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Stellingen

Het getuigt van te veel optimisme ten aanzien van het
prestatievermogen van numeriek taxonomische methoden, wanneer
deze worden aangeduid als fylogenie-reconstructie-methoden.

{dit proefschrift; F. ). Rohlf & M. C. Wooten, 1988. Evaluation of the
restricted maximume-likelihood method for estimating phylogenetic trees using
simulated allele-frequency data. — Evolution 42: 581-596).

Het beschikbaar kamen van steeds gebruikersvriendelijker
programma’s voor cladistische analyses, zal de gemiddelde kwaliteit
van de resultaten van deze programma’s doen afnemen.

Het is sterk aan te bevelen om bij de presentatie van de resultaten
van een cladistische analyse, niet alleen de meest parsimone, maar
ook sub-optimale oplossingen te geven.

De toepassing van fenetische technieken om verwantschapsrelaties
te bepalen, is ten onrechte in onbruik geraakt.

{dit praefschrift; D. L. J. Quicke, 1293. Principles and techniques of
contemporary taxonomy. Chapman & Hall, Glasgow)

Classificaties dienen ten minste consistent te zijn met de
beschikbare fylogenetische informatie. Omdat onze inzichten over
verwantschapsrelaties aan verandering onderhevig zijn, zal de
gewenste stabiliteit van classificaties aan de vereiste consistentie
moeten worden opgeofferd.

Techniques should compltement, not compete.

{dit proefschrift; A. W. Moss, 1983, Taxa, taxonomists, and taxonomy. In:
Numerical Taxonomy (J. Felsenstein, ed.):72-75. Springer-Verlag, Berlin; J.
Kim, 1993. Improving the accuracy of phylogenetic estimation by combining
different methods. — Systematic Biology 42: 331-340)

Natuurwaarde is een concept zonder waarde.

Gezien de aard van vele zogencemde natuurbeheersmaatregelen,
kan natuurbeheer in Nederland gelijk worden gesteld aan tuinieren.

Natuurbeschermingsbeleid, gebaseerd op Rode Lijsten van zeldzame
en bedreigde insecten, zal uiteindelifk een averechts effect sorteren.



10  Bomen zijn bedrog.
11  Hoge bomen maken veel wind.

12 Colleagues should complement, not compete.

13 Ook de Schepper moet een voorliefde voor Snuitkevers hebben

gehad.

Stellingen behorends bij het proefschrift:

Assessing phylogenetic accuracy
A simulation study

Wageningen, 27 september 1995

Theodoor Heijerman
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Introduction

"...we need to understand the diversity of
living things for the same reasons that
compel us to reach out towards
understanding the origins and eventual fate
of the universe, or the structure of the
slementary particles that it is built from, or
the sequence of molecules within the
human genome that code for our self-
assembly." May (19920:180)

How many species?

The world is a very diverse place: the number of described extant
species is estimated to total approximately 1.7 million. Estimates for
numbers of total extant species range from 8 to 100 million and an
estimation of 30 million is generally accepted as a realistic one.
Biodiversity is at crisis: Since 1600 there are more than 700
recorded extinctions of species (Reid, 1992). It was estimated that
we may lose 100.000 species per year, mainly due to habitat
destruction (data from World Conservation Monitoring Center,
1992). The description rate for new species is over 9.000 per vear.
This means that a species is much more likely to become extinct
than to be described. Reid {19982) predicts that in the next 25 years
2 - 8 % of the current number of species on earth will face
extinction. May (1990) states that "over half the species currently
extant are likely to become extinct over the next 50 - 100 years”.
Other authorities agree "that 30 - 60% of all living species may go
extinct in the next three to five decades” (Novacek & Wheeler,
1992, and references therein).
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Chapter 1

The number of extant species is only a fraction of the number
of species that have ever lived on our planet and of which again only
a fraction is or will be known to us as more or less imperfectly
preserved fossils. More than 99 percent of all species that ever
existed are believed to have become extinct {e.g. Raup, 1981).

Concepts of biodiversity

In general the concept of biodiversity refers to variety within the
living world. Biodiversity can be defined in several ways and we can
distinguish between genetic diversity, species diversity, ecosystem
diversity and taxonomic diversity. Eldredge (1992) further defines
phenotypic diversity as the amount of variation within or among
populations, speciges or higher taxa (disparity}. The most classical of
these, species diversity, measures diversity as a function of the
numbers of species present in a habitat or site {species richness) and
their relative abundances. Species diversity measures are often used
to quantify biodiversity and habitat quality.

Taxonomic diversity refers to diversity at higher levels of the
hierarchical classification system, and is measured in terms of the
number of phyla, classes, orders, families etcetera and of the number
of species in these categories. Eldredge {1992) uses the term
genealogical diversity to refer to the number of taxa within a
monophyletic clade. Thus taxonomic diversity is a concept based on
knowledge of classification. If classifications themselves should be
based on evolutionary relationships, than taxonomic diversity cannot
be assessed without reference to genealogical hierarchies.

Task of taxonomy

It is the primary task of taxonomy to document this diversity and to
explain its nature and origin. Taxonomy can thus be defined as the
theory and practice of describing the diversity of organisms and of
the relationships among them. Many authors want to distinguish
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between taxonomy and systematics. In Mayr's (1969} view,
taxonomy is the "theory and practice of classifying organisms”,
whereas systematics is the "scientific study of the kinds and
diversity of organisms and of all relationships among them". Wiley
(1981} defines taxonomy as "the theory and practice of describing
the diversity of organisms and ordering this diversity into a system
of words that conveys information concerning the kind of
relationship between organisms that the investigator thinks is
relevant”. Taxonomy may comprise nomenclature and classification
as well as identification, Systematics is often understood as a
broader area which includes taxonomy and adds to it the theoretical
and practical aspects of evolution, genetics and speciation {e.g.
Quicke, 1993). As there seems to be no general agreement on this
issue, | would prefer to use these terms as near synonyms. The core
assignment of taxonomy can be described as the assessment of
relationships between taxa and, for practical purposes, the
arrangement of these taxa into a classification system.

Relationship

In taxonomy, the term relationship in the broad sense may be used
as including all possible biological relationships among organisms.
Various different meanings of relationship may be distinguished.
Phenetic or similarity relationship may be defined as "overall
similarity as judged by the characters of the organism without any
implication as to their relationship by ancestry” (Sokal & Sneath,
1963). As such phenetic relationship may also include breeding
relationships and ecological relationships {(Pankhurst, 1991). Phenetic
similarity may be the result of evolutionary relationship: taxa may be
similar because they are closely related by descent.

Evolutionary or phylogenetic relationship is relationship based
on common ancestry or genealogical affinity. The use of the term
genealogical relationship is sometimes reserved for blood-
connections between individuals and generations within species.
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Taxonomic relationship between taxa can only be established
by examining the characters of the taxa under study. Similarities
between taxa may be indicative of their degree of relationship.
However, similarity can be thought of to contain different
components. Similarity due to common ancestry is termed patristic
similarity. Character evolution involves the change of cne state, the
primitive, preexisting state, into a new, derived state. Patristic
similarity can therefore be further divided into two components,
primitive similarity and advanced or derived similarity, which are
termed symplesiomorphy and synapomorphy, respectively {Hennig,
1966).

Homoplastic similarity or homoplasy denotes similarity due to
paralielism and convergence. Patristic similarity and homoplasy taken
together constitute phenetic or overall similarity.

Taxonomic relationship can be visualized in the form of
branching diagrams containing groupings of taxa. Such diagrams are
termed dendrograms. Various kinds of dendrograms can be
distinguished depending on the kind of similarity or relationship they
are supposed to reflect. A cladogram is defined by Wiley {(1981) as
"a branching diagram of entities where the branching is based on the
inferred historical connections between the entities as evidenced by
synapomorphies”. in other words, a cladogram is a common
ancestry tree. A phenogram is "a branching diagram linking
organisms by estimates of overall similarity as evidenced from a
sample of characters” (Wiley, 1981).

Classification

Classification is the process of ordering organisms or taxa into
clusters based on some criterion of taxonomic relationship and the
subsequent naming of these clusters. Classification involves the
translation of dendrograms {cladograms or phenograms) into a formal
system of words. In general two types of classifications can be
distinguished, viz. natural and non-natural {also arbitrary or artificial)
classifications. A natural classification is one that contains groups

10
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that are thougt to really exist in nature. Therefore such a
classification contains information about the evolutionary process.
Artificial classifications on the other hand, do not specifically aim to
reflect the historical process. In the definition of Wiley et al. (1991}):
"An artificial classification is a classification containing one or more
artificial groups ...". However, there can be considerable
disagreement on what is a natural taxon and what is a natural
classification. According to one view a classification which has only
a fimited use is a special or artificial classification. "A natural
taxonomy is a general arrangement intended for general use by all
biologists" (Gilmour in Sneath & Scokal, 1973). A natural group is one
that has a "high content of implied information” (Sneath & Sckal,
197 3). This concept of naturalness, also termed Gilmour naturalness,
implies that the more characters contribute to overall similarity, the
more natural the resulting grouping of taxa will be, and the greater
the information content of the classification. In another view, which
will be discussed in more details later, natural taxa are monophyletic
taxa and natural classifications are those established on the basis of
phylogenetic relationship. A third view of naturalness identifies
grades, which are taxa characterized by a general level of adaptation.
Members of a grade are "characterized by a weil integrated adaptive
complex” (see Mayr, 1974) and to "the evolutionary taxonomist the
existence of grades seems often more significant and more
meaningful biologically than the mere splitting of phyletic lines”
(Mayr 1974:107). Examples of well known grades are birds and
reptiles. So in the opinion of some authors grades have a biological
meaning, are the products of historical processes and thus could be
considered natural groups.

Schools of taxonomy
There are basically three fundamental approaches to taxonomy. As

a common goal each of these schools attempts to group taxa into a
convenient classification. The approaches differ in the concept of

1



Chapter 1

relationship that is applied and/or in the way they use the
information on relationship to construct a classification. The three
approaches are often referred to as schools of taxonomy and are
known as phenetic taxonomy, phylogenetic taxonomy and
evolutionary taxonomy.

Phenetic taxonomy

Phenetic taxonomy or phenetics is the approach in which taxa or
operational taxonomic units (OTUs) are grouped into clusters on the
basis of overall similarity. Similarity or dissimilarity can be estimated
by similarity coefficients. There are many kinds of coefficients, like
distance, association or correlation coefficients, but there are also
probabilistic similarity coefficients and information theory measures
of similarity. One is referred to Sneath & Sokal {1973) or Clifford &
Stephenson {1975) for a full account.

The contribution of characters to the overall similarity may be
effected by the different scales of measurement or differences in
variability between characters. Therefore it is sometimes desirable to
manipulate characters in order to equalize their contributions. This
may be done by standardization or transformation (Sneath & Sokal,
1973; Clifford & Stephenson, 1975). A commonly used
standardization procedure is normalization, in which the raw data are
expressed as deviations from the mean in standard deviation units.
This type of standardization results in all character means becoming
0, with a standard deviation of 1.

Clustering procedures use a resemblance matrix to produce
phenograms. There are many kinds of clustering procedures; see e.g.
Sneath & Sokal {1973}, Clifford & Stephenson {(1975) for more
detailed information on clustering methods. Taxonomists generally
use clustering procedures that are referred to as Sequential,
Agglomerative, Hierarchic and Nonoverlapping (SAHN-clustering). Of
all SAHN-procedures, the unweighted pair-group method using
arithmic averages (UPGMA or the group average method), appears
to be the one most widely employed.

12
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Phylogenetic taxonomy

An alternative approach, devoted to the study of evolutionary
relationships, is phylogenetic systematics or cladistics. Natural taxa
are groups of species that really exist in nature. They are the
products of the evolutionary process; they exist whether we are able
to perceive them or not. Species also are natural taxa. A natural
taxon that is composed of two or more species constitutes a
monophyletic group, also referred to as a clade. A monophyletic
group can be defined as a group of species that includes an ancestral
species and all of its descendants (Wiley et al., 1991). Evolutionary
novelties (apomaorphies) that arose in an ancestor species will be
inherited by its descendants. Monophyletic groups can be postulated
on basis of a shared possession of such novelties (characters in the
derived state or synapomorphies).

For cladists, natural groups are monophyletic groups. Artificial
taxa are taxa that do not exist in nature as the result of a unique
evolutionary history. There are two kinds of artificial and thus non-
monophyletic groups. Paraphyletic taxa are groups that do not
include all the descendants of a common ancestor and are diagnosed
by plesiomorphies. Polypheletic taxa are defined as groups of which
the ancestor belongs to another group, and are based on convergent
characters. Examples of supposed paraphyletic groups are the
Polychaeta, Oligochaeta, Turbellaria, Apterygota, Symphyta,
Prosimiae, Anamnia, Reptilia, Pongidae, Invertebrata, Aigae,
Gymnospermae, Pisces. The Homeothermia and the Vermes are
examples of polyphyletic taxa (Ax, 1987; Quicke, 1993).

Monophyletic groups are diagnosed by apomorphies. Therefore
we must know the direction of character evolution {polarity}, i.e. a
method is needed to identify character states in a transformation
series as being ancestral or derived. The most commonly used
method to make polarity decisions is outgroup comparison. An
outgroup may be defined as "any group used in an analysis that is
not included in the taxon under study [the ingroup]” (Wiley et al.,
1991). The outgroup rule states that of two or more states within a

13
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group (ingroup) the state also occurring in the outgroup, may be
inferred to be the plesiomorphic one. The most critical outgroup
consists of the sistergroup, which is the closest related monophyletic
group to the ingroup. Ax (1987) has introduced the term
adelphotaxon for the concept of sistertaxa and defined adelphotaxa
as "evolutionary species, or monophyletic species groups, of the first
degree of phylogenetic relationship. They arise by the dichotomous
splitting of a stem species common to them alone.” See e.g. Wiley
{(1981), Watrous & Wheeler (1981) and Maddison et al. (1984) for
further information and discussion of outgroup comparison and
alternative methods of polarity determination.

Nowadays a large number of tree building procedures are available
which can be classified into parsimony, compatibility and maximum
likelihood technigues. These will be shortly presented below: See
e.g. Wiley et al. (1991}, Forey et al. {1892} and Quicke (1993) for
more detailed discussions on the various approaches.

Parsimony approaches — Parsimony approaches aim at minimizing
some measurement of tree length, that is, the number of
evolutionary changes on the tree. The exact quantity to be
minimized, the optimality criterion, depends on an underlying model
of character evolution. A maximum parsimonious tree is a tree that
is optimized for one of the criteria and in which the number of
homoplasies are minimized and the number of synapomorphies are
maximized.

Various parsimony procedures have been developed: Wagner
parsimony, Fitch parsimony, Camin-Sokal parsimony, the
polymorphism parsimony method. Swofford & Qlson {(1990) have
developed the generalized parsimony method in which it is allowed
to give weights (assign costs) to specific character state changes.
in the case of Camin-Sokal parsimony, where reversals are not
allowed, reversals are associated with infinite cost. The above
mentioned parsimony procedures can all be considered special cases

14
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of the generalized method. See Forey et al. (1992: table 4.1) for
examples of cost-matrices.

Wagner parsimony and Fitch parsimony are the two methods
that are most often employed. They are rather simple in their
evolutionary assumptions. Dollo parsimony and the polymorphism
procedure are only used for some type of data and also the Camin-
Sokal parsimony procedure is rarely used. Also the general
parsimony method may have advantages in some cases. On the
other hand, differential weighting of character state changes is a
problem analogous to character weighting and should be carefully
considered befare application (Forey at al., 1992; Wiley etal. 1991).

In the search for the most parsimonious tree, three searching
strategies can be followed. During an exhaustive search all possible
tree topologies are evaluated and the shortest tree is guaranteed to
be found. As the number of possible tree topologies increases
enormously with the number of taxa, this approach is only practical
for data sets with not more than 10 taxa. Branch-and-bound
methods are also guaranteed to find the minimum length tree but,
unlike in the exhaustive search, not all possible topologies will have
to be evaluated. Simply put, the tree length is calculated each time
after the addition of a new taxon during the tree-building procedure.
Does the tree length exceed the current minimum length, then there
is no need to continue the current path. Branch-and-bound
techniques make it possible to find minimum length trees in cases of
up to 25 taxa. Heuristic methods start of with an initial tree, and
through a process of rearranging branches the program tries to
improve the tree. The initial topology is built by adding taxa in one
of several ways (As is, Random, Simple, Closest). There is, however,
the risk that a solution will be found which is a local optimum
instead of a global one. In order to escape from a local optimum
branch swapping may be applied. This involves rearranging the
branches in the tree. Heuristic methods are not guaranteed to find
the most parsimonious trees. For more details on branch swapping
and addition sequences, see e.g. Swofford & Qlson (1990) and
Forey et al. {1992).

15
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Compatibility approaches — Compatibility or cligue analysis searches
for the largest set {(clique) of (true) characters that are mutually
compatible. Characters that are in conflict with the largest set are
false characters which are not informative as to evolutionary
relationship. These characters are not used in further analysis and
this seems to be an important drawback of the method. The major
criticism of this procedure is (Forey et al., 1992) "that the tree
constructed from the largest clique may be quite unparsimonious
globally ...".

Zandee & Geesink {1987) have developed an approach for
cladogram construction that incorporates elements from both
parsimony and compatibility analysis. In contrast with the character
compatibility method they refer to their method as group
compatibility analysis. The following very abbreviated outline is
extracted from Zandee (1984, 1987). As a first step building blocks
or clada are constructed from the data matrix. There are two options
to define clada: partial monothetic sets are defined by sets of unique
character states; strict monothetic sets are defined by unique
combinations of character states. Cladograms are built from these
clada by a process of three-cladon statement permutations combined
with local outgroup comparison. The analysis resuits in sets of non-
overlapping clada; thus the procedure is based on the concept of
cladon-compatibility. From the set of cladograms thus produced the
'best’ ones can be selected using a number of selection criteria: 1)
total of homoplasous states, 2) total of supporting states (fit), 3)
homoplasy minus support, 4} total number of state changes, 5)
redundancy and 6} consistency. This primary form of the group
compatibility method may be extended with a so called secondary
analysis to further analyze cladograms that are not fully resolved.
Polychotomies may be dichotomized, but this will be at the expense
of additional ad hoc statements. Like the method of character
compatibility, one disadvantage of Zandee's method seems to be
that its solutions can be considerably unparsimonious.

16
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Maximum likelihood approaches — Maximum likelihood is a method
developed for cases in which we have more information about the
evolutionary process, that is, maximum likelihood requires a model
describing the probabilities of evolutionary change. The optimum tree
to be discovered is the tree that gives the highest probability of a
data set being derived from it, given the probabilistic model.
Maximum likelihood methods are only practical for small data sets of
molecular characters. See Swofford & Olson (1990), Forey et al.
(1992} or Quicke (1993) and references therein for more detailed
discussions.

Evolutionary taxonomy

As Wiley (1981) pointed out, the approach of evolutionary taxonomy
is difficult to define in a straightforward manner because "it is a
heterogeneous discipline or an array of different points of view more
than it is a method or system united by a single body of theory™. The
most important difference with the phylogenetic approach is the fact
that non-natural, paraphyletic grouping are allowed in its
classifications. The contrast between the two schools lies mainly in
the way that classifications are constructed from a phylogenetic
tree, rather than in how we should proceed to arrive at this tree.
Evolutionary taxonomists too want their classifications to reflect
evolutionary history and they also agree that classifications should
be based on genealogy. However, not only the branching pattern but
also the subseguent diverging of branches {(anagenesis} should be
reflected in a classification. This is a view already expressed by
Darwin {1859); "Thus, on the view which | hold, the natural system
is genealogical in its arrangement, like a pedigree; but the degrees of
modification which the different groups have undergone, have to be
expressed by ranking them under different so-called genera, sub-
families, families, sections, orders, and classes." Evolutionary
taxonomists are of the opinion that grades are also natural groups
that really exist in nature. See e.g. Mayr {(1981) for an evolutionist's
view on the three schools of taxonomy.

17
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Optimal trees and optimal classifications
Why bother about phylogeny?

The major task of taxonomy is to recover the historical course of
evolution by unraveiling genealogical relationships between species.
A phylogenetic tree may be viewed as a graphic representation of
this historical course. However, other areas of biology may aiso
benefit from the products of taxonomic studies, i.c. phylogenetic
trees displaying these genealogical relationships. Phylogenetic
information is crucial for what is called the comparative method. To
repeat Brooks & MclLennan (1994): "It is therefore inappropriate to
use the results of a non-phylogenetic systematic analysis as a
phylogenetic tree in a comparative study”. Historical biogeography
{phylogenetic biogeography, vicariance biogeography, component
analysis), the study of coevolution, palaeontology and other
disciplines within biology are all heavily depending on phylogenetic
information.

Desirable properties of classifications

What will be considered as desirable properties of classifications
depends largely on the purpose of a classification. Classifications are
of vital importance as storage-and-retrieval systems. Without such
systems it would be impossible to specify what is being studied and
to scan the literature for all kinds of information about the organisms
being studied. It is clear that a classification, as a reference system,
should be as stable as possible. Classifications are also expected to
have some predictive value. This means that, if we have discovered
a new species which we were able to classify to a known higher
taxon based on some of its characters, we may predict the states of
some other characters that were not studied. Also objectivity is
sometimes listed as one of the desirable properties of classifications,
which merely implies that there must be a standard method by which

18
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a classification can be or should be constructed (e.g. Pankhurst,
1991).

For the majority of organisms no phylogenetic trees are
available. In the absence of these, comparative biologists,
biogeographers and in fact all biologists use (traditional)
classifications as an information source for phylogenetic
relationships. Or, to quote Wiley et al. (1991}: "Most of the ideas of
relationship that exist in the literature are embodied in
classifications”. Actually, many biologists would agree that
classifications should be based on phylogeny. It is clear then, that
the quality of the results of many of their studies, depends heavily
on how accurately their classifications reflect phylogenetic
relationships. From this two further and most important optimality
criteria for classifications can be deduced. Classifications should fit
to the true tree as close as possible, that is, classifications should be
consistent with the phylogeny on which they are based. A
classification is said to be consistent with phylogeny "if at least one
of the possible phylogenies implied by it is the original phylogeny
from which it was constructed” (Hull, 1964; see also Wiley, 1987,
Wiley et al., 1991). As a consequence, to quote Wiley (1987) again,
"all classifications containing even a single paraphyletic group are
logically inconsistent with the phylogenies they are supposed to
reflect and/or summarize." As a second prereguisite, classifications
should be "informative regarding the common ancestry relations of
the groups classified” (Wiley et al., 1991). A classification that is
fully informative is one from which one can extract as much
information as from the phylogenetic tree on which the classification
was based. Such classifications are called isomorphic.

Evolutionary classifications, although indeed based on
phylogeny, contain paraphyletic groupings. These kinds of
classifications try to reflect not only the branching sequence, but
also divergence within lineages. As a result they become
inconsistent with phylogeny.

Natural groups as viewed by pheneticists are not necessarily
identical with the monophyletic groups of cladists, and pheneticists
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do not strive to construct classifications that mirror evolutionary
history. FPhenetic classifications may be consistent with the
phenograms on which they are based, but they have a probability of
containing non-monophyletic groupings in case of which they do not
reflect evolutionary history. Even Darwin (1859) held a clear view on
the significance of overall similarity for classification purposes:
"No one regards the external similarity of a mouse to a shrew, of a
dugong to a whale, of a whale to a fish, as of any importance. These
resemblances, though so intimately connected with the whole life of
the being, are ranked as merely adaptive or analogical characters; ...
the less any part of the organisation is concerned with special habits,
the more important it becomes for classification.”

It goes beyond the subject of this introduction to elaborate on
how classifications can best be constructed. However, | agree with
the three rules of phylogenetic classification as formulated by Wiley
et al. {1991:102): 1) only monophyletic groups will be formally
classified; 2) all classifications will be logically consistent with the
phylogenetic hypothesis, and 3) classifications must be capable of
expressing the sister group relationships among the taxa classified.
So, any classification containing non-monophyletic groups should be
rejected as a general reference system. In the absence of well
corroborated phylogenies, also Miles & Dunham (1993) advise not
to use taxonomic classifications as an alternative, because one
cannot be sure that these classifications reflect phylogeny in an
accurate manner. And once again Darwin (1859} can be cited, who
wrote: " the natural system is founded on descent with
modification; ... the characters which naturalists consider as
showing true affinity between any two or more species, are those
which have been inherited from a common parent, and, in so far, alf
true classification is genealogical [my italics]l; ...community of
descent is the hidden bond which naturalists have been
unconsciously seeking, and not some unknown plan of creation, or
the enunciation of general propositions, and the mere putting
together and separating objects more or less alike.”
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Is there a best way to uncover evolutionary history and is there
a best way to classify, or, in other words, should one be an
evolutionary taxonomist, a pheneticist or a cladist? Based on the
foregoing considerations | would conciude that one shouid be a
cladist: it is the task of taxonomy to discover natural, that is,
monophyletic taxa. Monophyletic taxa can only be discovered by the
use of apomorphic characters. Classifications should be natural
classifications, that reflect evolutionary history and that are
consistent with the phylogenetic tree from which they were derived.

Phylogenetic trees are hypotheses on the evolutionary history
of species and taxa and constitute the foundation for phylogenetic
classifications. As such they are a fundamental product of
taxonomy. Present day diversity is the result of a unique history of
descent with modification: there is only one true tree of life. It is this
one true tree that taxonomists must try to discover and for which
they have a large number of tree building techniques at their
disposal. These phylogenetic trees form the basis for classification
and provide a context for comparative biology, biogeography and
other branches of biology, the resuits of which can only be as good
as the phylogenetic trees on which they are founded. Or, to
paraphrase Benton (1990): phylogenetic trees are the keys to
determining why life is as it is. Therefore it is crucial to know how
much confidence we can have in the accuracy of phylogenetic
estimations.

Factors affecting the quality of phylogenetic estimations

The minimum requirement for a phylogenetic analysis to be able to
produce a fully resolved tree would be a data matrix with a number
of {(binary coded) characters equal to the number of bifurcations
minus one. Sokal {(1983) has proposed to measure this aspect of the
adequacy of the characters for resolving a cladogram by the ratio
n/t, where nis the number of characters and t the number of OTUs
(terminal taxa}. If there would be no homoplasy in the data, if all
characters would be mutually compatible, if all characters would
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have been polarized correctly and if there would be no character
correlation (if each bifurcation would be ‘covered’ by one
apomorphy), then a phylogenetic analysis would definitely produce
the correct tree. In practice, of course, such an ideal data matrix will
never be available. Probably the two most important factors that
may add phylogenetic noise to a data matrix are missing data and
homoplasy. No data set will contain all possible characters. Missing
characters with a high level of homoplasy, would pose no problem.
However, we can only discover uninformative characters after we
have performed a phylogenetic analysis. Therefore missing
characters refer to any character or set of characters that is not used
in the study, but that, if included in the data matrix, could affect the
final tree topology (Eggleton & Vane-Wright, 1994}. In analogy with
missing characters, we can define missing taxa as taxa that were
not included in the analysis, but that, if included, could effect tree
topology. Taxa may be removed from phylogenetic analysis as a
result of extinction. Extinct taxa can sometimes be used when they
are still available as fossils. However, we can never be sure to have
sampled all taxa, extinct or extant, within the monophyletic group
under study. Fossils may provide extra information on character
transformation; character interpretation may change when fossils are
allowed in the analysis. There are examples that the inclusion of
fossil taxa produced quite different results: e.g. Novacek (1992) and
Wheeler (1992) point out that the topology of cladograms may be
affected by the addition of new taxa (fossils) and this may be a
serigus problem since virtually all published trees are derived from
extant taxa (Eggleton & Vane-Wright, 1994).

It is evident that convergence and parallet evolution
(homoplasy) are important noise-producers that are capable of
obscuring the phyiogenetic signal. At the same time, homoplasy can
only be discovered during a phylogenetic analysis, and this is even
considered one of the major powers of parsimony analysis (Stewart,
1993). Too much noise can result in a most parsimonious tree being
quite incorrect. To quote Stuwart {1993:606): "Homoplasy in its
various disguises, is the ultimate trickster of parsimony"” and also
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Dawkins (1986:269) noted that "The most interesting bugbear1 of
the taxonomist is evolutionary convergence.” Application of the
parsimony criterion implies that homoplasy is sufficiently rare and
should be minimized in the final hypothesis. Nevertheless, evolution
need not be parsimonious and the true level of homoplasy might be
too high to permit successful reconstruction of the true tree.

How to measure the adequacy of phylogenetic estimations? — There
are various ways of estimating the quality of a phylogenetic tree.
One way is to measure the fit between data and tree. Two of the
most used indices to measure how well the characters fit the tree
are the consistency index {C/) and the retention index (R/). The
consistency index measures the amount of homoplasy in the data;
in the absence of homoplasy C/ will have its maximum value 1. The
retention index measures the actual amount of homoplasy as a
fraction of the maximum amount possible. For phenograms a so-
called cophenetic correlation coefficient {r,,, Sneath & Sokal, 1973}
can be calculated which measures the fit between the similarity
values in the similarity matrix and those that can be deduced from
the phenogram.

Felsenstein (1985) has developed bootstrap and jack-knife
technigues to arrive at confidence limits for trees and also some
other approaches have been advocated (see e.g. Forey et al. {1992)
for a short discussion).

These measures and approaches may help us to decide which
tree to choose from a set of competing trees, but we still cannot
really judge the reliability of the resulting estimations. Since there is
enly one single true tree, we would need to know this true
phylogeny in order to tell whether our estimates are correct or not.

There are a few cases in which a true phylogeny was known
and which could be compared with the estimated ones {Baum, 1983,
1984; Fitch & Atchley, 1987; Hillis et al., 1992). In Hillis et al.
(1892) an experimental approach to phylogenetics was proposed; a

' bugaboo
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known phylogeny was generated of lineages derived from
bacteriophage T7, by manipulation through the use of mutagens.
This approach was disputed by Sober {1993). The ability of
estimation methods to reconstruct the true topology of the artificial
phage system need not be relevant to systems from nature. Besides,
this experiment represented only a single simple evolutionary
scenario. The question then is how the estimation methods would
behave if the phage system had been made to evolve under another
evolutionary model. Similar arguments can be put forward in the
other cases of known phylogenies of real organisms.

in general, however, phylogenies of real organisms are
unknown. In fact, tree building techniques, the quality of which we
would want to inspect, were developed to estimate these unknown
phylogenies. The only way to really assess phylogenetic accuracy is
through the application of artificial data sets produced by
simulations. By using computer simulations the relative efficiencies
of phylogenetic estimation methods can be estimated under a wide
variety of evolutionary conditions.

Aims and outline of this study

The principle objective of the current project is to develop and use
a simulation model that is able to generate known phylogenies of
imaginary species and to simulate the evolution of their character
states. The character data of the resulting ‘extant’ species can be
used as input for different estimation procedures and the estimated
phylogenies can be compared with the single true tree. The
agreement with the true tree can serve as an indication of the quality
of the methods tested. The basic outline of such an evaluation
experiment is given in figure 1.1. Because of the stochastic nature
of the simulation model, many replicate simulations must be run for
each evolutionary condition.

in chapter 2 the simulation model, called GENESIS, is
presented. GENESIS offers options to simulate the evolutionary
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Figure 1.1 Simplified cutline of an evaluation experiment.

process under a variety of evolutionary conditions. The results - true
trees and their corresponding data matrices - of each simulation run
are characterized by a number of descriptive statistics. In chapter 3
the results of an extensive sensitivity analysis of GENESIS are
presented. Such an analysis reveals how the describing tree
statistics are affected by changes in the input parameter values.
Although it is impossible to examine the entire parameter space,
such an analysis is a prerequisite for a proper understanding of
GENESIS’ performance under various evolutionary conditions. In
chapters 4, b and 6 results of experimentations with GENESIS are
presented; data sets produced by GENESIS were subjected to an
analysis by a number of numerical taxonomic procedures. The
adequacy of the estimation techniques was evaluated under a variety
of evolutionary conditions. Chapter 7 presents a general discussion
and in chapter 8 a recapitulation of the results is given.
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GENESIS: a simulation model of phylogeny

The origin andearly evolution of character state vectors '

"This belief, that Darwinian evolution is
‘random’, is not merely false. It is the
exact opposite of the truth.” Dawkins
(1986:49)

Abstract

A simulation model for phylogenesis is presented. The model, called
GENESIS, creates a 'phantom’ world of artificial species, which
appear in the form of character state vectors. These species can be
produced using different options of GENESIS, corresponding to
different evolutionary scenarios. In other words, GENESIS can be
used to produce data sets with different properties. The
characteristics of the simulated evolutionary processes and their
corresponding data matrices, are described by several tree statistics.

The data matrices can be subsequently used as test cases to
evaluate the qualities of wvarious methods of reconstructing
phylogeny. These evaluations will be published in subsequent papers,
as will also the results of a sensitivity analysis.

Introduction

If we knew the exact evolutionary history of a taxon, we could use
this taxon as a test case to examine the merits of various phenetic

! Published as: Heijerman, Th., 1988. GENESIS: a simulation model of
phylogeny. Part 1. The origin and early evolution of character state vectors. —
Zeitschrift fir zoologische Systematik und Evolutionsforschung 26; 609-622.
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and cladistic approaches to cladogram estimation. However, it is not
sufficient just to know the true phylogeny of this taxon, one also
needs a character matrix which must satisfy a number of conditions.
There must be sufficient characters that reflect the true evolutionary
history of the taxon, and at the same time, there may not be too
many ‘bad’' characters, that are incompatible with the true tree and
that obscure the information contained by the 'good’ characters. In
other words, the data matrix should be sufficiently 'clean’, and also
contain enough information to produce a fully resolved tree. So, an
ideal data matrix will appear t¢ have a consistency index (C/) equal
to one, and every maonophyletic group must be based on at least one
synapomorphic character state. Thus the internal length, expressed
as the number of character state changes on the non-terminal
segments, must be at least equal to the number of internal segments,
that is to § — 2, where S is the number of species.

Although there may be some rare cases in which the true
phylogeny is known (e.g. Baum, 1984}, one can never be sure of
obtaining an ideal data matrix. Suppose, nevertheless, that we could
find a good test case, then another difficulty would arise. We still
cannot be sure whether a certain selected method wiil also give the
best estimate of relationships between members of another taxon
whose actual evolutionary course we do not know. This other taxon
may have evolved under different and unknown evolutionary
conditions. The quality of the available reconstruction methods will
probably depend on the rate and exact pattern of its evolution.
Maoreover, the performances of the various reconstruction methods
will be affected by the number of characters with incorrectly
determined character state sequences, the number of missing recent
species, and other 'artefacts' of the data matrix to be analyzed.

To evaluate and to estimate the quality of the wvarious
phylogenetic and phenetic methods, a simuiation modei of
phylogenesis, called GENESIS, was developed.

GENESIS is designed to produce patterns of diversity and of
character state distributions. Details of the process of development
of these patterns can be controlled by the user of the model. Thus
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GENESIS can produce sets of recent species with known
phylogenies. These sets of species can be subjected to the various
phylogeny reconstruction methods.

GENESIS can be made to produce ideal data matrices. One may
expect every method to perform excellently on these perfect sets of
data. One can subsequently produce data sets containing
incompatible characters, by allowing back-mutations and
homoplasous changes in character states. The noise produced by
these 'bad’' characters will make it a more difficult task for the
reconstruction methods to find the true phylogeny indicated by the
'good’ characters. The performance of the methods tested will
depend, in different ways, on the amount of noise in the data set to
be analyzed.

The simulation technique also allows for another kind of tests.
By changing the values of input parameters and by selecting certain
options of the model, one can control the behaviour of the system
and thus produce sets of recent species based on different notions
about the evolutionary process. Also these sets can be used as test
cases.

Simulation models of evolution have been developed earlier.
Anderson & Anderson {1978) used stochastic simulation models to
examine the evolution of patterns of taxonomic diversity and showed
that "the real-world diversity pattern could have been produced by a
simple stochastic process ...". Raup (1977) briefly described a
simulation model of the evolutionary branching process, making only
a few biological assumptions. He used his model "primarily as an
exploratory tool”, concluding that if "a pattern commonly observed
in the real world can be simulated readily by the program, then
causes not included in the MBL model need not be called on for
explanation and interpretation” {also Raup et al., 1273 and Raup &
Gould, 1974). Tateno et al. (1982) simulated the evolutionary
changes in nucleotide sequences for eight species and a given model
tree, to examine "the accuracies and efficiencies of three different
methods of making phylogenetic trees from gene frequency data ...".
Also Sokal's Caminalcules (1983) and Wagner's Dendrogrammaceae
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(Duncan et al., 1980) can be regarded as the results of a single
simulation of the evolutionary process. Leman & Freeman (1984}
created evolutionary models to be used to predict "size and shape
variation in families and genera under different evolutionary
assumptions”. Colwell & Winkler (1984) used and modified the
models of Raup et al. (1973} and Raup & Gould {1974). Their model,
named GOD, produces recent species with known phylogenies, and
by using a subsequent program, WALLACE, they introduced patterns
of geographic distributions into their simulations.

Fiala & Sokal (1985} developed a simulation model and used it
to examine the accuracy of three taxonomic methods. Their model is
rather like GENESIS, and was also developed for the same purpose,
i.e. to compare estimated and true, though simulated, phylogenies.
Although the model was already made public in their 1985 paper, the
development of their model and of GENESIS have really been
independent processes, and many of the similarities between the two
models are indeed cases of homoplasy. Fiala & Sokal (l.c.}) have
provided their simulation program with a probability model to obtain
random amounts of change in the character state (null} change
probabilities. In their model reversals from the ancestral state are not
aliowed, whereas in GENESIS these reversals can freely occur. Fiala
& Sokal have conducted their experiments using 20 OTUs, each
possessing 25 characters. The simulations described in this paper
have all been run with 50 OTUs, each with 100 characters. However
the most conspicuous differences are in the technical design of the
models. But by selecting the proper input-parameter values,
comparable 'evolutionary context patterns' can be created.

Fiala & Sokal (1985:612) state that it "is neither practical nor
desirable to explore the entire parameter space of the simulation
model." Because of the many possible sets of input parameter values,
one indeed cannot explore the entire parameter space of their model
nor of GENESIS. But it seems possible and necessary to come to a
better appreciation of the potentials of the model by studying its
behaviour in different evolutionary contexts, as created by different
sets of input parameter values. Because of the stochastic nature of
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the model, many replicate simulations will have to be run for each
separate set of input parameter values.

In this paper the general design of GENESIS is described, and
results of some preliminary simulation runs are presented. The results
of an extensive sensitivity analysis and of the evaluations of the
various phylogeny reconstruction methods, will be presented in
subsequent papers.

The simulation model: what exactly does it simulate?

Evolution may be defined as genealogical descent with modification,
and involves the process of lineage branching (speciation) and lineage
termination {extinction), as well as the process of character state
change. Lineage splitting and character evolution are the basic
processes that are simulated by GENESIS.

Furthermore, the evolutionary process may be considered a
sequence of system conditions ordered in time. The condition or state
of the system may be described, at any one moment, by a set of
condition parameters, e.g. the number of recent species, the state of
a certain character. This state of the system is the joint outcome of
many separate events. Such events, for instance speciation and
character state change, occur at a given time, with a certain
probability. Thus, the outcome of the evolutionary process cannot be
predicted exactly; the process must be viewed as being probabilistic
instead of deterministic. The condition of the system at any one
moment in the time sequence can be considered the joint result of
the condition in the previous time step and the random processes. To
simulate such a process, a stochastic simulation model is needed.

GENESIS can simulate evolution according to different
conceptions of the evoiutionary process, resulting in different
patterns. There are two mathematical models that are often used to
describe the pattern of diversification of the number of taxa. The
simpler model involves an exponential increase in the number of taxa.
In a second model the increase in number of taxa is described by a
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logistic curve. An exponential curve may be expected best to describe
the situation during phases of adaptive radiation, whereas the logistic
model may be more appropriate during the later stages of the
evolution of a taxon (e.g. Stanley 1977, 1985). Although for instance
the histories of the family diversity of the Mammalia and Bivalvia, as
presented by Stanley (1985, his fig. 4}, seem to be good examples
of the two models, they can only be used as approximations of what
really happened in nature. For this pattern of diversity, GENESIS
offers both a 'radiation’ option and an ‘equilibrium’ option.

The number of species is allowed to increase exponentially with
time in the radiation model, whereas this number is made to fiuctuate
in a random way around an equilibrium value in the 'eguilibrium’
version. Rates of evolutionary change imply rates of changes in the
number of taxa and in evolutionary character states in the different
lineages. These rates would vary between and within lineages. In
GENESIS these evolutionary rates will differ only by chance.

Some data is available on rates of change of characters, e.g. the
dimensions of the first lower molar of species of the genus Pelycodus
{Gingerich, 1977). However rates of change in the total morphology
of a species seem difficult to assess. Adaptive radiation is supposed
to involve quantum evolution. Quantum evolution was first defined
by Simpson {1944) as "the relatively rapid shift of a biotic population
in disequilibrium to an equilibrium unlike an ancestral condition.” Such
shifts probably involve relatively rapid rates of change in characters.
Eldredge & Gould {1972} recognized two patterns concerning the
tempo and mode of evolution. Phyletic gradualism, the classical
model, implies amongst other things, that new species can arise by
transformation of an ancestral population. This transformation into
the modified descendants is slow and even in all lineages. As an
alternative, Eldredge & Gould {1972} presented the punctuated
equilibrium hypothesis. Their model assumed that new species arise
only by the splitting of a small sub-population from the ancestral one,
thus by the splitting of lineages. And, moreover, the new species
develop rapidly. It seems, however, that both phylogenetic patterns
can be recognized in the fossil record. Nevertheless, there is still an
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animated discussion in the literature about the pros and cons of the
two models {e.g. Gould & Eldredge, 1983; Gingerich, 1984; Scudo,
1986).

The gradualistic and the punctualistic models are both available
as options in GENESIS. In the 'gradualistic’ version, character state
changes occur at equal rates in both daughter lineages, whereas in
the 'punctualistic’ version {punctuated equilibrium model), these rates
are unequal.

In their ultimate conseqguences, the two models lead to different
kinds or concepts of species: chrono-species and cladistic-species,
respectively. In GENESIS, however, species can only arise by lineage
splitting (cladistic-species) and not by gradual transformation from
the ancestral population {chrono-species).

Thus, GENESIS simulates a random process through time,
during which lineages branch dichotomously or terminate, and
characters change from one state into the other. The evolutionary
process starts with one species at time zero. This species is the
ancestor of all species subsequently generated, and all of its
characters occur in the ancestral state, designated by "0". At every
time step, the model makes several decisions about branching and
evolution of single characters. All decisions are controlled by
probability parameters, the values of which must be supplied by the
user of the program.

Evolution of the branching pattern

Lineages terminate by extinction, speciation (pseudo-extinction) or
termination of the simulation process. At every time step, Af, the
status of each species that has been generated so far is evaluated.
If a certain species is extinct or already an ancestral species, the next
species will be considered. For a recent species, there are three
possibilities. The species becomes extinct, the species survives and
splits into two daughter species (cladogenesis), or the species
survives while no speciation occurs. Extinction and speciation are
controlled by the extinction probability, P,, and the speciation
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