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Abstract. Why has it been so difficult to integrate paleontology and “mainstream”
evolutionary biology? Two common answers are: (1) the two fields have fundamentally
different aims, and (2) the tensions arise out of disciplinary squabbles for funding and
prestige. This paper examines the role of fossil data in phylogeny reconstruction in order to
assess these two explanations. I argue that while cladistics has provided a framework within
which to integrate fossil character data, the stratigraphic (temporal) component of fossil
data has been harder to integrate. A close examination of how fossil data have been used in
phylogeny reconstruction suggests that neither explanation is adequate. While some of the
tensions between the fields may be intellectual “turf wars,” the second explanation downplays
the genuine difficulty of combining the distinctive data of the two fields. Furthermore, it
is simply not the case that the two fields pursue completely distinct aims. Systematists do
disagree about precisely how to represent phylogeny (e.g., minimalist cladograms or trees
with varying levels of detail) but given that every tree presupposes a pattern of branching (a
cladogram), these aims are not completely distinct. The central problem has been developing
methods that allow scientists to incorporate the distinctive bodies of data generated by these
two fields. Further case studies will be required to determine if this explanation holds for
other areas of interaction between paleontology and neontology.

“Except during the interlude of the New Synthesis, there has been
limited communication historically among the disciplines of evolu-
tionary biology, particularly between students of evolutionary history
(paleontologists and systematists) and those of molecular, population,
and organismal biology. There has been increasing realization that
barriers between these subfields must be overcome if a complete
theory of evolution and systematics is to be forged” (Reaka-Kudla
and Colwell 1990: 16).

“It remains difficult to develop an integrated model of evolution
that incorporates evidence from studies of modern populations and
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the fossil record” “[This book is] intended to help bridge the gap
or break down the barriers of subject matter that have long isolated
studies of evolution by paleontologists and those working with modern
populations” (Carroll 1997: xii).

1. Introduction

This paper discusses the position of paleontology within the evolutionary
sciences. My reflections grow out of a simple observation: throughout
the 20th century, the relationship between paleontology and “mainstream”
evolutionary biology has been strained. As my epigraphs attest, paleontolo-
gists (who study fossils) do not generally work closely with neontologists
(who study living organisms). Michael Ruse, with typical panache, suggests
paleontology has been the “difficult child” within the evolutionary sciences:

It has always (or nearly always) been the one that did not really fit
in properly, and that caused awkwardness or problems of one kind or
another. I do not suggest that paleontology is unimportant or thought
of little consequence by evolutionists. . . . But paleontology does have
a history of uneasy relationships with orthodox evolutionary theorizing
(1982: 207).

These tensions persist right up to the present. Bell (2000) found that volume
53 of the journal Evolution (printed during 1999) does not include a single
paleobiological paper. A recent book by the paleontologist Kemp (1999) –
a book about the relationship between paleontology and population biology
– included only 4 references to papers in Evolution among 400 references.
[The journal Evolution is an appropriate focus because it is published by the
Society for the Study of Evolution – a society founded (in words still printed
in each issue) to promote the “integration of the various fields of science
concerned with evolution”; see Smokovitis 1994.]

It seems safe to assert that the paleobiological and neontological
approaches to evolution are not tightly integrated. My larger research agenda
is to understand the failure to integrate paleontology within the evolutionary
sciences: What are its causes? Should we expect (or desire) closer integra-
tion? If closer unification is desirable, what form(s) might it take? Although
my research has an historical component (examining the historical roots of
the present estrangement) and a philosophical component (reflecting on the
epistemology and metaphysics of scientific unity), this paper allows these
issues to fade into the background. Instead, I will assess the prospects for
integration by examining one point of inter-field contact: the role of pale-
ontological data in phylogeny reconstruction. Before delving into the case
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study, it will be helpful to define the fields of neontology and paleontology
with greater precision.

2. Neontology and paleobiology as fields

This paper aims to assess the prospects of integrating the fields of evolu-
tionary paleobiology and evolutionary neontology. My emphasis on fields
grows out of a conviction that integration should generally be treated as the
process of unifying fields rather than theories (Grantham 2004). This decision
also has do to with the nature of paleobiology itself. Although it is hard to
identify paleobiology with any distinctive body of theory, it does possess
a well-developed body of methods. Because much of the interfield tension
arises from the conflicting data (generated by the distinctive methods) of these
fields, I suggest that it is best to focus on how the field of paleobiology relates
to other fields within the evolutionary sciences.

What are fields? Darden and Maull (1977) define a field as an area of
science that typically includes a central problem, a set of acknowledged facts,
techniques and methods, and (often) concepts, laws and theories. As they
use the term, “fields” differ from “disciplines” in two ways. First, whereas
disciplines are generally understood to have sociological dimensions (e.g.,
Bechtel 1986), Darden and Maull define and individuate fields on the basis of
conceptual structure alone. Second, fields are typically much smaller than
disciplines. For instance, the discipline of biology is composed of many
fields, including genetics, cell biology, ecology, and systematics. This essay
generally follows Darden and Maull’s usage, though I allow the term to
expand a bit to include sociological elements.

The social and conceptual structure of the evolutionary sciences is
complex. Scientists in three distinct disciplines study biological evolution:
physical anthropologists study human evolution, geologists (paleontologists)
study the fossil record, and a wide variety of biologists study evolutionary
processes. The evolutionary sciences contain several different social and
conceptual units which overlap in complex ways. Some groups are defined
in terms of the organisms they study (vertebrate paleontology, botany, ento-
mology, etc.) whereas others are defined by phenomena that cut across
taxonomic groupings (e.g., ecology, developmental biology, systematics).
The research of individual scientists often combines elements of several fields
(e.g., ornithology, the hummingbird-plant co-evolution, and hummingbird
systematics). To further complicate matters, not all paleontologists study
evolution. Some work primarily on stratigraphy or paleoclimatology. Since
I am interested in the way paleontology contributes to our understanding of
evolution, I will focus on evolutionary paleobiology (a field within paleonto-
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Table 1. Principal differences between neontology and paleobiology

Neontological evolutionary Evolutionary paleobiology
biology

Focus of study Living organisms Fossil remains of organisms

Temporal Shorter term: Typically longer term:
perspective 10−2–103 years 103–107 years

Theory Models of natural selection and Relies on broader neo-darwinian
speciation, generally articulated theory; rarely uses population
in terms of population or genetic theory. Some distinctively
quantitative genetics paleobiological theory

(e.g., taphonomy)

Methods Greater emphasis on Less emphasis on
experiments experiments

Data Emphasizes genetic data Extremely limited access to
and population structure genetic data and population structure

logy) as one “field.” The counterpart seems to be evolutionary neontology.
Members of both fields study the patterns and processes of evolution but
they utilize different materials: evolutionary neontologists study living organ-
isms, whereas evolutionary paleobiologists study the fossilized remains of
organisms. For the sake of linguistic ease, I will henceforth drop the modifier
“evolutionary” and refer to these fields as paleobiology and neontology.

Table 1 summarizes some of the main differences between the neontolo-
gical and paleobiological approaches. As a result of the defining difference in
the objects of study, these fields typically investigate phenomena on different
time scales. For example most neontological field and laboratory studies
occur on a scale of a few months to a few years, whereas the fossil record
typically has temporal resolution on the order of thousands to millions of
years. Furthermore, because much of the mathematical theory of the 20th
century (i.e., quantitative and population genetics) emphasizes the genetic
underpinning of traits and population structure, neither of which is gener-
ally available to paleobiologists, many of the details of this theory are not
directly applicable to (or testable in) the fossil record. Instead of relying on
this formal and quantitative theory, paleobiologists generally appeal to verbal
models or rely on mathematical models of different phenomena (e.g., models
of cladogenesis; see Raup 1985). In my view, the synthetic theory provides
an overarching theoretical framework which loosely unifies work done in
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both fields. Nonetheless, because they study different objects, paleobiology
and neontology generally rely on different methods and study phenomena on
different time scales. Researchers in these fields do have common interests,
however: members of both fields are interested in comparative anatomy,
morphological evolution, the role developmental constraints in evolution, and
phylogenetic methods.

3. Two hypotheses to explain the estrangement

Given the rhetoric of the “modern synthesis,” the failure to integrate paleo-
biology and neontology is puzzling. Textbook orthodoxy holds that after
the initial merger of genetics and the theory of natural selection in the
work of Fisher and Wright, a broader synthesis followed. The various rifts
between theoreticians and naturalists, botanists and zoologists, and between
paleontologists and Darwinians were healed and evolutionary biology was
unified under the synthetic theory (e.g., Mayr 1982). But if the synthetic
theory unified evolutionary biology – that is, if these various fields were
(loosely) unified – why the mutual dis-interest (if not outright tension)
between paleobiology and neontology?

Even though the broad themes of unity and pluralism have been important
topics within the philosophy of biology (see, e.g., Kincaid 1990; Dupre
1993; Ruse and Burian 1993; Beatty 1997; Kitcher 1999; Mitchell 2002),
few philosophers have directly addressed the peculiar status of paleobio-
logy. Those who have discussed the issue often regard the tensions as a
tempest in a teapot. Sterelny (1992), Thompson (1983), and many mainstream
evolutionary biologists agree that insofar as the theory of punctuated equi-
librium is plausible, it is fully compatible with the modern synthetic theory
(see Bock 1979; Charlesworth et al. 1982; Turner 1986). Ruse (1981, 1982)
views the relationship among the evolutionary sciences as approximating
the hypothetico-deductive ideal. He argues that population genetics func-
tions as a set of axioms or laws that, when conjoined with statements about
contingent initial conditions, allows us to derive the intermediate generaliz-
ations and facts which constitute lower-level theories: “population genetics
. . . acts as a unifying core which can then be used to illuminate all other
areas of evolutionary biology” including systematics, embryology, behavior,
and paleobiology (1981: 20). The neo-Darwinian theory of evolution by
natural selection is consilient because “many different areas of biological
science are brought together and subsumed beneath a number of powerful
unifying premises, namely those in population biology” (1981: 21).1 The
commonly held view that paleobiology can easily be accommodated within
the synthetic theory leaves us in a quandary: If paleobiology is compatible
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with the synthetic theory, why the history of persistent tension between these
fields? Let’s briefly consider two possible explanations.

(1) The two fields pursue fundamentally different aims. For example, it
is sometimes said that evolutionary biology studies mechanisms (or causal
laws) whereas paleobiology documents historical patterns. This is, perhaps,
the view of Futuyma (1986: 441; see also Sandvik 2000):

The theory of neo-Darwinism is a theory of mechanisms. . . . While the
study of mechanism has held center stage, the study of history – through
paleontology, systematics, and morphology – has been slighted. But just
as the actual history of human affairs is as viable and rich a subject as
the sociology and political science that address its mechanisms, so the
study of evolutionary history raises questions and hypotheses with their
own rich intellectual content, and describes patterns of diversification,
extinction, and historically contingent change that present to us intrinsic
interest and grandeur.

(2) Alternatively, some commentators have suggested that the tensions
reflect the politics of science. The inter-field conflict does not arise out
of genuine or empirical conceptual problems; it is merely a squabble over
funding and prestige. Ruse (1989) is tempted by (but does not fully endorse)
this hypothesis: “I strongly suspect that paleontologists suffer from inferi-
ority complexes, recognizing and resenting the fact that other evolutionists,
especially geneticists, make the running, and resenting even more that other
evolutionists think this is a rightful ordering of things” (p. 129). Similarly,
Beatty (1987) entertains the idea that relative significance disputes may be
political in nature.

These explanations are not necessarily competitors. It is possible that both
factors have contributed to the tensions between paleobiology and neonto-
logy. Additional factors may also contribute to the estrangement. But if these
explanations are interpreted more narrowly as “single factor” explanations
that identify the principle cause of the tensions, then they have very different
implications for inter-field integration. Having fundamentally different aims
would constitute a major obstacle to the integration of these fields. However,
if the present tensions are merely political, then there may be no significant
obstacles to integration. Thus, because these two explanatory hypotheses have
rather different implications for the prospects of unification, it is worth trying
to assess their merits.

This paper argues that neither hypothesis is fully satisfactory. First, the
“different aims” explanation is misleading. Both in the case of phylogeny
reconstruction and when we reflect on the fields more generally, neontologists
and paleobiologists share many common aims. Second, while the internal
politics of science have had some influence, citing only this factor downplays
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other significant factors. Specifically, I will argue that some of the inter-field
conflict is rooted in genuinely difficult problems of integrating two distinctive
bodies of data. With these hypotheses in mind, let us now turn to the case
study of phylogeny reconstruction.

Phylogeny reconstruction has been such an active area of research that I
cannot pretend to cover even most of the relevant ground. I will ask: What do
fossil data contribute to the reconstruction of the tree of life? My discussion
will highlight two different data sets that (arguably) bear on phylogeny recon-
struction. Character data sets represent the distribution of morphological and
molecular character states among taxa. Stratigraphic data sets represent the
temporal aspect of fossils – the fact that fossils are found in strata which
can be dated. The key question is whether either kind of fossil data plays
a crucial role in testing phylogenetic hypotheses. Section 4 provides some
elementary background about one of the most prevalent methods: parsimony-
based cladistics. Section 5 explains how fossil character data have been
incorporated within cladistic analysis. Section 6 explores the still unresolved
question of whether one should use stratigraphic data in phylogeny recon-
struction. My examination of the role of fossils in phylogeny reconstruction
suggests one important cause of interfield tension: the two fields often rely
on different methods (adapted to their different materials) which generate
conflicting data.

4. Background on cladistics

What can paleobiology contribute to the effort to reconstruct the history of
life? At different times, biologists have answered this question in different
ways. Andrew Smith (1998: 437) summarizes the story this way:

During much of the 19th and 20th centuries, palaeontology was often
considered as fundamental for understanding relationships amongst
extant taxa. . . . Then, in the late 1970s and early 1980s, with the advent
of cladistics, the supremacy of fossils in phylogentic reconstruction was
forcefully and successfully challenged (e.g., Patterson 1981 . . .), and
palaeontology appeared suddenly marginalized.

Since the 1980s, systematists have come to recognize that fossils can
play a useful, though perhaps secondary, role in phylogeny reconstruction.
Although many questions about the adequacy of parsimony-based cladistics
remain (see, e.g., Felsenstein 1978; van Valen 1978; Hull 1979; Stewart
1993), cladistics has become the prevailing framework for phylogeny recon-
struction within paleobiology and neontology.2 Because this framework is
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Figure 1. Parsimony Can Determine the Phylogenetic Relationships among Sparrows,
Robins, and Crocodiles. S(RC), (SR)C, and R(SC) are the only possible sister group rela-
tions among these taxa. (SR)C is the most parsimonious hypothesis because it requires only 3
evolutionary changes, whereas S(RC) and R(SC) require at least 6. Evolutionary changes are
indicated by the horizontal lines.

widely accepted, I will examine how fossil data are handled within this frame-
work.

Let’s start with a simple example, borrowed from Sober (2000). Suppose
we consider three species-level taxa: sparrows, robins, and crocodiles. How
are they related? Figure 1 shows the three possible sister-group relation-
ships among three taxa: S(RC), (SR)C, and R(SC). The branching diagrams
that depict these possibilities are called “cladograms.” How can we decide
which cladogram is best? According to cladism, we answer this question by
developing a character matrix: a set of data on the traits of the taxa being
studied. For our purposes, we’ll focus on a very simple matrix with only three
characters:

S R C

1. Wings yes yes no

2. Feathers yes yes no

3. Beaks yes yes no

In addition to the character matrix, parsimony analysis typically3 relies on
assumptions about “trait polarity” (i.e., which traits are “primitive” [present
in the common ancestor of these taxa] and which traits are “derived” [have
evolved since the common ancestor]). It is important to note that the terms
“primitive” and “derived” are relative to the set of taxa being analyzed:
Relative to crocodiles and robins, wings are derived; relative to the bird
species, wings are primitive. For the purposes of this example, assume that
the common ancestor of these groups lacked wings, feathers, and beaks.

With the data matrix and hypotheses about trait polarity in hand,
cladistics provides a principle for assessing relatedness: prefer hypotheses
that minimize the number of independent evolutionary changes. (Alterna-
tively, we can say that we should minimize the number of hypothesized
homoplasies – traits which look similar but arise from parallel or convergent
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Figure 2. Only Shared Derived Characters Are Informative. The fact that all three cladograms
have equal parsimony shows that neither the unique derived trait (of Taxon C) nor the shared
primitive trait (i.e., the fact that both A and B lack C’s unique derived trait) provides a basis
for (cladistic) phylogeny reconstruction.

evolution. A homoplasy, by definition, involves two independent evolutionary
changes rather than just one.) The principle of parsimony leads us to the
view that sparrows and robins are “sister taxa” – they share a more recent
common ancestor with one another than either does with crocodiles. This
hypothesis requires three evolutionary events, whereas the other hypotheses
require at least 6 evolutionary events (see Figure 1). To suppose that a trait
evolved twice, when no evidence requires this, is to make an unparsimonious
assumption.

Within cladistics, only shared derived traits – traits that two or more taxa
share because they evolved in a recent common ancestor – are informative.
Suppose, for instance, that we’re looking at three fish species. Although the
common ancestor of these three taxa had vision, one species of cave-dwellers
has lost this trait. Here’s the data matrix:

A B C (cave dweller)

eyes 0 0 1

(Systematists use 0 to represent the ancestral trait, 1 for the derived trait.
Because we’re supposing that vision was the primitive state, 0 means eyes
present, 1 means eyes absent.) Consulting Figure 2, we see that all three
cladograms are equally parsimonious. The shared ancestral trait (the fact that
both A and B both have eyes) does not help us to determine which taxa are
more closely related. Similarly, unique traits held by only one species (in
this case C’s lack of eyes) do not help us to group species together. Within
cladistics, only shared derived characters are taken to be phylogenetically
informative.

The cases we have been discussing are highly simplified. The character
matrices used in real cases are larger (i.e., contain more taxa and more
character states) and contain conflicting phylogenetic signals. Consider a
somewhat more realistic data set discussed by Sober (1988):
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Characters A B C

1–45 1 0 0

46–50 1 1 0

51 0 1 1

Characters 1–45 are shared primitive traits (for B and C) and unique
derived traits in species A. As a result, characters 1–45 are taken to be
non-informative. This leaves 6 informative traits. Traits 46–50 support the
hypothesis that A and B are sister taxa. By contrast, trait 51 supports the
view that B and C are sister taxa. (None of the examined traits support
the hypothesis that A and C are sister taxa.) This example reinforces two
important points. First, data matrices often contain conflicting phylogenetic
signals. In this case, traits 46–50 support one hypothesis, while trait 51
supports an incompatible hypothesis. As a result, our analysis must accept
at least one homoplasy. Since (AB)C requires only one homoplasy (trait
51) whereas A(BC) would require 5 (traits 46–50), parsimony favors the
former hypothesis. While it is possible for similar traits to evolve indepen-
dently in two different lineages, parsimony-based reasoning views this as an
unnecessarily complex hypothesis. Cladistic parsimony counsels us to prefer
the simplest explanation (i.e., the fewest independent evolutionary changes)
for the observed distribution of character states. The second lesson is no
less important: the criteria of cladistic parsimony and overall similarity lead
to different results. If overall similarity were the criterion, we would favor
A(BC) because this grouping is supported by 46 of the 51 traits.

In sum, cladistic analysis relies on (1) a database displaying the distri-
bution of character states across a group of taxa, and (2) hypotheses about
which states are ancestral. The criterion of parsimony identifies the simplest
phylogenetic hypothesis that adequately summarizes the observed data. The
end-product of this analysis is a cladogram: a visual representation of phylo-
geny. Notice that the only named groups are the terminal taxa at the tips of
branches. In neontological analyses, these terminal taxa are, of course, extant.
Internal nodes are not dated and the internal lineages are not named. Because
of these conventions, it was not immediately clear how to incorporate extinct
(fossil) taxa within cladistic analysis because they seemed to be ancestral taxa
rather than terminal taxa. (For a more detailed introduction to the methods of
phylogeny reconstruction, see Sober 1988 or Ridley 1996.)

5. Fossils and phylogeny reconstruction: Character data

During the late 1970s and the early 1980s, some cladists argued that fossil
data are largely irrelevant to phylogeny reconstruction. The case against
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using fossils in phylogeny reconstruction was summarized by Colin Patterson
(1981) as an argument by dilemma: fossils might be used in two different
ways but neither proposed use contributes much to systematics. First, one
might use the distribution of traits among extinct taxa to estimate sister group
relationships. According to Patterson, the incompleteness of fossils – the
fact that many traits are simply not preserved – makes fossils inherently less
informative than extant taxa. In addition he argues that in practice, “it is rare,
perhaps unknown, for fossils to overthrow theories of relationship based on
Recent forms” (p. 219). Thus, Patterson concludes that, as a practical matter,
including fossil data will rarely make major contributions to phylogeny recon-
struction. He allows some role for fossil data but thinks the role is quite small.
Second, one might use fossils to determine ancestor-descendant relationships.
Patterson rejects this proposal because, in his view, ancestor-descendant rela-
tionships cannot reliably be determined. Suppose that (1) species A and B
are “sister taxa,” and (2) all of A’s traits are ancestral relative to B’s,4 and
(3) species A both appears in and disappears from the fossil record before B
appears. Would this justify the claim that A is the ancestor of B? While it is
possible that A evolved directly into B, it is also possible that A and B are
sister species that diverged from a common ancestor. In Patterson’s view, it is
extremely hard (maybe impossible) to distinguish these possibilities. Perhaps
A and B differed in soft tissues in a way that would make their relationship
clearer. Maybe A and B co-existed and appears to precede B only because
the fossil record is incomplete. Because he does not think we can reliably
distinguish among these possibilities, he claims that determining ancestor-
descendant relationships is not a primary aim of phylogeny reconstruction.
Since neither proposed use of fossil data contributes much to phylogeny
reconstruction, Patterson concludes “that the widespread belief that fossils
are the only, or best, means of determining evolutionary relationships is a
myth” (1981: 218).

In the late 1980s, attitudes toward fossil character data began to soften.
Many cladists now accept that the fossil record can make significant contribu-
tions to phylogeny reconstruction (e.g., Donoghue et al. 1989; Novacek 1992;
Smith 1998). Contrary to Patterson’s claims, empirical studies have shown
that adding fossil taxa can significantly change our estimate of the “topology”
(pattern of branching) within the clade (e.g., Donoghue et al. 1989). These
empirical studies highlight one of the principal values of fossils: they allow
us to sample more taxa within the clade; in general denser sampling leads to
more accurate results (Smith 1998). Fossil taxa are particularly valuable when
the cladogram has long terminal branches. If we study only extant repre-
sentatives of the lineage, then it is hard to discern the precise phylogenetic
position of a taxon that has persisted (without branching) for a long time
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because characters can undergo reversal during this long unobserved interval.
Under these circumstances, the phylogenetic signals of morphology are often
swamped by character reversal and the slow-evolving molecules used to study
events in the remote past are often unable to resolve the order of branching.
Studying taxa closer to the branch points often helps to resolve the pattern of
branching. Furthermore, even when fossil data do not lead to major changes
in the topology of the accepted cladogram, they can make other important
contributions. Recent review articles (Smith 1998; Forey and Forey 2001)
argue that fossil data can be used to:
• determine the polarity of specific traits or to identify the root of an

unrooted tree,
• provide a more detailed reconstruction of the sequence of evolutionary

changes that led to novel traits, or
• re-assess initial hypotheses of homology or homoplasy.

Although the incompleteness of fossil data sets can lead to problems
(Novacek 1992; Smith 1998), judicious use of fossil data can make important
contributions as well.

In summary, although phylogenetic systematics initially created a rift
between paleobiological and neontological systematists, cladistics ulti-
mately provided a set of methods that have been broadly accepted in both
communities. Thus, the “cladistics revolution” contributed to the methodolo-
gical unification of these fields: it facilitated communication and provided a
uniform set of standards for incorporating the different kinds of data gener-
ated by the two fields. One standard approach is to treat fossil taxa as
“terminal taxa” (taxa at the tips of the cladogram). Fossil taxa are treated as
“sister taxa” not as direct ancestors. This method smoothly incorporates fossil
character data within cladistic analysis (Ax 1987). But what of the temporal
information associated with fossils? Should we take it seriously? If so, how?

6. Fossils and phylogeny reconstruction: Stratigraphic data

Cladistic analyses can conflict with the temporal information provided by
the fossil record. Suppose, for instance, that a cladistic analysis supports the
hypothesis that A is the sister taxon to (BC). This analysis implies that A
(or the lineage from the common ancestor of all three taxa to A) must have
existed before the appearance of either B or C. What if this lineage does not
enter the fossil record until well after B and C? Is this evidence against the
cladistic inference? This section discusses three strategies for handling this
kind of conflict.
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1. Strict cladism relies solely on character data to determine the pattern of
branching. Conflicts between stratigraphic and character data are thought
to result from incompleteness in the fossil record.

2. Limited use of stratigraphic data. Stratigraphic data can be used as a
tiebreaker to decide between equally parsimonious cladograms (or to
infer a tree from a cladogram), but are never allowed to “over-ride”
parsimony considerations.

3. Full incorporation of stratigraphic data. Several different methods
attempt to estimate phylogeny in light of both stratigraphic and character
data. These methods sometimes accept less parsimonious cladograms in
order to gain better stratigraphic fit.5

I argue against strict cladism by showing that stratigraphic data are relevant
to phylogeny reconstruction. An assessment of all the relevant data would
have to address stratigraphy. When the stratigraphic data are strong enough
(relative to the character data), they should be allowed to influence our view
of phylogeny.

The discussion of this section will hinge on the distinction between trees
and cladograms. Strictly speaking, a cladogram depicts nothing more than
a nested hierarchy of taxa at the tips of branches. They represent nothing
other than “sister group” relationships (e.g., A and B are more closely related
to one another than either is to C). The internal branches of the cladogram
do not represent taxa and they are not named. Trees (of varying degrees of
richness) add additional information: they do regard internal segments of
the diagram as lineages (or monophyletic taxa) and often include additional
temporal information (e.g., dated branching points).

My argumentative strategy will be oblique. The centerpiece of the argu-
ment is an analysis of Smith’s (1994) influential method for constructing
phylogenetic trees (section 6.2 and 6.3). Smith argues that we should
minimize ad hoc assumptions about gaps in the fossil record. If one accepts
this claim, then it makes sense to use stratigraphic evidence as a “tiebreaker”
(i.e., to decide among equally parsimonious cladograms). Thus, Smith is
committed to the view that strict cladism in mistaken because stratigraphic
data are relevant to determining the topology of the cladogram. While Smith
is right to emphasize the relevance of stratigraphic data, his method is not
fully satisfactory. Once he has conceded that stratigraphic data are relevant
to estimating phylogeny, I do not see how it is possible to insist that strati-
graphic data (no matter how robust) are never sufficient to overturn parsimony
considerations. Section 6.4 reviews alternative methods for integrating strati-
graphic and character data; I argue that even though the available methods for
integrating stratigraphic and character data face significant obstacles, strato-
cladistic methods can, under some circumstances, improve our estimates of
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Figure 3. Alternative Approaches to Constructing Trees. A cladogram depicting the rela-
tionship between taxa A, B, and C (shown in 3a) can be combined with the stratigraphic
information (b) in two distinct ways, resulting in two different trees (c and d).

phylogeny. Section 6.1 provides background for the discussion and explains
why some paleobiologists are interested in fairly complex trees (rather than
cladograms).

6.1. Untangling diversity patterns: cladograms, trees, and stratigraphic
data

Why might paleobiologists be interested in trees rather than cladograms?
The interest in trees is attributable, at least in part, to paleobiology’s
distinctive interest in large-scale diversification patterns. In 1982, Jack
Sepkoski published his Compendium of Marine Fossil Families. This remark-
able database compiled the stratigraphic range (first and last occurrence)
of every family of marine animals known in the fossil record from the
Cambrian to the Recent, thereby initiating a flurry of paleobiological research
on large-scale diversity patterns in the history of life. This style of data-
base research (sometimes called “taxic paleobiology”) became a central
focus of paleobiology during the 1980s as researchers refined the databases,
developed analytical tools for studying diversification and extinction patterns,
and applied these techniques to understand key transitions in the history of
life (e.g., Valentine 1985). The central idea of these diversity studies is simple.
After compiling the database, one assumes that each taxon exists continu-
ously between the first and last appearance. Standing diversity is simply the
number of taxa present during a time interval. Figure 3b presents a simple
example with one species in interval 1, and two species in interval 2.

Many paleontologists were skeptical of Sepkoski’s “taxic” methods. Some
suggested that biases in the fossil record might strongly shape the observed
diversity patterns. For example, Raup (1979) argued that the volume of
fossiliferous rock (a) varies for different time periods and (b) strongly
constrains observed taxonomic diversity. (See Beherensmeyer et al. 2000
for a recent review.) Others objected to Sepkoski’s use of traditional taxo-
nomic groups rather than strictly monophyletic taxa (e.g. Patterson and Smith
1987; Smith and Patterson 1988). I will focus on the second concern. Many
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cladists argued that phylogenies provide a more rigorous method for studying
diversity patterns. However, because cladograms do not explicitly represent
time, they do not provide enough information to count the number of species
extant during a stratigraphic interval. As a result, paleobiologists who wished
to use phylogenetic methods to study diversification patterns needed to
transform cladograms into trees coordinated with stratigraphic intervals.

The basic idea of the phylogenetic approach to diversity studies is simple.
Each internodal line in the cladogram is interpreted as a species. One simply
combines the cladistic topology (Figure 3a) with the stratigraphy (Figure 3b)
to generate the evolutionary tree (Figure 3c). Norell (1992), Archibald (1993),
Smith (1994) and others argued that Sepkoski’s methods do not necessarily
provide accurate estimates of diversity. As we can see in Figure 3, different
approaches to tree construction lead to different interpretations of diversity
patterns:

Interval 1 Interval 2 Net change

3b 1 2 diversity doubles

3c 2 2 no change

3d 1 1 no change

Thus, the problem of developing phylogenetic methods to study large-scale
diversification patterns provided one context within which paleobiologists
tried to integrate cladistic and stratigraphic data. Let us begin by examining
one of these methods in some detail.

6.2. Smith’s approach: Limited use of stratigraphic data

Because it is unlikely that the very first and very last members of a species are
preserved, observed stratigraphic ranges (that is the time between a taxon’s
first and last appearance in the fossil record) nearly always underestimate
true taxonomic durations – on both ends. Despite this obvious fact, it is often
reasonable to expect that if taxon A appears earlier than taxon B in the fossil
record, then taxon A actually originated earlier than taxon B. Paul (1982)
offered an a priori argument to support this claim. Assuming that the fossils
are not “reworked” (moved vertically so as to be found in the wrong stratum),
fossils can enter the fossil record in the wrong order only if the true durations
of the taxa overlapped. Among taxa that overlap, we should expect taxa to
be out of order no more than 50% of the time (assuming that both taxa are
equally likely to be preserved). Given that the set of taxa with overlapping
durations is generally a small fraction of a large phylogenetic analysis, far
fewer than 50% of the taxa enter the fossil record in the wrong order (Paul
1982). Paul’s conclusion (i.e., that the fossil record generally provides a reli-
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able guide to the order of true originations) is supported by empirical studies
which demonstrate a statistically significant correlation between the order
in which taxa enter the fossil record and the “cladistic rank” of the taxa
(Gauthier et al. 1988; Norrell and Novacek 1992). (Norrell (2001) reviews
some newer methods for assessing the fit between phylogeny and strati-
graphy. Benton and Hitchin (1997) argue that the various methods support
the claim that, in general, stratigraphic data accurately represent relative
origination times.)

Although earlier stratigraphic appearance does not guarantee earlier
origination, it does provide evidence of earlier origination. The presumption
that the stratigraphic record is a reliable guide to relative times of origina-
tion becomes progressively more reasonable as the following conditions are
met. (1) The species under consideration have a high preservation potential
(e.g., they have fossilizable parts, typically occur in high abundance, and live
in an environment conducive to fossilization). When this condition is met,
the absence of a species may represent a real signal. Our confidence can
be increased by (2) using taphonomic control species (ecologically similar
species with comparable preservation potential). If the taphonomic control
species are found but the target species is not, this increases our confidence
that the species was not present. (3) Finally, as the time between first appear-
ances increases, we can have greater confidence.6 The ideal case concerns
two species with high preservation potential which live in an environment
that readily produces fossils. If species A (and other taphonomic controls)
are abundant in the fossil record while B is absent for a long time, we can
have reasonable confidence that species B truly was absent. (I will discuss
one real case which approximates these conditions below.) Although they are
fallible, we can be confident about many claims of temporal precedence. For
the purposes of this paper, I will focus on cases in which the stratigraphic
record gives us good grounds for thinking that one species truly does appear
earlier than another.

According to Smith (Smith 1998: 444), we can apply the criterion of parsi-
mony to stratigraphic data: “each time a phylogeny implies fossils appearing
out of order, an ad hoc assumption must be made that the fossil record of
a particular clade contains a major gap. . . . Under the parsimony criterion,
the solution that minimizes the number of such assumptions is preferred.”
Smith reasons that one should minimize these ad hoc assumptions when
constructing a tree. Working through a few examples will show how he
develops this central insight into a method for choosing among the various
trees that are compatible with a given cladogram.

Let’s begin with the simple case depicted in Figure 4a. The character
matrix accompanying the cladogram shows that each taxon has at least one
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Figure 4. Simple Illustrations of Smith’s Method. (a) and (b) provide two simple illustrations
of Smith’s method. When all taxa are supported by unique derived traits, the evolutionary tree
must maintain the branching pattern of the cladogram, even if this requires range extensions
and ghost lineages. See text for further explanation. Reprinted with permission from Smith
(1994).

unique derived character state, suggesting that each taxon is truly mono-
phyletic. (The empty circles represent primitive traits, filled circles represent
derived traits.) As a result, even though A appears before B, it would be
unparsimonious to treat A as the direct ancestor of B. (Treating A as the
ancestor of B would require that trait 2 first evolve (in taxon A) and then
undergo reversal to generate taxon B. Thus, treating A as the ancestor of
B requires an additional evolutionary change.) Based on the character data,
B and C are sister taxa; they must have diverged from a common ancestor
in a cladogenetic (branching) event. Thus, the range of C must be extended
backward in time at least to the earliest appearance of B. Of course, it is
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Figure 5. Smith’s Method for Constructing Trees When Some Taxa May Be Direct Ancestors.
See text for explanation. Reprinted with permission from Smith (1994).

possible that B and C actually diverged at some earlier date. The extension
of the range of C (shown in 4a) is the minimum range extension necessary to
make the fossil record concordant with the cladogram. Similarly, since A is
the sister taxon of (BC), the common ancestor of B and C must be extended
back at least until the earliest appearance of A. The dashed line indicating
the common ancestor of B and C is called a “ghost lineage” (because no
portion of the lineage appears in the fossil record). By contrast, the dashed
line which extends the duration of lineage C backward in time is a “range
extension” (extending the duration of a species observed in the fossil record).
Figure 4b shows a second application of Smith’s reasoning.

When some taxa lack unique-derived traits, the procedure is a bit more
complex. In Figure 5a, all of the traits of taxon A are “ancestral” relative
to taxon B. Thus, given that the observed range of taxon A begins and ends
before the observed range of taxon B, the simplest hypothesis is to treat A as
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a direct ancestor of B. Treating A and B as sister taxa would require that we
extend the range of B back to the beginning of the observed range of A. Smith
claims that this extension is an unnecessary assumption. The crucial contrast
between the cases in Figures 4 and 5 concerns the character matrix. The
cases presented in Figure 4 require the “sister taxon” interpretation because
each taxon has its own unique, derived characters. (To treat one taxon as an
ancestor would be unparsimonious, given the character matrix.) The character
matrix shown in Figure 5a, however, is compatible with the hypothesis that
A is the direct ancestor of B. Because the direct ancestor interpretation mini-
mizes range extensions, it is preferred. According to Smith, tree construction
is constrained by the cladogram (arrived at through prior character analysis).
Stratigraphic data never lead us to adopt a less parsimonious cladogram.
When choosing from among the various trees which are compatible with a
given cladogram, however, we should pick that tree which best fits the strati-
grahpic data (i.e., which minimizes range extensions and ghost lineages). In
Figure 5b, the “direct ancestor” interpretation is not available (because A
enters the fossil record after B and C). Thus, range extensions are required to
make the cladogram concordant with the fossil record.

While Smith never permits stratigraphic evidence to over-ride character
data, he does use stratigraphic evidence as a “tiebreaker” to decide among
equally parsimonious cladograms. For example, he discusses an analysis
of Cambrian-Ordovidian trilobites which found four equally parsimonious
cladograms. Smith (1994: 146) argues that we should use stratigraphic data
to choose the cladogram that requires the fewest range extensions. Consider
a slightly different example. Molecular analysis of starfish groups identifies
two very different but equally parsimonious cladograms. The two cladograms
share the same (unrooted) topology, but one is rooted on the spinulosids
while the other is rooted on the astropectinids. Smith (1998) argues that since
rooting the cladogram on the spinulosids would require postulating a 100
million year gap in the fossil record, we should prefer a cladogram rooted
on the astropectinids. Thus, Smith uses stratigraphic data to decide between
two ways of rooting the tree that are, in terms of character data, equally
parsimonious.

6.3. Critique of Smith’s method

By using stratigraphic data to decide between equally parsimonious clado-
grams, Smith concedes that stratigraphic data count as evidence for (or
against) hypothesized sister-taxon relationships. Here is one way to put the
point. Phylogenetic hypotheses make predictions about the relative timing of
taxon origination events. Thus, observed durations provide one set of data
which can be used to test phylogenetic hypotheses (Wagner 1995, 1999; but
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see Norell 2001 for objections). In general, it seems that we should accept
the hypothesis which fares best, given all of the relevant data. So, it seems
reasonable to say that among equally parsimonious cladograms, we ought to
prefer those that best fit the stratigraphic record. If that is the case, why not
integrate the data more fully? Smith offers two arguments against reliance on
stratigraphic data. Neither argument succeeds.

Smith’s first concern is the poor quality of stratigraphic data. “Since
available sections represent such a small percentage of the original area of
deposition, and since most fossil taxa are rare anyway, it is by no means
certain that the ranges that we can observe give an adequate representation
of the true ranges of fossil taxa” (1994: 124). For example, even if a local
stratigraphic record is quite good, it is possible that the taxon originated
in a different geographic area and only subsequently migrated to the area
where fossil remains are now preserved. Under these circumstances, the
true origination time could be much earlier than that observed in the fossil
record. I’ll make three comments about this argument. First, though it is
hard to completely eliminate these kinds of worries, I have suggested that
there are some techniques for mitigating them (e.g., taphonomic controls).
Second, paleobiologists disagree about the reliability of the record (in part)
because of the kinds of organisms they study. The fossil record of, say, bivalve
mollusks is very rich compared to the record of most land vertebrates. This
difference probably underlies some of the disagreements about the reliability
of stratigraphic data. In my view, the fossil record is, in many cases, reliable
enough to be used to test claims about clade topology. This leads to the third
and final point: Smith’s “middle ground” is unstable. If stratigraphic data are
so unreliable, then why use them to choose between equally parsimonious
cladograms? Wouldn’t it be better to simply be agnostic between the clado-
grams? Apparently, Smith agrees that some stratigraphic data are reliable and
this is the reason we can use them to decide between equally parsimonious
cladograms. If so, then why must stratigraphic data always play a secondary
role when assessing clade topology?

Smith’s second reason for resisting greater reliance on stratigraphy is an a
priori argument:

Whereas characters define a unique hierarchical pattern, stratigraphic
order is a linear pattern. . . . This means that stratigraphic data cannot by
itself generate a phylogenetic hypothesis nor even overturn a hypothesis
established on character distribution. Stratigraphy can only be used to
resolve areas of uncertainty, where character distribution fails to provide
a clear solution (1998: 444, italics added).

This appears to be a non sequitur. Even though stratigraphy cannot (by itself)
determine phylogeny, if stratigraphic data are (as Smith argues) relevant
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Figure 6. Reconstructing Pachypleurosaur Phylogeny. O’Keefe and Sander (1999) discuss
two alternative trees ways to convert the cladogram (a) into a tree: a “stratophenetic” tree
which allows stratigraphic information to override weak parsimony considerations (b) Smith’s
more cladistic approach (c).

evidence then strong stratigraphic evidence should be able to overturn weak
character data. Imagine a case in which hypothesis #1 is slightly more parsi-
monious than #2, but #2 is strongly preferred on stratigraphic grounds. If
stratigraphy is relevant to assessing phylogeny, why can’t stratigraphy ever
over-ride (weak) support from character data? To sharpen this point, let’s
consider two cases in which paleobiologists have argued that stratigraphy
should over-ride parsimony.

The first example concerns the pachypleurosaurs of Switzerland. O’Keefe
and Sander (1999) present two alternative reconstructions of the phylo-
geny. Cladistic analysis yields the cladogram seen in Figure 6a. Interpreting
the cladogram and stratigraphic data á la Smith (1994), we get the tree
shown in 6c. However, a stratophenetic approach suggests that N. peyeri
and N. edwardsii may be part of a single (non-branching) lineage under-
going anagenetic speciation (6b). Several factors support the anagenetic
interpretation:

• The species are stratigraphically non-overlapping; they are never found
together.

• This is a case of exceptional preservation. 400 specimens of pachypleur-
osaurs have been identified in this basin, including many complete
skeletons – mostly in 4 fossil bearing beds. Given this quality of preser-
vation, extending the range of N. edwardsii back in time (as in 6c) is an
ad hoc assumption of incompleteness.

• These two species are endemic to this basin – they are not known from
any other locations. Thus, their appearance in the basin probably reflects
a real origination (not immigration) and their disappearance is best seen
as either extinction or anagenesis (not emigration).

Together, these features suggest that we have a single non-branching lineage
undergoing anagenetic evolution. Cladists would reject this interpretation,
arguing that because N. peyeri has a unique-derived character state, it must
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be regarded as a monophyletic taxon. Thus, cladists prefer tree 6c. But
as O’Keefe and Sander note, “When choosing a favored interpretation one
must choose which type of data to controvert. Accepting anagenesis means
accepting character reversal, whereas accepting cladogenesis ignores the
implications of the phenetic and stratigraphic data” (p. 527). We are forced
to directly confront the conflict between two (qualitatively distinct) bodies
of data. O’Keefe and Sander argue that the character data are weak. The
crucial evidence supporting the claim that N. peyeri is monophyletic is the
number of presacral vertebrae. While the mean number of presacral vertebrae
does vary between species, the trait also varies within species. In fact, the
observed ranges of variation within the two species overlap. Thus, closer
analysis suggests that the number of presacral vertebrae may not truly be
a unique-derived trait. Since the character data provide a weak basis for
insisting that N. peyeri is monophyletic, O’Keefe and Sander suggest that the
stratigraphic data should be allowed to over-ride parsimony considerations.
Specifically, they accept a character reversal (homoplasy) in the number of
presacral vertebrae in order to gain better fit to the stratigraphic record.

A second example concerns hyaenid phylogeny. Wagner (1998) uses a
maximum likelihood framework (explained below) to assess a previously
published cladogram for hyaenas. Although the most likely tree is longer
than the most parsimonious tree (60 steps v. 50 steps in the most parsimo-
nious tree), sacrificing some parsimony provides a much better fit to the
stratigraphic data (10 units of “stratigraphic debt” compared to 47 in the
most parsimonious tree; the notion of stratigraphic debt is explained below).
Wagner considers this an acceptable trade-off because the tree he identifies is
significantly more likely than the most parsimonious tree. (Wagner’s (1999)
study of snail phylogeny is even more impressive: the maximum likelihood
tree is several orders of magnitude more probable than the most parsimo-
nious tree!) Wagner’s maximum likelihood tree would, if accepted, lead to a
different interpretation of hyaena evolution. The maximum likelihood tree
suggests parallel evolution toward bone crushing adaptations which were,
under the parsimony tree, treated as homologies. These empirical arguments
illustrate one of Fox et al.’s (1999) conclusions: parsimony trees generally err
by identifying trees that are too short.

These cases do not demonstrate that the incorporation of stratigraphic data
leads to more accurate phylogenies. (We don’t know the true phylogenies.)
But they do illustrate why some paleontologists allow stratigraphic data to
over-ride parsimony considerations.
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6.4. Full incorporation of stratigraphic data

“Stratocladistics” extends the framework of cladistics so that both strati-
graphic and character data are allowed to influence our estimate of clade
topology. Whereas Smith uses stratigraphic data only after the parsimony
analysis is complete, the methods discussed in this section allow stratigraphic
data to over-ride parsimony considerations and to shape our estimate of clade
topology in more fundamental ways.

Like cladists, Fisher (1994) relies on parsimony to choose among the
possible hypotheses. As we have seen, the central idea of parsimony is to
minimize unnecessary assumptions. Whereas traditional approaches focus
only on minimizing homoplasies, Fisher recognizes two kinds of unparsi-
monious assumption: character debt (homoplasies) and stratigraphic debt.
Stratocladists minimize the total “parsimony debt” (i.e., the sum of char-
acter debt and stratigraphic debt.) What exactly is “stratigraphic debt”? To
understand the idea of stratigraphic debt, it is important to recognize that
Fisher’s method works with phylogenetic trees, not cladograms. Like Smith,
Fisher draws trees so as to minimize ghost lineages and range extensions.
The stratigraphic debt of a tree is equal to the number of intervals through
which lineages must be extended, even though other species in the clade were
observed during those intervals. This technique applies to range extensions
and “ghost lineages,” but not to unobserved intervals within the duration of
the species. Consider the following data matrix:

A B C
Trait 1 0 1 1
Trait 2 0 0 1

Based on the character matrix alone, parsimony favors A(BC) over (AB)C.
But under some circumstances, stratocladistics would reverse this preference,
based on the total parsimony debt of the two trees. Figure 7 illustrates how
this is possible. 7c shows that (AB)C has 3 units of stratigraphic debt (the
range extension of A plus the ghost lineage leading to (AB)). Thus, (AB)C
has a total parsimony debt of 4: 1 homoplasy + 3 units stratigraphic debt. In
contrast, A(BC) has 5 units of parsimony debt: 0 homoplasies + 5 units of
stratigraphic debt (see 7d). Clyde and Fisher argue that “significant gains
(49%) in stratigraphic fit can be realized without significant loss (4%) in
morphologic fit” (1997: 1).

How can we evaluate stratocladistics? What kind of evidence would
allow us to determine whether stratocladistics or traditional cladistics is more
successful in estimating the correct phylogeny? It would be nice to see how
these two techniques fare when compared to true phylogenies. Unfortunately,
we do not have a body of uncontroversial phylogenies. Fox and colleagues
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Figure 7. An Example of Stratocladistic Reasoning. Even though cladogram (a) is more
parsimonious than (b), the evolutionary tree shown in (c) has a lower total “parsimony debt”
(i.e., character debt + stratigraphic debt) than (d). As a result, stratocladistic approaches allow
stratigraphic evidence to over-ride character-based parsimony.

(1999) did the next best thing: they used a computer model to generate 50
hypothetical evolutionary trees (along with corresponding character matrices
and stratigraphic records). They then allowed traditional and stratocladistics
methods to generate their best estimates of the phylogenies. Because we
know the “true” (computer generated) phylogenies, we can assess how well
different methods perform. The results are striking. Although neither method
performed very well, stratocladistics identified the true phylogeny twice as
often as traditional methods (42% v. 18%). To simulate the incompleteness
of the fossil record, Fox et al. randomly eliminated lineage segments (i.e.,
the loss of one lineage in one time interval). Even when the record was
strongly degraded (with up to 60% of lineage segments lost), stratocladistics
significantly outperformed traditional methods.

The simulation results of Fox et al. (1999) provide a pragmatic reason
to include stratigraphic data in phylogenetic analysis but at a conceptual
level stratocladistics remains problematic. Here is the central worry: Can we
find a way to identify equivalent units of character and stratigraphic debt?
How many intervals of unobserved fossil lineages would it take to equal one
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homoplasy? There is no clear answer to this question. Furthermore, it is not
clear that the notion of a stratigraphic interval is well-defined. By subdividing
intervals more finely, one can increase the weight given to stratigraphic data
(Smith 2000; see Fisher et al. 2002 and Alroy 2002 for replies). Faced with
these problems, Peter Wagner (1998, 1999) has argued for an alternative
method.

Wagner uses a maximum likelihood framework to assess the likelihood
of a phylogeny given both character and stratigraphic data. The likeli-
hood framework solves the central problem of stratocladistics by providing
a common currency for “weighing” stratigraphic and character debt. The
method rests on one central idea: when two independent data sets (A and
B) are available, the likelihood of an outcome O is given by the following
formula: L(O) = L(O|A) × L(O|B). Thus, assuming that character data and
stratigraphic data are independent, the likelihood of any given phylogenetic
tree (PT) is given by the formula:

L(PT|all data) = L(PT|character data) × L(PT|stratigraphic data).

The procedures for estimating the likelihoods on the right-hand side of this
equation are complex; I will not discuss them here. Wagner (1998, 1999)
presents simulations which show that his approach outperforms both parsi-
mony and stratocladistics. Unfortunately, these simulations involve small (six
species) clades and he does not determine whether the observed differences
in performance are statistically significant.

While Wagner’s likelihood method is promising, it has two significant
shortcomings. First, it is complex. David Hull (1988) argues that the simpli-
city of cladistics (and the ease of programming a computer to do much
of the work) was one factor which facilitated its wide acceptance. The
complexity of Wagner’s method may hinder its acceptance. Second, it is not
clear whether we can reliably estimate L(PT|character data). One can only
assess the likelihood of a phylogeny relative to a model of character evolution.
It is not clear, however, that we have adequate models of character evolu-
tion. Wagner’s defends his models of character evolution, arguing (correctly)
that a simple model of character evolution will, if anything, bias the test
in favor of parsimony-based phylogenies. Because the maximum likelihood
approach outperforms parsimony in simulations even when the simulations
are biased to favor parsimony methods, we have good reasons to prefer
Wagner’s approach. This argument provides a good rationale for thinking that
the inclusion of stratigraphic data improves our estimates of phylogeny but it
fails to address a fundamental problem. If (1) likelihoods are to form our basis
for evaluating phylogenetic hypotheses, and (2) our aim is to estimate the
true phylogeny, then it seems that we should assess the likelihood of hypoth-
eses relative to realistic models of character evolution. But, as Huelsenbeck
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and Rannala note, “realistic models of morphological evolution are generally
lacking” (1997: 231). Given that Wagner is still revising his methods (see,
e.g., Wagner 2001) and that we lack realistic models of character evolution to
use in assessing likelihoods, it would be premature to say that the likelihood
approach has solved the problem of integrating stratigraphic and character
data.7 (See Smith 2000 and Wagner 2002 for a recent debate about the merits
of Wagner’s approach.)

7. Analysis and conclusions

Before assessing the “politics of science” and “different aims” explanations,
I briefly recapitulate the main findings from the case study.

7.1. Main findings

Prior to the development of numerical taxonomy and cladistics, system-
atics and phylogeny reconstruction were more art than science. A variety
of different (often conflicting) methods were in use (Hull 1988). The rise
of cladistics marginalized paleobiology by suggesting that fossil data are too
incomplete to over-ride the more complete (especially molecular) databases
available to neontologists. This attitude has recently softened. It is now widely
recognized that fossil character data can make significant contributions to
phylogeny reconstruction by polarizing traits, revealing unexpected character
combinations, and providing more detailed accounts of character transitions
(Section 5). Thus, the wide acceptance of cladistics ultimately facilitated a
rapprochment beween neontology and paleobiology (especially vertebrate
paleobiology; see note 3). Furthermore, the development of cladistics has
encouraged greater reliance on phylogenetic information within evolutionary
biology; biologists regularly use phylogenetic methods to test hypotheses
about evolutionary mechanisms (e.g., Rose and Lauder 1996; Huelsenbeck
and Rannala 1997).

While fossil character data have been integrated within the cladistic frame-
work stratigraphic data have been harder to incorporate. As we have seen,
some biologists maintain that we should ignore stratigraphy because the
fossil record is incomplete. Many, like Smith, give stratigraphy a decidedly
secondary role. Finally, a few authors (e.g., Fisher and Wagner) have pushed
to incorporate stratigraphic data more fully into the assessment of phylo-
genetic hypotheses. I suspect that none of these current positions are accept-
able. I have argued that stratigraphic data are relevant to the assessment of
phylogeny. If this claim is correct, then (1) strict cladists are ignoring relevant
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data, and (2) it will be important to develop methods that assess phylogenies
in light of the total set of data. However, the three main proposals for inte-
grating stratigraphic data (i.e., Smith, Fisher, and Wagner’s methods) all face
significant challenges. Developing methods to assess phylogenetic hypoth-
eses in light of both character and stratigraphic data remains an unsolved
problem (Section 6).

What does this case study teach us about the relationship between fields?
It undermines the “politics of science” and “different aims” explanations.

7.2. Politics of science

Two considerations show that the “politics of science” hypothesis is not an
adequate explanation for the disagreements about how to handle stratigraphic
data. First, if the politics of science were the principal cause of the tensions,
one would expect to find a strong correlation between disciplinary training
and reliance on fossil data. That is, we would expect most paleobiologists
(and only paleobiologists) to defend the use of fossil data. This prediction
is not borne out: some of the crucial early defenders of fossil character data
(e.g., Michael Donoghue) were not paleobiologists and many paleobiologists
have been sharply critical of reliance on fossil data (e.g., Patterson, Smith,
Norell). To see paleobiologists arguing against greater reliance on fossil data
shows, at the very least, that disciplinary interests can be over-ridden by other
factors.

Second, there is a simpler and more compelling explanation for the
inter-field tension. I’ve tried to show that (a) stratigraphic data are relevant
to phylogeny reconstruction, and (b) the existing proposals for integrating
stratigraphic and character data all face significant (though not necessarily
insurmountable) challenges. Like Clyde and Fisher, I “suspect that neglect
of stratigraphic data has been due partly to lack of a suitable framework for
evaluating stratigraphic information in comparison to and in conjunction with
other types of phylogenetic information” (1997: 1). Although stratigraphic
data do not fit neatly within the cladistic framework, I have argued that
whenever the temporal information associated with fossils is reliable, it ought
to considered in assessing phylogenetic hypotheses.8 Those who attribute the
inter-field tensions primarily to the politics of science fail to perceive the
important methodological problem of finding a framework that allows us to
assess phylogenetic hypotheses in light of both stratigraphic and character
data.

The politics of science has almost certainly played some role. Hull (1988)
found that competition among research groups was a major factor shaping
systematics in the 1970s. Thus, it is hard to deny the presence or impor-
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tance of between-group competition. Overstating the strength of this factor,
however, could lead one to ignore significant methodological problems that
hinder attempts to integrate these fields.

7.3. Differences in aims

An alternative hypothesis is that paleobiology and neontology are poorly
integrated because they pursue fundamentally different aims. This is simply
false with regard to phylogeny reconstruction. Neontological and paleo-
biological systematists share the aims of (1) developing reliable methods
for generating and testing phylogenetic hypotheses, and (2) testing specific
phylogenetic hypotheses. One might argue that neontological systematists
aim for cladograms, while paleobiologists want trees. This would oversim-
plify the reality. Many neontologists use molecular data to propose divergence
times for important nodes and hence are testing trees, not just cladograms
(e.g., Kumar and Hedges 1998). A more plausible position would hold that
paleobiologists aim for particularly rich phylogenies that are coordinated with
stratigraphic intervals while neontologists aim for less rich representations of
phylogeny. Even if we focus on the contrast between extremes (e.g., between
those who aim for minimalist cladograms and those who aim for trees that
are coordinated with stratigraphic intervals and hypothesize ancestors), the
aims of these researchers would not be completely distinct. While many
different trees are compatible with a given cladogram, every tree presupposes
a branching pattern (cladogram). Thus, the development of reliable clado-
grams is a “common denominator” within paleobiological and neontological
systematics.

This is not to say that there are no disagreements about the aims of
phylogeny reconstruction. One important disagreement in aims concerns the
status of “ancestral taxa.” A number of cladists have argued against explicitly
representing ancestral taxa in phylogenies (e.g., Ax 1987; Patterson 1981).
By contrast, some paleobiologists have explicitly defended the concept of
ancestry (Paul 1992; Foote 1996). The issues surrounding the concept of
ancestry are complex and I won’t address them here. I raise the issue to
make a simple point: even though the pursuit of cladograms is a “common
denominator”, significant disagreements persist about whether hypothesizing
ancestor-descendant relationships is a legitimate aim of systematics.

A weaker version of the “different aims” thesis might appear to be
viable. Perhaps the two fields share some general aims (e.g., understanding
diversification processes), but pursue complementary research programs by
studying different dimensions of the shared problem. If this were the case,
the leading research programs in the two fields might focus on different
issues (explaining the mutual disinterest and tension), even though both fields
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produce data and theories which, in the long run, should be synthesized to
address the shared aims of the fields. Call this the division of labor hypothesis.
Bell (2000) explains the view this way:

Paleobiology and population biology each play legitimate roles, but
these roles are largely complementary. Paleobiology is the primary
source of information on the history of biological diversity as well as
evolutionary tempo and mode, but its potential to elucidate mechanism
is limited. Similarly population biology is limited by lack of temporal
scope, but offers the most tractable systems to study mechanism. The
problem . . . is to amalgamate these fields without subordinating one to
the other.

Until the last sentence, Bell’s position strongly resembles the “different aims”
hypothesis (see Section 3). However, if the data of the two fields are to be
“amalgamated,” the two fields must share some common aims. The division
of labor picture may provide a useful description of some neontological-
paleobiological interactions. Consider, for example, discussions of develop-
mental constraints. Presumably neontologists (e.g., developmental biologists)
are in the best position to elucidate the mechanisms that generate devel-
opmental constraint. Paleobiologists have complementary information: the
long-term temporal perspective necessary to test whether these mechanisms
constrain phenotypic evolution over millions of years.

Even if the division of labor hypothesis neatly explains much of the inter-
field tension, it does not apply to the present case study. Think first about
fossil character data. Systematists do not (in general) develop phylogenies
based solely on living organisms and phylogenies based solely on fossilized
organisms as distinct enterprises. (One obvious exception is groups that are
now completely extinct.) Typically, the two bodies of data are used jointly
to construct phylogenies. The situation with stratigraphic data is somewhat
different. One might propose the following division of labor: character data
are the basis for inferring the pattern of branching in a cladogram while
stratigraphic data are used to transform cladograms into trees. Stratigraphic
data are used to achieve a distinct aim: the construction of trees. Smith
would certainly find this suggestion reasonable. But if, as I’ve argued, strati-
graphic data provide relevant evidence for assessing clade topology, then this
proposed division of labor would also break down.

7.4. Future work

None of the usual hypotheses (e.g., different aims, division of labor, politics
of science) adequately explain the tension between neontological and paleo-
biological systematics. A better explanation is that (given the prevailing
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cladistic framework) it is hard to combine character and stratigraphic data.
We have two distinct sets of data which are relevant to assessing phylogenetic
hypotheses and no accepted methods to address conflicts between them. The
problem of stratigraphic data is part of a larger problem within systematics.
Several different kinds of data bear on phylogeny: molecular data (e.g., DNA
or amino acid sequences), morphological data (both extant organisms and
fossils), stratigraphic data, and biogeography (see note #8). Each form of data
is qualitatively distinct and we do not yet have adequate tools to assess phylo-
genetic hypotheses in light of all the relevant data. I conclude that the failure
to integrate the paleobiological and neontological approaches to systematics
is, at base, a methodological problem.

Even if the central obstacle to the closer integration of neontological
and paleobiological systematics is methodological, this finding may not
generalize. The methodological problems separating neontological and paleo-
biological systematists may not provide a useful paradigm for understanding
the overall failure to integrate paleobiology and evolutionary biology. Paleo-
biologists and neontologists now interact in discussions of many issues
(e.g., systematics, the role of developmental constraints in shaping evolu-
tion, controls on ecological and taxonomic diversity, etc.) Future studies
of other areas of interaction will be required to determine which factors
have most strongly promoted or prohibited the integration of neontology and
paleobiology.
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Notes

1 I emphasize Ruse’s view because he explicitly addresses the place of paleobiology within
evolutionary biology. The semantic view of theories may provide a better account of the nature
of biological theorizing but few advocates of the semantic theory specifically address the place
of paleobiology. (Lloyd 1988 is an exception.) Suppose that evolutionary theory is a family of
models. How are paleobiological models related to standard models of microevolution?
2 Cladistic methods are widely accepted among vertebrate paleontologists but have arguably
been less influential among invertebrate paleontologists. This is partly due to the fact that
cladistic methods initially emphasized discrete character differences (e.g., presence or absence
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of a bony process). Although the fossil record of mollusks is very rich, the shells differ mostly
in shape and size, not in discrete characters, making some cladistic methods hard to apply.
This limitation on cladistic methods has largely been overcome, but the rift persists.
3 Hypotheses about trait polarity are not necessary to perform parsimony analysis. An alter-
native is to use parsimony analysis to create an “unrooted” tree and then use some additional
technique to root the tree.
4 If A has unique-derived characters, then there are grounds for thinking that A is not the
ancestor of B. More on this later.
5 A second issue separates strict cladism from the other approaches. Cladists often claim
that systematists should not attempt to represent ancestral taxa, arguing that hypotheses of
ancestry are not testable. By contrast, Smith (1994) and the stratocladists do allow hypotheses
of ancestry.
6 There is a growing literature on quantitative methods for placing “confidence intervals”
on stratigraphic ranges. Marshall (2001) introduces this literature. Although some of these
methods still make unrealistic assumptions, the notion of a confidence interval is just the right
metaphor. If the confidence intervals around two ranges do not overlap, we are justified in
thinking one species originated earlier than the other.
7 In reply to this objection, Sober (2002) and Wagner (personal communication) note that
realistic models of character evolution are not necessary to make use of the likelihood frame-
work. For instance, the likelihood framework can be used to determine how many parameters
to include in the model of character evolution. For instance, we can determine whether 3
parameter models of character evolution are significantly better predictors than 2 parameter
models (using likelihood ratio tests). If they are not, then we can use the predictively adequate
(but unrealistic) 2-parameter model of character evolution to assess phylogenetic hypotheses.
This line of argument now puts us in the midst of complex arguments about the aims of
phylogeny reconstruction. Do we aspire to determine the most likely phylogeny (in a realist
sense – that is, relative to realistic models of the process)? Or do we simply aspire to determine
the phylogeny that makes the best predictions (a more instrumentalist approach)?
8 Michael Bell (personal communication) pointed out that the phylogeny: biogeography rela-
tionship is similar to the phylogeny: stratigraphy relationship. While neither biogeography nor
stratigraphy is (by itself) a sufficient basis for proposing a cladogram, both forms of data are
relevant to assessing the probability of specific phylogenetic hypotheses.
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