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Abstract

Three main codes currently govern biological nomenclat(iyéhe In-
ternational Code of Botanical Nomenclature (ICBN), (ii)eéTimternational
Code of Zoological Nomenclature (ICZN), and (iii) The Imational Code
of Nomenclature of Bacteria (ICNB). Recently, the Phylo€cda code
based on phylogenetic nomenclature, has been presentedadtermative.
To facilitate a comparison between the various codes, @Eippresents
a formal study into the properties of phylogenetic nomenecta— as pre-
sented in the PhyloCode. While much of the PhyloCode nedbsdaals
with the procedures for publishing and registering nameangortant com-
ponent deals with phylogenetic definitions. It is this comgat that will be
studied in detail here. The various types of phylogenetiimdien will be
formalised in a mathematical setting. Results will be pnés# showing that
under phylogenetic trees that much of the intuition surddog phyloge-
netic definitions match up with the formalisation. Howevambiguity in
the meaning of such definitions arises under the more geoasal when a
phylogenetic hypothesis is allowed to be a rooted directgdlie graph — a
situation expressly allowed by the PhyloCode. Solutionsuch problems
will be presented. The issue of semantic stability — an oftated desirable
property of a nomenclatural system — will also be examinedndlions
will be presented showing how stability can be improved foylpgenetic
definitions. Two new types phylogenetic definition, the mmality—based
definition and the maximality—based definition, will be peted as gen-
eralisations of the PhyloCode definitions. How the Phylo€ddfinitions
relate to each other will be shown from this new perspective.
Keywords: phylogenetic nomenclature, biological nomenclature |6Bgde,
clade

1 Introduction

Since the work of Linnaeus in the mic®" century, biological organisms have
been classified by placing them in a balanced taxonomiclime@rigin of Species
Darwin [Darwin(1859)] argued that biological classifieatishould, and to some
extent does, reflect the recency of common ancestry. UneeLitinaean tax-
onomy, this means that organisms which share a recent conamogstor are
grouped closely while organisms which are distantly relae grouped far apart.
Biological nomenclature is currently governed by: (i) Theternational Code
of Botanical Nomenclature (ICBN), (ii) The Internationabd® of Zoological



Nomenclature (ICZN), and (iii) The International Code ofriNenclature of Bac-
teria (ICNB). These codes specify the correct proceduneadming and recog-
nising the correct name of a taxon (a collection of organ)sid¢hether a taxon
is interesting, important, or even what a taxon containsotsspecified by the
codes; genetic relatedness is not necessarily reflecteckamomy. Recently, the
PhyloCod¢Cantino and de Queiroz(2004)] has been proposed as anatiter —
to be used concurrently, or instead of, the preexisting mata¢ural codes. The
PhyloCode seeks to implement Darwin’s views by restrictireggcontents of taxa
to clades Under Atrticle 2.1 of the PhyloCode, a clade is:

“an ancestor (an organism, population, or species) and &t ale-
scendants.” [Cantino and de Queiroz(2004)]

In recent years there has been a lively debate [Benton(2@2®tino(2000),
de Queiroz and Cantino(2001), Stuessy(2001), Berry(2@2ant and Cantino(2002),
Forey(2002)] about the relative merits of the PhyloCode #red current sys-
tems of nomenclature. This debate is far from being resolviedo highly re-
lated questions in this debate are: (i) what should be thés lfas biological
classification?, and (ii) what properties should a clastific scheme possess?
The first issue is difficult to resolve because it involves grde of personal
preference. For instance, Brummitt [Brummitt(2002)] isfavour of a classi-
fication system which places “like with like” and measuregedsity. Those in
favour of the PhyloCode wish to use relatedness throughedéss the basis for
classification. A choice of basis does, however, imply thatagsification sys-
tem will possess a number of properties. An often statedaasi property is
calledstability. The exact meaning of this has been the subject of some debate
[Benton(2000), Brummitt(2002), Bryant and Cantino(2Qd&)cause the notion
has never been formalised. The concept can refer to thdigtabithe name for
referring to some set of organisms or it can refer to the ktybif the organisms
referred to by a name. A thorough formal and mathematicdlyaisaof nomen-
clatural systems would alleviate much of the misunderstandbout definitions
and properties. This paper will contribute by formalisimgigroving a number
of the properties of the PhyloCode.

The PhyloCode is divided into a series a rules, recommemustand notes.
The division reflects the differing importance of differgrarts of the PhyloCode.
Rules are mandatory while notes are for “clarification”. Aginb me expected,
recommendations lie between rules and notes in importafle.are a number
of ways in which clades can be specified ugoitylogenetic definitiondnterest-
ingly, some aspects of clade definitions — notably, the degsmbf a clade and the
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exemplar organisms used in definitions — are governed by wifgle the various
kinds of phylogenetic definitions are listed in the exteadiote 9.4.1. Itis exactly
these kinds of phylogenetic definitions which are most bletéor formal logical
analysis. This paper will present a formalisation of therfeavork for phyloge-
netic nomenclature. From this, the various types of phyletje definition will be
studied showing whether the properties informally asctiteethem are reflected
in a formal setting. Stability — in terms of the organisms etha name refers
to — will be one property which will be given special attemtio/Vhere applica-
ble, some criticism will be presented showing how phylodergefinitions, and
the PhyloCode itself, can be improved. The next sectionpvésent the details
of the framework. Since virtually all examples of phylogenéypotheses from
the literature are trees, this will be initial assumptiorrieal into the analysis of
phylogenetic definitions. In a series of 5 sections, one &hamain type of phy-
logenetic definition, results will demonstrate a close mdietween intuition and
formalism. It turns out that all the PhyloCode definitions erstances of two new
simple and elegant phylogenetic definitions. Along with pinesentation of these
two new definitions will be an illustration of how the differetypes of PhyloCode
definition are related to each other. The PhyloCode allowtogienetic hypothe-
ses to be rooted directed acyclic graphs to cater for hytaiain and endosym-
biosis. In Section 9 it will be shown that this generalisatiotroduces ambiguity
into the meaning of phylogenetic definitions. Solutionsuolsproblems will be
proposed. The paper ends with a summary and a discussion.

2 Preliminaries

The PhyloCode is ambiguous on the issue of what objects tthe covers. More
specifically, the ambiguity is over granularity. In sometpdhere are indications
that the PhyloCode is applicable over the space of individuganisms while
in others, the space of species. In the preamble to Versjah2ldPhyloCode is
“applicable to the names of all clades” while species willydre applicable in fu-
ture versions. In the meantime, the PhyloCode will rely astéxg nomenclatural
codes for the naming of species. This suggests that speeidiseamost atomic ob-
ject under consideration. However, the definition of a cladiger Article 2.1 men-
tions organisms and populations. This would imply that entlly extant species
are clades and their naming governed by the current PhyleQddreover, since
an ancestor can be an individual organism, any currentiydierganism without
any descendants would constitute a clade. The intentidred?hyloCode authors
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seems to be that species are the objects to be classifiedinterll examples
contained in the PhyloCode only refer to species. The assomadopted in this
paper is that species are the atomic objects under consatera

The assumption that species are atomic solves anotherepnokith the Phy-
loCode. Recall that a clade consists of an ancestor and & aiescendants.
Article 2.1 of the PhyloCode allows an ancestor to be eitineorganism, a pop-
ulation, or a species. This freedom of choice is problemaiclade is meant to
be monophyleticie., a set “consisting of an ancestor and all of its descendants”
by the glossary in the PhyloCode. Since the smallest obgctlassification
mentioned in the PhyloCode is tloeganism it stands to reason that the set of
specifiersS should at least refer to all organisms; populations andispaeould
then be represented by sets of organisms. If, however, ttestor of a clade is
aspeciesthen a clade is not monophyletic becausesthigrceof a clade consists
of many organisms. The problem here is an abstraction probWhat is actu-
ally being classified? All organisms? Only species? Eitimsieer is acceptable.
However, if all organisms are being classified and a spesias iacceptable an-
cestor, then the definition of “monophyletic” will have to beakened to allow
multiple sources — provided they are from the same species.

All phylogenetic definitions in the PhyloCode use exampbdselp determine
what is or is not contained in a clade. Governed by Articlethése examples are
calledspecifieran the PhyloCode. Generally, specifiers either refer to Cegse
specimens, or apomorphies” (derived character statesatis# through evolu-
tion). As a minor departure from the PhyloCode, apomorphiiisbe defined
separately since they refer to character states and nogamisms.

Definition 1 (Classification Frame) A classification frame”' is a pair (5, O)
whereS is called the set aspecifiersand O theomnigenusuch thatS C O.

Basically, the classification frame codifies what is to bessiféed. The set
of specifiers contains all known species while the omnigeomsains all species
that exist and have existed in the past — a finite set. In tineepents ofO may
be added t&' as fossils and extant specimens are found and become deddab
science. In the meantime, phylogenetic definitions may cefigr to elements in
S. Any element ofS will be called aspecifierwhile any element of) will be
called aname

One of the main aims of the PhyloCode is to make all taxa moylefib,
ie., the members of a taxon can be defined by an ancestor and ediraissts of
that ancestor. In order to test whether a taxon is monophytes necessary to
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adopt aphylogenetic hypothesibat asserts how species are related to each other

through descent. There are a number of methods for gengaich hypotheses
[Lewis(2001), Huelsenbeck and Ronquist(2001), Holderlaawlis(2003)]. Even

though the PhyloCode allows phylogenetic hypotheses &aerganisms in a di-

rected acyclic graph, most published methods [Lewis(2d9d¢lsenbeck and Ronquist(2001),
Holder and Lewis(2003)] organise a group into a tree. Saj éveugh the gener-

ality of the PhyloCode allows for hybrids and endosymbigsisill be instructive

to initally assume assume that a phylogenetic hypothesisrese.

Definition 2 (Phylogenetic hypothesis)A phylogenetic hypothesid on a setO
is a binary relation or0 such that the pai(O, H) constitute a tree.

N &
N Q
N N
O . * . v

C. niloticus Y. capensis L. agili

Figure 1. An example of a phylogenetic hypothesis.

As an example, consider the left hand side of Figure 1 whichbeen ob-
tained from Example 2 in Article 11.9 of the PhyloCode. ThglBG&ode example
places three speciesGrocodylus niloticusYoungina capensjgandLacerta agilis
—in a tree as seen in Figure 1. This will be reflected in a diaasion scheme
C = (5,0) and a phylogenetic hypothesis on O whereS contains the three
species and containsS plus two theoretical speciesandy. These theoreti-
cal species are names for the internal nodes in the phyltigeree. They also
make explicit the implicit claims that are shown in the plydaetic tree. Plac-
ing Y. capensiandL. agilis in a sub—tree without. niloticusmakes the implicit
claim that the most recent common ancestolfo€apensiandL. agilis — here
namedr — is a descendant of the most recent common ances@irrofoticusand
Y. capensigalternatelylL. agilis) — here named. The phylogenetic hypothesis
H on O encodes this ancestor-descendant information. Thergfanes such as
(y,x) and(x, Y. capensisare included in. All this is depicted on the right hand
side of Figure 1. It is important to note that there may be nioeeretical species
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than justz andy. For instance, in the linear phyletic segment betweeamd.
capensisthere can be any number of species.

A clade, consisting of an ancestor and all of its descendantdefined as
follows:

Definition 3 (Clade) Given a classification fram@ = (.S, O) and a phylogenetic
hypothesig? on O, aclade X with respect of” and H is a set where:

1. X CO.

2. X is closed under descent, ie.zifc X and there is a path according to
H fromz to anyy € O, theny € X.

3. X has asource, ie., there exists & X such that forevery € X, ifz # 2
thenz is a descendahf 2.

Consider the seX = {z, Y. capensisand the classification frame depicted in
Figure 1. This set wouldotbe a clade since it violates condition 2 in Definition 3
— not all descendants are includéd;agilis is a descendant af which is not an
element ofX. Now consider the sét = {z, C. niloticus Y. capensid.. agilis }.
This is not a clade because condition 3 is violated. Thereisaurce fory —
both x andC. niloticusare elements ok, yet no common ancestor efandC.
niloticusis in X.

Phylogenetic definitions impose constraints on clades hadrteaning of a
definition is given by the clades that satisfy the constgaiittis possible that no
clade will satisfy the constraints of a definition — a sitaathoted in Article 11.10
of the PhyloCode. In this case, the definition will be caledaninglessWhen a
definition is satisfied by at least one clade it will be calledaningfuland if this
clade is unique, the definition will be calleshambiguousin the following sec-
tions, as each type of phylogenetic definition is formaljgbd conditions under
which each of these various cases arise will be examined.

3 Node-Based Definitions

A node-based phylogenetic definition specifies a clade byigirgg examples
of specifiers that are definitely contained in the clade. Qh&/ smallest clade

Technically, a path from nodex to y in a tree H is a sequence of edges
(x1,22), (x2,23),..., (Tn_1,z,) Wherex = z; andy = x,, and each edgex;, z;+1) € H.
2z is a descendant afif and only if there is a path from to .
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containing all the examples satisfy the node—based defnifihe relevant portion
of Note 9.4.1 in the PhyloCode says:

A node-based definition may take the form “the clade stemrnorg

the most recent common ancestor of A and B” (and C, D, etc., as
needed) or “the least inclusive clade containing A and B'd(&n

D, etc.), where A-D are specifiers (see Art. 11.1). A node=bas
definition may be abbreviated “clade (A and B)”.

This is formalised as follows:

Definition 4 (Node-based definition) Consider a classification fram@& = (S, O).
A node-basedlade definition is a two—placed functiomdeclade€ A, H) taking
a set of specifiersl C S and a phylogenetic hypothedison O to a set of clades
such that a cladeX’ € nodecladg A, H) if and only if

1. a € X for everya € A.

2. X is minimal, ie., if for every other cladé€ whereA C Y andY C X,
thenX CY.

This definition contains several features which are tadhePhyloCode de-
scription. Firstly, it makes the role of the phylogenetipbthesis explicit in the
meaning of a clade definition. For instance, the phrase “meagnt common an-
cestor of A and B” as used in the PhyloCode does not have a efireaning
until A and B are placed in the context of a particular phylogfec hypothesis.
Secondly, the PhyloCode preempts the fact that a node—blasiedion will have
one, and only one, clade associated with the definition. Alsbsishown later,
this is in fact the case. However, that is a consequence adfieition and not
a component of it. Thus, a node—based definition is a twoegl&mction which
maps a set of specifiers and a phylogenetic hypothedisto the smallest clades
X which contain all specifiers iA. Such a clad&X is said tosatisfythe definition.

Node—based definitions can be thought of in the following.w@gnsider a
set of specifiersi. Each specifier in A will have a phylogenetic history which
stretches fromu to the root of the phylogenetic tree. The root of the tree s ce
tainly a common ancestor of all specifiersAn However, what is important for
a node—based definition is tin@ost recent common ancestdfrall pairs of spec-
ifiers in A (in what follows M RC A(a4, a3) will denote the most recent common
ancestor of specifiers, anda,). This is because node—based clades are defined
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as the least inclusive clade containing all the specifieesighate this particular
common ancestor node by Then the node—based clade defineddag simplyb
and all the descendantsofThis is depicted in Figure 2.

& a a,

MRCA@: @& )=b

Figure 2: The semantics of a node—based clade definitiorenGiset of specifiers
A, a specifiew is identified as the most recent common ancestor of all spexifi
in A. The clade then contaidsand all descendants bf

A node-based definition has the affirming property that itweags meaning-
ful. More than that, the meaning of a node—based definitiam&nbiguous; one
and only one clade satisfies a node—based definition.

Proposition 1 Consider a classification framé€ = (S,0) and a node-based
clade definitionnodecladg A, H) where A C S. Under any phylogenetic hy-
pothesisH on O, nodecladd A, H) is meaningful. Moreover, a unique clade
satisfies this definition, iecladd A, H) = { X } for some cladeX with respect to
CandH.

Since a node-based clade definition is alway meaningful argue, it will be
harmless and convenient to identify nodadg A, H') with the clade that satisfies
the definition. In what follows, this will be done for otheade definitions exactly
when a definition is meaningful and unambiguous.

The specifiers used in a node—based definition rudded A, H) are called
internal specifiers in the PhyloCodes., a specifier “explicitly included in the
clade”. This is shown formally in the next result which shawat A is always
included in the clade — irrespective of the phylogeneticdtlgpsis. Moreover,
the commonality of a node—based definition across all pteyletc hypotheses is
exactly A.



Observation 1 Consider a classification fram€& = (S,0) and a set of spec-
ifiers A. The intersection oKy, wherenodecladd A, H) = {Xy} across all
phylogenetic hypothesésis A.

Since the specifiers in a node—based definition are intenmaile specifiers
imply more inclusive clades.

Observation 2 Consider a classification fram@ = (.S, O), a phylogenetic hy-
pothesis on O, and two sets of specifiers; and A,. If A; C Ay, then
nodecladg A;, H) C nodeclad€ A,, H).

While adding specifiers produces more inclusive cladeshaoge is effected
if the specifiers come from the current clade in question.

Observation 3 If A be a set of specifiers anl C cladd A, H), then
nodecladg A, H) = nodeclad§ AU B, H).

It may seem odd to add specifiers to a node—based definition thieeclade
remains the same and the complexity of the definition ine@gablowever, such
information actually increases semantic stability — inmterof the content of a
clade. Recommendation 11D of the PhyloCode suggests thdat-based defini-
tions should include representatives from all subcladesifich there is “credible
evidence”. The reason for this is that the meaning of a pleriegc definition is
dependant upon the phylogenetic hypothesis. Since th@gbgetic hypothesis
is liable to change, itis favourable to have definitions wathave the same seman-
tics across more phylogenetic hypotheses. This is showhégext result which
shows that the addition of seemingly redundant specifiekeméne meaning of a
node—based definition more stable.

Proposition 2 Consider a classification frameC' = (S,0), a phy-
logenetic hypothesisH on O, and nodecladg A, H) for some set of
specifiers A.  Let stablénodeclad€ A, H)) denote the set of phyloge-
netic hypothesesH’ such that nodecladgA, ) = nodecladdA, H').
If B C By C nodecladd A, H) and By, By € A, then
stablénodecladg AU By, H)) C stablénodecladg A U B,, H)).

As an illustration of semantic stability, consider the sreepicting the rela-
tionships between basal birds and therapod dinosaurs urd-y The trees de-
pict the same taxa but differ in the relative relatednesseofain taxa. Firstly,
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consider Figure 3(A). The node—based definition noldeld{b, g}, H) (lower
case italic characters have been used as abbreviatiortsefeatious taxa) gives
the clade that contains every taxa — framo m; b belongs to one sub—tree at
the lowest branch point whilg belongs to the other sub—-tree. Adding more
specifiers to the definition, therefore, will have no effeottbe meaning of the
clade definition under the phylogenetic hypothesis in FBgR({A). For instance,
nodeclad€{b, g, d}, H) also includes all the taxa. However, when the phyloge-
netic hypothesis changes, to the one depicted in Figuref8(Bxample, the extra
specifierd gives added semantic stability. In Figure 3(Bandg are each other’s
closest relative — the opposite of the situation in Figui) 3Thus, the only spec-
ifiers included in nodecladd {b, g}, H') areb andg. However, the meaning of
nodeclade {b, g,d}, H') is the same as nodgade {b, g,d}, H) since the most
recent common ancestor bandd resides at the lowest branch point.

a bc de fg h i j ki1 m g bc ae d f h i j kiln
2 <
& & & &
¢ & o @ & o & @ < & o
F P FF &F & & e > &F & F & & e
& PP & & & © & & &L & ¢ F & P2 & & &
S TS T FPFFE SIS E K RSN N S oy S E S e
T T FFFT S L S E S F&FFIFLF S SE S
O LT FS S L & P & F & & L
NV S & & FK L & F O & & & & &S K F
) Q & 2 N O o O G o & N O o N N & N 2 O O & AN N O
& ST OA PO & Qg, & Q° %Q‘ PRSI O‘\ o4 X & Qg; S %Q’
H H

(A (B)

Figure 3: Cladograms of basal birds and dinosaur relatiessd on the publica-
tions of Sereno [Sereno(1998)] (A), Padian [Padian et299)] (B), and Benton
[Benton(2000)]. Italic characters are abbreviations figrtarious taxa.

4 Stem-based definitions

A stem-based phylogenetic definition specifies a clade byigirg an internal
specifier and a set of external specifiers; examples whickxaiitly excluded
from a clade definition. They are described in the PhyloCedeléows:

A stem-based definition may take the form “the clade comsjstif
A and all organisms or species that share a more recent coramon
cestor with A than with Z” (and Y and X, etc., as needed) or “the
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most inclusive clade containing A but not Z” (and Y and X, pté&
stem-based definition may be abbreviated “clade (A not Z2)".

This is formalised as:

Definition 5 (Stem-based definition) Consider a classification fram@é = (S, O).
A stem-basedlade definition is a functiostemclad€a, Z, H) taking a specifier
a € S, aset of specifierg C S and a phylogenetic hypothediEon O to a set of
clades such that a clad¥ € stemclad€a, Z, H) if and only if:

1l.ae X.
2. 2z ¢ X foreveryz € Z.

3. X is maximal, ie., for every other cladé satisfying the above two condi-
tions, if X C Y, thenY C X.

Figure 4: The semantics of a stem—based clade definitioren@ispecifier and

a set of specifierg, a specifieb is identified as the most recent common ancestor
of a and some; € Z. The clade then contains the subtreé obntaininga. Note
that this excludes.

A stem-based definition has the form stetadea, Z, H) and is equivalent
to the expression “clade not = andy andz, etc.)” in the PhyloCode wherg
containsz, y, andz. The meaning of a stem—based definition can be understood
by considering the MRCA of andz for eachz € Z. These are all ancestors of
and one will be the youngest. The clade defined is the subtr@@iainga from
this youngest ancestor. This is illustrated in Figure 4 his figure it can be seen
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thata and eachr € Z has a MRCA. One of thesg, the MRCA ofa andz, is the
youngest. Frond the subtree containingis what is contained in the clade. Note
thatb itself is not part of the clade. A clade is closed under detsardz; must
not be contained in the stem—based clade.

Since a clade, by definition, is closed under descent, a tased definition is
not meaningful when an external specifier is a descendaheohternal specifier.
The converse is not true however. A stem—based definitiostidhbe meaningful
if the internal specifier is a descendant of an external ipeciThis is shown
formally in the following result.

Proposition 3 A stem-based clade definitistemclad€a, Z, H) wherea € S
andZ C S is meaningful if and only if ¢ nodecladg{a}, H) for everyz € Z.
Moreover, if a stem—based definition is meaningful, thes utnambiguous.

Given, a stem-based definition stetadea, Z, H), the set” is intuitively
called the set of external specifiers. This is because athais of 7 are not
members of a stem—based clade; the latges the more is excluded from the
clade and the smaller the clade.

Observation 4 Let Z; and Z, be sets of specifiers and € S a specifier. If
Z1 D Zsy, thenstemclad€a, 7, H) C stemclad€a, 75, H).

Stem—-based clade definitions naturally contain a lot of mddacy for any
fixed phylogenetic hypothesis.

Observation5 For any meaningful stem-based clade definition
stemclad€a, Z, H) there exists ay € Z such thatstemcladda, Z, H) =
stemcladga, {y}, H).

This is an immediate result following the definition of a steased clade. One
simply looks for the youngest MRCA af and some specifier from the exclusion
setZ. With the example in Figure 4 this specifierzis

In parallel with node—based definitions, seemingly redahdamponents of
stem—based definitions increase semantic stability. Hemantic stability is a
relative concept. It refers to how invariable the meaning ofade definition is in
the face of changing phylogenetic hypotheses. Many auttaus argued that this
as a favourable property of a nomenclatural system [de Quaind Gauthier(1992),
Benton(2000), Forey(2002)]. The authors of the PhyloCogeess this in Rec-
ommendation 11E:
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“In a stem—based definition, it is best to use a set of extespeti-
fiers that includes representatives of all clades that bledvidence
suggests may be the sister group of the clade being namedtrGan
ing a stem—based definition in this way will reduce the chaheg

under a new phylogenetic hypothesis, the name will refer nwoee

inclusive clade than originally intended.”

This intuition is proven formally in the following result.

Proposition 4 Consider a classification fram€ = (S, O), a phylogenetic hy-
pothesisH on S, andstemclad€a, Z, H) for some specifiet. and set of speci-
fiersZ. Letstabléstemcladea, 7, H)) denote the set of phylogenetic hypotheses
H' such thasstemclad€a, Z, H) = stemclad€a, Z, H').

1. If Z, C Zy C Z andstemclad€a, Z \ Z3, H) = stemclad€a, Z, H), then
stablé¢stemclad€a, Z \ Z;, H) D stabléstemclad€a, Z \ Z,, H).

2.1f Z, ¢ Z, C S and Zy,n stemclad€a, Z U Z,, H) = (), then
stabléstemclad€a, Z U Z;, H) C stabléstemclad€a, Z U Z5, H).

As an example, consider once again the phylogenetic hypeshgepicted in
Figure 3. Observation 5 shows that only one particular esiespecifier is needed
to fix the contents of a stem—based clade under one phylagéyebthesis. How-
ever, under different phylogenetic hypotheses, the findtgidroposition 4 shows
that removing specifiers from the exclusion set decreasuaars& stability. For
instance, stenclad€h, {g, f,c,a}, H) in Figure 3(A) containg=Archaeopteryx
and everything to the right of iviz, X = {h,,j,k,I,m}. Note that in this
phylogenetic hypothesis thatis the closest relative of in the exclusion set.
This is not the case for Figure 3(B). So, if we consider sttaddh, {g, f}, H)
(removingc anda from the exclusion set), this definition has the same meaning
under both phylogenetic hypotheses. However, if one moseiBer is removed,
stemcladeh, {¢g}, H) includesX in Figure 3(A) but generates a much more in-
clusive clade in Figure 3(B), includingd, ¢, and f. The second part of Propo-
sition 4 shows that adding external specifiers increasesuserstability. As an
example, it is easy to see that stetadd i, {¢g}, H) and stercladeh, {g, f}, H)
both have the same meaning. However, with a switch of phyletie hypothe-
ses toH', the first definition stenclad€h, {g, f}, H') retains the same meaning
while stemclad€h, {¢g}, H), with fewer external specifiers, is a less inclusive
clade than stenclad€h, {g}, H').
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5 Apomorphy-based definitions

An apomorphy—based definition defines a clade through theafigearance of a
character trait through evolution. These definitions asedked in the PhyloCode
as follows:

An apomorphy-based definition may take the form “the clagenst
ming from the first organism or species to possess apomorphy M
as inherited by A’ or “the most inclusive clade exhibitingachcter
(state) M synapomorphic with that in A.” An apomorphy-basiefi-
nition may be abbreviated “clade (M in A)”".

Given a character apomorphym, as possessed by some specifiea clade
is defined containing the first organism to possess apomarplayd all of its
descendants (see Figure 5). Descendants which subssglosetipomorphyn
are still included in the clade. For instance, the cladapstda might be defined
as the possession of digits by vertebrates as exemplifieddogaThe source of
this clade would be a vertebrate with digits. However, dedaats of this ancestor
—such as whales and snakes — which do not possess digitdlanestbers of the
clade.

To make sense of an apomorphy—based definition it is negessaiave an
apomorphy hypothesighich ascribes apomorphies to specifiers. This relation
serves a parallel function to the phylogenetic hypothehishwdefines the ancestor—
descendant relationship.

Definition 6 (Apomorphy hypothesis) Consider a classification frameé = (.5, O).
An apomorphy hypothesisn S is a pair (M, P) where)M is the set opomor-
phiesand P is a binary relation onM/ x S called theapomorphy relation

The meaning of an apomorphy—based definition is most ofteentas the
clade stemming from the first organism to possess an apomfielQueiroz and Gauthier(1990),
de Queiroz and Gauthier(1992), Forey(2002), Benton(306)wever, as noted
by Lee [Lee(1998)], this assumes that the first organism $sg@&s an apomorphy
has been identified. Moreover, there is the implicit assiwnghat all organisms
that have been ascribed this particular apomorphy are déanés of this “first
organism”. The PhyloCode and Lee [Lee(1998)] presentredtere interpreta-
tions. Lee suggests that an apomorphy—based clade is owcé whidiagnosed
by trait X" and the PhyloCode ‘ “the most inclusive clade diting character
(state) M synapomorphic with that in A.”’. This alternatikeading is formalised
as follows:
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Figure 5: The semantics of a apomorphy—based clade definiGaven an apo-
morphym as possessed by specifierthe clade contains the first organism that
possesses characterand all it's descendants.

Definition 7 (Apomorphy-based definition) Consider a classification frame
C = (S,0), a phylogenetic hypothesi¥ on S, and a apomorphy hypothesis
(M, P). Anapomorphy-baseclade definition is a function of the forapomor-
phy_cladédm,a, H, M, P), wherea € S is a specifier andn € M is an apomor-
phy, to cladesX that satisfy:

1. a€eX.
2. b e X forevery(m,b) € P.

3. X is minimal, ie., for every other cladg satisfying the above two condi-
tions,X C Y.

A clade satisfies an apomorphy—based definition apomaocfgdgm, a, H, M, P)
when it is the smallest set containing all organisms pogsgss. The conditions
for such a definition to be meaningful are thus triviag., thata should possess
apomorphym. Furthermore, a minimality condition fixes the semanticshaf
definition. Formalising apomorphy—based clades in this aayates the need to
identify the earliest organism to possess an apomorphy.

6 Stem—modified node—based definitions

Since most biologists study extant organisms [de QueirdzGauthier(1992), Crowson(1970)],
many taxa important to biology have been studied based anlivimg represen-
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tatives. In part, this is due to the fact that much more candeerséained from
extant organisms than extinct organisms. Catering forkinid of taxa in the Phy-
loCode is the concept of@own clade- a clade where “both of the basal branches
have extant representatives” Note 9.4.1. [Cantino and derQu(2004)]. The
PhyloCode presents two methods for defining crown clades stdam—modified
node—based definition and the apomorphy—modified nodedlusmition. The
stem—modified node—based definition has the form:

crowncladea, Z, H)

wherea is an internal specifier and is a set of external specifiers. The PhyloCode
describes the semantics of such a definition as the claderstenfroma and all
extant organisms that more closely related than with any organism i. This
can be seen graphically in Figure 6. Hegds the organism most closely related
to a in the exclusion sef. From the most recent common ancestorcind

z1, consider the stem leading towarasThis stem will eventually reach a point
where both basal branches have an extant representatires baseh. The most
recent common ancestor @fandb, viz. y is the source for this crown clade.

a b X Z, Z; 2,
W
MRCA(a,z, )

Figure 6: The semantics of a stem—modified node—based cédhétion.

Definition 8 (Stem-modified node—based definition)Consider a classification frame
C = (S,0) and a phylogenetic hypothedison O. A stem—modified node—based
clade definition is a functionrown.clad€a, Z, H) taking a specifiern. € S, a set

of specifiersZ C S and a phylogenetic hypothedison O to a set of clades such
that a cladeX € crownclad€a, Z, H) if and only if:

1. ac X.
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2. z ¢ X foreveryz € 7.

3. if b is extant andM RC' A(a,b) is a descendant af/ RC A(a, z) (for any
z € Z), thenb € X.

4. X is minimal, ie., for every other clade satisfying the above three condi-
tions,X C Y.

Since a stem—modified node—based definition contains a bsad compo-
nent, the definition is meaningful if no external specifienigdescendant of the
internal specifier.

Proposition 5 A stem—modified clade definiticrown.cladea, Z, H) wherea €

S and Z C S is meaningful if and only it ¢ nodecladd€{a}, H) for every
z € Z. Moreover, if a stem—modified node—based definition is megéuli then it
is unambiguous.

Parallelling stem—based definitions, a stem—modified noased clade defi-
nition contains a lot redundancy for any fixed phylogeneyiedthesis. However,
this redundancy increases the semantic stability of sutihitiens.

Observation 6 A stem—modified node—based clade definitiovn clad€a, Z, H)
wherea € SandZ C S. Forsomez; € Z, crownclad€a, {z;}, H) = crownclad€a, Z, H).

Consider a stem—modified node—based definition of a cladencetadd a, Z, H).
Firstly, this is equivalent to the node—based definitionendddg{a} U X, ~, H)
where X, , is the set of all extant organisms which share a more recent co
mon ancestor withu than with any member off. From Figure 6 it can be
seen thatX, ; contains all extant organisms in the subtree contaimirfgpom
MRC A(a, z1). This is not necessarily a clade as there may be extinct mesmbe
of stemclad€a, Z, H). ThusX, z C stemcladda, Z, H).

Observation 7 crownclad€a, Z, H) C stemclad€a, Z, H).

Observation 8 All extant members ostemclad€a, Z, H) are contained in
crownclad€a, Z, H).
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7 Apomorphy—modified node—based definitions

Some crown clades are defined by the possession of a cert@mogphy. The
apomorphy—modified node—based definition captures sucade ¢y providing
an extant example which possesses the apomorphy. Such didetias the fol-
lowing form: crownclad€a, m), for some specifier. and apomorphyn. There
are two intuitive readings for the semantics of such a deiminh the PhyloCode:

1. the clade stemming from the most recent common ancestor of
Ala] and all extant organisms or species that possess apomorphy
M[m] as inherited by Af]

2. the most inclusive crown clade exhibiting charactert€tisi[m]
synapomorphic with that in A

Also by note 9.4.1 of the PhyloCode, a crown clade is a cladevfoch “both

of the basal branches have extant representatives”. Tlpokesnthat reading 1
will only be guaranteed to generate a crown clade i§ extant. As examples,
consider the phylogenetic trees in Figure 7. Her®, andc are all specifiers with
apomorphym. Suppose that andc are extant while: is extinct. The tree on the
right will not give a crown clade since one basal branch (theleading ta:) has

no extant representatives. This is not the case with theotmebe left hand side
even though is not extant. When is extant, reading 1 makes the clade definition
equivalent to a node—based definition containing only exdpacifiers. This will
always give a crown clade.

By reading 2, crown clade, m) may not contairu; for similar reasons why
reading 1 may not produce a crown clade. Thus given the pbyletic tree on the
right of Figure 7, reading 2 would produce a clade consistingandc but nota
sincea is not extant. Like reading 1, however dfis assumed to be extant, then
the problem disappears andecomes a member of the clade. By reading i,
always a member of the clade.

a b c a b e

Figure 7: Two phylogenetic trees whetie b and ¢ all possess apomorphyi.
However,a is not extant whilé) andc are extant.
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Another difference between the two readings depends onxidet eneaning
of a “crown clade”. The first reading essentially gives a ndmesed definition;
the second an apomorphy—based definition. An apomorphyriginate from a
bifurcation point in the phylogenetic tree. However, it nago originate in the
middle of a linear segment of the tree. Node—based defisitigpically (when
there are two or more specifiers that are not in an ancestreddant relation-
ship) define clades consisting of a sub—tree starting atuadaifion point. This
means that reading 2 can be more inclusive than reading linEtance, con-
sider extant specifiers andb possessing apomorphy. A non extant specifiet
also possesses and is an ancestor afandb. Suppose further that the apomor-
phy m originated with a specified which is an ancestor af. By reading 1, the
apomorphy—modified node—based clade would contabnpandc. By reading 2,
it would also contain.

Proposition 6 If a is extant thercrown cladéa, m) by reading 2 is a superset of
crown cladé¢a, m) by reading 1.

Given the ambiguities of apomorphy—modified node—baseditefis, a thor-
ough analysis of such definitions will not be presented here.

8 Generalising Phylogenetic Definitions

Phylogenetic definitions generate clades via three mairstoactors: internal
specifiers, external specifiers, and a minimality—maxitpakvitch. Apomorphy
based clades and crown clades may appear to be generatefieogndimeans,
but the concepts aipomorphyandextantare in fact means of generating internal
specifiers. Two new types of phylogenetic definition will begented which gen-
eralise existing phylogenetic definitions. The reasongltong so are two—fold.
Firstly, the new definitions are generalisations and withalmore clades to be
defined. Secondly, the relationship between existing typegefinition will be
made clear.

A node—based definition maps to the smallest clade contaamset of speci-
fiers. Generalising this by adding a set of external spesifiesults in the follow-
ing minimality—based clade.

Definition 9 (Minimality-based definition) Consider a classification framé =
(S, 0). Aminimality—basedlade definition is a functiomin_clad€ A, Z, H) tak-
ing sets of specifierd, Z C S, and a phylogenetic hypothedison O to a set of
clades such that a clad¥ € min_clad€ A, Z, H) if and only if:
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1. ACX.
2. z ¢ X foreveryz € 7.

3. X is minimal, ie., for every other cladg satisfying the above two condi-
tions, ifY C X, thenX CY.

The minimality—based clade definition covers node—bagsmarphy—based,
and crown clade definitions. An immediate and obvious comsece of the above
definition is that a node—based definition is generated whersét of external
specifiers is empty. Thus, for any set of specifidigghe node—based definition
nodecladd A, H) is equivalent to mirclad€ A, (), H). The point of adding exter-
nal specifiers to a node—based definition, as with all othglogfenetic definitions,
is that the meaning of the clade definition remains the sarderumore phyloge-
netic hypotheses.

An apomorphy-based definition is really a node—based deimin disguise.
For any given specified exhibiting apomorphyn, the two interpretations of an
apomorphy-based apomorpbladem, a, H, M, P) are given in the PhyloCode.
The first isolates a sole specifier the first organism to possess The sec-
ond generates the set of specifidrshat contains all organisms possessing apo-
morphym. These specifiers are the internal specifiers to a minimalecénd
will generate the same clade provided it is possible to iedla Thus, apomor-
phy_clad€m, a, H, M, P) is the same as either nadéadd {b}, H) or nodeclad€ A, H).
Either way, the apomorphy-based definition will be an insgéaof the minimality—
based clade.

The PhyloCode lists two types of crown clade: the stem—nextiifode—based
definition and the apomorphy—modified node—based definitis their names
suggest, they are variants of the node—based definition.hdrfitst case, the
notion of what isextantis used to generate a set of internal specifiers. With
a stem—modified node—based definition crovleddga, Z, H), a set of internal
specifiersA is generated which containsand all extant specifiers that share
a more recent common ancestry witltthan any specifier irf. It can then be
shown that crowrtlad€a, Z, H) is the same as minladg A, Z, H). As shown
in Section 7, there slight differences in the two PhyloCatterpretations of an
apomorphy—modified node—based definition. Both cases, \lware covered
by the minimality—based clade. Given a specifi¢hat possesses apomorply
the first interpretation generates a single specifigrat is the most recent com-
mon ancestor of; and all extant specifiers that possess The specifier is
the single internal specifier to a node—based definitions Would be equivalent
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to the minimality—based definition micladg{b}, 0, H). The second interpreta-
tion generates a set of internal specifidrs- the set containing all extant spec-
ifiers that exhibit apomorphy.. In this case, the clade would be equivalent to
min_clad€ A, 0, H).

A stem-based definition steoladea, Z, H) maps to the largest clade con-
taininga but not any element of . Allowing for multiple internal specifiers gen-
erates the following maximality—based clade.

Definition 10 (Maximality-based definition) Consider a classification franm@ =
(S,0). A maximality—basedlade definition is a functiomaxclad€ A, Z, H)
taking sets of specifiet, Z C S, and a phylogenetic hypothedison O to a set
of clades such that a clad& € maxclad€ A, Z, H) if and only if:

1. AC X.
2. z ¢ X foreveryz € Z.

3. X is maximal, ie., for every other cladé satisfying the above two condi-
tions, if X C Y, thenY C X.

The maximality—based definition is a simple extension oktieen—based defi-
nition. Itis a straightforward observation that a stem-eldadefinition stenctladda, Z, H)
is equal to maxclad€{a}, Z, H).

All phylogenetic definitions presented in the PhyloCodeiastances of the
minimality and maximality based definitions. Both contaised of internal spec-
ifiers and a set of external specifiers. They only differ inggating a minimal
or a maximal clade. Analogous with the results shown eattieth definitions
are meaningful if, and only if, no external specifier is a @estant of an internal
specifier. Moreover, if a minimality or maximality based défon is meaningful,
then it is unambiguous. Apomorphy and crown based defirgtrely on added
structure to generate internal specifiers; structure teanes what is extant and
what organisms possess which apomorphy. There are moatntgmther con-
cepts which biologists may like to use which generate irglespecifiers. There
may even be concepts for generating external specifiers.

9 Phylogenetic Hypotheses as Directed Acyclic Graphs
The PhyloCode (Note 2.1.1 and Note 2.1.3) allows a phylagehgpothesis to be

a rooted directed acyclic graph (DAG); catering for hylration and endosym-
biosis. In a tree everything has only one parent, whereas@ &lkows multiple
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parents. Moreover, since a DAG is a more general structanme éahtree, some of
the properties of a phylogenetic tree will not hold in thisrengeneral case. Im-
portantly, it will be shown that the meaning of node—basatisieam—based clades
can become ambiguous. However, since it is beneficial to letalrepresent

hybrids and endosymbionts in a phylogenetic hypothesisogto remedy the

ambiguity will be presented.

One important difference between a tree and a DAG phylogehgpothesis
is the way in which a clade partitions a classification frathe- (S, O). This is
illustrated in Figure 8 which shows a cladésand a name < O that lies outside
X. There are two possibilities with a phylogenetic tree. &ithis an ancestor of

X X X

(ii) (i)

Figure 8: A difference between phylogenetic tree and a genetic DAG. Given
a cladeX and a name € O that is outside oK, there are two possibilities with
a phylogenetic tree: either (i) is an ancestor of every memberXfor (ii) o is
not an ancestor of any elementXfWith a phylogenetic DAG, there is also the
possibility, depicted in (iii), thad is an ancestor of a subcladeXf

every member oK or o is not an ancestor of any memberXfThis is depicted
by Figure 8 (i) and Figure 8 (ii). However, a phylogenetic DAGmits a third
possibility as shown in Figure 8 (iii). Hereis the ancestor of some subclade of
X. Itis exactly this case which can make phylogenetic defingiambiguous.

A node—based definition becomes ambiguous when a set afahtgvecifiers
has more than oneriost recent common ancestdn the case of a phylogenetic
tree this can never happen because any set of specifiersdly@ne most recent
common ancestor. However, as shown in Figure 9, this is m@tyal the case with
a phylogenetic DAG. In the figure, bo#hand b are hybrids produced from
andy. Recall that the node—based definition natkedg {a, b}, H) is the set of
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Figure 9: An example of a phylogenetic DAG which makes themmenof the
node—based definition containiagandb ambiguous.

all minimal clades that containm andb. Two clades satisfy this conditionjz,,

X ={a,b,z} andY = {a,b,y}. This is an example of the situation depicted in
Figure 8 (iii). From the perspective of clade x is something which lies outside
Y and but is also an ancestord@ndb which are contained il . The ambiguity in
the node—based definition arises exactly becaws®lb are the internal specifiers
to the clade definition.

Recall that one reading of a node—based definition gives|#u® stemming
from the most recent common ancestorn.@ndb. Adopting these semantics may
seem to resolve the ambiguity, however, a closer inspegtibrshow that it is
no solution at all. Since both andb are hybrids ofr andy, it can only be the
case thatr andy are contemporaneous. Thus it should not be possible totasser
whetherz or y is the more recent.

One method for resolving this ambiguity involves changing tmeaning of
a node—based definition to generate a possibly more inelidade. Consider
assigning to a node—based definition natede A, /) the smallest clad& con-
taining A such that for every namec O, if o is not an element ok’ then either
o is an ancestor of everything or nothing M. This alteration serves to elimi-
nate the situation depicted in Figure 8 (iii). With respectite example depicted
in Figure 9, the node—based definition nadadd {a, b}, H) contains the single
clade{a,b,z,y, z}. It can be shown that this alteration to the meaning of node—
based definitions preserves the properties of the old mgaown in Section 3.
Moreover, when the phylogenetic hypothesis is a tree, thededinition generates
exactly the same clades as the old definition.
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A phylogenetic hypothesis which is a DAG can also cause anitigg in
stem—based definitions. Consider the phylogenetic DAGatiegiin Figure 10.
Denote the stem—based clades siatd {a}, {2}, H) and stemcladd{a}, {22}, H)

Zy a Z,

MRCA(az, ) MRCA(az, )

Figure 10: An example of a phylogenetic DAG which makes thamrgy of the
node—based definition containiagandb ambiguous.

by X; and X, respectively. These clade definitions are unambiguous. edery
the stem—based definition stestade{a}, {z1, 22}, H) will be ambiguous since
both X; and X, are both maximal clades that contairbut notz; or z,. Once
again, this is an example of the situation depicted in Fi@utie). Consider clade
X; andM RCA(a, z2). MRC A(a, z2) lies outsideX; but is the ancestor of some
subset ofX;. Eliminating ambiguity revolves around preventing thisiation.

A resolution to the ambiguity of stem—based definitions ialdo the res-
olution for node—based definitions. First of all, considdraivthe meaning of
stemclade{a}, {z1, 20}, H) should be. Recall that one property of a stem—based
definition on phylogenetic trees was that the larger the Seki@rnal specifiers,
the smaller the clade. If this property is to be preservedeunphylogenetic
DAGs (combined with the idea of a maximal clade), then therenly one way
to resolve the ambiguity. Recall that cladg in Figure 10 is generated by
the internal specifien and the external specifier;. Adding another external
specifierz, should produced something smaller thdn By a symmetric argu-
ment, stenclade{a}, {21, 22}, H) should also produce something smaller than
Xs. The largest clade which satisfies these constraints iddde stemming from
x, viz,, the intersection ofX; and X,. In general, the meaning of a stem—based
definition stemclad€ A, Z, H) can be set to clade’s that contain all ofA and no
elements ofZ such that for any name € O that lies outside ofX, eithero is an
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ancestor of all elements &f or no elements ok .

The generalisation from phylogenetic trees to phylogeri2fiGs has advan-
tages and disadvantages. A phylogenetic DAG allows hyzatitin and endosym-
biosis to be represented. However, given previous fornauatof the semantics
of node—based and stem—based definitions, ambiguities ns&yimthe meanings
of such definitions. This section has shown that a minor neatibn to the mean-
ing of such phylogenetic definitions will not only resolve taimbiguities but leave
the meaning of such definitions unchanged under phylogettets and preserve
the properties of those definitions under phylogeneticstree

10 Discussion and Future Work

One of the main themes in the debate about biological noratumel concerns
the purposes and aims of a nomenclatural system. Before audhsue can
be resolved, it is necessary to closely scrutinise the ptiegeof each contend-
ing system of nomenclature. This paper has contributedisofdh phylogenetic
nomenclature. A formalisation of the framework and defoms has been pre-
sented which sets out the assumptions and structures prdsemdefining clades.
Furthermore, a results have been presented showing therfiesppossessed by
phylogenetic definitions. The most significant of these heeresults on the se-
mantic stability of node—based and stem—based definitiofistmation that is
redundant for a particular phylogenetic hypothesis inesahe semantic stabil-
ity for different phylogenetic hypotheses. Two new phyloggc definitions have
also been presented which generalise existing definitiGtis/logenetic defini-
tions have been shown to be ambiguous under certain conslitvben the phylo-
genetic hypothesis is a rooted directed acyclic graphati®aks to such problems
have also been presented.

Formalisation facilitates the comparison of nomencldtooges through the
properties which the codes possess. If there is generaémgra in the bio-
logical community about what properties a homenclaturatesy should pos-
sess, then it would be a relatively simple task to see whictesy possesses
the most properties. However, this is not likely to be theecaBroponents of
phylogenetic nomenclature seek to make all taxa monopbyt&ides. Others
[Jeffrey(1973), Brummitt(2002)] have argued that taxogamould reflect overall
similarity. These two properties are not mutually exclesin fact, it is precisely
the case that these two properties are highly similar [Brutt@002)] that causes
much of the debate. A formal study will be able to shed lightwere these two
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properties coincide and where they differ.
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