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Zusammenfassende Abhandlung



Einleitung

Klassifikationen

Dem Menschen scheint eine Systematisierung seiner Sinneseindriicke ein besonderes
Anliegen zu sein. Dies mag Uber die notwendigen Bedingungen fir ein reflektiertes
Handeln begrindet sein und somit auch Uber die Fahigkeit des Urteilens. Eine
besondere Rolle in diesem Zusammenhang spielt aber sicherlich auch die besondere
Fahigkeit des Menschen zur sprachlichen Kommunikation. Sprachliche Kommunikation
bedarf einer begrifflichen Grundlegung, welche ebenso eine Systematisierung der

Erscheinungen voraussetzt.

Sinneseindriicke kdnnen nur innerhalb eines in uns bereits bestehenden Rahmens, einer
Art Schubladensystems, entstehen und unterliegen somit bereits einem ersten, uns nicht
weiter bewussten, ordnenden Prinzip (z.B. durch verschiedene Sinneszelltypen und ihre
nervose Verschatung, sowie ihre Reprasentation im Gehirn und vieles andere mehr —
allesamt gehoren sie zu den Bedingungen fir die Mdglichkeit von Erfahrung). Die hier
angesprochenen Schubladen lief3en sich as Erfahrungs-Kategorien ansprechen, durch
die Beobachtungen erst moglich gemacht werden. Uber diese Kategorien werden im
weiteren dann Begriffs-Klassen gebildet und die Beobachtungen diesen zugeordnet.
D.h. durch die Klassifizierung unserer Beobachtungen werden anhand von Begriffs-
Klassen und den ihnen zugrundeliegenden Kategorien unsere Beobachtungen von uns
geordnet und durch diesen Schritt auch erst fir uns miteinander vergleichbar gemacht.
So konstruieren wir uns eine Abbildung der materiellen Welt aufgrund der durch
unseren spezifischen Sinnesapparat vermittelten Erfahrungen und Eindriicke. Eine
solche Klassifizierung dient im weiteren als Grundlage fur die Errichtung eines

Ordnungs-Systems.

Welche Begriffsklassen nun zum Aufbau einer Systematik der belebten Natur
herangezogen werden, liegt im Ermessen der Menschen. Dass dies immer wieder
geschehen ist und auch zu den unterschiedlichsten Systemen gefiihrt hat, zeigt die
Geschichte. So wurde die belebte Natur sicherlich schon sehr friih in die Klasse der



essbaren und die der ungeniefdbaren Organismen systematisiert. Ein weiteres System
wére dagenige zu Klassen von Heilpflanzen, von Giften und von solchen ohne
erkennbare Wirkung. So lief3e sich fir jedes Anliegen ein eigenes System erstellen,
wobei das jeweilige Anliegen auch als das ordnende Kriterium fungiert.

Es wird deutlich, dass es bel der Menge an Méglichkeiten einer Systematisierung einer
allgemeinen Systematik bedarf, die diese verschiedenen Systeme beinhalten sollte (oder
zumindest leicht zugénglich machen sollte) und die Funktion einer effektiven
Wissensverwaltung Ubernehmen sollte. Ein solches System muss dem Anspruch
genlgen, adles Lebendige in sich erfassen zu koénnen, und es sollte enen
enzyklopédischen Charakter haben. Das System von Linné (Linné, 1758) ist ein solches
System. Als ordnendes Prinzip wird ein Vergleich der Klassen bemiht in Bezug auf die
Identitédten und Unterschiede der Erscheinungen ihrer Mitglieder. Dabel sollen die in
der Hierarchie oben angeordneten Klassen (Elementarklassen: die Spezies) eine weitest
gehende Ahnlichkeit ihrer jeweiligen Mitglieder aufweisen, und mit der Hierarchie
absteigend sollen die grofleren Klassen immer mehr Unterschiede zulassen. Darin
begriindet sich auch die Wahl des Binomens, bestehend aus dem Artnamen und dem
Gattungsnamen, fur die Bezeichnung einer Art — der Artname soll auf die Identitét der
Mitglieder dieser Klasse verweisen, wohingegen der Gattungsname den Unterschied der
Mitglieder dieser Klasse zu denen der nachst-ahnlichen Klasse (andere Arten) aufzeigen
soll. Die groféeren Klassen stellen somit Vereinigungen der Elementarklassen, d.h. der

Arten, dar.

Dieses System ist vor dem Hintergrund der Annahme einer nattrlichen Hierarchie
entworfen worden. Diese Hierarchie hat die menschliche Art Homo sapiens as
Kronung der Schopfung an die Spitze des Systems gestellt und ales Lebendige in
Beziehung zu den Eigenschaften dieser Art bewertet und eingestuft (sehe auch
Foucault, 1997). Eine solche Hierarchisierung diente u.a. als Legitimation des Systems
as ein nicht vom Menschen willkirlich konstruiertes System, sondern eines, welchesin
der Natur eine Entsprechung finden sollte. Uberbleibsel dieser Vorstellung finden sich
noch heute im Vokabular vieler Biologen wieder und &uf3ern sich in der Vorstellung
einer evolutiondren Leiter, die eine Zielgerichtetheit der Geschichte impliziert, sowie
Ausdriicke wie ,, hochentwickelte® und ,, primitive” Lebensformen. Der Schopfer wurde

bemiiht, da man sich keiner anderen Ursache fir die beobachtbare Ordnung in der

8



belebten Natur gewiss werden konnte. Die Ordnung selber wurde zu diesem Zeitpunkt

bereits, und wahrscheinlich schon weitaus friher, als empirisches Faktum angesehen.

Erklarung, Klassifikation und die Phylogenetische Systematik

Am Anfang einer jeden wissenschaftlichen Untersuchung steht ein Problem. Dieses
Problem ist in der Regel unserer uns offenkundig gewordenen Unkenntnis geschuldet
und erweckt in uns einen Erklarungsbedarf. Auf eine solche Unkenntnis werden wir
aufmerksam gemacht, indem wir Uberraschende Beobachtungen/Erfahrungen machen,
die im Widerspruch zu unserer bisherigen Sicht der Dinge stehen. Tritt ein solcher Fall
auf, so fehlt es uns offensichtlich an geeigneten Erklarungsmodellen, um diese Befunde
in ein in sich koharentes Erfahrungsgebaude zu integrieren.

Das System von Linné hat einen solchen Erklarungsansatz fur das beobachtbare Muster
von Organismen, ihrer r&umlichen Verteilung und ihren untereinander vergleichbaren
und einander &hnlichen Eigenschaften geliefert. Nur musste fir dessen Begriindung eine
empirisch nicht systematisch zu untersuchende Entitét angenommen werden, die
metaphysische Konzeption eines Schopfers, welcher fir die Uberraschende Ordnung
verantwortlich gemacht worden ist. Mit dem Aufkommen der Evolutionstheorie von C.
Darwin und der Synthetischen Theorie (auch Modern Synthesis) und ihrer steigenden
Akzeptanz innerhalb der biologischen Wissenschaften, trat ein zum Schopfer
aternatives, wissenschaftlich zufriedenstellenderes Erkl&rungsmodell fir die Ursache

des Vorhandenseins einer Ordnung in der belebten Natur auf den Plan.

Fragt man sich nun jedoch, warum das tatsdchliche Muster identischer und
unterschiedlicher organismischer Eigenschaften genauso beschaffen ist, wie es fir uns
beobachtbar ist und nicht anders, so liefert die Phylogenetik die passenden Erklarungen.
Sie stellt Hypothesen Uber singuldre geschichtliche Ereignisse auf, indem sie einen
Vergleich der beobachtbaren Eigenschaften der betreffenden Organismen und ihrer
Verteilung Uber die gesamten Organismen hinweg durchfihrt. Dieser Vergleich liefert
die empirische Basis, welche nun unter Berilicksichtigung der Folgerungen aus der
Evolutionstheorie, generellen evolutiondren Mechanismen, wie sie ua in der
Populationsgenetik und der molekularen Biologie beschrieben werden, und in Hinblick
auf die Aufstellung und Begrindung erkldrender phylogenetischer Hypothesen,

interpretiert wird.



Auf diese Weise lassen sich jedoch nicht alle organismischen Eigenschaften erkléren.
Lediglich solche Eigenschaften, die von Generation zu Generation vererbt werden, sind
potentiell offen fir phylogenetische Erklarungen. Dazu gehdren eine Vielzahl
anatomischer Merkmale, DNA Sequenzen, Verhatensmerkmale und viele andere mehr.

Beschéftigt man sich nun mit der Rekonstruktion der verwandtschaftlichen
Beziehungen einer konkreten Gruppe von Organismen, so treten alsbald praktische
Schwierigkeiten bel der Interpretation/Auswertung der Merkmale auf. Zum Beispiel bel
der Verwendung von 18S rDNA Sequenzen fallt auf, dass, obwohl es sich bei der
Nukleotidsequenz um eine geerbte Eigenschaft handelt, nicht alle Bestandteille des
vorzufindenden V erteilungsmusters von identischen und unterschiedlichen Nukleotiden
mit einer phylogenetischen Hypothese zu erkléren sind. Es sind auch Ubereinstimmung
zwischen Vertretern verschiedener Arten zu finden, welche nicht auf Homologie (d.h.
einen gemeinsamen und Uber Vererbung Ubertragenen Ursprung des Merkmals),
sondern auf Homoplasie (d.h. einen nicht gemeinsamen Ursprung des Merkmals,
verursacht durch Konvergenz oder Riickmutation), zurtickzuftihren sein missen. Daraus
ergibt sich ein methodisches Problem, da entschieden werden muss, welche
Bestandteile des vorgefundenen Musters durch Homologie und welche durch
Homoplasie erklart werden sollten. Anders ausgedriickt: Es gibt eine Vielzahl von
maoglichen erklarenden Hypothesen zu ein und demselben Phénomen und alle stehen
nicht im Widerspruch zur algemeinen Evolutionstheorie oder dem zu beobachtenden
Verteilungsmuster. Es stellt sich also die Frage, welche Identitdten gehen auf einen
gemeinsamen geschichtlichen Ursprung zurtick und welche haben eine andere Ursache.
Dies lasst sich nur durch den Vergleich der Hypothesen untereinander und der
Berticksichtigung ihrer jeweiligen Erklérungskraft klaren, und damit handelt es sich um
eine Frage, die nicht mehr allein empirisch zu |6sen. Sie stellt eine methodologische

Frage dar - die Frage nach der Gewichtung von Merkmalen.

Morphologie versus molekulare Daten

Bis zum Aufkommen der modernen molekularbiologischen Methoden, wie z.B. dem
PCR-Verfahren, galten anatomische organismische Eigenschaften als die empirische
Basis phylogenetischer Untersuchungen schlechthin, und die ersten streng

phylogenetischen Untersuchungen wurden anhand morphologischer Befunde nach der
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Methode von W. Hennig (1966) durchgefiihrt. Nach dieser Methode wird zu einer
bestehenden Gruppe/Art die zugehdrige Schwestergruppe (Adelphotaxon) gesucht, die
sich dadurch auszuzeichnen hat, dass sie Merkmale aufweist, die nur ihre Vertreter und
die Vertreter der betreffenden Gruppe/Art besitzen. Diese Merkmale werden
Synapomorphien genannt. Synapomorphien sind es also, die innerhalb dieser Methode
dazu verwendet werden, Schwestergruppenverhdltnisse aufzudecken. Aus
Schwesterngruppenverhéltnissen wiederum lassen sich die Monophylien der neu
entstandenen Gruppen ableiten. Nach dieser Methode kommen phylogenetische
Untersuchungen der Suche nach Synapomorphien gleich. Verwandtschaftsbeziehungen
werden dabei offensichtlich Schritt fiar Schritt rekonstruiert (sog. ,clustering’
Verfahren) — nicht alle mdglichen Verwandtschaftsbeziehungen werden wahrend der
Bewertung der insgesamt vorhandenen empirischen Befunde berticksichtigt, da mit der
ersten gefundenen Schwestergruppenbeziehung eine Vielzahl von Mdglichkeiten fir
den weiteren Verlauf der Untersuchung ausgeschlossen werden. Das hat jedoch zur
Folge, dass, wie auch andere , clustering’ -V erfahren, die klassische hennigsche Methode
den Nachteil besitzt, dass sie nicht zwingend die optimale Hypothese fir die
vorhandenen Daten liefert, sondern wahrend der Analyse in lokalen Optima gefangen
werden kann (zu , clustering’ -V erfahren siehe z.B. Page und Holmes, 1998). Dennoch
gat die klassische hennigsche Methode eine lange Zeit as der unter
Phylogenetikerinnen bevorzugte methodische Ansatz, und ene Vielzahl von
phylogenetischen Hypothesen und damit verbundenen Klassifikationen sind auf diesem
Weg entstanden (siehe u.a. Brusca und Brusca, 1990).

Durch die bestandige Publikation neuer Ergebnisse morphologischer Untersuchungen
und insbesondere durch das Aufkommen molekularer Sequenzdaten war die hennigsche
Vorgehensweise aufgrund der Menge der zu berticksichtigenden Daten nicht langer
praktikabel. Durch die zu diesem Zeitpunkt inzwischen verfligbaren Rechnerleistungen
war die Moglichkeit von computerunterstiitzten Analysen gegeben, und eine Vielzahl
von Algorithmen und statistischen Verfahren mit der dazugehdrigen Software sind seit
dem entwickelt worden (einen guten und aktuellen Uberblick liefert J. Felsensteins
Homepage ,Phylogeny Programs®, http://evolution.genetics.washington.edu/phylip/
software.html). Diese neuen Verfahren sind Uberwiegend von molekular arbeitenden
Forscherlnnen genutzt worden. Im Zuge dieser Entwicklung sind einige der
morphologisch begrindeten Verwandtschaftsbeziehungen aufgrund der molekularen

Befunde revidiert und der Uberwiegende Teil zusétzlich bestdtigt worden. In diesem
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Zusammenhang sind auch ein Grofdell der Ergebnisse der Analysen der 18S rDNA
Sequenzen von Polychaeten zu sehen (siehe Artikel von C. Bleidorn, L. Vogt und T.

Bartolomaeus; 4 contribution to sedentary polychaete phvlogeny using 18S rDNA

sequence data und New insights into polychaete phylogeny (Annelida) inferred from
18S rDNA sequences, und das Poster von C. Bleidorn, L. Vogt, N. Arnold und T.

Bartolomaeus: Zur Phylogenie der Polychaeta anhand von 18S rDNA Sequenzen).

Revidierungen werden immer dann als verhatnismaldig unproblematisch angesehen,
solange die morphologischen Befunde, die zur Begrindung der bisherigen
Verwandtschaftssysteme herangezogen worden sind, von den Forscherlnnen als
unbefriedigend oder zumindest nicht Uberzeugend gewertet worden sind (siehe Poster
von C. Bleidorn, L. Vogt und T. Bartolomaeus: Travisia ist ein Scalibregmatidae, kein
Opheliidae (Annelida, Polychaeta)).

Stehen jedoch die morphol ogischen Befunde im Widerspruch zu den molekularen, und

beide Arten von Daten werden von den Wissenschaftlerlnnen als phylogenetisch
aussagekraftig gewertet, wird die zur Zeit ungeloste methodologische Problematik
offenkundig. Als Paradigma eines solchen Falls kann die Frage nach der Monophylie
der Articulata verstanden werden. Die Articulata werden als monophyletische Gruppe in
vielen Lehrblchern angefiihrt und stellen ein Taxon dar, das auf eine, innerhalb einer
von der Morphologie geprégten Systematik, lange Tradition zuriickblicken kann (siehe
z.B. Brusca und Brusca, 1990; Nielsen, 1995; Ax, 1999). Molekulare Untersuchungen
von Vertretern der Articulata widersprechen jedoch einer solchen Auffassung und
unterstitzen vielmehr eine Gruppe, die sich morphologisch durch die Eigenschaft der
Hautungsfahigkeit beschreiben lief3e (Aguinaldo et a., 1997). Der aktuelle Verlauf der
Diskussion um diese Verwandtschaftsbeziehungen macht deutlich, dass sich diese Frage
nicht einfach durch das Hinzufliigen neuer empirischer Befunde 10sen lasst (z.B.
Schmidt-Rhaesa et a., 1998; Giribet und Wheeler, 1999; Wéagele et a., 1999; Manuel et
al., 2000; Wagele und Misof, 2001; Zrzavy, 2001), sondern vielmehr ein
methodol ogisches Problem darstellt.

Dartiber hinaus hat das Auftreten der molekularen Daten eine Diskussion entfacht, wie
man mit der Kombination morphologischer und molekularer Daten bel  der
phylogenetischen Rekonstruktion umgehen solle. Sollte man die Daten partitionieren
und getrennt untersuchen oder eine kombinierte Analyse durchfihren — und wenn
kombiniert, sollten dann morphologische und molekulare Merkmale unterschiedlich
gewertet werden (z.B. Eernisse und Kluge, 1993; Chippindale und Wiens, 1994; Hedges
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und Maxson, 1996; Page, 1996 ; Lee, 1997; Littlewood et a., 1997; Wiens, 1998;
Ballard et ., 1998; Kluge, 1998; Wiley et al., 1998; Flook et al., 1999)?

Es bedarf folglich einer Theorie und Methode der Bewertung des phylogenetischen
Informationsgehalts von Merkmalen, um im Fale einer in sich widerspriichlichen
Interpretation der vorhandenen empirischen Befunde eine Entscheidung fallen zu
kénnen. Der phylogenetische Informationsgehalt eines Merkmals wird dabei durch

einen ihm zugewiesenen Wert ausgedriickt, den man das Gewicht des Merkmals nennt.

Das Gewichten von Merkmalen in der Systematik

Die Frage nach der Gewichtung morphologischer gegeniiber molekularer Merkmale
stellt ein spezielles Problem einer weitaus allgemeineren Fragestellung dar: Wie kann
der phylogenetische Informationsgehalt von Merkmalen gemessen werden — oder
anders ausgedriickt: Wie kann man die empirischen Befunde im Hinblick auf ihren
Beitrag zur Rechtfertigung einer Apomorphie-Hypothese quantifizieren? Es sind die
verschiedensten Vorschldge und Meinungen zum Themengebiet der Gewichtung von
Merkmalen geduliert (z.B. Neff, 1986; Wheeler, 1986; Bryant, 1989; Chippindae und
Wiens, 1994; Allard und Carpenter, 1996; Milinkovitch et al, 1996; Haszprunar, 1998;
Kéllergo et a., 1999; Wenzel und Siddall, 1999; O'Keefe und Wagner, 2001; Wiens,
2001) und auch einige konkrete Gewichtungssysteme vorgestellt worden:

Die bisher gangigen Gewichtungsverfahren lassen sich grob in a priori und a posteriori
Verfahren gliedern (nach Kitching et a., 1998). Den a posteriori Verfahren liegen
Uberlegungen zur Optimierung von Merkmalsverteilungen anhand von aus der
kladistischen Analyse (Verwandtschaftsanalyse) berechneten Parametern zugrunde. Zu
ihnen gehdren unter anderem das successive approximations weighting (Farris, 19609,
Carpenter, 1988), das reverse successive weighting (Trueman, 1998) und das implied
weighting (Goloboff, 1993, 1995). Den a priori Verfahren liegen meist Annahmen Uber
unterschiedliche Evolutionsprozesse zugrunde (Rieppel, 1999). Zu ihnen gehdren
beispielsweise die Gleichgewichtung aler Merkmale (Kluge, 1997a), das
unterschiedliche Gewichten von verschiedenen Kodonpositionen bei Sequenzdaten
(z.B. Bjorklund, 1999), so wie die unterschiedliche Gewichtung von Transversionen
gegeniber Transitionen (z.B. Broughton et al., 2000). Es wird auch versucht,
morphologische Merkmale auf der Grundlage von Prozesswahrscheinlichkeiten zu

bewerten (Lewis, 2001). Weitere Ansatze versuchen den Schwierigkeiten, die bel der
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Erstellung der positionalen Korrespondenz (positionale Homologiehypothese, bzw.
primare Homologie nach de Pinna, 1991) auftreten kbnnen und sich bei Sequenzdaten
dadurch ausdriicken, dass bestimmte Stellen im Alignment sich nicht eindeutig
alignieren lassen, durch ene differentielle Gewichtung Rechnung zu tragen (z.B.
Lutzoni et a., 2000).

Maximum Likelihood oder Maximum Parsimonie

Die Wahl eines bestimmten Gewichtungsansatzes hat weitgehende Konsequenzen fir
die Vorgehensweise innerhalb der kladistischen Analyse. Es existieren verschiedene
Methoden und Verfahren zur kladistischen Anayse, wie z.B. Maximum Parsimonie,
Maximum Likelihood und Distanz Verfahren (einen Uberblick zu den verschiedenen
Verfahren liefern Hillis et a., 1996; Wagele, 2000), die jeweils unterschiedliche
Gewichtungssysteme und —ansétze umsetzen. Insbesondere zwischen Verfechtern der
Maximum Parsimonie und der Maximum Likelihood Methode ist eine Diskussion um
die Verlassichkeit und Begriindung der Wahl der jeweiligen Methode entbrannt. Dabei
beziehen sich die Protagonisten der Parsimonie Methode auf erkenntnistheoretische und
wissenschaftsphilosophische Argumente und Modelle, um ihre Position zu begrinden
und zu rechtfertigen, wobe sie sich insbesondere auf den popperschen
Falsifikationismus berufen (z.B. Kluge, 1997, 1997a, 1998; Siddall and Kluge, 1997;
Farriset a., 2001). Wahrend sich die Verfechter des Maximum Likelihood Ansatzes auf
empirische Studien und computergestiitzte Simulationen beziehen (Felsenstein, 1978;
Huel senbeck und Hillis, 1993; Huelsenbeck, 1995; Y ang, 1996; Sullivan und Swofford,
2001; Swofford et al., 2001). Diese zwei kontréren Positionen lassen sich auch as
Struktur oder Muster basierte Ansdize gegentber Prozess basierten Ansdtzen

charakterisieren.

Zu den Befurwortern der Maximum Parsimonie Methode gehdren auch die sogenannten
Pattern Cladisten, die, unter Bezugnahme auf Poppers Falsifikationismus, u.a. drei
Thesen vertreten (z.B. Kluge, 1997, 1997a):

1) de Kongruenz-Test ist der entscheidende Schritt der
phylogenetischen Analyse, da nur hier die Mdglichkeit
einer Falsifikation von phylogenetischen Hypothesen
besteht
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2) dasangenommene Hintergrundwissen soll minimal gehalten
werden

3) Annahmen uUber evolutiondre Prozefdwahrscheinlichkeiten
sollen nicht in die Analyse einflief3en, da sie zusétzliches

Hintergrundwissen darstellen

Wobei sie zu dem Schluss kommen, dass nur die Maximum Parssimonie Methode
konsistent zu diesen Forderungen ist und dass die empirischen Befunde nicht gewichtet,
bzw. nur gleichgewichtet, in die Analyse eingehen durfen.

Dieser Position habe ich mich insbesondere in den Artikeln Testing and Weighting

Characters, Weighting Indels as Phylogenetic Markers of 185 rDNA Sequences in

Diptera and Strepsiptera und Process Probabilities and the Weighting of Characters in

Systematics — Following the falsificationist program of phylogenetic research, sowie

dem Poster Zur Logik des Gewichtens phylogenetischer Merkmale gewidmet. Dies soll

im Folgenden erlautert werden.

Die Rolle des Homologie- und Apomorphie-Konzepts in der

Rekonstruktion von Phylogenien

Dem Homologie-Konzept kommt in der phylogenetischen Forschung eine zentrale
Rolle zu. Umso verwunderlicher ist die Tatsache, dass es nicht das Homol ogie-K onzept
gibt, sondern eine Vielzahl verschiedener Konzepte unter ein und demselben Etikett

koexistieren.

Der Begriff Homologie ist urspringlich von R. Owen (1843) in einer prédarwinschen
und préa-mendelischen Ara gepragt worden (Butler, 2000). Owen verstand unter einer
Homologie ,,the same organ in different animals under every variety of form and
function”. Nach dieser Definition wéren samtliche intraspezifischen und
intraorganismischen ‘Homologien’ ausgeschlossen, sogenannte general homologies
(siehe Schmitt, 1989) oder iterative homologies (sensu \Wagner, 1989), wie z.B. die
serielle Homologie, die ontogenetische Homologie, die sexuelle Homologie und die
polymorphe Homologie. Es wéren nur sogenannte supraspezifische Homologien (auch
spezielle Homologien; siehe z.B. Schmitt, 1989) Homologien im Sinne von Owen.
Bronn (1858) hat zum Zweck der Unterscheidung dieser beiden Gruppen ersteren den

Begriff Homonomie zugewiesen.
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Aber auch fir die supraspezifischen Homologien existieren die verschiedensten
K onzeptionen (einen Uberblick tiber die aktuelle Diskussion liefern die Bande von Hall,
1994; Bock und Cardew, 1999).

S0 l&sst sich Owens Konzept auch im Rahmen von vergleichenden Studien ohne die
Annahme der Evolutionstheorie sinnvoll anwenden. Dies wird als biological homology
bezeichnet (sensu Roth, 1984; Woese, 1987; Aboitiz, 1988; taxic homology sensu
Patterson, 1982, und Carine und Scotland, 1999). Dabel wird “the same organ in
different animals” as strukturelle oder funktionelle Gleichheit verstanden. Es bezieht
sich auf gemeinsame entwicklungsbiologische Zwénge unter den Arten und versucht
konservative Muster der Evolution morphologischer Merkmale kausal zu erkléren
(Wagner, 1989; Roth, 1991; Sluys, 1996).

Mit dem Aufkommen der Evolutionstheorie war jedoch auch die Méglichkeit fir eine
andere Interpretation des owenschen Ausdrucks ,, the same organ in different animals *
gegeben. Remane (1952, 1954, 1961) gehort moglicherweise zu den ersten Autoren, die
eine  Homologie-Konzeption vorgestellt haben, welche heutzutage als historical
homology (sensu Wagner, 1989) oder phylogenetic homology (sensu Roth, 1984)
bezeichnet wird. ,, The same organ in different animals® wird hier as historisch-
ontogenetische Gleichheit aufgefasst. Aber auch hier gibt es wieder verschiedene
Ausprégungen dieser Homologie-Konzeption (siehe u.a. de Pinna, 1991; Brower und
Schawaroch, 1996; Sluys, 1996).

Es existieren also eine Vielzahl von zum Teil sich fundamental voneinander
unterscheidenden Konzepten, die alle mit einem einzigen Terminus in Verbindung
gebracht werden — Homologie. Ob es nun sinnvoll ist, einen einzigen Terminus fur all
diese verschiedenen Konzepte zu verwenden, oder ob jedem einzelnen Konzept ein
eigener Name zugewiesen werden sollte, um Missverstandnissen vorzubeugen und die
Transparenz zu erh6hen (Schmitt, 1989; Butler, 2000), soll nicht die Aufgabe der
vorliegenden Arbeit sein. In Testing and Weighting Characters habe ich mich vielmehr

damit beschéftigt, wie ein fur die Phylogenetik geeignetes Homologie-Konzept
beschaffen sein muss, um dartber hinaus auch noch den Anforderungen des

popperschen Falsifikationismus an eine empirische Wissenschaft zu gentigen.
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Phylogenetik als empirische Wissenschaft

Ausgangpunkt flr Testing and Weighting Characters stellt also die Frage nach den

notwendigen Bedingungen fir die Mdoglichkeit dar, die Phylogenetik als eine
empirische Wissenschaft sensu Popper (1983, 1994) zu etablieren. Dabei wird deutlich,
dass eine konzeptuelle Unterscheidung von Homologie und Apomorphie sinnvoll ist
(wenn ich in den Artikeln den englischen Ausdruck synapomorphy verwende, so liegt
das daran, dass im englischsprachigen Raum synapomorphy weitestgehend synonym
zum deutschen Apomorphie verwendet wird). Dabei sollte sich die Konzeption einer
phylogenetischen Homologie nur auf die genealogischen Verwandschaftsbeziehungen,
aso auf die verwandtschaftlichen Beziehungen einzelner Individuen zueinander,
beziehen. Als empirisches Test-Kriterium phylogenetischer Homol ogiehypothesen kann
die Forderung nach Identitdt der homologen Eigenschaften herangezogen werden. Dies
wére also eine empirische, anhand von Beobachtungen und Experimenten tberprifbare
Qualitét.

Ausgehend von einer solchen Homologie-Konzeption kann eine eindeutige
Differenzierung der Begriffe Merkmal und Merkmalszustand vorgenommen werden,
wobel ein phylogenetisches Merkmal als eine evolutionsgeschichtliche Hypothese tiber
ein singuldres Transformationsereignis verstanden wird, welches in seiner vollstandigen
Form immer aus zwel Komponenten bestehen muss, namlich dem Zustand vor und dem
Zustand nach der Transformation, welche durch zwei unterschiedliche
Merkmalszusténde reprasentiert werden. Somit dient eine Homologiehypothese als
erkenntnistheoretisches Argument in der Rekonstruktion einzelner
Transformationsereignisse.

Apomorphie unterscheidet sich von Homologie durch dessen Bezugnahme auf die
verwandtschaftlichen Beziehungen von Spezies anstelle der von einzelnen Individuen.
Aber da diese sich nur Uber die Elemente der Spezies, den einzelnen Individuen,
erfassen lassen, besteht eine logische Verbindung zwischen den beiden Konzepten;
Apomorphien sind zwingend auch immer Homologien — umgekehrt gilt dies jedoch
nicht. Daraus folgt, dass auch fur Apomorphiehypothesen der Identitdts-Test wahrend
der Merkmalsanalyse angewendet werden kann. Dartiber hinaus ermdglicht die
Konzeption von Apomorphie einen weiteren Test, den Kongruenz-Test, welcher
wéhrend der kladistischen Analyse durchgefiihrt wird. Da dieser Test jedoch nicht

gegen empirisch  Uberprifbare  Eigenschaften  vollzogen  wird,  sondern
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Apomorphiehypothesen gegen Apomorphiehypothesen testet, stellen erfolgreich im
Kongruenz-Test getestete Apomorphiehypothesen nur dann empirische Hypothesen dar,
wenn sie zuvor gegen empirische Daten getestet worden sind. Sind sie das, so haben sie
nach Popper durch diese zuvor erfolgreich bestandenen Tests bereits einen gewissen
Bewdahrungsgrad erhalten, den sie als Gewicht in den Kongruenz-Test mit einbringen.
Und nur auf diesem Weg k&me Apomorphiehypothesen, welche den Kongruenz-Test
erfolgreich bestanden haben, eine empirische Erklarungskraft zu. D.h., der Identitéts-
Test liefert die Basis fur die Gewichtung von Merkmalen fir die kladistische Analyse,
und die hier vorgestellte Homologie-Konzeption liefert das notwendige konzeptionelle
Bindeglied zwischen den merkmalstragenden empirischen Entitéten, den einzelnen

Individuen, und den Argumenten fir die Stammesrekonstruktion, den Apomorphien.

Dabei nimmt die Merkmalsanalyse mit ihrem integrierten |dentitéts-Test eine zentrale
Rolle bel der Begrindung eines a priori Gewichtungssystems innerhalb eines
falsifikationistischen Ansatzes in der Phylogenetik ein. Dartiber hinaus wird deutlich,
dass die Gewichtung von Merkmalen vor der kladistischen Analyse zwingend
notwendig ist, mochte man die Phylogenetik as eine empirische Wissenschaft sensu

Popper verteidigen (insbesondere diese Thematik wird in Process Probabilities and the

Weighting of Characters in Systematics - Following the falsificationist program of

phylogenetic research wieder aufgegriffen und weiter erlautert).

Aus der Abhéngigkeit der Bedeutung des Kongruenz-Tests der kladistischen Analyse
von seiner strukturellen Beziehung zum Identitdts-Test der Merkmalsanalyse 18sst sich
eine Bewertung beziiglich der ersten These der Patter Cladisten formulieren. Die
Behauptung, der Kongruenz-Test sei der entscheidende Test bel phylogenetischen
Untersuchungen, da nur in diesem Test eine Falsifikationsmoglichkeit phylogenetischer
Hypothesen gegeben sal, ist innerhalb einer falsifikationistischen Konzeption der
Phylogenetik nicht zwingend. Vielmehr muss neben dem Kongruenz-Test eine weitere
und konzeptionell ndher an der empirischen Basis der Untersuchungen angesiedelte
Falsifikationsmoglichkeit bestehen, wenn der Kongruenz-Test ein empirischer Test sein
soll. Demnach muss der Kongruenz-Test konzeptionell auf dem Identitéts-Test
aufbauen. Jedoch soll dies nicht Anlass zur Folgerung liefern, dass der Identitdts-Test

eine dem Kongruenz-Test gegenuber Ubergeordnete Rolle spielte — beide
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Falsifikationsmoglichkeiten  stellen wichtige  Bestandteile  phylogenetischer

Untersuchungen dar.

Erste Schlussfolgerungen aus diesem Ansatz werden in einem Gewichtungssystem fir
Sequenzdaten nicht proteinkodierender 18S rDNA exemplarisch umgesetzt und
innerhalb einer empirischen Untersuchung getestet. Hierbel wird insbesondere einer
differentiellen  Gewichtung von Insertionen, Deletionen und  Nukleotid-
Transformationen die Aufmerksamkeit geschenkt. Die Ergebnisse dieser Untersuchung

werden in Weighting Indels as Phylogenetic Markers of 18S rDNA Sequences in

Diptera and Strepsiptera dargelegt.

Prozesswahrscheinlichkeiten und die Gewichtung von Merkmalen

Aufbauend auf die in Testing and Weighting Characters entwickelte Konzeption einer

phylogenetischen Homologie und Apomorphie, sowie ihrer konzeptionellen Beziehung
zueinander und den zwei moglichen Testkriterien Identitée und Kongruenz, und
aufbauend auf der Erkenntnis, dass die Gewichtung von Merkmalen von der Harte des
von ihnen innerhalb der Merkmal sanalyse bestandenen Identitéts-Tests abhangt, wird in

Process Probabilities and the Weighting of Characters in Systematics - Following the

falsificationist  program of  phvlogenetic research die Rolle von

Prozesswahrscheinlichkeiten bei der Evaluation von Merkmalsgewichten untersucht.
Darlber hinaus lassen sich aus den Ergebnissen dieser Anayse weitere kritische
Schlusse bezuglich der drel Thesen der Pattern Cladisten ziehen, und es l&sst sich
nachweisen, dass sie nicht zwingend aus der Anwendung des popperschen
Falsifikationismus in der Phylogenetik folgen.

Um in die weitreichenden Auseinandersetzungen um die Umsetzung des popperschen
Falsifikationismus in der Phylogenetik ein wenig mehr Licht zu bringen, unterscheide
ich in dieser Arbeit das Konzept der Fasifikation und das der Bewdhrung. Die
Umsetzung des  Fasfikationskonzeptes innerhalb  der  phylogenetischen
Untersuchungen ist bereits in Testing and Weighting Characters ausreichend
dargestellt.
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Der Bewéhrungsgrad stellt die Basis fur die Wahl der zur Zeit am besten begriindeten
kladistischen Hypothese dar. Eine Quantifizierung der Bewdahrungsgrade ist in
phylogenetischen ~ Untersuchungen immer  dann  notwendig, wenn die
Merkmalsverteilung verschiedener Merkmale ihrer hypothetisierten Apomorphie
widersprechen. Dem relativen Grad der Bewahrung einer Apomorphiehypothese wird
dabei innerhab der kladistischen Anayse durch ein spezifisches Gewicht des
entsprechenden Merkmals bzw. der entsprechenden Transformation Rechnung getragen.
Dabei hangt das jeweilige Gewicht von der Harte des | dentitéts-Tests ab.

Betrachtet man nun Poppers Vorschlag fir eine mathematische Formulierung des
Bewdahrungsgrades, so wird deutlich, dass die einzige sinnvolle Interpretation dieser
Formel durch die Anwendung von Prozesswahrscheinlichkeiten fir die entsprechenden
evolutiondren Transformationsereignisse ermoglicht wird. Dabel tritt folgende
Beziehung zu Tage: Je unwahrscheinlicher ein evolutiondres Transformationsereignis,
welches eine neue vererbbare organismische Eigenschaft verursacht, umso Héarter der
Identitéts-Test und somit umso hoher das Merkmalsgewicht, das vergeben werden
muss, sollte der Test von der Apomorphiehypothese erfolgreich bestanden werden.

Damit wird deutlich, dass, entgegen der dritten These der Pattern Cladisten,
Prozesswahrscheinlichkeiten eine zentrale Rolle innerhab der Gewichtung von
Merkmalen zukommt und somit integraler Bestandteil der kladistischen Analysen sein
muss — insbesondere bei der Verfolgung eines falsifikatorischen Wissenschaftsansatzes.
Und es 18sst sich keine Begriindung innerhalb des falsifikationistischen Ansatzes fir die
Anwendung der sogenannten non-weighting Maximum Parsimonie Methode finden (im
Widerspruch zu z.B. Kluge, 1997a). Auch |&sst sich auf dieser Basis die Zurtickweisung
der Maximum Likelihood Methode as eine gegentber dem Falsifikationismus
vermeidlich inkonsistente Methode nicht begriinden (siehe hierzu auch die Diskussion
von de Queiroz und Poe, 2001; Faith und Trueman, 2001; Farris et al., 2001; Kluge,
2001).

In einer Simulationsstudie zu Process Probabilities and the Weighting of Characters in

Systematics - Following the falsificationist program of phylogenetic research wird mit

Hilfe von einer Computersoftware die Evolution von Sequenzen simuliert und die
daraus erhaltenen Daten als empirische Grundlage herangezogen, um das Verhalten der

Maximum Parsimonie Methode unter Verwendung verschiedener Merkmals- und
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Transformationsgewichte zu untersuchen. Dabel wird deutlich, dass digenigen
Analysen, welche den Produkten von unwahrscheinlichen Transformationsprozessen
ein verhdtnismallig hohes Gewicht zuweisen, die den Daten zugrundeliegende
Ereignisabfolge signifikant besser rekonstruieren als Analysen, die eine andere
Gewichtung anwenden. Dies ist as eine weitere Bestétigung der zentralen Rolle, die
evolutiondren Prozesswahrscheinlichkeiten bel der Stammesrekonstruktion zukommit,

ZU werten.

Tatort Evolution

Es bestehen gewisse Paradlelen zwischen dem Vorgehen und der Arbeitsweise
einer/eines  Kriminalkommissarin ~ oder  Detektivin - und dem  einer/eines
Phylogenetikerin. Wie Sherlock Holmes missen auch Phylogenetikerinnen die am
Tatort verbliebenen Spuren aufnehmen und moglichst unveradndert dokumentieren, die
relevanten aus der Menge der irrelevanten Spuren extrahieren, um diese dann im
Hinblick auf ihre Aussagekraft zu bewerten und moglichst schltissig zu interpretieren.
Ihnen ist aso die Suche nach empirischen Indizien gemeinsam, um eine moglichst gut
begrindete Rekonstruktion des Tathergangs zu erméglichen und eine, so weit dies die
Tatbestande zulassen, vorlaufig gerechtfertigte Hypothese aufzustellen. Wurde die Tat
nicht direkt beobachtet, so ist eine Uberfiihrung nicht méglich und wie in der
Phylogenetik, so ist auch in der Kriminologie ein echter Bewels nicht existent und jede
Hypothese prinzipiell fallibel. Es geht in beiden Arbeitsfeldern also um das Deuten und
Interpretieren von Spuren, oder auch Zeichen, die ein bestimmter zu rekonstruierender
Prozess hinterlassen hat. Dabei kdnnen diese Spuren as bestimmte Typen eines
allgemeiner gefassten Zeichenkonzepts verstanden werden, wie es C. S. Peirce in seiner
allgemeinen Zeichentheorie (Semiotik) vorgestellt hat.

In dem Artikel Signs and Phylogeny - A Semiotic Approach to Systematics stelleich die

Anwendung der Theorie der Semiotik auf die phylogenetische Methodologie und
Arbeitsweise vor. Dabei wird auf die semiotische Erkenntnistheorie von C.S. Peirce as
Grundlage zurtickgegriffen. Der Vorteill des semiotischen Ansatzes von Peirce ist
hierbei nicht zuletzt, dass er einem analytische Werkzeuge zur Hand gibt, die nicht nur
eine kritische Analyse der vermuteten evolutionaren Prozesse und ihrer konzeptionellen
Beziehungen untereinander ermoglicht, sondern auch die verschiedenen Schritte der

phylogenetischen Untersuchung selbst systematisch und kritisch analysiert und die
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unterschiedlichen Schlussformen, die sie fur ihre Analysen bemiiht, aufdeckt. Hierbei
ist insbesondere die von Peirce vorgenommene Unterscheidung von Abduktion,
Induktion und Deduktion und ihre Rolle innerhalb wissenschaftlicher Untersuchungen
von entscheidender Bedeutung. Damit wird eine andere Perspektive auf das
phylogenetische Arbeiten ertffnet, die u.a. eine Bewertung der Diskussionen um die
Konsequenzen der Anwendung des popperschen Falsifikationismus auf die
Phylogenetik ermdglicht.

Der Ansatz sieht nicht nur in der Evolution der Organismen und ihren Merkmalen einen
Zeichenprozess (Semiosis) - eine Evolution von natirlichen Zeichen, sondern auch in
der von Phylogenetikerlnnen betriebenen Stammesrekonstruktion einen solchen. Dabel
geht es darum, einige der Zeichen aus der Phylogenie als Zeichen zur phylogenetischen
Rekonstruktion richtig zu interpretieren. Hierflr ist es zwingend erforderlich, eine
algemeine Konzeption des phylogenetischen Zeichens, also des Zeichens zur
phylogenetischen Rekonstruktion, zu entwickeln. Die natlrlichen Zeichen missen
bestimmte Eigenschaften aufweisen, um al's phylogenetische Zeichen verwendet werden
zu kénnen. So mussen sie z.B. aus einem Mechanismus der organismischen Vererbung
hervorgehen, der eine gewisse Neigung zur Konservierung der Struktur aufweist. Haben
sie diese Eigenschaften, so stellen sie potentielle Indizes zur phylogenetischen

Vergangenheit der entsprechenden Spezies dar.

Aus der Untersuchung zu den notwendigen Eigenschaften phylogenetischer Zeichen,
um sie als empirische Argumente innerhalb der Stammesrekonstruktion verwenden zu

konnen, erfolgt eine Bestétigung der in Testing and Weighting Characters aufgestellten

These der Konzeption des kladistischen Merkmals: ein vollsténdiges Argument fur die
Rekonstruktion eines evolutiondren Transformationsereignisses besteht immer aus zwei
und nicht mehr Bestandteilen — dem Zustand vor der Transformation und demjenigen
nach der Transformation. Bei enem kladistischen Merkmal, das in der
Stammesrekonstruktion verwendet werden soll, handelt es sich notwendigerweise um
ein empirisches Argument und somit um eine Hypothese, da es zwischen dem
prinzipiell nicht direkt beobachtbaren Prozess der Phylogenie und den beobachtbaren
organismischen Eigenschaften vermitteln soll. Es besteht also immer aus zwel
beobachtbaren organismischen Eigenschaften, dem plesiomorphen und dem

apomorphen Merkmal szustand.
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Auf der Basis der semiotischen Theorie und der bisherigen Kenntnisse tber generelle
Prozesse der Evolution, l&sst sich das Konzept eines idealen phylogenetischen Zeichens
formulieren. Auf der Grundlage der spezifischen Eigenschaften dieses idealen Zeichens
lassen sich Testkriterien ableiten, anhand derer man die , Ahnlichkeit* der materiellen
Zeichen zu diesem Ideal Uberprifen kann. Dabel finden die aus den bisherigen Studien
gewonnen Kriterien der Identitdt und der Kongruenz auch im semiotischen Ansatz eine
Bestétigung.

Unter Bezugnahme auf die wechselseitige Erhellung, die das Wissen um generelle
evolutiondre Mechanismen und dagenige um spezifische singulére phylogenetische
Ereignisfolgen aufeinander ausiiben, wird deutlich, dass es bel phylogenetischen
Untersuchungen ratsam ist, alles genligend gut bewdahrte relevante Hintergrundwissen
innerhalb eines jeden Analyseschrittes zu berlicksichtigen. Da der semiotische Ansatz in
seinen Grundziigen im Einklang zum popperschen Falsifikationismus steht, wird auch
die zweite These der Pattern Cladisten widerlegt und die Forderung nach der
Minimierung des Umfangs des angenommenen Hintergrundwissens als unhaltbar

offengelegt.

Schlussfolgerung

Die vorliegende Arbeit verfolgt nicht den Anspruch, ein konkretes Verfahren zur
Gewichtung von kladistischen Merkmalen vorstellen zu konnen. Vielmehr soll die
konzeptionelle Struktur eines allgemeinen Gewichtungsschemas offengelegt werden.
Sowohl die Arbeiten zur Anwendung des Falsifikationismus wie auch digjenigen zur
Anwendung der Semiotik in der Phylogenetik verdeutlichen, dass Annahmen zu den
entsprechenden evolutiondren Prozesswahrscheinlichkeiten bel der Erstellung und
Begrindung von Merkmalsgewichten unumganglich sind. Génzlich ungeklart bleibt,
wie man auf diese Wahrscheinlichkeiten schlief3en kann. Doch gibt es eine Vielzahl
vielversprechender statistischer Ansétze, die allerdings insbesondere fur die Bewertung

von molekularen Daten entwickelt worden sind.

Des weiteren soll die Arbeit einen Gegenpol zu der bisher ein wenig einseitigen
Interpretation des popperschen Falsifikationismus in der Phylogenetik liefern, die der

Komplexitdt des Themas, sowohl was die phylogenetische as auch die
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erkenntnistheoretische Seite betrifft, gerecht zu werden versucht. Dabel wird deutlich,
dass die Grinde, die von einigen Autoren gegen die Verwendung von Likelihood
Methoden angefihrt werden, sich aus einem falsifikatorischen Ansatz allein nicht
rechtfertigen lassen und demnach, in der bisher vorgebrachten Form, nicht langer
haltbar sind. Und was as vermeidliche Schwéche den Likelihood Methoden
diagnostiziert worden ist, namlich die explizite Verwendung von
Transformationswahrscheinlichkeiten, mag sich noch as ene ihrer wesentlichen
Stéarken erweisen.

Mit dem semiotischen Ansatz ist es gelungen, eine neue Perspektive auf bestehende und
bekannte Probleme der phylogenetischen Theorie und Methodologie zu eréffnen.
Dadurch, dass sie sowohl die Konzeptualisierung des Prozesses der Phylogenie al's auch
die des Prozesses der phylogenetischen Rekonstruktion innerhalb eines gemeinsamen
epistemologischen System ermoglicht, erdéffnet sie die Basis fir eine koharente
Konzeptualisierung aler Ebenen der Phylogenetik, einhergehend mit ihrer kritischen
Anayse. Dies betrifft Konzepte wie das der Homologie, der Apomorphie und des
kladistischen Merkmals, wie auch die Systematisierung phylogenetischer
Untersuchungsschritte innerhalb der Merkmalsanalyse und der kladistischen Analyse,
sowie die von ihnen bemihten Folgerungss und Schlussformen und deren
Verlasslichkeit.

Weitere Anwendungen dieses Ansatzes liegen auf der Hand und wirden z.B. einin sich
kohdrentes allgemeines Spezies Konzept mit den ihm eigenen spezifischen
Eigenschaften oder z.B. ein allgemeines Konzept fUr biologisches Merkmal mit all
seinen in den verschiedenen biologischen Disziplinen unterschiedlichen Auspragungen
ermoglichen. Die Anwendungen der semiotischen Theorie innerhalb der Phylogenie

und den Biowissenschaften insgesamt sind bel weitem noch nicht ausgeschopft.
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Abstract:

The phylogeny of the Annelidais still a matter of debate (Rouse & Fauchald 1997 Zool Scripta 26:139,
McHugh 2000 Can J Zool 78:1873), which certainly arises from the organisational heterogeneity within
this group that reflects specific environmental adaptations of certain annelid taxa as well as the enormous
age of this group. More morphological and molecular data than presently known are needed for an
attempt to solve the phylogenetic relationships of Annelida. While morphological data have been
collected for more than a century, molecular data is rare. When analysed, it is in conflict with the
morphological data. In order to increase the data sets we sequenced 18SrDNA data from several sessile
and hemisessile polychaete species, aligned them together with the known sequences and severa
representatives of the Bilateria. The data set was analysed by neighbour joining, maximum parsiomony
and maximum likelihood methods. Using the Clitellata as outgroup a smaller data set was analysed in the
same manner. Special attention was focussed on results that were in accordance with the morphological
data and supported by bootstrap values higher than 95. All analyses clearly show a low resolution
between the different higher polychaete taxa, but also indicate several well substantiated entities within
the polychaeta. One of them is a cladeconsisting of representatives of the Orbiniinae, Protoaricinae and
Questidae. This result is in accordance with phylogenetic analyses based on morphological characters
(Rouse & Fauchald 1997: Zool Scr 26:139). These characters, however, were interpreted as homoplasies,
so that our molecular data provide some further support for a common ancestry of the three taxa in
question. The study is part of a larger attempt to gain more data on “sedentary” polychaete molecular
markers.
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Abstract:

Opheliids are worldwide distributed polychaets. Up to now, more than 150 species have been described.
Morphologically, three distinct groups can be recognized: A taxon Opheliinae comprising those genera
with distinct body regions (Euzonus, Lobochesis and Ophelia), a taxon Ophelininae including al genera
with an anal tube consisting of several reduced segments (Ammotrypanella, Antiobactrum, Armandia,
Ophelina, Polyophthalmus and Tachytrypane) and the taxon Travisia, which closely resembles
scalibregmatid species (Bellan G et a. 1990 C. R. Acad. Sci. Paris 310: 175, Hartmann-Schréder G 1996
Buchtitel.). However, there is no convincing apomorphy for the Opheliidae (Fauchald K & Rouse GW
1997 Zool Scripta 26: 71) and Rouse & Pleijel (2001 Polychaetes, Oxford University Press) annotated
that they might be paraphyletic with regard to Scalibregmatidae. Our cladistic analyses of the 18S rDNA
gene across those polychaetes traditionally assigned as “ Sedentaria’ also included representatives of all
three opheliid groups and the Scalibregmatidae. The dataset was analysed with Maximum Parsimony
(MP) and Maximum Likelihood (ML); node support has been validated with bootstrap methods and
decay index for MP. The results of this analysis give strong support (100% bootstrap-value) for a clade
consisting of scalibregmatids and Travisa. This result supports Blake' s assumption of a close relationship
between both taxa (Blake 2000 In: Taxonomic atlas of the benthic fauna of the Santa Maria Basin and the
Western Santa Barabara Channel Vol. 7 (4), Santa Barabara, California). A clade of Opheliinae +
Ophelininae is aso supported (99% bootstrap-value). After removing Travisia from the Opheliidae it has
to be tested whether lateral grooves and a strong ventral groove might support the monophyly of the
remaining Opheliidae. A rugose epidermis represents a possible autapomorphy for a taxon consisting of

the Scalibregmatidae and Travisia
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Abstract

The phylogenetic position of the Annelida as well as their ingroup relationships are a matter of
ongoing debate. A molecular phylogenetic study of sedentary polychaete relationships was
conducted based on 70 sequences of 18S rDNA, including unpublished sequences of 18
polychaete species. The data set was analyzed with maximum parsimony and maximum
likelihood methods. Clade robustness was estimated by parsimony-bootstrapping and -
jackknifing, decay index, and clade support, as well as posteriori probabilities, which were
calculated by a Bayesian inference. Irrespective of the applied method, some traditional
sedentary polychaete taxa, as the Cirratulidae, Opheliidae, Orbiniidae, Siboglinidae, and
Spionidae, were recovered by our phylogenetic reconstruction. A close relationship between
Orbiniidae and Questa received a particularly strong support. As an unexpected result, Echiura
appears to be a polychaete ingroup taxon which is closely related to Dasybranchus
(Capitellidae). In correspondence to previous molecular analyses no support was found for the
monophyly of Annelida nor for that of Polychaeta. However, our inference suggests that an
increase in taxon sampling may yield additional resolution in the reconstruction of polychagete

ingroup phylogeny.

Key words: Annelida— Polychaeta — phylogeny — 18S rDNA — Echiura - Questa - Bayesian inference
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Introduction

The phylogenetic position of the Annelidais still a matter of debate (Schmidt-Rhaesa et
al. 1998; Westheide et al. 1999; Wégele & Miesof 2001). The quest for the sister group
of the Annelidais intimately connected to the question for the interrelationships within
the Annelida, which are largely unresolved (Rouse & Fauchald 1997, 1998; Westheide
1997; Bartolomaeus 1998), as well as to the question which taxa are to be included to
the Annelida. According to traditional classifications the Annelida consist of Polychaeta
and Clitellata. While the latter is clearly supported as a monophylum in both, molecular
and morphological analyses, the status of the Polychaeta is still controversely discussed
(Rouse & Fauchald 1998, Westheide et al. 1999). Cladistic analyses of the classical
morphological data recognize the Polychaeta as a monophylum (see Rouse & Pleijel
2001), while scenario based analyses regard them as paraphyletic (Westheide 1997). We
are convinced that the attempt to bring a solution to this debate has to start with
phylogenetic analyses on lower taxonomic levels. This is because the Annelida are
highly diverse and represent an evolutionary old taxon that presumably radiated at or
before the Precambrian-Cambrian border (Butterfield 1990; Conway-Morris & Peel
1995).

Diversity in annelids is expressed by tremendous morphological differences that
become obvious when comparing different representatives of the polychaetes. In the
past, therefore, taxonomists created up to 24 “orders’ within this taxon (Fauchald 1977).
Asan“order” isarelatively high taxonomic rank, their large number likewise expressed
the tremendous morphological differences between different polychaete taxa. A few of
them could be substantiated as monophyletic groups by morphological data, but most of
them, however, have never attained such support. Thus, more recent literature divides
the polychaetes into more than 80 taxa, giving them the classical rang of families
(Rouse & Fauchald 1997, Rouse 1999, Rouse & Pleijel 2001). However, there is still
some doubt, whether al of them are monophyletic (Fauchald & Rouse 1997).

Recent detailed analyses of the ultrastructure and of the formation of certain organs
could substantiate the hypothesis of monophyly for certain annelid taxa and provide

evidence for a closer relationship among some of them (Meyer & Bartolomaeus 1996;
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Purschke & Tzetlin 1996; Purschke 1997; Bartolomaeus 1998; Hausen & Bartolomaeus
1998; Hausam & Bartolomaeus 2001; Hausen 2001). These analyses also provided first
evidence that the Pogonophora and Vestimentifera are sister taxa to certain polychaetes,
supporting the hypothesis that both are derived polychaete taxa (Kojima et al. 1993,
Bartolomaeus 1995, Rouse & Fauchald 1995, 1997, Black et a 1997, McHugh 1997).
Echiura seem to be another candidate for a possible inclusion into the Annelida
(McHugh 1997, Ax 2000, Hessling & Westheide 2002).

Recent molecular frameworks (Koijima 1998, Brown et al. 1999, McHugh 2000) could
not provide any evidence for a probable monophyly of the Polychaeta or even of the
Annelida. The results of theses surveys were conflicting with regard to the position of
the traditional polychaete families, irrespective of the molecules these studies were
based on. Merely the Pogonophora and Vestimentifera turned out to be monophyletic
(Halanych et a. 2001), supported by statistically significant bootstrap values. No such

support was provided in most of the analyses for the remaining polychaete entities.

If one compares these analyses, it becomes obvious that despite of their comparatively
low diversity a relative large amount of molecular data exists for the Pogonophora
(Halanych et a. 2001). A similar observation can be made for the Clitellata (Martin
2001, Siddall et al. 2001). Compared to the diversity in polychagetes, sequences of only a
few polychaete taxa are available and in most cases only a single representative stands
for alarger taxon (Kojima 1998, McHugh 2000). It therefore does not surprise that even
those taxa that can be supported as monophyla on the basis of morphological data do
not form a single clade in molecular analyses. We are strongly convinced that the low
number of polychaete species analyzed causes the low resolution and want to show that
an increased taxon sampling increases the resolution, so that molecular data can be used
to substantiate the monophyly of certain polychaeta taxa. In this study we want to
investigate the usefulness of the 18S rDNA for the inference of polychaete phylogeny
and, therefore, we analyzed the 18S rDNA sequences of additional hemisessile and
sessile taxa. Simulation studies have shown that an increase of the taxon sampling can
improve the resolution of the phylogentic signal in a data set (Graybeal 1998). Special
emphasis was laid in this study on possible monophyletic taxa within the polychaeta. In
accordance to our assumption on the influence of taxon sampling on the resolution, we

do also expect to gain evidence for possible sister group relationships.
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Material and methods

Taxon sampling

Eighteen species of polychaetous annelids and one sipunculid species were collected
from various sites (see table 1) and the complete 18S rDNA-sequence of each species
was analyzed. For alignment and phylogenetic analyses a total of 70 metazoan 18S
rDNA sequences, including nearly all available polychaete 18S rDNA sequences, were
chosen from GenBank (see table 2). The sequence of Capitella capitata (U67323) was
excluded from the analysis, as a reanalysis of this sequence (unpublished) suggests that
U67323 is erroneous and probably from a misidentified specimen.

Table 1: Accessions of taxa sequenced for the present study.

Species 18S rDNA Collection site GenBank Accesssion-
(bp) numbers
Polychaeta
Aonides oxycephala 1735 Concarneau, France AF448149
Apistobranchus typicus 1814 Qegertarsuag, Greenland AF448150
Caulleriella parva 1807 Concarneau, France AF448151
Clymenura clypeata 1805 Concarneau, France AF448152
Dasybranchus caducus 1819 Concarneau, France AF448153
Dodecaceria atra 1804 Concarneau, France AF448154
Eteone longa 1814 Sylt, Germany AF448155
Ophelia neglecta 1804 Concarneau, France AF448156
Ophelia rathkei 1815 Sylt, Germany AF448157
Ophelina acuminata 1681 Helgoland, Germany will be handed in
Orbinia bioreti 1828 Concarneau, France AF448158
Orbinia latreilii 1847 Concarneau, France AF448159
Owenia fusiformis 1809 Concarneau, France AF448160
Polyophthalmus pictus 1811 Banyuls-sur-mer, France AF448161
Proscoloplos cygnochaetus 1965 Roscoff, France AF448162
Scalibregma inflatum 1833 Helgoland, Germany AF448163
Scolelepis squamata 1848 Sylt, Germany AF448164
Telepsavus spec. 1814 Concarneau, France AF448165
Sipunculida
Sipunculus nudus 1817 Arcachon, France AF448166

Table 2: List of sequences retrieved from GenBank

Species 18S rDNA Source GenBank Accesssion-
(bp) numbers

Brachiopoda

Lingula anatina 1813 GenBank X81631

Phoronida

Phoronis australis 1767 GenBank AF119079
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Bryozoa
Plumatella repens

Kinorhyncha
Pycnophyes kielensis

Priapulida
Priapulus caudatus

Nematomorpha
Gordius aquaticus

Arthropoda
Lepisma saccharina
Limulus polyphemus
Nebalia spec.

Mollusca

Aplysia spec.
Lepidochitona corrugata
Ostrea edulis

Kamptozoa
Barentsia hildegardae

Nemertini
Prostoma eilhardi

Sipunculida
Aspidosiphon misakiensis
Phascolosoma granulatum
Themiste alutacea

Echiurida
Ochetostoma erythrogrammon
Urechis caupo

Annelida

Clitellata
Enchytraeus sp.
Glossiphonia Spec.
Hirudo medicinalis
Lumbricus terrestris

Polychaeta

Aphrodita aculeata
Chaetopterus variopedatus
Dinophilus gyrociliatus
Dodecaceria concharum
Glycera americana
Harmothoe impar
Lanice conchilega
Magelona mirabilis
Nephtys hombergii
Nereis virens
Paralvinella palmiformis
Polydora ciliata
Proceraea cornuta
Protula sp.

1813

1806

1750

1799

1828
1787
1805

1826
1821
1821

1759

1834

1766
1841
1753

1814
1772

1831
1890
1891
1813

1810
1692
1784
1701
1814
1736
1816
1728
1764
1814
1752
1684
1839
1749

GenBank

GenBank

GenBank

GenBank

GenBank
GenBank
GenBank

GenBank
GenBank
GenBank

GenBank

GenBank

GenBank
GenBank
GenBank

GenBank
GenBank

GenBank
GenBank
GenBank
GenBank

GenBank
GenBank
GenBank
GenBank
GenBank
GenBank
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Pygospio elegans 1758 GenBanK U67143

Questa paucibranchiata 1788 GenBank AF209464
Sabella pavonina 1726 GenBank u67144
Scoloplos armiger 1769 GenBank u50972
Siboglinidae

Escarpia spicata 1764 GenBank AF168741
Galathealinum brachiosum 1820 GenBank AF168738
Lamellibrachia barhami 1759 GenBank AF168742
Oasisia alvinae 1764 GenBank AF168743
Polybrachia sp. 1820 GenBank AF168739
Riftia pachyptila 1765 GenBank AF168745
Ridgeia piscesae 1828 GenBank X79877
Siboglinum fiordicum 1844 GenBank X79876
Spirobrachia sp. 1754 GenBank AF168740
Tevnia jerichonana 1763 GenBank AF168746

DNA extraction
Collected specimens were identified and then preserved in 100% ethanol for later
extraction. Genomic DNA was extracted from specimens using Qiagen DNeasy™

Tissue Kit.

PCR amplification, purification and sequencing
PCR amplification of the 18S rDNA gene was performed in three overlapping
fragments of ~900bp each or in a whole with modificated primer pairs from Giribet et
al. (1996) by using standard cycle sequencing protocols. Amplification reaction
mixtures for 18S rDNA contained 25 il Qiagen Tag PCR Master Mix, 2 il Template-
DNA, 4 il of each primer and 15 il H,O. Amplifications were carried out using an
Eppendorf Mastercycler gradient. The following PCR temperature file was used: 9500C
for 3 min; 35 cycles with 94[1C for 35 seconds, 45-500]C for 45 seconds to 1 min, and
720C for 1 min; final extension at 7200C for 10 min. After detection by gel
electrophoresis the products were purified with the Qiaquick PCR Purification Kit
(Qiagen). Sequencing of al amplified fragments in both directions was carried out by
the /IT Biotech/Bioservice of the University of Bielefeld. Overlapping fragments of the
18S rDNA were combined by using BioEdit (Hall 1999). Disagreement among these
fragments was corrected by reference to the original chromatograms. All sequences

were submitted to Genbank (for accession numbers see table 1).

Sequence Alignment
All sequences were aigned by using CLUSTAL W (Thompson et a. 1994) and
subsequently manually edited by eye using BioEdit (Hall 1999). Gap positions and

regions that could not be aligned unambiguously were excluded from the analysis.
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Data Analysis
All phylogenetic analyses were conducted with PAUP* version 4.0b8 (Swofford 2001).
A chi-sguare test of homogeneity of base frequencies across taxa was performed. The
program TreeView (Page 1996) was used for tree visualization. All trees were rooted a

posteriori the analysis using the sequence of Gordius aquaticus (Nematomorpha).

Maximum parsimony and clade support

All maximum parsimony searches were run with 1000 random addition replicates,
heuristic search option with tree-bisection-reconnection (TBR) branch swapping,
holding one tree per step, and keeping all most-parsimonious trees. Two separate
analyses, using two different weighting schemes were conducted. In the first analysis,
al transformations were weighted equally, in the second analysis, transversions were
weighted three times as much as transitions.

Bootstrap as well as Jackknife analyses were performed (Felsenstein 1985; Farris 1997)
and the bootstrap and jackknife values were determined from 1000 replicates subject to
full heuristic searches with simple taxon addition to provide measures of relative clade
support. Additionally, decay analyses (Bremer 1994) were performed for selected
clades. The decay indices were estimated with converse constraint heuristic searches
based on 100 random sequence addition replicates (Baum et al., 1994). We evauated
whether the most parsimonious (MP) trees that include the selected clades are
significantly better supported than trees that lack them (Whitlock & Baum, 1999; L ee,
2000). This was achieved by comparing the pool of MP trees from a converse constraint
search with the unconstrained MP trees using a Wilcoxon signed-rank test (Templeton,
1983) as implemented in PAUP*. For each clade, the P value (clade significance)
reported is the highest obtained across the pair-wise comparisons. A clade is considered
significantly supported if P < 0.1* (Lee, 2000).

Maximum Likelihood

For estimating the appropriate model of sequence evolution, different models were
tested using the program modeltest version 3.06 (Posada & Crandall 1998, 2001). Both
test criteria (hLRT and AIC) indicate that the Tamura Nei substitution model (Tamura
& Nei, 1993) with equal base frequencies, invariant sites and gamma distribution
(TrNef+1+A) represents the optimal model in respect to the data.
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A maximum likelihood analysis was performed under the likelihood settings suggested
by the result of the modeltest using the heuristic search option with TBR branch
swapping and simple sequence addition.

Bayesian inference

For Bayesian analysis of the data set we used MrBayes 2.01 (Huelsenbeck & Ronquist
2001). The ML parameters in MrBayes were set as follows: “Iset nst=6" (GTR model),
“ratessinvgamma’ and “ basefreg=estimate”’. Each Markov chain, three heated and one
cold, was started from a random tree and all four chains ran simultaneously for 2.5 * 10°
generations, with trees being sampled every 100 generations for a total of 25,000 trees.
After the likelihood of the trees of each chain converged, we discarded the first 5,000
trees as burnin. The majority-rule consensus tree containing the posterior probabilities
of the phylogeny was determined from 20,000 trees.

Results

Sequence data
The aignment of the 70 18S rDNA sequences resulted in 2,207 positions. After the
exclusion of ambiguous sites, the remaining 1,519 positions were taken on into our data
matrix. Overall, the data matrix consists of 865 variable positions (57%), of which 588
positions are parsimony informative (39%). Since the chi-square test of homogeneity of
base frequencies across taxa resulted in no significant P-values (chi-square=89.1117,
df=207, P=1.0), assuming that compositional bias has no effect on the recovery of

phylogenetic signal seemsjustifiable.

Maximum parsimony and clade support
The equa weighted parsimony analysis resulted in 33 MP trees (length=4,590;
consistency index [CI]=0.3316; consistency index excluding uninformative characters
[CI']=0.2798; retention index [RI1]=0.4170). The strict consensus tree from this analysis
together with the bootstrap and jackknife frequencies is illustrated in Fig. 1. Decay

indices and clade significance values for selected groups are shown in Fig. 2.
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Figure 1: Strict consensus of 33 most-parsimonious trees of the equally weighted parsimony analysis
(length= 4,590 steps; Cl=0.33; RI=0.42). Bootstrap- and jackknife-frequencies are given above and
below the branches.
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branches.

Some of the traditional polychaete-“families’ represent well supported clades:
Opheliidae (Bootstrap [BT]=99.8%; Jackknife [JK]=99.1%; decay index [DI]=9; clade
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significance [P]=0.5641), Cirratulidae (BT=100.0%; JK=99.8%; DI=15; P=0.2603),
Spionidae (BT=54.7%; JK=56.5%; DI=6; P=0.9374), Orbiniidae (BT=68.0%;
JK=67.8%; DI=4; P=0.7976). Whereas Orbinia seems to be paraphyletic, since Orbinia
latreillii appears to be closer related to other orbiniids than to Orbinia bioreti (Orbinia
latreillii + Scoloplos armiger: BT=70.4, JK=74.4; Orbinia latreillii + Scoloplos armiger
+ Proscoloplos cygnochaetus: BT= 65.0, JK=65.3). The strongest support among all
clades receives a relationship between the Orbiniidae and Questa (BT=99.9%;
JK=100.0%; DI=34; P=0.0538*). A clade consisting of the Echiura and Dasybranchus
caducus (Capitellidae) is also supported (BT=91.5%; JK=91.2%; DI=10; P=0.4053).
Furthermore, as the results of the anaysis of Halanych er al. (2001) already have
shown, the Siboglinidae (BT=100.0%; JK=99.9%; DI=16; P=0.2909) are well
supported. They consist of the two well supported sistergroups Vestimentifera
(BT=100.0%; JK=100.0%; DI=16; P=0.2010), and the Frenulata (BT=99.7%;
JK=99.7%; DI=13; P=0.3505). In concordance with the traditional view of annelid
systematics, the Clitellata (BT=88.1%; JK=85.9%; DI=6; P=0.7323) are aso well
supported.

The unequally weighted parssimony analysis yielded in four MP trees. All trees differ in
detail from the results of the equally weighted parsimony analysis. However, most of
the well supported clades described above are recovered in both analyses. Only the
Spionidae and Orbiniidae receive no support above the 50%-level in BT and JK from
the unequally weighted analysis. Nevertheless, further on, a monophylum consisting of
the Orbiniidae and Questa receives high support.

Comparing the two results of the bootstrap and the jackknife analyses, al yield in a high
resolution for the relationships within those well supported groups, thereby exhibiting
almost no conflicting evidence. In contrast to these findings are all other relationships

generally weakly supported and many even do not reach the 50% support level.

Maximum Likelihood
The Tamura Nei substitution model (Tamura and Nei 1993) with equal base
frequencies, invariant sites and gamma distribution (TrNef+I+A) represents the best
fitting model for an explanation of the data of all the models that were considered in the
modeltest. The most likely tree has a log-likelihood value of -22747.98730 and is
illustrated in Fig. 3. The groups mentioned above are also supported by the likelihood
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analysis. Their ingroup topologies are congruent to those found in the consensus tree of

the equally weighted parsimony analysis.

Figure 3: Maximum likelihood tree based on the TrNef+E+A model of sequence evolution (-
logL=22747.9873). The posteriori probabilities of the Bayesian analysis are given above the

branches.
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Bayesian inference
The results of the Bayesian inference are presented as posteriori probabilities on the
branches of the most likely tree (Fig. 3). Most obvious is, that all clades with a high
bootstrap support are also strongly supported in the Bayesian analysis. In concordance
with Whittingham et a. (2002), we found that some clades with alow bootstrap support
are nevertheless well supported in the Bayesian analysis. For example, the clade formed
by the Spionidae, which is supported by a low bootstrap value of 54,7%, is supported
with a Bayesian probability of 88%. Another example are the Orbiniidae, who receive a
support of 68% in the bootstrap analysis and a Bayesian probability of 100%. There is
no generally accepted procedure of interpreting these findings, since the nature of
posteriori probabilities is not well enough understood yet (Leaché & Reeder 2002).
However, it seems to exists a general tendency of Bayesian analyses to yield higher
support values than bootstrap analyses do (see also Buckley et al. 2002), rendering this

method a less conservative test.

Discussion

Like already shown for other taxa (Blaxter et al. 1998), extended taxon sampling helps
to increase the resolution of comparative 18S rDNA sequence analysis. Provided that
enough sequences are available, this molecule seems to be suitable for the inference of
some aspects of polychaete phylogeny. Insofar, our initial assumption has been
confirmed. However, our analysis also reflects the problems that arise when attempting
to infer evolutionary events that took place during or before the Cambrium, which
especialy appears to apply to the 18S rDNA sequence data (Abouheif et al. 1998). Our
data show that the phylogenetic information content of the 18S rDNA is not sufficient
for giving significant support for neither the hypothesis of the monophyly of the
Annelida nor for that of the Polychaeta. This low resolution may be due to a rapid
radiation of the Annelida that has intensely been discussed elsewhere (Brown et al.
1999, Rota et a. 2001) and is generaly credited to an erosion of information during
time. Provided that such an explosive radiation occurred in annelids, it aso influenced
morphological characters leading to the known problems in tree reconstruction (Rouse
& Fauchald 1997). If these difficulties actually hint at arapid radiation, at least some of
the groups we analyzed must have radiated more recently. In addition to this, mutational

events that occurred in certain stem lineages turn out to be rather conservative, as these
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taxa are highly supported as monophyletic in our anayses. Increasing the taxon
sampling of 18S rDNA sequences of different polychaete groups thus indicates a
possible solution of yet unsolved questions in annelid phylogeny by reconstructing
polychaete ingroup relationships.

Our analysis confirms that the pogonophoran and vestimetiferan species cluster in a
single clade, representing the taxon Siboglinidae (see Mc Hugh 2000, Halanych et al.
2001). According to morphological analyses Siboglinidae represent a subordinate
polychaete taxon (Bartolomaeus 1998, Rouse & Fauchald 1997). Reduction of the gut
lumen during development and persistence of its cells to house endosymbiontic
bacteria, as well as an extremely elongated first segment are strong arguments derived
from morphological analyses which support the monophyly of this Siboglinidae. The
Clitellata also form a monophyletic group when 18S rDNA and other molecular data
sets are analyzed (Rota et a. 2001, but see Martin 2001). A large number of
morphological characters, like hermaphroditism, restriction of gonads to the anterior
segments, sperm ultrastructure, modified and direct development, re-location of the
brain from the prostomium into a more posterior position (Ferraguti 1984, Purschke et
a. 1993, Rouse & Fauchald 1997) support the monophyly of this taxon. A specific
glandular region posterior to the gonads, the clitellum, which produces a cocoon that
encloses the eggs, also is apomorphic for clitellates.

Formation of clitellar material by a specia glandular region and the restriction of
gonads to a few segments is also characteristic for the Questidae and lead to the
hypothesis of a questid-clitellate relationship (Giere & Riser1981). Subsequent studies,
however, argued against such a position of the aberrant taxon Questa (Jamieson &
Webb 1984, Rouse & Fauchald 1997, Giere & Erseus 1998). So far, their phylogenetic
relationships remained uncertain. Our analysis, which is the first to entail several
orbiniid sequences together with a sequence of Questa, provides strong evidence for the
position of aberrant Questa as being closely related to the Orbiniidae (supporting Rota
et al. 2001).

The support of the monophyly of Orbiniidae is highly dependend on the choice of
method. Although Bayesian probalities yield high support (100%), this taxon is not
supported by bootstrap analysis of the unequally weighted parsimony analysis (<50%).
Elevated parapodia in the posterior body region are regarded as a morphological
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autapomorphy for this taxon (Fauchald & Rouse 1997). However, this character is not
present in al orbiniid taxa (Rouse & Pleijel 2001) and so the knowledge of ingroup
relationshipsis essentiall for a correct phylogenetic interpretation of this character.

Beside this, all available 18S rDNA sequences of the cirratulids cluster together in a
highly supported clade. The same is true for the opheliids and spionids. These results
support the monophyly hypothesis gained from morphological data, and thus support
traditional taxa within the polychaetes.

A final and very interesting result concerns the position of the Echiura. Most textbooks
regard them as taxon outside the Annelida. Based on apha 1 elongation factor
sequences, McHugh (1997), however, provided some evidence that the Echiura belong
to the Annelida. The only morphological feature that might support inclusion of the
Echiura into the Annelida are the chaetae (see Ax 2000). However, our anaysis now
provides evidence for a common ancestry of the Echiura and Capitellidae and this result
is supported with a high bootstrap-value (91.5%) and a Bayesian probality of 100%. We
have to await for additional morphological and molecular data to severely test this

hypothesis.

In this study we could confirm our initial assumption that an increased taxon sampling
increases the resolution of the 18S rDNA data sequences in annelids. Asthisgroup isan
evolutionary old group, we are sure that 18SrDNA sequences from additional species as

well as further molecules will help to resolve polychaete phylogeny.
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Zusammenfassung

Beitrag zur Phylogenie sedentdrer Polychaeten unter Verwendung von 18S rDNA

Sequenzdaten

Die Stellung der Anneliden im phylogenetischen System und die
Verwandtschaftsbeziehungen ihrer Innengruppentaxa sind Gegenstand aktueller
Diskussionen. Eine molekulare Analyse der Phylogenie sedentérer Polychaeten wurde
unter Verwendung von 70 Sequenzen der 18S rDNA durchgefihrt, unter denen sich
bisher unpublizierte Sequenzen von insgesamt 18 Polychaeten-Arten befinden. Der
Datensatz wurde mittels Maximum Parsimonie- und Maximum Likelihood-M ethoden
anaysiert. Die Stabilitét der einzelnen Knotenpunkte wurde unter Verwendung von
Parsimonie-Bootstrapping und Jackknifing, Decay Index und Clade Robustness getestet;
a posteriori-Wahrscheinlichkeiten wurden mit Hilfe einer Bayesianischen Analyse
ermittelt. Unabhangig von der benutzten Methode, fanden traditionelle Taxa sedentérer
Polychaeten, wie die Cirratulidae, Opheliidae, Orbiniidae, Siboglinidae und Spionidae
bei der phylogenetischen Rekonstruktion eine Unterstiitzung. Eine besonders starke
Unterstiitzung findet sich fur eine nahe Verwandtschaft der Orbiniidae mit Questa.
Unerwarteter Weise wird eine Stellung der Echiuren as Innegruppentaxon der
Polychaeten mit einer nahen Verwandtschaft zu Dasybranchius (Capitellidae)
unterstiitzt. Fir die Monophylie der Anneliden und der der Polychaten hingegen lassen
sich keine Hinweise aus dem Datensatz entnehmen; dieses Ergebnis steht im Einklang
mit den bisher zu dieser Fragestellung verdffentlichten molekularen Analysen. Es zeigt
sich jedoch, dass eine Erhohung des taxon samplings zu einer besseren Aufldsung bel
der Rekonstruktion der Verwandtschaftsbeziehungen innerhalb der Polychaeten

beitragen kann.
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Abstract

The ingroup relationships of polychaete annelids are still controversely discussed. A molecular
phylogenetic study of sedentary polychaete relationships was conducted based on 94 sequences
of 18S rDNA, including unpublished sequences of 13 polychaete species. The data set was
analyzed with maximum parsimony and maximum likelihood methods. Clade robustness was
estimated by parsimony-bootstrapping and -jackknifing, as well as posteriori probabilities,
which were calculated by a Bayesian inference. No evidence has been found for possible
monopyhly of Scolecida. In all analyses a placement of the Echiura as derived polychaete
ingroup with a close relationship to the capitellids is confirmed. The orbiniids appear
paraphyletic with regard to Questa. Travisia is transferred from Opheliidae to Scalibregmatidae
and shows a close relationship to Scalibregma. The remaining opheliids include a yet
undescribed cetnodrilid genus from Elba, whereas the other invetsigated ctenodrilid Ctenodrilus
serratus a close affinity to the cirratulid genus Dodecaceria shows. A common ancestry of
arenicolids and Branchiomaldane vincenti is confirmed by all analyses conducted; a sistergroup
relationship between these taxa and the Maldanidae is recovered by only some analyses.
Maximum Likelihood and Bayesian inference give evidence for the hypothesis that

Myzostomida are derived polychaetes.

Key words: Annelida — Polychaeta — phylogeny — 18S rDNA — Echiura - Travisia - Branchiomaldane -
Bayesian inference
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Introduction

In the traditional classification polychaete annelids have been classified into over 80
families (Fauchald, 1977). The phylogenetic relationships of these polychaete taxa are
matter of ongoing debates in recent papers on annelid morphology (Meyer and
Bartolomaeus, 1996; Purschke and Tzetlin, 1996; Purschke, 1997; Rouse and Fauchald,
1997, 1998; Westheide, 1997; Bartolomaeus, 1998; Hausen and Bartolomaeus, 1998;
Westheide er al., 1999; Hausen, 2001). Rouse and Fauchald (1997) suggest that the
Polychaeta comprise two major clades, the Scolecida and the Palpata. The Scolecida
comprehend the traditionally as families classified polychaete taxa Arenicolidae,
Capitellidae, Cossuridae, Maldanidae, Opheliidae, Orbiniidae, Paraonidae,
Scalibregmatidae, and Questidae. This clade is weakly supported and the only known
autapomorphies for such a taxon are the presence of two or more pygidial cirri and the
possesion of similar rami by the parapodia. The highest ranked taxa within the Palpata
are the Canalipalpata (comprising the remaining so called “Sedentaria’) and the
Aciculata (formerly termed Errantia). This view was challenged by Bartolomaeus
(1998) and Hausen (2001) who question the monophyly of Scolecida, Palpata and
Canadlipalpata. Instead they present evidence for the monophyly of a taxon comprising
al polychaete taxa with hooked setae (sensu Bartolomaeus 1998) including the
“scolecids” Arenicolidae, Maldanidae and Capitellidae, and the “candlipalpats’
Oweniidae, Chaetopteridae, Sabellariidae, Terebellidae, Alvinellidae, Ampharetidae,
Pectinariidae, Sabellidae, Serpulidae, and Siboglinidae, as well as the enigmatic
Psammodrilidae.

Apart from the discussion about the phylogenetic relationships of polychaete taxa, it is
also controversially discussid wether Echiura and Myzostomida represent derived
polychaete taxa. Traditionally Echiura are regarded as closely related to the Annelida
(Rouse & Fauchald 1995, 1997; Rouse 1999), but recent studies of the organisation of
the nervous system (Hessling & Westheide 2002) and comparative analyses of
molecular data (McHugh 1997, 1999; Brown et al. 1999) give evidence to include the
Echiurainto the Annelida, although the annelid sister taxon of the Echiuraremains to be
found. The Myzostomida are traditionally regarded as derived annelids (Nielsen 2000;
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Rouse & Fauchald 1997), but analyses of molecular and morphological data show the
opposite (see Zrzavy et a. 2001).

Within the Polychaeta Fauchald and Rouse (1997) and Rouse and Pleijel (2001) have
shown that the monophyly and composition of some of the above mentioned polychaete
families is obscure. The same holds true for the question of the monophyly and
phylogenetic position of Ctenodrilidae, Opheliidae and Scalibregmatidae (Fauchald and
Rouse, 1997; Blake, 2000a, 2000b; Rouse and Pleijel, 2001).

Whereas the above mentioned hypotheses on polychaete systematics are al achieved by
analysing morphological data, in recent years many attempts were conducted to unravel
polychaete relationships using molecular data (Kojima, 1998; Brown et al.; 1999;
McHugh, 1997, 2000; Halanych et al., 2001; Rota et al., 2001; Struck et al., in press,
Bleidorn er al. 2002). Whilst none of these analyses can be regarded as major
breakthrough in polychaete systematics, some of these analyses have shown that
traditional polychaete families are often well supported (Struck et al., 2002; Bleidorn et
al., 2002). As molecular data turned out to be an important tool for solving problems on
the relationships at lower taxonomic levels, we used 18S rDNA sequence data to study
the phylogenetic relationships among polychaetes. Increased taxon sampling,
particularly of “scolecid” taxa, gives the possibility to test the hypotheses on polychaete
systematics developed through the cladistic analysis by Rouse and Fauchald (1997).
Furthermore, the phylogenetic position of Ctenodrilidae, Travisia and Branchiomaldane
is investigated, and evidence for the monophyly of Opheliidae, Scalibregmatidae and
Cirratulidae is presented by analyzing our data set. Increasing the taxon sampling seems
to be a promising method to find the sister taxon of the Echiurawithin the Annelida.

Material and Methods

Taxon sampling
Thirteen newly determined 18S rDNA sequences of several sedentary polychaete taxa
were aligned together with 81 metazoan 18S rDNA sequences from GenBank, including
nearly all avaible sequences of polychaete taxa from GenBank (see table 1). Collection

sites for the newly sequenced annelids were as follows: Arcachon, France (Arenicola
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marina, Ophelia bicornis), Buenos Aires, Argentina (Protoariciella uncinata, collected
by Dr. Rodolfo Elias), Cape Town, South Africa (Scoloplos (Leodamas) johnstonei,
collected by Bilke Hausam), Collioure, France (Protoaricia oerstedii), Concarneau,
France (Branchiomaldane vincenti, Lipobranchus jefreysii), Helgoland, Germany
(Ctenodrilus serratus), Kristinenberg, Sweden (Travisia forbesii), Roscoff, France
(Amphitritides gracilis, Notomastus latericeus), Sylt, Germany (Capitella capitata,
Protodriloides symbioticus). The following polychaete 18S rDNA sequences from
GenBank have been excluded from the analysis because there exists evidence for their
inaccuracy: Pectinaria regalis (AY040698), Marphysia sanguinea (AY040695),
Armandia maculata (AY040681), Nereis virens (Z83754), Aphrodite aculeata

(Z283749), Capitella capitata (U67323) and Magelona mirabilis (U50969).

Table 1: List of taxa used in the analysis with 18S rDNA sequence accession humbers.

Higher Taxon Species GenBank
Accession No.
Annelida
Adlosomatidae Aelosoma hemprichi AJ310500
Aelosoma spec. 2783748
Alvinellidae Paralvinella palmiformis AF168747
Ampharetidae Amphitritides gracilis AF508115
Amphinomida Eurythoe complanata AY 040685
Aphroditoidea Harmothoe impar U50968
Apistobranchidae Apistobranchus typicus AF448150
Arenicolidae Arenicola marina (GenBank) AJ310502
Arenicola marina (Arcachon, France) AF508116
Branchiomaldane vincentii AF508117
Capitellidae Capitella capitata AF508118
Dasybranchus caducus AF448153
Notomastus latericeus (GenBank) AY 040697
Notomastus latericeus (Sylt, Germany) AF508121
Chaetopteridae Chaetopterus variopedatus U67324
Telepsavus spec. AF448165
Clitellata Branchiobdella parasita AF310690
Enchytraeus spec. 283750
Glossiphonia complanata 2783751
Hirudo medicinalis 283752
Lumbriculus variegatus AF209457
Lumbricus terrestris AJ272183
Tubificoides bermudae AF209467
Cirratulidae Caulleriella parva AF448151
Cirratulidae (GenBank) AY 040682
Dodecaceria atra AF448154
Dodecaceria concharum U50967
Ctenodrilidae Ctenodrilidae sp. Elba AJ310503
Ctenodrilus serratus AF508119
Dinophilidae Dinophilus gyrociliatus AF119074
Eunicidae Eunice pennata AY 040684
Glyceridae Glycera americana U19519
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Hrabeiella Hrabeiella periglandulata AJ310501
Maldanidae Clymenura clypeata AF448152
Maldanidae (GenBank) AY 040694
Myzostomida Myzostoma cirriferum AF260585
Myzostoma fissum AF260584
Myzostoma spec. AF123305
Nephtyidae Nephtys hombergii U50970
Nereidae Nereis limbata U36270
Opheliidae Ophelia bicornis AF508122
Ophelia neglecta AF448156
Ophelia rathkei AF448157
Ophelina acuminata AY 083310
AY083311
Polyophthalmus pictus AF448161
Travisia forbesii AF508127
Orbiniidae Naineris laevigata AY 040696
Orbinia bioreti AF448158
Orbinia latreilii AF448159
Proscoloplos cygnochaetus AF448162
Protoaricia oerstedii AF508123
Protoariciella uncinata AF508124
Scoloplos armiger U50972
Scoloplos (Leodamas) johnstonei AF508126
Oweniidae Owenia fusiformis AF448160
Paergodrilidae Paergodrilus heideri AJ310504
Stygocapitella subterranea AJ310505
Phyllodocidae Eteone longa AF448155
Protodrilida Protodrilus purpureus AJ310506
Protodriloides symbisioticus AF508125
Questa Questa paucibranchata AF209464
Sabellidae Sabella pavonina U67144
Scalibregmatidae Lipobranchus jeffreysii AF508120
Scalibregma inflatum AF448163
Serpulidae Protula spec. u67142
Siboglinidae Scerolinum brattstromi AF315061
Siboglinum fiordicum AF315060
Riftia pachyptila AF168745
Spionidae Aonides oxycephala AF448149
Polydora ciliata U50971
Pygospio elegans U67143
Scolelepis squamata AF448164
Syllidae Proceraea cornuta AF212179
Terebellidae Lanice conchilega X79873
Loimia medusa AY 040694
Echiura Ochetostoma erythrogrammon X79875
Urechis caupo AF119076
Sipunculida Aspidosiphon misakiensis AF119090
Phascolopsis gouldii AF
Phascolosoma granulatum X79874
Sipunculus nudus AF448166
Themiste alutacea AF119075
Brachiopoda Lingula anatina X81631
Bryozoa Plumatella repens U12649
Phoronida Phoronis australis AF119079
Mollusca Lepidochitona corrugata X91975
Ostrea edulis L 49052
Kamptozoa Barentsia hildegardae AJ001734
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Arthropoda Lepisma saccarina X89484
Limulus polyphemus U91490
Nebalia spec. L 81945
Kinorhyncha Pycnophyes kielensis U67997
Nematomorpha Gordius aquaticus X80233
Priapulida Priapulus caudatus AF025927

DNA extraction, PCR amplification, purification and sequencing
Collected specimen were identified and then preserved in 100% ethanol for later
extraction. Genomic DNA was extracted from specimen using Qiagen DNeasy™ Tissue
Kit according to the manufacture’ sinstructions. PCR amplification of the 18S rDNA
gene was performed in two overlapping fragments of ~900bp and ~1400bp each with
modificated primer pairs from Giribet et al. (1996) by using standard cycle sequencing
protocols. Amplification reaction mixtures for 18S rDNA contained 25 il Qiagen Taq
PCR Master Mix, 2 il template-DNA, 4 il of each primer and 15 il H,0.

Amplifications were carried out using an Eppendorf Mastercycler gradient. The
following PCR temperature file was used: 950C for 3 min; 35 cycles with 940JC for 35
seconds, 45-55[1C for 45 secondsto 1 min, and 720JC for 1 min; final extension at 72(1C
for 10 min. After detection by gel electrophoresis the products were purified with the
Qiaguick PCR Purification Kit (Qiagen). Sequencing of all amplified fragmentsin both
directions was carried out by the //T Biotech/Bioservice of the University of Bielefeld.
Overlapping fragments of the 18S rDNA were combined by using BioEdit (Hall, 1999).
Disagreement among these fragments was corrected by reference to the origina
chromatograms. All sequences were submitted to Genbank (for accession numbers see
table 1).

Sequence Alignment
Sequences were aigned with CLUSTAL W (Thompson et al., 1994) and subsequently
manually edited by eye using BioEdit (Hall, 1999). Gap positions and regions that could
not be aligned unambiguously were excluded from the analysis.

Data Analysis
A chi-sguare test of homogeneity of base frequencies across taxa was performed. The
program TreeView (Page, 1996) was used for tree visualization. All trees were rooted a

posteriori the analysis using the sequence of Gordius aquaticus (Nematomorpha).
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Maximum Likelihood

For estimating the appropriate model of sequence evolution, a hierarchical likelihood
ratio test (hLRT) was carried out as implemented in the program modeltest version 3.06
(Posada and Crandall, 1998, 2001).The test criteria indicate that the Tamura Nei
substitution model (Tamura and Nei, 1993) with equal base frequencies, invariant sites
and gamma distribution (TrNef++A) represents the optimal model in respect to the
data. A maximum likelihood analysis was performed with PAUP*, version 4,0b8
(Swofford, 2001) under the likelihood settings suggested by the result of the modeltest
using the heuristic search option with TBR branch swapping and ssimple sequence
addition.

Bayesian inference

A Bayesan analysis of the data set was conducted by using MrBayes 2.01
(Huelsenbeck and Ronquist, 2001). The ML parameters in MrBayes were set as
follows: “Iset nst=6" (GTR model), “ratessinvgamma’ and “basefreg=estimate”’. Each
Markov chain, three heated and one cold, was started from a random tree and all four
chains ran simultaneously for 2.5 * 10° generations, with trees being sampled every 100
generations for a total of 25,000 trees. After the likelihood of the trees of each chain
converged, we discarded the first 5,000 trees as burnin. The majority-rule consensus
tree containing the posterior probabilities of the phylogeny was determined from 20,000

trees.

Maximum parsimony

The data set was anayzed by parsimony, using PAUP*, version 4,0b8 (Swofford,
2001). Maximum parsimony searches were run with 1,000 random addition replicates,
heuristic search option with tree-bisection-reconnection (TBR) branch swapping,
holding one tree per step, and keeping all most-parsimonious trees. Bootstrap as well as
Jackknife analyses were performed (Felsenstein, 1985; Farris, 1997) and the bootstrap
and jackknife values were determined from 1,000 replicates subject to full heuristic

searches with simple taxon addition to provide measures of relative clade support.
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Results

Sequence data
After the exclusion of ambiguous sites, the alignment contains 1,574 positions, of which
709 are parsimony informative. The chi-square test of homogeneity of base frequencies
across taxa resulted in no significant P-values (chi-square=144.546402, df=279, P=1.0).
Assuming that compositional bias has no effect on the recovery of phylogenetic signal

seemsjustifiable.

Maximum Likelihood and Bayesian inference

Of all the models that were considered in the modeltest, The Tamura Nel substitution
model (Tamura and Nei, 1993) with equal base frequencies, invariant sites and gamma
distribution (TrNef+I+A) represents the best fitting model for an explanation of the data.
The most likely tree has a log-likelihood value of and is illustrated in Fig. 1. Fig.2
shows the results of the Bayesian inference which are presented as posteriori
probabilities on the branches of the mgjority-rule consensus tree of the 20,000 inferred
trees.

Whereas no evidence has been found for the monophyly of Annelida and Polychaeta,
many of the traditional polychaete-"families’ are recovered by ML and are well
supported through Bayesian probabilities. So are Siboglinidae (Bayesian probability
[BP]=100%), Cheetopteridae (BP=92%), Spionidae (BP=89%), Capitellidae
(BP=100%), Parergodrilidae (BP=99), and Maldanidae (BP=100) also well supported.
The inclusion of Branchiomaldane vincenti in the Arenicolidae is also well supported
(BP=100). A monophyletic Terebellida including Terebellidae (represented by
Amphtitrides gracilis, Lanice conchilega and Loimia medusa) and Alvinellidae
(Paralvinella palmiformis) yields high support (BP=100), whereas the Terebellidae
appear paraphyletic in regard to the Alvinellidae. Travisia forbesii joins the
Scalibregmatidae Lipobranchus jefreysii and Scalibregma inflatum (BP=100), and a
close relationship between Scalibregma and Travisia is aso strongly supported
(BP=100). The remaining Opheliids cluster together in a strong supported clade
(BP=100). Monophyly of the Ophelininae as represented by Polyophthalmus pictus and
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Ophelina acuminata is aso supported (BP=97). The Opheliidae are joined by the
undescribed Ctenodrilid species from Elba which clusters togehter with the three
considered Ophelia species (BP=95). In contrast to this, the other here regarded
Ctenodrilid Ctenodrilus serratus joins the Cirratulidae (BP=100) and appears as ingroup
of Dodecaceria (BP=92). A clade consisting of the orbiniids and Questa is well
supported (BP=100), whereas the Orbiniidae appear paraphyletic in regard to Questa
(BP=96). While the ingroup relationships of this taxon are only poorly resolved in
reference to the branch-lenghts of the ML-analysis, they find good support in the
Bayesian inference. The genera Scoloplos and Orbinia appear paraphyletic and a close
relationship between Naineris laevigata and Protoaricia oerstedii yields high support
(BP=100). A sistergroup relationship between the Orbiniidae + Questa cluster and the
Parergodrilidae receives strong support (BP=100). Further relationships between
polychaete families are recovered by ML asfollows: A sistergroup relationship between
Cirratulidae and Scalibregmatidae (BP=99); the echiurids cluster together with the
Capitellidae (BP=100). A cluster consisting of Apistobranchus  typicus
(Apistobranchidae) and Owenia fusiformis (Oweniidag) receives high support (BP=99).
The monophyly of the Myzostomida is strongly supported and a close relationship to
the syllid Procerea cornuta is recovered by ML as well as Bayesian inference (BP=53).
Monophyly of the Clitellata (BP=100) and Sipunculidais well supported (BP=94).

This analysis contradicts the hypothesis that Scolecida, Palpata and Canalipalpata is
monophyletic.

Maximum parsimony
The equally weighted parsimony analysis results in 12 MP trees (length=6,598;
consistency index [CI]=0.2766; consistency index excluding uninformative characters
[CI']=0.2356; retention index [RI]=0.494). The bootstrap consensus tree from this
analysis together with the bootstrap and jackknife frequenciesisillustrated in Fig. 3.

Most of the strongly supported taxa of the Bayesian analysis are also supported through
the MP Bootstrap- and Jackknifing-analyses, though often with a lower degree:
Capitellidae (Bootstrap [BT]=98%; Jackknife [JK]=99%), Chaetopteridae (BT=74%;
JK=72%), Maldanidae (BT=96%; JK=99%), Arenicolidae (including Branchiomaldane
vincenti) (BT=100%; JK=100%), Parergodrilidae (BT=75%; JK=74%), Siboglinidae
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(BT=100%; JK=100%). As well as in ML, Ctenodrilus serratus joins the cirratulids
(BT=100%; JK=100%) and appears as ingroup of Dodecaceria (BT=100%; JK=100%).
This analysis also recovers the inclusion of the undescribed Ctenodrilid from Elbain the
Opheliids (BT=100%; JK=100%) and supports a cluster of this taxon together with
Ophelia (BT=90%; JK=84%). Travisia forbesii as an ingroup of Scalibregmatidae
yields high support (BT=100%; JK=100%) and clusters together with Scalibregma
inflatum (BT=100%; JK=100%). The result of a capitellid - echiurid relationship is also
confirmed in this analysis (BT=93%; JK=97%). A clade consisting of Questa and
Orbiniidae yields strong support (BT=100%; JK=100%), whereas ingroup relationships
of this taxon are only weakly supported. Asin ML the Orbiniids appear paraphyletic in
regard to Questa. In contrast to the Bayesian inference the Terebellida are only poorly
supported (BT=52%; JK=50%) and no support is given for the Spionidae, Arenicolidae
+ Maldanidae, Orbiniidae + Questa + Parergodrilidae and Sipunculida. Monophyly of
Myzostomida is well supported (BT=100%; JK=100%). In the parsimony analysis they
group at a basal position within the tree. This basal position contradicts the results of the
ML analysis, which can be explained by along-branch effect.

Discussion

Bayesian probabilities vs. Bootstrap frequencies
A Bayesian analysis of phylogenies searches for the best set of trees that is consistent
with a given model and the data set under investigation (Rannala and Y ang, 1996; Mau
et al., 1999). The consensus of this set of trees can be used to estimate probabilties for
node support, which can be taken as the equivalent of bootstrap values (Hall, 2001).
Whereas in the present analysis al nodes with a high bootstrap support (>80%) are also
well supported by Bayesian probalities. This does not holds true vice versa: not all well
supported nodes through Bayesian probabilities are suported by bootstrap. Bayesian
probabilities tend to be higher than comparable bootstrap values for the same node. This
has been noticed by some authors before (Bleidorn er al., 2002; Buckley et al., 2002,
Whittingham et al., 2002), but there is presently no generally accepted procedure of
interpreting these findings, since the nature of posteriori probabilitiesis not well enough
understood yet (Leaché and Reeder, 2002). This flaw have to be kept in mind while
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interpreting results which are “only” supported through high Bayesian probabilities, but

which lack from sufficient bootstrap support.

Annelids
As many analyses of molecular data sets in the past (Kojima, 1998; Brown et al., 1999;
McHugh, 2000; Rota et al., 2001; Struck et al., 2002; Bleidorn et al., 2002), this
analysis gives no support for a monophyletic Polychaeta nor a monophyletic Annelida.
The low resolution may be due to a rapid radiation of the Annelida that has intensely
been discussed elsewhere (Brown et al., 1999; Rota et al., 2001) and is generally

credited to an erosion of information during time (Abouheif ef al., 1998).

The focus of this analysis was to study ingroup relationships of the Polychaeta in
comparison to the hypotheses proposed by the cladistic analysis of Rouse and Fauchald
(1997) on the basis of morphologica data, which has been adopted in the
comprehensive polychaete monographs of Beesley et al. (2000) and Rouse and Pleijel
(2001).

Position of the Echiura
Most remarkable is the confirmation of our former result (Bleidorn er al.,2002) that
Echiura are a polychaete ingroup taxon with a close affinity to the Capitellidae. This
relationship is well supported through bootstrap values and Bayesian probabilities. The
phylogenetic position of these unsegmented marine worms is controversially discussed.
As Nielsen (2000) pointed out, the Echiura resemble annelids in anatomy and
embryology, with the exception that they show no trace of segmentation. In the analyses
of Rouse and Fauchald (1995, 1997) and Rouse (1999) they are treated as sister taxon of
the Articulata (Annelida + Arthropoda). Molecular analyses instead place them as
derived polychaetes (McHugh, 1997, 1999; Brown et al., 1999; Bleidorn et al., 2002).
This view is congruent with the findings of Hessling and Westheide (2002) that Echiura
show serially repeated units in their nervous system which correspond to typical
metameric ganglia of the Annelida. The placement as derived polychaetes favor the
hypotheses of a secondary lost of segmentation in Echiura. Up to now there are no
morphological synapomorphies of a possible common ancestry of Capitellidae and

Echiura found.

70



"Scolecida” and "Orbiniidae"

Contradicting Rouse and Fauchald (1997), no evidence has been found for the
monophyly of "Scolecida’. Our analyses include a broad sampling of scolecid taxa
including Capitellidae (4 sequences), Arenicolidae (3), Maldanidae (2),
Scalibregmatidae (3), Opheliidae (6), Questa (1), and Orbiniidae (8). None of our
analyses yield support for a close relationship of these taxa. Instead, we find the
Capitellidae clustering together with Echiura. The inferred phylogenetic position of the
Opheliidae depends on the choice of method. Whereas ML recovers a cirratulid -
opheliid relationship, Bayesian inference gives no hint for a possible sistergroup of
Opheliids and, instead, supports a scalibregmatid - cirratulid clade. In accordance to
previous analyses (Kojima, 1998; Brown et al., 1999; McHugh, 2000; Rota et al., 2001;
Struck et al., 2002; Bleidorn et al., 2002), most hypotheses on relationships between
polychaete families are only weakly supported. Orbinidae + Questa are closely related
to the Parergodrilidae, a result supporting the analysis of Struck er al. (2002).
Interestingly this relationship was aso found in some of the cladistic analyses by Rouse
and Fauchald (1997). Irrespective of the method used, our analysis suggests a probable
paraphyly of the Orbiniidae in regard to Questa. The ingroup relationships of the
Orbiniidae inferred by the 18S rDNA are in contrast to the traditional assumption (see
Hartman, 1957) and a recent cladistic analysis of Blake (2000c). Confirming Blake
(1996, 2000c), there seems to be no justification for distinguishing the two subfamilies
Orbiniinae (here represented by Scoloplos (Leodamas) johnstonei, Scoloplos armiger,
Naineris laevigata, Orbinia bioreti, and Orbinia latreilii) and Protoariciinae
(Proscoloplos cygnochaetus, Protoaricia oerstedii and Protoariciella uncinata), that
were morphologically seperated on the presence of one or two achaetigerous rings
between prostomium and first chaetiger (Eisig, 1914).

According to Rouse and Fauchald (1997) the results of our ML-anaysis confirm the
maldanid - arenicolid relationship, a result which lacks support in the MP Bootstrap-
and Jackknifing analyses. The placement of Branchiomaldane, an arenicolid taxon with
maldanid-like anatomy (Rouse and Pleijel, 2001), within Arenicolidae is confirmed by
al analyses with strong support and recjects a possible inclusion of this taxon in the
Maldanidae.
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Monophyly of Opheliidae and Scalibregmatidae and the position of Travisia
Opheliids are worldwide distributed with more than 150 described species. However,
there is no convincing known apomorphy for the Opheliidae (Fauchald and Rouse,
1997) and Rouse and Pleijel (2001) annotated that they might be paraphyletic with
regard to Scalibregmatidae. Three distinct morphological groups can be recognized
within the Opheliidae: A taxon Opheliinae comprising those genera with distinct body
regions (Euzonus, Lobochesis and Ophelia), a taxon Ophelininae including all genera
with an ana tube consisting of several reduced segments (Ammotrypanella,
Antiobactrum, Armandia, Ophelina, Polyophthalmus, and Tachytrypane) and the taxon
Travisia, which closely resembles scalibregmatid species (Bellan et al., 1990;
Hartmann-Schroéder, 1996) and is closely related to Scalibregmatidae as mentioned in
Blake (2000a). Dauvin and Bellan (1994) studied the systematics of Travisiinae and
synonymisized Dindymenides and Kesun with Travisia. They aso found that ventral
and lateral grooves are generally absent or only poorly developed if present. In contrast,
a well developed ventral groove can be found in all other opheliid taxa. All Travisia
species (except the fusiform species Travisia hobsonae and Travisia fusiformis (Santos,
1977)) are maggot-shaped and resemble scalibregmatids like Polyphysia, while all other
Opheéliids are fusiform or cylindrical shaped (Bellan et al., 1990). Storch (1988) pointed
out that Travisia possesses a stratified epidermis, which is unusual for invertebrates.

Scalibregmatids are worldwide distributed polychaets with 55 nominal species.
According to Fauchald and Rouse (1997) there is no autapomorphy for this taxon
known and typical scalibregmatid characters as the rugose epidermis and segmental
annuli can be found in the Opheliidae, too. In their polychaete “meta-tree” Rouse and
Pleijel (2001) show Scalibregmatids as a sistergroup to a taxon consisting of
arenicolids, capitellids, maldanids and opheliids. In traditiona classifications
scalibregmatids are grouped together with opheliids (Hartmann-Schroder, 1996). Within
the Scalibregmatidae Kudenov and Blake (1978) and Blake (1981) distinguish three
groups representing different body forms. A group with an arenicoliform body (e.g.
Scalibregma), a group with a maggot-like body (e.g. Polyphysia) and Scalibregmella
which has a lender and elongated body.

Summarizing these findings, uncertainties regarding the monophyly of opheliids and

scalibregmatids are due to placement of Travisia, a taxon which closely resembles
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scalibregmatid species (Bellan et al., 1990), as basal opheliid. Our anaysis strongly
supports a common ancestry of Travisia and scalibregmatids, whereas Travisia can be
treated as ingroup taxon of Scalibregmatidae. This results supports the view of Blake
(2000b), who in the same way hypothesizes a close relationship between these taxa.
After transferring Travisia to the Scalibregmatidae it has to be proofed if the presence
of lateral grooves and a strong ventral groove might support the monophyly of the
remaining new combined Opheliidae. Monophyly of the remaining Opheliidae is also
strongly supported in all of our analyses independent of the choice of method. A rugose
epidermis can be assessed as an apomorphy for a taxon consisting of the

Scalibregmatidae and Travisia.

Monophyly and the position of Ctenodrilidae

The first described ctenodrilid, Ctenodrilus serratus, has been originaly included into
the rhabdocoel Turbellaria by Schmidt (1857). Since then only a few specimen have
been described in the genera Ctenodrilus, Aphropharynx, Raphidrilus, and Raricirrus.
A new genus and species is mentioned in Rota et al. (2001), but is still waiting to be
described. Zeppelina was synonymisized with the cirratulid taxon Dodecaceria by
George and Petersen (1991). In exchange they include the cirratulid genus Raricirrus
within the Ctenodrilidae. Fauvel (1927) and Day (1967) considered the ctenodrilids to
be a part of the Cirratulidae, while Hartmann-Schroder (1971) retains them as a seperat
drilomorph family. An examination of the nervous system of Ctenodrilus serratus by
Gelder and Palmer (1976) reinforced the affinities with the Cirratulidae. In the cladistic
analysis of Rouse and Fauchald (1997) they form a clade together with Fauveliopsidae,
Poebiidae and Sternaspidae. In the maximum parsimony analysis of a 18S rDNA dataset
by Rota et al. (2001) the new Ctenodrilid species forms a clade with Arenicola
(Arenicolidae) and Dodecaceria (Cirratulidag), but lacks sufficient bootstrap support.

Surprisingly, the newly-discovered ctenodrilid species from Elba (Rota et al., 2001)
branches off between the opheliids and a common ancestry of this taxa is strongly
supported irrespective of the method used. This suggests, that in fact this new species
proofes to be a juvenile or progenetic opheliid. Further biological data on this species
are neccessary to confirm one of the two hypotheses. Ctenodrilus serratus, the other
Ctenodrilid species included in the analysis, clusters together with the cirratulids and
shows a close affinity to the two included sequences of Dodecaceria. Interestingly it has
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been reported, that similarities between adult ctenodrilids and juvenile individuals of
Dodecaceria often caused confusion concerning taxonomical problems (see Petersen
and George, 1991). The systematic placement of the ctenodrilids as part of the
Cirratulidae has a long tradition (Mesnil and Caullery, 1897; Fauvel, 1927; Day, 1967)
and is herewith confirmed, contradicting Hartmann-Schroder (1996) and Rouse and
Fauchald (1997) who treated them as a separate taxon outside the Cirratulidae. This
result is validated through high support of Bayesian probabilities, Bootstrap- and
Jackknifing-frequencies. Nevertheless, it still has to be tested wether all remaining

ctenodrilid taxa have to be included into the Cirratulidae.

Position of Myzostomida
Myzostomida are marine worms associated with Echinoderms (Grygier, 2000). As host-
specific symbionts (or parasites) they show a highly derived anatomy in their adult
morphology (Eeckhaut er al., 2000). While many authors regard them as derived
annelids (Nielsen, 2000) or polychaetes (Rouse and Fauchald, 1997), recent cladistic
analyses of morphological and molecular data support the hypothesis that Myzostomida
are not nested within annelids (Haszprunar, 1996; Eeckhaut et al., 2000; Zrzavy et al.,
2001). Zrzavy et al. (2001) propose that Myzostomida are the sistergroup of the
Cycliophora, in Eeckhaut et al. (2000) they are closely related with Plathelminthes, and
Haszprunar (1996) favors a sistergroup relationship to a taxon consisting of sipunculids,
clittelates and polychaetes. A close relationship to acanthocephalans is proposed by
Mattei and Marchand (1987) on the basis of ultrastructural sperm cell similarities. As
have not included most of the above mentioned possible myzostomid sistergroups we
cannot reject any of the hypotheses. But the results of the ML-analysis (Fig.1) support
the idea that Myzostomida are abberant polychaetes. This view is congruent with the
results of Mller and Westheide (2000) on the nervous system of Myzostoma cirriferum,

which exhibits several structurestypical for the polychaete nervous system.

These results support our assumption that on the basis of a broader taxon sampling the
phylogenetic position of controversly discussed taxa can be inferred by using 18S
rDNA sequence data.
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Abstract

The justification of weighting characters in parsimony analyses varies tremendously. Some
authors argue for weighting a posteriori, some for a priori and especially those authors that rely
on afalsificationist approach to systematics argue for non-weighting. To find a decision, while
following the falsificationist approach, one first has to investigate the necessary conditions for
the possibility of phylogenetic research to establish an empirical science sensu Popper. A
conception of phylogenetic homology together with the criterion of identity is proposed, which
refers to the genealogical relations between individual organisms. From this conception a
differentiation of the terms character and character state is proposed, constituting each
character as a single epistemological argument for the reconstruction of a unique transformation
event. Synapomorphy is distinguished from homology by referring to the relationship between
species instead of individual organisms, thus constituting the logical linkage of the set of al
synapomorphies as a subset of the set of al homologies. By examining the structure of
characteristics during character analysis and hypothesizing specific types of transformations
responsible of having caused them, a specific degree of severity is assigned to each identity test.
It thus provides a specific degree of corroboration for every hypothesis that successfully passed
this test. Since the congruence criterion together with the methodological principle of
parsimony test hypotheses of synapomorphy against each other on grounds of their degree of
corroboration gained from the identity test, these different degrees of corroboration determine
the specific weights given to characters and character state transformations before the cladistic
analysis. This provides a reasonable justification for an a priori weighting scheme within a
falsificationist approach to phylogeny. It also demonstrates the indispensable necessity of its
application.

[a priori weighting, congruence test, falsification, homology, identity test, synapomorphy]
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Introduction

The weighting of phylogenetic characters within cladistic analyses, equally or
differentially, is common and compelling procedure in systematics. The theoretical
justifications for this procedure vary tremendously (Farris, 1969; Neff, 1986; Carpenter,
1988; Bryant, 1989; Goloboff, 1993; Chippindale and Wiens, 1994; Allard and
Carpenter, 1996; Milinkovitch et al., 1996; Kluge, 1997a; Bjorklund, 1999; Kélergo et
al., 1999; Wenzel, 1999; Broughton et al., 2000; Lutzoni et al., 2000). | will try to
examine the conditions for the possibility of justifying a weighting scheme within a
falsificationist approach to phylogeny.

The effect of applying Popper’s falsificationist methodology on phylogenetic inferences
has been and still is extensively discussed (e. g., Farris, 1970, 1979, 1983, 1995, 2000;
Bock, 1973; Wiley, 1975; Kitts, 1977; Platnick and Gaffney, 1977, 1978a, 1978b;
Cracraft, 1978; Platnick, 1979; Sober, 1993; Kluge and Wolf, 1993; Kluge, 1997,
19973, 1998; Siddall and Kluge, 1997; Rieppel, 1999; Brower 2000; de Queiroz and
Poe, 2001; Kluge, 2001). One central statement, however, remains vague. If one wants
to demonstrate that phylogenetic research is an empirical science sensu Popper, one has
to show that phylogenetic hypotheses are testable, which means that they have to be
open to refutation by empirical evidence. For testing phylogenetic hypotheses those
hypotheses and all their embodied definitions should be stated as clearly and
unambiguously as possible, because only precisely formulated statements can be
critically discussed and severely tested (Popper, 1983 276, 1994. XV, 97-105, 211-
218). This refers to the claim of simplicity of scientific hypotheses which is identical
with their degree of falsifiability and their empirical content (Popper, 1994: 97-105).
The number and the severity of independent tests a hypothesis passes establish its
corroboration because the degree of falsifiability of a hypothesis is directly dependent
on its testability. The testability of a hypothesisis, initsturn, identical with its empirical
content (Popper, 1983: e.g., 230f, 244f, 1994. 213, 339-373). Thus, the degree of
falsifiability setsthe upper limit of corroboration (Farris, 1995).

Let us focus on three different kinds of phylogenetic hypotheses and discuss whether

they are suitable to serve as falsifiable hypotheses: cladistic hypotheses (tree
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hypotheses), synapomorphy hypotheses and hypotheses on phylogenetic homology
(sensu Roth, 1984).

One has to examine whether these hypotheses are logically linked or independent of
each other and what could serve as empirica evidence and relevant background
knowledge for testing them empirically in afalsificationist approach.

Cladistic and synapomorphy hypotheses are statements about descent of organisms and
species. To be able to test such statements one has to have an explanation of what
descent means and species are. The theory of evolution gives such an explanation by
describing different kinds of evolutionary events, which are: reproduction, heredity and
speciation. One has to assume that such events take place and are part of the relevant
background knowledge, if one wants to test concrete statements of descent. But, looking
for empirical evidence for cladistic and synapomorphy hypotheses one has to concede
that no empirical observation clearly and unambiguously indicates how organisms are
evolutionary related to one another. Thus, neither a cladistic nor a synapomorphy

hypothesisis directly testable on empirical evidence.

This paper represents an attempt to detect the empirical grounds for testing cladistic
hypotheses. This is done by referring to the concept of homology and interpreting it
from a fasificationist point of view. By examining its empirical testability and its
logical linkage to hypotheses of synapomorphy, the conditions for empiricaly testing
cladistic hypotheses are evaluated. The investigations result in a modification of the
common interpretation of the application of Popper’s methodology on phylogenetic
research and of the procedure of parsimony analyses of cladistic characters. As aresullt,
the necessity of a priori weighting of cladistic characters according to the results of the
character analysisisreveaed.

Characteristics

If one wants to test a hypothesis against empirical evidence, the relevant area of matter
(domain of discourse) has to be defined beforehand. Therefore, | will use the term
“characteristic” as corresponding to an observationally distinct unit of an organism.
The set of al possible characteristics then constitutes the area of matter relevant to
phylogenetic hypotheses. Such a unit can represent a morphological as well as a

fossilized or molecular structure, a biochemical compound or a specific behavior. In
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every case no connection to the theory of evolution shall be associated with the term
“characteristic”.

To be able to use characteristics of organisms as empirical evidence for statements of
their history one has to explain what makes some characteristics ‘historical’. Again, the
theory of evolution helps. Reproduction together with heredity gives an explanation of
the phenomenon of identical characteristics between parents and their offspring.
Transformation by mutation is the type of event that explains why offspring sometimes
yields new characteristics. Thus, the identity of characteristics can be explained by
heredity and their difference by transformation. Therefore, one has to include the
possibility of mutations in the assumed background knowledge. This together with the
other types of events - reproduction, heredity and speciation - can be summed up by the
term descent with modification. |f one projects these types of events onto time one
would expect to perceive organisms bearing characteristics with specific properties.
These properties link certain characteristics of one organism with certain characteristics
of other organisms by hypothesizing that they have an identical historical origin. Thisis
the essence of the concept of homology.

Homology

A phylogenetic concept of homology should cover its theoretical definition and criteria
of identification of homologous characteristics. The theoretical definition of homology
must not contradict the assumed background knowledge. It should supply the theoretical
foundation for empirical tests of hypotheses of homology and it should ascribe
‘historical characteristics' to the organisms - properties which allow conclusions about
the evolutionary history of those organisms. These characteristics would represent the
empirical evidence against which a hypothesis of homology should be tested. The
‘historical characteristics are represented by what is called homologies and differ from
the characteristics used in a purely comparative, not by any means evolutionary,
approach. This historical interpretation of the concept of homology is necessary for the
possibility of testing hypotheses about the evolutionary past of lines of descent of

organisms.
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A concept of homology should assist in uncovering the linkage of the historical with the
materialistic thus organismic. This is attempted by means of the theory of descent with

modification and one receives atheoretical definition of homology:

Homologous characteristics are shared character states of at least two
organisms that are derived from a singular transformation/mutation event in

their common ancestor.

Remarks and conclusions:

(1) The here proposed definition of homology uses an “all-or-none” theoretical
criterion, as Patterson (1988) calls it (concept of quality sensu Dover, 1987), for
defining the term homology. This should be distinguished from what Dover (1987) calls

the concept of quantity, as in degree of similarity.

(2) As a conseguence, ‘their common ancestor’ refers to the individual ancestral
organism in which the corresponding transformation took place. In that way, the
proposed definition of homology differs from the most common definition by referring
to the relationships of single individuals (genealogy) rather then of species. | utilize this
interpretation of the concept of homology because | want to get conceptually as close as
possible to the relevant empirical observations of cladistic inferences, which are, in my
opinion, the studied empirical entities and thus properties of individual organisms.

(3) As evolution and ‘ continuing change’ takes place within the lines of individuals and
their offspring, and since single organisms are the biological entities in space and time
which we study, any effort to reconstruct their evolution should apply the concept of
homology to lines of individual organisms. Therefore, it is possible to denote
characteristics that are only shared by individuals of a single species (intraspecific) as
homologies, as long as they are derived from a singular mutation event in the common

ancestor of those organisms.
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(4) As hypotheses of homology refer to the pattern causing processes, it is obvious that

a complete hypothesis of homology consists of two components:

a) The distribution pattern of the two character states (see Phylogenetic
Characters) involved, of which one represents the homologous
characteristic which arouse from common ancestry.

b) The transformation hypothesis consisting of the character state before
and after the transformation together with the specific type of

transformati on-causing mutation event.

Therefore, the proposed concept of homology necessarily entails taxic as well as
transformational homology (see Hawkins et al., 1997; de Pinna, 1991; Patterson, 1982).

(5) The result of a mutation event (e.g., an insertion) might function as the substrate for
a subsequent mutation event, where the derived character state of an evolutionary older
character turns into the ancestral character state of an evolutionary younger one. Thisis
a problem concerning character transformation, hierarchy and the methodologically
clamed independence of phylogenetic characters and is relevant to the coding of
phylogenetic characters to data matrices.

For example states Haszprunar (1998) that “there are supraspecific homologous
structures based on clearly orthologous genes (e.g., cerebral eyes in metazoans, limbs
of arthropods and vertebrates) which are certainly not synapomorphies (e.g., Nilsson,
1996),; Shubin et al., 1997)”. When applying the proposed definition of homology one
has, in principle, no problem interpreting this phenomenon without contradiction. The
gene in its totality does not necessarily represent a homologous character state. It could
also be a composite character state (see Fig. 6). One cannot preclude that it is the result
of more than a single mutation event. In this case, it is possible that the gene shares a
common origin for al Metazoa in the sense that it (partly) evolved in their common
ancestor, which would not be equal to a total homologous property of such a
characteristic. Subsequent mutations within the different clades of the Metazoa probably
changed the function of that gene. These mutations then resulted in ‘new’ homologies

(limbs of arthropods and limbs of vertebrates).
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(6) With this definition it is possible to apply the term homology also for ‘loss
character states (contradicting Haszprunar, 1998; de Pinna, 1991). ‘Loss character
states, though, cannot be identified prior to the cladistic analysis; this can only be done

when interpreting the character state distribution of arooted most parsimonious tree.

(7) The definition explains the need for a conditional phrase (“homologues as what?”)
for every homology statement (Bock, 1969, 1973; Patterson, 1982). This conditional
phrase is needed to link the historical (the hypothesized mutation event) to the
organismic (the observed characteristics). This is done by referring to the common
ancestor of the two or more organisms under comparison and the single mutation which
took place in this ancestral organism. The use of this conditional phrase, which refers to
a specific transformation event, makes a hypothesis of homology empirically testable
and the distinction of character and character state not only plausible but necessary (see
also de Pinna, 1991; Hawkins et al., 1997; contradicting: Bock, 1973; Wiley, 1981;
Schoch, 1986; Ax, 1987; Patterson, 1988).

Phylogenetic Characters

Homology links identical characteristics of different organisms historically by referring
to them as to the product of a transformation caused by a mutation event in a common
ancestor, inherited by them via aline of reproduction. A transformation is recognizable
only by perceiving adifference in a condition found before and after the transformation.

An unequivocal usage of the term character and character state could be the following:

What we perceive by empirical observations of organisms are only character states. As
Hennig (1966: 89) states. “/Character states] are “characters” in the sense that they
distinguish their bearers from one another, but we must always be aware of the fact that
“characters” that can be compared are basically only character conditions (...)
produced by transformation.” AS a consequence, a character, or better phylogenetic
character, cannot itself be called homologous since it represents only the units of
comparison. The term phylogenetic character somehow represents the ‘position’ within

the organism where the mutation occurs and its corresponding transformation. A
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phylogenetic character always includes the condition before and after a transformation.
Therefore is a phylogenetic character always a phylogenetic hypothesis (Neff, 1986).
The two conditions, the character states, are qudlitatively different, and are
distinguishable in ancestral and derived, of which only the derived can be denoted as
being homologous when shared by at least two organisms. Since the definition of
homology refers to a single transformation event, only one of the two character states of
a single phylogenetic character represents the homologous character state of this
character hypothesis. Therefore, a single phylogenetic character is only a single
argument and as such can only provide evidence for the homology of the derived
character state of the hypothesized transformation. Independent of this fact, it is
possible that the ancestral character state of one phylogenetic character represents the
derived and thus homologous character state of another phylogenetic character (see
point 5 above). Its homology statement is, however, part of the argument of the latter

and not the former phylogenetic character.

This conclusion differs from the common practice of using the term homology and is
much stricter. Composite phylogenetic characters that also contain ancestral details, or
that are ancestral all together, are often also called homologies (Wégele, 1996). But this
practice would weaken the historical aspect of the proposed concept and would
furthermore weaken the testability of hypotheses of homology and is therefore rejected
(see Complexity). One would aso have difficulties in stating a single conditiona phrase
for the homology statement of such a composite character state, which would represent

the result of more than a single transformation.

Furthermore, the concept of phylogenetic character and character state advocated here
uses the two terms as representing units of evolutionary processes (like it is used by e.g.
Lloyd and Calder, 1991). It must be distinguished from a different concept that uses the
two terms as representing (smallest) units of observation (like it is used by e.g. Giribet
and Whesler, 1999), which are called characteristics within this paper.

For the identification of the corresponding character states that belong to a single
phylogenetic character, two of the three criteria of Remane (1952) should be applied:
similarity of topographical position, which is the criterion of position, and similarity of
ontogenetic constraints, the criterion of continuity (though the criterion of continuity is
only applicable on morphological characteristics). They have to be applied to make it
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possible to state a hypothesis of topographical correspondence (Rieppel, 1988) of two or
more different character states, also caled the hypothesis of ‘positional homology’
(Swofford et al., 1996; Titus and Frost, 1996), ‘topographic homology’ (Jardine, 1966),
‘provisional homology’ (Giribet and Wheseler, 1999).

The terms * positional homology’, ‘topographic homology’ and ‘provisional homology’
are ambiguous, though, and therefore in a way unsuitable, because a hypothesis of a
‘positional/topographic/provisional homology’ is not a hypothesis of a homology (in
this point agreeing with Rieppel (1988) and with Brower and Schawaroch (1996), but
not with their arguments) according to the applied definition. A topographic
correspondence merely provides the characteristics that shall be compared, which
represent something like homolocalities. Therefore, the term “topographical
correspondence” is preferred, which does not necessarily need an evolutionary
framework — aready Aristoteles stated hypotheses of topographical correspondence
when giving characteristics of different organisms the same name. Only when inferring
phylogenetic characters and testing phylogenetic hypotheses, topographical
correspondences are interpreted from an evolutionary perspective. Thus, the possibility
of characteristics asserted by atopographical correspondence stemming from a common
ancestor is only in the light of the theory of evolution a necessary condition. Stating
hypotheses of topographical correspondence does not premise an evolutionary
framework.

In this sense a phylogenetic character represents a hypothesis of topographical
correspondence consisting of two different character states of which one is interpreted
as representing a hypothesis of homology, rendering this character a phylogenetic
hypothesis.

Testing Homology: Identity

A criterion of identification of homologous characteristics has to fulfill the following

conditions:

* It helps to distinguish between homol ogous and non-homol ogous characteristics.
eIt does not contradict the assumed background knowledge descent with
modification and it is deducible from it and the theoretical definition of

homology.
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* It gives the opportunity to severe tests of a hypothesis of homology, constituting
phylogenetic inference as an empirical science.

Assuming that reproduction, heredity and transformation are the only types of
evolutionary events taking place in time, one can conclude the following: if a character
state X of organism A is transformed by a mutation and inherited by offspring of A
without any subsequent transformation of X, and the offspring reproduces without any
subsequent transformation of X, it holds true that for all descendants of A which
inherited X, X isidentical.

Characteristics of two or more organisms that originated in only a single mutation event
in their common ancestor should be identical. Thus, a homologous characteristic is
characterized by its identity over al characteristic bearing organisms. Characteristics of
two organisms that do not have identical inheritable properties cannot completely have
the same origin and can therefore not be explained by a single transformation
respectively. Therefore, identity is the test criterion for every hypothesis of homology.
This criterion forms the basis for the test of any hypothesis of homology. It is done a
priori to the construction of a cladogram. As a consequence, hypotheses of homology
are principaly fasifiable.

Homologous character states have to be identical if they are the result of the same single
mutation event. The term identity is unambiguously applicable with nucleotide sequence
data since this type of data is one-dimensional (Woese, 1987) - at least as long as one
does not consider any possible secondary structures of the molecule. If one regards
morphological data, this does no longer apply. But one could still recognize
morphological characteristics that share identical ‘qualities’ - identical structural
properties called ‘homomorphies’ -, even if their superficial shapeisnot identical.

Some authors deny that hypotheses of homology could be subject of severe tests but
could only be estimated (e.g. Haszprunar, 1998). They assign a relative probability of
homology and hence distance themselves from the “all-or-none” theoretical criterion. It
istrue that there is no such thing as a decisive test which could result in aconclusive yes
or no. But this holds true for any empirical hypothesis since there is no basis for
verifying any kind of empirical statement (Popper, 1983). And still there is an empirical
basis which helps to decide which of all the possible hypotheses of homology are to be
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preferred in the light of the present empirical knowledge and this is done by the
different explanatory powers of the competing hypotheses. The explanatory power of a
hypothesis depends on the outcome and the number and severity of independent tests
the hypothesis passed, and thus its degree of corroboration (Popper, 1983, 1994).

Though the importance of character anaysis a priori the cladistic analysis has been
stressed by many authors (e. g., Neff, 1986; Bryant, 1989; Wéagele, 1994; Haszprunar,
1998), it is often overlooked that characters and character states which are used in the
cladistic analysis are already hypotheses themselves and that they had been subject to
tests a priori the cladistic analysis (Neff, 1986) - tests like that done by the criterion of
identity.

The criterion of identity provides indeed the basis for atest (like similarity in Patterson,
1982; and Rieppel, 1988; contradicting de Pinna, 1991) which is, depending on the type
of character, more or less severe. Most of al the hypotheses of homology that are
theoretically possible in the light of the background knowledge fail this test when
exposed to the experiences gained in the character analysis.

It is possible that not all homologies

Set of homologous characteristics in the sense of the definition pass

this empirical test. The test is,

classified by the theoretical definition of homology

however, still necessary if homology
should be more than a plan
theoretical concept  which is

empirically empty.
Subset with Subset with P y Py
empirically testable empirically untestable One could think of a set of
characteristics; characteristics;
hypotheses with high hypotheses with low characteristics that are homologous
empirical content empirical content . Lo
positively classified by negatively classified by n the sense Of the deflnltl on. When
the criteria of identification the criteria of identification
applying the test subsets of this set

Fig. 1: The set of true homologous characteristics are constituted (Fig. 1). The subsets

derived from the theoretical definition of homology, and :
the two subsets which are derived from the criteria of consst on one hand of those
identification. The subsets depend on the empirical hypotheses of homology that are of
testability of the true homologous characteristics.

use for phylogenetic inference
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because of their high empirical content (because of the existence of a certain amount of
potential falsifiers) and on the other hand of those that are of no use because they cannot
be tested (because they lack a sufficient amount of potential falsifiers). They, thus,
consist of phylogenetically informative and non-informative characters respectively.

Synapomorphy

In which way is homology and synapomorphy logically linked to one another?

A synapomorphy is a shared character state of two taxa that is derived from a singular
transformation event in their common ancestor, the stem species of the two taxa
(Hennig, 1966; Ax, 1987). The two taxa in their turn constitute a sister taxon
(adelphotaxon).

While homology is a concept that focuses on the organismic level and the history
of reproductive lines of individual organisms, synapomorphy is a concept that is

applicable on the species level, thus focusing on the history of lines of species.

y X \ According to the definition of

Taxon /A Y B\ c synapomorphy stated above, a

observable homologous characteristic
characteristic g ®

shared only by organisms of a
single species (intraspecific)
cannot represent a

synapomorphy, since a
lineage of parents
and offspring

4~ Dtransformation synapomorphy must be shared
species border by at | eaSt tWO SpeCI es

(interspecific). And even if a
Fig. 2: This illustrates the evolutionary relationship of the taxa cgi
A, B and C, of which A and B represent sister taxa. x, y and z homologous - characteristic  is
stand for three organisms with their individual lineage of  ghgred by two or more species
descent (genealogy). Organism y and z share a characteristic '
*«*, which derives from a transformation event in their common it does not necessarily have to
ancestor X. Thus, the characteristic ‘** represents a homology.
Since organism x does not have this characteristic and the ~TEPresent a  synapomorphy.
characteristic never appeared within its line of descent, and . .
since taxa A and B are sister taxa, characteristic ‘«* cannot One could think for instance of

represent a synapomorphy. the following scenario which is
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perfectly consistent with the theory of evolution (for an illustration see Fig. 2): Thereis
a species X, which by geological activities was split into two populations. These two
populations are potentially fertile, but, because of a topographic barrier, no gene flow
happens between them. In one population a mutation occurs leading to the
transformation of a characteristic (Fig. 2: from “square’ to “circle”). In exactly the same
population another transformation takes place splitting this population into two parts
which are fertilely isolated, constituting a speciation. This speciation event gives rise to
the two species C and Y. At this point in the scenario, one would thus observe species C
with a single population. Its individuals bear the newly transformed characteristic
(“circle”). Furthermore, one would observe species Y with two populations which are
geographically separated from one another but potentialy fertile. Individuals of one of
the two populations bear the newly transformed characteristic (“circle”) and those of the
other population the ancestral characteristic (“square”), though they both belong to the
same species Y. In another step of this scenario, a speciation event takes place in
species Y, producing species A and B. Consequently, the scenario ends with three
species, of which species A and B represent an adelphotaxon. And the newly
transformed characteristic (“circle’) is a homology between individuals of species B
and C. But it does not represent a synapomorphy, because species B and C do not

resembl e an adel photaxon.

One can thus conclude that a homology is not necessarily also a synapomorphy, but a
synapomorphy is always a homology. The set of al synapomorphies is, therefore, a
subset of the set of all homologies; and, logically speaking, homology, asit is defined in
this paper, cannot be equivalent to synapomorphy (contradicting Patterson, 1982; and de
Pinna, 1991; and Brower and Schawaroch, 1996).

In correspondence with the term “phylogenetic character”, which refers to a
transformation event leading to a homologous character state, the term “cladistic
character” isintroduced. A cladistic character is a hypothesis of a transformation event
which has led to a synapomorphic character state. In this sense, only cladistic characters
bear information on the evolutionary relationship of species. They are a subset of the set
of phylogenetic characters, which also bear information on the evolutionary relationship

of individual organisms.
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Testing Synapomorphy: Congruence

As a consequence, one is confronted with the question whether an empirical criterion

exists to distinguish synapomorphies from non-synapomorphies.

If one considers the evolutionary events of reproduction, heredity and mutation together
with speciation and projects them onto time, one can expect the distribution pattern of
apomorphic character states between species to be structured hierarchically. This
distribution pattern serves as evidence for nested groupings of species characterized by
sharing specific apomorphic character states. Furthermore, those groupings have to be
congruent with one another. Hence, synapomorphic character states are not randomly
distributed. This criterion is called congruence (Patterson, 1988; de Pinna, 1991;
Lipscomb, 1992; Kluge, 1997; sensu criterion of coincidence of Wagner, 1986).
Hypotheses of synapomorphy can with this criterion only be tested against other
hypotheses of synapomorphy while applying the logical sentence of contradiction and
the methodological sentence of parsimony. In a nutshell: if there are two different
character states hypothesized as being synapomorphic and their distribution within the
species classifies two contradicting sets, at least one of those hypotheses must be wrong
in the light of the background knowledge; thus, at least one of them must be interpreted
ad hoc as being homoplasious (Kluge, 1997, 1998) or homologous, but not
synapomorphic. And in terms of testability, it can be said that the more parsimonious
the hypothesized species relationships and character state optimizations are the better
(Farris, 1970) (see below). Thus, only sets of hypotheses of synapomorphy are
principally falsifiable at this level of inference — single hypotheses of synapomorphy
cannot be tested by the congruence test.

Many authors call hypotheses of homology that pass this test ‘secondary homology’
(e.g., de Pinna, 1991; equivalent to Rieppel homology, 1988; see aso Brower and
Schawaroch corroborated homology, 1996); but interpreting the congruence criterion

more strictly, it is, actually, not homology that is tested, but synapomorphy.
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Only these tested hypothetical synapomorphies “constitute [the] empirical evidence in
phylogenetic systematics” (Kluge, 1997, according to Hennig, 1966) and from these a
cladogram is derived (Bock, 1973). The cladogram which results from a parsimony
analysis represents the optimum fit for the hypotheses of synapomorphy within a frame
of a hierarchical character state distribution in terms of parsimony, constituting the
presently most corroborated cladistic hypothesis. This reveas the logical linkage
between the three different types of phylogenetic hypotheses mentioned above: the
hypotheses of homology and synapomorphy, and the cladistic hypotheses. Furthermore,
it explains the central role of the concept of synapomorphy for cladistic analyses. The
fact that the step from tested homologies to tested synapomorphiesis not atrivial oneis,
for instance, illustrated by the lineage sorting and the gene-tree/species-tree problem
(e.g., Page and Charleston, 1997).

For effectively performing the congruence test, the amount of hypotheses of homology
that are no synapomorphies and that pass the first test must be minimal, so that one can
reasonable test the logical consistency of sets of hypotheses of synapomorphy.

Since synapomorphies are aways homologies, the identity test is also a test of
hypotheses of synapomorphy. Only those synapomorphy hypotheses that successfully
pass this test may take part in the congruence test.

The outcome of the cladistic analysis is not independent of the results of the test of
identity, and therefore also not independent of the character analysis (see aso Neff,
1986). This is due to the fact that the tested hypotheses of synapomorphy themselves,
together with the methodological criterion of parsimony and the logical sentence of
contradiction, are the basis for this analysis. Parsimony is needed, because without it
there would be no methodological criterion which would help in choosing which of the
aternative sets of hypotheses that are incongruent with one another should be preferred.
If two sets of hypotheses of synapomorphy are incongruent, parsimony prefers the set of
hypotheses that has the highest sum of degrees of corroboration gained in the identity
test. That is the reason why the results of the test of identity have to be employed in the

test of congruence.

Because of the methodological principle of parsimony (meant to include not necessarily

only the cladistic method of Maximum Parsimony), there is no non-weighting of
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characters in a cladistic analysis (contradicting e.g. Kluge, 1997). It also explains why
one has no choice but to weight phylogenetic characters in a cladistic analysis, equally
or differentially. The function of parsimony within thistest is not primarily to minimize
the requirements for ad hoc hypotheses of homoplasy for the most parsimonious
hierarchy, but to maximize its degree of corroboration within the given setting of
evidence, hypothesis and background knowledge (contradicting Kluge, 1997, 1997g;
Farris, 1983) and to minimize the corroboration for all character transformations that
have to be interpreted ad hoc as homoplasies. The total degree of corroboration of the
cladistic hypothesis is not only dependent on the number of ad hoc hypotheses of
homoplasy, but also on the results of the first and the second test.

Hence, for inferring the cladistic hypothesis with the maximum explanatory power it is
necessary to include the degrees of corroboration of every single hypothesis of
synapomorphy, because they constitute the degree of corroboration of the cladistic
hypothesis. Minimizing the number of ad hoc hypotheses is not sufficient in that

context.

This is the only but decisive theoretical reason for weighting characters and character
state transformations differentially a priori to the cladistic analyses in a refutationist
program of cladistic research. Only in the case of different degrees of corroboration of
hypotheses of synapomorphy which have successfully passed the first test it is necessary
to give them differential weights before they are subjected to the second test (in
contradiction to Kluge, 1997, 1997a).

Thus, weighting characters is not a question of estimating some intrinsic quality of the
character (Neff, 1986) in an essentialist manner, but a question of the degree of

corroboration of hypotheses of synapomorphy gained in the character anaysis.

It should be mentioned that none of those two tests are truly decisive (see also
Patterson, 1988; Kluge, 1997, 1998), because not only synapomorphies/homologies but
also convergences can be identical. As a consequence, identical convergences would
pass the first test and could also be congruent with other hypotheses of synapomorphy,
which would mean that they would also pass the second test.
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If the identity test is not interpreted as a test of synapomorphy or homology (see de
Pinna’s (1991) similarity criterion), the congruence test together with parssmony would
not constitute an empirical test in cladistic analyses. Because the congruence test and
the principle of parsmony test hypotheses against hypotheses on the basis of their
specific degrees of corroboration, they all together have to have passed an empirical test
beforehand, as their degree of corroboration would, otherwise, equal zero. And no
matter how many hypotheses of synapomorphy contradict a single other hypothesis - if
they all have zero corroboration one has no basis for deciding which of the two sets of
hypotheses is to be preferred. It is zero versus zero. This is due to the fact that the
congruence test is no direct empirical test but a test against the consistency of al
hypotheses in question. If this test shall indirectly be an empirical test, the tested
hypotheses must have gained explanatory power beforehand. This explanatory power is

obtained by successfully passing the identity test.

A supplementary objection remains to be stated: the quality of the hypotheses of
topographical correspondence also influences the degree of corroboration of the
involved hypotheses of synapomorphy which have passed the identity test, and it might
also represent another factor that has to be taken into consideration when evaluating

weights of phylogenetic characters and character state transformations,

How to Weight

“The wish to grade hypotheses according to the
tests passed by them is legitimate: I do not know

of any serious objection.” (Popper, 1983: 220)

Popper’s hypothetico-deductive approach consists of three elements. background
knowledge, hypothesis and empirical evidence (Fig. 3).

The background knowledge (Popper, 1983, 1994) is relevant knowledge that is
accepted, while the hypothesisis tested. It may include initial conditions. The important
point is that the background knowledge has to be consistent with the hypothesis
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(Popper, 1983: 236). From

Testabili irical hypoth :
estability of empirical hypotheses this background knowledge

A) B) one can deduce a logical

background knowledge background knowledge
0t i in the not questioned in the

s set of al theoreticaly

present level of inference

questioned in th
present level of inference

possible empirical
statements that do not

hypothesis
not contradicting the background knowledge

contradict the chosen

background  knowledge.

subset of those empirical statements
that are not predicted by the hypothesis and
which, therefore, are contradicting the hypothesis

The empirical hypothesisis

logical set of all
possible empirical statements
based on the given background knowledge

the hypothesis one wants to
test. It must not contradict

subset of those empirical
statements that are predicted
by the hypothesis and the
background knowledge
'Predictions’ resp. 'Retrodictions’

\/

the background knowledge.

If one deduces the

Fig. 3: A) Thelogical relationship of the background knowledge to ] _

its possible empirical statements. B) The function of the hypothesis ~ theoretically possible
within the hypothetico-deductive setting. For further explanation ..

see text. empirical statements that

are consistent with the
conjunction of background knowledge and hypothesis, one receives a subset of the
former set. This subset includes all empirical statements that are predicted by the
hypothesis (‘predictions’ or ‘retrodictions’). Those statements that only belong to the
former set, and that thus contradict the hypothesis but not the background knowledge,
constitute the set of potential falsifiers of the hypothesis within the given hypothetico-
deductive setting. It is this particular set against which the hypothesisis tested. One can,
therefore, say that the more empirical statements a hypothesis prohibits, i.e. the more it
ventures, the more severely it is testable and the more it explains potentially. If at al,
the testability (or falsifiability — according to which view one takes) of a hypothesis can,
therefore, only be measured by the content of the set of potential falsifiers. And
following Popper, the empirical content of a hypothesis can be equated to the degree of
testability and the degree of falsifiability (sensu POPPER, 1983, 1994).

The degree of corroboration of a hypothesis is less dependent on the number of tests
passed, which is equal to the total amount of supporting evidence, than on the severity
of each test. The severity of the tests depends on the amount of accredited potential

falsifiers, which in its turn depends on the degree of falsifiability, or, in other words, on
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the degree of testability of the hypothesis which is directly dependent on its empirical
content. Popper (1983: 245) proposes the convention that corroborability should equal
testability and empirical content.

The empirical content is “a measure of the class of its falsifiers” (Popper, 1983: 231)
and the hypothesis with the ‘larger’ class of falsifiers is the hypothesis with the larger
empirical content. (Popper, 1994: 77, 211-218; 1983: 230, 244)

The degree of corroboration a hypothesis gains by successfully passing an empirical test
can, therefore, be equated to the amount of potential falsifiers that are accredited by this

test, and which constitute its severity.

Measuring the Class of Falsifiers of a Hypothesis

In principle, it is not possible to give an absolute and objective measure of the degree of
falsifiability of a hypothesis or the severity of a test. However, in some special cases a
relative measure of the amount of falsifiers accredited by a test of two aternative

hypotheses can be given.

Hypothesis x has a higher degree of corroboration then hypothesis y if - and only if - the
class of possible falsifiers of hypothesis x includes the possible falsifiers of hypothesis y
as atrue subclass (Popper, 1994: 80) and both hypotheses have successfully passed the
same severe test.

Unfortunately, this concept is not applicable to hypotheses of homology and
synapomorphy, as they represent historical and therefore singular statements, and as
every such hypothesis has its own and individual objectively incommensurable class of
possible falsifiers. Thus, there is no strictly objective foundation for the introduction of
a quantitative system to determine the severity of tests, the degrees of corroboration of
hypotheses or an a priori weighting system of cladistic characters respectively. In this
sense, Kluge (19974a) is right when concluding that there is no theoretical basis for an a
priori character weighting and that an exact value of the degree of corroboration of a
hypothesis cannot be determined (Kluge, 1997).
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Nevertheless, a priori weights have to be applied inevitably if one wants to perform a
cladistic analysis on empirical grounds. Such a weighting is either an equal or a
differential weighting. Due to the fact that hypotheses of synapomorphy are tested
against one another within the cladistic anaysis, their respective degree of
corroboration represents the decisive criterion in the case of conflict for the cladistic
analysis (see above). The degrees of corroboration of those hypotheses of
synapomorphy which have passed the test of identity are, therefore, compared with one
another quantitatively. This comparison isimmanent to any weighting scheme— whether

equal or differential. For this reason one has to weight!

So, we till have to ask ourselves, what one should do.
One should attempt to approximate the degrees of severity of each identity test.

One could categorize the possible fasifiers of a hypothesis into classes of identity,
classes of identical units of observation. The resulting number of classes would be
directly dependent on the number of theoretically possible different results of a single
mutation event. Because hypotheses of synapomorphy refer to mutation events, the
possible falsifiers of these hypotheses, and therefore also the units of observation which

come into question, have to refer to the possible results of the hypothesized mutation

event.

For an ‘empty’ data matrix this
data matrix would mean (Fig. 4) that,

1 m iff
sites of topographical correspondence potentially, any  different
P, P, P, Pmy P kinds of hypotheses of
Taxon, Xi Xz Xz Xgmey  Xim synapomorphy could be stated

Taxon, Xo1 Xz X3 Xom-1y  Xom . .. .
Taxon X1 Xsz  Xes = Xam)  Xam for every single position in a
Taxongy | Xoan Xane Xoms = Xetymt) Xt column of a matrix. Such a
Taxon, | X Xp Xog = Xagnty  Xom statement - for instance for site

P, position X33 and an

Fig. 4: A matrix for n taxa and m sites of topographical

correspondence. For details see text. observable characteristic y -

could look as follows: “X;; is
the result of a mutation event that has taken place in the last common ancestor of
Taxon; and all the other taxa that share the same type of character state y for the site P,

of topographical correspondence”. The statement would be falsified according to the
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criterion of identity if, and only if, X31 # y. Thus, the first test of synapomorphy is
independent of the number and the sample of taxa used in the data matrix and the
cladistic analysis. Falsifiers are al character states that are non-y and the number of
different falsifiers is determined by the number of possible character states of the

corresponding mutation.

An example for the classification into classes of identity can be taken from molecular
data. For instance for a nucleotide substitution, every individual nucleotide is
represented by its corresponding class of identity - for adenine A, for guanine G, for
cytosine C and for thymine T. One would, thus, receive three classes of observationally
different, possible falsifiers for a given sequence position, because there are four
possible results from any nucleotide substitution event. One of them would stand for the
hypothesis and the remaining ones would be the potential falsifiers in the sense of the
criterion of identity. With such a classification one can, at least in theory, measure the
classes of possible different results of a mutation event quantitatively, thus measuring
the number of classes of different falsifying statements for every hypothesis of
synapomorphy. These classes of identity would be true subclasses of the class of all
possible falsifiers of a hypothesis.

If one wishes to follow the convenient phylogenetic interpretation of Popper’'s
falsificationist approach and, therefore, refuses to consider process probabilities as part
of the relevant background knowledge, one could, as a ‘null hypothesis', ascribe every
such class of identity the same weight in terms of empirical content, which would lead
to an equal weighting of these classes. The severity of every test of identity could be
quantified, which would in turn quantify the degrees of corroboration of every
hypothesis of synapomorphy that successfully passed the first test. These weights
should be included in the cladistic test where the most parsimonious character state
distribution for a given phylogeny is inferred (Fig. 5 gives an overlook of the whole
procedure). In the case of two incongruent hypotheses of synapomorphy, their degrees
of corroboration from the first test give the basis to decide which hypothesis is to be
preferred — i.e. which hypothesis has maximum explanatory power. The degrees of all

the other hypotheses of synapomorphy and their most parssmonious character state
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distribution must of course be taken into account, to receive the globaly most

parsimonious solution.

Transferring this concept to the
example of the ‘empty’ data
matrix would lead to the
following result: when the matrix
has been ‘filled” with empirica
content derived from the character
analysis, every position of a
column entails only a part of one
hypothess of a putative
synapomorphy. This means that,
within this step, al other possible
hypotheses of synapomorphy are
excluded from this special site of
topographical correspondence and
are, hence, fasified. When the
character states are coded and
filled into the data matrix the
corresponding  hypotheses  of
synapomorphy  has  therefore
already passed the first test. The
result of this test should be
included in the data matrix by
giving every cladistic character a
weight corresponding to the
severity of the successfully passed
test (or, in applying a stepmartix,
a weight for the corresponding

transformation respectively).

Many authors postulate the
reduction of the background

'substrate’, position

mutation and
transformation

IDENTITY TEST

CHARACTER ANALYSIS

hypothesis of topographical
correspondence

hypothesis of a phylogenetic character
with two character states:
condition before and after the transformation
of which one represents a putative
synapomorphy with its specific weight

considering other
successfully tested
hypotheses of
synapomorphy with
their specific weights

CONGRUENCE

presently most
corroborated cladistic
hypothesis

Fig. 5: Scheme of the procedure of cladistic research and
differential a priori character weighting. For details see text.
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knowledge to descent with modification only to avoid other conditions relating to
pattern and process. This facilitates the critical inference of other theories on the basis
of the results of the phylogenetic inference without the problem of circular reasoning
when, for instance, applying rates and patterns of character evolution (Kluge, 1997; see
also Sluys, 1996). Giving each of the classes of identical falsifiers the same weight

would correspond with this claim.

One can thus summarize: the severity of the first synapomorphy test is dependent on the
character type, which is the type of hypothesized transformation event, and on the
number of different possible results. Besides, the procedure aso has consequences on
the background knowledge one has to assume: the assumptions ‘character types can be
classified according to the type of mutation/transformation which caused them and the
constraints resulting from the inference of the topographical correspondence’ and ‘the
classes of observationally identical potential character states have all the same
information content and are therefore weighted equally’ have to be added to the
relevant background knowledge. The former is aready necessary for stating a
hypothesis of topographical correspondence, especialy when analyzing molecular data.
The latter represents a convention or a null hypothesis respectively, which neglects the
effect that the consideration of different process probabilities would have an effect on
the outcome of the analysis. It is the crucial assumption of the entire weighting scheme
that has been proposed and requires severe testing.

The proposed classification provides, however, at least a clear and unambiguous
foundation for al kinds of different tests of a priori weighting systems and for
discussing their advantages and disadvantages.

Complexity

Complexity is a term applied when interpreting -characteristics, especialy
morphological characteristcs. However, complexity depends on the individua ‘eye of
the observer’. An event with a rather simple structure is often perceived as being very
complex as long as one does not know its mechanics and causality. In this sense,
complexity would be a concept extremely open to subjectivity, which belongs

methodol ogically rather to description than to analysis.
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If one wants to use the term complexity in the context of justifying weights of
characters at al, it should be used in the sense of the complexity of the transformation
event to which the severity of the first test is related rather than the complexity of the
organismic structure of the characteristics (contradicting Neff, 1986; and Patterson,
1988). One should not simply equate structural complexity with the complexity of an
underlying event. There is no theoretical nor methodological basis available yet for
weighting characters ssmply according to their structural complexity within a
refutationist program of phylogenetic inference.

Some authors (e. g., Wéagele, 1995, 1996) state that the phylogenetic information
content of a character state is higher when it is caused by a larger number of specific
mutations, constituting a complex molecular character. This would represent an useful

Taxa X Y (0]

d
/

Fig. 6: Conseguences and problems with the coding of results of multiple, independent transformation
events as ‘composite characters’ or ‘composite character states'. X and Y represent sister taxa, O the
nearest related outgroup; p recodes three independent plesiomorphic character states which are
represented by p,-p;; ¢ recodes three independent synapomorphic character states which are represented
by ¢,-g; and which support the sister group relationship of the taxa X and Y; r recodes two
synapomorphic character states which are represented by ¢, and ¢, and which support the sister group
relationship of the taxa X and Y, and one autapomorphic character state »; which supports the
monophyly of taxon X. When using the character states p;-ps, ¢;-q3 and r; in a cladistic analysis one
would reconstruct the true phylogeny of X, Y and O. If one uses the recoded ‘composite character
states' p, ¢ and r, one would not be able to reconstruct this relationship: Though the ‘composite
character state’ r supports the true monophyletic condition of taxon X, it is only a single transformation
(r;) that, empirically, supports only this relationship and not three. This coding would, thus, lead to an
artificially high weighting of r. The ‘composite character state’ ¢ would support a monophyletic
condition of taxon Y without any empirical evidence and the sister group relationship of taxa X and Y
is not supported at all by that type of character coding, in spite of the fact that empirical evidence (g,
and ¢,) does exist.
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approach to character weighting as long as history, and thus evolution, ends after such a
multitude of mutation events and all mutations take place in a single ancestor species
only. However, if these two conditions are not fulfilled, it is difficult to treat such a
‘composite character state’ correctly. A single mutation event in only one of the
positions where the former mutations occurred would already transform it into a new
‘composite character state’. Much of the phylogenetic information would be lost in this
type of character state coding (Fig. 6). As a consequence, this new ‘ composite character
state’ has to be given the same weight as the old ‘ composite character state’, since the
former isin the same way the result of a multitude of mutation events as the latter, even
though only a single mutation separates the apomorphic from its plesiomorphic
condition. Hence, this newly transformed ‘composite character state’ would support
only a single phylogenetic grouping - and with an artificially high weight -, though
phylogenetic information for another grouping is available. Information on, for instance,
a sister group relationship could thus get lost (Fig. 6). Furthermore, in the worst case,
this coding could lead to the support of artificial groupings. This problem can be caused
when plesiomorphic and apomorphic character states are combined and form a
‘composite character state’. And as the qualities ‘plesiomorphic’ and ‘apomorphic’ can
only be assigned a posteriori to the cladistic analysis, such a ‘composite character state’
coding should be avoided whenever possible. The described problem affects
morphological aswell as molecular characters.

Final Comments

To demonstrate that phylogenetic research is an empirical science sensu Popper, the
empirical basis for tests of cladistic hypotheses has to be reveded, and, thus, their
logical linkage to hypotheses of synapomorphy and homology. It is necessary to go
back to the concept of homology to get conceptually as close as possible to the relevant
empirical observations.

The proposed conception of phylogenetic homology together with the criterion of
identity represents a setting suitable for direct empirical testing within a falsificationist
approach. This is due to the property of this conception being related to the individual
history of the organisms that are studied and their corresponding genealogy. It utilizes
the distribution pattern of identical and different characteristics of the investigated

organisms to state hypotheses of the history of those characteristics and, therefore,
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indirectly of the organisms carrying them. Thus, one concludes from the reconstructed
history of the characteristics to the history of the organisms bearing those characteristics
and from them to the history of the corresponding species. By examining the structure
of characteristics and hypothesizing specific types of transformations responsible for
having caused them, a specific degree of severity is assigned to each identity test and
thus a specific degree of corroboration for every hypotheses that passes the test
successfully.

Character analysis is, therefore, the moment within the procedure of phylogenetic
research where a direct test on empirical observations is performed. This is the source
from which cladistic hypotheses receive their empirical corroboration at the end of the
analysis. This is why the potentially available amount of explanatory power for the
presently most corroborated cladistic hypothesis is directly restricted by the quality and
results of the character analysis.

Since hypotheses of homology do not represent cladistic hypotheses, the logical linkage
of synapomorphy and homology has to be revealed. It is shown that they are not
equivalent to each other, but that the former represents a subclass of the latter. Putative
synapomorphies can, therefore, aso be empirically tested by the criterion of identity.
This is very important, because otherwise the congruence test would not constitute an
empirical test. Only in the case where the hypotheses that are tested against each other
have successfully passed an empirical test before, in which they gained corroboration,
the congruence test is not an empirically empty test. And only in this case are cladistic

hypotheses empirically testable and is phylogenetic research an empirical science.

This paper is also an attempt to evaluate the conditions for the possibility to justify a
procedure within a falsificationist approach to phylogeny that is intimately linked to the
circumstances stated above: the necessity to weight cladistic characters within a
cladistic analysis.

And as the congruence criterion tests hypotheses of synapomorphy against each other
on grounds of their degree of corroboration gained from the identity test, these different
degrees of corroboration determine the specific weights given to phylogenetic
characters and character state transformations before the cladistic analysis. This is the
only reasonable justification for a weighting scheme and it also demonstrates the
indispensable necessity of its application. There is no non-weighting but only a priori

weighting of phylogenetic charactersin afalsificationist approach to phylogeny.
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A convention to classify cladistic characters in correspondence with the transformation
type that has caused them and a convention to classify character states in respect to their
identity, had to be set up. This is not problematic since it does not effect a possible
weighting scheme directly. To be able to justify a weighting scheme, a proposa has to
be stated to the effect that every class of possible identical character states has the same
weight in terms of its explanatory power and empirical content. This is a problematic
proposal, since it disregards any effect of different process probabilities of
transformations and needs severe testing on empirical data. A first test is presented in
Vogt (Weighting Indels as Phylogenetic Markers of 18S rDNA Sequences in Diptera
and Strepsiptera).

On the whole, the advantage of the proposed scheme lies, however, in its clearly and
unequivocally stated assumptions. This enables one to discuss them and ther

aternatives as well as their impact on the methods of cladistic analysis.

As a consequence of the presented investigation, the background knowledge that has
necessarily to be assumed in every cladistic inference that corresponds with a

falsificationist approach can be summarized as follows:

1) logical sentence of contradiction
2) methodological criterion of parsimony
3) descent with modification, including knowledge about reproduction,

heredity, speciation and mutation/transformation

4) determination of the relevant area of matter (domain of discourse),
including the assumption of the observability of characteristics, the
categorization of identical character states into classes of identity, the
assignment of the classes of identity to specific types of mutations

5) the proposal to weight all classes of identity equaly in terms of
determining the severity of the identity test (if one wishes to follow the
conventional interpretation of Popper’s falsificationism for phylogenetic

research)

When considering morphological data, the necessity of assumption 4), in particular,

gives rise for well founded concern. The knowledge of the genetic linkage and of the
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mechanisms of transformation of morphological characteristics is very small. This
knowledge is, however, fundamental to being able to interpret the phylogenetic
information content of morphological characteristics and thus to performing a more or
less effective cladistic analysis. Another problem is the necessity of developing a
methodology that allows a more objective description of morphological characteristics,
SO as to be able to test them more severely on identity. A cladistic analysis of
morphological data is, therefore, only reasonable in those cases where the number of
homoplasies after the character anaysis is very low and the general phylogenetic
information content thus comparably high. Even though this sounds like a serious blow,
there are still a number of promising approaches to the possibility of evaluating the
quality of morphological characteristics methodologically within the character analysis
(e.g. Neff, 1986). This aspect will require further investigation.
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Abstract

Opinions split when it comes to the significance and thus the weighting of indel characters as
phylogenetic markers. This paper attempts to test the phylogenetic information content of indels
and nucleotide substitutions by proposing an a priori weighting system of non protein coding
genes. Theoretically, the system rests on a weighting scheme which is based on a falsificationist
approach to cladistic inference. It provides insertions, deletions and nucleotide substitutions
weights according to their specific number of identical classes of potential falsifiers, resulting in
the following system: nucleotide substitutions weight = 3, deletions of » nucleotides weight =
(2" - 1) and insertions of »n nucleotides weight = (5" — 1). This weighting system and the utility
of indels as phylogenetic markers are tested against a suitable data set of 18S rDNA sequences
of Diptera and Strepsiptera taxa together with other metazoen species. The indels support the
same clades as the nucleotide substitution data, and the application of the weighting system
increases the corresponding consistency indices of the differentially weighted character types.
As a consequence, applying the weighting system seems to be reasonable and indels appear to

be good phylogenetic markers.

[18SrDNA, a priori weighting, Diptera, falsification, identity test, indel]
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Introduction

In most phylogenetic analyses of molecular data setsit is customary that only nucleotide
substitution positions are utilized for cladistic analyses (e.g. Aguinaldo et al., 1997,
Aleshin et al., 1998; Zrzavy et al., 1998; Canapa et al., 2000). However, nucleotide
substitution characters have the disadvantage of exhibiting frequent parallelisms and
reversions due to their low information content (e.g., Lloyd and Calder, 1991; Wégele,
1996). Insertions and deletions are usually not used as characters, though their potential
value as phylogenetic markers has been repeatedly pointed out by some authors (Hixson
and Brown, 1986; Meyer et al., 1986; Williams and Goodman, 1989; Giribet and
Wheeler, 1999; Mitchison, 1999). This potential value is assigned due to the complex
mutational mechanism which causes indels (e. g., Van Dijk et al., 1999) as well as their
comparably high immunity against reversals and paralelisms. This immunity is
ascribed to the dependence of those processes on the position and the length of the indel
and, as in the case of insertions, aso on their specific nucleotide sequence (Lloyd and
Calder, 1991). Excluding indels from the cladistic analysis could thus reduce the
explanatory power of cladistic hypotheses since insertions and deletions represent
phylogenetically significant historical information (Giribet and Wheeler, 1999). In a
few analyses indels are included in the data matrix, but their usage is, however, diverse,
reaching from coding them as a fifth character state (e.g., Swofford, 1998) to recoding
them to absent-present characters (e.g., Baum er al., 1998; Simmons and Ochoterena,
2000; Lutzoni et al., 2000), and their weightings are comparably diverse.

In the following a weighting system will be proposed as well as the utilization of indels
as phylogenetic markers will be tested with a suitable data set consisting of 18S rDNA
sequences of 14 Diptera species and of several other Insecta and Metazoa taxa. Many
other sequences serve as an outgroup. The inference focuses particularly on insertions
and deletions that have taken place within the Diptera and the Strepsiptera clade. The
data set seams to be suitable since it exhibits a comparably high amount of gaps within
its alignment which indicates a multitude of indel events that must have taken place
within this clades evolution. Moreover, the analysis of the nucleotide substitution data

in itself provides a phylogeny with a high resolution and, when taking the
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corresponding bootstrap frequencies into consideration, also stable internal nodes,

thereby providing a suitable basis for the test.

Weighting Cladistic Characters of 18S rDNA Sequences

This paper proposes a weighting system, which weights all nucleotide substitutions
equally, while weighting all insertions and deletions differently according to their
length. It is based on the theoretical and methodological arguments presented in Vogt
(Testing and weighting characters), following Popper’s falsificationism. The basic idea
is, that when the results of the character analysis are coded for the data matrix, the
stated hypotheses of synapomorphy have already passed a first empirical test (identity
test). By passing this test successfully the hypotheses gain corroboration, the degree of
corroboration gained depending on the severity of the test (Vogt, Testing and weighting
characters). This is an important aspect, as without this prior test the cladistic analysis,
in which only the congruence test together with the methodological principle of
parsimony is applied, would lack its empirical basis. The congruence test tests
hypotheses against other hypotheses as to their consistency. Only if the tested
hypotheses have aready gained corroboration by passing a previous test successfully
does the congruence test together with parsimony represent an empirical test. The only
test that could serve as such an empirical test is the test of identity (comparable to the
similarity test of Patterson, 1982; and Rieppel, 1988). And since the hypotheses are
tested against one another in respect to their specific degrees of corroboration, one has
to evaluate whether the identity test is equally severe on every hypothesis of
synapomorphy (Vogt, Testing and weighting characters). This is necessary, as the
degree of corroboration of a hypothesis depends on the number and severity of
independent tests passed by this hypothesis (Popper, 1983, 1994); whereas the severity
of the test depends on the measure of the class of potential falsifiers of the specific
hypothesis it employs. Only in case of the severity of the identity test being equal to
every type of hypothesis of synapomorphy, i.e. when the measure of possible falsifiers
is identical, one could undertake a cladistic analysis with equally weighted characters
(Vogt, Testing and weighting characters). When considering this for sequence data, one
has to take a look at the different types of cladistic characters as well as the range of
character states corresponding with each of these types, both being entailled in

sequences of non-protein coding genes.
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Under the premise the alignment is correct, one can easily distinguish nucleotide
substitution characters from indel characters. All columns in an alignment that have no
gaps can be referred to as representing characters of the type ‘ nucleotide substitution’.
Indels are represented by those columns in an alignment that exhibit gaps. They differ
from one another by their length of directly neighboring gap sites. To be able to
distinguish gap columns into deletions and insertions, an outgroup comparison with an
adequate outgroup has to be applied.

In anext step the number of different types of possible falsifiers for each character type
is evaluated. Differential weights are given corresponding to the number of different

types of possible falsifiers of every character type.

Nucleotide Substitution Characters
All nucleotide substitution characters belong to the same character type. A nucleotide
substitution event can have four different results - adenine, guanine, thymine or
cytosine. As a consequence, for every hypothesis of a synapomorphic nucleotide
substitution there are four types of possible character states according to the four
different nucleotide types. Thus, three different classes of identical falsifiers exist, all of
which would falsify a hypothesis of a synapomorphic nucleotide substitution of a

specific nucleotide in the identity test.

Deletion Characters
The problem with deletion events — as with insertion events — is that, theoretically, they
have no concrete upper limit according to their possible nucleotide length. As a
consequence, for a hypothesis of a synapomorphic deletion of a given length one would
get an amost infinite number of different classes of identical falsifiers. The number
would be independent of the actual length of the hypothesized deletion. This does not
seam plausible and therefore, as a convention, the use of an operational approach to
interpreting the alignment which is derived from the inference of the topographical
correspondence is proposed. Only those positions of the alignment that potentially
represent the character states of a single cladistic character serve as the basis for the
classification of their corresponding character type. They aso set a limit to what could
potentially serve as a falsifier of this hypothesis within the alignment. In practice,
according to the proposed approach, the position of the ‘window’ in the alignment

which is considered when evaluating the amount of potential falsifiers for the
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corresponding hypothesis is set by the longest uninterrupted row of gaps. Hence, if a
deletion of » nucleotides is hypothesized, only those » corresponding positions of the

alignment serve as empirical evidence and the source for potential falsifiers.

Considering deletions, there are two possible states for every alignment position in
guestion: presence or absence of the result of a nucleotide deletion. This means that
every position with a gap is understood as indicating the presence, and every position
that has a nucleotide as indicating the absence of the result of a deletion. Thus, for a
given hypothesis of a synapomorphic deletion of » nucleotides, one gets 2" possible
patterns of different combinations of absence and presence that could potentialy be
observed in the alignment. Therefore, there are 2" — 1 different classes of identical
falsifiers of such a hypothesis.

This is why such a hypothesis is not only falsified by all non-deletion sites but also by

every deletion which is smaller in length than the hypothesized one.

Within the suggested system, sites of multiple gaps are understood as single character
states that have to be hypothesized most parsimoniously as the result of a single event
rather than multiple independent events (contradicting Giribet and Wheeler, 1999).
Though every sequence position represents an observationally distinguishable unit, it
does not necessarily represent an evolutionary independent unit of mutational processes,

hence does not necessarily represent single character states.

Insertion Characters

The problem with deletions also holds true for insertions, and the same operational
approach is applied. Because, in an insertion, nucleotides are inserted into an existing
sequence there are 5 possible states for every position: the four possible types of
inserted nucleotides and the absence of any nucleotide, a gap. As a consequence, for a
given hypothesis of a synapomorphic insertion of » nucleotides, one gets 5" possible
patterns of different combinations of those 5 states that could potentially be observed in
the alignment. And, as a consequence, one receives 5" — [ different classes of identical
falsifiers of that hypothesis.

When this classification of classes of identical falsifiers is applied and one wishes to
weight the received classes equally, which would correspond to the conventional
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interpretation of Popper’s falsificationist approach for phylogenetic research, as it

disregards process probabilities, one receives the following differential character

weights:
A) nucleotide substitutions: 3
B) deletions of n nucleotides: 2"-1
(0)] insertions of » nucleotides: 5"-1

The proposed weighting system is only applicable to insertions that exhibit a specific
quality. Due to the conditions set by the identity criterion, only directly neighboring
positions of an insertion are considered, recoded and weighted as an insertion character
of a specific length, that isidentical throughout all sequences which posses the insertion

(for details see discussion).

Materials and Methods

Species examined
178 18S rDNA sequences were taken from NCBI/GenBank via the internet. For full
species names and GenBank accession numbers for the sequences used in the

alignments, in the spectral analyses and the parsimony analyses see in the appendix.

Alignment and Cladistic Analysis
Two data sets were analyzed. A large data set consisting of all 178 sequences was
aligned and analyzed with spectral analysis, parsimony jackknifing and parsimony
analysis. The results of these analyses were used for determining the taxon composition
of the small data set consisting of 14 Diptera and 4 Strepsiptera sequences and a smaller
sample of 48 closely related outgroup sequences. This small data set was aligned and
analyzed in the same way as the large one. In some cases, outgroup comparison of the
small data set facilitated a differentiation of indel events into insertion and deletion
events within the Diptera and Strepsiptera ingroup. With a subset of the small alignment
consisting of the 18S rDNA sequences of Diptera species together with 4 Strepsiptera
and 2 Hymenoptera species only, another spectral, parsimony jackknifing and
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parsimony analysis was performed. The hypothesized insertion and deletion events were
mapped onto the parsimony jackknifing tree and their degree of consistency in relation
to the nucleotide substitution data and the effect of the specific weights was assessed.
Multiple alignments of the two data sets were performed using ClustalW (Thompson et
al., 1994) and corrected by hand. The alignment of the large data set consists of 4,007
positions and the alignment of the smaller data set of 3,857 positions.

For the spectral analysis of splitsupporting positions, the parsimony jackknifing analysis
and the parsimony analysis of the nucleotide substitution characters only, sequence
areas that contained indels or that could not be aligned unambiguously were excluded
before writing the data matrix. From the large alignment 2,447 positions were excluded,
while 1,560 positions remain. From the small alignment 2,212 positions were excluded
and 1,645 positions remain.

Spectral analysis of splitsupporting positions was performed with PHY SID (Wégele and
Rodding, 19984). The results are presented according to Wégele and Rddding (1998a,
1998Db), alowing 15% of noisy positions in every row and column of ingroup and
outgroup sequences respectively. Only those splits with the highest number of
splitsupporting positions are shown in the Figure 1.

Parsimony jackknifing analysis and parsimony analysis were performed with PAUP*4.0
(Swofford, 1998). Parsimony jackknifing analysis of the large data set was performed
with 500 replicates, a deletion percentage of 50% and a heuristic search option with
nearest-neighbor interchange. Analyses of the small data set were performed with 1,000
replicates, keeping the other parameters; and the subset also with 1,000 replicates and
with tree bisection-reconnection heuristic search option. The parssmony analysis of the
subset was performed under branch and bound search settings.

Results

The large alignment consists of 799 parsimony-informative positions, the small
alignment of 713 and the subset of 574 parsimony-informative positions.

The results of the spectral analyses of the data sets show patterns of splitsupport that can
hardly be explained by what one would expect as a pattern resulting from random
processes. One has to assume that the data contains — at least for some cladistic
hypotheses — relevant phylogenetic information. The spectral analysis of the large data
set assigns a high degree of support to three split-groupings in particular. Besides the
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two choanoflagellate sequences with 15, the Culicoida, a subgroup of the Diptera, with
14, and the Diptera themselves with 7 splitsupporting positions get a high degree of
support. As a consequence, they or the corresponding group of the splits are supported
as monophyletic groups. All other splits have only 3 or less supporting positions. The
same analysis of the small data set leads to similar results with an even stronger signal.
Not only the Culicoida (45 supporting positions) and the Diptera (32) receive the
highest support in this analysis, but also the Strepsiptera (11) and Tipuloida (7) are
supported as split-groupings (Fig. 1).

spectral analyses of splitsupporting positions
of the small data set

éo\ (polarized spectra)

splits

number of splitsuporting positions

-
o

H sym. pos. asym. pos. [Onoisy pos. (15%)

Fig. 1: Spectrum of conserved putative synapomorphies (splitsupporting positions) for groups
of taxa for the small data set. The splits with the highest number of splitsupporting positions
are represented out of over 2,800 splits of the complete spectrum.

Sym. pos.: symmetrical supporting positions; asym. pos.: asymmetrical supporting positions; noisy pos.
(15%): splitsupporting positions with deviationsin up to 15% of the sequences.

The parsimony jackknifing analyses of the three data sets assign jackknifing frequencies

of 100.00 to the groups that are also highly supported by the results of the spectral
analyses. Strepsiptera, Diptera, Culicoidaand Tipuloida (Fig. 2and 5).
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Fig. 2: A) 50% majority-rule consensus tree based on 500 maximum parsimony jackknifing
replicates of the large 18S rDNA aignment using PAUP* 4.0. The jackknifing frequencies are
labeled onto the corresponding branches. The tree was rooted a posteriori with the
choanoflagellate sequence. B) 50% majority-rule consensus tree based on 1,000 maximum
parsimony jackknifing replicates of the small 18S rDNA aignment using PAUP* 4.0. The
jackknifing frequencies are labeled onto the corresponding branches. The tree was rooted a
posteriori With the echinoderm sequence. For clarity of representation not all of the resolved
nodes are shown.

In the following analysis, the Strepsiptera and the Diptera are hypothesized as
monophyletic groups in relation to the other taxa of the data sets which represent their
outgroup. This assumption is supported by the results of the spectral analyses and the

parsimony jackknifing analyses.
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Comparison of Indel Characters and Nucleotide Substitution Characters
Based on the assumption that Strepsiptera and Diptera represent groups of monophyletic
originit is possible to differentiate indel events, that took place within these clades, into

insertions and deletions by applying an outgroup comparison. This comparison is

Table 1: Number of hypothesized indel events within the Diptera and
Strepsiptera clade counted in the small alignment of 18S rDNA sequences

nucleotide inconsistent consistent inconsistent consistent
length of the insertion insertion deletion deletion
indels characters characters characters characters
1 nucleotide 5 25 9 17
2 nucleotides - 5 3 3
3 nucleotides - - - 2
4 nucleotides - 2 - -
5 nucleotides - 2 - -
15 nucleotides - 1 - -
O of al events 5 35 12 22

performed on the basis of the alignment of the small data set. All the other taxa of the
alignment serve as the outgroup. As aresult of this comparison a sum of 74 such indels
were hypothesized - 40 insertions and 34 deletions. Insertions and del etions that could
not be unambiguously hypothesized are not included in this statistic (Table 1).

From the subset a spectral analysis, a parsimony jackknifing analysis and a parsimony
analysis were performed. The number of splitsupporting positions, the jackknifing
indices and the number of putative apomorphies of the maximally parsimonious tree are
drawn onto the resulting tree for every monophylum. Those insertions and del etions that
are congruent with this tree are mapped onto it (Fig. 5). The number of congruent and
incongruent insertions and deletions are summarized in Table 1 and illustrated in Figure
3.

23% of all hypothesized indels are incongruent; as are 35% of all deletions and 12.5%

of al insertions. It isinteresting to note that the observed rate of inconsistency decreases

with the length of the hypothesized indel event.
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number of hypothesized insertions and deletions

1 2 3 4 5 15 T of all
nucleotide nucleotides nucleotides nucleotides nucleotides nucleotides events

P
o
]

(23
o

N
(=]
I
insertions

-
o
‘l

length of indels

|

number of hypothesized indel events
o

n
s
20 4 - E
— 3
30 —
40 -
Minconsistent insertion characters Oconsistent insertion characters
Winconsistent deletion characters Oconsistent deletion characters

Fig. 3: Number of hypothesized insertion and deletion events. Insertions and deletions are
differentiated with regard to their nuclectide length and to whether they are consistent with the
most parsimonious tree obtained from the analysis of the nucleotide substitution data of the subset.

The ensemble consistency index (Cl) for the sum of all the hypothesized insertion and
deletion events was calculated on the basis of the tree shown in Figure 5. In addition,
the Cl was calculated for every character type and compared to the Cl of only the
nucleotide substitution data which was obtained by the parsmony analysis.
Furthermore, the Cls for the sum of all indels, the sum of all insertions and the sum of
al deletions was determined separately and compared to the corresponding modified
Cls obtained by the application of the weighting system proposed in this paper (Table 2
and Fig. 4).
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Table 2: Weighted and unweighted ensemble consistency indices (Cl) of insertion,
deletion and nucleotide substitution events in dependence of their nucleotide length. The
Cls were calculated on the basis of a most parsimonious tree obtained from the subset and
insertion and deletion events hypothesized by outgroup comparison on the basis of the
small alignment of 18S rDNA sequences. The 15 nucleotide long insertion is not included
in the calculation of the CI of the sum of al indels, since its weight with 3.05x10% is
extraordinarily high and would suppress the effects of all the other indels of this

comparison.
Character state type Nucleotide CI of unweighted | CI of weighted
length data data
1 0.8571 -
2 1 -
Insertions 4 1 -
5 1 -
15 1 -
o - 0.8864 0.9974
(without 15 nucleotide
insertion)
0 - 0.8889 1
1 0.7027 -
Deletions 2 0.6667 -
3 1 -
0 0.7083 0.7436
O of all indels - 0.7957 0.9949
(without 15 nucleotide
insertion)
Nucleotide substitutions - 0.6305 -

All determined Cls of the different indel character types are higher than 0.65, the CI of
the nucleotide substitution characters. The lowest Cl of the indel characters is found
with deletions, with a Cl of 0.71, compared to a Cl of 0.89 of the insertions. All

insertions of alength higher than one nucleotide posses a Cl of 1.00.
When applying the proposed weighting system, the calculated Cl s of the now weighted

indels are constantly higher than those of the unweighted indels. This holds true for the
insertions, the deletions and all indels together.
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length of indels: 1 2

Consistency Index (Cl)

Consistency Indices of the different types of weighted and unweighted
indel characters in comparison with substitution characters

1

0,9 1

o8 4[ (|
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0,2 1
0,1 1

4 5 15

insertion characters

OClI unweighted

z 1 2 3 z z
deletion characters indel nucleotide
characters substitution
characters
BcClweighted B CI of nucleotide substitutions

Fig. 4: Weighted and unweighted ensemble consistency indices (Cl) of the different types of
insertion and deletion characters. The Cls were calculated on the basis of the most parsimonious
tree obtained from the analysis of the nucleotide substitution data of the subset. The CI of the
nucleotide substitution characters was calculated by this parsimony analysis with PAUP* 4.0
using the branch and bound search option. For the calculation of the weighted Cls the weighing
system proposed in this paper was applied.

The distribution of the congruent indel characters is clustered. Those groups that gain

high support from the substitution data (high jackknifing frequencies of 100.00 and high

splitsupports) also exhibit a high number of observed indels (Fig. 3).

Table 3: The distribution of the incongruent indels on contradicting cladistic hypotheses. Incongruent
insertions and deletions and their nucleotide lengths are differentiated, and the minimum number of
required steps are inferred for their distribution on the most parsimonious tree obtained from the
analysis of the subset. The total weight of every observed set of incongruent character states that
support a contradicting cladistic hypothesis are summed up. The incongruent insertion and deletion
events were hypothesized by outgroup comparison on the basis of the alignment of the small data set.

Insertion | Deletion of | Deletion of | Number of cladistic | Minimum steps of | < of the weights
of asingle| asingle two hypotheses the character of the indel
nucleotide | nucleotide | nucleotides | supported that way | states on the most events

parsimonious tree
- 1 - 2 3 1
1 - - 5 2 4
- 1 1 2 2 4
- - 1 1 2 3
- 2 - 1 2 2
- 1 - 3 2 1
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——— Aedes punctor
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Xenos vesparum
jackknife insertions
frequencies length : number
100.00 -
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number of
putative apomorphies

number of split
supporting positions

Fig. 5: 50% majority-rule consensus tree based on 1,000 maximum parsimony jackknifing
replicates of the subset of the small 18S rDNA aignment using PAUP* 4.0. Jackknifing
frequencies, the number of putative apomorphies which were calculated by the branch and bound
search option and the number of splitsupporting positions, which were computed using PHY SID,
are labeled onto the corresponding branches. The hypothesized insertion and deletion events that
are congruent with this tree are al'so drawn onto the corresponding branches in dependence of their
specific nucleotide length. The relationships within the Strepsiptera are not shown. The tree i<
rooted a posteriori with Hymenoptera sequences.
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The dadistic distribution of the incongruent indels in comparison to the congruent ones
is quite homogeneous (Table 3). There are 14 different contradicting cladistic
hypotheses that are supported by the 17 incongruent indels. None of those 14
hypotheses is supported by more than two indels. And none of those contradicting

hypotheses is supported by a higher sum of weights than 4.

All the different parameters that were calculated on the basis of this data set correlate
very well with each other and show a clear pattern of strongly and less strongly
supported cladistic relationships. This also applies to the indel characters. The
distribution of the consistent indels in comparison to the inconsistent indels can hardly

be explained by the result one would expect from a plain random process.

Discussion

Since testing the utility of indel characters is the aim of this paper, distance and
maximum likelihood methods of cladistic analysis were not applied. The underlying
evolutionary processes are too diverse and have, so far, not been well enough
understood to be incorporated in a stochastical model of evolution. This and the
problems of assessing hypotheses of topographical correspondence in highly variable
regions of the alignment that have a substantial number of alignment gaps is also stated
as a general argument against the use of insertions and deletions as informative
phylogenetic characters in cladistic analyses (Swofford et al., 1996). In spite of this
argument, Van Dijk et al. (1999) use deletions by modifying the maximum likelihood
procedure of Kishino et al. (1990) by not allowing the occurrence of reversals (back
mutations) of deletion events. Moreover, Mitchison (1999) uses insertions and deletions
in a probabilistic approach of combining alignment and cladistic analysis by means of
sampling.

However, if one wants to test the proposed weighting scheme which rests on a
refutationist approach to phylogeny, these two types of cladistic methods - distance and
Maximum Likelihood - seam to be problematic. This speaks in favor of choosing
maximum parsimony as the method of cladistic analysis in this paper. Maximum
parsimony alows the combined use of al kinds of different data (insertions and
deletions, and even morphologica and other data) and is in principle consistent with a

refutationist approach.
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Some papers present results employing indels as cladistic characters in parsimony
analyses. In addition to the substitution data, the indels are coded as absent-present
characters and are analyzed in an equally weighted parsimony analysis (e.g., Baum et
al., 1998; and for a more sophisticated coding see also Barriel, 1994; and Simmons and
Ochoterena, 2000). Giving al types of characters equal weights, these procedures have
the implicit assumption that the phylogenetic information content of insertion, deletion
and nucleotide substitution characters is the same without giving any empirical or
methodol ogical reasons.

Lloyd and Calder (1991) apply the same coding and discuss the process probabilities of
indel events and claim to be able to evaluate the reliability of such character typesin
respect to their length, position and frequency. They also receive remarkably high
consistency indices for the indel charactersthey utilized in their study.

Gatesy et al. (1993), Wheeler (1995) and Giribet and Wheeler (1999) use insertion and
deletion characters in parsimony analyses and give them weights proportiona to the
costs assigned during their alignment. This procedure is based on the application of
different models of sequence evolution in the alignment. Lutzoni et al. (2000) presented
an interesting procedure of recoding and weighting of gaps. Here, unambiguously
aligned sites are weighted by a step matrix which is calculated from relative frequencies
of each possible transformation, and ambiguously aligned sites undergo a sophisticated
method of recoding and “optimal weighting” resulting in a single character for each
ambiguous region with its own step matrix. But they give insertions of a specific length
the same weight as deletions of the same length.

Another procedure that has been suggested is to code the gaps as fifth character state
(e.g., Swofford, 1998; Titus and Frost, 1996). However, since it is more parsimonious to
hypothesize that one indel event with more than one nucleotide has taken place rather
than severa such events with only a single nucleotide independently, this fifth-
character-state-coding neglects the dependence of those gap positions that are direct
neighbors in an alignment. This procedure would therefore result in an artificia
weighting of gaps relative to the number of sites (Barriel, 1994; Simmons and
Ochoterena, 2000). Furthermore, insertion and deletion events are not differentiated.
Thus, all these analyses either apply weighting schemes that represent methodol ogical
proposals that are not consistent with a falsificationist approach, neglect the

evolutionary dependence of directly neighboring gap positions within an alignment or

132



ignore the different information content of indels by not discriminating insertions and
deletions.

One problem that complicates the application of indels as phylogenetic markers
concerns insertion characters in particular:

123456 As long as insertions are all together

- - — - TGCTTTCAG identical in their nucleotide sequence it
TAAATAGACCEIMNACGCTATCAG s unproblematic to state a hypothesis of
TAAATAGACCGIMEACGCTATCAG

TAAATAGACCCIMUACGCTTTCAG Ynapomorphy in the light of the

TAAATAGA—————— TGCTTTCAG asumed  background  knowledge.
TAAATAGA-————- TGCTTTCAG  Figure 6 shows an example of such a
TRACTINGT TOCTTTCAG  yealy  recognizable, al  together
TAAATAGA—————— TGCTTTCAG y. recognizebe, 9
TAAATAGA - ————— TGCTTTCAG identical insertion of the length of 6
_ —————— _ nucleotides in three of ten sequences.
Ins Given this number of nucleotides there

) o are potentially 15,624 different classes
Fig. 6: Example of an identical insertion elements

of 6 nucleotides present in three of ten sequences. of identical falsifiers. Hence, if one
Z?Eﬁrnirqﬁﬁﬂce FEPrEsents ihe ouigroup seeence would like to weight this cladistic
character (insertion of six nucleotides
present or absent) it would get the weight of 15,624 in comparison to 3 for any
nucleotide substitution character.
However, when the nucleotide sequence of the insertion is not identical within the taxa
under consideration, the hypothesis of a synapomorphic insertion is, following the
identity criterion (Vogt, Testing and weighting characters), dready fasfied (Fig. 7).
The perceivable empirical evidence does not represent a single insertion event only. In
some cases one might still think of combined events of an insertion followed by some
independent substitutions as an alternative hypothesis (Fig. 7: 4 and B). But this is not
aways possible (Fig. 7: C) and thus confronts one with problems of continuity.
Furthermore, the empirical evidence would be explained by ad hoc hypotheses of
subsequent events, which probably followed the insertion and thus might have caused
the data. However, the more ad hoc hypotheses are endeavored the weaker is the
explanatory power of the stated hypothesis, and thus the smaller is the information

content of the corresponding phylogenetic character.
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A B C
) 123456 ) 1234 ) 12

GGGTTC AATT----GGGTTC AATT--GGGTTC
GGGTTC AATT----GGGTTC AATT--GGGTTC
GGGTTC AATT----GGGTTC AATT--GGGTTC
AATTECINNGGGTTC AATTEAGGGTTC
AATTECWCGGGTTC AATTGGGTTC

AATTITGGGGTTC
AATTITTIGGGTTC
AATT----GGGTTC AATT--GGGTTC
GGGTTC AATT----GGGTTC AATT--GGGTTC
GGGTTC AATT----GGGTTC AATT--GGGTTC

Fig. 7: Three examples of non-identical insertions. Darker sequences represent outgroup sequences.

A) For this a@ignment one could hypothesize an insertion event, Ins;, followed by two independent
nucleotide substitutions. B) Here one could hypothesize an insertion event, Ins,, followed by subsequent
independent nucleotide substitutions. The nucleotide sequence of the original insertion is not
unambiguously reconstructable. ) What actually happened here is not uneguivocally interpretable and
hypotheses of specific mutation events gain only weak empirical support. /ns; = Insertion of 6
nucleotides; Ins, = Insertion of 4 nucleotides; /ns; = Insertion(s) of 2 nucleotides

At the moment there is no theoretical foundation to weight these non-identical
insertions completely. That is why only the identical neighboring positions within the
insertions are appropriate for the proposed weighting system.

One is still confronted by an irresolvable problem: alarge insertion could subsequently
be followed by a large deletion which deletes al the previously inserted nucleotides or
even more. If this deletion occurs in one line of descent after speciation events have
taken place, the here proposed approach unfortunately would not be immune against an
artificial coding of the results of such a combined event. This problem of possible
reversals, however, is not limited to insertion and deletion characters only but affects

almost any cladistic character.

The severity of the described test depends on the quality of the data set. Especialy the
available 18S rDNA sequences of Diptera and Strepsiptera species seam to provide a
proper basis for such a test, since they exhibit an extensive amount of gaps when
aligned with other insects and metazoa taxa. This phenomenon can be explained by
assuming that many insertion and deletion events took place within these clades.

Furthermore, their nucleotide substitution data also seams to provide a comparably high
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informative data set as far as the spectral and the parsimony-jackknifing analyses are
concerned.

The hypothesis of a monophyletic position of the Diptera and of the Strepsiptera in
relation to all other Metazoa taxa of the data set is also highly corroborated by the
nucleotide substitution data, as shown by the spectral and parsimony-jackknife analyses.
All this enables one to choose an adequate sample of outgroup taxa for an outgroup
comparison to differentiate the indel events within the Strepsiptera and within the
Diptera into insertions and deletions; and the distribution of those events in relation to
the result of the analysis of the nucleotide substitution data allows one to compare the

patterns of cladistic distribution of the different types of characters.

The result of this test does not contradict the hypotheses that are tested. The cladistic
distribution of the insertions and deletions reflect the conditions inferred by the
nucleotide substitution data, since most of the observed indels are congruent with the
most parssimonious tree (Fig. 5). Those insertions and deletions that are incongruent
with this tree exhibit a rather coincidental distribution. Thus, there is no contradicting
cladistic hypothesis that is supported by more than two indel events. In comparison, the
consistent indels show a clear hierarchical distribution and some of the cladistic
hypotheses are supported by 5 or even more hypothesized indel events. These findings
are also supported by the obtained ensemble consistency indices (Cl) of the different
types of insertions and deletions. The Cl istaken as the basis of comparison, asit counts
the requirements for ad hoc hypotheses of homoplasy. The higher the Cl the fewer ad
hoc hypotheses are required to explain the data (Kluge, 1997). All of the Cls of the
indels exhibit a higher value than the CI of the nucleotide substitution data. Thisisin
accordance with the results of the inference of Lloyd and Calder (1991). It, thus, seams
as if some insertions and deletions represent phylogenetically highly informative

character types. Therefore, they seam to be comparably good phylogenetic markers.

Furthermore, the suggested weighting system withstood the test. None of the 14
contradicting cladistic hypotheses that are supported by indels are corroborated by a
higher weight than 4. Of the most parsimonious clades in Figure 5 there are 8 cladistic
hypotheses with a sum of weights each exceeding the value of 4 by far.

The sum of weights of all consistent indel character states is strikingly higher than the
sum of weights of al the inconsistent indel character states (Table 4). The ratio of
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consistent to inconsistent indel characters changes from 57:17 (22.97% inconsistency
rate) when weighted equally to 3,878:19 (0.005% inconsistency rate) when weighted
according to the proposed weighting system.

The application of the weighting system aso leads to higher Cls. Looking at the
composition of the inconsistent indels it is obvious that none of the insertion and
deletion character state types that receive a higher weight than 4 are represented. This
also supports the suggested weighting system.

o far, the proposed a priori differential weighting system for nucleotide sequence data
of non protein coding genes all passed the empirical test. However, it still needs further
testing on suitable empirical data, since it should always be the aim of a scientist to try
to falsfy rather than to try to verify a hypothesis (Popper, 1983, 1994); and this
hypothesis withstood only a first test. Especially the concrete quantification which
leads, in the case of long insertions, to tremendously high weights, is open to critique
and resembles a methodological proposal. This proposal rests on the conventional
interpretation of Popper’s falsificationsim in phylogenetic inference, which disregards
the necessity of taking different process probabilities for different types of
transformations into consideration when analyzing the data. Whether this is the only
possible and right interpretation of falsificationism is yet open to discussion (de Queiroz
and Poe, 2001; Faith and Trueman, 2001; Kluge, 2001). By following this proposal, one
does not consider the actual pattern of the nucleotides of given insertions of a specific
length because one does not consider their process probabilities. Especially when
comparing  two insertions  with eg. AGGCCCGCGATAGT and
AAAAAAAAAAAATA it seems counterintuitive to weight them equally since we
know that AT rich insertions evolve more frequently then other insertions. If one does
not want to follow the conventional interpretation of Popper’'s falsificationism and
wants to include assumptions of process probabilities in the relevant background
knowledge, the weighting of every class of potential falsifiers should rest on the process
improbability of the corresponding transformation type.

Anyway, whether taking process probabilities into account or not, it still seams
reasonable to record that the phylogenetic information content of indels tends to
increase with their length and decrease from insertions to deletions and to nucleotide

substitutions. Thus, the application of such relative weights should be considered,
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especialy in cases where the nucleotide substitution data alone does not give a strong
support for any cladistic hypothesis. Also in terms of a total evidence approach all
available empirical data should be considered (Kluge and Wolf, 1993) and a maximally
corroborated cladistic hypothesisinferred. If aignment gaps are the result of a particular
indel mutation event, then they inevitably bear phylogenetic information. Ignoring this
type of cladistic character would equal ignoring empirical evidence and this could lead
to cladistic hypotheses which are not maximally corroborated and therefore less
explanatory (Giribet and Wheeler, 1999).
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Appendix

The alignment and data matrix in which the sequences were included is assigned by a

‘+" in the corresponding columns:

Species name GenBank Token Large Small Subset of
accession alignment aignment  the small
number aignment
1. Choanoflagellata
Diaphanoeca grandis L10824 chol + - -
Ichthyophonus hoferi U25637 cho2 + - -
2. Metazoa
2.1 Acanthocephala
Corynosoma enhydri AF001837  Acanthoce + - -
2.2 Acoela
Paratomella rubra AF102892 Acodl + - -
2.3 Annelida
Stylaria sp. U95946 Annelid + + -
2. 4 Chelicerata
Carcinoscorpius U91491 Chell + - -
rotundicaudatus
Stylocellus sp. U91485 Chel2 + + -
2.5 Crustacea
Derocheilocaris typicus L 81937 Crusl + - -
Rutiderma sp. L 81942 Crus2 + + -
2. 6 Echinodermata
Amphipholis squamata X97156 Echinoderm + + -
2.7 Insecta
Coleoptera
Amblytelus curtus AF012484 1Coleop + - -
Aptinus displosor AF012480 2Coleop + + -
Blethisa multipunctata aurata ~ AF002803 3Coleop + + -
Ceroglossus chilensis AF012509 4Coleop + + -
Copelatus chevrolati AF012524 5Coleop + - -
renovatus
Dyschirius sphaericollis AF002798 6Coleop + + -
Mecodema fulgidum AF012501 7Coleop + - -
Monolobus ovalipennis AF012505 8Coleop + - -
Morion aridus AF002783 9Coleop + + -
Notiophilus semiopacus AF002804 10Coleop + + -
Patrobus longicornis AF002786 11Coleop + - -
Scarites subterraneus AF002795 12Coleop + - -
Suphis inflatus AF012523 13Coleop + -
Tenebrio molitor X07801 14Coleop + - -
Trechus sp. AF002793 15Coleop + - -
Collembola
Crossodonthina koreana 736893 1Collembol + - -
Hypogastrura dolsana 226765 2Collembol + - -
Podura aquatica AF005452  3Collembol + + -
Diptera
Brachycera
Ceratitis capitata AF096450 1Bra + + +
Chrysops niger AF073889 2Bra + + +
Drosophila melanogaster M21017 3Bra + + +
Ornithoica vicina AF073888 4Bra + + +
Culicoida
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Aedes aegypti

Aedes albopictus

Aedes punctor
Anopheles albimanus
Corethrella wirthi

Culex tritaeniorhynchus
Toxorhynchites ambionensis
Psychoida

Lutzomyia shannoni
Tipuloida

Nephrotoma altissima
Tipula sp.

Hemiptera
Acyrthosiphon pisum
Aonidiella aurantii
Lygus hesperus
Mindarus kinseyi
Okanagana utahensis
Pealius kelloggii
Philaenus spumarius
Prokelisia marginata
Rhaphigaster nebulosa
Schizaphis graminum
Spissistilus festinus
Trioza eugeniae
Hymenoptera

Agonum extensicolle
Amara apricaria
Amarotypus edwardsi
Amblytelus curtus
Antarctonomus complanatus
Apotomus rufithorax
Aptinus displosor
Arthropterus sp.
Asaphidion curtum
Batesiana hilaris
Bembidion levettei
Bembidion mexicanum
Blethisa multipunctata aurata
Brachinus armiger
Brachinus hirsutus
Broscosoma relictum
Calosoma scrutator
Calybe laetula

Carabus nemoralis
Carenum interruptum
Catapiesis brasiliensis
Ceroglossus chilensis
Chlaenius ruficauda
Cicindela sedecimpunctata
Clambus arnetti
Clinidium calcaratum
Clivina ferrea
Cnemalobus sulciferus
Copelatus chevrolati
renovatus

Creobius eydouxi
Cychrus italicus
Cymbionotum pictulum
Cymbionotum semelederi

U65375
X57172
u48378
L 78065
U49736
U48385
u48377

u48382

u48379
X89496

u27819
u06475
u06476
u27821
u06478
uo06479
u06480
u09207
X89495
u27826
uoe477
u06482

AF002775
AF002774
AF012506
AF012484
AF012504
AF012497
AF012480
AF012516
AF002792
AF012489
AF002791
AF012490
AF002803
AF012479
AF012478
AF012502
AF002800
AF002772
AF012507
AF012491
AF012476
AF012509
AF012473
AF012518
AF012526
AF012521
AF002796
AF012474
AF012524

AF012498
AF012510
AF012496
AF012495

1Cul
2Cul
3Cul
4Cul
5Cul
6Cul
7Cul

1Psycho

1Tipu
2Tipu

1Hemip
2Hemip
3Hemip
4Hemip
5Hemip
6Hemip
7Hemip
8Hemip
9Hemip
10Hemip
11Hemip
12Hemip

1H
2H
3H
4H
5H
6H
7H
8H
9H
10H
11H
12H
13H
14H
15H
16H
17H
18H
19H
20H
21H
22H
23H
24H
25H
26H
27H
28H
29H

30H
31H
32H
33H

+ 4+ + o+

+

+ +

+ A+ A+
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+ 4+ +++++

+

+ +
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Cymindis punctigera
Diplochaetus planatus
Diplous californicus
Discoderus cordicollis
Dynastes granti
Dyschirius sphaericollis
Elaphrus californicus
Elaphrus clairvillei
Galerita lecontei lecontei
Gehringia olympica
Hydroscapha natans
Laccocenus ambiguus
Leistus ferruginosus
Leptothorax acervorum
Loricera foveata
Loricera pilicornis pilicornis

Loxandrus  n. Sp. nr.

amplithorax

Mecodema fulgidum
Mecyclothorax vulcans
Melisodera picipennis
Merizodus angusticollis
Metius sp.

Metrius contractus
Monolobus ovalipennis
Nebria hudsonica
Notiophilus semiopaCus
Omoglymmius hamatus
Omophron obliteratum
Omus californicus
Oopterus sp.

Opisthius richardsoni
Oregus aereus
Pachyteles striola
Pamborus guerinii
Pasimachus atronitens
Patrobus longicornis
Pericompsus laetulus
Pheropsophus aequinoctialis
Polistes dominulus
Promecoderus sp.
Promecognathus crassus
Pseudaptinus rufulus
Pseudomorpha sp.
Psydrus piceus
Pterostichus melanarius
Scaphinotus petersi catalinae
Scarites subterraneus
Schizogenius falli
Siagona europaea
Siagona jennisoni
Sloaneana tasmaniae
Suphis inflatus
Systolosoma lateritium
Tetragonoderus latipennis
Trachypachus gibbsii
Trachypachus holmbergi
Tropopterus sp.
Xanthopyga cacti

Zolus helmsi

AF002773
AF002789
AF002785
AF012472
AF002809
AF002798
AF012514
AF002802
AF002780
AF012512
AF012525
AF012486
AF002806
X89492
AF012503
AF002799
AF002778

AF012501
AF012482
AF012481
AF012487
AF012475
AF012515
AF012505
AF002805
AF002804
AF012520
AF012513
AF012519
AF012488
AF012511
AF012500
AF012517
AF012508
AF002794
AF002786
AF002790
AF012477
X77785
AF012499
AF012492
AF002781
AF002782
AF002784
AF002779
AF002801
AF002795
AF002797
AF012493
AF012494
AF002788
AF012523
AF012522
AF012471
AF002808
AF002807
AF012483
AF002810
AF002787

34H
35H
36H
37H
38H
39H
40H
41H
42H
43H
44H
45H
46H
47H
48H
49H
50H

51H
52H
53H
54H
55H
56H
57H
58H
59H
60H
61H
62H
63H
64H
65H
66H
67H
68H
69H
70H
71H
72H
73H
74H
75H
76H
7TH
78H
79H
80H
81H
82H
83H
84H
85H
86H
87H
88H
89H
90H
91H
92H

i i i e
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Lepidoptera
Galleria mellonella
Mecoptera

Boreus sp.

Panorpa germanica
Neuropteroida
Anisochrysa carnea
Oliarces clara
Phaeostigma notata
Sialis sp.

Odonata

Aeschna cyanea
Orthoptera
Carausius morosus
Forficula sp.
Siphonaptera
Archaeopsylla erinacea
Strepsiptera
Caenocholax fenyesi
Crawfordia sp.
Elenchus japonica
Mengenilla chobauti
Stylops melittae
Triozocera mexicana
Xenos pecki

Xenos vesparum
Xenos vesparum
Trichoptera
Hydropsyche sp.

2. 8 Mollusca
Atrina pectinata

2.9 Myriapoda
Clinopodes poseidonis

Craterostigmus tasmanianus

Cryptops trisulcatus
Cylindroiulus punctatus
Lithobius variegatus
Polydesmus coriaceus
Pseudohimantarium
mediterraneum
Scolopendra cingulata
Scutigera coleoptrata
Theatops erythrocephala

X89491

X89487
X89493

X89482
AF012527
X89494
X89497

X89481

X89488
X89490

X89486

U65160
uU65163
u65162
X89441
X89440
U65159
u65164
X77784
X74763

X89483

X90961

AF000777
AF000774
AF000775
AF005448
AF000773
AF005449
AF000778

U29493
AF000772
AF000776

1L epidop

1Mecopt
2Mecopt

1Neurop
2Neurop
3Neurop
4Neurop

10dona

10rthop
20rthop

1Siphonap

1Strep
2Strep
3Strep
4Strep
5Strep
6Strep
7Strep
8Strep
8aStrep

1Trichop
Mollusca

Myrl
Myr2
Myr3
Myr4
Myr5
Myré
Myr7

Myr8
Myr9
Myr10

+ +

++ 4+ +

+

A+ A+ o+

+

+ + A+ A+ o+

+ +

++ 0+
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Table of Hypothesized Indels

Table of putative indel events that might have taken place within the dipteran and

strepsipteran lineage. These events are hypothesized after the application of an outgroup

comparison on the basis of the small alignment. The table contains the position of each

hypothesized insertion and deletion within the small alignment, its specific nucleotide

length and the phylogenetic grouping (clade) that it supports. Additionaly it isindicated

wether the supported phylogenetic group is congruent with the cladogram received from

the maximum parsimony analysis of the nucleotide substitution characters of the subset.

insertion deletion congruent alignment supported grouping
with with with the position
corres- corres- cladogram
ponding ponding from the
nucleotide | nucleotide | analysisof
length length subset

1 - Yes 80 Strep

5 - Yes 218-222 Strep

4 - Yes 225-228 Strep

- 1 No 279 Cul + Psycho

1 - Yes 289 Strep

1 - Yes 315 Strep

- 1 Yes 316 Diptera

4 - Yes 346-349 Strep

1 - Yes 367 Strep

- 2 Yes 368-369 Cul

1 - Yes 373 Strep
15 - Yes 451-465 Tipu

2 - Yes 510-511 Strep

1 - No 516 Bra+ Cul

- 1 Yes 530 Bra+ Psycho + Tipu
2 - Yes 531-532 Strep

5 - Yes 722-726 Strep

- 2 No 727-728 Diptera except Psycho
2 - Yes 800-801 Strep

- 3 Yes 807-809 Strep

- 1 Yes 1,166 Cul

- 1 Yes 1.175 Diptera

- 2 Yes 1,181-1,182 Diptera

1 - Yes 1,212 Cul

2 - Yes 1,212-1,213 Strep

1 - Yes 1,216 Diptera+ Strep

1 - No 1,225 Psycho + 2Bra

1 - Yes 1,229 Bra+ Psycho + Tipu
- 1 Yes 1,236 Strep
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- 1 Yes 1,288 Tipu

- 1 Yes 1,290 Cul

- 1 Yes 1,293 Cul except 4Cul und 5Cul
1 - Yes 1,294 Strep

- 2 Yes 1,331-1,332 Tipu

- 1 Yes 1,609 Cul

- 1 Yes 1,610 1Cul + 2Cul + 3Cul

- 1 Yes 1,632 Cul except 4Cul und 5Cul
- 2 No 1,633-1,634 Cul except 4Cul

- 1 No 1,637 1Cul + 2Cul + 3Cul + 7Cul
1 - Yes 1,663 Cul

1 - Yes 1,664 Cul except 4Cul und 5Cul
1 - No 1,666 1Cul + 3Cul

2 - Yes 1,667-1,668 Cul

1 - Yes 1,680 Cul

1 - Yes 1,767 Cul

1 - Yes 1,767 Strep

1 - Yes 1,816 Diptera+ Strep

1 - Yes 2,181 Cul

1 - Yes 2,183 Cul except 5Cul

1 - Yes 2,264 1Bra+ 3Bra+ 4Bra

- 1 Yes 2,457 Cul except 4Cul und 5Cul
1 - Yes 2,463 Strep

- 3 Yes 2,501-2,503 Cul

1 - Yes 2,761 Cul

- 1 Yes 3,077 Diptera

- 1 Yes 3,085 Diptera

1 - No 3,098 2Bra+ 1Cul + 2Cul

1 - Yes 3,099 Strep

- 1 Yes 3,114 1Bra+ 3Bra+ 4Bra

- 1 No 3,115 Bra+ Tipu

1 - Yes 3,344 Diptera

1 - Yes 3,354 Diptera

- 1 No 3,360 Diptera except Psycho

- 1 No 3,366 Diptera except 4Cul und 5Cul
- 1 Yes 3,374 Bra+ Psycho + Tipu

- 2 No 3,375-3,376 Psycho + Tipu

1 - Yes 3,425 Strep

1 - Yes 3,431 Strep

1 - No 3,439 Bra+ 2Tipu

- 1 No 3,521 Cul except 4Cul

- 1 No 3,522 Tipu + Cul except 4Cul
- 1 Yes 3,557 Cul

- 1 No 3,608 Diptera except 3Bra

- 1 No 3,702 Cul + Psycho
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Weighting characters in cladistic analyses is a central problem in almost every attempt to reconstruct the
evolution of known species. It emerges whenever two or more putative homologous characters show an
inconsistent distribution among taxa. One has to decide which hypotheses of homology should be
prefered. The preference or equivalence of some hypotheses of homology against others is trandated to a
weighting system and influences the outcome of the cladistic analysis. The logical basis for evaluating a
weighting system within a falsificationist framework is the degree of corroboration of each homology
hypothesis. Homology is a historical concept which refers to character transformation processes that took
place in the past and left traces behind which we can observe in the present. Thus the first intuitive idea
could be that the degree of corroboration is somehow linked to process probabilities. This idea is tested
with simulated data. Simulated data has the benefit that the “true” phylogeny and the “true” process
probabilities are known. The program ROSE (Stoye J et al/ 1998 Bioinformatics 14:157) was used to
generate several datasets under varying process probability settings. These datasets were analysed using
different weights and the most parsimonious tree with its tree statistics as well as a bootstrap analysis
with 500 replicates were performed. The results show a strong correlation between the applied process
probabilities and the “best” weighting scheme. The “best” weights are those that correspond relative to
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the differential weighting of distinguishable classes of transformations (e.g. transitions and transversions).
Whereas the differential weighting of characters (sequence positions) seems to be rather unproblematic.
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Abstract

This paper represents an attempt to reveal the principle relevance of process probabilities of
evolutionary events for cladistic analyses and for the evaluation and the weighting of cladistic
characters when applying the falsificationist approach to phylogenetic research. To bring some
light into the controversial discussion about the interpretation of Popper’s falsificationism in
phylogenetic methodology, the concepts of falsification and corroboration are distinguished.
While the application of the former is straight forward, leading to the identity test within the
character analysis and the congruence test within the cladistic analysis, the application of the
latter is not that clear. The degree of corroboration provides the basis for choosing the best
cladistic hypotheses presently available and does therefore relate to the methodological
principle of general parsimony. Degrees of corroboration are needed within cladistic analysis
whenever character distributions contradict the hypotheses of their synapomorphy. Characters
gain corroboration by successfully passing the identity test. Thisis expressed by the application
of character weights. When considering Popper’s formula for the calculation of degrees of
corroboration, the only meaningful interpretation for phylogenetic inference is the application of
process probabilities. Thereby exhibiting the following relation: The more improbable the
evolutionary event that caused the character, the higher its degree of corroboration, i.e. the
higher its relative character weight. Thus, if phylogenetic research wants to meet the
requirements of an empirical science sensu Popper, character weights have to be applied in
cladistic analysis. And there is no justification within the falsificationist approach for the

application of the so called non-weighting maximum parsimony method.

[character weighting, corroboration, evolutionary process probabilities, falsification, maximum

parsimony, phylogenetic methodol ogy]
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Introduction

The evaluation of the consequences and possibilities of a refutationist approach to
phylogenetic inference represents an extensive and still ongoing discussion, within
which different and partially contradicting positions are advocated (e. g., Farris, 1970,
2000; Bock, 1973; Kitts, 1977; Platnick and Gaffney, 1977; Brower 2000). The only
common ground among these divergent positions, so it seems, is the reference to
Popper’s falsificationism. Nevertheless, by referring to his methodology, different
authors intend to justify the choice of different specific methods of cladistic analysis
while discrediting all others. This holds true especially when parsimony and likelihood
methods are compared and phylogenetic characters are analyzed and weighted for the
cladistic analysis (e.g. Siddal and Kluge, 1997; Farris, 1999; Siddall, 2001). In
particular the interpretation of Popper’s concept of corroboration for phylogenetic
inferences is a matter of recent controversy (de Queiroz and Poe, 2001; Faith and
Trueman, 2001, Farriset al., 2001; Kluge, 2001).

By logically distinguishing falsification and corroboration and considering their
application separately in phylogenetic inference, some of the points that are made
within the controversial and sometimes confusing debate can be analyzed and evaluated
methodologically. The choice and justification of a specific weighting scheme within a
falsificationist approach seems to represent a promising phylogenetic problem, on
which the benefits and shortcomings of the popperian falsificationism can be evaluated
for phylogenetic methodol ogy.

Popper’s Falsificationism

The central role within Popper’s approach plays the hypothetico-deductive setting
consisting of a temporarily accepted relevant background knowledge, an empirical
hypothesis and empirical observations (Popper, 1994). The setting represents the basis
on which an empirical test of the questioned hypothesis is performed. The severity of
such a test determines the degree of corroboration a hypothesis gains when passing the
test successfully. Thereby depends the severity of the test on the amount of possible
falsifiers of the hypothesis which an empirical test potentially accredits (Popper, 1983,

1994). The degree of corroboration at its turn provides the basis for choosing among
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many possible hypotheses the best hypothesis presently available in the light of the
existing empirical knowledge. Therefore, any attempt to justify a weighting scheme for
cladistic characters within a falsificationist approach should rest on the estimation of
different degrees of corroboration of the corresponding character hypotheses. However,
Popper’ s approach consists of two aspects which should be differentiated: Falsification

and Corroboration.

Falsification

For an empirical hypothesis to be scientific, Popper claims that it must be fallible in
principle, i.e. that it can fail on our experience. This means, in terms of the hypothetico-
deductive setting, that the chosen background knowledge has to predict the theoretical
possibility of empirical observations which contradict the hypothesis, so that the
hypothesis would be falsified by the occurrence of this type of empirical evidence.
These observations would serve as potential falsifiers of the hypothesis (Popper, 1983,
1994). If one wants to apply this principle on phylogenetic research, one has to identify
the steps of testing and the mechanisms of falsification within the procedure of
phylogenetic inference. In my opinion, there are at least two such steps and
mechanisms, the first comprised in the character analysis, the second in the cladistic

analysis.

Falsification and Character Analysis
Every biological interpretation of a perception/observation represents a hypothesis. The
explanatory power of such a hypothesis depends on its consistency with other accepted
theories, with the empirical evidence it is based upon, and with newly obtained
empirical evidence. During character analysis traits are anayzed, described and
compared to one another. As a result of this procedure, traits are coded for the data
matrix as being identical or different to one another in correspondence to the results of
the perceptual judgments. In the data matrix identically coded traits are, within the
cladistic analysis, interpreted as representing putative synapomorphies. Following this
logic, traits that are not coded identically cannot represent synapomorphies in principle.
Therefore, one can conclude: Traits of two organisms of two different species are
falsified in representing synapomorphies’homologies in case they exhibit no identity.
This holds true, because if those traits would represent the result of a single

transformation of a trait in a common ancestor of those two species and they would,
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somehow, be potentially recognizable as such, they would have to be identical. If thisis
the case, they can be employed as serving as empirical evidence and, thus, as an
argument for the reconstruction of the phylogeny of the corresponding species (for
details see Vogt, 2002a, 2002b). Therefore, during character analysis, the set of purely
theoretically possible hypotheses of synapomorphy is confronted with the results of the
study and observations of the corresponding real entities, which represent the relevant
empirical evidence against which those theoretical hypotheses are tested. The principle
possibility of performing such a test against empirical evidence gives those hypotheses
the status of empirical hypotheses, and provides, in case of successfully passing this
test, an explanation for the empirical evidence, i.e. the observed identity of the
corresponding traits among members of different species. | call this test that is
embedded within the character analysis the identity test (Vogt, 2002a).

Falsification and Cladistic Analysis

Another step of possible falsification within phylogenetic research is found within the
cladistic analysis. Here, the putative synapomorphies that result from the identity test
and which are coded as identical character states within the data matrix are tested
against one another in respect to some constrains deduced from relevant background
knowledge, which is descent with modification. That is to say, sets of hypotheses of
synapomorphy are tested for their consistency with those constraints: If the distribution
pattern of at least two hypotheses of synapomorphy code for contradicting groups of
species, which violate the requirement of a nested hierarchy of monophyletic taxa, the
total set of hypotheses is fasified. In principle, not all of these hypotheses of
synapomorphy can represent true synapomorphies — at least one of them has to
represent a homoplasy. But the test does not tell which hypothesis of synapomorphy has
been falsified — it only tells us that the set as awhole isincongruent. Thereforeis the set
of hypotheses as a whole falsified. One does not know which of the contradicting
hypotheses of synapomorphy represent homoplasies. This test is known as the
congruence test (Patterson, 1988; de Pinna, 1991; Kluge, 1997; Vogt, 2002a; sensu
criterion of coincidence of Wagner, 1986).

Corroboration

Corroboration is another aspect of Popper’s approach (Popper, 1983, 1994), which

accounts for a measure of the quality of an empirical hypothesis, indicating the severity
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of the empirical tests this hypothesis successfully passed without any case of
falsfication. Thus, the degree of corroboration depends on the severity of empirical
tests, which is measured by the amount of falsifiers the test potentially accredited.
Following this conception, the general epistemological principle of parsimony, i.e. the
economy of thinking, which is the method of preferring the hypothesis with minimum
expense of explanation, can be interpreted within a falsificationist framework as the
methodological convention to chose the hypothesis with the highest degree of
corroboration as the best presently available hypothesis.

This has to be trandated into phylogenetic methodology: During character analysis,
every hypothesis of synapomorphy which successfully passes the identity test gains
corroboration in dependence on the severity of its specific test. Those hypotheses that
are falsified by the test are discarded and have no influence on the subsequent cladistic
analysis, i.e. the corresponding traits are either not considered within further steps of
phylogenetic inference or are coded differently into the data matrix. Since all
hypotheses that pass the identity test gain some degree of corroboration, the cladistic
analysis would be quite smple as long as the congruence test is successfully passed by
the whole set of these hypotheses; i.e. as long as there exists no logical conflict in the
interpretation of the empirical evidence. If there exists such conflict, one has to chose
the best set of all possible aternative subsets of hypotheses of synapomorphy that are
congruent to another, leaving a residue of traits which are then reinterpreted ad hoc as
representing homoplasies. If, and only if @l hypotheses of synapomorphy gain the same
degree of corroboration by their specific identity tests - which would mean that the
identity test is equally severe for each hypothesis -, parsimony would imply to chose
that congruent set of hypotheses of synapomorphy that minimizes the requirement of ad
hoc reinterpretations of homoplasy (as Kluge claims, 1997, 1997a). If this is not the
case, following a falsficationist approach one has to weight the hypotheses in
dependence to their specific degrees of corroboration gained in each specific identity
test. And the best set of hypotheses of synapomorphy of all alternative sets would be the
set of congruent hypotheses with the highest sum of degrees of corroboration (Vogt,
2002a; contradicting Kluge, 1997, 19974).

Furthermore, one should consider that the congruence test tests hypotheses against one
another (one has to keep in mind, that the congruence test does not falsify any
hypothesis of synapomorphy but only sets of such hypotheses). This test can only
resemble an empirical test sensu Popper, in case the hypotheses that are tested against
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one another represent empirical hypotheses that gained at least some corroboration
beforehand. Otherwise, the hypotheses would merely be tested against the imagination
of their inventor, which, if at all, might present a fruitful basis for an entertaining story
but not the methodological grounds of scientific reasoning. Therefore depends the
weight, a character is given in the cladistic analysis, directly on the severity of the
identity test, which the character has passed successfully within the character analysis
(Vogt, 2002a). According to this view, not weighting characters, as Kluge (1997,
1997a) demands, would imply that the corresponding hypotheses have no explanatory
power at al. And performing a cladistic analysis with empirically empty hypotheses,
that are tested against each others on congruence, would result in a most congruent, but
also empirically empty cladistic hypothesis. This would equal a procedure of coding for
a data matrix without previously performing a character analysis and, thus, without
performing identity tests. Such a procedure would be unacceptable.

Following this, one can conclude: If the severity of the performed identity tests varies,
one should account for this by giving corresponding weights (Vogt, 2002a). This
confronts one with the necessity of determining the basis of evaluating the severity of
the identity tests.

Weighting and Corroboration

What serves as an objective measure of the severity of an identity test? For
morphological traits Neff (1986) suggests to take the structural complexity into account
when weighting characters (see also Patterson, 1988; Wéagele, 1995, 1996), giving more
complex structured traits a higher weight. Besides the problems of coding such traitsin
a data matrix, examples of complex structured traits that exhibit a high intraspecific and
interspecific variability (e.g. variable patterns in the shells of species of the genus Conus
(Meinhardt, 1996)) contradict the generality of this principle, since they represent
complex structured traits that bear little phylogenetic information. Therefore, this
argumentation does not seem to provide a proper basis for weighting characters.

On the other hand, taking process probabilities/frequencies of the corresponding types
of evolutionary events as the basis for weighting cladistic characters represents an
ongoing discussion and especially advocates of a falsificationist approach reject their
consideration. They neglect that those probabilities should be considered, because of the

problems which occur by modeling evolution. Some authors even state that considering
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process probabilities would unnecessarily add to background knowledge which would
decrease the testability of hypotheses and, thus, would represent an inductive and
therefore refutable procedure (Kluge, 1997), because induction would be inconsistent
with popperian logic.

This paper represents an attempt to reveal the principle relevance of process
probabilities of evolutionary events for cladistic analyses and for the evaluation and the

weighting of cladistic characters when applying afalsificationist approach.

Process Probability and Reconstructing Phylogeny

| want to begin my argumentation by describing a possible scenario under the
assumption of descent with modification for molecular data:

Let there be an organism carrying an individual guanine G,; at a specific sequence
position within its genome (Fig. 1, top right side). Having guanine at this sequence
position is subsequently inherited to al the offspring belonging to a line of descent of
this organism via mechanisms of DNA replication, cell cleavage, reproduction etc. As a

consequence, an evolutionary line of individual G's is congtituted (G,;, G,2, Gy3, Gy4),
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Fig. 1: Classes of identity. An example of the dependence of the severity of the identity test from
the process probability of the corresponding type of transformation. For more details see text.
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that can be classified to a specific class of guanines G,. At some point a transformation
takes place, changing G, to 4,;. A line of individual adeninesis initiated, determining a
specific class of adenines 4,. Speciation events take place and all species that come into
being posses 4, at this specific sequence position. These 4,’s can be traced back to 4,
which initiated this specific ontological historical class.

Now, if an observer tries to investigate the phylogeny of those species and she considers
this specific sequence position, she first performs the identity test on this trait. As
logical falsifiers for the hypothesis (trait at this position of the sequence originated in
the specific transformation G, to 4,) serve all guanines, all thymines, all cythosines and
al adenines that do not belong to the class 4, (Fig. 1, left side). However, since no one
can distinguish adenines belonging to A, from adenines not belonging to 4,, the identity
test accredits only those potential falsifiers that are not adenine. If there are only a
no/few adenines of the type non-x, the identity test would accredit all/ailmost all logical

falsifiers.

Thus, one is confronted with the question, how one can evaluate the ratio of effectively
accredited potential falsifiersto all logical falsifiers.

For the case described above, the only possible interpretation of this problem | can think
of is the following: Since identical nucleotides are classified to sets, one receives four
different sets. To evaluate the relative amount of accredited potential falsifiers of the
hypothesis, the relative size of the three sets of potential falsifiers (guanines, thymines
and cythosines) in comparison to the set of adenines has to be determined. As the
hypothesis is a historical hypothesis, referring to an event and thus to a process, the size
of the sets can best be interpreted as depending on the corresponding process
probabilities. If the size of the sets corresponds to their underlying process probabilities,
each set should consequently be interpreted as consisting of an infinite number of
elements. Therefore, the relative size of a set, and therewith the amount of accredited
potential falsifiers, depends on the relative cardinality of the sets. When al four possible
sets together equal the genera probability of a nucleotide substitution, the concrete
cardinality of each set can be interpreted as directly depending on the corresponding
process probability in the moment of the mutation. The relative amount of accredited
falsifiers would equal 7-ppecific ransformationy- THUS, in the case discussed above, the

amount of potential falsifiers accredited by the identity test depends on the process
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probability of transforming guanine to adenine in the moment of transformation. The
more improbable this specific transformation, the higher the relative cardinality of the
three falsifying identity classes, the more severe the identity test respectively. This
relation results from the human inability to distinguish different ontological historical
entities which do not exhibit different qualities. Following this, the degree of
corroboration of a hypothesis of synapomorphy which successfully passed the identity
test should strongly depend on the improbability of the trait-causing transformation
process. This corresponds largely with Popper’'s interpretation of the calculus of
probability and with the falsifiability of a hypothesis as depending on its improbability
(Popper, 1983, 1994).

It should be added that it is only the propensity interpretation of the calculus of
probability which should be applied (Mahner and Bunge, 1997; Popper, 1983) when
considering those evolutionary process probabilities. This is an important point that has
to be considered when applying assumptions of process probabilities in cladistic

analyses.

Process Probability and Corroboration

| want to confront my point of view of the relevance of evolutionary process
probabilities in phylogenetic inference within a fasificationist approach with the
formalism, which Popper himself suggested. He proposes a formula to evaluate the
degree of corroboration C, ., 5 provided to a hypothesis # by empirical evidence e in
the light of the relevant background knowledge b (Popper, 1994):

Cohen= Dee, hb) = Pe, b)

Pre, i) —Pen, b) T Pee b) ;

where for instance p(, 5 is read as the probability of e given 5. From this formula one
receives that any e supports % in the case when p., ) > p(e, 1), Obtaining a positive C, ,
») (Popper, 1983; Farris, 2000).

Considering this formula when evaluating the effect of process probabilities on the

severity of the identity test, one could compare two contradicting hypotheses of
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synapomorphy. Trait x and trait y shall represent two contradicting hypotheses of

synapomorphy. Both hypotheses successfully passed the identity test. Now, one wants

to evaluate their corresponding degree of explanatory power to be able to decide which

hypothesisto prefer. Let there be:

€x

There are several organisms, each bearing an identical trait x,
and these organisms belong to several species;

All x represent synapomorphies and are as such the result of a
single transformation event that took place in the last common
ancestor of the species, whose organisms bear x;

descent with modification; a transformation to trait x is less
probable than a transformation to trait y;

The corresponding appliesto e,, 4, and b,.

By considering the formula above, one receives for hypothesis x and y the following:

DPx(e, hb) = py(e, hb)s

Dx(e, b) < Py(e, b)s

Dx(eh, b) = Py(eh, b)s

because, if # and b are both given, either transformation — to
trait x and to trait y — took place only once, since those traits
represent synapomorphies. Therefore, do 4.5, and h,b, not differ
from one another in respect to their effect on the probability to

observe e, or e,.

because the probability to observe e, or to observe e,, if only the
background knowledge is given (which is identical for both
cases), is only dependent on the process probability of the
transformation causing the corresponding trait. Since this
probability is smaller for trait x than for trait y, one receives this

inequality.
because the smaller the process probability, the higher the

probability that the corresponding transformation happens only

once.
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Thus, considering the formula and the inequalities stated above, one receives the
relative degree of corroboration of hypothesisx and y as: Cpu, ex, 5x) > Cay, ey, by)-
Therefore, one has to conclude that - from a falsificationist point of view and a
propensity interpretation of the calculus of probability - process probabilities are
intimately linked to the severity of the identity test and, therewith, to the explanatory
power of atested hypothesis of synapomorphy.

And one has to conclude that the quality of a trait in its function as serving as
phylogenetically relevant evidence strongly depends on the process probability of its
specific type of causing transformation.

When considering the formula for the measure of the amount of accredited falsifiers
proposed above (I-pipecific transformationy), ONE could, in case the relevant process
probabilities are known, propose a formula representing an easy to handle
approximation to the evaluation of relative degrees of corroboration of hypotheses of

synapomorphy that have passed the identity test successfully:

Chyp = (1-4) (I-4);  Cyy, representing the degree of corroboration of a hypothesis of
synapomorphy, d representing the process probability of a specific
type of transformation (e.g. nucleotide substitution); @ representing

the process probability of a specific result of a transformation type.

| want to stress that this formula represents only a rough approximation to give a vague
impression of the relation of process probability and character weight - | do not

recommend its application.

Process Probability and Phylogenetic Information

Content

To know the relevant process probabilities and to be able to apply them for the
estimation of proper character weights, the process probabilities have to be
unambiguously assignable to the observable empirical evidence, thereby giving an
explanation for their cause. What this means for cladistic analyses can best be illustrated
by another example. Considering the process of unequal crossing over, while neglecting
any effects of selection, such an event can, when occurring during meiosis, result in two

possible lines of descent, one representing the result of a deletion of, e.g. 7 nucleotides,

160



and the other of an insertion of the same length. In this case, the process probabilities
for receiving a deletion of this length and for receiving an insertion of the same length,
have to be equal, since they represent the results of the same single event (Fig. 2, left).
However, if one would compare deletions resulting from 5 independent unequal
crossing over events without considering their ‘neighboring’ base composition, one
could not distinguish them from one another; while, with the corresponding insertions,
this might still be possible (Fig. 2, right). Therefore, one could claim, that insertion
characters of a specific nucleotide length bear more phylogenetic information than
deletion characters of the same length (V ogt, 2002b).

Fig. 2, Left: Unequal crossing over. A single event of unequal crossing over during meiosis can lead
to two lines of descent, one exhibiting the result of a deletion of, in this case, 7 nucleotides, and the
other of an insertion of the same length. Since both are caused by the same single evolutionary event,
their corresponding process probabilities are identical. Right: Comparison of the results of five such
events of unequal crossing over. When comparing the same facts in the case of 5 independent events
of unequal crossing over, the deletions, according to their nature, cannot be distinguished from one
another, while the insertion can, according to their specific base composition. Therefore, insertions of a
specific length bear a higher phylogenetic information content (Inf) than deletions of the same length.
This specific example in mind, one has to ask oneself what is the source for the higher
amount of phylogenetic information content of insertions in comparison to deletions and
how is this interpreted within a falsificationist framework? Thus, what makes this
insertion more valuable than the deletion of the same length in cladistic analyses?
Again, this can best be consistently explained within a falsificationist framework in
terms of process probabilities and the possibility to assign empirical evidence most
unambiguously to its causing type of transformation. The probability to receive a

deletion of a specific length is much higher than of an insertion of the same length and a
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specific base composition. Thus, the information content of atrait seems to be strongly
dependent on the process probability of its causing type of transformation, thereby
exhibiting the relation: the more improbable the types of transformation that are known
to be able to cause a specific trait, the higher its information content after its
corresponding hypothesis successfully passed the identity test. In this way does the
information content of the distribution pattern of an identical trait equal the degree of

corroboration of the corresponding hypothesis of synapomorphy.

Simulation

To test the relationship of process probabilities and weighting of cladistic characters
within the procedure of parsmony analysis, a simulation study is performed. The
simulation study and its results are presented as electronic appendix in the electronic

supplements of thisjournal (http://www.senckenberg.uni-frankfurt.de/odes/).

Estimating Process Probabilities

The results of the simulation study together with the results of the theoretical analysis
show that reasonable weighting is intimately linked to the process probabilities of the
transformation-causing evolutionary events. Considering the inevitable necessity of
weighting the empirical evidence in cladistic analyses (Vogt, 2002a) — whether equally
or differentialy -, the evaluation of the relevant process probabilities, as well as the
assignation of process types to corresponding types of empirical evidence, represent key
problems within every cladistic inference. Especially estimating the process
probabilities proves to be the most problematic step. Since the application of the
calculus of probability within a falsificationist approach premises a propensity
interpretation (Mahner and Bunge, 1997), the process probabilities cannot be estimated
by simply counting the frequencies of specific types of mismatches of pair wise aligned
sequences. Such a procedure assumes that the observed sample represents the entire
class of all past and future transformations and thus, that the sample is in equilibrium.
The correctness of this assumption cannot be tested for real data and is therefore
problematic. And even in case the general mutation probabilities would be known (by
e.g. consideration of laws of biochemistry and physics), the probability of a specific

transformation is not directly deducible from them, since selection forces influence
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transformation probabilities as well. And the effects of different selection pressures and
their impact on the phylogenetic information content of characters is yet not well

enough understood to be systematically incorporated into a weighting scheme.

Thus, one is confronted with lots of open questions. How can one evaluate process
probabilities empirically without knowing the corresponding phylogeny of the
sequences? Are experimentally obtained process probabilities universal and, thus,
applicable on every empirica data? What role plays selection and can selection be
estimated/approximated and systematically incorporated into a weighting scheme or is

thisin principle impossible?

All those questions concern the problem of evaluating the results of historical processes
that necessarily represent singularities, and the difficulties that emerge when one wants
to generalize them into classes of processes within the analysis, to be able to handle
them and interpret them in respect to our evolutionary background knowledge. But one
should be aware of not getting caught into the trap of radical skepticism by discarding
every statement and method that is not 100% validated, ending up in having no
explanation at all for the observed distribution of identical traits among members of
different species, because nothing bears up against such an impracticable standard.
However, since systematicists cannot bring history into the lab and force it to answer
repeatedly questions about the past, one has to heuristically find one’'s way to always
better approximations thereby applying methods, that might still fail under certain
conditions but which tend to be more truth-keeping than all other methods. There is a
need of methods that meet the dynamics of historical events and that overcome the
boundaries of mono-causal reasoning.

However, though estimating transformation probabilities correctly is linked to many
methodological and epistemological problems, there is no convincing argument within a
refutationist approach to disregard process probabilities or even prohibit their
consideration when weighting cladistic characters. On the contrary, they have to be
approximated somehow, if one wants to justify scientific hypotheses about biological
history at all.

To evaluate process probabilities, it might be useful to apply statistical methods and

evolutionary models. And even if process probabilities cannot be statistically

163



approximated, as long as empirical evidence can be assigned to the occurrence of a
specific type of transformation, the possible number of results of this type of
transformation can be considered to give a first, but weak, approximation of the
corresponding probabilities: the higher the number of possible different results is that a
specific type of transformation potentially has, the more improbable is it to receive a
specific result of this type of transformation, and the higher is its phylogenetic
information content and, thus, its empirical weight (in accordance with Vogt, 2002a).

Conclusion

While the application of the concept of falsification in systematics is straight forward,
the application of the concept of corroboration raises methodological chalenges. It is
the weighting of characters where the concept of corroboration has to provide the
methodological basis for. However, Popper’ falsificationism gives no convincing
argument against the employment of process probabilities in phylogenetic research. On
the contrary, only the application of process probabilities makes a meaningful
interpretation of Popper’s formula of the degree of corroboration within phylogenetic
methodology possible. And as weighting is inevitably necessary if cladistic hypotheses
shall represent empirical hypotheses sensu Popper, weights have to be applied. And
since these weights are intimately linked to the corresponding transformation
probabilities, non-weighting  phylogenetic  evidence would resemble an
epistemologically inconsistent method and, therefore, does not provide a reasonable
aternative.

Therefore, in the light of this study, the application of the specific type of maximum
parsimony method that principally applies equal weights without giving an empirical
justification for this weighting scheme, cannot not be justified with Popper’s
falsificationism; moreover, it is inconsistent with a falsificationist approach to
phylogenetic inference (contradicting Kluge, 1997). There is no way to avoid the

application of character weights in phylogenetic inferences.
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Weighting of Characters in Systematics”

167



To test the relationship of process probabilities and the weighting of cladistic characters
within the procedure of parsimony analysis and, thus, the effect of the degree of
corroboration of hypotheses of synapomorphy gained by successfully passing the
identity test (Vogt, 2002) on the power of the analysis, a simulation study is performed.
Different data sets with varying parameters are generated. To reduce the amount of
variable parameters and to simplify the evaluation of the generated data, only nucleotide
substitutions are alowed to ‘evolve' (i.e. no indels). Additionally to the data sets, each
corresponding ‘evolutionary history’ and the ‘true’ alignment is logged. This enables
one to perform cladistic analyses for each data set under varying character weights and
to compare the results with the ‘true phylogeny’ and the corresponding evolutionary
parameters. Since the initial starting sequence, the ‘true’ ancestral sequence of the
generated sequences, is previously known, it is used as the outgroup in the cladistic
analysis, to root the resulting tree correctly. For the cladistic analyses, the maximum
parsimony method is applied, since this method alows the application of different
weights. Furthermore, maximum parsimony is advocated by those authors that claim to
follow a refutationist approach but who propagate equal weighting as the only
weighting scheme which is consistent with popperian falsificationism (e.g. Siddall and
Kluge, 1997; Farris, 1999).

Performing this simulation has neither the intention to confirm a specific weighting
scheme nor to test the parsimony method of cladistic analysis. It only attempts to test
whether process probabilities have to be considered when interpreting the products of
an evolving system which evolves under specific process probabilities. Moreover, this
simulation study is performed to investigate how those probabilities are linked to an
‘optimal’ weighting scheme.

Methods

For the simulation of evolutionary processes and the generation of the different data
sets, the program ROSE (Stoye et al., 1998) was employed, thereby deactivating the
function of the program that allows also indels to evolve. For the cladistic analyses
PAUP*4 (Swofford, 1998) was used under parsimony settings.

Data sets
1. unconstrained generation of the sequences, thus evolving on a symmetrical tree —in sum 68 data sets
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1.1 four classes of different values of relatedness (see Stoye et al., 1998): 2000; 1000; 500 and
250
111  specific relative transformation probabilities of transition to transversion
(TsTv) for each class of relatedness - Ts.Tv with the values 15:1; 12:1; 9:1;
6:1;5:1; 4:1; 3:1; 2:1; 1:1; 1:2; mixed
112 mutation probability of specific sequence positions for each class of
relatedness; from the first sequence position onward and repeating until the end
of the sequence - with the values 0.9, 0.7, 0.5; 0.9, 0.6, 0.3; 0.3, 0.2, 0.1;
0.9,0.1; 0.2,0.1; 0908
2. constrained generation of the sequences, thus evolving on a given asymmetrical tree — in sum 34 data
sets
2.1 two classes with a different general mutation probability on every sequence position: 0.9 and
2.0
1.1.3 gpecific relative transformation probabilities of transition to transversion for
both classes - Ts:Tv with the valuesl5:1; 12:1; 9:1; 6:1; 5:1; 4:1; 3:1; 2:1; 1:1;
1:2; mixed
2.2 mutation probability of specific sequence positions; from the first sequence position onward
and repeating until the end of the sequence - with the values 0.9, 0.7, 0.5; 0.9, 0.6, 0.3;
0.3,0.2,0.1; 09,01, 0.20.1; 0.908; and 9.0,7.0,5.0; 9.0,6.0,3.0; 3.0,20,10
9.0,1.0; 2.0,1.0; 9.0,8.0

Analyses
All 102 data sets were each analyzed applying different relative weights:
Each Ts:Tv data set with varying specific step matrices, relatively weighting Tsto Tv:
2:1; 3:2; 1:1; 2:3; 1:2; 1:3; 1:4; 1:5; 1:6; 1:9; 1:12; 1:15; mixed.
All other data sets each with varying specific character weights:
236;362;623,632,456;564;645;654;,12;21;19,91;89;98;31;13;1
1.

For al these settings, parssmony analyses under hsearch/NNI default settings and
parsimony bootstrapping analyses with 500 pseudoreplicates were performed. The
results, together with the ensemble consistency index (Cl) and the ensemble rescaled
consistency index (RC) were logged and compared to the ‘true’ tree. In cases where the
resulting tree topologies differed from the ‘true’ phylogeny, the number of branches that
one had to swap to obtain the correct topology were counted and logged as long as it did
not exceed the number five. The bootstrap frequencies were ordered to classes and the
corresponding nodes for every such class were counted, as well as the number of
collapsed nodes.
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For every data set that was analyzed with different weights, the results are compared to
the true phylogeny. The results are evaluated and classified into relatively good and
relatively bad results for the analyses of each data set. The criterion for relatively good
results is the comparably better fit of their tree topologies with the ‘true’ tree, which is
investigated by counting the number of branches that would have to be swapped to
receive the ‘true’ tree, by the resolution of the phylogeny (number of collapsed nodes)
and by the bootstrap frequencies of the nodes. Thereby, the fit has the highest
significance, followed by the number of collapsed nodes and by the bootstrap

frequencies.

Results

A first and not very surprising result is, that the quality of the cladistic reconstruction
depends on the evolutionary rate of the employed sequences. The higher the relatedness
parameter is set - which equals increasing the evolutionary rate - the worse is the
resolution and the worse is the bootstrap support of the results of the corresponding
bootstrap parsimony analyses (exemplified in Fig. 1 for the analysis of the data sets
described under 1.1.1 in Simulation — Material and Methods). For the data sets that
were generated with a relatedness parameter of 250, almost all relationships are
resolved by the analyses, and the obtained bootstrap frequencies are all very high. This
changes continuously to the worse when analyzing the data sets that were simulated
with a higher relatedness value. Many, and in some analyses al of the nodes collapsed
into unresolved polytomies and only few nodes, if at all, show bootstrap frequencies of
1.00 to 0.85. This result coincides with the results from the analyses of the other data
sets — the higher the rate of transformation, the worse the results of the analyses.
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Fig. 1 Results of the bootstrap-analyses of the data set 1.1.1 (see Simulation — Methods).Top: Number
of to polytomies collapsed nodes for the analyses of the data sets of varying general mutation rates and
different relative rates of Ts:Tv. The number of collapsed nodes increases with the mutation rate and
thus, the resolution decreases. Bottom: Number of nodes with a bootstrap frequency of 1.00 to 0.85 for
the analyses of the same data sets. The number of nodes with such a high bootstrap frequency decreases
with an increasing mutation rate.

Each simulated data set has been anayzed according to different relative weights.
Figure 2 illustrates the outcome of the comparison of the results for al analyses of all
generated data sets. The comparably better results are indicated by dark sguares. One
has to be aware of the fact, that the dark squares represent the outcome of a comparison
of the results of different analyses of a single data set, all mapped into a single row.
Thus, they indicate results that are similarly good and comparably better than the others

asimilar and absolute quality of results.
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Fig. 2 Results of the different cladistic analyses of al generated data sets. The different data sets are
ordered according to whether they were generated on a given asymmetrical tree or on a symmetrical tree,
according to the mutation rate indicated by the different values for relatedness and the general mutation
rate, and according to the relative mutation rates of sequence positions (left side) or the ratio of transitions
(Ts) to transversions (Tv) (right side). Every row illustrates the results of the analyses of a single data set.
Every column represents the results of analyses that applied a specific weighting scheme in the
parsimony analysis. The results from the analyses of each data set that applied the predicted optimal
weights are indicated by crossed squares, those that applied semi-optimal weights by back-slashed
squares. The dark squares represent those analyses that obtained better results in comparison to the other
analyses of the same data set (for details see text). Therefore, analyses that are represented by dark
squares indicate results of comparably similar quality for every single row separately. They are not
absolutely comparable between different rows. The dark squares indicate only, that the analyses of a data
set yield better results when applying the corresponding weights than those indicated by the bright
sguares.



Additionally, in correspondence to the formula for the measure of the amount of
accredited falsifiers, the analyses that applied the predicted optimal relative weights on
the corresponding data set are represented by crossed squares, and semi-optimal by a
backslash. One would expect, that the application of optimal and semi-optimal weights
would more frequently lead to comparably better results than these are obtained in
general.

To get a measure to test this expectation with the results of the simulation study, a
general ratio of better-results-to-all-results has been calculated for each data set.
Example: For the data set of ‘weighted cladistic characters (see Fig. 2), relatedness
2000, alternating process probabilities of 3:2:1, the results of 19 analyses are listed -
each having applied different weights -, of which 5 represent comparably better results;
this givesrise to the general ratio of 0.2632.

A specific and asemi-specific ratio has been calculated, which are the ratios of predicted
optimal and semi-optimal weights, that have been applied and that lead to relatively
better results, compared to the sum of analyses that applied optimal and semi-optimal
weights. Example: For the same data set as in the example above, there are 3 analyses
listed with 1 optima and 2 semi-optimal weights, of which all 3 perform relatively
good, giving rise to the ratio 1.00 for the optimal and semi-optimal analyses and 1.00
for the optimal analysis only.

In this way, 2-3 ratios were calculated, evaluating the results of the different analyses
for each data set. For corroborating the prediction, one would, in average, expect to
receive a high specific ratio, a smaller semi-specific ratio and an even smaller general
ratio. On this account, the mean value from the three types of ratios was calculated for
all data sets with varying transition-transversion mutation rates and for all data sets with
varying mutation rates for sequence positions (Table 1). In both cases, the mean general

Table 1: The mean general, mean semi-optimal and mean optimal ratio
obtained for the two types of data sets. For details see text.

weighting of cladistic | weighting of character
characters state transformations
mean general ratio 0.4269 0.3450
mean semi-optimal ratio 0.7708 -
mean optimal ratio 0.8611 0.7647
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ratio is smaller than the mean specific and mean semi-specific ratio. The mean specific

ratios exhibit the highest value. The results, thus, corroborate the prediction.

Furthermore, the simulation study reveals the weakness of the ensemble consistency
index (ClI) and the ensemble rescaled consistency index (RC) in their ability to indicate
the quality of the results of cladistic analyses. There seems to be no strong correlation
between the distribution of better results to the distribution of results obtaining
comparably high values for the Cl and RC (results not illustrated).

Table 2: Ratios of wrong clades that received a bootstrap support of at least 0.5, at least 0.85,

and at least 0.95 to the total number of nodes. These ratios were calculated for both types of data
sets and for al data sets together.

ratios of clades with specific| weighting of weighting of character al data sets together
bootstrap frequenciesto total cladistic state transformations
number of nodes characters
0 0.5 0.006975 0.007970 0.007533
0 0.85 0.002959 0.002034 0.002441
0 0.95 0.002114 0.000706 0.001325

The received bootstrap frequencies seem to be more informative, since only few nodes
with a bootstrap support of at least 0.5 represent a wrong grouping in comparison to the
true phylogeny (Table 2). Though there are some wrong clades with a support of even
0.95-1.00, these are extremely rare.

Discussion

The results of the simulation study obviously corroborate the hypothesis, that the
application of weights, which correspond to the relevant process probabilities that

generated the data, resultsin a better reconstruction of the history of the sequences.

Asymmetry of Transition-Transversion
A problem when weighting nucleotide substitution characters concerns the nature of
transitions and transversions. A nucleotide mismatch in a pair of sequences of two
purines can be explained by a single or a multitude of transitions, but it can aso be
explained by two or more transversions only. A mismatch of a purine and a pyrimidine,
though, cannot be explained by referring only to transitions — at least aways one
transversion can be assumed as well. This could affect the prediction of optimal weights
and their reasonable application within the cladistic analysis using the method of
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maximum parsimony, since the correlation of the empirical data to the process type that
could have caused the data is not unambiguously possible — there exists an asymmetry
in the mapping of the two processes causing these specific transformations and their
corresponding observable mismatches between two sequences. Particularly, in case of a
relatively high transformation rate of transversions, the application of ‘optimal’ weights
could be problematic.

Let the relative probability for atransition be Prs = 0.4, it follows Py, = 0.6. Transitions
are, as described above, only responsible for mismatches between pyrimidines or
between purines (type A mismatch). Transversions — especially in the case of a high
genera mutation rate that rises the chance of multiple hits — are responsible for
mismatches of type A as well as for mismatches between pyrimidines and purines (type
B mismatch). This leads to a relative frequency of observable mismatches of type A
that, with a value of Fype o 1 0.4, exceeds what can be explained by transitions only.
However, the maximum parsimony method would most parsimoniously explain these
mismatches by transition events. In case the optimal weights would be applied (relative
weighting of Ts:Tv with 3:2), some mismatches that have been caused by two or more
transversions would be incorrectly interpreted as the result of a single transition,
receiving a wrong weight. Yet, as long as the relative process probability of transitions
is higher than of transversions, the effect of this ‘asymmetry’ seems to be negligible.
The method of maximum likelihood takes this asymmetry into consideration.
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Abstract:

Der Versuch der Rekonstruktion einer Phylogenie weist in vielerlei Hinsicht deutliche Parallelen zu der
Arbeit eines Detektiven oder Ermittlers auf, der den Tatort auch erst nach Ablauf der Tat betritt und dann
aus dem, was an Spuren vorhanden ist, die Tat zu rekonstruieren versucht. Dabei geht es um
Spurenaufnahme und -dokumentation, Spurenaus- und Bewertung und deren mdglichst schliissige
Interpretation. Ziel ist die Ermittlung empirischer Indizien und von Beweismaterial, um den Tathergang
rekonstruieren zu kénnen und einen moglichen Téter zu identifizieren.

Vielleicht nicht ganz so fernsehtauglich, aber doch in vielen Schritten recht dhnlich, stellt sich die
Tétigkeit des Phylogenetikers dar. Auch hier spielen die Spuren der Geschichte - ihr Auffinden,
Auswerten und Interpretieren - die zentrale Rolle in der ,, Ermittlungsarbeit®. Dabei kdnnen diese Spuren
als bestimmte Typen eines allgemeiner gefassten Zeichenkonzepts verstanden werden.

In dem Vortrag wird der Versuch unternommen, Methoden und Konzepte einer von C. S. Peirce
ausgehenden algemeinen Zeichentheorie (Semiotik) auf die Phylogenetik anzuwenden. Dabei wird
gezeigt, dass sowohl die Phylogenie selbst, als auch die phylogenetische Rekonstruktion, as
Zeichenprozesse (Semiose) verstanden werden kodnnen. Diese Zeichenprozesse zeichnen sich durch
Interpretationsfolgen aus, wobei jede Interpretation ein ,neues’ Zeichen erzeugt. Die Interpretation
evolutiondrer Vorgange und ihrer Rekonstruktion als Zeichenprozesse ertffnet eine neue Perspektive fur
die Bewertung allgemeiner Problemstellungen in der phylogenetischen Systematik.

Gefordert durch die Deutsche Forschungsgemeinschaft (Ba 1520/4-1).
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Abstract

An introduction to the triadic conception of sign developed by C. S. Peirce and his semiatic
epistemology is given, and their application on phylogenetic methodology is presented. Many
semiotic processes go on at the level of individual organisms as well as populations and species.
Some of the signs involved in these processes, the inheritable organismic traits, are not only
signs of phylogeny but also putative signs to phylogeny. If they exhibit specific properties, they
are indices to the phylogenetic past of the corresponding species. As| understand the concept of
indexicality as the epistemol ogical correspondent of ontological causality, theindexical strength
of a phylogenetic sign depends on its ‘causal connection’ to a specific succession of
evolutionary events. This ‘causal connection’ can best be measured by its corresponding process
probabilities. A concept of the ideal sign to phylogeny is presented and its specific properties
are taken as criteriato test real signs in respect to their similarity to thisideal. The first test, the
identity test, is located within the character analysis, testing the identity of traits which are
hypothesized to represent replica of the same type of phylogenetic sign. The second test, the
congruence test, is located within the cladistic analysis, testing the congruent relation between
different putative phylogenetic signs. Furthermore, the relation and agreement of the semiatic
approach and falsificationism is shown and the semiotic process of inferring phylogenies is
analysed. Here, the three logical steps of inference — abducion, inducion and deducion - which
C. S. Peirce developed, are recognized as steps in phylogenetic research within the character
analysis as well as within the cladistic analysis. Since phylogenetic research, like phylogeny
itself, both represent semiotic processes, the knowledge of their general mechanisms results in
qualitatively better phylogenetic hypotheses. Thus, there exists a reciprocal illumination
between the knowledge of general phylogenetic mechanisms and the inference of specific
singular phylogenetic events. Therefore, it is advisable to consider all available and sufficiently
corroborated relevant knowledge in each step of phylogenetic inference. On this ground, a
justification of the superiority of parsimony methods over likelihood methods - as some
advocates of falsificationism in phylogenetic research claim, because parsimony would not
consider process probabilities and would minimize the assumed background knowledge, is not
tenable.

Keywords: background knowledge, corroboration, evolutionary process probabilities, falsification,

Peirce, phylogeny, Popper, semiotics, sign, weighting
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Introduction

The classification of organisms belongs to the oldest sciences and, thus, the application
of theories from epistemology and philosophy within systematic research and
methodology has a long lasting tradition. In recent years, especialy the interpretation of
Popper’ s falsificationism gave rise to controversial discussions (e.g. Farris, 1970; Bock,
1973; Platnick and Gaffney, 1977; Brower 2000; de Queiroz and Poe, 2001; Faith and
Trueman, 2001; Kluge, 2001). In particular the role which assumptions on evolutionary
process probabilities play within the weighting of cladistic characters, as well as the
amount of relevant background knowledge that has to be assumed when inferring
phylogenies, represent open questions.

Since organismic traits are interpreted in respect to their own history to give evidence to
the phylogeny of the corresponding species, those traits function as signs to phylogeny.
The first to represent a modern triadic conception of sign was C. S. Peirce, therewith
founding anew field, called semiotics. The application of semiotic theory and biology is
known as biosemiotics. While behavioural biology, neurology, cognition, and artificial
life/intelligence represent major fields of biosemiotical research, the application of
semiotic theory in evolutionary biology and especially in systematicsis still poor.
Within this paper, | want to give an introduction to Peirce’s conception of semiotic
epistemology. A general application of his conception on different steps of phylogenetic
inference is presented. Additionally, a semiotic perspective is given on the role of
assumptions of evolutionary process probabilities and the amount of relevant
background knowledge within systematics.

Peirce’s Semiotic Epistemology

When Robinson Crusoe encounters footprints of ‘Friday’ on ‘his island for the first
time, his attention is drawn to an unusual structure in the sand at the beach. While
examining this structure, he recognizes the imprint of toes, of a heel and of al the other
parts usually belonging to a human foot. By interpreting these findings, he concludes
that there must have been and probable till is another human being on *his’ island
(Defoe, 1719). This footprint represents a sign which is interpreted by Robinson Crusoe
(see also Sebeok, 1990).
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Another example is found in the ancient Greek anecdote of the philosopher Aristippos,
a pupil of Sokrates (Cicero, 1995). After shipwrecked, he strands at a region unknown
to him. He is desperate until he discovers geometrical figures in the sand, which he
interprets as representing signs to the presence of other ‘educated’ humans.

It seems as if understanding the world depends on the ability to correctly interpret signs.
Thus, these two examples give rise to the more genera question of which role play

signsin science and especialy in phylogenetic research.

Since we have no possibility to directly get to know and understand the being and since
we do not directly experience matter in its totality, we have to rely on perceptions. To
be able to rely on perceptions, we have to reflect and interpret them, thus we have to
have a consciousness of past perceptions and of a self or we should at least have
established a specific habit that lets us react ‘correctly’ upon specific perceptions.
Already at this basal level of cognition — close from the starting point of any
epistemological process - signs play a fundamental role. Without signs we would have
no knowledge.

Some signs mediate between matter and consciousness. As a mediator, they have to
have a connection to matter as well as to our consciousness. Since this connection is not
necessarily linearly causal, the interpretation of material signs and with it of our
perceptions is not unproblematic and principally fallible. We have the concept of truth
and falsehood, which we, in case of truth, use to express our believe in interpretations
being consistent not only to our experiences, but also to readlity, and which we, in case
of falsehood, use when experiencing insuperable resistance against believing a specific
statement. Thereby, we take advantage of methods from an epistemologica logic,
which help us to distinguish steps of interpretation, which are thruth-keeping and

therefore unproblematic from steps which are not.

Firstness, Secondness and Thirdness
Charles S. Peirce was the first to start to work out a theory of signs (semiotic) which
broke with the classical dualistic view of a sign, the representation theoretical model of
a sign, consisting only of representamen and object, (symbol and nominator, designat
and denotat, significant and significat respectively). Instead, he based his conception on
a triadic relation, corresponding to his modification of Aristoteles and Kant's

apriorisms.
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By asking and analyzing which are the necessary conditions for the possibility of
consciousness, experience and thus of empirical knowledge in general, he reduced
Kant's 12 categories (Kant, 1998) to three. Those three categories, which he calls
firstness, secondness and thirdness, play a central role in most of Peirce’'s work,
including his semiotic as well as his logical theory (three-valued logic, relative terms,
quantification theory and existential graphs), which should be treated as a cohesive
epistemological system, constituting his semiotic epistemology. Peirce spent most of his
work on those three apriorisms, rethinking and developing them continuously. They are
indispensably necessary for the understanding of his triadic conception of asign. Here, |
can only give a short description of them.

In the beginning Peirce distinguishes three independent ontological classes, which are
operationally linked to another (Pape, 2000a). During his research he develops them to
universal categories.

Firstness represents the conception of gualia in reference to ground. No object could be
recognized, were there no quality which could be ascribed to the object. Thus, with such
a quality we simultaneously refer to a ground — the fact, that such a property exists. The
first istheterm, to exist independent of anything else (Pape, 1991).

However, qualia presuppose that we generalize and that we distinguish objects which
typify qualities. Thus, there is the need of the conception of relation, in reference to a
correlative. This conception is called secondness (Peirce, 1866). The second isthe term,
to be in relation to something else, to react on something else (Pape, 1991). The
introduction of the term correlative intents that we can, under reference to a mediating
representation, refer to a plurality of objects as correlatives. This mediating
representation has the interpretant as its ontological correspondent (Pape, 2000). The
conception of a mediating representation is called thirdness. Thus, the third is the term
of mediation, by which afirst and a second are correlated (Pape, 1991).

Peirce’s Conception of Sign
The combination and interaction of these three categories represent the object of
semiotic inferences. It is this triadic process, that is called semiosis, by which a first
determines a third to refer to a second, to which it refers to itself. Peirce took the term
semiosis from the epicurean philosopher Philodemus, who called every conclusion from
asign asemiosis (Deledalle, 2000).
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In correspondence with Peirce’'s (Peirce, 1903) three universal categories, every sign
consists of three components. object, representamen and interpretant (Fig. 1). This
conception of a sign ties up to the three universal categories in that way, that the object
refers to the ground (firstness), the representamen to the correlative (secondness) and
the interpretant t0 the interpretant (thirdness), constituting semiotics as a general

epistemological logic.

SIGN

REPRESENTAMEN

OBJECT INTERPRETANT

SIGN

REPRESENTAMEN

OBJECT

INTERPRETANT
siGN

Fig. 1: A sign consists of three components: the representamen, the object
and the interpretant. For more details see text.

A representamen is everything that relates to a second, which is called object, so that it
is able to constitute a third, the interpretant, to stand in the same triadic relation to the
relation to the object, as the representamen does. This means, that the interpretant is a
sign itself - and this goes on at infinitum, leading to an interpretant and a sign that is
‘self smilar’ (Fig. 1).

As the interpretant of a sign is a sign itself, interpreting a sign causes the formation of
another sign in the mind of the interpreter, which itself is open to interpretation again,
thus, constituting a potentially infinite process of interpretation. In this process, every

sign refers to a precursor-sign by interpreting the precursor and, therewith, trying to
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generate its interpretant as the representamen of the interpreting sign (Deledalle, 2000).
Thus, an essential property of any sign is that it generates a sequence of signs of

interpretation.

It is reasonable to distinguish between a single occurrence of a sign and its underlying
rule. The occurrence is not independent of its rule. Therefore, one can differentiate the
replica of asign (also called token) as represented by a single occurrence of asign, and
its type, which refers to the rule. Thus, a sign does only exist through its replica and is
therefore not a rea thing itself (Peirce, 1904). And each replica refers to its
corresponding type, as the word ‘and’ is printed several times within the issue you hold
in your hands right now, each ‘and’ standing for one replicate of the same fype of sign.
Thus, one can follow, that if an interpretation of a sign generates the interpretant of the
sign as the representamen of the new sign without modification, both signs (initial sign

and its interpretation) would be identical and would thus represent replica of the same

type.

Icon, Index and Symbol

Fundamental for the understanding of a sign is the relation between representamen and
object and, with it, between representamen and interpretant. Peirce (1893) distinguishes
three types or aspects of signs in respect to the nature of the relation of representamen to
its object: icon, index and symbol.

An icon relates to an object by its own properties only - its qualia (firstness); whether
an object exists or not. As a potentiality, the representamen is this quality only.
Therefore, thisrelation is based on pure similarity, as e.g. a portrait relates to the person
being portrayed. An icon can be a picture, a diagram, an analogy or a metaphor (Peirce,
1903).

An index possesses a physical and thus causal relationship to its object. In this relation
(secondness), the object acts on the representamen, like e.g. a sun-dia is physically
linked to daytime (Peirce, 1893), a symptom to its disease (Oehler, 2000) or a
photography to a specific momentary view. Thus, the representamen stands for its
object through a real existing connection to it (Peirce, 1895; Oehler 2000). Herein, an
index always includes some kind of icon. The footprint of ‘Friday’, which Robinson

Crusoe encounters at the beach, is a typical example of an index including an icon. The
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imprint represents, by itsiconic relation to the human foot, an index to the presence of a
human being on the island.

A symbol relates to its object by referring to a convention or a law, representing it
(thirdness), like e.g. any word and sentence. A symbol aways includes an index and an

icon.

Indexicality

The kernel of any empirical sign and the key to its understanding lies within the
indexical relation of the representamen and its object. The mediating property of a sign
depends on this indexical relation. Therein, the relation resembles the reversal of the
causal connection of the object to its representamen. One could say that indexicality
twists causality upside down (Sebeok, 1990). Therefore represent causality and
indexicality two sides and possible perspectives for physical (and mental) processes -
the former represents the ontological and the latter the epistemological side. Thus, the

indexical relation of representamen and object of a sign refers to its complementary
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Fig. 2: The existential relation between the real (primary) object and the representamen is the object of
the sign, as the interpretant represents it. Because of this, the real object, which is the correlative of this
existential relation, is an object of the sign as well. Thus, the sign represents properties of the real
object.
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part, the causal relation of before and after of its corresponding physical or mental
process (Peirce mentions (1903a), that the concept of the index and the concept of the
past correspond with each other). Thisindexicality between object and representamen is
projected onto the relation of representamen to its corresponding interpretant. That
means, that the interpretant relates to the representamen by representing the real
existential relation between the representamen and its real object. Therefore, since this
represented existential relation is an object of the sign, the real object, which is the
correlative of this relation, is an object of the sign as well. In this way does the
representamen mediate between real object and interpretant (Fig. 2). Thus, it holds true
that, what cannot be an object of the representamen, cannot be an object of the
interpretant.

In this way do signs mediate between being and perception, between perceptions and
perceptual judgments, between those judgments and thoughts, between thoughts and
language, and thus between matter and consciousness. Therefore, one can conclude that
causality and indexicality represent the two sides of this mediation.

The interpretation of a sign by a human being is restricted by what Eco (2000) calls
limits of interpretation. It is the being that sets our liberty of the word its boundaries.
There are lines of resistance (Eco, 2000) that are set by the being, and these lines
restrict the semiosis of interpretation. Considering indexicality, the strength of the
indexical relation of representamen and object determines those lines of resistance,
thereby determining the limits of interpretation. By testing the indexical relation of
representamen and object, the lines of resistance are evaluated and therewith the limits
of interpretation. Thisis an ongoing process and represents necessary conditions for the
possibility of cognition altogether.

In other words: Peirce calls the real object, or the primary object (Fig. 2), which can be
understood as the real itself — Kant would probably call it the noumenon, the thing-as-
such (Kant, 1998) -, also the dynamical object, because the epistemically decisive move
of resistance — the lines of resistance - starts from it (Oehler, 2000). This dynamical
object induces us, when confronted with it, to generate a representamen, which
generates a direct object, which corresponds to the secondary object (Eco, 2000). The
dynamical object persists as a thing-as-such, always present, but never penetrable,
unless through semiosis (Eco, 2000). When considering natural signs (Emmeche, 1991),
those limits of interpretation can be understood as being located within human cognitive

dispositions as well as within the habits of those signs themselves show (induce). By
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systematically covering the evaluation of the interpretational limits within a clearly
phrased methodology, they are open to constructive scientific critique. One promising
method for interpreting natural signs is represented by the recent improvements in the
conceptualization of the principle of causality (Mackie, 1974, 1985; May, 1999; Spohn
et al., 2001). This especialy seems to be a fruitful approach due to the specific relation
of indexicality and causality mentioned above.

Under the conception stated above, it is possible to infer specific causal relations by
studying signs and referring to their indexical relations. And under this conception it is
possible to reconstruct the past by looking for relevant signs, by investigating their

corresponding icons and indices and by interpreting and evaluating them.

Semiotics and Falsificationism

The process of interpreting and evaluating an index belongs to the scientific field of
testing and corroborating empirical hypotheses. To understand a materia sign, as for
instance an index of the type of the sun-dial or a symptom of a disease, and to interpret
it correctly, the interpreter has to know the possible causing relations between object
and representamen to understand their indexical relation. The interpreter, thus, relies on
alaw-like causal relation and, therewith, on some kind of background knowledge, when
interpreting the material sign — she has to know how the shadow of the sun-dia is
physically linked to daytime or the symptom to a specific disease to be able to interpret
the corresponding material signs correctly. In this way, by relying on a law-like
hypothesized relation between object and representamen, the interpretation of every
material sign that is an index represents, at its turn, a symbol and, therefore, an
argument Of rational conclusion (either abduction, induction or deduction — three types
of logical inference, which he formulated after reinterpreting Aristotelian logic; see
Peirce 1866a, 1867, 1983, 1898, 1901).

Robinson Crusoe encounters some structures in the sand which call for his attention. By
analyzing the structures he concludes, while considering al his experience (background
knowledge), that they cannot represent the result of processes caused by weather and
ocean alone. He recognizes the iconic relation (similarity) of the structures and his own
foot, and concludes abductively, that the structure represents the imprint of a human
foot. That abductive conclusion is a symbol — it refers to a law-like relation of object

and representamen - and an interpretation of the material sign. In a next step of
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interpretation, Robinson Crusoe gives an explanation for the occurrence of this imprint,
by recalling that this imprint cannot stem from his own foot. He concludes again by
abduction, that this imprint must have been caused by a human being who walked along
this beach.

Interpretations, if possible, should be empirically tested to receive some kind of
corroboration. This is done by deducing predictions — qualities and relations — that the
representamen of the material sign has to show in case its interpretation is correct.
While performing the test, one tests the interpretation against the lines of resistance to
evaluate the borders of interpretation. This reveals the logical and methodological
linkage of semiotics and a popperian falsificationist approach of testing empirical

hypotheses by empirical observations (see also von Pickler, 2002).

Semiosis and Epistemology

The three categories mediate operationally between being (‘Sein’, as pure conjunction
of subject and predicate; Eco, 2000) and substance (as undetermined ‘it’; Eco, 2000),
which mark the margins in between which all epistemological processes take place
(Pape, 2000). Peirce's three categories also built the basis for his logic of relatives
(Peirce, 1897) with its three classes of relations: monadic, dyadic and triadic (one, two
and three figure) relations (Oehler, 2000). As such they represent universal categories
and at the same time three necessary elements of thinking and rationality (Peirce,
1903a), that constitute the basis for Peirce’'s conception of signs as well as for his
conception of an epistemological logic. Peirce defines logic as the science of the
conditions which capacitate signs to refer to objects (Peirce, 1865). Thus, why are signs
essential for cognition?

A very basal sign in the process of perception (Roesler, 2000) could be understood as
follows: The object is the causing stimulus in a sense organ, which is represented by its
percept, and the interpretant is the judgment of the perception, which leads by its
interpretation to the generation of another sign, the perceptua statement (Roedler,
2000). This process goes on and on, and one can conclude, that thinking is basically
nothing else but a semiosis. Therefore, everything we know are signs. This holds true
also for science. Scientific inference also represents ‘nothing’ but a specific kind of
semiosis. And any scientific hypothesis can be interpreted as a sign which needs severe

testing of its mediating properties.
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The application of a semiotic conception, though, does not necessarily have to be that
abstract. In many cases it provides a suitable basis for investigating and solving
concrete empirical problems. | want to investigate, in which way the epistemological
conception of semiotics, the science of semiosis, is applicable on phylogenetic research,
and | want to examine its logica conclusions for the theory and methodology of
systematics. Furthermore, | will demonstrate how a semiotic and a refutationist
approach to science can be reasonably combined in cladistic research. Especialy the
guestion of what belongs to the relevant background knowledge of inference and of
testing hypotheses and which part do considerations of process probabilities take within
the whole procedure can be answered from this new perspective. Those two questions
build the source for an ongoing and current discussion about the implementation of a
popperian falsificationist approach to phylogenetic inference and the choice of either
Maximum Parsimony or Maximum Likelihood as the best method of cladistic analysis,
that is presently available (e. g., Farris, 1970, 2000; Platnick and Gaffney, 1977; Brower
2000; de Queiroz and Poe, 2001; Kluge, 2001).

Semiosis and Phylogeny

The application of semiotic theory in biology represents alively field of research, called
biosemiotics, which especially focuses on behavioral studies, cognition and artificial
life/intelligence (e.g. Emmeche, 1991; Hoffmeyer, 1998; Brauckmann, 1999; Brier,
1999; Brogaard, 1999; Kawade, 1999; Laubichler, 1999; Stjernfelt, 1999; von Uexkdill,
1999; Kull, 2000). An interpretation of semiotic theory within phylogenetic
methodology is still needed.

Phylogeny is basically historical research with methods from natural science. Though
the history of single individuals is in parts directly observable, reconstructing the
evolutionary relationships of groups of organisms or species is not directly possible.
Therefore, nothing but indices, traces of history, remain as empirical evidence for
testing cladistic hypotheses. Thus, a student of phylogeny is like a detective at the site
of crime trying to correctly recognize and interpret the traces, clues and hints which are
left behind by the relevant evolutionary events. To be phylogenetically informative,

those traces must be representations of material change in evolutionary lines of
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organisms, which could by heredity pertain their structure until nowadays. How is this
translated into terms of semiotics?

A semiotic process does not necessarily premise a living interpreter. A billiard ball
rolling with a certain speed, transfers its energy to another billiard ball by hitting it. This
process of transference can be understood as a semiosis, in which the second ball
interprets the precursor-sign in respect to its movement-energy. If this process runs
under ideal conditions, the second ball takes over the entire movement-energy from the
first without any loss and, thus, interprets this material sign by completely ‘ generating’
itsinterpretant as the interpreting sign in the moment of the collision.

Thus, it is possible to distinguish at |east three classes of semiotic processes.

A process of semiosis, in which only material signs are involved — the sign that is
interpreted as well as the interpreter itself. The collision of the two billiard balls
represents an example of such a process.

A process of semiosis, in which material as well asimmaterial signs are involved; e.g. a
physicist consciously percepts the process of the collision of the two billiard balls.

A process of semiosis, in which only immaterial signs are involved; e.g. the physicist
interprets his perceptions of the collision in the light of the mechanic theories known to
him.

The processes of all three classes have in common, that the interpretation of a sign may
generate the interpretant of the ‘template’ with or without change as the representamen
of the interpretation-sign. Therefore, with the process of interpretation, the emerging
signs may differ from their ‘template’ -signs, thus, constituting a process of evolution of
signs. Phylogeny can be viewed as a specia case of such an evolution of natural

material signs.

Therefore, to be able to correctly reconstruct this semiotic process of phylogeny, one
first has to understand it. One should investigate and recognize its possible types of
processes and their corresponding products, to be able to trace back the to us observable
products of phylogeny — the distribution of identical traits — to their putatively causing
events; processes, that took place sometime back in the corresponding line of descent.

Thus, to be able to develop good hypotheses of the indexical properties of observed
material signs and therefore to be able to interpret them, one has to know their causal
relations. This elucidates the relation of reciprocal illumination in phylogenetic

research. The better we understand the general processes involved in phylogeny, the
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better we reconstruct the actual phylogeny and thereby the better we explain the

distribution of identical traits among members of different organisms and species, and

vice versa (Fig. 3). The growing knowledge of general processes of phylogeny and

insights into their mechanisms provide a growing set of possible types of processes and

their corresponding results and probabilities, which we can utilize when hypothesizing a

specific event to explain our actual experiences. The larger this knowledge, the smaller

Phylogeny BSystematics]

explaining understanding

Assumption/ )
Phylogeny Hypothesis Systematics
A " .
Process Recognition Explanation
\/ T \/
Result/ Result/ Result/
Product Product Product

Fig. 3: The semiosis of systematics is the attempt to reconstruct
the semiosis of phylogeny. The quality of the interpretation of the
signs of phylogeny depends on the knowledge we have of the
general processes of phylogeny and their corresponding products.
The better our understanding of those processes, the better is our
explanation of the results and thus the better is our attempt to
reconstruct phylogeny (and vice versa).

the amount of
misinterpretations and of
wrong hypotheses.

And both processes,
phylogeny and systematics,
resemble semiotic processes.
The semiosis of
phylogenetic research is
concerned with the correct
interpretation of the material
signs of phylogeny, to
convert them — the
phylogenetically informative
signs — into Signs  fo
phylogeny. Those signs,
which are, as interpretations
of material signs, symboals,
serve as arguments and,
thus, as empirical evidence
for the reconstruction of the
corresponding relationships
and the evolutionary past of
Species.
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Semiosis at the Level of Individual Organisms

Phylogenetic processes take place within individual organisms and in between them and
their environment. Whenever a cell cleavage takes place, the genome of the precursor-
cell, and with it its sequences and genes, are copied and the resulting sequences are in
most of the cases identical to their precursors. Thus, as long as no error occurs during
the replication and cell cleavage, the ‘new’ sequence represents a true replicate of its
corresponding precursor. If one understands the genome or a sequence of a genome as a
sign, the precursor as well as the ‘new’ genome represent two replica of the same #ype.
The precursor is interpreted during the process of DNA replication by the resulting
‘new’ sequence, and the interpretant of the former constitutes the representamen of the
latter. By exhibiting a strong iconic relation to its precursor, the resulting sequence
indicates a strong indexical relation to its object.

Therefore, whenever information is transferred and structures are copied, the
corresponding process can be referred to as a semiotic process. Thus, whenever parents
reproduce and whenever traits are inherited, it is a phylogenetic semiosis that takes
place.

However, since reproduction and cell cleavage are processes of materia entities, and
since those processes are not free of ‘errors’, the results are influenced by effects of
chance. Not always within the phylogenetic semiosisis the resulting sign identical to its
precursor. In these cases the interpretation changes the sign. The resulting sign then
represents the first replicate of a new fype. This happens, whenever a mutation or
recombination takes place and whenever a transformation of atrait occurs. Therefore, a
phylogenetic semiotic #ype can be understood as a general type of trait — a class of
necessarily identical traits. Talking about a type in systematics makes only sense as long
as there exists a mechanism which somehow guarantees that a replicate of a type
generates a replicate of the same type and DNA replication represents such a
mechanism. By referring to the distribution pattern of identical traits among individual
organisms, one has in principle an index to the classification of all organisms in respect

to the history of the corresponding phylogenetic semiosis.
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Semiosis at the Level of Populations and Species

In case of sexualy reproducing organisms, besides cell cleavage, there is aso the
possibility of the fusion of two haploid cells bearing different genomes. These genomes
are combined to a new resulting genome. Moreover, recombination, speciation and
other processes may occur. All those processes can be interpreted in terms of semiotic.

By referring to the semiosis discussed above, one should aso be able to classify
populations and species in respect to the history of their phylogenetic semiosis and

therefore to their phylogeny respectively.

As a consequence, identical traits represent indices to systematics — the distribution of
them serves as an anaytic sign for the reconstruction of the phylogeny of the
corresponding organisms and species.

However, this is only possible as long as replica are to the scientist identifiable as
belonging to a specific #ype and as long as replica of different types can be
distinguished.

Therefore, a phylogenetic sign has to have three specific properties. On one side it has
to operate as an index to phylogeny as described above. On the other side it has to affect
the attention of an observer and has to enable the correct construction of its interpretant.
From this perspective, reconstructing phylogenies can be referred to as a semiotic
problem — the question of identifying and correctly interpreting the phylogenetically
relevant signs. Knowing which types of properties of organisms are linked to their
phylogeny and how they are linked would give the basis for developing a methodol ogy
for identifying and interpreting these indexical signs correctly; thus enabling one to

perform empirical tests on cladistic hypotheses as severe as possible.

Phylogenetic Signs

A cladistic hypothesis is a hypothesis of a succession of speciation events which gave
rise to the to us observable species. If one wants to infer this succession to receive the
evolutionary relationships of the investigated organisms, one has to take the linear
structure of time into account, thus its irreversibility. In doing so and considering four
types of evolutionary events — heredity, reproduction, transformation and speciation -,

one can deductively predict the existence of a specific type of distribution pattern of
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identical and different organismic traits among individual organisms and species. While
this pattern has universal properties, the actual structure of such a distribution depends
directly on the rea historical succession of those four types of events and their
specificity.

This dependence is utilized in phylogenetic analyses, because it represents the indexical
part of phylogenetic signs. The universal properties at their turn are employed to test the
hypotheses of synapomorphy empirically.

The Ideal Phylogenetic Sign

An ideal phylogenetic sign would give definite, unambiguous evidence for a specific
relationship, when interpreted correctly. Of course, such a sign probably does not exist,
and even if such a sign would exists, we would not know and recognize it — it represents
an ideal. However, we can construct such asign in theory and investigate and deduce its

properties for testing the existing signs and their similarity to theideal sign.

Trait X has to meet the following conditions to be considered an idea sign to the
monophyly of the species whose members carry this trait:
1. X is a gpecific type of trait that is recognizable to an observer and
distinguishable from any other trait ‘non-X".
2. X can only be caused by one type of transformation event that
happens only once in evolution and will never happen again.
3. A subsequent alteration of X — either modification or reduction - is
not possible.
X would represent a synapomorphy for all species possessing X and would be an ideal
index to the monophyly of these species, because its indexical function is strict and

unambiguous, and so isits interpretation to the observer.

The Semiosis of Phylogenetic Research

Phylogeny is an ongoing semiosis and so is phylogenetic research.
Phylogenetic research is the attempt to reconstruct the semiosis of phylogeny by
interpreting the material signs that resulted from this semiotic process. Those

immaterial interpretations of material phylogenetic signs represent process types of
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class 2 and 3 (see chapter Semiosis and Phylogeny) and are, thus, conclusions, which
represent symbols of the type of an argument (Peirce, 1866, 1905). Argumentation, in
genera, is the formulation of a judgment (Peirce, 1895), and an argument is a sign by
itself, that explicitly represents the interpretant (conclusion), which to determine it was
intended (Peirce, 1901). A possible syntax of an argument consists of the premise, the
fact and the conclusion. Those three elements are accomplished semanticaly by
observation/evidence, hypothesis and theory. In dependence on how the interpretation
interprets the relation of representamen and object — as iconic, indexical or symbolic -,
there are three different types of arguments. abduction, induction and deduction (Peirce,
1901).

With abduction Peirce made a logical discovery (Zeidler, 2000) — deduction and
induction alone cannot provide a self-contained logical basis for a theory of semiosis.
The subsumption of a ‘particular’ under a ‘universal’ does not only premise the
inductive inference of the universal, but also the representational determination of the
particular. The abduction is a logic synthesis, which infers the instance to the rule and
therefore the applicability of the rule — it formulates the act of representational
determination and of the formation of terms (Zeidler, 2000). While deduction and
induction split the logical synthesis in the two distinct aspects of a merely formal and a
merely empirical statement and rational, abduction mediates both scopes by achieving
the representational identification of the object, giving the deduction its logical objects
and induction its empirical representations (Zeidler, 2000). Thus, with abduction, logic
combines what is empiricaly appropriate (correspondence theory), formally correct
(coherence theory) and inter-subjectively valid (consensus theory) (Zeidler, 2000).

Phylogenetic Arguments and Character Analysis

Any attempt to reconstruct the phylogeny of a group of species begins with the
character analysis (Fig. 4). Within the character analysis, individual organisms are
studied and perceptions of their specific organismic properties serve as basal empirical
evidence. The first semiotic step in any phylogenetic analysis, and thus, the initia
representamen of a beginning semiosis of phylogenetic inference is represented by the
empirical perception of an organismic property. Thereby does the perception represent

an interpretation of the reaction of our senses to the confrontation with a specific feature
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of an organism. Often, this step - | cal it abductive construction -, passes on
unconsciously (ratiomorph sensu Riedl, 2000), resulting in a perceptual judgment.
Nevertheless, it is possible to analyze this abductive construction a posteriori, and
Peirce and his semiotics understand perception therefore as a form of conclusion (Eco,
2000). Each perceptual judgment represents a sign and stands as a single replicate of a
specific type. The replica of the study of several individuals of different organisms are
compared to one another and identical replica are subsumed to one class of the same
type, which results in the formulation of a character hypothesis. Character hypotheses
a their turn constitute a universe/ldomain of discourse and represent empirical
experience. In character analysis, this argument of abductive construction has the form:

Observation: Severa replica (perceptua judgments) stand in an
iconic (firstness) relation to one another, i.e. they
cannot be distinguished from another.

Theory: There exists a natural representational class, i.e. a
type, Whose replica are identical with the observed
replica.

Conclusion

Hypothesis: The observed replica are replica of the same type,
i.e. they are elements of a common conceptual
class of apredicate.
Thus, this step conceptualizes identical perceptions of parts of organisms to identical
properties of organisms, thereby assigning those organisms a predicate. The basis for

this step is the empirical evidence together with the comparative relation of similarity —

anaogy.

Within the next step (logical and not chronological step) of the character analysis, our
abductively constructed empirical experience, which is a set of distribution patterns of
identical traits among members of different species, needs scientific explanation: How
does it come that we perceive traits of members of different species that are identical?

It is aways experience which poses problems. And, actualy, this is the main task
science has to perform: It has to give convincing explanations for problems emerging
from our experience. And those explanations should be causa to be scientific
explanations. As, for instance, a statement like “When the barometer fals, the weather

will get worse” does not represent a causal or mechanismic explanation (sensu Mahner
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and Bunge, 1997), but a conditiona phrase, which rather describes than explains an
empirical fact. Therefore, an explanation is a statement, that, by referring to a known
process, gives a mechanismic and thus causal explanation for our experience in form of
a hypothesis (this is due to the specific relation of indexicality and causality — see
chapter Indexicality).

Fig. 4: Cycle of semiotic steps of argumentation within the process of character analysis. Starting
point are the perceptions of organismic properties. By an abductive step aterm is referred to each
perception, constituting a character hypothesis. This character hypothesis is explained by another
abductive step, which puts a known process in relation to the character, resulting in a hypothesis
of synapomorphy. From the hypothesis of synapomorphy properties are deduced, which a
synapomorphy bears in general, constituting a theory consisting of the hypothesis of
synapomorphy as well as of the predicted perceptions, which necessarily belong to the character,
if it really resembles a synapomorphy. These prediction are tested against new perceptions of the
relevant organisms and against all we know of them by now. If this test is failed, the complete
hypothesis is falsified and the inference has to start from new. If this test is passed successfully,
the whole cycle, and especialy the two steps of abduction, have to be evaluated and their
explanatory power has to be estimated within a step of induction, to justify and substantiate the
hypothesis.

Therefore, in our case of an identical trait among different species, one possible
mechanismic explanation would be, that there happened a transformation process in a
species some time back in the evolutionary past, resulting in that trait (property); and
subsequently a specific number of speciation events took place, leading to identical
traits among members of different species. Moreover, if one can determine the type of

transformation process which caused this property, it is even possible to evaluate the

explanatory power of this explanation in comparison to other aternative hypotheses
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(see inductive step, below). The result of this step is the formulation of a hypothesis of
synapomorphy. And, again, the conclusion is gained abductively, by referring to known
processes and iconicaly (firstness) relating their resulting product with the observed
product (on the basis of analogy):

Observation: Several organisms exhibit an indistinguishable
property X.
Theory: There exists an evolutionary type of process Y, that

causes such a heritable property X. Speciation
events can result in the distribution of heritable
properties of a common ancestor among the
members of the resulting species.
Conclusion
Hypothesis: The observed identical property X represents a
property, which was caused by Y in the common
ancestor of the species exhibiting X. And since the
transformation process took place, speciation
events must have been occurred.
The result of the abductively inferred mechanismic explanation of the perceptual

judgment (character hypothesis) is represented by a hypothesis of synapomorphy.

In terms of semiotics, this abductive step is therewith founded, that an observed
property of an organism, in its function as representamen, relates to a specific class of
objects and not necessarily only to a single individual object. This corresponds to the
fact that a representamen relates only to a secondary object (direct object), which is an
existential relation between the real object (dynamical object) and the representamen
(see Fig. 2). Though it relates in this way to the real object as well, it does so only in
terms of its existential relation to the representamen. This means, that the representamen
can only represent those properties of the real object, that affect the representamen.
Therefore does a specific trait represent a class of one or more corresponding types of
causing processes. This is because the indexical relationship between object and
representamen is not that strict that the interpretation of the representamen is absolutely
unambiguous (see Indexicality and the limits of interpretation). Following the
methodological criterion of parsimony, identical traits are interpreted as evidence for
the common descent of all organisms that bear those identical properties. Thus, identical
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representamen of different organisms belong to the same single symbolic sign and their
iconic relation is explained by abductively hypothesizing an identical indexical relation
of the specific representamen and their corresponding objects. From this perspective, it
is obvious that the iconic relations among traits serve as the empirical basis to estimate
their indexical properties to their evolutionary past and the past of the corresponding

lines of descent.

From the resulting hypothesis of synapomorphy, in reference to universal properties of
synapomorphies, we can deduce empirical predictions, which should be fulfilled, if the
hypothesis were true. The predictions represent an instance of empirically testing the
hypothesis. Since this step of inference refers to a law-like relation (thirdness), it
resembles a classical logical step, a deduction. It has the form:

Theory: If after a transformation event only speciation
events take place and the product of this initial
transformation event is not subsequently reduced
or modified, then all descendants Y will bear this
property and this property will be identical among
them. Therefore, it would resemble an
epistemologically idea synapomorphy, an idea

phylogenetic sign.
Hypothesis: Property X represents such an ideal synapomorphy.
Conclusion
Observation/Prediction: Property X isidentical among all descendants of Y.

At this point, it is possible to test our past and future relevant experience against this zest

criterion of identity (Fig. 7) (Vogt, 2002). The test, and with it the falsification or

corroboration of the hypothesis, represents the next step of inference. Here, the other

steps are evaluated and additional empirical evidence is considered. It also resembles a

step of justification of the hypothesis. Semiotically speaking, it is the step of the

evaluation of the indexical strength of a phylogenetic sign, and it has the form:

1. In the case of corroboration

Observation: Those replica, which represent property X, are

iconically related to one another, i.e. they cannot
be distinguished.
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Theory: A synapomorphic property X isidentical among all
organisms that bear X.

Conclusion
Hypothesis: The identical replica ‘X represent a putative
synapomorphy.
2. In the case of falsification
Observation: Those replica, which represent property X, are not
iconically related to one another, i.e. they can be
distinguished.
Theory: A propety X cannot be a recognizable
synapomorphy, if it is not identical among all
organisms bearing X.
Conclusion
Hypothesis: The non-identical replica do not represent a
putative synapomorphy.
This result corresponds with a popperian approach to phylogenetic inference (Vogt,
2002).
In case of afalsification, the cycle has to begin from the starting point again. In case it
passes the test successfully, the hypothesis gained corroboration and the result is a
weighted cladistic character. And since a transformation process involves the substrate
as well as the product, the hypothesis of synapomorphy should include both organismic
conditions, that represent instances of the transformation, thus the condition before and
the condition after the transformation event. Therefore, a ‘complete’ explanation of the
observed distribution pattern, and a‘complete’ hypothesis of synapomorphy, consists of
the apomorphic condition as well as the plesiomorphic condition, if it should represent
the conclusion of an epistemologicaly well substantiated argumentation (Vogt, 2002),

and a complete historical explanation of the empirical evidence.

As the result of the character analyses, one receives weighted cladistic characters, since
the explanatory power of the different hypotheses of synapomorphy vary. And those
weights correspond with the indexical strengths of the corresponding phylogenetic
signs. As the whole process resembles a semiotic process, one receives a cladistic sign
(Fig. 5), which consists of an object, that is the transformation event and its specific

number of succeeding speciation events within the corresponding line of descent; a
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representamen, that is the cladistic character, consisting of two character states X and Y,
which represent the two conditions before and after the transformation, and their
distribution pattern; and an interpretant, which is the weighted hypothesis of
synapomorphy for the character state Y and, therefore, the hypothesis of monophyly of
all species, whose members bear that character state Y.

CladisticsSign’
Cladistic Character

REPRESENTAMEN

cladistic character, consisting
of two character states Xand Y,
that represent the two conditions before
and after the transformation and
their distribution pattern

Transformation event, Hypothesis of synapomorphy
followed by a specific for the character state Y
number of succeeding and therefore the hypothesis
speciation events within || of monophyly of all species,
the correspinding whose members bear Y
line of descent

Fig. 5: The result of the character analysis is the weighted
cladistic character — a cladistic sign, which consists of an
object, a representamen and an interpretant. For more
details see text.

Character Analysis — Testing against the Ideal Phylogenetic Sign
The testing and evaluating of the indexical strength of the interpretations of
phylogenetic signs can also be viewed as testing the signs in respect to the ideal
phylogenetic sign (See above). The better the sign matches the ideal sign, the stronger its
indexical property for reconstructing phylogeny.

Looking at the properties of an ideal phylogenetic sign, one notes how they are related
to the different steps of inference of the character analysis:
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1. Property: X is a specific type of trait that is recognizable to an
observer and distinguishable from any other trait
‘non-X'.
This refers to the step of abductive construction, which results in the perceptual
judgment (empirical experience) of a character hypothesis. In case of the idea
phylogenetic sign, a predicate can unambiguously be applied on a specific property.
Since this step deals with our sensational abilities to distinguish objects belonging to
different natural classes, all the knowledge about possible artifacts in the production of
the relevant objects (microscopy, PCR-methods, DNA-extraction, histology etc),
knowledge of weaknesses of our sensational apparatus and of problems of comparison

and description should be taken into account, when evaluating the reliability of this step.

2. Property: X can only be caused by one type of transformation
event (...).

This refers to the step of abduction, which results in a mechanismic explanation in the
form of a hypothesis of synapomorphy. In case of the ideal phylogenetic sign, a
property can unambiguously be referred to a specific type of process of transformation.
If we know (from e.g. experiments in the lab), that a specific type of trait can result
from different types of transformational processes, the actual sign is, in respect to this
specific property, not much alike an ideal phylogenetic sign.

3. Property: (...) that happens only once in evolution and will
never happen again.

This refers to the step of induction, which results in an evaluation and justification of
the hypothesis. In case of the ideal sign, the process probability of the transformation is
extremely low and converges towards zero. Therefore, the higher the process
probability of the actual transformation, the lesser resembles the observed sign an ideal
phylogenetic sign. One can conclude the following relation:

The more probable the specific transformation process, the lesser ided is the putative
phylogenetic sign and the smaller is the cladistic weight, that should be given to this
specific trait (Vogt, 2001a; contradicting Kluge, 1997, 1997a).
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Phylogenetic Arguments and Cladistic Analysis

an] :
Monophyly-SSSp3
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Fig. 6: Cycle of semiotic steps of argumentation within the process of cladistic analysis. Starting point
is a set of weighted cladistic characters. By an abductive step an abstract term is referred to each
character state, constituting a weighted character matrix. This character matrix is explained by another
abductive step, resulting in a set of weighted hypotheses of monophyly. From the hypotheses of
monophyly properties are deduced, which a monophylum bears in general, constituting a theory
consisting of the hypothesis of monophyly as well as of the predicted perceptions, which necessarily
belong to them, if it really resembles a monophylum. These predictions — the congruent distribution of
synapomorphic characters within monophyletic groups - are tested against the empirical evidence. If
thistest is failed, the complete set of hypotheses(the set of weighted cladistic characters) is fasified and
the inference has to start from new. If this test is passed successfully, the whole cycle, and especially
the two steps of abduction, have to be evaluated and their explanatory power has to by estimated within
astep of induction, to justify and substantiate the resulting cladistic hypothesis.

Correspondingly the same applies to the cladistic analysis (Fig. 6). Again, four steps of
argumentation can be differentiated within this cycle. Starting point is a set of weighted
cladistic characters. A step of abductive construction transforms the set of weighted
cladistic characters into a weighted character matrix. This step resembles an abstraction,
by which the results of the character analysis, which are primarily results in form of
descriptions, are translated into an operationally accessible ‘digitalized’ form. The
character matrix resembles a representation of our experience by summarizing the
results of the character analysis and, thus, needs explanation. Especially the distribution
pattern of traits, rather than the fact that they are identical, has to be explained. This
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explanation is given in form of a set of (weighted) hypotheses of monophyly. As we
know that synapomorphies of (monophyletic) groups exhibit a distribution pattern that
is congruent to those groups and, thus, that this pattern features a hierarchical structure
coding for nested groups of species, we can deduce from the set of hypotheses of
monophyly the fest criterion of congruence (Fig. 7) (Patterson, 1988; de Pinna, 1991,
Kluge, 1997; Vogt, 2002; sensu criterion of coincidence of Wagner, 1986). This

deductive argument has the form:

Theory: Synapomorphies code for consistently nested
groups of taxa (monophyla).

Hypothesis: The weighted cladistic characters represent
synapomorphies and, thus, code for monophyletic
taxa

Conclusion

Prediction: The synapomorphies code for congruent groups of

taxa

Fig. 7: An index to phylogeny has to have two universal properties against which hypotheses of
synapomorphy can be tested. These are: synapomorphic character states have to be identical and the
distribution pattern of synapomorphic character states has to constitute congruent, thus nested groups
of species.

If the set of hypotheses fails this test, because the distribution patterns contradict the
requirement of a nested hierarchy, we can conclude, that not all groups represent

monophyla. At least one of them is not a monophylum and thus, the set of hypotheses of
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monophyly is falsified and the whole cycle of cladistic analysis has to start again, until a
set of hypotheses of monophyly is found, that passes the congruence test successfully
(Vogt, 2002, 2002a). If this test is passed successfully, the whole cycle, and especially
the two steps of abduction, have to be evaluated and their explanatory power has to by
estimated within a step of induction, to justify and substantiate the resulting cladistic
hypothesis against other alternative hypotheses (see Vogt, 2002a).

Process Probabilities and Background Knowledge

A key problem to cladistic research is the question of how to weight cladistic characters
(e.g. Farris, 1969; Neff, 1986; Bryant, 1989; Goloboff, 1993; Chippindale and Wiens,
1994; Allard and Carpenter, 1996; Milinkovitch et al., 1996; Kluge, 1997a; Haszprunar,
1998; Trueman, 1998; Wiens, 2001). Within a semiotic approach to phylogenetic
research, this can be interpreted as the question of evaluating the indexical strength of
phylogenetic signs. Since interpretations of material signs aways represent hypotheses,
it is also the question of how severe those interpretations have been empirically tested
against their lines of resistance.
Since the succession of speciation events is not directly observable, one has to refer to
the distribution of the results of different transformation events to conclude from this
distribution the evolutionary relationships. Therefore, one should consider the different
types of transformation events which caused the identica and different traits when
evaluating the severity of each identity test. Thus, testing against the lines of resistance
resembles a test against the universal properties of ideal phylogenetic signs, which are
empirically appraisable (Fig. 7).
Therefore, considering the ideal sign to phylogeny together with what we know from
mutational mechanisms of evolution in general, one can conclude the following:
1. The result of a transformation can be traced back to a single

specific type of transformational mechanism or to severa

aternative mechanisms. The more ambiguous the reference from

the result to a specific causing mechanism is, the weaker is the

indexical strength of the representamen to its object.

2. The probability of the transformation process stands in direct
connection to the indexical strength of its corresponding

representamen. The more likely a specific transformation event, the
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weaker is the indexica strength of its corresponding

representamen.

Considering these conclusions one expects that the quality and thus the phylogenetic
information content of phylogenetic signs strongly depends on the specific probabilities
of their originating processes and the ability of the observer to ascribe an observed trait
to its corresponding type of transformational process. This result is, in principle,
consistent to a falsificationist approach to phylogenetic inference (Vogt, 2002, 2002a),
though it contradicts the ordinary cladistic interpretation (Kluge, 1997, 1997a), by
recognizing process probabilities as the mgor key to weighting characters (see Vogt,
2002a).

The question of what belongs to the relevant background knowledge in phylogenetic
research is part of an ongoing discussion, which especially concerns authors that focus
their attention towards a falsificationist approach to phylogenetic inference (e.g. Kluge,
1997, 1997a; Brower, 2000). Within this paper | want to consider this question from a

semiotic perspective.

To be able to use phylogenetic signs in cladistic research, one has to refer to some
background knowledge which one necessarily has to assume to be able to interpret the
signs as good as possible. This background knowledge must include everything that is
necessary for the conception of a phylogenetic sign, including its iconic and indexical
part as well as its interpretation. To begin with, and somehow self-evident, there is the
requirement of a concept that explains what phylogeny is, before one can start to
investigate what could serve as an index to a concrete phylogeny of specific species.

When considering the character analysis and the cladistic analysis it is evident, that
semiotic inferences (and therefore scientific inferences in general) pass in cycles (see
also Kluge's research cycles; Kluge, 1997a). Such a cycle (Fig. 8) includes aspects of
description (empirical) as well as aspects of explanation (rational). At least four
different steps of inference can be distinguished, which correlate (modified from
Zeidler, 2000):

1. Perceptions/predictions with experience: step of abductive

construction.
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2. Experience with hypothesis: step of abduction.
3. Hypothesis with theory: step of deduction.
4. Theory with perceptions/predictions: step of induction.
All those steps rest, in respect to semiotic methodology, on Peirce's apriorisms of

firstness, secondness and thirdness.

Background Knowledge
&

Process Probabilities

explaining
known . corroborated
processes Hypothesis
apriori
Experience firstness, Theory,
' secondness,
thirdness

Perception/

domain of -
discourse Prediction

describing

Fig. 8: The structure of cycles of inference, with their parts of description and of
explanation. In every step of semiotic inference, the apriorisms of firstness,
secondness and thirdness are involved. Furthermore does relevant a posteriori-
knowledge influence each step of inference specifically. For more details see
text.

And, by considering the steps, it is obvious, that each step is necessary - by removing
one of those steps, the whole cycle would be interrupted. This holds true also for
phylogenetic research. Therefore, all background knowledge that influences the steps of
inference that are necessarily applied in phylogenetic research, starting from the
empirical perceptions and ending up with the corroborated cladistic hypothesis, belongs

to the relevant background knowledge.

207



The step of abductive construction considers al a posteriori knowledge (i.e. empirical
knowledge) that is concerned with our general domain of discourse — knowledge of our
perceptual apparatus, of the machines and methods that were applied to produce the
objects that are studied, limits of our language etc. The step of abduction considers all a
posteriori knowledge of the causal processes we know (from experiments etc.),
including, if possible, an approximation of their specific process probabilities. The next
step, the deduction, considers al a posteriori knowledge we have about relevant laws
and theories, as for instance the species concept, the bifurcating mode of speciation, and
more; and methodological rules as for instance the method of parsimony. The last step,
the step of induction, considers a posteriori knowledge of our empirical experience.

All this speaks in favor of the consideration of al relevant empirical background
knowledge we have, to be able to perform the inference as good as possible, and
therewith contradicting some cladists, who argue for minimizing the amount of
considered background knowledge (Kluge, 1997, 1997a; Brower, 2000).

Conclusion

Considering the perspective of a semiotic epistemology one has to rethink the
conclusions for the methodology and theory of phylogenetic research taken from a
specific interpretation of the popperian falsificationism. In this paper, it is shown at first
sight, that the proposed semiotic epistemology is consistent with the general ideas of
popperian falsificationism (see also von Puckler, 2002). But some of the popular
conclusions taken from falsificationism for phylogenetic research are not tenable in the
light of semiotics. For instance is an unweighted parsimony approach in cladistic
analyses not justifiable and thus has to be refuted (contradicting Kluge, 1997). From a
purely theoretical perspective, it is obvious that process probabilities of specific types of
transformation processes represent key parameters for the choice and the quality of the
chosen cladistic hypothesis and thus for its justification against alternative hypotheses
(see Vogt, 2002a). The question of how to estimate those parameters empirically is a
methodological problem.

Another popular ‘falsificationist’ conclusion is the maxim to minimize the amount of
the necessarily assumed relevant background knowledge (e.g. Kluge, 1997, 1997a;
Brower, 2000). Though, to my opinion, not resembling a necessary consequence of

popperian logic, this point of view can go that far that even the assumption of evolution
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as relevant background knowledge for cladistic analyses is neglected (Brower, 2000),
thereby losing any basis for a general conception of phylogenetic relationship — | ask
myself, how can one infer an actual phylogenetic relationship without referring to some
kind of general conception of what phylogeny is. When considering the cycle of
(semiotic) inference (Fig. 8) and the reciproca illumination (Fig. 3) of (a) the
recognition of genera types of processes and their corresponding results together with
understanding and evaluating their causal mechanisms, and (b) the explanatory power
of the interpretations of the actual products of the semiosis of phylogeny in the light of
this general knowledge (and vice versa), one has to conclude, that it is reasonable and
advisable to take as much relevant and substantiated background knowledge into
account as possible when analyzing the data.

Therefore, as some advocates of popperian falsificationism in phylogenetic research
argue, that likelihood methods are to be regjected because they take assumptions of
evolutionary process probabilities into consideration and because they do not minimize
the assumed background knowledge (e.g. Kluge, 1997), is from a semiotic perspective
not tenable. On this ground, a justification of the superiority of parsimony methods over
likelihood methods seems to be not possible - and what is claimed to be a weakness of

likelihood, may turn out to be its strength.
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