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Computer programs for cladistic analysis

One of the major advances and advantages recently associated with cladistic
availability of computer programs able o handle
generation and validation. The two most popular and broadly available are PHYLIP
iPHYLogeny Inference Package) by Juseph Felsenstein of the Department off Genetics.
University of Washington, Sean Washingion. U .S\ d PAUP Phviogencuce
Analysis Using Parsimony; bv David Swailord of the State Natural History Survey,
Champaign, Hlineis, U.S.A. Both prog ble tor a broad range of persons
computers. operating under both Macintosh and MS-DOS svstems. as well as mini, ar
mainframe computers. A third program which is available to Macintosh users is MacClade
by Wayne Maddison, Museum of Comparative Zoologv. Harvard Universitv. Cambridge.
Massachusetts. U.S.A. The unalvses repurted here were carried out using Felsenstein's
PHYLIP programs.
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The PHYLIP program set

PHYLIP is a co-ordinated package containing a number of programs tor “phylogenetic
inference”. PHYLIP is able 1o generate phvlogeny inferences trom discrete state data, gene
tudes a

Irequency data, distance matrix data, and molecuiar sequence daa ©
program to amalgamate cladograms trom dilferentpro
The set of programs has been widely disseminated.

s ava

computer svstem having a Pascal compiier. The carrenty wvatiable Macintosh

Version 3.1, and has been provided w us by Willem Ellis ot the Deparunent of
Fntomology, Institute of Taxonomic Zooiogy, University of Amisterdam. Feisenstein uses
the term “phvlogenetic tree” for the vutput from the PHYLIP programs througbout the

Sldredege 119790 and ¢

documentation, but we prefer to follow the use as dictated by b

these products “dadourams™, reserving the use of phvlogencuc tree

ancestry reconstrucooen.
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ch and bound 98210 und

I'oa :c:;:.mtvmz method o ‘repeating sampling with replacermnent from a data set w
on mixed method parsimony.

rmune confidence interva

Euch of these has an equivalent u

¢ the Dollo and Polvmorphism parsimony 1

selowin the form of the programs:

DOLLOP. the equivalent of MIX; )
DOLMETRO. using the Metropolis ef af. algorit .:ﬁ
cand

DOLPENNY. using the “branch and bounc

DOLBOOT for the bootstrapped sampling.

con

MTANIS

coueney or w.::‘: measurey

d for anaivsis ol diserete state characters. |

RRHEHNE
with specific functions which s

ve s tools 1o aid the processes

¢ usetul before the generaton ol p

ogenies:

Tacdata secwhich conins multistate

FACTOR i a program which expand:

characters (i.e.. where a character is scored 1z more than just a plesiomorphic and
FACTOR reduces these to hinan

wmwithonly ancesiral and derived states present, and increases the number of characters

anapomorphic state. such as Q. AL B . C. Dor ) 1,2

in the set. [t also writes a control line for other programs o keep track of these muitistate

character sets, and can generate a hvpothetcal "ANCESTOR™ line from the data set

wditions (0 or 1) a7 the

containing the known or calculated ancestral co

ssecond is:

plestomorphic condition cannot be decided by

program. |

CLIGUE. a compatibility program which is used to identify sets of two state characters

which change wogether and hence may represent parts of linked functional compiexes. I’

tnal program is:

CONSENSE, which is used to test the output of the other programs for consensus in the
phvlogenetic trees produced. This program can be instructed 1o use cither a stric
consensus or 4 majority rule to reach its conclusion.

This subset of PHYLIP programs uses a standard data format. The format is 4 matrix ol
character states recorded, for discrete data. as “zero™ or “one”. 0 or |. The daw for u
continunus data programs are input as “real” numbers with decimal poinis. The basic
structure starts with a first line containing the number ol species and the

characters in the file. and any options or instructions for the particular progriun
X L

vwing lines allocates the first ten spaces to a taxon identificatic
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Parsimony methods

Each of the parsimo

slightlv varving assu as weil as certan

polaritv changes, Fach method mav vield vara ams and
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15 for cach.

and itis valuable to note the underiving assumpt
Camin-Sokal parsimony derives from the work of Camin & Suk

unidirectional. Camin-Sokal parsimony oniv ailows
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apomorphic states. and of necessity assumes k
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Felsenstein, 19881
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The Dollo pursimony method has no
general characteristic of evolutiont, but instead de
and Farris (1977). Itis named alter the 19th century biologist Louis Dollo
1mn iUis 1o fose iy

es from work by LeQuesne 11071
nee he was one
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Some of the asst
Wagner methods: others are di

nptions inos 1.2, 5 and €1 are the same as those of the Camin-Sok
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Tuble I Parsimony assumptions for Wagner, Ca

vola polarity reversal is also small. but sull far larges 1 tvpes
4 plestomorphic —apomorphic change, so that many reversions are edsicr (0 eavisage . -
even one extra apomorphic change. . = ;
i The lengths of segments of the true tree are not so unequat that two changes ¢ -
segment are as probable as one in 4 short segment. imoditied from Felsenstein, |988) sncestral stades are ke N N .
X < <

The Polvmorphic parsimony method is claimed by Felsenstein as being first used by him.
though an example of the results of such an analysis was published by Inger in 1967,
Felsenstein published his version of the method in 1979 without knowledge of a
contribution by Farris in 1978, This method explains the partern of state distribution
through the mechanism of a single plesiomorphic —apomorphic transiormation tollowed
by a pattern of retention of polymorphism for the character. ie.. the plesiomorphic and altwn changes in 2 long segment of the tree are fess
apomorphic conditions exist side by side. This may he followed by a loss of one or the other rtsegment - - N
state in different lineages to produce the final pattern of states. Felsenstein's assumptions |. Probabulivs of a potarits reversal is small. bu tar

2.3 and 4 are the same as those of the Dollo method: the others are as follows:

cages evolve independentis
chanees plesiomuorphbic to apun

polvmarphism far less probuble than
plesiomorphic — apumorphic changes - X

Retention of polvmarphism is highly improbable, but far more probable than plesiomorphic
10 apomorphic change, so that we can mure eusily envisage more polymorphism than even one
additional derived change.

6) Once the apomorphic siate is reached, reoccurrence of the plesiomorphic condition is very

improbable. much less probable than muitiple retenions of polymorphism, .

b The lengths of segments of the true tree are not so unequal that we cin more eas envisage

rewntion events occurring in both of two segments than one retention in a short segment

{modified from Felstenstein, 1988)

n of puiymorphism for both plesiomorpine
orp i

stutes is higt

The selection of an appropriate parsimony method for use depends upon the biological
the particular case under study, as well as the theoretical perspectives of the
ilv, several parsimony methods should be tried and then a secondan !

realites

vpothesis was ¢

:.Me:n:_._., Logi P ) . [ productive in terms ol research.
ort made to understand and resolve differences produced in the results. Our hope is that i hook (Sehwartz, 1983). The “Red Ape Huvpothesis™ theretore joms the r

e ; cof . Bl anadvere cre . oi . e X R
s S,n CE:MFES :_.nozﬁc%:una phyvlogenetic p,:L,Zv vtwmuau. and the plausibitive of the ,, noteworthy ideas which history deems wrong bt
results under the ditferent parsimony methods is assessed. important conclusions on tn The cruicisms of Groves's (19867 cladograr

nature of the evolutionarv process itsell will emerge.

analvsis. Andrew’s remarks 11988: 2991 that in Comparance Primate Buwiogs.

One ot'us {Groves, 1986) listed 120 morphological characters which vary among the five : “There is not a single computer-assisted phiviegeny in anv of the chanters, sith .
extant genera of the Hominoidea {Hylobates, Pongo, Gorilla. Pan. Hamo), and analysed them ' for the hominoids and Ford for the placrrh e kevs present :,,c: dutd in g 1o,
cladistically using both Old and New World Monkevs as outgroups, The analvsis was makes them available for such an :wcru;,.. He states ?:,Snn on that he
perlormed by hand; inevitably, a few errors recurred. and only the most parsimonious , Cand would accent 20 of the origi
cladogram was fullv analysed, with no confidence estimates. The polarity of some of the further reduction from the 27 in the revised lisCof Groves (19871 Awrain. he would
characters is questionable, and a few are clearly incorrect. Apposite comments on this the human/chimpanzee synapomorphies from 23 in Groves ({986, ﬁwr? Hal to e

st by the wddi

anatysis ure by Groves (1987) and Andrews (1988). In view of continuing controversics ol knue
over the details of hominoid phviogeny {Schwartz, 1986; Marks et al.. 1988), it seemed o us ¢i characters (Mardu, 1985)
that this would be an appropriate case on which 1 test the comparative qualities of the Andrews (1987, Table 2.3) lists ten “knuckle-walking adapiations” whic
o . ] S T 2.3) ] : ing adag s
dilierent methods in the PHYLIP program. he states. surely derived characters of a clade w

The problem of hominoid phylogeny characteristic ol'a clade restricted to chimpanzee und gorilla would render such o .
human/chimpanzee one about equally supported. There are two problems with
is the question of whether most of the knuckle-walking characters, a close
functional complex as Andrews indeed notes. are re
manifestations of the same character. The question “what is a character®” isar
198%. For this reason.

The problem of whether the Homo! Pan/ Gorilla separation is a genuine three-wav split. or
can be resolved into two successive dichotomies, is discussed by Groves {1986, 1989+, [fthe
furcation is to be resolved, then only Pan/Homo vs. Gorilla and Pan/ Gorilla vs. Homo are in
serious question: there seems to be little or no support for the proposition that Geritia mig
thie sister taxon to Home.

Analternative, that Porgo might actually be the sister taxon 1o Homo. was put forwurd by

v different characters. rat

which has all t0o rarely been asked by cladists (Grow
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ing them here. The second problem i

sociated with a locomotor comp
past:the thoroughgoing locomotor s

re part ol the human heritage,

namel daia (Martn, 19851 s

nportant dental

The problem associated w
smilar. Andrews (19871 treats these data as three characters: enamel thickness: pattern
113 proportion: and ehamel aceretion rate. The problem o “how manv characters?” is

Fand 3 are not independent of enamel thickness nor of°

acute: the proporuons 0l patierns
f

acerenon rate. because pattern 3 s ata much higher rate than pattern | and so. overa
nie. builds to a greater thickness. C carly there are several characters there, because
theve are clear differences heoween gibbon, orang-utan, and Q:BvQ:NGw\mo: a: butitis
criminate cicarhv which thev are. nor their polarity. Delson (1983;

notso far possible to di
fact queried the polarity inference as far as the fossil hominoids Kenyaputhecus and
Drvopithecus are concerned; and this is why we teel that, like the knuckle-walking complex.
the dental cname) complex needs 1o be laid to one side and interpreted a posteriori —that is 10
sav, oniv after the most parsimonious cladogram has been constructed using clear-cut
characters. Such a plan might, in wrn. help 1o illuminate the polarity of the changes. and
indeed the distribution of the characters. in the locomotor and enamel complexes.

has

The dalu sets for this analysis series

Five data sets have been utilized in this analysis series. The first set is derived thy JDPY
om Lioves (1986: Tables 2a. 2b. 3a. 3b. 3¢, 4a. 4b, 4o}, with the deletion of some
characters as per Groves {(1987), and the addition of Schwariz's (1986) data for Pongo and
Homs synapomorphies. This set contains 105 characters, The second set was constructed
by CPG as an update, involving the further removal of dubious characters. and the
addition of multstate forms to 11 of the original characters. This set contained 89
haracters. which after running through FACTOR vielded 100 characters for use. Set three
consists ol the subset of characters from Groves {1986 which were approved by Andrews
(1988) and extracted from set one, although (for reasons explained in Groves, 1986) it does
ot contaun the knuckle-walking specializations which Andrews wouid prefer o add. It
contains only 27 characters. The fourth set was extracted from Andrews (1987) and
contains 48 characters, The final set. number five. consists of set two with the addition of
the ten knuckle-walking characters from Andrews | 1987} and two dental enamel
- This set contains 114 characters. 13 of which are factored from multistate
originals. The data sets numbers four and five are listed us the ;vvwsa?ow, data set two
consists of the first 100 items of set five.

Analvsis procedures

ally for the purposes of testing the PHYLIP 3.1

Data set number one was generated in
- SO

{Eilis compiled) programs by one of us (JDP) and discussion of the results led (o a dee
to proceed with further analvses. Modifications on data set One vielded data set Two, and
lor comparison purposes sets Three, Four. and Five were generated. Anaivses were
pertormed on a 2.5 Megabvte Macintosh Plus under Systems 6.0.2.

Each data set was run through MIN. with both Wigner and Camin-Sokal parsimony
regimes. and through DOLLOP for Dollo parsimony. Since no polvmorphic characters
wereincluded in the data sets, no runs under Polvmorphic parsimony were periormed.

(2]
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e resuls,
dence Hmits were perlor

nvcand DOLBOO &

Resuits

Data set One, 105 characters. consistentiv resulied 1

unrooied sion from MIN (Wagner parsimonyvi, METRO.

BOOT «Wagneri. the rooted version produced by MIN  Camin-Soka

BOOT (Cuamin-Sokali. and DOLBOOT. The contidence |
o Thi

the repeated sampling procedures is 100% . ]
One is largely that of Groves (19861, bur the modific

DOLLOP.

TS UNGET er

IS inaway

986} and the pruning by Groves | 19875 did leave open the poss

Data set Two resulted {rom processing by FACTOR

as noted aboy

viinks the charac
t

ability to generate a hypothetical “ancestor™. und 1o write  fine wi
derived from the multistate characters together, Both ipabi
Since all of
states across the tour species. the program. vperating without specific directions, waus
tant |

TSOWere un

vl apomorp

mese ¢

e characters of the original set have hoh plesi nmorphic

unable to assign the “ancesior” a known set of plesiomuorphic states. The res
contained a large number of 2" marks to indicate that the anees
was indeterminate. .\ set of hootstrapped analvses were run

th the indeterminate

ancestor. and a second set with the “ancestor” sel to a complereiv plesiomorphic charac
set,

and DOLLOP vie
same trees as data set One (Cladogram | and 20 Aoset ol runs drough the boatstrappe
programs without the “ancestor™, but with the “fuctors” line, vielde
with difering confidence in the Homo— Pan clade. Confidence levels were D% 12 )
replications) under Wagner. 100% (20 o 201 under Camin-Sob and 70°
under Dollo. The triplet of Homo — Pan— Goriila oceurs

Initial runs through MIN fboth Wagner and C: he

he same trees.,

the outgroup.
The bootstrapped runs with the
tinet trees each refated 10 the s pe ol

indeterminate ancestor’

control. Wagner

three i pars
Pan next, and Homy o
200, 30% (10 of 205, and 100
ressted in Pan— Gurilla clade. joined with Homo and Pongo as
30%., 3 j

patternidentical (o Cladogram 2. but w

gave a Pongo — Gondla ¢lade

contidence fevels of 35% (7 o

again with conhdence levels ¢ and (g

e Homo — Pon clad S loved

Lo ds obvions that resuitant trees produced in

Homo— Pan— Goridia clade ag 7

program ure  heas dependent upon the form o parsimony

is clear that th

indeterminate ancestor” is puarty o the analvsis. In gen Choweve

e characiers, o

wm aw lﬂ, measure ¢ Estate ol many i
ase of an “indeterminate ancestor” mav be considered 1

th

fagreement over the ancesl

e

set of analvses.

The final series of runs on data set [wo
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Ciadogram 2

i Clogogram |
Pango Pon HOMO Sarila Pango Pen Hemao Cor
i
i
i Clcaogram 3 ) Cladogram 4
Home Panga Q Ran Pango Pan ~%me
AN
;
Figure |

every character is set to the primitive condition. und the “factors™ line controls the
evaluation of the daita derived from the multistate characters. The result is a ciadogram
identical to Cladograms | and 2 for the appropriate parsimony modes. The levels of
confidence, do however, differ between the three tvpes. These are presented as Table 2.

Data set Three consists of the 27 characters which Andrews (1988) views as (he
acceptable few from Groves (1986}, In all runs, MIN iWagner, GL:::.VAO_A&.,? DOLLOP,
BOOT (Wagner. Camin-Sokaly, and DOLBOOT vielded trees identical wo Cladograms |
and 2. The levels ol conlidence for all segments ol the bootstrapped cladograms was
uniformlyv at 100%. o

Data set Four, the 48 characters derived from Andrews (19877, provides a distinctive
cladogram, one which is also produced by darta set Five. Both runs of MIN i Wagner &
Camin-sokal) and that of DOLLOP provided the same relationships, presented as
Cladogram 3 (unrooted — Wagner) and Cladogram 6 irooted ~Camin-Sokal .:w,a Dolloi.

In interpreting these cladograms, the data from the two MIN runs and the DOLLOP

iy
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| Clodegram 5

Sitocgram A
IS TR 2

/
/ N
d

run indicate that there are no changes from the node n
turther that there are no changes from node 2 to either of nod
Superficially this data set indicates that the ! gu .

derived from a state equivalent to Homo! Perhups 1his is supporttor Kurtdn's (1979,

that the African apes are derived from a Homo-iike ancesiral forms [he resulis o

bootstrapped runs are uniformlv as Cladogram 7 irouted and unrooted vers
samej and are all of 100% confidence level 120 of 2

‘Dataset Five, | 14 characiers, consistenthv y
3,6, and 7 versions, thar is they were identical
1987 data. This was consistens throughout
importance of the set ol knuckle-walking characters 10 this anaiv sis. 1 .
the outgroup sample with the Homo, Fan. and Gonila clade consistentlv Zrouped wyei!
as is the Pan— Gorillg pairing.

All bootstrapped runs. both with the "indeterminate ancestor™ and the
ancestor”, irrespective of the parsimony mode emploved, produced 1
Cladogram 7, although with variances in the levels ol confidence in
presented in Tuble 3.

n ~,G,1T: 10 o 5€ pre duced fie

vuns, and seems

oy

e vladey
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Table 2 Leveis of confidence for 3 modes of parsimonv, plesiomarphic

ancestor, 89 characters (1 G0 derived characters)
i{/
Wonener }

Hoemn

Pt = omy - (;,

Discussion

1ty

From PHY :

| Y our explos FPHYLIP 1o the problem of homineid phyvioger
obvious thag computerized Processing is a valuabje addition (o the compendium
the general rule about the yse of

miques available 1o the taxonomist. Howeu
fomputers, the infamous “Garbage In—Garbage Gy or GIGO principle. presenys
.?:::m nd traps for (he unwary. Nomatter whay (i results of PHYLIP runs may U.:mm},ﬂ
1 the way of cladograms and’ phvlogeneric tree r,c4:m:,:n:.o:. thev only nc:mmmr:.n.

Pretographic representation of the data set. [[(he selection of characters and esumation of

their polarity falls shortin any way. the v fidity of the cladogram becomes suspect. and the
resultant phylogenetic tree becomes, at feast potentially, unusable.

.ﬁ.md ot the original data set {data set One. the characters listed in Groves, 1984, has been
e tcized by Andrews (1988} and corrected by Groves (1987). In the form used for the
nitial anaivses, i contained & number of characters which demonstrated substant
overlap ranges. The etlect of these characters under PHYLIP appears to have been the
rmw:mS:.Q: of clearer dichotomies between the four genera. Each character was treated as a
binary state rather than a continuoys variable. The partitioning of the characrer Lo just
twodiscrete forms thus reinforced the differences in the data. and led to a higher confidence
level, Purging the data of these faise dichotomies and a reconsideration of some further
characters which reflected progressive or Sequentiai changes led to dara set Two. The 89
m,:mwmnnml of data set Two represent the most extensive collection of morphological
features which we would prefer o use for the generation of cladograms. . )

The differences between sets Three and Four are instructive, The 48 characters of data
st Four are those in Tables 2.1, 2.0, and 2.3 (Andrews, 1987). They consist of 20
S¥napomorphies of he Orang clade. the Opposite state of which can be taken as
svmplesiomorphies in the African apes and humans; 19 Synapomorphies of the Alrican
4pes and humans, linked with presumed plesiomorphy in the Orang clade: and finally 16
V.7~“mn_,u3cﬁn~ﬂmnm between Pan and Gorilla which thus can be related to Enﬂ.oasam:mn
conditions in Pongs and Homo. On inspection of the data set {in the Appendices; it nm? be
seen that Pan and Gorilly are identical in alj character states. This is the mechanism which
8enerates the [00% confidence level in a Pan-— Gorillg clade for Andrews data ser.

,C.Em set Five and the resules from it were a surprise to us. We had no; expected the
.,5& on of the »::nﬂn.sﬁ_&:m characters 1o make such astrong and consistent difference
in the cladograms. In particular it was expected for Dollo parsimony, that the higher
U,‘oc;? ies fora TeVersion to a less specialized hand structure, a :womm:fﬁ process, could
confirm a Pan— Homg clade. It can, however, be nored in Table 3 that, jor the
plesiomorphic ancestor, Dollo produced a 100% level of confidence. While it would appear
that the _A::nia.:.m;_v:rw specializations — (en characters—and the enamel features are

iy
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Table 3 Levels of confidence for 3 modes of parsimony 1n data set Fi
characters ({14 derived characters)

neesTor

B .
e NS L

amin-sohal

Wagner

ree ol

Ve important to the distinction of the Pan— Gorilia clade. we st express a

tv of these characers.

reservation SUCFZ ﬁjh. Vi

Conclusions

(1) The PHYLIP package

The PHYLIP program package appears (0 be a valuable resource for the analvsis
taxonomic relationships. The programs are refatively simple to operate. but one aspect of
their design is irritating to one of ys JDP) in that variations in parsimony. and the number
of replications, must be specified within the data fle. not set as program options at run
time. This results in 4 profileration of data files. each slightly differen. and this can rapidh
become burdensome when pertorming extended series ofanalvses. The Macintosh version
also misbehaves somewhar in that it does not property “clean-up™ afier itself and restore
the svsiem (o its original condition. This is most obvious in the ¢ pression of the meny
iese are afl minor problems which are likelv to be cleared
nwness ol many

characters and window titles. T
up in future releases. \n aspect which is unlikely o change is the relative
rer larger numbers of taxa or characters are being

ol the programs. especially where et
used. The MIX, and DOLLOP programs ran in two to three minutes during our tests. but
the BOOT and DOLBOOT programs. due (0 the repeated sampling, tovk 20 16 40
ations, At this point the only bpUon o speed up processing is
DOLBOOT run in 6 minutes on a Macintosh [N
rthwhile uddition 1

minutes o complete their oper,
touse a faster computer 1 BOOT and [
aws.our conclusion is that PHYLIP is a

In spite of these minor ]
anvoxonomist's toolkir.

As to the various parsimons nitive

aptions in the package. we are unable to draw d
consistency is any guide. the Waener, Camin-Sokal and

conclusions. except to note that i
highiv. Bu: considering the resulrs from data set Two.

Dollo methods score about equal
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we urge that at least some ancestral states he ay eif avall possible. as the pOiEnt
indetermimate ancestor” regime is considerable,

lor nonsense resulis under an

The phvlogeny of the Hominoidea
the matter of hominoid phyiogenv, we conclude (in response 10 one of Andrews’

988
criticisms of the Swindler & Erwin volumes that the use of a COMPULEr Program 1o generate
adograms is no substitute for careful attention 1o characrer selection, and examination o
the character states. The first order of attention must be to the data and. in thas respect, we
teel that our Data set Two. representing 89 hominoid characters, is to be preterred. Afier
testing it in a number of ways we conclude that it is more extensive than Andrews’ 1987
data. While data set Five should undoubted
knuckle-walking complex and the dental charcters, we retain some reservations dbout their
validity as useful characters. While it is sull possible that a “trichotomy”™ may exist
between Homo — Pan— Gorilla {and we accept that the levels of confidence in our preferred
cladograms do not reject this possibility), we do feel that our Cladograms | and 2 and the
setof Cladograms 3, 6 and 7 represent the most acceptable alternative paterns at present.
These result in the nested patterns of:

be favoured due to its inclusion of "the

({{Homo. Pan ) Gorilla ) Pongs ) for data set Two, and
{{Gortlia. Pan § Homo Pongo | tor dara set Five uu..}n preferred cladograms.

{
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