplication of taximetrics to practics] taxoncmy, especially the
writing of world monographs, This is a field of endeavour at present
greatly neglested, partly because of the effert involved, though it must be
reglised that wimbever help may be provided by camputers, at least for the
foreseeable future, the greatest task is likely to be eomcerned with the
assenbly of material snd seoring of data.

If taximeirics has eny significent part to play in elassificatory
taxonany it must either susgest classificetions which are sceeptelile to
texononists end their customers, or, if the classifications they siggest
are not acceptable to orthodox texonomists, they must be more acceptabls te
the custasers then my alternstives the texonemisth proposs. At present
there is no indiestion thet the second slternative will materinlise,

It is our belief that teximetrics should serve as a tool to the
texonomist end that he sione is able to evaluate its results, 1In the
present case, two of us (G.T.P. and 7.W., espeeislly the former) have
lived with the problem of generic limitation in the Chryschalsnacene for
oight years end feel that we are gqualified to do this.

It night be srgued that since the texonemist selects and scores the
charsctors in the first place the computer is bound to confim the
classificaticn he has arrived st without its aldglbut this would coly be
true if the human mind was es reliasble =s momm?;c;ruﬂthoomt-roould
be programed exactly to slmlate the workings of o texomomist's broin, |
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In dealing with cemplex patterns the taxonomist is usually swere of a
ﬂndpﬂlﬁhdudﬂu&ﬂﬂ.}l&hdﬂnh“ﬁh“
them, nor to evaluate quantitatively the different possibilities. 8ince
under certain clrcumstances the computer mey reveal irrational weighting
of characters, inconsistency or error cbjsctivity is incressed -

Befcre we used the computer we were ressonably satisfied that mest
of our cenclusions were correct, but there were e mumber of snomelcus
specles sbout which we were undecideds The four different techniques
taken collectively, abundantly confirmed cur provisional ecnolusions,
conecerning generic delimitation and provided insight om the relatlon. dpe
of the anomelous specice which enabled us to decide & their status with
gonfidence, When a partioular technique feiled to do so it was usually
found that the technigue in question was not well adapted to handle that
particuler situation.

Rather than expect the reader to take on trust our statements cone
cerning the part played by teximetric malysis we have given a fairly
detailed secount of our provisicnal taxoncmie conelusioms, =md showm how
they vere confirmed or csused to be modified hy the differst methods.
m&nm‘m?:ldmmwtdhmwmtﬂnmm
the results of the Estabrook and Rogers method contained the
grostest smount of taxonomicelly signifleant infomvetion. This is not
gurprising since it was specially designed to slmlete taxononic procedure
a3 closely as possible.

S8ince to the wpym, gt least, much coniusion surrcunds the
mmuMmt&muMﬂm-
to its sim and methods the following peges are intended to introduce the
subject and meke cur own position clesr, Although they have been writ
by one of us (D.J.Re) they feflect the view of all three. £
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Por generations taxonomists bave produced classlfications without
paying much attention to thelr underlying assumptions and thought
processds, From the time of Iimaeus, and perticularly Jussieu, clessi-
fications have been inoressingly 'natural?, though that term has often
meant different things at different times end to different persons,

" MNatural elass!fiostions should be based on u gongiderabien of all

| available characters though et any partioular level only certain characters

| are appropriste, In elassifying specles into genera charesters that
st vary wdthin species or are constant within the family cennot be useds
‘| This may plece a stringent 1lait on the musber of characters aveilable,
.lltwuihm-&unhmtblwpmnpudnw
by some workers in this field,

For most groups of higher plants texcnomists have done much of their
vork 'by eye', especlally in the prelininary stages, sorting amd resorting
into groups on overall resemblance snd, if experisenced, malking use of ;
powerful and richly stored memoriess At a relatively late stage the
groupa formed by eye are subjected to detailed mnalysis md comperigon
on the besis of the relatively few charscters which have emerged as being
of potentiel taxoncmic worth, In the course of such 2 procedure counte
less comparisons have been made, many of them subconseiously or impreeisely.
Although most classifications made in this way have proved to be useful
they are still incomplete singe botanical exploration and discovery are
still incomplete and some parte of the classification have proved intractable,
For these md other ressons texoncuists for o lon: time have attempted to
digeover procedures by which they could make their clasaifications more
"objeotive", For exemple, Adanson attempted to improve the clavsifiesntion
of plants by making meny seperate single charscter clussifications end then

attempted to merge them into one clessification, preserving the information
from as many of the separate clessifications ss poseible, le wos overe

vholzed with the magnitude end complexity of the job becsuse he did not
have machines aval!lable with which he could manipulste the heavy load of
date, For this resscn, Adanson and subsequent taxonomists have hed teo
£411 back on "subjective" clessifications, where all the data manipuletion

vas deme in the head, without a clear realisation of the motual steps in
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the process. As a remult, it was difficult for a tamonomist to eplain
$o somscne alse just how be had reached hie conclusions; the most valid
test which could be applied to the value of his work was whether his
published results sotually supplied the information neeessary fer anobher
porson to identify the unknoun, The large mumber of classifications whish
actually served this nced tostifies to the prepondermily lerge nuuber of
good intuitive clessifiors,

The sdvent of computers within the last decade and a half has
gtimileted yemewed intersst in methods to menipulate the vast data banks
gvallable to toxonomiste in their normel ectiviilss, A surprisingly
largo nuber of taxoncmists have mode more or less intense efforts to employ
these inovedibly fast mechines, md twe names have bacome msscclated with
this type of effort, taximetrics and mumorical taxoncuy, Neither of these
tormp adequataly convays the operations undertaken but they both are
intended to indicate the efforts to reflect varicus parts of the taxononie
process in sets of directions (programmes) for the computer to follar with
a partdouler set of data,

It is well to recognize that “the tamenomic process” is made wp of
@ number of quite different processes, each with its am mles and
procedures, Therefore, to "do taxoncmy on s computer" is a meaningless
phrese by iteelf, (ne of the healthy aspects of ettempting to use
camputers in taxonouy has been to force us to recomize the vorious parts
of the diseipline mera olearly, We now define the process of clnssifi-
cation, for exauple, and separsie that process from identificatiem,

We recognise thet classificationg precede studies of phylogeny, and

that the procedures used Yo produce n clesgificstion are mot identicel te

=

those used when the phylogeny of a group is under stuly, Likewlise, ve
identify mors precisely the asctivities invelved in nomenclatgrial studies.

Ix

In a recent publication (Regers, Fleming and Estebrook, 1967) an
attempt io made to {llustrate the diversity of taxonceie sotivities, The

development of that illustration wes absolutely essentisl, becsuse we |
could not proceed with the development of useful computer programmes until
we delinested the different mspects of the science, end could identify the i

types of astivities wo, a8 taxonomists, perticipate in when sccomplishing |



the tesks ncoessary for sither monographic or floristic fypes of work,
The illustration was not claimed to be a wnique end aebsolute division
of the seience of taxonoyy, Another systemstist could produce a different
type of breakdowm though the major activities wonld certeinly be similar,

The kay factor in all of these efforts is the development of the stored
programes vhich ave the sets of instructions to the wachine as to what
the investifator wante done with the data. The process of developmnt
cen teke ane of two routes, both of wilch orv being used in one lsboratory
or anothers The first spprosch is to sdopt Mathemstical methodologies
elready established, snd modify the methodologies as results seen to dictates
We might term this approsch as "heuristie". The second is to develsp
mamewnmanmqme@
mocescary md suffictent conlitions to satisfy these nhs.dg“&’:m-
mﬂndnﬂdamtwlﬁhutﬂmﬂ%hﬁqawuum
working procedure which can be programed to follow the matbematicel model,
The latter, although perhaps more difficult, is prefersble, inassuch es one
is aware st ell stages of precisely what the model is doing, and what the
results mean, both mathematically and biologically, It is probably true
that we all start off in the heuristic approseh, trying first this sad them
that progedure, and esch time we fail or succeed we leam s litile mere
sbout what may be sete of rules or what kind of mathematice may be
appropriste,

Bither procedure requires sn interdiseiplinary spproach, wherein the
taxoncmist, the mathemstician and the progremmer work together. Iach of
the tean members must be aware, though not necessarily m expert, of the
processea inherent in the other diseiplines, Perhaps the next generstiom
of taxonomists will have sll the neeessary skills to perform adequately in
each o the diseiplines, but until we bave given the proper backgrowd to
cur students,, we (as taxonomists) will bave to work together with the
mathewaticisn and programer, This is recognised as a difficult process
becsuse the vocabularies sre frequently very distinet, and before effuoctive
comminication can be established, we must be certain that we understad what
words mean, The word "cherscter" is e good exasple: it means a descriptor
to the texonomist, en elphsnumeric symbol to the cemputer programer, and hes
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no genoral meming to a mathematicien until defined, Texcnemists must even
be gure which type of mathematician he is addressing, for different mathe-
maticel diseiplines use the same word to mean different concepta, For
exmple, the word normel: in algebra, nommal is seid of a subgroup N of

& Group G whenever G/F s sgein a group; in topology, it is ssld of spaces
with certain properties of regularity; in anslysis, said of a line parpen~
dicular to a surface st its point of intersection; and in probability,
seid of a distribution (limit of a repested trials process)!

When speaking of taximetrics er-musesicei—temenesy, wve muzt bo cer-
tain that it is understood that we are not substituting this type of work
for the work, say, of biosystematics or chemotexonany, or classical morph-
ological taxonony, The dsta gathered by an individual is the informatiom
RS st o2, SESAL), By L7 T MO P B
wmam that informetion ig te—thesenia of Lthetmedoededalsy, This 19, in a
sense, theoretical taxconomy, and the application of computers iz merely
the end of the line for hin work, We must consider the computer as just
another instrument available to mske the work of the taxoncmist more
objective, or more relisble, or more understandeble, An analogy here is
useful: when a stained section of s plant part is prepared snd upon exsme
ination under the mieroscope we disecover that we cannot distinguish a
particular structure, we don't throw the mloroseope away, but rather go snd
meke enother glide, using different techmiques which will make vigible
those gtructures for whigh a microsccpe 1s required, Likewise, the computer
can arrsy a vast quantity of information in waye which will pllow us to "gee"
results vhich would ctherwise be obscure.

But if computers are to be uped sensibly snd yield taxchomically useful
information those who use them must soquire several skills, The mims of a
courge in teximetrice given in the Teximetrice Laberetory at Boulder,
University of Colorado are to give the student a knowledge of the warious
methemetical, computer, and bilologicsl insights necessary to carry on his
own investigation, In the biological part ef this course, we try te define
the concepts ugeful in constructing characters and attributes which will be
useful in making a clsssificotion, determins what sort of clessificstions
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are useful and desirsble, hew to prepare deseriptions of characters which
reflect blological thought processes, how to interpret the remilts of the
computer programe in terms of taxa, etes mmum,hmnmu-.
we attempt to show how the mathematical thought processes can be useful
in blologicel consider,tions, and in the ccmputer portion ve merely give
the stodent sufficient understanding thet be does not think the machine
is gome sort of magical black box, Above all, we wenit the student to
underatand that his role as 2 bologist is the most mignificent, end

that he must not (end cannot) sbrogate his responsibility to some mechenicsl
device,

The most intensive investigations in computer texonouy have bown in
the olassificatory aress, VWithin this frauework, attempts end some suscess-
ful procedures have been developed to (1) analyse snd stendsrdize the
characters used, (2) produce various measures of overall similarity, (3)
assist in the establishment of clusters which may be assigned np taxs, In
addition to the classificstory studies, efforts are now underway in many
schools to produce computerized idemtification yeutines (keys), to develop
programes for phylogenetic studies (largely im the area of clsdistics), end
infornation retrievel and dats manipulation systems to help curaters with
the mounteins of elerical routine md to help investigators keep track of
their specimens and data,

The computer print-out of clustering programmes cmn take ssveral femms,
Seome prefer to have a "phenogran" vhere a series of lines drawn by the
printer represent the individual texa, the lines joining texa at certain
elnilerity values, We prefer a different format to present the resulte
of the graph-clustering programme, wherein a seriss of pertitions are
given for the different lewvels of reletionships, allowing the investi-

gator to follow the bullding of the hierarchical levels, |
Seme examples of the spplication of computer methods to actual taxonomic |

problems are worth mich more than volumes of theerising to econvince (or vice

versa) working taxenomiste of their value. Such an effort is that of White

and Prance, on the eclassification of the genera of Chrysobalanaceas which

forms the mulk of this paper., Irwin and Rogers' paper on section Apousouita

.
of the genus Gasula (1967) gives a good desoription of one perticular
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procedure where a taxonondc problem wao solved with the ald of &
clustering progreme, This gives the taxonoulst s much more readily
mmeﬁmwwzm&%ww. Beveral other
taxononiste bave been sided in a variety of claseificatory probless, but
those papers have not yot been published (Hewksworth on Arceuthobiug, for
example)s In sll of these, the attitude taken By—euseespute= group is
that the specialist must (1) understand the workings of the computer programme,
(2) recognize that the date which he prepares (as characters and sttributes)
will bs the most important feature detemmining the computer results, and (3)
the computer results are intended as "hints" sbout the classificatica vhish
the compstent specialist may either sceept or reject, Mfsust emphesise
this last point, It would be patently ridiculous to insist that the
specialiast aocept the results of the compuiter malysia if he did not agree
with the results, The speclalist mugt, however, have an open mind end be
willing to detemine (when the results disagree with his own docisions)
whether some new insight may be gained from the machine's coaputationa.
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Taximetrics Laboratory

Armory 101A 19 April 1968

Prof. Frank White

Forest Herbarfium

Department of Forestry
Commonwealth Forestry Institute
Unlverslty of Oxford

OXFORD, England

Dear Prof. White:

Enclosed 1s my Informal set of remarks for your Inclusion or
exclusion as you see fit in the Introductory comments. As you can
see there Is |ittle description but | feel that the comments:say
about the kind of generalitles you ought to make. Certainly the
example (you and Prance) will go very far In making a meaningful
11 lustration of computer methodologles.

As | sald above, you may use this in any way that seems to
f1+ with your own discussions, You may wish fo puf me on as
Junior author for the introductory psper. | frust that we can
look forward to some more collaborative efforts.

Have you any more speciflc word about your student who was
to Join us for a while. We can foot the bill for his mainfenance
money while hera. We look forward fo having him with us.

Sincerely,

David J. Roagers
Professor of Blology
DJR:gm
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Taxonomlsts have attempted for 8 long time to discover procedures by
which they could make their classiticatory procedures more "objective".
For example, Adanson attempted to Improve the classlfication of plants by
making many separats, level classifications and then attempted to merge
the saparate classifications into one classification, preserving the infor-
mation from as many of the separate classiflcations as possible. He was
overwheimed with the magnitude and complexity of the job because he dld not
have machines available with which he could manipulate the heavy load of
data. For this reason, Adanson and meny other subsequent taxonomists
have had to fszll back on 'subjective" classifications, where all the data
manipulation was done in cne's head, without expressing or reallzing the
actual steps In the process of correlating many data to reach a conclusion.
As & result, I+ was dlfficult to explain to someone Just how he had reach-
ed his conclusions, and about the only valld test which could be applied
1o the value of hls work was whether his published results actually supplled
the necessary Information so that another perscn could identlfy an unknown.
The large number of classlflcations which actually served thls need tes-
t1fies to the prepondarantly laroe number of good Intuitive classifliers and
useful classiflications.

The advent of computers within the last decade and a half stimultated
renewad Interest In methods to manipulate the vast data banks used by tax-
onomlists In thelr normal activitlies. A surprisingly large number of taxono-
mists have made more or less Intense efforts to employ these Incradibly
fast machjnes. As more work was done In thls area two names have become

assoclated with this type of effort, taximetrics and numerical taxonomy.
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Nelther of these aplthets adequately reflect the operations undertaken
under these titles, but they both are Intended to indicate the efforts to
raf lect varlous parts of the texonomlc process In sets of directlons
(programs) for the computer to follow with a particular set of data.

I+ is well to recognize that "the taxonomic process” s made up of
a number of aqulte dlfferent processes, each with I+s own rules and proce-
dures. Thersfore, to "do taxonomy on a computer" is & meanlngless phrase
by Itself. One of the healthy asoects of attempting to use computers in
taxonomy has been to force us to reccanlize the varlous parts of the discip-
Ilne more clearly. We now define the process of classiflication, for example,
and separate that process from identiflication. We recognize that classi-
flcations precade studies of phylogeny, and that the procedures used to
produce a classification are not ldentical to those when the phylogeny of
a group Is under study. Llikewise, we more precisely identify the activities
involved In nomenclatorial studies.

In a recent publication (Rogers, Estabrook and Fleming, 1967) we
attempted to |llustrate the diversity of taxonomic activifties. The devel-
opment of that Illustration was absolutely essentlal, because we could not
procede with the development of useful computer proarams untl| we dellneated
the different aspects of the sclence, and could identify the types of
activities we, as taxonomists, participate In when accomplishing the tasks
necessary for elther monographic or floristic types of work. The [llustra-
tion was not claimed to be a unique and absolute division of the sclence of
taxonomy. Another systematist could produce a different type of breakdown
though the major activities would certalnly be similer. Indldentally, this

"flow-chart” of taxonomy serves a very useful purpose In teaching students.
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1+ gives a student a way to know what he must study In order to becoms a
wel l-rounded systematist,

The key factor In all of these efforts Is the development of the stored
programs which are the sets of [nstructions to the machine as to what the
Investigator wants done with the data. The process of development can take
one of two routes, both of which are being used In one laboratory or another.
The flirst approach Is to adopt mathematical methodolcglies already establish-
ed, and modify the methodclogies as results seem to dictate (we might ferm
this approach as "heuristic"). The second Is the logical development of a
set of blologlcal rules in the taxonomic area, discover the necessary and
sufficlient conditions to satisfy these rules, flnd a mathematical model con-
sonant with these rulss, and then develop a practical working procedure
which can be prograsmed to follow the mathematical model. The latter of
these two Is nmfarhio (though perhaps more dlfficult), Inasmuchas one Is
awera at all stages precisely what the model s doing, and what his results
mean, both mathematically and blologically. It Is probably true that we
all start off In the heurlstic approach, trying first this and then that
procedure, and each time we fall or succeed we learn a |ittle more about
what may be sets of rules or what kind of mathematics may be appropriate.

Elther procedure requlres an Interdisciplinary approach, wherein the
taxonomist, the mathematician and the programmer work together. Each of
the team members must be aware, ?hough?\‘ﬁecessarf ly an expert, of the
processes Inherant In the other disciplines. Perhaps the next generation
of taxonomlsts will have all the necessary skills to perform adegquataly In
each of the disciplines, but untll we have glven the proper background to
our students, we (as taxonomlsts) will have to work together with the mathe-

maticlan and programmer. This Is recognized as a dlfflcult process bacause
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+he vocabularles are frequently very distinct, and before effective communi-
catlon can be agtabllshed, we must be certaln that we understand what words
moan. The word "character” Is a qood examnle: It means a descriptor to the
taxonomist, an alphanumeric symbol to the computer programmer, and has no
general meaning to a mathematiclan until dafined. Taxonomlsts must even

be sure which type of mathematiclan he is addressing, for different mathe-
matical disgtplines use the same word to mean different concepts. For
exarple, the word normal: in algebra, normal is sald of a subgraup N of

a group G whenever G/N Is agaln & group; In topology, it Is sald of spaces
wlth certaln propertles of ragularity; in analysis, sald of a |ine perpen-
dlecular to a surface &t Its polnt of Interssction; and In probability,

sald of a distribution (1lnlt of a papeated tridls process)!

When spaa'king of taximetrics or nunerlcal taxonomy, we must be cer-
taln that It Is undarstood that we are not substltuting this type of work
for the work, say, of biosystematics or chemctaxcnomy, or classical morph-
ologlcal taxonemy, The data gathered by an Indlvidual s the Information
he thinks requisite or pertinent to solve some taxonomlc problem. How he
uses that Information Is In the reslm of the taximetricist (taximetrician?).
Thisls, In a sense, theoratical taxonomy, and the appllication of computers
Is merely the end of the line for his work. We must consider the computer
as Just another Instrument avallable to make the work of the taxonomist
more obJective, or more rellable, or more understandable. An analcay here
Is useful: when a stalned section of a plant part Is prapared and upon ex-
amlnation under the mlcroscope we discover that we cannot distingulsh a
particular styucture, we don't throw the microscope away, but rather go and

make another sllde, using different techniques which will make vislble
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these structures for which a migroscope Is required. Llkewlise, the computer
can array a vast auantity of Informetion In ways which will allow us to "see"
results which would otherwise be obscure.

While 1+ would be nlce 4o be able to glve a precise roview of the
work now being done with computers for taxonomy, thls ls clearly an Impossible
+ask. Although | am in the middle of one of the most Intefsive studles of
taximetrics, | still cannot be certaln that | know what all other students
are doing In the field. What anflone must do 1s to try to review the Ilter-
ature avallable and make some efforts himeelf with the processes. Much as
the texonomist has to have someone to show him the procedures to use 2n elec-
tron micrescope, Mhave somecne to work with hime In the necessary
processes to use computers In classiflcation. We offer a course In texi-
metrics, the alms of which are to glve the student an over-view of the
various mathematical, computer, and blologleal Insights necessary to carry
on his own Investigation. In the blologleal part of this course, we fry
to define the concepts useful In constructing characters and attributes wh
which will be useful In making a classiflcation, determine what sort of
classiflcations are useful and desirable, how to prepare descriptions of
characters whlch reflect blologlcal thought processes, how to Interpret
the results of the computer programs In terms of taxa, etc. In the mathe-
matlcal portion, we attempt to show how the mathematical thought processes
can be useful In his blologleal conslderations, and In the computer portion
marely glve the student sufflclent understanding that he does not think the
machine Is some sort of magical hlack box. Above all, wa want the student
to understand that his role as a blologlst Is the most significant, and
that he must not (and cannot) abrogate hls responsiblllty to some mechanlical

device.
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The most intensive investigations In computer taxonomy have been in
the classificatory areas. Within this framework, attempts and some success-

ful procedures have been developed fo (1) analyze and standardize the

.characters used, (2) produce various measures of over-all similarity, (3)

assist fn the establishment of clusters which may be assigned as taxa. |In
addition to the classificatory studies, efforts are now underway in many
schools to produce computerized identification routines (keys), To develop
programs for phylogenetic studies (largely in fhe area of cladistics), and
Information retrieval and data manipulation systems to help curators with
+he mountains of clerical routine and to help investigators keep track of
their specimens and data.

The femm=eb=—the computer print-out of clustering programs can take
several forms. Some prefer to have a "phenogram'" where a series of lines
drawn by the printer represent the individual taxa, the |ines joining taxa
at certain similarity values. We prefer a different format to present the
results of the graph-clustering proaram, wherein a series of parfitions
are given for the different levels of relationships, allowing the invesfi-
gator to follow the building of the heirarchical levels.

Some examples of the application of computer methods for taxenomy To
actual problems in classification are worth much more fo convince (or vice
versa) working taxonomists of their value. Such an effort is fhat of White
and Prance, on the classification of the genera of Chryscbalanaceae. (Cife
paper as following.) Irwin and Rogers' paper on section Apouccuita of the
genus Cassia (cite) glves a good description of one parficular procedure
where a taxonoemic problem was solved with the aid of a clustering program.
This gives the taxonomist a much more readily understood publication, couched

in his own terminology. Several other taxonemlsts have been aided in a
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variety of classificatory pooblems, but these papers have not yet been
published (Hewksworth on Arceuthoblium, for example). da all of thase, the

attitude taken by our computer group Is that the speclallst must (1) under-

‘stand the workings of the computer program, (2) recegnize that the data

which he prepares (as characters and attributes) will be the most Important

teature determining the computer results, and (3) the computer results are
Intended as "hints" about the classification which the competent specialist
may elther accept or reject. | must emphasize this last point. |T would
be patently ridiculous to insist that the specialist accept the results

of the computer analysls If he did not agree with fhe resulfs. The

special ist must, howevar, hava an open mind and be willing to datermine
{when the results disagree with his own declsions) whether some new Insight

may be calned from the machine's computations.
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I. GENERIC DELIMITATION IN THE CHRYSGBALANACEAE
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Bince 1960 we have been engaged on a study of the Chryscbalanacece
(Roseceas, Chrysobalanoidess), especially concerning the circumscription
of its component groups of species ot mnd near generis level, Previous
studies have been based on incomplcts material of relatively few species.
In particuler fruit snd seedling characters have been neglected. Our own
work is based on herbarium material of 349 species, pollen slides of 65
species, correlated slides of secondary xylem of 35 species and seedling

" materisl of 25 species.

When we began, generlc concepts were unsatisfactory. The differmces
peparating groups of species in the sin:le genus Pgrinar] were often much
greater tham those separating other gencra which have been kept apart for
nearly 200 years. :L,W = aaf{nd:m ome.

Once this was yecognised we were rmu&m\‘d@uii'ﬁ’”m-

n)hm%nm:-,nmm-wmndn-—
ence between genera and thelr internal homogeneity would vary greatly ad
the elassification would fall to reflect relationghips.

b) To merge all genera with the first described, Chryscbalanus,

¢) To recognise certain groups of epecies in Parinar] as distinct
genera,

The reasons for adopting the last course seemed overwhelming, The
proposed segregates: rom Parinar] are based on several closely correlated
characters snd are sasier to recognise and key out than several genera
which have been universally recognised since the time of Linnasus, both in
the Chrysobalanscess and in other families, Nm’lyﬁlmhﬂﬁ
Stetns fop preforsing the Aliod 80 the sessad SS0Gmative avs agmily
compelling, If the new gensra are recognised only 31 new combinations are
necessary. If the family is reduced to a single genus mearly 400 new
names would be needed,

Although we had no doubt that some groups of species deserved to be
recognised as genera there were a feow borderline cases where the differ-
ences were less striking ond we were undecided as to their best treatment,
8inece it wos our intentich to produce as conslstent and objective a classie
fication as possible we decided to test our tentative conclusions by
subjecting the data on which they were based to numerical anelysis using
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an electronic digital computer,

The following asccount is concerned only with the numerical
taxonony of one of the two tribes, the Hirtelleae. ilo refer-
ence is made to the Mubmn:n’uo since generic delimitation
umttummm:muummm

mmrmcmorom-unmahwudmmm
Forest Herbarium of Oxford University we used an Association
Analysis programme written by Professor W, T. Williams (not
discussed here) and two principal corponent analyses, one devised
by Professor Willisms, the other by ¥r. J. N. R, Jeffers,
Subsequently one of us (G,T7,P,) moved to the New York Botanical
mmumaumm-muuummuaum
anslysis, one invented by Wirth, mtlhooklalhm, the
other by Rubin,




P PP — e A

TAXONOMIC HISTORY

The Chrysobalanaceae is & woody group almost confined
to the tropics. Although it was given family rank by
Robert Brown as long ago as 1818, all the authors of the best-
known snd widely used systems of classification (De Candolle,
Bentham and Hooker, Engler and Prantl and John Hutehinson)
have treated it as a tribe or subfamily of Rosaceae. INever-
theless, nearly all workers with specialist kmowledge of the
group, €.g. FPritsch ( /228 ) and particularly those who
have studied its anatomy, e.g. Hallier (1903, using the results
of the comprehensive study on leaf-anatomy by Kuster (1897)),
Juel (1915, ovary-structure) and Bonne (1928, floral anatomy)
have considered it to be sufficiently different from Rosaceae
to be treated as a separate family. Both Metcalfe and Chalk
. (1950) and Erdtman (1952) imply that no objections could be
; raised against treating the group as a family on the basis of

anatomy and pollen-grain structure respectively.
The most recent comprehensive treatment at generic level

ie that of Focke (1891) in Engler and Prantl's 'Die naturlischen
Pflanzenfamilien'. The most recent world-wide treatment at
speeific level (De Candolle, 'Prodromus', 1825) was written at
a time when less than ten-per-cent of species now kmown had been
described.

Focke included the following gemera:
Chrysobalanus, Grangeria, lMoguilea, Licania, Hirtella, Couepia,
Parinari, Acioa, Angelesis, Parastemon, Lecostemon ('Lecostomion')
and Stylobasium. The last two were included with some reser-
vations and he suggested a relationship for them with
Phytolaccaceae. Since Focke's time three additional genera
have been described - Geobalanus, Magnistipula and Afrolicania.

In the first phase of our own work we assembled comprehensive
taxonomic dats based on morphology. anatomy, palynology and
blastogeny for as many species as possible, with a view to

deciding:

1) whether the group should be given family rank or treated
as a subfamily of Rosaceae.

Tb. :
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2) whether L¥ostemon end Stylobasium should be included
or not.

3) the number and circumseription of the remaining gemera.

4) their best arrangement into tribves.

The results of this investigation ecomprised the major part
of a doctoral thesis (Prance, 1963) and have been subsequently
published elsewhere (Prance, ) or will be published
shortly (Prance, in press a, b).

Briefly our conclusions were as follows:

1) the group should be given family rank,

2) that true Lecostenon is a synonym of Sloanea (Tiliaceae),
but that Lecostemon of Focke is the same as the subsequently
deseribed Rhabdodendron of Gilg and should be placed in its own
fanily, close to Phytolaccaceae.

8) that Stylobasium should be placed in its own family,

8tylobasiaceae, close to Sapindaceae.

4) that the following gemera should be recognised:
obalanu: M Licania (including

Angelesia and lYoquilea), Afrolicania and Parastemon in the trive
Chryso mm.mn,m.m.
*Cyclandrophora, *Neocarya, *Exellodendron, *Bafodeys,

*Kostermanthus, Acios, Magnistipula, Grangeria and Hunga in
the tribe Hirtelleae.

Those names preceded by an asterisk refer to new geners ..
deserived by Prance (in press, b) or, in the case of !nﬁ#
= old go:};'; which never gained wide acceptance, but in our
opinion should be revived. They had all been formerly included,
at least in part in Parinari. The present paper is chiefly
concerned with them,

FROBLEMS OF GENERIC DELIMITATION

Parinari was first deseribed by Aublet in 1775 for two
species from South America, Only four species were kmown




fifty years later when De Candolle deseribed the Hosaceae
for hies 'Prodrosmua’, Although he did not appear to attach
undue weight to this charamecter, De Candolle nentioned that
the drupe (and by implication the ovary) 4e 2-loculate.
Ever since then most authors have used this character to
diagnose the genus, As a result it has becone inoreasingly
heterogoneous.

De Candolle placed his four species in two sections,
Petrocarya (Papinari if the Internationsl Rules are followed)
to accoumodate Aublet's original specics and Neocarys for the
other two, One of these, P, gicglga, should have been placed
in Potrocarys; the other E, senegalensis, which had been des-
eribed as F, mecrophylls by Sabine the year before, 18 super-
ficially similar to the other species but differs in several
lsportant respects and, in = opinion, should be placed in a
sepurate gonus,

Although 1% was De Candolle who first defined Parinari,
perhaps inadvertently, on the basis of an artificial character
vhich cute across other more important resenblances, it was
Bentham who consolidated the pituation. In dealing with the
Chrysobalanaceae for NHooker's 'liger Flora® (1840), Bentham
adopted the sections of De Candolle and added a third,
Sarcostegia, to acecomiodate P, polyandra from Weat Africa
and another species from troplesl Asia, These two epecies
are very different, both in atructure and appearance from the
original specles of Papinsri and Denthan did seriously consider
making a new genus to accommodate them, Had he done this
the history of generic delimitation in the Chryscbalanaceae
would certainly have been very different, By choosing to
characterise Parinarl by the spurious dissepiment separat ng
the ovules, BDentham paved the way for the inereasing hetero-
geneity of the genus., Such wes the authority of Dentham that
eubsequently all newly deseribed Chrysobalanacese, irreapective
of other resesblances and differences were placed in Parinari
ummm-omm Bmum“
eircumseribed when #'nr&- began was not even an artificial
genus, clearly defined on the basis of & slmple artificial
character, In some specicn the partition is inconplete and
traces of a partition can sometimes e found in species of
other genera, A fev species of Papinari, e.Z. P. syriandra
and P, hetergpetala have uniloocular ovaries.

Moat authors of regional and local floras during the last
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hundred years or so have either failed to notice the hetero-
geneity of Parinari or, if they did, have made no cogmments,
A nunber of speeialists however have drawn attention to the
unsatisfactory situation, but without attempting to improve
it. Juel (1915) expressed his doudbts as follows:

“Es scheint mir indessen gweifelhaft, ob die in allgemeinen
angenonmenen Cattungen der Chrysobalanoideen wirklich gut
begriinded sind, und od nicht etwa die Cattungen Hirtells,
Couepia, Parinari und Acioa su vereiningen sind, oder auf
andere Weise sufyuteilen.” Hauman (1952) clearly had
similar views, Of Parinari he said "trds hétérogdne, il
conviendra sans doute de le diviser."

4As our own work progressed it soon became apparent that
Parinari was much more varisble than any other genus in the
Chrysobalanaceae and that it contained several groups of
species which were more sharply defined than a number of other
groups whose right to generie status had never been questioned.
It seemed that the section Parinari and the section Barcostegia
mmm-mummmmorwpmo:
currently accepted genera in the family, It was also clear that
section Sarcostegla had much more in common with the genus
Couepia than with any other members of Parinari. If a con-
sistent classification was to be achieved then either Parinari
mst be lput,u most, if not all, of the genera in the family
must be united,

It seemed that the first course was preferable but some
groups of species were clearly much more distinct than others.
Ve had 1ittle doubt that some groups should be given generie
rank, but for others, where the reserblances were greater and
the differences less, we were undecided, It was at this stage
that we decided to test our tentative conclusions using the
techniques of numerical analysie and an electronie digital
computer. For this investigation we used ail species of
Hirtelleae for which we had adequate material, In addition to
Earinard, Magnistipuls, which has been treated differently by
different suthors, is the only genus which has been the subject
of serious taxonomic disagreement since the time of Focke,
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THE CHARACTERS USED

Bince the purpose of the mumerical analyses was to test

a eclassification already produced by traditional taxonomie
procedures, only those characters already known or believed to
be of value in defining groups of species at and near the level
of the genus were used, It is possible that if more, or
different, characters had been used a better classification
would have been produced, but there is nothing to indicate that
this would have been so and the extra time inveolved would have
been prohibitive. The characters are fully described in the
original thesis (Prance, 1963) and more briefly below. Some
of the double state characters could have been scored as
miltiple state characters, e.g. 1, shape of calyx - lobes and
2, distribution of hairs inside:the receptacle tube. This
would have been more objective, but it is unlikely that it would
have seriously affected the results.

1. (4) Calyx lobes amcute (1) or rounded (0).

2. (11) Receptacle hairy inside to the base (1) or not (0).

3. (441) Oyary bilocular (1) or unilocular (0).

4, (iv) Bracts and bracteoles enclosing the flowers in small
groups (1) or not (0).

6. (v) Stemens far exserted (1) or not (0).

6, (vi) Staminodes united into a "eombd" (1) or not (0).

7. (vii) Ovary terminal at the mouth of the receptacle (1) or not 0)

8,(vii1) Stipules enlarged (1) or not (0).

9, (ix) Two glends present at the base of the lamina or on the
petiole (1) or not (0).

10, (x) DRenticels prominent on young flowering stem (1) or
not (0)-

11. (xi) Stamens united to form a single ligule (1) or mnot (0).




15.

17.

19.

o

(b) Qualitative (multi-gtate) characters

Beceptecle ghape: elongate, symmetricsl, hollow (I); elongate
symaetrical, solidy (2), ventricose (3); saccate (4).

Pertile gtamens ocoupying the whole (1), two thirds (2), or lees
than a half (3), of the perimeter,

leaf-undersurface with stomatsl cavities (1); softly and densely
heiry (2); glabrous (3); with stiff but not dense hairs (4).
Bracts and bractecles with many sessile or stalked glands (1), twe
sessile basal glends (2), or nome (3).

mm(ﬂ. snooth (or with a few hairs) (2), with a
dense yusty tomentun (3), a dense covering of cmsteceous warts (4).
mmh).vwwdﬂmw.mdmm.
S8dling-escane by basal stoppers or plates (1), a single line of
wedcness (2), three or more lines of weakness (3), no special
mechanism (4).

Infloressence & pmnicle (1), corymbose panicle (2), elongated raceme
(3), short subeoryumbose raceme (4).

(e) Quantitative characters

Stenen mumber
Flover sigze meapured in millimetres from articulation to apex of

calyx~-lobe.

TENTATIVE TAXOHOMIC CONCLUSIONS

Before perfoming the mmerical malyses a tentative classification

of the genera had been formulsted, This is swmarised below. WWe were

reasonsbly certain that the conclusions preceded by an arabic mmeral

in the following scoccunt were fully justified but were doubtful about

£
those preceded by a small lftm.
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1. JAgiga was found to be the only genus which had not been con=
fused with other genera by previous workers. In our opinion its eir-
cumseription is satisfactory.

2, Momistipuls, vhich vas described in 1905, has been much dise
cusged and varioualy defined by subsequent workers. Most species of
Magnigtirulg have at one time or other been placed in Jirtells. It
appsared to us that this wes unsatisfectory and ve agreed with the cone
elusions of Grehem (1957), that several Africen species of Hirtella
should in fact be tranaferred to Magnisbipuls.

3. [Eirtellg =nd Couepia were frequently confused during the llne-
teenth Oentury, The majority of species of both genera differ in a large
number of charmcters, However, a fow species of Couspia =nd Hirtells
are somevhet similer and becsuse of this the definition of these two
genera has been unsatisfsctory in the past largely due to the undue
emphasis which has been placed on the mingle character of stamen mumber.
Stasen mumber overlaps in the case of 3 species only., FHowever, there
are other correlated characters, partiowlerly of the fruit, which permit
a batter distinction between Couenis =nd Hiriglla to be made, Because
of this they should be kept sparte.

4 Grmngerig)/#8metines been confused vith Hirtella. On the basis
of the charasters we exanined Grangeria vas founl to be distinot frem
Hirtells, The fruit structure is very different from all other genera
in the family except Paragtencn (Chrysobslanese).

5. The subdivigion of Paringrd. Jarinari was found to be hetero-
geneous, Parinarl subgenus Pgrinari (Parinerd sens, sir.) is very
different from Parinard subgerus Sarcogtecia (henceforth called lgrsthes
which is the earliest name for this group as & genus). These two sub~

genera are more different than eny pair of genera in the family. leranthes

appeared much mors closely related to Couepia than to the rest of Parineri.
Tt was slso concluded that othor groups in Farinari, eome already given
subgeneriec recognition end others not yet recognised, should be elevated

to generle rank, For some other small groups of species and isclated

Dlgltlzed by the Hunt Institute for Rotanical Docume tation




single specles we vere undecided ss to whether they should be recognised
as genera or not, These putative segregates of Paringri are cach
discussed below.

6. Paripgrd sens. str, The majority of species in this group form
a closely knit group with a large mumber of correlated charssters. There
were three species usually placed in this group about which we were
undecided, viz. —

witd  Sforinar;

e. Farinori benna. nwn..m./nmwmwem
1t diffors in some frult characters and in its receptecle shape, Since
the differences are comperstively suall we could not decide whether it
should be segregated or not.

b. ZPaminaryd argenteowgerices end P, osngriocides. These two Asiatic
species differ only slightly from Pgrinari but the lenves lack the
stomatal cavities so characteristic of other Parineri sens. str,

7. lNegosxrva (Parinari subgenus Ioocorve) magrophvllge It was clear
that this species should be eleveted to generiec rank, It differs greatly
from Paringri sens, strict. in receptscle shape, in the large mumber of
stamens asd in the glebrous interior of the receptacle.

8, larmathes (Psrinari subgesus Sercogtecla)is very diatinct from
the rest of Parinard, differing in fruit structure, the mmercus exserted

stamens, the solid receptocle, the epigeal gernination, ete.

9. Cyolandroohors (Parinari subgenus Cyelasdrophora)is wordhy of
goneric ramk, It differs from the rest of Parinar] in baving a very
distinet fruit, in its receptecle shape, in the leaf MQmu:_'l‘am end in
the number of stamens, Albhough originally described in 13;’2, fow
authors since then have upheld it as a genus.

10. After dividing Pgrinari es outlined sbove, there remain a few
species uhose texonomie position is not clear,

@ Parinari tessmannii which Haumen (1951) placed in subgenus
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The fruit structure is unlike theb of all other species. This species
has several important characters in common with Magnigtipulg.

b. Parinagrd barbata, P, gorisces, Po gamdnerd, These three species
algo formed part of Hauman's subgenus Pellegrindella although they are
very different from B, tessmannil, Their flower structure is similar
to that of Parinari sens, strict. but they differ in the fruit, the leaf-
undersurface and in the bracts and bracteoles,

¢, Parinari myriendre and P hetoropetsla are obviously not true
species of Farinari sven in the broadest sense since they lack the
bilocular ovary, They have united stomens as in Agiog snd a general
facies similar to some_Oyclandyophors. At this stage we were undecided
how to treat them,

+w @

In natural clessification a taxon is said to be closely related to
another if they have = large mumber of characters in comon, end
u:tmtlynhhdirmyaruehnmtau\‘m shared, so that taxonomic
relationship or its converse, taxonomic distence, can be regarded as a
measure of resemblance based on all available characters, In trad-
Shtenh Wmsiunts yoosedure, of Josss fer Ahe Muglosperny, he Wikess
11'.{:?;?1%0 mmber of eccmparisons that are necessary when a group ls classi=
fied is largely done visually end is usually supported st a relatively
late stage by a detalled analysis of the relatively few characters that
have emerged from the precursory study as being of likely texoncmic
worth. Texonomists using these methods usuelly produce results accep=
table to other workers snd the independsitly obtained clasgificatiomms

of different workers are frequently similer, but taxcnomic sgrecment is
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far from universal end in eritical groups, or vhem radically original
elassifications are proposed there is an advantage if the degres of
relationship can be assessed objectively and expressed quantitetively,

? I The quantitstive approach to problems in clsssification is based

4 | primarily on the mgthesatics of mstrices end although powerinl statistical
'methods have boen evellable to taxonomists for half a century the arduocus
'uwmmmm-mmuuthmuuu.
' The developaent of electronie digitel cemputers bas fasilitated s
extension of these methods and recent developuents in this fleld bave
nmduhtm%@ﬂ“ﬂim.%n

Untd1 recentiy Uial approssh to the problem of quantifying sffinity

has been_juf to consider texonomic resemblsnce ss a function of the
distsnce between the taxoncmic units in multidimensional spsce, the co-
ordinates being the characters. In the past, before couputers were
availsble, investigations using these procedures have gensrally been based
on a study of the inter-relationshipe between characters wbilising an "R"

Lor Paw o ¥
type matrix, i.e. a table of correlation eoefficients betwéen each characters

‘and_smoh-of-the-ottmYE, These methods were originally applied, ad are

still best epplied, enly to cortein restricted ecategories of guantitative

date, and sre therefore most useful in the investigation of relationships

< within Mﬁw.}m whese (Vamnhion con he measoed qm.f.t-‘.-rfj.

They ere of somewhat limdted value io museun taxonomists who are

frequently cancerned uu@_uw)m whose members differ

in both qualitative end quentitative characters.
Perhsps the most significant feature of mumericsl taxonomy has been

"1V vsei, the intreduction of procedures which enable quantitative assessuents of
nde

:mulmt.r botween the objeets to be classified (usually referred to as
'Operational Texonomic Unite' or OTUs) to be besed on both quantitative
end qualitative data. Congequently mathesatical procedures can now be
extended to the classification of relatively heterogeneous assemblages.
B v " In outline the mothods employed sre extremely simple, 4An OT0/data
irel ." table is drawm up in which all the characters are listed against the OTUz

in coded form, The data table uged in the present dtudy 1s not reprod-

uced here but is included in the original thesis (Prance, 1963). This
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E"é‘gl.,__ cussed in deteil by Sokal and Sneath/(1963), but for some programmes
% 0% 44 1p velatively stuple, In the case of two-state charscters, for
}.I;ii"t example, the presemoe or abgence of a particular character, ome state

nay be coded O (absent) and the other 1 (present), Similerly multd-

gtate characters are soded 0, 1, 2, 3 .. .. corresponding to the
variation, Miltistote quantitative charactere (measurements of
mummmdwm)whmtna
by dividing the range arbitrarily wiéh a mumber of (not necessarily

equal) parts and coding as in the cese of miltistate qualitetive attrid-' -

utes,

The coded deta are used either to compute an E-type matrix of

poirs of Chokncters
cosfficients of similarity between alletts

; or to compute a
pairs @
Getype matrix of similarity between all tie OTUs unler consideratim,

i.e, a table deploting the similarity of each unit with each of the
others,

i mmmmmmammwuﬁmﬂummn—

15 to comdense the multidimensional reletionships into a comprehensible

'mmmtawmumumnthmm-mum
| and loss of inforeation.

Yy e fhis *
v, 'hur'r 2
5 Mas‘-‘ prece Arits fon
e,
o Jemt ch’

’Tp;-l .Y \]

PRINCIPAL COMPONENT AVALISIS

Accounts of the prineipsl component method of enalysis are given
by Thomson (1951), Kendall (1952), Reo (1952), Willimms and Lemberd
(1961), Gerdiner and Jeffers (1962) and Sckal and Sneath (1963).
Gardiner and Jeffers applied it to higher plents but were concerned with
species diserininstion (in Betulg) not with the taxonomy of higher renks.
Ih;;rc:nﬁcipal camponent malssia;::'ﬁ—t:rpo natrix of eorrelation

coefficients between attributes is used to caleulnte for each component
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a latent vector (eigen veetor) giving the weightings needed to trane=
mmmmm&wmn-mm
(eigen valus) giving the percentage of the total warimce asceounted for
w.mmwmmtm

The method cen be explained in terms of a geometrie models Each of
the attributes 1s represented as an axis in a multi-dimenslonal space and
ench individusl is represented by a point in this space with attributes
an cosordinates, Individuels with identical atiribates are represented
by the smwe polnt, those with different atiributes Wy different points.
mmmcmm«hmmummutmm
of similerities between the individusls, and the distance between points
4p an setual measure of their dissimilerity,

In principal component snalysis new mxes sre charactariced, fewer
in mmber than the originel aottributes, with which the data mey still
be adequately described, Thess sxes are placed so that the varlates
nmﬂmﬁnmmmwummmmud
the squeres of distences of the points from thom ere minimwm, Thus
ﬁnﬂmﬁmﬁuﬁhhﬁeﬂlﬂﬁama‘hﬁ!ﬂnuhh
space, the second component will be the ml,(mm};:?ﬁm first,
with the pg4dpl groatest variance and eo an, Iy this method a
large fraction of the variance in the spuce ig defined by the firet few
principal component axes, Then the model is exanined visually by
mmm@miuﬂmsdmmu-hImnﬁl
prineipal camponent exes.

In these projections individuels thet eppesr close together on all
of tham sra closely related and those that appoar digtant on all of
them sre distantly related, Towever in many cases there ero structural
gaps in the wodel which are enly observed in s fov of the projections,
These may be of iuportance and the actual scored :.:;;t;:{: importent
in the prineipsl cosponente showing the discontinuity, may be identified

from thelr trassfomation weightings. [Usually the projecticns of the
firat two principal ecmponent smes displey the greatest digeontinuities
as they were selected to describe the maxiswm verimce, Theoo pro-

jections nro objective displays of texonomio relaticnehip on which the
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taxoncmist may bess subjeetively his eircumgeriptions,

m:nmzimmmummummd
none had been spplied to probless of gemerde delimitatiom,
In 1963 Professor W.T. Willimms who was then Professor of Boteny
at Southempton Universily kindly made available a programse for
principsl component muslysis devised by him for us on @ Fererdi /isasus
Computer, This programse would only use multistate snd ‘uentitative
characters so that enly 10 of the 21 characters originally scored
could be used.
Shortly afterverds, ir, J.W.R. Jeffors of the Porestry Comslssion
Negearch Station, Alice Holt Lodge, Farnhem, Surey, slioved se to use
his principal eemponent enalysis prograume which is sble to use double=
\1 !llb SUES . Sh “:,ﬁ:.téxa?‘.mm PRI

linited starage space of the / Camputer at Alice Felt lodss,
L Q” wnsmm.-ummmzmwmn,m
)‘\kl“ 5| dian't matter.

The proportional weightinga were coloulated for the first two
prineipal componants ms only these two were sufficiently significant
to be useful, This mads it possible to plot the finsl values on &
single two-dimensionsl seatter diagram (fig. 1)«

The proportional weightings obtsined by calculating the lsatent
veotors of the originsl date required for transfermation to the prineipal

component axes are fsbuleted below, Those sharsetars vhich contribute
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Weighting for criginal components, Willisms FCA

Character Component I
12 ~0,0724
13 10,5657
78 40,4563
15 =0,6617
16 +0,2283
17 20,6776
18 <0.1272
19 -0,0966
20 07227
21 =0.8028

most to @ camponant have high values (ignoring the sign) and are

Component IT
0.1424

Component I (The charnctors involved are +13, -15, *17, =20, -21)
The positicn of the stamens and the type of endocarp contrasted with
the nature of the glands of the bracts snd bracteolos, the mumber of

stamens and flover smise.

Camponent II (+14, #16, +18)

of seedling escape,

celeulating

The type of lesl undor-gurfoce, the type of epicorp end the methed

“dere

tnee the components were found, the originel duie w=s normalised by
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e for each value X, 4 (where x,, is the value in the
Bt

eriginal data for the character i in the indivAdual j, X, is the mean
of the values of character, i for all individusls, -ﬂuﬁ!libw
Mudﬂuvﬂusr«rm:i}

mmmmndmvuusmwwmmﬂh.w
mmhﬂbmﬂhﬁﬂmﬁi&mrﬂnﬁnhﬁnrmd
exprencsd in unite of their stendard devietion,

Using this nomalised data the value of esch component was computed
for each of the 108 species enl these values plotted on e scatter
diagrem (flg. 1) using the two components as axes.

The texonomieally significent groupings which are detected by this
rathod are swmerised balow.

1, GRANGERIA. All three specles occcur together foming am

isolsted groupe
2. BARTUMRT  ZA11 epecies ocour togother forming e isolated
sang, str,

EToup.

3. COUEPIA. All species ocour together foming a group close
S0 tamistipula.

4. HIRTELLA, ALl species ccour togebher forming en isolated
ETOup.

5, cmw.mmnm.’m ppecien ocour together mnd fom an isolated
(roup, except that it mlso contains Ferinard
heteronetela

6, MARANTHES, All species cccur together mnd fom an igolated
group except for the close proximity of Parinarl
mgerophyllg

7., EXPLIODENDROM, Three species of Parinari, P, barbaba, B
cardrerd md P, corlacen, which wo subsequently
deoided to assign to the germs Exellodendrom,

form an isclated group in close proximity to

Digitized by the Hunt Institute for Botanical Documentation




16
Eagonnxipideg
8, MAGNISTIFUIA, ALl species (including the former Parinaxd
deseoc i fegsmannil) form & compact group in close
* proximity to Couenis,

9. MRINART BENVA ocouples sn isolated position,

In this snelysis it was found that the first five components were
neceseary to display the taxonomle reilersijs offoetively, The
proporticnal weightings for these are given in the table below.

Those characters which contribute most to a camponent have high
valnes (ignoring the sign) snd are underlined,

Proportional weighting for componentss=

Gheracter I II 11 v v

¥0,0280 =0,0597 40,0204 ~0,0134 +0.0634
30,0879 0,009 +0,0201 40,0259 *0.0688
0920 +0,0169 +0,0197 +0.0494 -0,0134
20,1000 ~0.0074 =0,0311 =0,0209 +0,0154
=0,0818 +0,0343 ~0.0380 40,0218 +0,0148
10,0128 90,0221 v:;rmj -0,0081 =0,0794
40,0221 0.0484 10.0254 =0.0528 20,0775
10,0292 =0,0042 =0,0129 ~0,0087 +),0169
40,0858 40,0319 -0,0136 40,0161 =0,0470
00771 =0,0053 =0,0081 *0,0133 ~0.0164
<0,0049 +0,0037 0,U192 +0,C581  +0.8000
12 40,0063 40,0114 #0,J000 0,038  =0,0555

. 0377 =0,0719 *0.0452. 46 40,0274 .
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(Proportional weighting for compononts contd, )

[

42 hairs on inside of receptacle or not.
43 bilocular or unilowular ovary.

+4, bracts enclosing flover buds or not.
+9 glands present on the petiole or not

Character b | = II1 v |

73 00874  =0.0459 40,0273 40,0202  «0,0095
15 40,0492 30,0829  =0,0012 40,0015 40,0497
16 «0,0517  =0.0193 40,0729  +0,0537  *0.0499
17 40,0046 19,0808 40,0591  -0.0198  +0,0096
18 =0,0812 40,0131  +0,0063  =0,0799  *0.0486
19 ~0,0440 0,010  «0,0153  0,1000  -0.0113
20 «0,0202 30,0056  -0.0181  +0,0195  +0,0061
21 <0,0229 20,0000  *0.0047  0,0186 40,0062

15.2% 945 (N 6,74

+10 prominent lenticels present on young stems ar not.

=5 gtasens exserted or inclwded,
=18 type of endocarp dehiscence,

Componant 11
+15 nature of the glands on the bracts.

| +17 type of endocarp.
+20 number of stamens.

Component III
+i2 shape of receptacls.

Couponent IV
+19 type of inilorescence.

=18 dehipeence of endocarp.
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*7 level of ovary insertion.

*11 staminal ligule present or not.

=6 gteminodea united or fres,

Seventoen of the original twenty-one characters are given
significent veightings in these five components, which scoount for
68,27 of the total variation (caloulated from the latent roots),

The table shows that the first component accounts for 24.3% of the
variation, m.mumtmm-mw
suall percentage and that the first five compononts sccount for only
687 of the total variation indiecstes the complexity of the variation
within the Hirtellege. This is pertly due to the type of data used,
mnmmmummumrquumm
mm:ammmtmvmﬂnu-m-k
or predominantly quantitative data, Only two quemtitative cheracters
were used in the case of firiellege. The components beyond the fifth
account for less than 5% each md are not worth considering (they
represent less variation than any ene of the originsl charseters), The
foot that there are five significant components means that esch must be
plotted againgt the other four, All ten disgrems were prepered for
the origiral thesis but only one which illustrates the projections of
the first and second compenents is reproduced here, The remilts from
all ten disgrows are sumericed in Table 1 Fig. 2 is sn exmple
of these projections of the components using their values for each
individual species caleulated in the same way as in the previous come
ponent analyses, It is algo possible to prepare iscmetric diagrems
to include three components in the ssme figure, but this was not
necessary hore,

Fig. 2 shows that » mumber of gensra sre cleariy demsrcated when
these componants ere projescted,

Since a mmber of compenents are involved, it is obvious that no
gingle pair of components will isolate all the pgenera, There is always
a residue of mixed clusters. Conversely genera which sre not isolated
vhen one pair of components are projected may be isclated when different

1 AT




components sre projected. nnm-uhuhmmmwth&
projections sre sumnariged below.

Caaponents Purg grouns lixed gxoups

Y1z 1. PARINMARI sens, otr. 1. CGouspia * Cyal

(Fig.2) 2, P, BENNA + Megnistipula pro
3. MARANTHES + Py myrisndre

2, Hirbella * Magnistipula
pro parte * Grengeria

1x 1. MAGNISTIFUIA (with 1, Marenthes * P, mecrophylla
F, TESSMANNII as a + Oyelandyophora *+ P,
satellite)
2, PARTHARI gens, str.
3. P. BEHHA
4e Ps MERIANDRA 2, lirtella + Couspla *
B
v 1, ¥aranthes *+ Graageria +

v

ey

¥ e

PARIVAR]I sems, str,

P, MIRIANDRA
EXELLODEHDROM
CYC LANDROPHORA

MAGNISTIPULA +
P, TESSHANNII
QUEPIA MFACRO=

P. BEHNA

P, MYRIANDRA
COUEFIA MACTO-
FiILLA

CYC LANDROPHORA
FARANTHES
GRANGERIA

6e P. MACHOPRYLIA

CICTANDROTHORA
GRAHGERIA
P, MIRTANDRA

1, Cyclandrophora *
Marenthes + Couspia +
P, macrophylila +

P, myriandra

2, Exeollodendron * Parinarl sens. str.

+ P, cansrioides + Grengeria +
Hirtella

1, Couspia * Hagnistipula
pro parte

2, Hirtella + Parinari sens, str,
+ Fe casarioides + Exellodendren +
Vapnistdpula pro parte +

Fe tessasnnil * P, bemna

1. Couspis * Maranthes *
Yagnistipula pro parte +

P, maerochylla

2, jdirtellia + Parinari sens, str,
+ Exellodendron + P, canariocides *+
Fs tesgmannii +* P, benna *+

Magnistipula pro parte
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Gomponents Jure groucs ldxed groups
oy w 1, P. MIRIANODRA 1. Couspia *+ Hirtells *
2, CYCLAYDROPHOEA P, benna *+ Parinerl sens, str.
3. MAGNTSTIPULA + P, canarioidaes *
4e Ps THSSMAINII
5, MARANTHES + P,
MACROFHYLLA
/v 1. P, MIRIANDAA 1. Couspla * filrtella +
MAGKISTIPULA Porinari sens, str,
+ P, TESSMANHII + karanthes pro parte *
3, CYCIAMDROPHCRA P, canarioides
4e P, BENEA
§, P. MACROPRILLA
6. MARANTHEE pyro
parte
7o GRANGERIA
w/y 1, P. MIRIANDRA 1, Haranthes pro perte *+
2, CYCIANDROPECEA Hrtella pro parte +
3, GRARGENIA P
4o MARANTHES pro 2, Couepia *+ Hirtella pro parte
Parinard sens. str.
+ Exellodendron * P, canaricides
+ Magnigtipula

priscipal component gnalysis

1. Agios. Because of the uncritical nature of this genua it wes not
inoluded in the Jeffers POA described above. However a second ealysls

aiet an addilmant (3 ihtexs - i 80 Geus.,

was made in which /3 speecica of mﬁ?,m ineluied, remlts were
similar to those obtalned by the first snalysis exoept that Aclog was
clogrly seperated as a distinet group by the two most significant com-
ponents.

2, Mignigtimul=. The 13 speaies of Famistioule (some of which have
frequently been placed in Hirftells) are seperated into a distinet cluster
by the Williams KA end in four projections of the Jeffers PCA. They are
clearly separated frem Hirtella in hoth snalysss. Papinard tegsmermid
which 4s discassed later nearly slways cocurs with Mosnigtifiula. The
eonclusion that Grahas was correet in placing most African species of
Hirtella in Magnigtipuls is shurdantly confirmed by thess snalyses.

3. Birtells and Cguenis. The Willimms FCA cloarly aeparatas these
two menara (fig. 1), but indicstea that they ave clogely releted, The

L S FCA never gorted is and Hirtells inte pure groups, but they
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mmmummww.zm«mw-uhmm
mmdmnlmm-pm'dm. T4 18 clecrly demonstrnted
that Oouspig md firtells sre mich more closely related to cng macther
MmmﬂmptalacMmtomahu.

mmmnmmwmmmmmm
dmmmmumwmnmmw-ﬂ
C,_polvondrs are placed with the other speeles of Gougole. As a result
dmsmw,ﬂhmmtd&tfm#stmbmﬂhm
to state more definitely that these species beloug to Gouepiss

hwmhmwﬂinddﬂurm‘th
mumm;mww&mﬂmjmm
fitmed sa the best. In several projections of both componsnteanalyses
wmn-namammﬂnorwum This 18
Mmudiﬁmhimﬂwmmﬁhlnmﬂ‘m(h
mmmuwmwuotw.Msmasuuw
lmﬁdfmhﬂﬂdmthGWith‘ﬂwdﬂ
end stominal nbers 1 do not cenaider that differances in these
mmteramituwmﬂmdamtmmwwhhh
every other rospect is a typical member of Couepis.

4e Sraugerig. Bath the Willimms end the Jeffers PCA confim this
genus is distinet Crom Hirtells end other gonera. It is isclated by
four different projections in the Jeffers FOA, and is placed fer from
Hirtella by the Williems FCA,

5. Badasxd (segrogetes). The wost obwious comeluslion fyom the
yosults 8¢ the ™hs 1s that Parinapl is markedly helerogenecuss The
POAs show that subgenara and obher groups of spoeles within Faripard are
as digtinot from each other s are many loog-ssteblished genors. I
the tribe Hirtelless is to be divided Inte generz at all, Paringzi mush
be eplit, In the Jeffers FCA, the pure groups listed in the tadle

goncigt mors frequently of segregates of Paringrd then of the other genera.

6. Pgrineri sens., str, Both FUis demonstrate that this 1a the most

distinot group within the femily. It is isclated by four projections of
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LHose
manmnmimnlngﬂnowmmwmhm
mp«wmgﬂmm-ﬁm Tn the Willimms 7CA ite isclated
Mﬁuenhmhﬂg.i. The component analysis also helps to
Mhmcmmmnmnm
wmamtubiuhwhdhmwd.

a) P bowig @ This species is isolated by both UAs. Figs 1
ghows that it 1a isolsted by the Willians JGA. In the Jeffers FOA it
uwurulmmdxdthmm'Hm This
cloerly indfestes that 1% camot be kept i Purinaxd seus, str. It 1s
wmmu-mmnmcmm

») [P srventec-serices md 2y omarioldes are placed betveen
Paringrd sens. atr. and Exellodendron by the Willlans P04, In the
Jaffors FCA thay are 1solsted ints n pure group by o sindle projoetion,
and ave placed with varicus species of Perinari sens, lat, In tho cther
projestions, The FCA indicate that these two specles do not merit
recognition &7 sepnrate genera tat that thay are, novertholoss, sig=
nificartly differant from the vest of Parluard seas, str, P, osnsricides
diifers Srom twua Paringri in the aboance of stomalal cavities from the
leaf underwsurface, and in the bracts which are ssall and cadugous,
Ea_zrgenteo-gerices difiers aly in the sbaence of stomatel cavities.
These sre important charactors snd this group clearly pregants a border-
' 1ine situation but in owr opinion the differmces between P, _cansricides
and its relatives and Parinsrd sens, sir. ore not suffisient to justify
tho resogui‘ion of the former as o genus, Kostermans (1965) hes vecently
placed thesa two mpacles in e digtinet subgenus,

7. Neoomrve. Parinaxd macrophylls is slightly isolated by the i
Williams FCA md ic isclated by four projections of the Jeffers Uh.

The decision tn treat this species as a unispecific genus is confimmeds

8, lorsutbeg foms e distinet group In the Willioms PCA =nd in
thyes projections of the JefTarg POA, Both analyses indicate that 1t is

g ddstinct genus,
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9. _Svolmdrophora is very mich isolated by the Williems FOA (fig. 1)

and is isolated by six projections of the Jeffers fUA., The snslyves
mmuwuumonotu-mmummht-mn.

10, lpgertain spocigs. The residual specice sbout which wo were
undecided were also definitely placed by the FOAs.

a) Papinad tesguanndd is placed vith Mumistisule by both malyses,
The Jeffers PUA indicates that it ccoupies a slightly isolated position
in the genus. As a result of these anulyses it wes decided to tramafer
Mhmﬁumdcammhmuaurlt

b) The thwes specios, Fariscid berbate, L. coxisces ond L. gandnerd,
were alwaye groupsd togother by the FCAs, The Willimug FCA places them
u-:m;dhumtpmndﬂu&thmmwgmtbum
in three projections, They =% never tm?:iiz‘;:_ﬁ.w”
gmeups, indicating that Hauman's (1951) subgenus follegriniells contained
two diverse groups. The three speciog mentloned sbove differ from
Porineri in significant fruit and vegelative charscters, md se a remld
dmmtthMthmwmm,mm
them.,

¢) Perinari heteroputala was enly groused with Crclandrophors by
the Williams FCA, probably becwuse its most significant feature of a
staninel ligule was not included in the date used, In the Jeflers
TOA 1t 1s isolsted by eight of the tem projections, that is mere of'ten
then any other group, Thiz laplies that it 1s e extremaly isolated
speciess I iz placed, together vith mother species not used in the
gnslyses, in the new gonus Koptormanthus,

Digitized by the Hunt Institute for Botanical Documentation




THE RUBTH MODEL (F CLUSTERDNG ANALYSIS B

Full deteils sre given by Rubin (1966 and in press). His methok
is of general spplication but wes devised with biological problems in mimd,
It is a Q~technique since the first stage is the computation of a
gimilarity matrix in which all the objects axe compared with each other.
The purpose of the clustering procedure is to partition the objects
into classes (or clusters) where the average similarity of the objects
inside the classes exceeds a particular 'bresking value of similarity’
(s%) and where the aversge similerity value between the members of
different classes is as lov as possible. These two factors are incor-
porated into a single criterion. Eech partition is measured for the
extent to which it sstisfies this criteriom, amd the partitions which
maximige this measure are sought. The model also provides a useful
meagurement of the stability of an objeet in a class. An object is
considered stable if its average inside similarity with other members
of the elags in which it 1s a member exceeds 5%, and if this is not
true with members of sny other classes (i.e. the sverage similarity
of its owm cluster is grester than §*, end its everage similerity
with sny other cluster is less than S*), Hence an object is stable

if there is little question about ite cless membership.

Gnce an initisl partition of the group has been made, the effect
of moving each object into every other class is caleulated. If the
now partition is better (i.e. gives a lower average similarity value
between classes) the objeet is moved. This process, termed the
VH411-elinbing Algorithm' by Rubin, is continuslly trying to find a
peartition which is better than the best one previously found sccord=
ing to the measurement of stability, If the value of S* is low, the
number of clesses formed will be few and will tend to consist of a
large mumber of objects, since many of the pairs of objects wlll share
similarity measures greater than the bresking velue (S*); similarly
for high values of S* olusters will be gmell and many., Partitéhions
obtained for inereasing values of S' are not necessarily hierarchical
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because large clusters formed at low values of 5% need not wholly
contain the smaller ones formed at higher velues of 5*,

When this method was used for the Chrysobalanscese date, the set
vas run at three values of 8%, 0.3, 0.4, 0.5, using 140 speciss (i.e.
including jgios). The clusters formed st the diffevent levels of simi~
larity are summeriged in fig. 3.

Disousgion of the elusters level by level

0.3 level '

At this level only two clusters are formed, It is interesting
thet one of these conoiste of all of the species of Parinard subpenus
Parinerd plus two other speeies of Parinard, P, benng md Py shrvsoe
phylls, mhiﬂfﬁﬂmmﬂlﬂd“mm
Parinard, and might be expected to cluster with it. A valuable
feature of the Fubin programme is the print out of the stability of
each objeet in its cluster ss well es the effect on the eclustors of
moving it to the nearest related cluster. Only P chrveophylla is
noted as being unstable at the 0,3 level, This is not spurprising as
this species is a member of Farinar] subgenus Mirgnthbeg, and is not
closely relsted to other members of the cluster, P, chrysophylls has
an average inside similarity much mmsller than any of the other species
in the eluster, Thus the grouping st the 0.3 level is satisfactory

eonsidering the taxonomy of the group,

0.4 level

At this level eight clusters are formed. It is at once spparent
that the olusters have been mede by further division of the old genus
Parinard sens. lat., and the segregation of some of the other gemsra
traditicgally sccepted ns distinet. Three clusters consist exclusively
of spocies of Parinsri sens. lat., while species of Parinari slso form
parts of three other clusters., All wik the other lengstending genera
of the tribe are separated into clusters at this lewel, i.e. Hirtells,
Orangeris, Agiop and Couspig. The two latter genera are in elusters with
no additional species from other genera, the other genera are ell in
clusters together with a fow species of Parinari. Hirtells is in a
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now segregated into the genus Exgllodendron. In this cluster the
thres spocios of Parineri (Exellodendron) mnd one species of firtella
are indicsted as being unstable. lMagnigtipulg 1s segregated into a
eluster together with Parinari tesemernii. A1l objects are considered
relatively stable in this cluster, 1t is intervesting that E.
tessagunid is placed here, since other evidence shows that 4t should
be transferred to Magnigtipulg. Grengerig is in a cluster with
Parineri macrophylls snd Py cgnaricides. Other evidence shovs that
these two species are not closely relsted to Grsagerig md they are
ghown to be unsteble in this cluster, Paringrd subgerus Margmtbes
forms a cluster on its own. The member of this subgenus that was
Mdﬁmmmdthnb.Slmlmm.whth
expected position, The fact that members cen cross over between
clusters indicates that the clusters ore not necessarily hierarchical
in ngture, The erossing over of P, ehrysophylls to the Marmthes
cluster leaves Paringri subgerus Parinerd in a pure cluster except
for the closely related P, beons. All members of this cluster are
gtable, Parinard subgemus Cyglandrephors is elso in o cluster of
its own together with P, greenteo-gerices

0,5 level

Ten clusters have been formed at this level. Three of these
are unchanged from the previous level, i,e. the clusters formed by
Couspla, Aclos and Perineri subgenus Maranthes, Furthermore, no
unstable species occur in these clusters. The remsining seven
@lusters have sll changed slightly between the two levels. P, Beuna
hes erossed over from the Parinari subgerus Earinard cluster to form
part of a new cluster (group 2). [Parinari subgenus Parinad is
now in a eluster on ite oun with all membors of the cluster. stable.
Fig, 3 shows that the main change between the 0.4 and 0.5 levels is
that some species from five 0.4 level clusters cross over to form a
new oluster (2). The other important change is that Parinari sub-
genus lNeocarya is separated from Grangerig to form a cluster con-

| siating of the single member of this subgenus. This segregatiom by

|
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the model is plessing since it hed already been decided that subgenus
Neocarya should be sepsrated into a distinct gemus,

The result of the formation of clister 2 b the 0,5 level is to leave
the other clusters ss pure groups es proposed by Prance in the new classd-
fication 1.e. Porinard sens. str. (Fig. J eluster 1), Mamistimls (3),
leccarya (4), Gramceris (5), Grolacdrophora (6), Maxsathes (7), Hirtells (8),
Agion (9), Couspla (10).

1. Aciop forms a pure cluster at the 0.4 and 0,5 levels,

2, yagnistimla together with farinard tesmgdd (see 108, delow)
forug a pure cluster at the 0.4 lovel but L, albids is transferred to
44 the dunp cluster at the 0.5 level,

3._Couapig forms a pure cluster et the 0.4 end 0.5 levels and is
never confused with Hirtellg which forms s cluster with Exsllodendrog at
the 0.4 level and a pure cluster at the 0,5 level.

4. Grangeris forms a eluster with two snomalous species of Parinar} at
the 0.4 level end a pure cluster at the 0.5 level.

Seas /ot
5. Parinari (segregstes). Thet Parinax] should be split is clearly

indicated by the fact that its species ocour in 6 of the 8 clusters formed
at the 0.4 level.

6. Parinard sems. strict, is the cnly eluster separsted st tho 0.3 level,

a) P, benng is sssociated with Iaringrd sens, strick, md one
other unstable species at the 0.3 lwll)mly with Pgrineri sens, strict., at
the 0.4 level and belongs to the dump eluster at the 0,5 level.

b) P, argentec-sericea and P, canarioideg sre sssociated with
Cyelandrophora end Crmgerig respectively at the 0.4 level and are placed

T
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in the dump cluster at the 0.5 level.
7. Neocarys is isolated as a pure cluster st the 0.5 level.

8. Marentheg forms a pure cluster at the 0.4 level and ramaing une
changed at the 0,5 level.

9. Cyelandrophora, together with Pa sericec-argentes fom a cluster
at the 0.4 level snd a pure cluster at the 0.5 level,

10, Uncertain species.

8) Parinari tesgaanndd ie associsted with Magnistipuls at the
0.4 level and joing the dump cluster at the 0.5 level.

b) Pa bazbats, I, corisgeg end E, gardnexl fomwa cluster with
mnmmmn:aﬁmmmnmum
These thres species have the higheat inside similerity in this cluster,

¢) B heterovetals 1s not separated from Gyolandmoohorg et the
Ou4 end 0,5 levels because its disgnostic characters were not scored,

Thig method clearly demonstrated the main thesis for making changes
at generie level. It showed that if Cousnis, Hirtells, Aciog end
Magnistipulg sve to bs recognized as genera then Parinar] must be split.
Of the genera proposed in the vevision (Pmmace, in press) all the lerge
ones (Parinard sens, strict., Mermtheg end the four just mentioned)
and three of the small cnes (Negoarye, Gramperig snd Cyclavdyophors) fomm
clusters at the 0,5 level, The remsining cluster et this level is an
extremely heterogenecus WMomMgmmmm Pance
&trmfarrﬁwmz._mmvhinf,l place<in Magnigtipula
=3 with which it in essociated at the 0.4 level, P, csnaoricides snd P.

e Adave decaded &

srgenteo-gericea which AI' retain in Parinari sens, striet, although they
differ in seme respects, the small segregate gemus Exellodendrop and

Magni EE‘ albida whiech was meot.l_r plaged at the 0.4 level,
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The distinetness of most genera is very eclearly shown by
this method but the formation of a dump cluster for the eritical
species ia a serious disadvantage. It is for the ecorrect placing
of such species that the texonocmist mey be tempted to use
mmorical techniques for guidence.

The formation of a dump cluster probably occurs becepse the
methed forms clusters by a measure of gooiness of the whole
partition rather th-:;’uumug the gooiness af the individusl
clusters in the light that each object must be meaningfully classi-
fied in the end, To change a good cluster such as mmber 2
weskens the others considersbly., The taxonomist is more interested
in optimal clusters than in optimel partitions, Optimal clusters
do not necessarily provide optimal partitions.

The model also provides much informetion sbout the objects
and thelr clusters, The print out, in addition to showing the
stability of objects in their clusters, provides, 1. The effect
of moving eech object to the most closely related cluster, 2. the
average similarity botween clusters, 3. The average similarity
of ench object to esch group, and 4. A varisble frequency malysis
for each cluster, which gives the occurrence of eamch attribute.
Thege features add to the valus of the model because each one of
them is informative in the interprepation of the results. It gives
a good pioture of the relationship within end between clusters.
In the present form where a dump cluster is formed the use of the
similerity metrix between clusters 1s somswhat obscured, although
in general, clusters which the mrthor would expect to be most
closely related, have tie highest similarity valuss. The variable
frequency malysis is useful for the definition of the clusters in
the terms of the characters used., This feature is not shared by
the other models used.
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THE WIRTH, EASTABROCK end ROUERS MODEL OF
CLUSTERING ANALYSIS

As in the Rubin method this is a Q. technijue since the firet
stoge 15 the couputation of o similarity metrix in which 1l the
objects are compered with esch other. The method of elustering is
fully described by its authors (1966). It is based on graph theory
wd the olustering technique 1s similsr to the single Mukage msthod

Snecdf, deserived by SeksT mnd Sneath-(19657: The simtlarity function which
'GT 1 determined for every pair of species varies between soro and 3,
Zero indtcates sanplote dissimdleritys 1 complete similarity,

Clugters ave then formed using this siuilarity function, Far

the purposes of this technique a cluster is defined as followst

(1) a collection of OITs is isolated for soms fixed vnlue of simi-
larity 4f each OTU in the collection is less similemr to every OTU
outside the collection than thet fixed similarity velue,
ﬁ)-mmmmu.mumorﬂzmmmrm
fixed similarity value, but which containg no smeller cluster isolated
for the smae fixed value, In this way members of a cluster show a
discontinuity with nonemembers, mnd clusters cannot be pubdivided without
the parts being less isolated than the whole.

All pairs of pecis at least as similar ae some fixed similarity
value ere linked, and these aggregates of linked species constitute
acceptable clusters. The result of this linking process 18 a

ce- mummmwvumﬂuasns (clusters), The pare
umdmgamummmamnrumtmo:mma
out i‘urp“-/\;m;il.:: linking similerity valuel W-ﬁu elusters of a par=
tition formed for a low linking similarity will be made up entirely of
clusters of a partition formed for a higher linking similarity value
for if two species are linked for a high similiarity they must also be
linked for e lower similarity, A hierarchy can be formed by arrang=

! ing the collection of partitions in order of doercasing fixed similarity
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yalues, The digjoint partition is the first formed, in which all
species are wnlinked single objects. The next partition is formed by
mmmmm&m-mﬂnn&muum
This process continues until all specles ars in ths smme cluster, which
15 known ss the conjoint parbiticn.

In sddition %o the clustering procedure, this technique provides
other valusble data.

(1) The "moet" velus of a cluster is a mumericel value of the
degree of iscletion of a clusters If a cluster forms at a linking
M 40V gintlarity of G, then the "nost" value of that eluster is found by

5 ! gubtracting from C the greatost similarity bet.een any pair of species,
t”:g.d:'b,.,,u vithin the Cecluster ad the other outside the Cesluster,
I ';Jcs“’{g (2) The "internel connectedness” of o cluster, based on & couperison
M, 4 ot the mintmm mmber of iskages betwcen tac spestos of & oluster
| L required to hold that cluster togcther mnd the total pessible mumbor of
linkages between the specles of & elusten,

(3) When the membership of a cluster changes, for exmple if twe
previously igolated clusters join, the identity of the specles forming
the new linkage is ecasily found, Any new linkages forming within a
cluster are also pointed out by the computer as the clustering proceeds,
g0 both the external and internal relaticnships of a cluster sre lnom,

MNlthough there can be as many different isolated clusters as one
!__-__\\kl‘_ s than tulce the mmber of CIUs in the stuly, there ere umally fer

AN p fewsr in proctice, If all possible partitions sre made and arrmged
{501 i\,}.a‘ .anceaninnmdu].‘l.themtcmd connections properly inserted, these
> lovels cen be thought of as cingle fromesin a strip of motion picture.
The £11m would show the OTUs initislly as distinet pointe clustering
together hicvarchically through sll the allowsble partitions and tore
ningting s & single cluster, SS2Z PC3 ¢l L.

The results of the computer malysis can be shown in two ways, by
mesns of gubgraphe md by the skyline plot, cach reflecting different
properties of the suggested classificatiom.

Tn tho gubgraphs for any chosen level of clustering every pair of
gpocinens ghoring a similarity at leest es groat as the given linking
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32
mquumuw-m(qhmmmmvm
%o mske the 1! partition), The commecting lines are shown in three
degrees of boldnsss i the darkest lines sre made for those similsrities
that changed the previous partiticn to the present one (i.e. connceted
previcusly unconnected groups); the intermediste lines represent the
internal structure which existed previous to the present situatiom md
mmnmmtnmmummhﬂrﬁmmm-
less than ¢y but greater than oy *+ 1. Use of this custom mekes it
wdﬂchvmnu-mmmmﬁuhuﬁuputhﬂhﬂw
orl.tcﬂnnd’;?{m.

Pigs. show how clusters vere farmed for the Hirtalless.
In this case the conjoint partition is the fourteenth, Since the number
of values of @ is small it has been possible to show all but two in the
subgrephs, With wore camplex date a large number of partitions may occur.

The 'skyline' plot (figs. ) which is prepared by the computer
swmariges the results of clustering processes by showing the clusters
which formed end the value of similarity st which they formed, their
hierarehicsl relationships, and the measure of isolation associated with
each cluster, The spocimen number ig placed merose the bottom of the
plot and & vertical similarity scale runs up the side, The skyline plot
is a convenient method of sumasrizing the taxonomie relationships detected
by the method, but since it does not indicste the degrees of relationship
among clugter members nor the objects linking one cluster to mother,
nor the stepe in cluster development, the subgraphs are necessary as well,

1. Aclog was not included in this snalyels.

2, Magnistipula forme a pure clusier at the eighth level. kK.
gleberrimg (111) does not join until the tenth level when it joins strongly.
Hy slbids (114) which was kept apart from the rest of the genus by the
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3. Cousnis and Hirtella fom distinet clusters vhich sre not sssoo=
lated until the tenth level, EH guvmengls (95) doss not join the
Hirtells eluster until the ninth level, but then it joins strongly sad
obviously belonge thare,

4 Grangeria forms a distinct cluster which is not mssociated
with Hirtells until the tenth level,

5. Parinavi. The fact thet Parinard sens. strict., Maranthes,
Porinsri (Bafodeys) bemna, Cyelandrophora, P. (Necosrya) magrophylls
and Exellodendren fors distinet clusters at the eighth level elesrly
indicates thet this gemus should be divided,

6s Parinari sens. strict. forms an lgolated cluster with a high meat,

a) Parinard benna (31) occurs as an isolated spocies until
the twelfth level when it joins Parinard sens, striet.

b) Parinari srgontec-sericea (124) and B, connrioides (33).
The former joins the Pariiari sans, strict, eluster st the eighth level
confirming the suthor's opinion.but the latter remsins leclated until

the tenth level vhen it joins Megnistipula, ¢ lhe! v T ﬂ'ﬂ't epinis
oiA =

7. Heocarys remamins isolated until the final level when it is
linked to a species of Couspia, At this level it is the only specles
without at lsast three connecticns with other species,

8, Margnthes forpe en isolsted cluster at the edghth level,
9. Cyelandrochora forma a pure cluster at the eighth level except

that Papinori (Kostermantime) myriandrs, which differs chiefly in
characters not used in the mnalysis, 1s attached,
2 Fa JrJ‘JI? l{ -‘
10, Incertsin specieg. :
a) Parineri tesemennii remsins isolated until the thirteenth
level when it links with Magnistipuls albidg (114) but by this time
Hegnipgtipule iteelf has merged with seversl other genera,.

b) Paringrd barbatas, P, corisces, B, gardneri (Exellodendron)

form sn isolated cluster with a strong moat st the oighth lavel,
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DBV @ o) peviasrt aveiendes (Sosteraenting) 1s assseisted vith
| i1
lf“;“!. pt Crol andzgphorg at the eighth level beceuse the sheracters used in
| \
'1‘"32 x the analysis did not teke gufficlent sccount of somo of 1ts most
4 oharesteristic feetures.
{* é\.\’ \
(.
Lt The subgraphs and the skyline plot show how well tais model has

clustered the data. Every species hee baen placed in a cluster which
corresponds Lo cne of the genera tentatively proposed on the basis of
hmmwm-mmmmmmﬁm
aet oquately Tgresmtnd Iy the Habia sewred, i Duskaait
ganardoldes which is thus aingled out for further study end re-assecs-
ment, The fact that there is no dump cluster 1s a considereble advan~
tare over the Fubin method.

As in the other mmerical mothoda used it is clearly demonatrated
that the segrepates of Parinar] proposed ss genera sre ab least as
worthy of generic rank ss long-standing genmera in the fanily such es
Hirtells end Couspis.

Becouse this method displays the way in which clusters are formed

j and degrees of relationshipy both internal and externsl are recorded,
: it is of great value in the studyd relationships between clusters,
a feature not shared by the other two methods used, The clusters
formed ot the seventh to ninth level correspond well to the gensra
proposed by the author., It is et the tenth to fourteenth levels that
the links between clusters indicate the relationships of genera,

At the tenth level the strongest connection occurs between the

Hirtells and Couevdm olusters, This is interesting since the Jeffers
prineipal compoment anelysis wss unable to seprrate thage two geners.

The graph theory model shows that they form two good independent clusters
with a single moat but are neverthelsse closely related.

Another interesting union, that between Moranthes and Couspia
ocours st the tenthk level, demonstrating, as was suspected from the
preliminary study, that m(mmu Perinari subgenus
Sargostegig) is more closely related to Ccuepig than to Parinari semn.

striet.
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At the sme leval Grgngeria becomes linked to Hirtella. It is
interesting thet Magnistipuls doss not Join up with Hirtells until the
next, eleventh level, so confirming the views of those who have ade
vocated thelr separstion.

From the begiming of &p stuly it was clear that Parisari subgenus
Parinari not only ocouples sn isolsted position within Paringed sens.
lat, but in the sublfanily es a wholee The fact that this 1s the last
of the larger clusters to lose its soparste identity ebundmily cone
fimug Lhat this 1s mo.

Tha measure of isolatlon of the clusters, the moat value, also
provides useful indications, The generic clusicrs formed at the elghth
level hsve similar moat values, These ars as high 2s, end in some
coses, higher than, the moat values at sy other level, Tn msny of
the cluslers the moat is in the range .0304055. The clusiers of
Hirtellg formad froa ths second to Lifth ¢ values have moals of
+002-,005, These clusters are not particularly significant as regards
the taxonomy of the tribe, When, however, all the species of Hirtells
have joined at the sixth ¢ velue the moal velus incresses significantly
to .035.
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