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Ill. GROUP COMPATIBILITY - PRIMARY ANALYSIS

INTRODUCTION

EXAMPLE

TUTORIAL

CAFCA employs the methods of group-compatibility (Zandee and
Geesink, 1987) and component-compatibility (Zandee and Roos, 1987) to run
its cladistic analyses. In contrast to, say, standard parsimony methods CAFCA
does not find cladograms by exploring a search space looking for cladograms
that maximize an optimality criterion expressing a property of a cladogram in
terms of the characters used, like cladogram length. Instead, CAFCA explores a
search space looking for cladograms with maximum resolution given the com-
ponents available. The componentsin their turn can be defined in terms of char-
acter states in various ways. The collection of cladograms found can be de-
limited further by applying different optimality criteria.

This manual introduces you to these methods by taking as a starting point
the results that can be obtained by applying them. In this way it is possible to
guide you one step at the time, from a straightforward type of anaysis to the
more complicated ones.

CAFCA output has 6 parts.

1. aHeader, including CAFCA parameter settings

2. the DataMatrix.

3. alist of Building blocks for cladograms (clada, components), and their
corresponding character states.

4. alist of Character states on the root of selected cladogram(s).

5. alist of Selection criteriafor cladograms.

6. Diagramsof selected cladograms, plustheir lists of apomorphies and char-

acter state changes.

You will get aguided tour along these items, using a simple example of a
data matrix with 5 taxa, Aus, Bus, Cus, Dus, and Eus, and 8 characters. The data
matrix is available in the examples folder on your distribution disk.

The first analysis will be very straightforward, using the program's de-
faults for the major parameters. The data matrix used is complex enough to in-
troduce the several possibilities of CAFCA asto coding of charactersin abinary
matrix, but on the other hand also simple enough from the point of phylogenetic
structure as not to allow many competing best cladograms. The same data
matrix will be used in the next examples as well, to illustrate the effect of
changing some of the parameters.

1. Sdlect Primary Analysis in the 2. Click 1 (From an ASCII file) and

Run menu.

OK in the dialog.
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Get a Data Matrix

1. From an ASCII file
2. From an OutputFile
3. Made with editor

w1203

Cancel

3.  Select PLANTB.INP from the example
data on your distribution disk and click

Load File.

| Load data matrix From ASCIL File |

+5 CAFCA Distributie

[0 PLANT.DST

O PLANT.NMS

O PLANT.TRE

[0 PLANTB.CPU

[0 PLANTB.INP

k 0 PLNTAREA.NMS
O Read me Tirst.00C
O SAT.BIN

[0 SAT.NMS

Sehii ¢
Andere schij

Load File

— Big Daddy
i siut
ijf

4. Enter ‘Plant’ (without quotation
marks!), for example, as a name for your
data matrix in the next dialog box.

Enter a name for your Data Matrix

Name:
ok )

5. Click Read-from-ASCII-file in
the No (correct) partition
vector present diaog box.

No (correct) partition vector present in workspace !

) All-columns-are-equivalent
@ Read-from-ASCI1-file

2 Copy-from-OutputFile

) Make-with-editor

6. In the next file selector box select

PLANTB.CPV from the example data
on your distribution disk and click

Load File .

Copy column partition vector from ASCIT File |

5 CAFCA Distributie

O ANIMAL.DST

[ ANIMAL.TRE

O ANIMAREA.NMS
[ PLANT.DST
[0 PLANT.NMS
[ PLANT.TRE
[ PLANTE.CPL
[ PLANTB.INP
[0 PLNTAREA.NMS§

5| = Big Daddy

Senti aruit
Andere schijf
Load File

Nota Bene: CAFCA runs it analyses on
binary (0/1) expressions of the data ma-
trix. If the data-file (step 3) aready
contains binary expressions of the multi-
state characters in the data matrix, as in
this case, CAFCA computes the multi-
state expression of the data by means of
the partition vector and renames the bi-
nary expresson by adding the letter
‘AB” to the name given previoudly (step
4). CAFCA notifies you with the follow-

ing message box.

Partitioned binary data ...
New name: PlantB

If, on the other hand, your data matrix
contains multi-state characters and al-
ready has a multi-state expression when
read in (as is the case with the file

PLANT.ASC in the examples folder)
than step 6 will be skipped as CAFCA
can now compute the partition vector
from the data matrix itself. You will get
the following message box instead.

Data matrix is now binary.
New name: PlantB

Click No in the dialog presenting you
the option for separate columns for
character statesin polytypic taxa .

Nota Bene: If the ASCII file with your
data matrix aready contains names for
your taxa, like in the following example,

/ This is an exanple of an ASCl I
file containing a data matri x,

/ representing the distribution
of character states

Page 4
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/ over all terninal taxa. . .
AUS 10. Click No in the Do you want to
2020110011 edit your data diaog.
Bus
1120110011 Do you want to edit your data ?
Cus
1010110021 @ No (O VYes
Dus
1020121111
Eus
1120031111 . . .
“ You may start the inputfiles 11 Click No in the Data matrix
for CAFCA with comments, needs clipping ? dialog box.
" i.e. text preceded by either a
ALz o Data Matri ds clipping ?
“ and you may add closing com ata Malrs needs clipping :
nents as well, like this one.
/ You can add nanes for the ter- ®No (OVes
i nal taxa
/ Names for taxa nmay contain
{(OL]-+ _
encl osed by al phabetic charac- .
ters. outgroup node diaog box.
/| Spaces in names are not al-
lowed and replaced by when Do you want a specific taxon
reading inputfiles. on the outgroup node ..?
then CAFCA will not bother you with
steps 8 and 9, as the names for the taxa ®No O ves
are extracted from the input file, to-
gether with the data matrix.

8. Click button 1 (Copy from an 13, Take all defaults in the Set CAFCA
ASCI1 file) in the Namelist for Parameters diadog box. Then click
taxa diaog box. OK.

NﬂITIEI_iSt fl]r tﬂHﬂ Cladon Option: Set CAFCA parameters
1. Copy from an ASCII file $2 Sinct Manathets sets (s
2. Lopy from an DutputFile Q3 Fs ~ all additive binarg code (PMSAB0)
3. Make with editor 35 PMS + three tason slaleument permutations (TTSP)
Cladogram Selection Criteria:
o1 Mini_rnum hqmuplas_ul:ls events
w1203 S5 Minimum Corescted Langth (o)
@4 Minimum state changes (Steps)
()5 Marimum Pedundancy Quotient (RQ)
Cancel 06 MaHimumh@erageUnitl:haracler[:unsistencg[HUCC]
Maximum # of cladograms in memory:
Missing value and TTISP threshold: E
fAncestral state indicated by zero: @ves ) No

9. Sdect PLANT.NMS from the example Cancel
data on your distribution disk and click - _
Load File. The analysis will now start running. Its

— progress can be followed on the screen..
apa taon ranelist from i | e |
ECJ————————CAFCA: Primary Analysis —ieex=
PARTIAL MDNDTHET;E;;E?S oAFeEAe Ma;EQ[D)c- TéagéTS :%E;E_
1 ANIMAL.DST 55— Big Daddy COMPATIBILITY MATRIK ... READY ...
O ANIMAL.TRE . CLIQUE SEARCH ... READY: 2 CLIQUES FOUMD ...
D aNIMATEN s T e L
) PLANT AMS
AL LI
[ PLANTB.CPU
D rLNTEINP N If _for whatever reason you want to stop
this run, use the Interrupt menu (see
Chapter 3 Page 3-5
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14.

15.

16.

chapter 2). When the elapsed time mes-
sage appears the analysisis finished

% OutputFile Run Print Utilities ASCII-Files Help |

FOI=————————— (Iflth =0 ———

an
PARTIAL MOMOTHETIC SETS ... READY: 12 SETS FOUND ...
COMPATIBILITY MATRIX ... READY .4

CLIQUE SEARCH ... READY: & CLIQUES FOUMD ...
TRANSCRIPTION TO CLADOGRAMS ... READY ...

CLADOGRAM EVALUATION ... READY: 1 CLADOGRAMS SELECTED ...
CLADOGRAM PLOTMATRICES ... READY ...

ELAPSED TIME: @ HOURS, @ MINUTES, 14.55 SECOMDE ...

Results from the

Now seect All
Print menu.

Data Matrix...

Partial 5ets...

Strict Sets...

Diagram Evaluation...
Diagrams...

States on Root...

Cl for Characters...

Rl for Characters...
Apomorphies & S$tate Changes...

Sending afile to a (appletalk connected)
laserprinter from within CAFCA is now
reasonably up to standards.

S5elect Print Device
1. 5creen
2. Printer
3. File

21 2@ 3

(or,)

S0, you can either print your datato file,
and use your favourite word processor
to open, edit and print the output of a
CAFCA run, or you could print from
within CAFCA. If you choose the first

option you should click button 3 (File)
and OK inthedialog.
In the following file save box you can

enter a name for the file where the out-
put will be written to.

Cancel

17.

18.

= Temporary 2039k free on:

O fundtisy [{#| == Big Daddy

wit anbed

s s
s ppisd
O Prant anceng opied
Uy Prant andenZ apisd

Save

Cancel

el

Filename for CAFCA output:

|Plant.out opt=1 anc=nz |

If, however, you do want to send your
output to a printer directly, click button

2 (Printer) in the Select Print
Device dialog box.

Select Print Device
1. Screen

2. Printer
3. File

1®203

Cancel

Click the printer of your choice in the
Select Printer diaog box. The de-
fault choice, any printer, will suf-
fice for any (appletalk) connected
printer. The other two options are in fact
relicts of my own printing facilities,
which needed character trandation to
function properly.

S5elect Printer

1. Any Printer
Z. Apple Imagewriter
3. HP DeskdJet +

w1203

Page 6
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19. Click OK in next dialog if everything is
all right with your printer.

Is your printer connected
and switched on ..7

m Yes (O No

(Cox )

20. After printing your results on a printer
or to file, select Save & Resumein

the Output-File menu if you want to
save your results in a file, to be used
later on, eventually.

21. Click OK inthe Output for PlantB

will be saved to OutputFile di-
alog box if you realy want to save your
results .

Output for PlantB
will be saved
to OutputFile

i Yes () No

22. CAFCA will continue by asking you to
select a volume and folder in which to
save the outpuitfile.

Cancel

1 Select (volume forl CAFCA Input-Ouiput File I

rix
SYMANTEL.

sualuation | - . .
nairiced| ¥ File Folder Drive Tools Dliew

1 CafDat

[) CH1.col

[{#] = Power Grie...

/]

Desktop

[ select ]

Cancel

Label: Mone

24K 18711498

DISCUSSION OF RESULTS

23.

24,

If you have never saved any data to an
OutputFile before, you can click any file
within the folder of your choice.
CAFCA won't use thisfile but it will use
this folder to write its output to.

CAFCA will notify you of its discovery
that there is no OutputFile system pre-
sent yet in this folder by means of the

following dialog. Click OK.

O

OutputFile system is empty !

CAFCA will start writing the output of
this primary analysis of PLANTB to its
OutputFile. The results of several analy-
ses can be written to the same
OutputFile. This file can be recognised
by the name CAFCA.IO The results of
the separate analyses can be found and
retrieved from this file-system by their
own name, PLANTB in this particular
case.

CAFCA: Save & Resume

PLﬂNTB:Qriting OutputFile, Record nr 18

I will now present a discussion of the results obtained in this first primary
analysis, and at the same time explain the concepts, jargon, and peculiarities of

CAFCA.

CAFCA - Mac
Date :

version 1.3i
1 AUG 1995

(c) MZ 1987, 1995

Tinme : 9H30M28S

CAFCA Paraneter Settings
Primary

Type of analysis

Chapter 3 Page 3-7
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HEADER

Idadon option ......................... 1: Partial Monothetic Sets (PM
| d adogram Sel ection Criterion ......... M ni mum Lengt h

| Taxon on outgroup-node ................

|Ancestral zero's in character ......... 4 510

|Ordered characters .................... 10

| Maxi mum Nunber of O adograns . ......... 2

Table 3.1 Header of CAFCA output of first example.

The header section (table 3.1) recapitulates the values of the major
CAFCA parameters, as set before the analysis, either by you or by the program
(defaults).

Type of analysis.

Type of analysisindicates your choice for either a
primary analysis,

secondary analysis,

biogeographic analysis,

user-tree evaluation.

Oooono

Primary analyses are run with the complete character data matrix as a
source of building-blocks (clada) for cladograms. These building blocks are de-
fined as monothetic sets (Beckner 1959; partially or strict). Their number can be
increased, optionally, by including all additive binary codings for each multi-
state character. By using this option you check every possible sequence of states
as a hypothesis of homology. You may, as an option, also include all groups
from valid three-taxon-statement permutations to increase the number of build-
ing blocks for cladograms. A three-taxon-statement is considered valid if each
cladon (group of terminal taxa) within the statement is supported by its own in-
dependent (local) synapomorphy.

Cladograms for taxa are derived as general patterns of internested (hierar-
chical) groups of taxa, emerging from the combination of the particular (inde-
pendent) pattern in each separate character.

Secondary analyses serve to resolve polytomies in cladograms resulting
from a previous primary or biogeographical analysis or user-tree evaluation
where the set of building blocks for cladograms contained insufficient informa-
tion for complete dichotomous resol utions (see chapter 4).

Biogeogr aphic analyses are run to explore the relations between the phy-
logeny of a group of taxa, or different phylogenies of different (unrelated)
groups, and the geographical distribution of the taxainvolved (see chapter 6).

This type of analysis can also be used to explore the historical relation-
ships between parasites and hosts, by considering hosts as areas of endemism
for parasites. In fact any co-evolutionary pattern can be studied for its historical
implications by this type of analysis. You may even consider taxa as areas of
endemism for genes (character state expressions). The phylogeny of the taxais
seen as the general pattern emerging from the separate phylogenies of indepen-
dent genes (character carriers), just as a general pattern for the historical rela-
tions among areas of endemism emerges from the separate phylogenies of inde-
pendent taxa. That’s the reason why in CAFCA primary, secondary, and biogeo-
graphic analyses are identical as to the method employed.

Page 3-8
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Cladon option.

User-tree evaluation takes place when you have entered a data matrix
plus one or more cladograms that must be evaluated against this data matrix.
The cladograms usually come from the literature, or are based on intuition, but
are asarule not directly derived from the data matrix itself (see also chapter 5).

User-trees need not be completely resolved. If they are unresolved (i.e.,
contain polytomies) they can be subjected to a secondary analysis after evalua-
tion.

Another possible use of user-tree evaluation may result from running a
primary analysis on a data matrix containing the ‘better’ characters that, how-
ever, do not give a completely resolved cladogram. After saving, this cladogram
can be entered as a user-tree and evaluated against another data matrix contain-
ing the ‘weaker’ characters, and consequently subjected to a secondary analysis
on the basis of the ‘weaker' characters.

User-tree evaluation is also applied in co-evolutionary studies. In those
cases an independent estimate of the host phylogeny may be available. This host
phylogeny is evaluated against the cladogram(s) for hosts found from the data
matrix based on the parasite phylogeny and the distribution of parasites over
hosts.

The cladon option refers to the way the|building blocks for cladograms|
(clada) are defined. In the first example these clada are defined following the
partial definition for monothetic sets.

Cladogram selection.

In CAFCA you can choose from six different|cladogram selection criteria)
In the first example the default option, cladogram length, is chosen.

Ancestors and outgroups.

CAFCA can be run without an outgroup being indicated in the data matrix.
On the other hand an outgroup can be declared optionally and interactively by
you, or the program may deduce an outgroup from the presence of a full-zero
row in the data matrix.

In a multi-state character a zero entry is interpreted as an indication of a
(putative) ancestral state (see the paragraphs orj ‘ assumptions regarding zero'siin
the data matrix’).

Ordering of (multi-state) characters.

All characters are treated as unordered as well as unpolarized (unless an-
cestral zero is present and indicated as such) by default, with the exception of
characters with (incomplete) additive binary coded states in binary data matri-
ces, and multi-state characters for which you implemented a linear ordering
upon request by the program.

In case a multi-state data matrix is used as input, the program will ask if
these characters (none, some, all; if some then which) should be treated as or-
dered, that is, seen as an a priori polarised and ordered sequence of states.
CAFCA can order multi-state characters only linearly in a sorted sequence (0 ->
1->2->3 etc...). Thusif you want the states ordered like 2 -> 1 -> 3 -> 0 you
should first renumber them to 0, 1, 2, and 3, respectively.

Binary characters (0/1) are seen as characters with only one state (1) as
CAFCA groups taxa as aresult of presence (= 1) of states only (see also the as-
sumptions regarding zero's in the data matrix). This state should best indicate a
putative apomorphy if true phylogenetic results are required If such putative

Chapter 3
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polarisation is impossible or unwarranted you should transform the binary char-

acter (0/1) to amulti-state one (1/2), or you should click No for * Ancestral state
indicated by zero’ in the CAFCA parameter dialog. In the latter case groups of
terminal taxawill also be based on the distribution of zero’s as these zero’s may
now represent an apomorphic state.

So, if you want to implement an a priori polarisation plus ordering of
character states you should either apply binary matrices with (incomplete) addi-
tive binary coding, or enter a multi-state data matrix and enforce a linear order-
ing for al or some of the characters when the program prompts you to do so.

In the present example character 10 shows alinear ordering of its statesin
the binary image of the data matrix (table 3.2).

Number of cladograms.

DATA MATRIX

In the CAFCA parameter dialog box you can declare what the maximum
number of cladograms (MNC) should be for which results will be retained in
memory. In the header this parameter is represented by its declared value. Note
that this number is different from the maximum number of cliques of
components that CAFCA stores during its clique search (a built-in maximum of
5000).

Types of characters, and the partitioning of columns.

CAFCA accepts both binary (0/1), multi-state (0/1/2/3/etc..) and mixed bi-
nary/multi-state matrices as input (table 3.2). In the latter case the binary charac-
ters are restricted to two states only (0/1). You can not mix the multi-state
(0/1/2/3/etc.) representation and the binary representation of multi-state charac-
tersin one and the same data matrix.

Character states must be represented by digits (integers). Other symboals,
like items from the alphabet, are not allowed. Missing values are allowed and
must be indicated by a negative integer or a question mark.

In the analysis a binary representation of the data matrix is used for almost
all computations (the cladogram optimisation algorithm uses a multi-state repre-
sentation). Thisimplies that if you define a multi-state matrix as input a copy of
this matrix will be converted into a binary image (with the postfix AB added to
its name).

The elements of the column partitioning vector (CPV) indicate how the
columns (character states) of the binary data matrix should be taken together
blockwise. Each block of columns corresponds to 1 character, i.e., a transfor-
mation series (= 1 column in the multi-state data matrix); each column in a
block represents one character state.

This procedure of treating the binary representation of multi-state charac-
ters as blocks of interdependent states avoids the errors that are introduced when
each state of a multi-state character is treated as a separate nominal variable
(Pimentel and Riggins, 1987).

If you define a binary data matrix as input, you will be prompted to pro-
vide a column partitioning vector to let the program know how the character
states (columns) should be grouped together, successively, to derive a multi-
state matrix. If you enter a multi-state data matrix as input, the program can de-
rive a column partitioning vector for the binary image.

Page 3-10
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Polytypism.

|[Data Matrix (binary) : PLANT (Col ums represent character states)

1 2 3 45 6 7 8 91011 12 13 14 15 16 17 18 19 20

Aus| 1 1. 0 01 0O O O O O OO 1 O0OT1O0T1O0 0O
Bus| 1. 0 1 1 0 1 0 1 0 O 1 0 O O 1 0 1 1 0 O
Cus| 1. 0 1 1 0 0 1 0 1 0 0 1 0 O0 1 0 1 1 1 O
bus| 1. 0 1 1 0 0 12 0 1 0 0 1 0 1 0 1 1 1 1 1
Eus| 1. 0 1 1 0 0O 1 0 O 1 01 01 0101 11

Col um Partitioning Vector : 1222331123

Data Matrix (rmulti-state) : PLANT (Columms represent characters)

Aus | 1 1 2 0 0 3 0 1 2 O
Bus | 1 2 1 1 1 1 0 1 2 1
Qus | 1 2 1 2 2 2 0 1 2 2
Dus | 1 2 1 2 2 2 1 0 3 3
Eus | 1 2 1 2 3 2 1 0 1 3

Table 3.2 Datamatrix for acladistic character analysis.

The data matrix of our first example (table 3.2) was copied from an ASCI|
file as a binary data matrix (PLANTB.INP from the Xmpls folder on your dis-
tribution disk). There are 3 characters with only 1 state (# 1, 7, and 8), 4 charac-
ters with two states (# 2, 3, 4, and 9), and 3 characters with 3 states (# 5, 6, and
10).

Apparently there is a contradiction between some elements in the CPV (#
4, 5, 9) and the actual number of states in the characters. However, a zero in a
multi-state character (likein# 4 and 5) is not treated as a separate state but as an
indication of a (putative) ancestral condition (see assumptions regarding zero's).
In character 9 state 3 in the multi-state matrix actually reflects a polytypism (see
below) for state 1 and 2 in taxon 4 (columns 16 and 17 in binary image).

Note character 10 which in its binary image is additively coded (= a priori
polarised and ordered). If you want to implement a priori polarisation plus or-
dering of character statesin a particular character you should apply a binary ma-
trix with (incomplete) additive coding in the block for that character, or enter a
multi-state data matrix and enforce a linear ordering for all or some of the char-
acters when the program asks you to do so.

In the case of characters with only one state (characters 1, 7, and 8) this
state should best indicate a putative apomorphy if true phylogenetic results are
required as CAFCA groups taxa as a result of presence of states only. If such
putative polarisation is unwarranted you should transform the binary character
(0/1) to amulti-state one (1/2), or you should click No for ‘ Ancestral state indi-
cated by zero' in the CAFCA parameter dialog. In the latter case, groups of
terminal taxawill also be based on the distribution of zero’s as these zero’s may
now represent an apomorphic state. In all other cases characters are treated as
unordered and unpolarized (characters 2 - 6, and 9), unless all states in a block
are (incompletely) additive binary coded (character 10; columns 18, 19, 20 in
binary image).

Polytypism for character states in one or more taxa can be coded in differ-
ent ways. In a multi-state data matrix one can enter a polytypic state with its
own code of which, like all other codes, you know what it represents. In a bi-
nary data matrix polytypism can be indicated by simply entering a 1 for al the
states (within a block of homologous states) present in a taxon. The program
then offers you the opportunity either to let the program insert separate (new)
columns for each polytypism, or to leave the matrix as it is. In the latter case

Chapter 3
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polytypisms will show up in the multi-state data matrix by their own code (as
they will in the state change list), although in the binary image of the data no
separate columns for polytypism are present. CAFCA does not accept codes like
{123} or (1,3~5), enclosed either in curly braces or parentheses, as used in
PAUP’s or MacClade's (both version 3.0) NEXUS file format, to indicate pos-
sible assignments (‘ uncertainty’ vs ‘ polymorphism’) of character states.

In the present example taxon 4 shows polytypism for character 9. No sepa-
rate column for this state is present in the binary data matrix. The multi-state
image of the binary matrix, however, shows a distinct code (3) for this polytyp-
ism that can be traced as such in the state change list (see page 45). Note, how-
ever, that CAFCA has no provision to deal with polytypism in internal nodes
(hypothetical ancestral taxa) of the cladogram. It smply does a most parsimo-
nious assignment, according to accelerated transformation (ACCTRAN) of a
character state to an internal node.

Assumptions regarding zero's in the data matrix.

1. In adata matrix with multi-state characters, zero's will, as a default, be
interpreted as indications of putative ancestral states, except in full-zero
columns (full-zero columns are neglected). In the cladogram optimisation
process these putative ancestral conditions will be forced to be present at
the root, even at the cost of extra steps.

If you want a more liberate (and sometimes more parsimonious) attitude
towards such putative ancestral states during cladogram optimisation,
these states should be given either a question mark or their own code (any

number but zero) in the data matrix, or you should click No for * Ancestral
state indicated by zero’ in the CAFCA parameter dialog.

2. In a binary data matrix where columns represent character states and

blocksizes for columns indicate the number of homologues represented by
contiguous columns, zero's are parameters of a character state indicating a
Pi=0 for finding that state in taxon i, unless all entries in a row within a
block are zero; then a putative ancestral condition is indicated (= neither
one of the states in the block is present in the ancestor). The zero condition
is forced to be present at the root in the cladogram optimisation process,
unless you clicked No for ‘Ancestral state indicated by zero’ in the
CAFCA parameter dialog.
In true binary characters (with a blocksize equal to one!) the number of
homologues is actually 1 under the condition that the ancestral state is in-
dicated by zero, and 2 when it is not. In the latter case the zero’'s (0) in
such atrue binary character will, like the one’s (1) be treated as indicating
a group of terminal taxa (cladon), as they may represent an apomorpic
state.

In the present example character 4, 5, and 10 show the first assumption in
the multi-state image, and the second assumption in the binary image. The sec-
ond assumption is aso demonstrated by characters 1, 7, and 8, although a full-
Zero row is not present here. For the other characters 2, 3, 6, and 9 (without ze-
ro's) these assumptions do not obtain.

Full-zero columns

Full-zero columns in either a multi-state or a binary data matrix will pass
the analysis as dummy's, i.e., they do not influence any of the results in any
way. As a weight option is not yet implemented in CAFCA, this characteristic
gives you a provisional opportunity to run different analyses on different selec-
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tions of characters by substituting zero's for some of the characters, without the
need of changing the size of the data matrix and thereby the index numbers of
the characters. When you use the Clip data matrix option in the Utilities
menu or during the preparation of a (primary) analysis, this is what happens
with columns that are marked for deletion by you.

Missing values.

CLADA

Missing values are alowed and must be indicated by a negative integer.
For a binary data matrix this implies that missing values are represented by -1.
In a multi-state data matrix either -1 or any other negative integer can be used.
In the binary image of a multi-state data matrix negative integers show up as -1
in the appropriate column in the respective block. In a multi-state data matrix it
is dlowed to indicate a missing value for one taxon by, say, -2, and another
missing value in the same character but for another taxon by, say -4, suggesting
that these states are not alike, although unknown.

For identical indicators of missing values for several taxa, say, three taxa
all showing a -2, all possible combinations of these taxa with the taxa showing
known states with value 2 will be used in the derivation of building-blocks for
cladograms. Thisis likewise true for taxa showing -1 with those showing 1 as a
known state, those showing -3 with those showing 3, etc... This procedure im-
plies that a data matrix with one column indicating identical missing values
(e.g., -1) for al taxa will result in al cladograms possible given the number of
taxa (the default is 6 taxa, implying 945 cladograms; you can indicate otherwise
in the CAFCA parameter dialog. The maximum number possibleis 12, athough
using it is quite absurd when you realise the number of cladograms
(13.749.310.575) that are implied by this number. You may tie up CAFCA for
years.

Thusif you know nothing, i.e., you have no data on your taxa, al possible
outcomes are equally likely and will be presented (within limits).

In ASCII files representing data matrices you can also use a question mark
as an indicator of a missing value. When CAFCA imports these files the ques-
tion marks are tranglated to -1.

Building-blocks for cladograms, or clada (singular: cladon), are derived
from the binary representation of the data matrix by defining either partial or
strict monothetic sets (Beckner, 1959) of terminal taxa, and their corresponding
sets of character states (table 3.3a, table 3.8), or by adding to the partial sets the
clada resulting from all additive binary codings of all multi state characters
(table 3.11), or by adding to the partial sets the clada resulting from all valid
three-taxon-statements obtained from all three-taxon-statement permutations
(table 3.15).

Although using monothetic sets and variations thereof in the recognition
of building blocks for cladograms the group- and component compatibility
method should not be confused with the so-called monothetic group method as
discussed by Farris, Kluge and Mickevich (1982). In contrast to the latter
method CAFCA does not depend on a priori specification of transformation se-
ries and polarities of characters.

Option 1: Partial monothetic sets (PM S)

Partial monothetic sets of terminal taxa are defined by sets of unique char-
acter states (= partial application of the definition for monothetic sets according
to Beckner, 1959). Partial monothetic defined clada reflect, as it were, a strong
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belief by you in your conjectures of homology, e.g., the branched hairs under-
neath the leaves are ‘the same’ in all taxa observed (compare dePinna’s [1991]
primary homologies).

Given amulti state and a binary character for the taxa A to H, like for in-
stance

IOTMOUO®m>
NFENWWN R R
PRPRPOOROR

the unordered representation in the binary data matrix will be the follow-
ing blocks of character states:

11 12 13 o1

IOTMOUO®m>
OrRrO0OO0OOOREk
POROOR OO
OO0OO0ORrRROOO
PRPRPOOROR

from which, assuming that zero in the binary character implies an ancestral
condition, the following list of cladais derived:
ABG CFH, DE, and ACFGH

from character states 11, 12, 13, and 21, respectively.
If the apomorphy decision for 1 or zero in binary character #2 is still un-
decided, the list of cladais supplemented by set { BDE} based on character state

20,

Option 2: Strict monothetic sets (SMS)

Strict monothetic sets are defined by unique combinations of character
states (neither one of the separate states need to be unique = strict application of
the definition of monothetic sets;, see aso Sharrock and Felsenstein, 1975;
Farris, 1978; Farris, Kluge and Mickevich, 1982)).

Strict monothetic defined clada reflect the first signs of doubt as to the
homology conjectures implied by partial monothetic sets. Strict sets say, as it
were, that if the initial conjectures of homology are doubtful than afirst hint of
how these homologies may be broken down is given by the distribution (over
taxa) of other states from other characters (congruence).

Given binary charactersfor the taxa A to H, like for instance

3 4 (characters)

IOGTMMOO >
OFRPORrROREREL P
PRPPRPOORFRORL, N
OCOO0OOFrRORrEF
PRPOORFRPROOO
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the following list of cladais generated under option 1 (PMYS):
ABD, DGH, ABCEG and ACFCH;

from character 3, 4, 1, and 2, respectively (zero's assumed to indicate
the ancestral condition).
Using option 2 (SMS) the following clada are generated as well

AB, (H, and ACG

AB results from the interaction among characters 1 and 3 (if ABD is not
based on a character state, homologous over taxa, then maybe AB is), GHfrom
characters 2 and 4, and ACGfrom characters 1 and 2. In this way we are still
limiting the number of homoplasies to account for if character state distributions
are not fully congruent. For instance, the set GH is not broken down in G and H
separately unless there is evidence supplied by other characters that we should
do so.

As we should not burden our analysis with hypotheses of homoplasy be-
yond necessity (Hennig's auxiliary principle), we usually take partial monothetic
sets for clada (option 1) as first approximations in our attempts to achieve a
fully resolved and parsimonious explanation of our data in terms of a clado-
gram. This approximation can be made better, if need be, by using strict mono-
thetic sets (option 2) in another attempt to achieve fully resolved most parsimo-
nious cladograms.

Option 3: PM S + all complementary codes

In defining sets of taxa by unique character states only, one may miss
MPC'’s for which it is necessary to assume reversal(s) in order to fit character
state distribution(s) to a cladogram. Using PMS + all complementary codes
may serve as afirst approximation to repair this anomaly, if necessary.

Instead of breaking down clada into subsets as indicated by overlapping
character states as SM S does, this option finds new clada by iteratively joining
the distributions of pairwise overlapping character states. For instance the binary
data used in the example above (option 2) to derive strict monothetic sets result
in the following sets after the first iteration.

{ABCDEFGH} <>1+2
{ABCDEG} <>1+3
{ABCDEGH} <>1+4
{ABCDFGH} <>2+3
{ACDFGH} <>2+4
{ABDGH} <>3+4

In the second iteration these joint distributions are combined among each
other as well as with the distributions of the origina character states, e.g., {1 +
2} will be combined with {3} and with {4}, aswell aswith {3 + 4), etc. Theit-
erations stop until no new combinations of sets are found.

This option # 3 can also be applied to strict monothetic sets. If you chose
option 2 (SMYS) right from the beginning, you will be prompted by CAFCA
whether you want to add the complementary codes to the SMSs as well.

Option 4: PM S + all additive binary codes (PM S + ABC).
This option only applies to multi-state characters in a data matrix. For
these characters the following algorithm is used to derive clada in addition to
those obtained by PM S (option 1).
Given a multistate character for the taxa A to H, like for instance
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IOTMMOO®>
NENWWN R R

the unordered representation in the binary data matrix will be the follow-
ing block of character states:

142 43

=
=

IOTMMOO®T>
OrPOO0OO0OORE
PORPOOROO
OCO0OORrRrROOO

from which the following permutations of additive binary codings (trans
formation series) are derived

=
O
N
O
w

OOORFROO0OO W

10302
2

O

O
w
O

RPRRRRRRER Ny
O
[EEY

O

RRROORRERE Ny

0102 (series)

3(states)

2
1
1
1
0
1
1
0
1

RPRRRRRRER wE

1
2
0
0
1
0
0
1
0
1

TOTMOUOm>
RPRRRRRRE
RORRRROO
RPRRPRRPRRRRE
D |mrOorooroo
RPORRRFROO W
RRRPRPRRRRFE Npe
OOO0OFRFROO0O0 W
OROO0O0OOREFR KN
OFRORRFROREF, W
OFROO0OO0OO0OREF FPW
RPRROORRR W
RPRRPRPRRRE

0
codes for the branched varieties 30 100 2, 10 200 3, and

as well as th
10 30 2.

These binary codes are used to derive partial monothetic sets, as shown
under option 1 above, in addition to the sets already obtained from the original
binary codes of the character states in the data matrix. Thus the list already ob-
tained in option 1, ABG CFH DE, and ACFGH, is supplemented with the clada
ABCDEFGH CDEFH ABDE, AB, ABDEG and ABCFGH

Option 5: PM S + Three-Taxon-Statement per mutations (PMS + TTSP).

This option applies to binary as well as to multi-state characters. For these
characters the following agorithm is used to derive clada in addition to those
obtained by PMS (option 1). It is based on an unpublished MS (M. Zandee -
Three taxon statement permutations + outgroup comparison = cladistic analysis.
Paper read at the 4th meeting of the Willi Hennig Society, 1984).

1. Takethebinary representation of a character state, e.g.

TOTMOUOT>
OrRPOORRRFRO
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if this representation contains six 1's or less (6 as a default; you can indicate
more if you want to in the CAFCA parameter dialog).

Make all groupings of taxa (duo’s, trio’s, quartet’s, etc...) based on the distribu-
tion of state present indication (1), e.g.,

BC, BD, BG CD, CG DG BCD, BCG BDG CDG and
BCDG
Make all possible three taxon statements, based on these groupings, e.g.,
(BC)D, (BD)C, B(CD), (BC)G, (BG)C, B(GC), (BD)G,
(BG)D, B(GD), (CD)G, (CG)D, C(GD), (BCD), (BCD)G,
(BCG)D, (BDG)C, and (CDG)B

Check for each three taxon statement whether its constituent parts have any in-
dependent character-state support.

Thus, for instance, the groups BC, D, and BCDin ( BC) D must have independent
(= not identical) supporting character states for the three taxon statement to be
considered valid (all characters in the data matrix are used to this end). But the
same must be true for BCD, G, and BCDGin ( BCD) G etc...

B\/i/:/D BC\{D /G
Collect the valid three-taxon-statements.
Extract their constituent sets.

Do thisfor the binary representation(s) of each character in the data matrix.

Join the resulting list of constituent sets of valid three taxon statements with the
list of partial monothetic sets, now representing the collection of clada under
option 4.

By generating three taxon statements we can, within practical limits, ex-
plore the situation where, according to Wilkinson (1991) parsimony analysis
will not be misled if “... for any pair of sister taxa A and B thereis morereliable
evidence of their membership in a series of nested holophyletic groups to the
exclusion of any unrelated taxon C, than there is misleading counterevidence for
the inclusion of either A or B in an alternative set of nested groups to the
exclusion of the other. *

Nelson and Platnick (1991) suggest another implementation of three taxon
statements. They only consider all pairs of taxa, and disregard groupings of
higher order, that can be derived from alist of taxa sharing the same state of a
character. To form three taxon statements these pairs are united with all other
taxa not sharing this state (i.e. having a zero), one at the time. This is repeated
for each separate character. In thisway a new data matrix is build, composed of
the three taxon statements implied by the characters in the original data matrix.
Note that my implementation of three taxon statements does not replace the
original data matrix but only serves to provide additional building blocks for
cladograms. Nelson and Platnick’s definition of three taxon statements is also
treated in this way by CAFCA. Only if you export the data matrix in NEXUS,
PAUP, of HENNIG86 format the N& P three taxon codes will replace the origi-
nal data matrix. If you opt for three-taxon-statements in the CAFCA parameter
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dialog you will be offered a choice between Nelson and Platnick’s implementa-
tion and CAFCA's.

PRIMARY ANALYSIS WITH PARTIAL MONQOTHETIC SETS

In our first example the clada are derived by using option 1, partia
monothetic sets (PMS), and are listed in table 3.3a. The numbersin the |left mar-
gin of thistable are the index numbers of the clada (cladon nrs). In the upper
table the figures following each cladon number represent the index numbers of
the terminal taxa (row numbers of the data matrix). E.g., cladon #9 isgroup {1 2
3} of terminal taxa.

All terminal taxa are included athough they may lack a unique character
state (e.g., taxon 3 and 4).

In the lower table the figures following each cladon represent the index
number of the character states (column numbers of the binary data matrix) char-
acterising the cladon. E.g., row #9 in this second list points out that group {1 2
3} (= row 9 in the first list) has column 15 from the binary data matrix as a
unique character state.

Partial Monothetic Sets of Partial Mnothetic Sets of
term nal taxa in PLANT character states in PLANT
1 1 1 2 513
2 2 2 6 8 11
3 3 3
4 4 4
5 5 5 10
6 34 6 9
7 45 7 14 16 20
8 345 8 7 12 19
9 123 9 15
10 2345 10 3 4 18
11 1234 11 17
12 12345 12 1

Table3.3a Building-blocks for cladograms (clada) with corresponding character states

Cladon numbers from these tables are also used in the apomorphy and
state change lists, and as labels for the internal nodes of the diagrams. Note that
all sets are used in the subsequent steps of the analysis, and not just the ones
with the highest number of defining character states!

Using all the partial monothetic sets of terminal taxa from table 3.3a we
can build a compatibility matrix (table 3.3b) in which the compatibility (in- or
exclusion) for pairs of sets is indicated by a 1 entry. When we search this
compatibility matrix with a branch and bound algorithm (Bron and Kerbosch,
1973) for the largest sets of mutual compatible clada (sets of terminal taxa) we
find two maximal cliques, i.e., cladograms.

=
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w
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RORRRRRRRRRR
RPRORRRORRRRER
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Table3.3b Compatibility matrix for sets of terminal taxain table 3.3a.

CHARACTER STATES ON THE ROOT

The character states on the root of the selected cladogram(s) indicate the
polarity (start) of each transformation series (table 3.4).

The order (sequence) of the transformation series can be read off from the
cladogram, c.q., thelist of state changes (table 3.6).

Character states on root for PLANT

Rownunbers refer to index nunbers of cladograns.
Col umnunbers refer to colums of nulti-state data matri x.
1 2 3 4 5 6 7 8 910

2] 1 1 1 0 0 2 0 1 2 O
Table3.4  Character states on the root of selected cladograms.

Note that the root-state for characters 4, 5, and 10 is zero, as indicated in
the CAFCA parameter dialog shown in the tutoria (fig. 3.11). These characters
are multi-state characters, with zero included as a state. Zero’s in multi-state
characters (not in binary characters) are forced to be present on the root, as they
are interpreted as putative ancestral states, unless you indicate otherwise in the
CAFCA parameter dialog. This (default) interpretation of zero’s in multi-state
characters may influence the number of stepsin a cladogram considerably. The
inclusion of zero as a state in a multi-state character should therefore be consid-
ered rather carefully.

Cladogram optimisation.

Character states on the internal nodes of the cladogram are estimated by
the optimisation algorithms described in Maddison and Maddison (1992, pp 92-
96). Only the ACCTRAN option is implemented in CAFCA. | agree with
dePinna (1991) in favouring ACCTRAN over DELTRAN because "... it better
conforms with the notion that the conjecture of primary homology should be
held valid unless demonstrated false by parsimony considerations.” With the
notion of primary homology dePinna refers to the stage of generating of a ho-
mology proposition, "... primary homology is a statement of putative generality,
and expectation that correspondences are part of a general pattern." He speaks
of secondary homology after the initial proposition has been tested by congru-
ence and passed.

Another reason to prefer ACCTRAN is the protection it provides in esti-
mating cladogram length in case of missing (i.e., fossil or otherwise unknown)
taxa

SELECTION CRITERIA

Eleven different selection criteria for cladograms are presented (table 3.5),
six of which can be chosen in the CAFCA parameter dialog.

Sel ection criteria for cladograns of: Plant/AB

Col um nunbers refer to nunbers of cladograns

Row 1 : Total nunber of honopl asi ous events

Row 2 : Total nunber of single origins (Support)

Row 3 : Corrected Extra Length (x1000; CEL: Turner + Zandee)
Row 4 : Total nunber of state changes (S: Steps)

Row 5 : Redundancy Quotient (x1000; RQ Zandee + Geesi nk)

Row 6 : Rescal ed Redundancy Quotient (x1000; RQ)

Row 7 : Consistency |Index (x1000; Cl), with autaponorphy correction
Row 8 : Rescal ed Consi stency |Index (x1000; RC. Farris)

Row 9 : Average Unit Character Consistency (x1000; AUCC. Sang)
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| Row
Row

e
RPOOONOURAWNE

10: Honopl asy Distribution Ratio (x1000; HDR Sang)

11: Conpatible Character State |Index (x1000; CCSI: Zandee)
1 2
2 0
14 16
3017 0
18 15
494 513
146 178
727 1000
625 1000
875 1000
250 1000
682 818

No-Order Limt for Steps, Extra Steps, RQ and C:

S ES RQ d
27 12 408 400
Table3.5  Selection criteriafor cladograms of PLANT.

1

The first criterion considers the number of ad hoc statements (homopla-
sious events), i.e., al character states requiring more than 1 state change to
explain their distribution over terminal taxa in the cladogram (reversal,
parallelism, convergence). A single event of homoplasy contains at least 2
independent origins of a character state or the combination of at least 1
originand 1 reversal.

Note that apomorphies may have contributed to such events as each non-
single origin counts as a homoplasy and apomorphies may show multiple
origins as long as they comply with the outgroup rule.

The total number of single origins. Only character states that require 1
state change for their origin to explain their distribution over taxa enter the
second criterion. (In CAFCA versions previous to 1.5e the state was al-
lowed to reverse to the condition on the root one or more times and still be
counted as a state with asingle origin).

CEL: the Corrected Extra Length (Turner and Zandee, ms), is calculated
as

CEL = (G-9S) +1-(Zri)/n
i.e., the number of extra steps in the cladogram as compared with the
theoretical minimum, plus 1 minus the average unit retention index (g - 9)
/ (g- m) (ri: Farris, 1989) for the n characters in the cladogram. CEL may
be different for cladograms of the same length and can therefore offer an
opportunity to select among most parsimonious cladograms (see aso
Rodrigo, 1992, and Sang, 1995).

The fourth criterion is a classical criterion of parsimony and is used as a
default in CAFCA. It considers all steps needed to explain the distribution
of all character states, without differentiation as to the quality of these

steps.

The Redundancy Quotient (RQ; Zandee and Geesink, ms) minimises state-
ments of homoplasy while maximising statements of homology at opti-
mum levels of generality.

RQ =1- Hs/Hmax
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Hmax = |ng A
A isthe product of N and S. N is the number of nodes in a completely re-
solved cladogram. N equals 2T-1, where T is the number of terminal taxa.
Sisthe number of stepsin a completely unresolved cladogram (bush).

Hg=- 2 p.logz p
p = probability of character state change

2 p=1

These probabilities of character state change (or ‘costs’ of state changes)
are determined by the total number of nodes in a cladogram, whether the
nodes have supporting character states (versus zero branch length), the
‘weight in nodes’ that is carried by anode, as well as the ‘weight in nodes
that supports a node, and, last but not least, whether the nodes branch off
dichotomously or as polytomies. The contribution of a character is deter-
mined by the number of times its states change on the cladogram (steps),
as well as by the frequency of character state changes (which can be zero
I on each of the branches of a cladogram.

Note that these probabilities are not (directly) based on assumptions re-
garding the processes involved in the evolution of the organisms studied.
They only relate to implied properties of the cladogram, the character op-
timisation, and the data matrix used.

The Rescaled Redundancy Quotient (RQc).
RQ isrescaled to have alower limit of zero by applying the formula:

RQc = (RQ - RQlower limit) : (1-RQlower limit)

RQcistakento be zero if RQ isequal to itslower limit.
RQlower limit is de vaue of RQ on an unresolved cladogram (bush),
given the data matrix.

The Consistency Index (Cl) is the ratio of the theoretical minimum of
steps given the number of character states (M), and the actual number of
steps (S) needed in the cladogram to explain all distributions of character
states over taxa (Kluge and Farris, 1969). In CAFCA aut-apomorphies do
not enter the computation of the CI.

The Rescaled Consistency Index (RC: Farris, 1990), or, the product of the
Consistency Index and the Retention Index (RI: Farris, 1989):

RC={(G-9)/(G-M)}x(M/9S)

I.e., theratio of the difference between the number of stepsin a completely
unresolved diagram (G) and the number of steps needed in the most par-
simonious explanation of character state distributions on the actual dia-
gram (S), and the difference between G and the minimum number of steps
required to explain all character states as single origin events (M), times
theratioof M and S.

The average unit character consistency (AUCC; Sang, 1995), calculated as
the average of total unit character consistencies:

AucC = [Z ¢(i)] /n
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10.

11.

where c(i) is the unit character consistency (UCC) of character i (Kluge
and Farris, 1969). AUCC is maximised when homoplasy is distributed
most asymmetrically, i.e. al the homoplasy occurs in one character.
AUCC actudly variesintheinterval [CI, 1] (Sang, 1995).

The homoplasy distribution ratio (HDR; Sang, 1995) is calculated as the
ratio of the homoplasy distribution index (HDI; Sang, 1995) to the homo-
plasy index (HI; Sang, 1995)

HDR = HDI / HI
where

HDI = AUCC - CI, and

HI=1-Cl

Since, whenever homoplasy occurs, the AUCC is smaller than 1, AUCC-
Cl is smaller than 1-Cl. Thus, the HDR exists in the interval [0,1] (Sang,
1995). According to Sang (1995), HDR measures level of homoplasy and
its distribution and can be a relatively accurate indicator of reliability of
parssimonious cladograms. Although a cladogram may have a relatively
low CI, it still can be considered reliable if its HDR is high, because in
such a case the homoplasy is concentrated in a small group of cladistically
unreliable characters.

The compatible character state index, CCSl, is calculated as the ratio of
the number of compatible character states, i.e., the character states that are
identical with components of the cladogram, and the total number of
character states. Note that the CCSI does not measure compatibility
among states or among characters directly. Autapomorphies are not ex-
cluded, athough always consistent and thereby inflating the value of
CCSl. This aso applies to uninformative character states, i.e. states that
are present in al the taxa concerned. For polarised multi-state characters
the state that is assumed to be the start of the transformation series, and
thus present at the root, is also considered uninformative.

CCSl varies in the interval [0,1]. It is zero for a bush, and reaches its
maximum value when all character states are consistent with the clado-
gram. CCSl isameasure of “goodness of fit” for primary homologies.
CCSl is related to OCCI (Rodrigo, 1991). OCCI counts the number of
fully compatible characters for a cladogram. OCCI is meant to be used as
adiscriminator for MPT’s.

CCSl aso measures taxonomic efficiency in the sense of Rodrigo (1991);
"the ease of which we may identify taxon membership in practice".
Character states compatible with the cladogram have asingle origin and as
such represent unique identifiers for clades.

CCSl isrelated to Sharkey's (1989) proposal to use the degree of compat-
ibility for characters as a means to choose among MPC's. For each charac-
ter the degree of compatibility is measured by the expected number of in-
compatibilities and in proportion to this number character weights are de-
rived. A standard parsimony method is used to find all MPC's. For each
cladogram the list of character state changes is used to find those MPC's
which call for the fewer changes in the more compatible characters.

Penny (1982a) showed for a data matrix comprising 20 genera of
Epicridaceae with 18 binary characters that for a character "... the number
of incompatibilitiesis a good guide to the number of duplications that will
occur on the tree." Duplications are extra steps needed to explain the dis-
tribution of states over terminal taxa in a cladogram. Penny and Hendy
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(1985) plotted the proportion of the maximum possible number of dupli-
cations against the ratio of observed and expected incompatibilties for
hemoglobin b sequence data and showed a strong possitive correlation
demonstrating that this ratio gives a good prediction of character reliabil-
ity.

Starting from these observations for individual characters we would expect
that their corresponding summary statistics like ClI and CCSl would
behave correspondingly. However, the relation between Cl and CCSl is
not monotonous and there is no linear correlation between number of steps
for a cladogram and the number of character states compatible with it.
Longer cladograms may have more compatible character states than a
most parsimonious one (MPC), or they may have less, as | will show in
the examples from the literature at the end of this chapter. This seems
rather counterintuitive. The states of a character are mutually compatible
by definition (when there is no polymorfism in terminal taxa), that is, they
either include or exclude one another and they do not overlap. Why and
how is it, then, that one state of a character may be compatible with a
cladogram and the others not? The following example serves to explain
this phenomenon.

We have two multistate characters, and a given cladogram. First we will
consider the case when the characters are ordered (as indicated by their
additive binary code).

I [ char act er
123 1 2 3 4character states
Aus 1 0 O 1101 ---]---\
Bus 1 10 1101 - | ---\
Eus 1 0 O 1100  ------- / | ---
Cus111 1010 ---] |
Dus111 1010 S /

For two characters to be compatible they may show no conflict in the way
they subdivide the set of terminal taxa in subsets according to their states.
As these subsets for | and Il contradict each other (e.g., BCD vs ABE)
character | and 11 are not compatible in the ordered case. The OCCI score
of compatible characters is one out of two. The unit CI (UCC) for
character | is 0.667 and for character Il equal to one. The ensemble CI for
the cladogram is 0.8333 and the average unit Cl (AUCC) is 0.8335.
Looking a separate character states instead of characters we note 6
compatible states out of a maximum of 7 (CCSI = 0.8571).

I |1 char act er
123 1 2 3 4character states
Aus 1 0 O 0001 -] ---\
Bus 0 1 O 0001 - | ---\
Eus 1 0 0 0100  ------- / | ---
Cus 001 1000 - |
Dus 0 0 1 0010 R BT /

In case both characters are considered unordered (see above) the situation
is different, although the characters | and 11 are still incompatible (contra-
diction in set membership of termina taxa, e.g., AE vs AB). This may
seem odd as their UCC’ s are now the same and equal to one. According to
another definition of character compatibility “two characters are compati-
bleif thereis at least one hypothesis of evolutionary relationship (i.e. tree)

Chapter 3

Page 3-23



CAFCA Manual

that is consistent with both characters.” (Estabrook and Anderson, 1978).
Both characters are consistent with the cladogram, but nevertheless they
arein conflict as to set membership of terminal taxa.

The origin of this seemingly paradoxical situation is hidden in the way we
consider state 1 for character |. Regarding set membership of terminal taxa
this state points to the group { AE} . Optimisation of character states on the
cladogram, however, assigns state 1 to the set { ABE} and maybe to the
root { ABCDE} aswell (asin the ordered case). Thus, before optimisation
there is character state (= set membership) conflict and therefore incom-
patibility of characters. After optimisation the interpretation of state 1 in
character | changes, and thus the conflict is resolved. Compatibility isan a
priori predicate of arelation among characters or character states or sets of
taxa, based on a primary homology assessment prior to cladogram es-
timation and optimisation. Consistency of a character or character states
with respect to a cladogram as measured by the UCC is an a posteriori
predicate of a relation between a character or character state and a clado-
gram (tree), after a congruence test that primary homologies may pass and
become secondary homologies.

Returning to our example we observe that the unit CCSI for character | is
still 0.667 as it was in the ordered case. The CCSl for the cladogram is 6
out of 7, also the same as in the ordered case. The CI for the cladogram,
however, changed from 5 over 6 when characters are ordered to 1 in the
unordered case, because a possible conflict was resolved after interpreta-
tion (optimisation). Taxon B also shows state 1 for character | but in its
derived form, i.e, state 2. As a raw observation, however, the taxon set
{AE} based on state 1 is still incompatible with the cladogram. Cla-
dogram optimisation does not change our compatibility assessments
and thus the relation between CCSI and Cl can not be monotonous.
Only when we revise our initial assessments (whether for characters or
character states) as aresult of cladogram optimisation analogous to the es-
timation of the number of steps for a character, the relation between CI
and CCSl will be 1:1.

NO-ORDER LOWER LIMIT

The CI can not be lower than M/G. In practice, even a completely un-
ordered cladogram, i.e., one big polytomy (bush), has a CI that does not equal
zero; only RC is defined to be zero in that case.

As alast entry, the actual value for these parameters in the case of an un-
ordered cladogram (bush) is given to serve as a point of reference, the no-order
lower limit.

You can rescale Cl (as is done in RQc) to have a lower limit of zero by
applying the formula

Clc=(ClI - Cliower limit) : (1-Cliower limit)
Clcistaken to be zero if Cl isequal to itslower limit.

UNINFORMATIVE CHARACTERS

Character 1 intable 3.2 isuninformative as it shows one state present in al
taxa. This state counts as a supporting state, although its supposed single origin
cannot be inferred from the cladogram and the data matrix as given. It is
therefore not counted as a step on the cladogram (except in criterion 6), but it
receives the benefit of the doubt as support.
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DIAGRAMS, APOMORPHIES, COMPATIBILITIES, AND STATE CHANGES

The terminal nodes of the cladogram are labelled by the taxon numbers (=
row numbers of the data matrix) and their names (if present). The internal nodes
of the cladogram are labelled using the cladon numbers from the list of mono-
thetic sets (clada). For instance, group {3 4 5} from the cladogram is entry # 8
from the list of clada (table 3.3).

As already explained states on internal nodes of a cladogram are estimated
by algorithms as specified in Maddison and Maddison (1992). Only the
ACCTRAN option isimplemented in CAFCA.

When al nodes of the cladogram have their appropriate label we can eas-
ily enter the state changes for characters onto the branches of the cladogram by
using the table accompanying the cladogram [table with state changes for each
character with reference to cladon nrs]. State changes that can be considered
evolutionary novelties if tested by an outgroup (local for internal nodes, global
for the root) enter the list of apomorphies [with reference to cladon nrg).

Character states that are fully compatible with the cladogram are listed in
the middle part of the table under the heading ‘ compatibilities . These compat-
ibilities are not identical with steps on the cladogram (no single origins nor
apomorphies), just congruencies between groups in the cladogram and character
states. They can’'t be steps as al states from a character may be involved, like
for instance character 2 with state 1 on cladon 1 and state 2 on cladon 10. Both
states of character 2 are congruent with a group in the cladogram but only one
step isinvolved as can be seenin the list of state changes.

The relation between the notion of ‘character states compatible with the
cladogram’ and the concepts of ‘character compatibility’ and ‘group compati-
bility’ is explained in the final section of this chapter.

Severa character states (states on the root) enter the list of apomorphies
although there is no globa outgroup indicated to test their status; they receive
the benefit of the doubt as evolutionary novelties.

Plant : d adogram 2 | 10 | 1
/| — 4 Dus
[ —=7 Pl ant B: C adogr am-2:
/——— 8 \— 5 Eus COWVPATI BI LI TI ES
/—— 10 |
I I \ 3 Cus Cl adon | Character | State
| \— 2 Bus 1 2 1
| 3 2
\ 1 Aus 6 3
2 4 1
Pl antB: C adogram-2 : 5 1
APOVMORPHI ES 6 1
5 5 3
Cladon | Character | State 7 7 1
8 0
1 3 2 9 1
6 3 10 3
2 6 1 8 4 2
3 6 2
4 10 2
5 5 3 10 2 2
7 7 1 3 1
8 0 10 1
9 3 12 1 1
10 3
8 4 2
5 2 Plant : C adogram 2: STATE
10 2 CHANGES
10 2 2
4 1 Character| dadon | Change
5 1
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1 9 | 7 | 2->1

2 10 1->2 10 [ 7 | 2->3

3 1 1->2 [ 8 | 1->2

4 8 1->2 [ 10 | 0->1
10 0->1

5 5 2 ->3 Characters and States refer to
8 1->2 multi-state data matrix, if
10 0->1 present.

6 1 2 ->3 Cladon nrs refer to the list
2 2 ->1 of nonothetic sets of term nal

7 7 0->1 t axa.

8 7 1->0

Table3.6  Selected diagram with apomorphies, single origins, and state changes for first example.

This example shows how polarity decisions made a priori by you may
change as aresult of the analysis. If you decided a priori that the state observed
for character 8 in taxa 1, 2, and 3 is the apomorphic one its polarity now appears
to be reversed, or taxa 4 and 5 (cladon 7) show a reversal to an ancestral state
(absence).

PRIMARY ANALYSIS WITH STRICT MONOTHETIC SETS

Our second example uses the same data matrix, PLANT, but now the clada used are

strict monothetic sets (SMS) of terminal taxa, and the best cladogram is selected
by the Redundancy Quotient (table 3.7). To run this example you can follow the
same steps as given for the first example in the beginning of this chapter, except
for the CAFCA parameters dialog, where you must now click the second button
of the top rowsinstead of thefirst.

There is one other point where this example deviates from the first as to
the dialogs and prompts you meet. After the CAFCA parameters dialog you
must decide whether you will add complementary sets, as described under op-

tion 3 to your strict monothetic sets. Take the default No and click OK.

Do you want to add complementary sets
to your Strict Monothetic Sets ?

@ No ) Yes
[[ 0k ]] [Eancel]

We now find 14 clada instead of 12 when using PMS (table 3.8). The
group {2 3 4} isnew, aswell as{2 3}. They constitute alternatives for breaking
down the group {2 3 4 5}, present in both PMS and SMS, in inclusive sets, due
to the interaction of character state distribution 3 (or 4) and 18 with state distri-
bution 17 and 15, respectively (table 3.2).

CAFCA - Mac version 1.3i (c) MZ 1987-1995

Date: 1 AUG 1995 Ti me: 9H35M28S

CAFCA Paranmeter Settings
Type of analysis ................... ... Primry
Cladon option ......... ... .. ..., 2: Strict Mnothetic Sets (SMS)
Cl adogram Sel ection Criterion ......... Maxi mum Redundancy | ndex
Taxon on outgroup node ................
Ancestral zero's in character ......... 4 510
Ordered characters .................... 10
[ Maxi mumi Nunmber of O adograns . ....... 9

Table 3.7 Header of CAFCA output of strict monothetic sets example.

Strict Monothetic Sets of termnal taxa in Plant
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Strict Monothetic Sets of character states in Plant

6 8 11 15 17 18
7 9 12 15 17 18 19
9 12 14 16 17 18 19 20
10 12 14 16 18 19 20
12 17 18 19
14 16 18 19 20

[

18 19

H
O~N NOI~N~N~NN

NWWUTWWWWWWWWN
=

[EEN

RPRRRER
RWNRFROOONOUIRAWNER

Table 3.8 Cladawith corresponding character states for strict monothetic sets example.

Using PMS (option 1), only {3 4} and {3 4 5} were available as subsets
for {2 34 5}, due to character state 9 and 7 in the binary data matrix (table 3.2).
The clada{2 3 4} and {2 3} have no unique separate character states but they
do possess unigue combinations of character states (table 3.8; # 8 and 11).

In general, the use of SMS as building-blocks for cladograms brings more
resolving power in problems where the patterns implied by the distribution of
character states over taxa do not alow for completely dichotomous cladograms.

In other cases, like the present example, the use of SMS ssimply adds alter-
natives to the set of already completely resolved cladograms, although not nec-
essarily better ones. Nine alternative cladograms result from this analysis (table
3.9). One of them (# 6) isidentical to the cladogram selected in the first exam-
ple. Other criteria (e.g. number of homoplasious events) select cladogram # 5 as
well.

Sel ection criteria for cladograns of: Plant/AB

Col um nunbers refer to nunbers of cladograns

Row 1 : Total nunber of honopl asous events

Row 2 : Total nunber of single origins (Support)

Row 3 : Corrected Extra Length (x1000; CEL: Turner + Zandee)
Row 4 : Total nunber of state changes (S: Steps)

Row 5 : Redundancy Quotient (x1000; RQ Zandee + Geesi nk)

Row 6 : Rescal ed Redundancy Quotient (x1000; RQ)

Row 7 : Consistency Index (x1000; Cl), w th autaponorphy correction
Row 8 : Rescal ed Consistency |Index (x1000; RC. Farris)

Row 9 : Average Unit Character Consistency (x1000; AUCC. Sang)
Row 10: Homopl asy Distribution Ratio (x1000; HDR Sang)

Row 11: Conpati bl e Character State Index (x1000; CCSI: Zandee)

1 2 3 4 5 6 7 8 9

2 3 5 3 0 0 2 5 6

14 13 10 12 16 16 14 10 6
3017 4033 6100 4083 1017 0 4033 7117 8183

492 460 449 473 487 510 471 432 437
138 84 66 107 130 170 103 37 45
727 667 571 667 889 1000 667 533 500

~NOUTRWNE

I
|
| 18 19 21 19 16 15 19 22 23
I
I
I
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Pl ant: C adogram- 5 6 3

2 4 1

/| —4 Dus 5 1

| — 6 1

| \—5 Eus 5 5 3

[ —322 7 7 1
| | /—2 Bus 8 0
| \—8 9 3
| \—3 Cus 10 3
| 12 2 2
\ 1 Aus 3 1
10 1

Pl ant B: C adogram-5 : APOMORPHI ES 14 1 1

Pl ant B: O adogr am-5: COMPATI BI LI TI ES

8 | 606 502 325 502 852 1000 502 248 178
9 | 875 860 817 902 975 1000 860 810 863
10 | 250 335 358 533 600 1000 335 401 605
11 | 682 545 455 636 682 818 500 409 500

No-Order Limt for Steps, Extra Steps, RQ and C:

26 11 410 421

Table 3.9 Selection criteriafor cladogramsin strict monothetic setss example.

Comparing the state changes for characters in the best and second best
cladogram from the second example (table 3.6 and 3.10) we see that a priori de-
fined polarity and order in states as those of character 10 can be changed asare-
sult of the analysis. Character 10 in cladogram #5 departs from the sequence as
originally coded, 0 -> 1 -> 2 -> 3. There is now a state change 0 > 2 present,
implying two steps as character 10 is ordered. This makes cladogram # 5 one
step longer than # 6, though not due to a homoplasy.

Cl adon | Character | State

Pl ant: d adogram-5 : STATE CHANGES

1 3 2
6 3 Character : C adon : Change
2 4 1
5 1 1
6 1 2 12 1 —- 2
3 3 1 1 - 2
4 4 2 2 =1
5 5 3 12 0 — 2
7 7 1 5 2 2 =1
8 0 5 2 - 3
9 1 12 0 — 2
10 3 6 1 2 > 3
8 2 2 =1
12 2 2 7 7 0—-1
4 2 8 7 1—-0
5 2 9 7 2 > 1
10 2 10 2 2 =1
7 2 = 3
12 0 — 2

Characters and States refer to multi —

Cladon | Character | State state data matrix, if present.
Cladon nrs refer to the list of nono-
1 [ 2 [ 1 thetic sets of termnal taxa.
I 3 |2

Table3.10 Second best cladogram with apomorphies and state changes.

Note, however, that the sequence as estimated by CAFCA although not re-
flecting the original coding is fully consistent (= not implying homoplasious
steps) with the different topology. We may tentatively conclude that although
additive binary coding of character states defines only one particular character
state tree, this coding may be consistent with more than one cladogram topol-
ogy, as measured by the consistency index. This is due to the insensitivity of
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this index to monitor the unambiguous reconstruction of (predefined) polarity
and order in multi-state characters from cladograms.

PRIMARY ANALYSIS WITH ALL ADDITIVE BINARY CODINGS

Our third example again uses the same data matrix, PLANT, but now the
clada used are the partial monothetic sets (PMS) of terminal taxa plus all addi-
tive binary codings possible for each block of homologous states (PMS + ABC).
The best cladograms are selected by using the minimum step criterion. To run
this example you can follow the same steps as given for the first example in the
beginning of this chapter, except for the CAFCA parameters dialog where you
must click the new settings, i.e., # 3: PMS+ ABC.

We now find 16 clada instead of 12 when using PMS or 14 when using
SMS (table 3.11). Compared with the first example the following groups are
added to the list of clada: {1 2}, {2 5}, {234}, and {134 5}. It isclear from
table 3.11 with sets of character states that these new clada do not possess at
least one unique character state (clada 8, 9, 12, and 15).

Partial Mnothetic Sets of Partial Mnothetic Sets of
term nal taxa in Plant character states in Plant
1 1 1 2 513
2 2 2 6 811
3 3 3
4 4 4
5 5 5 10
6 34 6 9
7 4 5 7 14 16 20
8 25 8
9 12 9
10 345 10 7 12 19
11 123 11 15
12 234 12
13 2345 13 3 4 18
14 1234 14 17
15 1345 15
16 12345 16 1

Table 3.11 Clada with corresponding character states obtained with option 4, PMS plus all additive bi-
nary codings.

These groups are based on an additive combination of character states
within ablock of homologous states. For instance, {1 2} is based on columns 11
+ 13 [= state 1 plus 3 of character 6], {1 3 4 5} on columns 12 + 13 [= state 2
plus 3 of character 6], {2 5} on columns 8 + 10 [= state 1 plus 3 of character 5],
{234} on8+ 9 [=state 1 plus 2 of character 5].

In fact al additive codings possible within each block of homologous
states are used to add new cladato the list that can be build on the basis of PMS
only. (CAFCA poses alimit of 6 states per block, as a default, to derive additive
codings, thus implying a maximum of 945 character state trees per character.
You can change this default in the CAFCA parameter dialog, up to maximum
value of 12. Note, however, that the number of implied cladograms increases
exponentially relative to the number of taxa, such that 12 in this context is an
extremely high number).

The use of all possible additive codings for each character adds consider-
able resolving power to the set of clada. It boils down to exploring and compar-
ing al polarity and order decisions possible for each multi-state character
(transformation series).
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By means of the Strict Sets option in the Print menu we can generate
the strict monothetic sets of character states, instead of only the partial sets, that
characterise the clada resulting from the PMS+ABC option listed in table 3.11.
These strict sets of character states indicate that some of the clada, as# 9 & 11,
8 & 13 and 15 & 16, besides lacking unique character states, don’t even have
unique combinations of character states that could be used to characterise them
(table 3.12).

Strict Monothetic Sets of character states in Plant
1 1 2 513 15 17
2 1 3 4 6 8 11 15 17 18
3 1 3 4 7 9 12 15 17 18 19
4 1 3 4 7 912 14 16 17 18 19 20
5 1 3 4 7 10 12 14 16 18 19 20
6 1 3 4 7 912 17 18 19
7 1 3 4 7 12 14 16 18 19 20
8 1 3 4 18
9 1 15 17
10 1 3 4 7 12 18 19
11 1 15 17
12 1 3 417 18
13 1 3 4 18
14 117
15 1
16 1

Table 3.12 Strict monothetic sets of character states for the clada based on PMS + all additive binary
codings for multi-state characters.

In contrast to SMS (second example) your homology hypotheses are not
broken down relative to the pattern exhibited by other states of other characters,
but these hypotheses are merged (added) in al different permutations possible
within each block of homologous states. These extended combinatorial possi-
bilities produced by the increased number of mutually inclusive groups of ter-
minal taxaresult in alarger number of cladograms (12) compared to PMS alone.

Sel ection criteria for cladograns of: Plant/B

Col um nunbers refer to nunbers of cladograns

Row 1 : Total number of honopl asous events

Row 2 : Total nunber of single origins (Support)

Row 3 : Corrected Extra Length (x1000; CEL: Turner + Zandee)
Row 4 : Total nunber of state changes (S: Steps)

Row 5 : Redundancy Quotient (x1000; RQ Zandee + Ceesi nk)

Row 6 : Rescal ed Redundancy Quotient (x1000; RQ)

Row 7 : Consistency Index (x1000; Cl), w th autaponorphy correction
Row 8 : Rescal ed Consistency |Index (x1000; RC. Farris)

Row 9 : Average Unit Character Consistency (x1000; AUCC. Sang)
Row 10: Honoplasy Distribution Ratio (x1000; HDR Sang)

Row 11: Conpati bl e Character State Index (x1000; CCSI: Zandee)

1 2 3 4 5 6 7 8 9 10 11 12
3 2 6 3 5 2 2 0 4 0 0 6
13 14 8 13 10 14 14 16 9 16 16 6
4033 4033 7117 4033 6100 3017 4033 1017 5100 0 1017 8183

19 19 22 19 21 18 19 16 20 15 16 23
466 475 435 460 449 492 460 488 459 510 472 435
95 110 43 84 66 138 84 131 83 170 105 42
667 667 533 667 571 727 667 889 615 1000 889 500
502 502 248 502 325 606 502 852 409 1000 852 178
860 860 810 860 817 875 860 975 892 1000 975 863
335 335 401 335 358 250 335 600 567 1000 600 605
545 545 455 545 455 682 545 682 636 818 682 500

[
RPOOONOUTAWNE

No-Order Limt for Steps, Extra Steps, RQ and C

26 11 410 421
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Table3.13 Selection criteriafor cladogramsin PMS+ABC example.

Using minimum steps as a selection criterion (table 3.13), only one clado-
gram sticks out as the best: nr 10. Cladogram # 10 isidentical to the cladogram
selected in our previous runs (table 3.6).

1 2 3 4 5 6 7 8 9 10 11 12
1 4 3 4 4 5 2 2 0 1 0 0 1
2 11 11 11 11 9 14 14 16 14 16 16 14
3 4100 3050 3050 4100 4100 3050 3050 0 0 0 0 0
4 19 18 18 19 19 18 18 15 15 15 15 15
5 436 451 446 436 423 469 467 468 474 481 481 479
6 6 34 25 7 0 65 62 63 75 86 86 83
7 667 727 727 667 667 727 727 1000 1000 1000 1000 1000
8 0 208 208 0 0 208 208 1000 1000 1000 1000 1000
9 860 875 875 860 860 875 875 1000 1000 1000 1000 1000
10 335 250 250 335 335 250 250 1000 1000 1000 1000 1000
11 545 545 455 545 455 682 545 682 636 818 682 500
No-Order Limt for Steps, Extra Steps, RQ and C:
S ES RQ d
19 4 432 667

Table 3.14: Cladogram evauation data for 12 cladograms resulting from a primary analysis using option 3
(PMS + ABC) and zero' s in multi-state characters as non-ancestral state.

If, however, we run this analysis again but now with the zero’s in multi-
state characters 4, 5, and 10 as not indicating putative ancestral states (see
CAFCA parameter dialog), we arrive at the following evaluation data for the 12
cladogramsinvolved (table 3.14).

Not forcing the zero’s in characters 4, 5, and 10 to be present on the root
reduces the number of stepsin amost all cladograms. Cladogram # 8, 9, 11 and
# 12 now also count 15 steps, just like # 10 already did. As the number of steps
on the bush decreases as well (26 vs 19) some of the cladograms found (# 1, 4,
and 5) appear to be as bad as a bush as regards the number of steps.

Note the lower limit of the Redundancy Quotient (0.432) which, dueto the
reduction of the number of steps on a bush (20 versus 26), is higher than in the
other runs (0.410).

A last item from table 3.14 that is well worth noting isthat for MPT’ swith
ci=1 the AUCC can not discriminate any further (its range is [ci,1]). However,
the compatible character states index (CCSl, row 11) does discriminate among
these MPT’s and selects # 10 as the best. In this particular case CCSl is even a
better performer than the RQ (RQ does not discriminate among # 10 and # 11).

Pl ant: C adogram - 8 Pl ant: d adogram - 11

/[ —— 4 Dus /——— 4 Dus

[ ——=7 [——-7

| —— 10 \— 5 Eus /—10 \-—— 5 Eus
| | [—14 |
| \ —— 3 Cus | | \ — 3 Cus
I [ ]
| /—— 1 Aus | \—_ 1 Aus
\V—_ 9 |

\—— 2 Bus \ — 2 Bus

Figure 3.1: Alternative most parsimonious cladograms resulting from PMS+ABC and non-ancestral

zero'sin multi-state characters.
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PRIMARY ANALYSIS WITH THREE-TAXON-STATEMENT PERMUTATIONS

Our fourth example again uses the same data matrix, PLANT, but now the
clada used are the partial monothetic sets (PMS) of terminal taxa plus all clada
resulting from valid three-taxon-statements (TTS's; table 3.15).

In comparison with the other examples run so far, many building blocks
(30) for cladograms result from all possible three taxon statement permutations
as, apparently, many of these statements are valid due to independent support
for their constituent clada.

These building blocks give rise to 90 possible cladograms, only one of
which is the shortest (16 steps; table 3.6) if we consider zero in a multi-state
character to represent an ancestral state, forced to be present on the root. If we
don’t apply the latter option, three shortest cladograms (15 steps) result from the
analysis, the same as from the third example (figure 3.1; PMS + ABC).

Partial Monothetic Sets of Partial Monothetic Sets of

termnal taxa in Plant character states in Plant
1 1 1 2 513
2 2 2 6 8 11
3 3 3
4 4 4
5 5 5 10
6 34 6 9
7 4 5 7 14 16 20
8 35 8
9 25 9

10 2 4 10

11 23 11

12 14 12

13 13 13

14 12 14

15 345 15 7 12 19
16 123 16 15

17 245 17

18 235 18

19 234 19

20 134 20

21 124 21

22 145 22

23 135 23

24 125 24

25 2345 25 3 4 18
26 1234 26 17

27 1345 27

28 1245 28

29 1235 29

30 12345 30 1

Table3.15 Clada, with corresponding character states, from valid three-taxon-statements.

As we can see from this table, many of the sets of taxa generated, do not
have a character state by which they can be uniquely recognised. If we use the
Strict Sets option in the Print menu to generate the unique combinations of
character states for these sets of taxa, we see that many of them even lack these
(table 3.16). For instancethe sets#9{=25},17{=245},18{=235}, and 25
{=2345} aredl characterised by the combination of character states {1 3 4
18}, corresponding to characters 11, 22, 31, and 10.

Strict Monothetic Sets of character states in Plant

1] 1 2 513 15 17

2| 1 3 4 6 8 11 15 17 18

3| 1 3 4 7 9 12 15 17 18 19

4| 1 3 4 7 912 14 16 17 18 19 20
5| 1 3 4 7 10 12 14 16 18 19 20

6] 1 3 4 7 912 17 18 19
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7 1 3 4 7 12 14 16 18 19 20
8 1 3 4 712 18 19
9 1 3 418

10 1 3 4 17 18

11 1 3 415 17 18

12 117

13 115 17

14 115 17

15 1 3 4 7 12 18 19
16 115 17

17 1 3 418

18 1 3 418

19 1 3 417 18

20 117

21 117

22 1

23 1

24 1

25 1 3 418

26 117

27 1

28 1

29 1

30 1

Table 3.16 List of unique combinations of character states (= strict monothetic sets) for the sets of taxa
listed in table 3.15.

Y ou could, as an aternative, also use option 4 with three-taxon-statements
according to Nelson and Platnick (1991). In that case the monothetic sets of ter-
minal taxa (clada) generated from the data matrix will be supplemented with all
clada derived from al three taxon statements implied by the original characters.
Remember that in contrast to Nelson and Platnick's original implementation in
CAFCA the origina data matrix is not replaced by the TTS's, except when the
data matrix is exported. Table 3.17 shows the version in NEXUS format as ex-
ported by CAFCA (Utilities menu, export data matrix option).

The data matrix with extensions for three taxon statements according to
the Nelson and Platnick (1991) definition generates 27 clada which give rise to
54 cladograms, one of which is most parsimonious with 15 steps. It is identical
to the one found by the PMS option alone. Note that CAFCA's definition of
three-taxon-statements generates more clada (30 vs 27) and as a consequence
more cladograms (90 vs 54) than the Nelson and Platnick definition. Thisis due
to the fact that N& P only consider all pairs of terminal taxa to perform as units
in TTS's, while CAFCA also uses units consisting of larger sets of terminal taxa.

#NEXUS

BEG N DATA

_DI MENSI ONS NTAX=5 NCHAR=60

_FORMAT m ssi ng=? synbol s="0~9"

__MATRI X
Aus 0??0??0??0??0?0?0?0?070?11??110?0?0?0000000000001?1??1000000
Bus ?07?0??07?0770707070707011117?7070701?1?711?1??1117??1?1?1??1
Cus 111??0??0??011??1111??11?22111111??1111??1?211??1?2?111??211??1?
Dus 11111111111111117??1111??0?0?0?1111???111???111??7???111?111?7
Eus ??0111111111??1111??1111?07070??1111???111???1110000007??111

énd;

BEG N ASSUMPTI ONS
_OPTI ONS deftype=unord;
end;

Table 3.17. Data matrix for Nelson and Platnick three taxon statements in NEXUS format suitable to be
run by PAUP

An analysis of the data from table 3.17 with PAUP generates 15 most par-
simonious cladograms (60 steps) without an included all-zero ancestor and 105

including an ancestor. That means that all trees for the taxa involved are possi-
ble. The replacement of the original data with all three taxon statements accord-
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ing to Nelson and Platnick’s definition, in this case appears to render the data
phylogenetically useless (without any information as to phylogenetic structure).
Using the three-taxon statements as a source for clada (components) only, in-
stead as areplacement for the original data, asis donein the CAFCA implemen-
tation of N& P's definition, appears to make more sense.

A COMPARISON WITH CHARACTER COMPATIBILITY ANALYSIS.

The concept of character compatibility originated from ideas by Wilson
(1965), Camin and Sokal (1965), and Le Quesne (1969, 1972) and was further
developed by Estabrook (1972), Estabrook et al. (1975), Meacham (1981) and
others. Meacham and Estabrook (1985) provides the most recent overview.
Felsenstein (1982) offers an introduction in awider perspective.

The following introduction is according to Meacham (1981, 1984).
Character compatibility analysis is a technique to reveal patterns of agreement
and disagreement among characters in a data matrix. Characters serve as abasis
for comparing the taxa in the data matrix. Characters can have two of more
states. Taxa are considered alike with respect to a character if they share the
same character state. In this way a character allows the recognition of discrete
classes (sets) of taxa. Accordingly, a qualitative character is defined as a set of
character states, which are mutually exclusive and exhaustive subsets of the
collection of terminal taxa in the data matrix. Characters in the latter sense are
considered compatible if and only if there is no conflict in membership. If there
Is a conflict among two characters in the way they subdivide the set of terminal
taxain subsets according to their states, then these characters are considered in-
compatible. To put it otherwise: "Two characters are compatible if there is at
least one hypothesis of evolutionary relationship (i.e. tree) that is consistent with
both characters." (Estabrook and Anderson, 1978).

Characters can be tested pairwise as to their compatibility. If a character
has two states, 0 and 1, two characters are compatible with each other if three or
fewer of the four possible combinations of their states 00, 01, 10, and 11 occur
in the data matrix. A collection of characters are mutually compatible if and
only if they are all pairwise compatible; the so-called Pairwise Compatibility
Theorem. This theorem has been proven for directed (= polarised = with known
ancestor) and undirected two-state characters, as well as for multi-state charac-
ters which are polarised and ordered, or ordered but unpolarized (states con-
nected in an undirected network). The proof of this theorem for unordered + un-
polarized multi-state characters is still open. (Note that according to the
Estabrook and Anderson [1978] definition given above two unordered unpolar-
ized multi-state characters are compatible if both have a Cl=1 for a given clado-
gram).

Character compatibility analysisis aimed at finding the largest sets of mu-
tually compatible characters (or maximal clique). These sets are used to build
cladograms. For each maximal clique found, characters incompatible with it are
excluded from consideration. For this reason character compatibility has been
severely criticised, for instance by Farris and Kluge (1979) who state that "...
deletion of a character from consideration, however, does nothing to indicate
which points of similarity in a character are the result of homoplasy and which
are not. Specific parallelisms or reversals are not detected by such methods."

Wilkinson (1994) showed for binary data that character compatibility
analysis and parssimony analysis can only differ when there are more than five
terminal taxa present in the data matrix. This is so because in standard parsi-
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mony methods the number of steps that a character can contribute to the length
of the cladogram, its threshold (Felsenstein, 1981) is its maximum number of
steps, i.e. its steps on an unresolved cladogram or bush. The maximum number
of steps of a binary character is equal to the number of taxa scored for the mi-
nority state. For five (or fewer) taxathe minority iseither 1 or 2. Thus, the thres-
hold for any character will not exceed 2. Under this condition only uniquely
derived characters provide support for a cladogram, rendering standard parsi-
mony equivalent to character compatibility analysis (Felsenstein, 1981, p 192).

In exploring the relationship between character compatibility and group
(or component) compatibility I will not use the same simple example data ma-
trix with only 5 taxa as used in earlier paragraphs, but turn to examples from the
literature, for the reason outlined above.

Penny (1982) showed the incompleteness of character (in)compatibility
analyses in the sense that the (in)compatibility matrix used in the computations
does not preserve and contain al the information present in the original data. In
generd it is not possible to get back to the original data given the (in)compatibi-
lity matrix. Different characterstate distributions over taxa may all lead to the
same (in)compatibility matrix for characters. Besides the criticism against char-
acter compatibility outlined by e.g. Farris and Kluge (1979) the objections as
raised by Penny (1982) are rather fundamental and analogous to those raised
against distance data and phenetic approaches. | will show that these objections
do not hold for group (or component) compatibility. Penny (1982) used the fol-
lowing character compatibility matrix in his example:

110
110
001

and showed that the next 6 different data sets a-f for 4 taxa will all lead to
this character compatibility matrix.

a b C d e f
w  AAA AAA AAA AAA AAA AAA
X AAB AAB BBA BBB BBA BBB
y BBA BBB AAB AAB BBB BBA
Z BBB BBA BBB BBA AAB AAB
I I [ 1 [l M1
w---\ [---y wW---\ [---x w---\" [--- X

| --| | - -1 | --
X <=-] Ne-w 2y onef Neee z Z -=-] \e-- 2z
| I i

The numerals I, 11, and 11l underneath the data set indicate which of the
three possible cladograms for four taxa is minimal for the particular data set. It
is clear that what a compatibility matrix should at least preserve is the informa-
tion regarding the different cladograms, if it can not recover the information as
to the data set itself.

In CAFCA, compatibility matrices are drawn for sets of terminal taxa and
not for characters. If we consider al possible sets, excluding the empty set, for
the 4 taxaw, X, y, and z in Penny’s example we arrive at 15 different groupings:
{w}, {x}, {y}, {z}, {wx}, {wy}, {wz}, {xy}, {xz}, {wxy}, {wxz}, {wyz},
{xyz}, and {wxyz}. When we draw a square compatibility matrix for these sets
and put a 1 for each pair of sets that is compatible, i.e., either in- or excludes
each other but does not overlap, it is easy to see that the 6 different data sets
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given above, will render 3 different sets of terminal taxa and therefore 3 differ-
ent compatibility matrices for sets of terminal taxa (i.e., a and b are the same, as
are ¢ - d, and e - f), whether we use PMS or SMS. CAFCA will recover
cladogram type | asthe MPC for data set a and b, cladogram type Il asthe MPC
for data set ¢ and d, and cladogram type Il for data set e and f, indicating the
preservation of phylogenetic (or at least cladogenetic) relevant information in its
group compatibility matrix.

As | have shown earlier when explaining the CCSI as an optimality crite-
rion, cladogram length as the sum of steps in separate characters on the particu-
lar cladogram is an a posteriori quality assessment, as are Cl, RC, and RQ for
that matter, only possible after cladogram optimisation. As a matter of fact,
cladogram optimisation, at least the downpass in the algorithm, is the method
to estimate the number of steps a character takes on a cladogram. Compatibility,
on the other hand, either of characters, character states, or sets of terminal taxa,
ISan apriori assessment, i.e., prior to the computation of cladograms and opti-
misation of characters, based on primary homology assumptions.

From this point of view the contrast between parsimony methods and
compatibility methods as cladogram finding tools is unbalanced. If compatibil-
ity methods could know what standard parsimony methods need to know, that is,
an estimate of the character states on the inner nodes of the cladogram, assess-
ment of compatibility, whether of characters, character states, or set membership
of taxa, would benefit. Parsimony finds its base in tests of congruence among
characters and character states, and the quality of the results of the analysis
(cladograms) is assessed after thistest. Asacorollary, primary homologies have
changed to secondary ones, now each on its proper level of generality. As a
result characters and character states incompatible before the analysis may be
compatible after interpretation of primary homologies (optimisation). Thus, as a
cladogram finding tool, compatibility based on primary homologies can never
hope to find what may be the case for secondary homologies, unless all possible
secondary homologies arein one way or another considered as data in the search
for cladograms. Compatibility and parsimony methods would be on the same
footing if, during computations, the compatibility assessments could change
during and as aresult of optimisation, just as the estimate of the number of steps
may change as aresult of different optimisations.

The problem for compatibility methods for character data is, then, how to
incorporate effectively and efficiently all possible secondary homologies if it
wants to find all MPC’s. For indirect data, as in historical biogeography and
cases of co-evolution, the situation is different as we will see in chapter 6.

As the next examples from the literature may show in exploring the rela-
tionship between character compatibility and group compatibility, the use of
strict monothetic sets, or al possible additive binary codings, or three taxon
statement permutations, etc.., can serve as approximations to the consideration
of all possible secondary homologies.

DE PINNA'S EXAMPLE

dePinna (1991) offers an example (table 3.18) for which standard parsi-
mony and character compatibility result in different hypotheses of relationship,
"... S0 that the different implications of the two methods are immediately obvi-
ous."

According to dePinna (1991, p. 382) parsimony analysis yields four equal-
ly parsimonious cladograms (found with the program Hennig86). The strict
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consensus tree, shown in figure 3.2a, is identical with one of the four clado-
grams. This cladogram has 34 steps. If we apply character compatibility to the
same data matrix we find a largest clique formed of characters 1-22 and obtain
the cladogram shown in figure 3.2b. This cladogram is longer, with 42 steps.

1 1 2 2 2

5 0 5 0 5 7

Aus 11111 11111 00000 00000 10000 00

Bus 11111 11111 00000 00000 10111 11

Cus 11111 11111 00000 00000 00111 11

Dus 11111 11111 00000 00000 00000 00

Eus 00000 00000 11111 11111 01000 00

Fus 00000 00000 11111 11111 01111 11

Gus 00000 00000 11111 11111 00111 11
Hus 00000 00000 11111 11111 00000 00

Table3.18 Data matrix from dePinna (1991, table 1) to exemplify the difference between parsimony and
character compatibility.

When we use CAFCA to find cladograms from the data matrix in table
3.18 the PMS option finds one cladogram, identical to the one in figure 3.2b.
When we apply the SMS option we find 4 cladograms, one of which is most
parsimonious with 34 steps and identical with the cladogram in figure 3.2a. (As
all PMS's are included in the SMS's, we aso find the cladogram from figure
3.2aas one of thefour).

8 Hus 8 Hus

5 Eus 7 Qus

7 Qus 6 Fus

e ¢ e

4 Dus 4 Dus

1 Aus 3 Cus

e I e I

a 2 Bus b. 1 Aus

Figure 3.2 Cladograms for taxa Aus-Hus from data matrix in table 3.18 In (@) the arrangement based
on parsimony ; in (b) the arrangement based on the largest clique of compatible characters
(after dePinna, 1991).

Now it may seem at first sight as if group compatibility analysis based on
partial monothetic sets of taxa is identical with character compatibility anaysis.
Second, if we extend the sets of terminal taxa considered by applying the defi-
nition for strict monothetic sets, and thus basing groups of taxa on partial
agreement of characters, the results obtained by group compatibility analysis
appearsto be identical with strict parsimony analysis. To quote Farris and Kluge
(1979), "Basing groups on partial agreement of characters not fully compatible
seems more like a parsimony method than a clique procedure...".

Standard parsimony analysis makes clear that the primary homology as-
sessments based on state 1 in characters 23-27, implying the set { BCFG}, are
wrong. These states appear to be acquired two times independently. As sec-
ondary homologies there are in fact two different states 1 in these characters,
one implies a taxon set { BC} and another implies { FG}. Thisis an a posteriori
assessment. When these two different states 1 are considered from the point of
view of character state compatibility they are compatible with the state 1 distri-
bution in characters 1-22. We could conclude that a posteriori the largest clique
of compatible characters now comprises 25 characters (vs 22 a priori).

FELSENSTEIN'S EXAMPLE

In considering character weighting and the use of likelihood methods for
estimating phylogenies Felsenstein (1981) developed the threshold method as a
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simple intermediate method between compatibility and parsimony for evaluat-
ing a phylogeny. He argued that "...We will frequently know that characters
vary greatly in their evolutionary rates, but will not know which ones are the
characters with high rates. In this case, weights can only be assigned to charac-
ters as part of the same process which produces an estimate of the phylogeny.
Although this does not require us to know the weights of individual characters,
if we know how variable the weights are this knowledge affects the process of
estimating the phylogeny." He continues to show for binary characters that
when many characters evolve at low rates and afew may evolve quickly but we
do not know in advance which characters will evolve at which rates the maxi-
mum likelihood estimate of the phylogeny produces the same result as character
compatibility. In cases like thisthe contribution to the likelihood function made
by the fraction of rapidly evolving charactersis greater than that made by char-
acters having two state changes, but less than that made by characters having
just one state change. Considering T changes, instead of two, and its associated
probability and its contribution to the likelihood function relative to the contri-
bution made by the true fraction of rapidly evolving characters enables one to
explore the middle ground between compatibility and standard parsimony meth-
ods as high values of T will produce maximum likelihood estimates that are
identical to standard parsimony. In the threshold method we agree on a certain
number for T and when evaluating a phylogeny we count T changes if a charac-
ter requires more than T state changes, otherwise we simply count the number
of changes.
Felsenstein (1981) offers the following example:

111111 1
12345 67890 12345 6

Aus 11111 11111 10011 1
Bus 11111 10000 00011 1
Cus 11111 10000 00000 O
Dus 00000 01111 10000 O
Eus 00000 01111 11111 O
Fus 00000 00000 01100 O

Table3.19 Datafrom figure 2 in Felsenstein (1981)

For different values of the threshold T we obtain a different estimate of the
cladogram for the taxa in the data matrix in table 3.19. When T=2 the character
compatibility solution results (fig. 3.3a); for T=10 the standard parsimony solu-
tion results (fig. 3.3c), and for T=2.4 an compromise solution results (fig. 3.3b).
Felsenstein (1981) depicts the cladograms as rooted phylogenies but acknowl-
edges that the position of the root cannot be estimated in this case. For charac-
ter weights equal to 1 these cladograms have a length of 28, 25, and 26 steps,
respectively. As in dePinnas example it is clear that maximising compatibility
among characters does not by necessity lead to cladograms of minimal length.

A B C DZE F A B C DUEF A B C D E F
C.

VT

Figure 3.3 Estimates of the cladogram for the taxa in the data matrix in table 3.19 under three different
values of the threshold T. (a) the character compatibility solution. (b) an intermediate solu-
tion (c) the standard parsimony solution.
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When CAFCA is run with option PMS and zero's indicating ancestral
states, 1 cladogram (shown below) results with 28 steps. It has a trichotomy at
the root as the data do not indicate whether to unite {D} with {EF} or with
{ABC}. The set {D} can be united with { EF} without extra costs in steps to
obtain the character compatibility solution as depicted in fig 3a. If { D} is united
with {ABC}, again without extra costs, a different rooting possibility for the
same character compatibility solution results.

/ Aus
-

Lok

Bus
Cus

/
—9

I

\

/ Eus
—7

oy

\ Fus

—— e

|

Dus

If we run CAFCA with the option PMS (no ancestral zero's) we get 3
cladograms with 28 steps, one of which is equal to figure 3.3a. Of the three so-
lutions it has the highest CCSI (.938) and RQ (.455). The other two cladograms
present different possibilities for the position of the root in figure 3.3a.

When CAFCA is run with option SMS (no ancestral zero's, no comple-
mentary sets) we find 30 cladograms, two of which are MPC's with 25 steps.
One is identical with the standard parsimony solution depicted in figure 3.3c,
the other shows a different possibility for the position of the root. Three clado-
grams count 26 steps (see below). The first one is identical to the intermediate
treshold result (figure 3.3b). The second shows a different possibility for the
position of the root. The third oneisanew variety.

/| —2 Bus /| —2 Bus /| —2 Bus
/ /—9 /—9
/—316 \—3 Cus /—316 \—3 Cus /—316 \—3 Cus
| | I—22 | ||
| \—32 Aus | | \V—32 Aus | \—32 Aus
I | | I
| | —5 Eus | \——4 Dus | /| —4 Dus
| /— | | [/—343
\—39 \—6 Fus | /——5 Eus \—39 \—6 Fus
I \— I
\—4 Dus \—— 6 Fus \—5 Eus

Four out of the 30 cladograms count 28 steps. They are al variants of the
character compatibility result (see below).

/| —& Aus /| —4 Aus /| —5 Eus /| —2 Bus
/| —S8 /| —S8 | —F /| —9
/| —16 \—2 Bus /| —36 \—2 Bus /| —29 \—6 Fus /| —16 \—3 Cus
|| | —22 | /| —23 | ||
I \—3 Cus I I \—3 Cus I I \——4 Dus I \—31 Aus
| /| —5 Eus | \——4 Dus | \—3 Cus | /| —4 Dus
| /—F | | | /—321
\—39 \—6 Fus | /——5 Eus | /——3 Aus \—39 \—5 Eus
| \—7 \—8 |
\—4 Dus \—— 6 Fus \— 2 Bus \—6 Fus

Two other cladograms count 27 steps and can aso be considered interme-
diate in this respect (see below). They probably have athreshold slightly higher
than T=2.4
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/—34 Aus /| —4 Dus
/—340 /—31
/—348 \—5 Eus /—347 \—5 Eus
|| | |
| \—2 Bus | \—32 Aus
| |
[ /J\, Cus | /| —3 Cus
| /—2 | /1 —324
\—21 \—6 Fus \—20 \—6 Fus
| |
\——4 Dus \——2 Bus

When we add the complementary sets to the option SMS (no ancestral ze-

ro's) we find 198 cladograms, 9 of which are MPC's with 25 steps. They corre-
spond to the 9 rooted cladograms found with a standard parsimony approach
(PAUP). It appears that in using this option all possible secondary homologies
are incorporated in the sets of terminal taxa and as a consequence all MPC's can
be found.

For 6 terminal taxathere are 945 possible rooted cladograms with labelled
terminal nodes. When we evaluate all these 945 possibilities as user trees for
the data matrix in table 3.19 we get the following results as to the behaviour of

the different optimality criteria (figure 3.4).

0.75 4 1 1 1 1 1
[ J [ ] [ ]
0.7 1 ° °
® ele® 0.8 ¢ .
[ ]
0.65 - < o b : b
0.6 - ° ® 06_00000 [ ] [ J
[ ] d . °
0.55 A - LX) LX)
[ ] [ J [ J
0.5 4 o LIS ® 0.4 1o ®
. N (XX}
0.45 - ° ® o0 o (0000 ()
i .. 0.2 1 ® ®
0.4 - . (X X} (Y X ) ()
® ° °
0.35 T T T T 0 T *—ro—¢o000—0—¢
25 29 33 37 41 45 25 29 33 37 41 45
a b.
Figure 3.4 Relation between number of steps (x-axis) and AUCC (g; y-axis) and CCSI (b; y-axis) for

all 945 cladograms for the six taxain table 3.19

This particular example clearly shows that, at least for binary data, MPC's
may neither exhibit a maximum value for the average unit character consistency
(AUCC) nor for the compatible character state index (CCSI). As already stated
by Felsenstein (1981) "...There are many ways in which we could have designed
a criterion intermediate between parssmony and compatibility approaches.”
AUCC and CCSI each appear to represent such a criterion.

MEACHAM'S DATA

The examples by dePinna (1991) and Felsenstein (1981) are artificia in
the sense that they are made for the occasion in order to show the difference be-
tween standard parsimony and character compatibility with relevance for the
congruence test of homology. Let's see how this difference and the comparison
with group compatibility works out with real data and take the data matrix from
Meacham (1981, table 1; here table 3.20) as a third example.

All charactersin this matrix are two-state characters, so as for the Pairwise
Compatibility Theorem to hold, it does not matter whether we ignore the ances-
tor given in the matrix, or useit to polarise the characters.
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1 1 2

char # 5 0 5 0
Viridis 12111 11111 11121 11111
Al ba 12111 21111 21121 11121

Pallida 12211 11111 11121 11121
Coccinea 12111 11111 12122 11212
Brunnea 12111 11111 22122 12211
Caerula 12112 11122 12211 21111
Rubr a 12112 12211 11111 21111
Ni gra 21121 21111 12211 11111
Ancestor 11111 11111 11111 11111

Table3.20 Datamatrix from Meacham (1981, table 1)

Analysing this matrix with CAFCA under option 1 (PMS), characters un-
ordered, and with taxon # 9 as outgroup to polarise the characters, yields the
following results. There are 33 partial monothetic sets of taxa, including all ter-
minal taxa, although they may lack a unique character state (e.g., taxon 1, 2, and
9). The sets of taxa correspond with the sets of character states given in table
3.21. All empty sets are removed from this list.

Partial Mnothetic Sets of 16 : 27
character states for Meacham 17 : 23
‘84 table 1. 18 : 24
19 : 28
Set # Character State # 20 : 9 31
3: 6 21 11
4 40 22 : 21
5: 34 23 25
6 : 18 20 24 : 29 35
7: 14 16 25 : 37
8 : 2 3 8 26 : 1 4 7
10 : 10 32 27 . 5
11 : 12 28 : 13 15
12 : 22 29 : 17 19
13 : 26 30 : 33
14 : 30 36 31 : 39
15 : 38

Table3.21 Partially monothetic sets based on Meacham’ s table 1.

| expect this set of states to correspond with the set of compatible charac-
tersif all characters concerned are included with (at least) one of their two states
(the complementary state is compatible by definition), and there is just one
cladogram involved. In case more cladograms do result from the analysis, the
list above should summarise at least half the states (for this data matrix) from all
maximum cliques of characters.

CAFCA generates 30 cladograms on the basis of the 33 partially mono-
thetic sets of terminal taxa. Only one cladogram is the most parsimonious one,
with 25 steps (table 3.22).

| expect the characters fully congruent with this cladogram to comprise the
set of compatible characters if group compatibility analysis (with PMS) might
be considered identical with character compatibility analysis.

The list with character states compatible with the cladogram is given
aongside in table 3.22. Empty clada are not listed.

All characters in the data matrix are (directed) two state characters. The
states within a character are always compatible, unless one or more taxa are
coded to be polymorphic. As the groups in the cladogram do not conflict as to
membership of their constituent taxa, so don't the characters that correspond
uniquely with these groups. Meacham (1981) presents one maximum clique of
16 mutually compatible characters; char # 1, 3, 4, 7, 8, 9, 10, 17, 20, 15, 18, 5,
14, 16, 19, and 2. Thelists are indeed identical.
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Cl adogram —5

Gl adon : Character State
/| —4 Cocci nea

/| —34 3 3 2
| \—5 Brunnea 4 20 2
| 5 17 2
/|—319 /| —2 Al ba 6 9 2
| |—25 10 2
/|—26 | \—3 Pallida 7 7 2
/—32 | | 8 2
| 1 | \ 1 Viridis 8 1 2
|| | 4 2
[ | | / 6 Caerul a 10 5 2
| | \—20 16 2
| ] \ 7 Rubra 14 15 2
[ ] 18 2
[\ 8 Nigra 15 19 2
[ 19 14 2
\ 9 Ancestor 26 2 2

Table3.22 Most parsimonious cladogram as found by CAFCA based on sets in table 3.21, and its list of

compatible character states.

There is another statistic on which we can base the same conclusion, and
that is the consistency index for characters. Characters that are fully compatible
with a cladogram will have a Cl equal to one. The list with CI*s for characters
for all 30 cladograms is given below. Cladogram # 5 has 16 characters with a
Cl=1. They are the same as in Meacham’'s list of compatible characters. The
other cladograms, which show more steps, have fewer characters that are fully

compatible with them.

Consi stency Indices for Characters of Wagner 80B

Col umnunbers refer to index nunbers of characters
Rownunbers refer to index nunbers of cl adograns

Row O refers to mean c.i. over all cladograns

1 2 3 4 5 6 7 8 9 10 11 12
0 1.00 .55 1.00 1.00 . 63 .50 1.00 1.00 1.00 1.00 .50 .48
1 1.00 .50 1.00 1.00 1.00 .50 1.00 1.00 1.00 1.00 .50 .33
2 1.00 .50 1.00 1.00 1.00 .50 1.00 1.00 1.00 1.00 .50 .33
3 1.00 .50 1.00 1.00 1.00 .50 1.00 1.00 1.00 1.00 .50 .33
4 1.00 .50 1.00 1.00 1.00 .50 1.00 1.00 1.00 1.00 .50 .33
5 1.00 1.00 1.00 1.00 1.00 .50 1.00 1.00 1.00 1.00 .50 .33
6 1.00 .50 1.00 1.00 1.00 .50 1.00 1.00 1.00 1.00 .50 .25
7 1.00 .50 1.00 1.00 1.00 .50 1.00 1.00 1.00 1.00 .50 .25
8 1.00 .50 1.00 1.00 1.00 .50 1.00 1.00 1.00 1.00 .50 .33
9 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
10 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
11 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
12 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 1.00
13 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
14 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
15 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 1.00
16 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 1.00
17 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
18 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
19 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
20 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 1.00
21 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .33
22 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
23 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .33
24 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
25 1.00 1.00 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
26 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .50
27 1.00 1.00 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .33
28 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .33
29 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .33
30 1.00 .50 1.00 1.00 .50 .50 1.00 1.00 1.00 1.00 .50 .33

13 14 15 16 17 18 19 20

0| 77 .63 . 90 .63 1.00 .90 .95 1.00
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.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00
.50 .50 1.00 1.00 1.00 1.00 1.00 1.00
.50 .50 1.00 1.00 1.00 1.00 1.00 1.00
.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00
.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00
.50 .50 .50 1.00 1.00 .50 1.00 1.00
.50 .50 .50 1.00 1.00 .50 1.00 1.00
.50 .50 1.00 1.00 1.00 1.00 .50 1.00
1.00 1.00 1.00 .50 1.00 1.00 1.00 1.00
1.00 .50 1.00 .50 1.00 1.00 1.00 1.00
1.00 .50 1.00 .50 1.00 1.00 1.00 1.00
1.00 .33 1.00 .50 1.00 1.00 1.00 1.00
1.00 .50 1.00 .50 1.00 1.00 1.00 1.00
1.00 .33 1.00 .50 1.00 1.00 1.00 1.00
1.00 .33 1.00 .50 1.00 1.00 1.00 1.00
1.00 .50 1.00 .50 1.00 1.00 1.00 1.00
1.00 1.00 1.00 .50 1.00 1.00 1.00 1.00
1.00 1.00 1.00 .50 1.00 1.00 1.00 1.00
1.00 .50 1.00 .50 1.00 1.00 .50 1.00
1.00 .33 1.00 .50 1.00 1.00 .50 1.00
1.00 .50 .50 .50 1.00 .50 1.00 1.00
1.00 .33 .50 .50 1.00 .50 1.00 1.00
1.00 .50 .50 .50 1.00 .50 1.00 1.00
1.00 .33 .50 .50 1.00 .50 1.00 1.00
.50 .50 1.00 .50 1.00 1.00 1.00 1.00
.50 .50 1.00 .50 1.00 1.00 1.00 1.00
.50 1.00 1.00 .50 1.00 1.00 1.00 1.00
.50 1.00 1.00 .50 1.00 1.00 1.00 1.00
.50 1.00 1.00 .50 1.00 1.00 1.00 1.00
.50 1.00 1.00 .50 1.00 1.00 1.00 1.00

Table3.23 Consistency indices for characters in 30 cladograms generated by CAFCA, using PMS, from
Meacham'’stable 1.

The cladogram in table 3.22 is not completely resolved; cladon 19 isatri-
chotomy. In chapter 4 we will see how to resolve such nodes by means of a sec-
ondary analysis. An heuristic search with PAUP results in two most parsimo-
nious cladograms with 25 steps. One is identical with cladogram #5 given
above. The other resolves the trichotomy and has also 16 fully compatible char-
acters.

Table 3.24 lists both the number of steps for the cladograms found by
CAFCA as well as the number of character states compatible with these clado-
grams. It appears that cladograms of the same length may show a different
number of compatible states. Nevertheless there is a tendency for shorter clado-
grams to have more compatible states. Whether this tendency is a general fea-
ture remains to be seen when we take alook at more complex multi state data.

1 2 3 4 5 6 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 J

26 27 27 26 25 30 30 28 26 27 27 27 27 28 27 26 26 26 28 28 30 30 30 30 27 28 27 28 28 J
15 14 14 15 16 12 12 13 14 13 13 14 13 13 14 14 14 14 12 13 11 11 11 131 13 12 14 13 13 1

Table 3.24 Number of steps (row 2) and number of compatible states (row 3) for the 30 cladograms
found by CAFCA for option PMS and undirected characters.

Cladogram #6 counts 30 steps. Its compatible character states are given in
table 3.25. Empty clada are not listed. There are indeed fewer compatibilities
left for this longer cladogram, 12 to be precise, instead of 16 for the shortest
cladogram (you may aso count the characters with Cl=1 for cladogram # 6 in
table 3.23). Most larger groupings in the cladogram, like cladon 24, 30, and 32,
do not have a character state that is fully compatible with it.

| could tentatively suggest from this example that cladograms longer than
the most parsimonious one, i.e., with more conflicts among character state dis-
tributions, have a set of compatible characters that is smaller than the maximum
clique related to the shortest cladogram. However, we will also meet examples
where the opposite holds, i.e., shorter cladograms have a smaller set of compat-
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ible characters. In the introduction to these examples | have already discussed
the probable cause of this phenomenon.

Cl adogram —6 Cl adogram-6 : COWPATI BI LI TI ES
/| —6 Caerul a Cladon | Character | State
/—320
/| —316 \—7 Rubra 3 3 2
| 4 20 2
|\ 8 Nigra 5 17 2
| —24 6 9 2
[—30 | / 2 Al ba 10 2
/|—382 | |—&5 7 7 2
| | | | \ 3 Pallida 8 2
B o 8 1 2
| | | \ 1 Viridis 4 2
|1 10 5 2
| | \ 4 Cocci nea 16 2
| ] 15 19 2
|\ 5 Brunnea
I
\ 9 Ancestor

Table 3.25 One of the not-most-parsimonious cladograms and its compatibilities as found by CAFCA
from Meacham’stable 1.

What happens when we do not direct the characters by pinpointing an an-
cestor? CAFCA then finds 11 cladograms, all with 25 steps. Not one of these 11
cladogramsisidentical to the one given above, although # 11 comes close (table
3.26; it has taxon #9 ‘Ancestor’ included in the in-group): Instead of 16 there
are now 18 states listed, but two characters, # 1 and 4, are represented twice, due
to the complementary clada 8 and 28. Thus the number of compatible characters
Is still 16, and the set is still identical with Meacham’s (1981) maximum clique.
As Meacham (1984) explains very clearly, directing characters can only in-
crease conflicts, never remove them. It appears that in our first analyses, with
taxon # 9 *Ancestor’ as outgroup, no extra conflicts were introduced for clado-
gram # 5 by directing the characters. In general, however, adding an al-zero
outgroup to a (binary) data matrix may very well turn compatible charactersinto
incompatible ones by introducing the otherwise lacking fourth combination of
character states (e.g., 0,0; or 1,1 in a multi-state matrix).

Cl adogram —11 Cladon : Character : Character
State

| —4 Cocci nea

/| —315 2 3 2

| \—5 Brunnea 3 20 2

| 4 17 2

/| —20 /| —2 Al ba 5 9 2

| |—26 10 2
/|—21 | \—3 Pallida 6 7 2
—28 | | 8 2
[ | | 1 Viridis 7 1 2
[ | 4 2
| | / 6 Caerul a 11 5 2
[ | \—21 16 2
| | \ 7 Rubra 15 15 2
[ | 18 2
|\ 9 Ancest or 16 19 2
[ 20 14 2
\ 8 Nigra 21 2 2
Cl adogram-1 : 28 1 1
COWVPATI BI LI TI ES 4 1

Table3.26 Cladogram and its compatible character states, found from Meacham’s table 1 when charac-
tersare treated as undirected.

When we remove taxon # 9 ‘Ancestor’ all together from the data matrix,
CAFCA generates 30 cladograms from 31 partially monothetic sets, the same as
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in our first analysis but now all 25 steps long. Cladogram # 5 (table 3.27) is
identical to the already known topology, except for the absence of taxon # 9.

Cl adogram —5 Cl adogram-5 : COWVPATI BI LI TI ES
/ —4 Cocci nea Cl adon | Character| State
/—33
| \—5 Brunnea 2 3 2
| 3 20 2
/—318 /| —2 Al ba 4 17
| | —34 5 9 2
/—25 | \—3 Pallida 10 2
[ ] 6 7 2
| | \ 1 Viridis 8 2
| 7 1 2
|1 / 6 Caerul a 2 1
| \—9 4 2
| \ 7 Rubra 8 5 2
| 16 2
\ 8 Nigra 13 15 2
18 2
14 19 2
18 14 2
25 1 1
2 2
4 1

Table3.27 Cladogram found by CAFCA from Meacham’ s table 1, while omitting the ancestral taxon.

Cladogram # 5 has 19 compatible character states, but some characters,
like 1, 2, and 4, are represented twice, due to the fact that the complementary
groups are both represented in the cladogram (clada 7 and 25). Thus the number
of compatible charactersisstill 16, and it is the same set as Meacham's. In com-
parison, it is now made clear that introducing taxon # 9 ‘Ancestor’ as an out-
group in our first analysis, and thus directing the characters, did raise the num-
ber of conflicts, or incompatibilities, among the characters for all cladograms
other than # 5. In cladogram # 6, for instance, the number of conflicts raises
with 5 as the number of steps increases from 25 to 30, and the number of char-
acters compatible with the cladogram (and thus mutually compatible) decreases
from 16 to 12.

Cl adogram — 27
—4 Cocci nea

| \—5 Brunnea
I

—18 / 2 Al ba

2

3 Pallida

1 Viridis
7 Rubra
6 Caerul a

\ 8 Nigra

Figure3.5 Cladogram with highest RQ, from analysis of Meacham'’s table 1 with ancestral taxon omit-
ted.

Cladogram # 27 from this analysis has the highest RQ, but also the same
16 compatible characters. In this cladogram the group ‘ Caerula + Rubra’ is bro-
ken down (figure 3.5). This cladogram also demonstrates that, if the most par-
simonious cladogram, # 5, is not completely resolved, alonger cladogram, # 27,
may show the highest RQ. However, after secondary analysis cladogram # 5 is
completely dichotomous and still counts 25 steps but its RQc is now 0.123 in
contrast to the secondary resolution of cladogram # 27 with aRQc = 0.116
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The last option that CAFCA offersis running the analysis with all charac-
ters ordered and directed (i.e., transforming from state 1 to 2). This should not
make any difference with the analysis with all characters directed through the
introduction of an outgroup (having state 1 for all characters), because al char-
acters have only two-states. Two-state characters can aways be considered or-
dered (Meacham, 1984). Indeed, it does not make any difference. Only 1 clado-
gram is found from 18 partially monothetic sets, two of them empty (= with no
supporting character state). It is the same as # 5 given above, with 25 steps, and
16 compatible characters.

STRAUCH'S DATA

Do these results imply that all group compatibility analyses under option 1
(Partial Monothetic Sets) will result in solutions identical with those of charac-
ter compatibility analyses? So far, | only dealt with two-state characters. First,
we need to compare the behaviour of CAFCA in dealing with multi-state char-
acters, ordered en polarised as well as otherwise, before we can reach a definite
conclusion.

| need another data matrix for that purpose, one with multi-state characters
with more than two states. We may choose these data from other studies pub-
lished on the application of character compatibility anaysis, for instance the
data on the Alcidae from Strauch (1984).

Data Matrix (nulti—state) : Alcidae (Columms represent characters)
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Br achyr anmphus_nar nor at us
Brachyranphus_brevirostris
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Cycl orhynchus_psittacul a
Aethia_cristatella

Aet hia_pusilla

Aet hi a_pygnaea

Cer or hi nca_nonocer at a
Fratercul a_arctica
Fratercula _cornicul ata
Lunda_cirrhata

Cut G oup

Pi ngui ni s_i npenni s

Al ca_torda

Uia

Uri a_aal ge

Alle alle

Cepphus_grylle

Cepphus_col unba

Br achyr anphus_nar nor at us
Brachyranmphus_brevirostris
Endonychur a_hypol eucus
Synt hl i bor anphus_anti quus
Synt hl i bor anphus_wumi zusune
Pt ychor amphus_al eut i cus
Cycl orhynchus psittacul a

A

5

7

8

[EEN
o
[EEN
[ERN

PRPRPRPENNNNNNNNNNNNDNNDNNDN o

1

N

RPRRRPRNNNRRRRRRRERRRERRRERRER | N

1

w

RPRRRPRNNNNNRRRRREPRRERRRERRER | W

[EEY
N

RPRRRRRRRRRNNNNNNNNNNNN !

15

FPNNNNNONNONNNNNNNNNRPRRRE

1

]

PRPRPEPNNNNNNNNNNNNENNRREREN (o]

1

~

RPNNNNRRRPRRRRPRRREPRREPRREPRRERRRER

1

oo

RPNNNNRRRPRRRRPRRREPRREPRREPRRERRRER

[EnY
©

RPRRPRPRNNNNRRRRRRERRRERRRERRER| ©

2

o

RPNNNNRRRPRRRRPRRREPRRPRREPRRERRER
RPNNNNONNNNRRRRRPRRRPRREPRRERRER

2

[

2

N

PNEPNNENRFRPRPERENNDNDN

NNRRPRNNRPRRNRRRRE

RPENNNNNNDNENNDNN

RPENNNNNNDNNDNNDNN

NNRRRRPRRRPRRRERRRERR

NNNNNNNNDNNDNNDNN

PRRPRRPRPRREPRPREPRPEPNNNN

NNNNNNNNDNDNOWWW

PRNNNRRRPRRRERRRERER

RPRRRPRRRPRRPRRRERRRERR
NRONRONNNONNONR R R

Page 3-46

Chapter 3




CAFCA Manual

15
16
17
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19
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Table3.28 Datamatirx for the Alcidae (Aves); after Strauch (1984), except the outgroup.

Strauch (1984) did not include an outgroup in his data matrix, but from the
description he presents of the direction and ordering in the charactersit is clear
that an all-states-one outgroup is used. Most of the characters have only two
states (and are thus always ordered). Only 5 characters have three states (# 19,
22, 27, 31, and 32). These latter characters constitute the real test case in our
comparison of group- and character compatibility analysis. When ordered,
multi-state characters are pairwise compatible if their binary factors are al
pairwise compatible. Strauch’s character compatibility analysis results in one
maximum clique of 23 characters.

In order to make a direct comparison possible a CACFA primary analysis
was run with option 1 (PMS), and all characters ordered, and directed by
choosing taxon # 22 as outgroup. The analysis results in 50 partially monothetic
sets for which 8 cladograms can be found. The table below presents the lengths
of the cladograms as well as their number of compatible character states.

cl adogr am 1 2 3 4 5 6 7 8
| engt h: 67 70 68 71 72 75 73 76
conpatible states: 55 56 54 55 51 52 50 51

As was aready noted with Meacham's data, longer cladograms tend to
have less compatible character states. This relation is not monotonous as is indi-
cated by cladograms # 5 and 8 which both have 51 compatible states but differ
four stepsin length. Cladogram # 2 is an exception to this tendency asit is three
steps longer than # 1 but has 1 more state compatible with it.

Within the constraints of the search option there is only one most parsi-
monious cladogram with 67 steps. This cladogram as well as its list of compat-
ible character states is given in table 3.29. Most striking in the list of compati-
bilities are the states for the root-node (# 50). In directing and ordering all char-
acters, state 1 in the additive binary coding for the multi state charactersis now
present in all taxa, and for that reason also on the root of the cladogram.
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Al ci daeB: C adogram —1 27 20 2

— 1 28 21 2

| —24 29 7 2

\— 2 8 2

/| —31 10 2

[ —33 | 3 22 3

| 27 3

|\ 4 30 9 2

| 31 18 2

\ 5 19 3

32 3 2

/ 10 16 2

/| —38 | 33 23 2

| —27———11 34 30 2

| 38 4 2

—34 \ 12 15 2

| 46 1 2

| —46 | 6 17 2

| 50 1 1

\ 7 2 1

3 1

/| —49 / 8 4 1

\—25 5 1

\ 9 6 1

7 1

/ 15 8 1

| 9 1

/| —26—16 10 1

[ —30 | 11 1

—32 | \ 17 12 1

| ] 13 1

| \——14 14 1

| 15 1

\ 13 16 1

17 1

[ —19 18 1

[ —23 19 1

/| —28 \——20 20 1

\—29 | 21 1

| Vi —021 22 1

| 23 1

\ 18 24 1

25 1

22 Qut 26 1

27 1

Cl adogram-% : COWPATI BI LI TI ES 28 1

29 1

Cl adon | Character| State 30 1

31 1

23 [ 24 [ 2 32 1

24 | 28 | 2 33 1
25 [ 33 [ 2
26 [ 2 [ 2

Besides state 1 for al characters, there are 22 other states listed. Not all
multi-state characters are present in this list; 19, 22 and 27 are there with states
1 and 3, characters 31 and 32 are only present with state 1 (only due to the pro-
cess of ordering and directing the characters).

As all (binary expressions of the) states for multi-state characters must be
pairwise compatible to make the characters compatible, the characters referred
to above must be excluded as incompatible. All in al, the list of characters fully
compatible with the cladogram (and therefore also mutually compatible) only
counts 19 entries (in contrast to Strauch’s 23). Some of the states of the other
(incompatible) characters, however, are compatible with the cladogram, and
CAFCA has used this information on state-compatibility in the search for
cladograms.

When we compare the cladogram found by CAFCA with that given by
Strauch (1984) we see that CAFCA’s cladogram as presented in table 3.29 has
all the groupings from Strauch’s cladogram but is more resolved. As a conse-
quence, less characters are fully compatible with it.
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Table 3.29 Most parsimonious cladogram and its compatible character states found by CAFCA for
Strauch’s Alcidae data.

When we run an heuristic search by PAUP to find the most parsimonious
cladogram for this data set, we find 11 cladograms with 64 steps (38 stepsis the
theoretical minimum). The number of characters states compatible with these
cladograms ranges from 53 to 55 (including the 33 states compatible with the
root).. None of these cladograms has taxa 18 through 21 as a sistergroup of taxa
1 trough 17, as, according to Strauch, should be the case. This grouping is pre-
sent in CAFCA’s most parsimonious cladogram, apparently at the cost of three
extra steps.

Al ci daeBtree: O adogram —1 | / 1
| /—=23
/| —15 | | \ 2
| \—30
| —27—16 | 3
/—31 | |
/—34 | \—17 \ 4
[
| | \ 14 22
| ]
/| —38 \ 13 Cl adogram-1 : COWVPATIBI LI TI ES
|
[ —40 | /—19 Cladon | Character | State
| [ —25
| /—28 \—20 23 28 2
\—32 | 24 33 2
| —44 |\ 21 25 24 2
| —45 | 27 2 2
| —46 \ 18 28 21 2
29 20 2
[/— 8 30 18 2
—24 19 3
| —47 \m————— 9 31 9 2
32 7 2
[——10 8 2
| —26 10 2
—29 \— 11 22 3
| 27 3
\ 12 34 3 2
16 2
\ 7 45 5 2
26 2
6 29 2
46 22 2
\ 5 31 2

Table3.30 One out of 11 most parsimonious cladograms found by PAUP for Strauch’s Alcidae data, and
its character compatibilities as listed by CAFCA.

When we anayse one of the 11 most parsimonious cladograms found by
PAUP (table 3.30; 64 steps) in CAFCA as a user-tree in order to trace its com-
patibilities, we find only 18 fully compatible characters. The reason is clear.
This cladogram is even more resolved, athough not completely, than the ones
found by CAFCA, at the cost of fully compatible characters, but gaining 3 extra
steps. It appears that maximising the number of fully compatible characters, or
compatible character states for that matter, does not necessarily lead to minimal
trees, i.e,, is not equivalent to minimising the number of steps (see also dePinna,
1991). Sticking to the maximal set of fully compatible characters can block the
route to the most parsimonious cladograms.

The states compatible with the root node are omitted. They are the same as
shown earlier in the list of compatibilities, and only relate to state 1 of al the
characters as they are all directed and ordered. From the list above characters
19, 22, and 27 must be omitted as well as they are incomplete; only one of their
three states is compatible with groups in the cladogram. They do not comply
with the definition of a compatible character.
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We can explore the relationship between character state compatibility and
cladogram length in more detail by using PAUP to generate 9470 cladograms
(search incomplete) with a length less than or equal to 67 steps (the restricted
MPC found by CAFCA has 67 steps). The maximum number of compatible
character states remains constant for cladograms in the range of 64-67 steps
(figure 3.6).

0,78

p [ L <4
077¢
0,76 ¢ * L) <
075¢
b L] L) 4
074}
0,73¢ ¢ * 9
0,72¢ . )
071}
4
07¢
0,69 . . . + +
64 64,5 65 65,5 66 66,5 67

Figure 3.6 The relation between cladogram length (x-axis) and number of compatible character states
as expressed by the CCSI (y-axis) in Strauch’s Alcidae data.

ANDERSON'S DATA

Moving onwards on the scale of complexity we find Anderson's data (table
3.31) as an example of the use of character compatibility analysis. This matrix is
more complex in comparison with Strauch's data.

It contains much more multi-state characters (with up to 6 states), and
rather many homoplasies as is made clear by a parsimony analysis using PAUP
that resultsin 1 MPT (figure 3.8) with 250 steps and a rescaled consistency in-
dex (RC) of 0.323. The theoretical minimum number of stepsis 132.

G F. Estabrook and WR Anderson, Syst. Bot. (1978) 3: 179 -196

/

/ An est
!/ (Rubi a
/

/

/
coc—cocc
coc—chir
coc-brev
negal oca
coronata
di versif
| uci da
parviflo
psyl |i oi
cal cico
set osa
longiflo
cal oceph
wr i gh—wr
wri gh—an
hi sp—hi s
hi sp—gra

i mte of phylogenetic relationships within the genus Crusea
ceae) using character conpatibility analy5|s
1 2

1234567890123456789012345678901234567890123456789012345678

i nea 1113342222513212121222123143134246332243351344221212232211
i quensi s 1113336132414412121222123143144245332244311344221212232211
i | oba 1113333212413212121222123143133245332132311233221212121211
rpa 2211343132512112121222223132131132331224332233222313342112

2123113212141221222221221232331124411223244111133212221121
olia 2121112111141121222222222331321113321111142112222212221111

1123223112311221212222223322222123211323143213412111221112
ra 1142331212411121212112224311212111211211143113412121111112
des 2123225122221221212212123321312111121111141112213221111211
a 2134125122222121222222112232312113221211141112213221121211

2144245322332421212222114232312122121212131112214121121211
ra 2222223323312121122212113232212123331222131223213121121211
al a 1243232423323221212212113222223132321334121224313221121211
ightii 2232234433322221212212112232222123221212111112313221121211
gustifolia 2232133333232221212212113222222122221323111224313221121211
pi da 2242343443512321212212113222322131221323111223314221122311
ndi flora  2242344443512321212212113222322231321444111335414221122311

Table3.31 Anderson'sdataon Crusea.

Running CAFCA with different options for cladon definition results in
cladograms for Crusea that are always longer than the one found by PAUP for
unordered characters. A summary of CAFCA's findings is given in table 3.32.
The best cladogram found by CAFCA for PMS and ordered characters is 320
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steps long (277 steps with characters unordered). It contains 3 trichotomies.
When they are resolved by secondary analysis a cladogram results with 301

steps (figure 3.7; 264 steps with characters unordered).

Option #Clada #Cladograms Length
PMS, ordered 111 38 320-440
277-326 (unord)
PMS, unordered 155 244 269-302
PMS+ ABC 543 2541 276-317
SMS 948 >>50.000 269-...

Table3.32 CAFCA resultsfor cladogram lengths from the Crusea data when run under different options

The list of compatible character states for the CAFCA secondary clado-
gram (figure 3.7) is given in table 3.33. There are 12 characters, # 10, 15, 16,
19, 20, 21, 22, 37, 48, 51, 52, 57, together having 27 states, that are fully com-
patible with this cladogram (The best cladogram from the primary analysis has
11 fully compatible characters; # 51 is absent). However, in addition there are
many more individual character states from other incompatible characters that
are also compatible with this cladogram.

Estabrook and Anderson (1978) reported 4 cliques of 13 characters and 2
cliques with 12 characters each. Their cladogram based on 13 compatible char-
acters is much less resolved than the results obtained by PAUP and CAFCA's
secondary analysis. Farris and Kluge (1979) contains severe criticisms on the
character compatibility method and on the many ad hoc manipulations that
Estabrook and Anderson (l.c.) allow to arrive at their final solution (cladogram).

CruseaBsecl: C adogram —14
coccocci nea

cocchiriquensis

cocbrevil oba
megal ocar pa
coronata

diversifolia

N O ok N

| uci da

10 calcicol a

11 setosa
16 hi sphi spi da
17 hispgrandiflora

13 cal ocephal a
14 wrighwightii

15 wrighangustifolia

12 longiflora

9 psyllioides

8 parviflora

Figure3.7 Single MPT found by CAFCA after secondary analysis, based on PMS and ordered charac-
ters.
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1
3
4 5
5
5
5
5 3
4
4
5
17 3
4
18
19
5
20 1
21 3
4
24 2
2
3
3
3
28 1
4
29
32 4
5
33 1
36 2
37 5
38
2
2
39
1
1
1
1
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14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
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Table3.33 List of compatible character states for the single cladogram for Crusea found by CAFCA after

secondary analysis (PMS, ordered characters).

When CAFCA is run with option 1 (PMS) and unordered characters it
finds 244 cladograms five of which are MPT's with 269 steps. These MPT's all
show 2 trichotomies. If we look at one of them (# 66) it has 13 fully compatible
characters (with 32 states), i.e.,, 10, 15, 16, 20, 22, 24, 37, 41, 48, 51, 52, 54, and
57, and a total of 58 compatible character states. After secondary analysis this
cladogram is completely dichotomous and counts 262 steps and only 12 fully
compatible characters, but still 58 compatible character states.

PAUP can aso be run under different options for character types
(irreversible, ordered, unordered). The results are summarised in table 3.34

Character #MPT's Length: Length: Length:
type ordered unordered | irreversible
irreversible 2 292, 298 256, 259 375
ordered 1 286 255 n.a.
unordered 1 293 250 430

Table3.34 PAUP resultsfor cladogram length when run under different options for character types.
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The cladogram found by PAUP on the basis of unordered characters
(figure 3.8; 250 steps) has 12 fully compatible characters, i.e. # 10, 15, 16, 19,
20, 22, 24, 37, 41, 48, 52, 57 and a total of 41 compatible character states. This
set is amost identical to the set for the CAFCA cladogram based on ordered
characters except the interchange of 21 + 51 for 24 + 41. Apparently, on the
basis of the same number of fully compatible characters (12) shorter cladograms
(293 steps when characters are considered ordered) are possible as is shown by
the PAUP analysis, but the number of character states that are compatible with
these cladogramsiis very different (41 vs 58).

I 1 coccocci
R R T 2 cocchiri
l32 R R R R R 3 cocbrevi

‘ Ll e TR 4 megal oca

coronata
di versif
| uci da

parviflo

l--ZL O LR LR R LR TR 9 psyllioi

' 2|7 I 10 cal ci col
l L R R 11 setosa
2

- lzL J e 12 longiflo
’ I 13 cal oceph
l - 24 /--Zh [----- 16 hi sphisp
‘ /__25 [ 17 hispgran
I T P 15 wri ghang
{ ................. 14 wrighwri

Figure 3.8 Single most parsimonious tree resulting from PAUP analysis on unordered characters in
Andersons's Crusea data.

R R LR coc-cocci nea
R LR LR TR R coc-chiriquensis
------------------------------------------------ coc- brevil oba

R R nmegal ocar pa
[----- coronata
\----- diversifolia

'
'

" +

'

:

+

/ .
| [----- | uci da

. \-em - parviflora
{ _______________ psyl i oi des

------------------- cal cicol a
------------------------ set osa

~
'
1
—_—
'
'

----------------------------- wrigh-wightii

+ [ cal ocephal a
‘ {{+/+ ----- hi sp- hi spi da
__________________ + \----- hisp-grandiflora
{ ............... wri gh-angusti f ol

--------------------------------------- | ongi flora

Figure 3.9 Single most parssmonious tree resulting from PAUP analysis on ordered characters in
Andersons's Crusea data.

The PAUP cladogram based on ordered characters (figure 3.9; 286 steps)
has only a set of 8 compatible characters, i.e. # 15, 16, 17, 19, 20, 22, 37, 57
(and 93 compatible character states, including 58 states on the root and 15 aut-
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apomorphies). Thisis a subset of the set for the cladogram based on unordered
characters. The CAFCA cladogram based on ordered characters is longer (301
steps after secondary analysis) but has 12 compatible characters (and 74 com-
patible character states, excluding those for the root). Obviously, in the CAFCA
result one pays a price in steps for more character states to be congruent with the
cladogram.

Asin Strauch's Alcidae data, this example again clearly shows that holding
on to the maximal set of fully compatible characters (maximal clique), i.e., con-
straining the analysis to find only those solutions for which the charactersin the
cligue show no extra steps, can make it impossible to find the most parsimo-
nious cladogram. Maximising the number of compatible characters, or compat-
ible character states for that matter, does not necessarily lead to minimal trees,
I.e., isnot equivalent to minimising the number of steps.

We can use CAFCA's 244 cladograms for unordered characters and com-
bine these with the 280 cladograms in the range of 250-256 steps as found by
PAUP to visualise the relationship between number of steps and the number of
compatible character states (figure 3.10). In this particular case we see two
clusters of cladograms because we refrained to completely close the gap be-
tween PAUP's MPC (250 steps) and the shortest cladogram found by CAFCA
(269 steps) due to the very many cladograms in the range of 256-269 steps.
Also, CAFCA in this case does only find cladograms which are cliques of
PMS's of terminal taxa. As a consequence many other cladograms do not obtain,
especially those with alow number (< 45) of compatible character states, which
leaves a blank space in the scattergram. The scattergram clearly indicates that
cladograms optimal for the CCSI are not MPC's and that MPC's for complex
data do not have the largest number of primary homologies. It isalso clear that
in general the relation between number of steps and the number of compatible
character statesis not linear. In the MPC many primary homologies have failed
the test of congruence and must be reinterpreted as independently acquired sec-
ondary homologies.
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Figure 3.10 Number of steps (x-axis) versus number of compatible character states (y-axis) for 244
cladograms found by CAFCA with option PMS and unordered characters and 280 clado-
grams in the range of 250-256 steps found by PAUP for unordered characters. For explana-
tion see text.

The two PAUP cladograms based on irreversible (up) characters have a set
of only 5 fully compatible characters. Again, imposing order clearly increases
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the number of conflicts (incompatibilities, incongruencies) among characters,
the more strict the ordering the more conflicts are present.

TAXONOMIC EFFICIENCY

CONCLUSION

According to Rodrigo (1991) taxonomic efficiency (TE) refersto "the ease
of which we may identify taxon membership in practice". Taxonomic efficiency
is defined in terms of the number of characters that are consistent (compatible)
with the cladogram and therefore mutually compatible (Rodrigo, 1991). The
concept can easily be enhanced by allowing degrees of taxonomic efficiency.
The most strict sense of TE is measured in terms of compatible characters.
When al clades in a cladogram can be identified by at least one unique charac-
ter, taxonomic efficiency is optimal (these characters are mutually compatible
by definition). When not al clades have such an identifying character, taxo-
nomic efficiency is sub-optimal. We can lift this constraint and turn to less strict
taxonomic efficiency, but still adhere to the original purpose of ease of identify-
ing taxon membership. In the less strict sense TE is measured by the number of
compatible character states for a cladogram (as in the compatible character state
index) or the set of partial or strict monothetic sets it supports. Also in the less
strict sense we can distinguish optimal TE from the sub-optimal cases.

If we look at the different solutions for the Crusea data as well as al other
examples (dePinna, Meacham, Strauch) from the viewpoint of taxonomic effi-
ciency it is clear that irrespective of their length all cladograms found on the
basis of partial or strict monothetic sets of taxa (options PMS and SMS) are ef-
ficient as all clades concerned can be identified either by a unique single char-
acter state or a unigue combination of character states (neither one of the sepa-
rate states in the combination needs to be unique).

The concept of taxonomic efficiency is not limited to the set of most par-
simonious trees, as originally intended (Rodrigo, 1991). The set of taxonomic
efficient cladograms obviously is much larger than the set of MPC's, and as
shown in the examples so far, taxonomic efficiency in terms of either PMS's or
SM S's decreases gradually as cladograms become shorter.

In some cases the MPC is sub-optimal with respect to its taxonomic effi-
ciency in the sense that not all clades have a unique character, or not all clades
are different strict monothetic sets, i.e., some are identical because characterised
by the same SMS of character states. They may each have their synapomorphy,
but in al these cases the synapomorphic state originates more than once inde-
pendently in the MPC.

As is made clear in the examples used so far, in most practical cases the
price to be paid in number of steps for a cladogram that is fully efficient taxo-
nomically, i.e. a cladogram in which all clades have a unique character state, is
often high and accumulates to alot more steps than present in the MPC.

In the foregoing examples from the literature we have seen that CAFCA’s
group compatibility method in its default option (PMS) is, in general, not iden-
tical with character compatibility. For CAFCA characters need not be fully
compatible; CAFCA only considers compatible groups of terminal taxa based
on character states and derivations thereof. For that reason cladograms found
by CAFCA may be more resolved than those built from cliques of compatible
characters. In one of its other options, SMS or strict monothetic sets, CAFCA is
moving even farther away from the concept of character compatibility in that
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groups of taxa can be defined by combinations of compatible character states.
To that end, character states in their original distribution over taxa may be bro-
ken down in subsets, depending on the patterns of congruence with other states
in other characters. The concept of character compatibility does not account for
that. Furthermore, groups of terminal taxa may be defined by character statesin
undirected and unordered multi-state characters, a case for which the proof of
the Pairwise Compatibility Theorem, and thus its application in character com-
patibility analysis, is still open. Of course, thistype of characters can be shown a
posteriori to be mutually compatible, when they all fully support a cladogram,
that is, have a Cl=1 for that cladogram.

| explained earlier that compatibility of character states and of sets of
terminal taxa is an a priori assessment based on primary homology. As a conse-
guence the MPC may not have the largest set of compatible character states. In

Meacham’s data it still does, but in more complex cases like Strauch’s Alcidae

and Anderson’s Crusea the cladograms with the highest CCSI can be MPC's or

not.
In summary:

a. If option 1 (PMYS) finds the overall MPC’s than at least one of them will
have the highest CCSI.

b. If primary homologies need to be broken down, like in option 2 (SMYS)
and 5 (TTSP), and MPC'’s result, than these will not have a maximal
CCSl.

c. If SMSor TTSP do not result in MPC’s and you find MPC’ s with a stan-
dard parsimony approach, than on average the MPC’s will have a lower
CCSI than MPC’ s found through b).

1_]

CcCsl

|
MPC Cladogram length Bush

Figure3.11  General relation between the compatible character state index and cladogram length in case
of more than 1 MPC. The area enclosed by the curves is the range within which CCSl
varies.

In general, when there is more than 1 MPC, the relation between clado-
gram length and number of compatible character states will have a form as de-
picted in figure 3.11.

If we want to use the results of CAFCA as alower bound in the search for
MPC’ s than we have the problem that we are on the top of the CCSI hill but we
do not know on which side to descend (without computing cladogram length,
that is) in order to find the zone of MPC’s.

Although more flexible in comparison with character compatibility, it ap-
pears that group compatibility based on character states or derivations thereof
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asimplemented in CAFCA isnot very effective nor very efficient (table 3.32) in
finding most parsimonious cladograms based on complex character data when
compared with strict parsimony analysis as implemented in, e.g., PAUP (table
3.34), asisclearly demonstrated in the example with the Crusea data.
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