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Abstract

Biogeography played an important role in early developments in evolutionary theory and continues to play an
important role in evolutionary studies and paleogeographic reconstructions. The development of a phylogenetic
approach to biogeographic analysis has been important; however, fossil taxa have not always played a role in
phylogenetic biogeographic studies and their role has been criticized by some phylogenetic biogeographers. Here,
simulation studies are used to show that phylogenetic biogeographic studies on extant organisms that do not include
fossil taxa can often be artificially incongruent and inaccurate. This is because area cladograms for extant taxa alone
may differ from those that also include extinct taxa, implying different patterns of biogeographic relationship between
areas, and area cladograms are the fundamental data of phylogenetic biogeographic analysis. This finding is
analogous to what is known about how including fossil taxa in phylogenetic analyses along with extant taxa can
improve resolution and accuracy.

The incompleteness of the fossil record can also lead to artificial incongruence in phylogenetic paleobiogeographic
studies because not all taxa that have ever lived are preserved in the fossil record, and thus those missing taxa cannot
be incorporated into area cladograms. Therefore, area cladograms based on all preserved fossil species may also differ
fundamentally from the true area cladograms which would be available if all taxa were preserved in the fossil record.
Again, this can lead to artificial incongruence and inaccurate results. Simulations are used to show that under average
preservational regimes for skeletonized marine invertebrates in the fossil record, and with average extinction
probabilities, phylogenetic biogeographic studies of the extant biota are typically more likely to be artificially
incongruent than those relying on fossil biotas. Further, in phylogenetic and biogeographic studies extant groups that
have persisted for a very long time, have high extinction rates, and low diversity should be avoided. Phylogenetic
biogeographic studies of fossil taxa should avoid groups with low diversity and a poor fossil record; these studies
should also avoid time periods or regions with a poor fossil record. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A goal of biogeography is to reconstruct how
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episodes of global change, be they climatic or tec-
tonic, in£uence the evolution of biotas. The dis-
cipline has a long and rich intellectual tradition in
western science, stretching back into the 18th cen-
tury (Browne, 1983; Hallam, 1983a, 1994;
Bowler, 1996; Brown and Lomolino, 1998; Lie-
berman, 2000). Associated with the growth of a
research program in macroevolution and phyloge-
netic analysis (e.g. Eldredge and Cracraft, 1980;
Vrba, 1980; Brooks and McLennan, 1991) there
has been a concomitant development of biogeo-
graphic approaches that utilize phylogenetic
methods to study biogeographic patterns (e.g.
Brooks, 1985; Wiley, 1988a; Brooks and
McLennan 1991; Michaux, 1991, 1996; Wiley et
al., 1991; De Boer and Du¡els, 1996). These ap-
proaches will be referred to as phylogenetic bio-
geography.

Palaeontologists have carried out numerous im-
portant biogeographic studies (e.g. Schuchert,
1910; Hallam, 1967, 1977, 1983b; Rowell et al.,
1973; Jell, 1974; McKenna, 1975, 1983; Fortey
and Cocks, 1992; Babcock, 1994; and the col-
lected papers in McKerrow and Scotese, 1990).
Thus, it is paradoxical that some biogeographers
have argued that paleontology can at best be only
the handmaiden of phylogenetic biogeographic
studies in modern organisms (e.g. Croizat et al.,
1974; Nelson and Platnick, 1981; Patterson,
1983). Unfortunately, most phylogenetic biogeo-
graphic studies concentrate on extant organisms.
This should thus give us cause for concern for two
reasons, the ¢rst philosophical, the second meth-
odological. First, the fossil record is our one true
chronicle of the history of life. As biogeography
relates evolution to earth history change, one
would predict that the fossil record should be
the repository of a host of potentially interesting
biogeographic patterns. The second, methodolog-
ical reason will be the focus of the remainder of
this paper; it involves extinction and its role in
producing a biased, pruned, and, in a critical
sense, biologically incomplete sample of all the
organisms that have ever lived, in the same sense
that the fossil record is an incomplete sample of
the organisms alive at any one time in the distant
past. Here, simulation studies are used to consider
the potential signi¢cance of paleontology to phy-

logenetic biogeography. The role of extinct taxa
and the incompleteness of the fossil record is
studied to see how these a¡ect our ability to re-
trieve biogeographic patterns in studies of the ex-
tant and fossil biotas, respectively. It is argued
that when possible fossil taxa should be included
in phylogenetic biogeographic studies because in-
cluding fossil taxa can increase the accuracy of
phylogenetic biogeographic studies. For some
groups this may not be possible, but for those
groups with a good fossil record this would
seem worthwhile.

2. Palaeontology and phylogenetic analysis

Cuvier’s documentation of extinction as a per-
vasive phenomenon was paleontology’s ¢rst great
theoretical contribution to biology (Rudwick,
1976). Much more recently, Patterson (1981)
and Gardiner (1982) asserted that fossil taxa did
not contribute in an important way to the study
of phylogenetic relationships. In short, they de-
nied that the extinction of taxa a¡ects our ability
to retrieve phylogenetic patterns among extant
organisms. This essentially obviated paleontolo-
gy’s relevance to phylogenetic studies because
this assertion, if true, means fossil organisms
need not be considered in phylogenetic studies
of extant groups. However, Gauthier et al.
(1988) and Donoghue et al. (1989) demonstrated
that this was not true. They convincingly argued
that the phenomenon of extinction is something
that critically impacts phylogenetic analyses of ex-
tant organisms because it determines a priori
which taxa are excluded from study by neontolo-
gists. Including more taxa in a phylogenetic study,
especially fossil taxa which may have novel char-
acter combinations, can produce a phylogenetic
tree topology closer to the underlying evolution-
ary pattern (Gauthier et al., 1988; Donoghue et
al., 1989; Huelsenbeck, 1991; Novacek, 1992).
Various authors, including Benton et al. (1999),
have also commented on the relationship between
phylogenetic patterns and the distribution of spe-
cies in the fossil record.

Phylogenetic analysis and phylogenetic bio-
geography are two related ¢elds (Brooks and
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McLennan, 1991), and thus there are analogies
between several aspects of phylogenetic analysis
and phylogenetic biogeography. These include
how incorporating fossil taxa in£uences our abil-
ity to resolve patterns. However, analogy between
the ¢elds of phylogenetic analysis and phyloge-
netic biogeography should not be mistaken for
identity. Just as these two ¢elds di¡er in impor-
tant ways (see Brooks and McLennan, 1991; Lie-
berman, 2000), the a¡ects of including or exclud-
ing fossil taxa in phylogenetic analysis and
biogeography di¡er. The former topic has already
been considered by Gauthier et al. (1988), Donog-
hue et al. (1989), Huelsenbeck (1991), Novacek
(1992), and others. The latter topic is the focus
of this paper. The di¡erent roles that fossil taxa
play in the two ¢elds is partly determined by the
di¡erent aims of phylogenetic analysis and phylo-
genetic biogeography. The aim of phylogenetic
analysis is to determine the evolutionary relation-
ships of groups of taxa. The aim of phylogenetic
biogeography is to determine if di¡erent taxa
show congruence in their evolutionary relation-
ships in conjunction with their geographic distri-
butions (Brooks, 1985; Wiley, 1988a,b; Brooks
and McLennan, 1991; Lieberman, 2000). Exclud-
ing fossil taxa from phylogenetic analysis gener-
ally decreases our ability to retrieve the underly-
ing pattern of evolutionary relationship.
Excluding fossil taxa in phylogenetic biogeogra-
phy generally decreases our ability to retrieve bio-
geographic congruence, as shall be described more
fully below.

3. Extinction, paleontological incompleteness, and
phylogenetic biogeography

3.1. Extinction and phylogenetic biogeography

A detailed discussion of phylogenetic ap-
proaches to biogeographic analysis is not included
here for the purposes of brevity and clarity, and
the interested reader is referred to Brooks (1985),
Wiley (1988a, 1988b), Brooks and McLennan
(1991), Lieberman and Eldredge (1996), and Lie-
berman (2000); however, at base all phylogenetic
biogeographic methods use information about

how groups of organisms evolve (i.e. phylogenetic
patterns) as well as where these groups occur, to
determine whether several di¡erent groups of or-
ganisms show a similar pattern of evolution
across geographic space (Fig. 1).

Since phylogenetic biogeographic methods rely
on phylogenies of organisms, and recognizing the
problem identi¢ed by Gauthier et al. (1988) and
Donoghue et al. (1989) that excluding or includ-
ing taxa can dramatically change tree topology,
we should expect this to feed back on biogeo-
graphic analyses. Biogeographic studies of extant
organisms must by necessity exclude extinct taxa,
and thus risk retrieving an inaccurate pattern. In
addition, the set of excluded or extinct taxa have
geographic range data that would also play a role
in reconstructing biogeographic patterns, but
which would not be considered in a study of ex-
tant organisms alone. This problem confronting
phylogenetic biogeographers who study extant or-
ganisms can be thought of partially as a sampling
problem: extinct taxa will not be sampled by ne-
ontologists.

3.2. The fossil record, incompleteness, and
phylogenetic biogeography

The problem that biogeographic studies con-
centrating on extant organisms face is essentially
analogous to the problem paleontologists face in
their studies of the fossil record: it is the problem
of incompleteness. The nature of the fossil record,

Fig. 1. Four overlain area cladograms with the geographic
distribution of the terminal taxa represented by di¡erent
shapes and substituted for the species names. These four
clades show the same congruent pattern of evolution across
geographic space, and have the same pattern of biogeo-
graphic relationship among areas.
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and the phenomenon of paleontological incom-
pleteness is well known, and again for the pur-
poses of brevity and clarity it is not discussed in
detail here. The interested reader should see Din-
gus and Sadler (1982), Paul (1982, 1998), Mar-
shall (1990), Benton and Storrs (1994) and the
references cited therein for a detailed discussion.
What matters for phylogenetic paleobiogeo-
graphic studies is that not every taxon that has
ever lived is preserved in the fossil record. Thus,
phylogenetic analyses with the biased set of taxa
preserved may be inaccurate. Moreover, the geo-
graphic range data from these missing taxa also
cannot be incorporated into biogeographic stud-
ies. In either case, this will in£uence the results of
biogeographic analysis, and may lead to an erro-
neous result.

3.3. Comparing the relative performance of the
fossil record and the extant biota in biogeographic
studies

A potentially pertinent question becomes: does
the fossil record or the extant biota perform bet-
ter in phylogenetic biogeographic studies on aver-
age? That is, with the problem biogeographic
studies of the extant biota face with the pruning
of taxa through extinction, and the problem bio-
geographic studies of the fossil biota face with the
pruning of taxa via paleontological incomplete-
ness, which should we predict is generally more
accurate?

4. Biogeographic congruence

There are a variety of ways of thinking about
how extinction and incompleteness a¡ect the re-
sults of any biogeographic study but one is to see
how they in£uence what is referred to as biogeo-
graphic congruence. Biogeographic congruence is
the agreement between di¡erent sets of data about
a speci¢c sequence of geological events and a con-
comitant series of evolutionary events. Biogeo-
graphic congruence can be conceived of in two
ways. First, it can be thought of as compared to
some idealized pattern. This is referred to as the
‘idealized case’. Imagine that there were a series of

geological changes that isolated a series of regions
in a speci¢c order; these can be expressed as a
geological area cladogram (see De Boer and Duf-
fels, 1996). These changes would be predicted to
a¡ect a clade in a speci¢c way (Fig. 2). Biogeo-
graphic congruence can also be viewed as a sim-
ilar pattern of phylogenetic di¡erentiation across
geographic space and thus a common biogeo-
graphic history and pattern shared between two
(or more) clades (Fig. 3). This will be referred to
as the ‘two-clade case’ of congruence.

The pattern shown in Fig. 1 is a hypothetical
case of complete congruence in four di¡erent
groups of organisms, where the two most closely
related species in each group occur in the circular
area and the hatched elliptical area. Such congru-
ence suggests that the di¡erent groups speciated in
response to the same geological or climatic events.
Unfortunately, the real world is typically much
more complex than what is shown in Fig. 1, and
di¡erent clades may di¡er in important respects in
terms of their implicit biogeographic signal. For
example, biogeographic congruence will fail to
emerge naturally if di¡erent groups fail to speciate
at roughly the same time or in response to the
same geological event. In addition, the emergence
of geographic barriers, which play an important
role in mediating speciation (e.g. Mayr, 1942;
Vrba, 1985, 1992, 1996), may a¡ect one group
and not another. Finally, dispersal of individual
lineages across large distances can lead to biogeo-

Fig. 2. Biogeographic congruence in the ‘idealized case’ (see
text). The geological history of four hypothetical areas is
shown as a branching diagram or cladogram on the right.
Here the areas are the shaded squares. The closer two areas
are on the cladogram, the more recently they shared a com-
mon geological history. The evolutionary history of four hy-
pothetical taxa distributed in those areas is shown in the cla-
dogram on the left. The evolution of this clade can be
related to the geological history of the region.
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graphic incongruence (Brooks and McLennan,
1991; Michaux, 1991). However, what biogeogra-
phers also need to be concerned with is when in-
congruence emerges as an artifact in any biogeo-
graphic study of the extant biota or the fossil
record, due to extinction and paleontological in-
completeness, respectively. There are a variety of
analytical methods in phylogenetic biogeography,
but all start out with area cladograms: phyloge-
nies that have the geographic distribution of taxa
substituted for the taxon names. Also, all analyt-
ical methods aim to retrieve congruence out of
whatever noise and incongruence are implicit in
the data due to disagreement among area clado-
grams or between an area cladogram and a
known geological history. Finally, all analytical
methods treat the absence of congruence among
di¡erent clades as the absence of coherent under-
lying biogeographic patterns.

With these views of biogeographic congruence
developed thus far, we can think about the e¡ects
of extinction and paleontological incompleteness
on biogeographic congruence. First, in the ‘ideal-
ized case’ of congruence, if a biologist only
studied a clade with living species, and one of
the species in that clade went extinct such that it
could not be sampled by a biologist, a divergent
biogeographic pattern, incongruent from the ideal
one would be recovered, simply as an artifact of
the biologist’s inability to sample extinct species
(Fig. 4). Here, biogeographic congruence is con-
sidered speci¢cally with reference to Brooks Par-
simony Analysis (BPA) (Brooks, 1985; Brooks
and McLennan, 1991; Lieberman and Eldredge,

1996). For example, the resulting area cladogram
produced from BPA coding of the area cladogram
on the right is (D(A(B(C)))), assuming the exis-
tence of area D is known, whereas the resultant
area cladogram produced from BPA coding of the
area cladogram on the left is (A(B(C(D)))). Other
methods like components analysis were not con-
sidered here in the evaluation of incongruence be-
cause depending on the di¡erent assumptions
used (see discussion in Engho¡, 1995) these area
cladograms may or may not be incongruent.

A similar problem with incongruence might af-
fect a paleontologist studying biogeographic pat-
terns in the fossil record. Species in a clade might
have shown a biogeographic pattern that was con-
gruent with some idealized geological history, but
due to the vagaries of the fossil record, one or
more species in that clade were not preserved
(Fig. 4).

In the ‘two-clade case’ of biogeographic con-
gruence, the same principles apply. Two area cla-

Fig. 4. A case of arti¢cial incongruence in the ‘idealized
case’. Shown on the left is a clade of four hypothetical taxa
A^D distributed in four di¡erent areas represented by the
shaded squares. In this case, species C from the lightly
shaded region is the sister group of species D from the inter-
mediately shaded region, implying potentially that these areas
share a recent common history. On the right is the same hy-
pothetical clade but species D from the intermediately shaded
area has been pruned. If this were an extant clade, this spe-
cies might have gone extinct and could not be studied by a
biologist that did not or could not sample the fossil record.
If this were a fossil clade, species D might not have been
preserved due to paleontological incompleteness. In either
case, the pattern of area relationship implied by the area cla-
dogram on the right is not entirely congruent, in a biogeo-
graphic framework based on Brooks Parsimony Analysis
(BPA), with the area cladogram on the left. Area B appears
to be the sister area of area C on the area cladogram on the
right, but actually they really do not share a sister area rela-
tionship.

Fig. 3. An illustration of biogeographic congruence in the
‘two-clade case’. Here two clades have congruent biogeo-
graphic patterns. They occur in a set of areas represented by
the shaded squares and have di¡erentiated across geographic
space in concert.
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dograms might have an underlying pattern of bio-
geographic congruence, but extinction of taxa or
the failure of certain taxa to be preserved will
result in arti¢cial biogeographic incongruence
(Fig. 5). For example, when BPA is performed
on each of the area cladograms in Fig. 5, the
result for the area cladogram on the right is
(B(A(C(D)))) whereas the result for the area cla-
dogram on the left is (C(A(B(D)))).

Biogeographic incongruence need not imply by
itself a completely irretrievable biogeographic pat-
tern, and therefore the arti¢cial introduction of
incongruence into biogeographic analysis by ex-
tinction or an incomplete fossil record does not
obviate the utility of phylogenetic biogeography.
In fact, various phylogenetic biogeographic meth-
ods are adept at retrieving meaningful biogeo-
graphic signal in the presence of biogeographic
incongruence, as long as the incongruence is not
so severe as to swamp the biogeographic signal.
Still, in biogeographic analyses arti¢cial biogeo-
graphic incongruence should be avoided.

5. Simulations: statistical tests

5.1. Methods

To test whether paleobiogeographic patterns in
the fossil record or biogeographic patterns in the
extant biota were more severely a¡ected by arti¢-
cial incongruence, a series of simulation studies
were performed. There are several interesting bio-
geographic processes that lead to biogeographic
incongruence, including dispersal, that can be
modeled in a simulation study. However, here
the primary focus is on extinction and incomplete-
ness rather than dispersal because dispersal will
have an equivalent e¡ect on biogeographic incon-
gruence in extant and fossil taxa.

Hypothetical pectinate clades of six taxa each
were generated to determine whether a biogeo-
graphic study of modern organisms or of fossil
organisms (of Pangaean age) could be most infor-
mative about the biogeographic events related to
the breakup of Pangaea. These clades were then
converted to area cladograms by substituting the
geographic distribution of the taxon for its name.

Six taxa were chosen as a compromise between
the need for generating a clade of moderately
complex cladistic structure while recognizing the
di⁄culties of assessing congruence between clades
of large size.

To evaluate arti¢cial biogeographic incongru-
ence in the extant biota a QuickBASIC Version
4.50 (1988) program (available from the author
on request) was written to evolve a clade over
160 Myr at discrete 1 Myr steps (where 160 Ma
was taken to approximate the breakup of the At-
lantic margin of Pangaea following Hallam (1992,
1994) and Scotese (1997)). The clade was assumed
to be in existence and biogeographically di¡eren-
tiated immediately after the initial continental
breakup. Evolution was modeled to occur by a
time homogeneous model of cladogenesis and ex-
tinction, and extinction probabilities were applied
prior to speciation probabilities (though with ad-
justments for conditional probabilities, these
could have been readily modeled as occurring si-
multaneously). The extinction probability used
was 0.21 per Myr, which is the mean value found
in a diverse set of clades. (The mean probability
value was obtained using data from Stanley
(1979), Walker and Valentine (1984), Vrba

Fig. 5. A case of arti¢cial incongruence in the ‘two-clade
case’. Imagine that two area cladograms were initially com-
pletely congruent. However, suppose that with the clade on
the left the species from the lightly shaded area could not be
sampled. If this were a neontological study, a biologist could
not sample it because it went extinct. If it were a paleonto-
logical study, a paleontologist could not sample it because it
was not preserved in the fossil record. By contrast, suppose
similar phenomena a¡ected the clade on the right but this
time caused the species from the darkly shaded area not to
be preserved. These area cladograms which are truly congru-
ent no longer appear to be fully congruent, in a biogeo-
graphic framework based on BPA, because they imply di¡er-
ent patterns of area relationship.
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(1987), Hulbert (1993), and Lieberman (1999).
These studies were chosen because they used
some phylogenetic information, along with a pa-
leontological approach, to constrain probabilities
of speciation and extinction.) Speciation probabil-
ity was set to extinction probability plus 0.1 per
Myr because if extinction probability is greater
than or equal to speciation probability a clade
will be ephemeral and thus is unlikely to be
sampled. By contrast, if it is much less than spe-
ciation probability, the clade will grow inexor-
ably, which may not be realistic ; therefore, an
upper limit on clade size of 25 taxa per individual
branch was set. (These values for extinction and
speciation probabilities are also in the range used
in a variety of simulations studies involving phy-
logenies and paleontological data including those
of Sepkoski et al. (1993) and Robeck et al.
(2000).) The program evolved 100 clades and cal-
culated the percentage of area cladograms that
were arti¢cially incongruent for both the ‘ideal-
ized case’ and the ‘two-clade case’ (in the ‘two-
clade case’ two clades were evolved simultane-
ously). This procedure was then iterated 100
times.

Incongruence is tabulated in the ‘idealized case’
as the percentage of area cladograms incongruent
relative to the idealized geological history, and in
the ‘two-clade case’ as the percentage of area cla-
dograms that are mutually incongruent. However,
with su⁄cient elimination of taxa due to extinc-
tion or paleontological incompleteness, area cla-
dograms are not properly thought of as incongru-
ent but are rather best viewed as uninformative.
For example, the two area cladograms in Fig. 6
are not incongruent, they merely consider the re-
lationships of di¡erent areas. (It is conceivable,
however, that if we consider each of these area
cladograms to be pruned area cladograms that
once included partially overlapping areas, they
may actually have originally been biogeographi-
cally incongruent, though such a proposition is
typically untestable.) Therefore, the percentage
of incongruent area cladograms was always scaled
relative to the total number of comparisons that
were actually informative. In the simulations ini-
tial diversity values in each of the six taxa were
also varied to equal one, ¢ve, and 10, treating

each of the six taxa essentially as higher taxa
with several species in each area of endemism.

Then, simulations were used to look at how
arti¢cial biogeographic incongruence a¡ects phy-
logenetic biogeographic studies done on fossil or-
ganisms. Again, a di¡erent QuickBASIC Version
4.50 (1988) program (available from the author
on request) was used. Completeness estimates
were chosen to approximate the average value of
paleontological completeness for marine inverte-
brates with mineralized exoskeletons and a good
fossil record and were taken from Foote and
Raup (1996) and set at 0.75 per taxon. (Other
fossil groups such as vertebrates and insects prob-
ably have lower completeness values; estimates
for these groups have not yet been derived
though, and thus they were not considered.) The
completeness estimate was treated as a probabil-
istic proxy that a given taxon among each of the
six would be preserved in the fossil record. This is
the sense in which Foote and Raup (1996), p. 128,
Solow and Smith (1997), and Fox et al. (1999),
for example, treated it. The Foote and Raup
(1996) study represents the most detailed study
available that is broadly comparable to the type
of analysis conducted here. Further, their conclu-
sions on completeness were largely supported by
Foote (1997), Paul (1998), and Fox et al. (1999).

Fig. 6. These two area cladograms have been excessively
pruned, due to either extensive extinction or a poor fossil
record. They are neither biogeographically congruent or in-
congruent either. Rather, because they contain mutually ex-
clusive areas the biogeographic patterns they each imply are
best viewed as uninformative.
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Other detailed model-based approaches to com-
pleteness in the fossil record do exist, such as
those of Holland and Patzkowsky (1999), but
these did not produce explicit values of complete-
ness in the sense needed here, and thus could not
be used.

The simulations worked by applying the pres-
ervation probability given above to each of the
taxa in hypothetical pectinate clades of six taxa.
Taxa that were not ‘preserved’ were pruned from
the area cladogram. 100 clades were considered,
and the percentage of arti¢cially incongruent area
cladograms was calculated, both in the ‘idealized
case’ and the ‘two-clade case’ (as described above,
in the ‘two-clade case’ two clades were treated
simultaneously). This procedure was iterated 100
times. Again, initial diversity values in each of the
six taxa were also varied, with values of one, ¢ve,
and 10 species per taxon used as described above.

Then, for both the ‘idealized case’ and the ‘two-
clade case’ statistical comparisons were used to
determine if arti¢cial biogeographic incongruence
di¡ered between the fossil record and the extant
biota. This involved six comparisons using the
parametric t-test and the non-parametric Mann^
Whitney U-test, which were implemented using
Minitab 10.5Xtra (Minitab, 1995). These tests
were then corrected for the potential of Type I
error associated with multiple comparisons using
the Bonferroni correction. This correction re-
quires that for a hypothesis involving six compar-
isons to be globally signi¢cant at the 0.05 level,
each comparison must be individually signi¢cant
at the 13

ffiffiffiffiffiffiffiffiffi
0:956
p

W0:01 level.

5.2. Results

In every case, simulated phylogenetic biogeo-
graphic studies that use the fossil record have
much less arti¢cial biogeographic incongruence
than those that consider just the extant biota
(Table 1). Signi¢cant di¡erences emerge at the
0.0001 level, meaning the fossil record of fre-
quently preserved marine invertebrates exceeds
the extant biota for biogeographic accuracy
when standard extinction rates and standard pres-
ervation probabilities are assumed, and the simu-
lation approach described herein is implemented.

5.3. Discussion

These results can be taken as a cautionary tale.
Potentially, biogeographic studies of the extant
biota may be more predisposed to arti¢cial incon-
gruence than biogeographic studies that consider
the most frequently preserved elements of the fos-
sil biota. This suggests that whenever possible bio-
geographers should include extinct taxa in their
phylogenies, and further, that it might be worth-
while for paleontologists and neontologists to link
up their biogeographic studies. This conclusion is
analogous to the conclusions made by the studies
of Gauthier et al. (1988) and Donoghue et al.
(1989) in the sense that they all have shown
how important it is to incorporate extinct taxa
into evolutionary studies.

6. Simulations : general patterns

6.1. Methods

After these statistical tests, the general perform-
ance of the fossil record versus the extant biota
was assessed with regards to predilection towards

Table 1
Test of H0 that the degree of arti¢cial biogeographic incon-
gruence did not di¡er between phylogenetic biogeographic
studies of the extant biota and the fossil record

Number of taxa P-value

Idealized case
1 6 0.0001
5 6 0.0001
10 6 0.0001
Two-clade case
1 6 0.0001
5 6 0.0001
10 6 0.0001

Pectinate clades of six taxa were considered in both the
‘idealized case’ and the ‘two-clade case’ of congruence. Num-
ber of taxa refers to number of species placed on each of the
six branches of the cladogram. Individual signi¢cance values
are for the t-test and the Mann^Whitney U-test for all cases
considered under the P-value column. If P6 0.01 the null
hypothesis was rejected. This di¡ers from the standard 0.05
level because of the correction for multiple comparisons (see
text). In every case the null hypothesis was rejected because
arti¢cial incongruence was much lower in the fossil record.
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arti¢cial biogeographic incongruence. Speci¢cally,
di¡erent conditions that might lead to arti¢cial
biogeographic incongruence were varied. The
analyses were performed to point out broad pat-
terns rather than test speci¢c hypotheses. Simula-
tions such as these describe a hypothetical scenar-
io where one condition is varied while others
remain ¢xed. The advantage of this approach is
that it allows investigators to isolate causality.
Special situations like these do not generally occur
in the real world. However, the simulations can at
least give biogeographers an idea of how varying
certain key parameters that pertain to clades can
a¡ect arti¢cial biogeographic incongruence. This
may aid biogeographers in choosing those clades
most or least ideally suited to biogeographic anal-
ysis.

The same approach to simulations described
above was used. This time though, simulations
focused on four questions: (1) in general how
does changing the number of taxa in any one
branch of a six-taxon area cladogram change
the degree of arti¢cial biogeographic incongru-
ence in both neontological and paleontological
studies?; (2) how is arti¢cial biogeographic incon-
gruence a¡ected in neontological studies as extinc-
tion probabilities and speciation probabilities rise
and fall? ; (3) how in neontological studies does
clade duration in£uence arti¢cial incongruence?;
and ¢nally, (4) how is arti¢cial incongruence
a¡ected in paleontological studies when the
completeness of the fossil record varies? Again,
distinct QuickBASIC Version 4.50 (1988) subrou-
tines were created to perform each of these simu-
lations (available from the author on request).
The percentage of biogeographically incongruent
area cladograms for both the ‘idealized case’ and
the ‘two-clade case’ were calculated as described
above.

6.2. Results

The results are grouped into answers to the
questions given in the preceding methods section.
(1) Arti¢cial incongruence declines as the number
of taxa within each of the six higher taxa increases
(Fig. 7). (2) Arti¢cial biogeographic incongruence
increases in neontological studies as extinction

probability increases (Fig. 8). (3) Arti¢cial biogeo-
graphic incongruence also increases in neontolog-
ical studies as the duration of a clade increases
(Figs. 7, 8). (4) Finally, in paleontological studies
biogeographic incongruence increases as paleon-
tological incompleteness increases (Fig. 9). These
results are summarized in Table 2. No consistent,
signi¢cant di¡erences in biogeographic incongru-
ence were found between simulations that eval-
uated both symmetrical and pectinate clades and
the ‘idealized case’ and ‘two-clade case’ over a
variety of parameters. Thus, these results are not
shown for the purposes of brevity and clarity.

6.3. Discussion

The results described above point out certain
conditions when biogeographic analyses are
most likely to be burdened with excess arti¢cial
incongruence. For example, the ¢rst result sug-
gests that diverse clades may be better subjects

Fig. 7. A simulation analysis that quanti¢ed the e¡ect that
changing the number of taxa within any given branch of the
six taxon area cladogram had on arti¢cial biogeographic in-
congruence. An extant clade was simulated, so clade dura-
tion (TIME) is graphed on the x-axis, but identical results
are retrieved with simulated fossil clades. The percentage of
arti¢cially incongruent phylogenies is graphed on the y-axis.
Clades with one, ¢ve, and 10 taxa per each of the six
branches on the original six branched area cladograms were
considered. A di¡erent line shading is shown for each taxon
value. Arti¢cial incongruence declines as the number of taxa
increases. The particular simulation shown used pectinate
clades and tested for incongruence in the ‘idealized case’,
with W= 0.41 and V= 0.51.
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for biogeographic analysis than depauperate ones,
both for neontologists and paleontologists. This is
not surprising, because as long as at least one
representative in any given area of endemism is
still present, arti¢cial biogeographic incongruence
will not occur, and the more taxa in any given
area of endemism, the less likely they will have
all gone extinct or all not have been preserved

in the fossil record. The second result is in line
with a theme developed throughout this paper:
extinction can lead to arti¢cial biogeographic in-
congruence in biogeographic studies of the extant
biota. Thus, as extinction probabilities climb, ar-
ti¢cial incongruence will increase, even in the face
of climbing speciation probabilities. This is be-
cause clades with higher extinction probabilities
are more volatile and thus their members are
more likely to go extinct (Stanley, 1990; Gilinsky,
1994). Therefore, extant clades with high extinc-
tion probabilities should be avoided in biogeo-
graphic studies. However, it is important to note
that some fossil clades with high extinction and
origination probabilities such as ammonites (e.g.
Hallam, 1977, 1983b) and trilobites (e.g. Jell,
1974; Babcock, 1994; Lieberman and Eldredge,
1996; Lieberman, 1997) do make excellent candi-
dates for paleobiogeographic studies. This derives
from the fact that the extinct taxa can still be
sampled in the paleobiogeographic studies. Wiley
and Mayden (1985) and Brooks and McLennan
(1991) also have suggested that clades that have
accumulated lots of extinction should be avoided

Table 2
Summary of predictions about arti¢cial biogeographic incon-
gruence based on general simulations for phylogenetic bio-
geographic studies involving the fossil record and the extant
biota. Factor varied and the e¡ect on arti¢cial incongruence
are shown.

Fossil record Arti¢cial incongruence

Diversity increases declines
Quality of fossil record decreases increases

Extant biota Arti¢cial incongruence

Diversity increases declines
Extinction probability increases increases
Clade duration increases increases

Fig. 9. A simulation that quanti¢ed the e¡ect that improving
the quality of the fossil record, in this case the preservation
probability for a particular taxon, has on arti¢cial biogeo-
graphic incongruence. Preservation probability per taxon
(PRES) is graphed on the x-axis and again, the percentage
of arti¢cially incongruent phylogenies is graphed on the y-
axis. The percentage of arti¢cially incongruent area clado-
grams declines at a roughly constant rate as the quality of
the fossil record improves. The particular simulation shown
used pectinate clades, tested for incongruence in the ‘two-
clade case’, and each branch of the six taxon area cladogram
had ¢ve taxa.

Fig. 8. A simulation that quanti¢ed the e¡ect that increasing
extinction rates had on arti¢cial biogeographic incongruence.
Clade duration is plotted on the x-axis and again the per-
centage of arti¢cially incongruent phylogenies is graphed on
the y-axis. Results for di¡erent extinction probabilities, repre-
sented by the symbol W, are graphed, and a di¡erent line
shading is used for each W value. Speciation probability, V,
was set to W+0.1 as described in the text. The percentage of
arti¢cially incongruent area cladograms increases as the ex-
tinction probability increases and also as the age of the clade
increases. The particular simulation shown used symmetrical
clades, tested for incongruence in the ‘two-clade case’, and
each branch of the six taxon area cladogram had ¢ve taxa.
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in biogeographic studies of the extant biota. One
reason is that arti¢cial biogeographic incongru-
ence may ensue. The conclusions reached in the
third result derive logically from those reached in
the second result : a clade that has been around
for a long time will have accrued more arti¢cial
biogeographic incongruence because there are
more opportunities for extinction to occur. Again,
Wiley and Mayden’s (1985) and Brooks and
McLennan’s (1991) suggestion that the best sub-
jects for biogeographic analysis are those clades
that have accrued minimal extinction applies here.
Finally, in the fourth result, the simulations sug-
gest that time periods, organisms, or regions with
poor fossil records make poor candidates for bio-
geographic analysis. This is because as paleonto-
logical incompleteness climbs, taxa are more likely
to be excluded from an analysis due to taphonom-
ic artifact. When this happens, arti¢cial biogeo-
graphic incongruence is likely to emerge.

Thus, to summarize, biogeographic studies by
neontologists of extant taxa should avoid species
poor groups, groups with high extinction rates,
and groups that have persisted for a very long
time. For example, lung¢sh and horseshoe crabs
¢t at least two of these categories, and thus prob-
ably make poor candidates for phylogenetic bio-
geographic studies. (Note, as discussed by Stanley
(1990), those groups with high extinction rates are
unlikely to have long durations.) Biogeographic
studies by paleontologists should avoid species
poor groups and also those groups, regions, or
time periods with a poor fossil record.

Using these precepts, certain concrete cuto¡
points may actually emerge. Assuming that bio-
geographers would like to avoid arti¢cial incon-
gruence at least 50 percent of the time, clades with
extinction probabilities of 0.3 per Myr or higher
should be avoided if they have persisted longer
than roughly 10 Myr (see Fig. 8). Most extant
taxa of moderate rank in the Linnean hierarchy
are likely to have a pre-Neogene history, signify-
ing potential problems with biogeographic incon-
gruence in these taxa if they have high extinction
probabilities. Palaeontological studies appear to
su¡er signi¢cantly if preservation probability falls
below about 0.4. Since current studies (e.g. Foote
and Raup, 1996; Foote, 1997; Paul, 1998) put

this value at about 0.75 for well skeletonized ma-
rine invertebrates, this indicates some optimism
for biogeographic studies conducted on many,
though not all kinds of fossil organisms. How-
ever, there are other problems that emerge with
real world paleontological data which would be
impossible to quantify or gauge in a study like
this. This again involves paleontological incom-
pleteness, which not only excludes a taxon from
the fossil record, but which may also cause it to
appear to have a geographic range which is a
biased and inaccurate subset of its actual geo-
graphic range. Although these e¡ects cannot be
realistically quanti¢ed at this time, it may be pos-
sible to model them, and they do sound an addi-
tional, cautionary note for paleobiogeographic
studies done on fossil organisms. Furthermore,
for those groups with a poor fossil record, the
accuracy of biogeographic studies performed sole-
ly on extant taxa will likely exceed the accuracy of
biogeographic studies performed solely on fossil
taxa.

7. Conclusions

There are a variety of processes that conspire to
make the data available to natural historians in-
complete. These precepts apply for studies of the
extant biota as well as the fossil record. Although
numerous biological studies, in a tradition that
began with Darwin (1859), have criticized the in-
completeness of the fossil record, we must recog-
nize that the extant biota also su¡ers from incom-
pleteness: a large percentage of all the species that
have ever lived are extinct. (The precise percent-
age depends on the extent to which the exponen-
tial model of diversi¢cation, e.g. Benton (1997),
describes the history of life.) It remains an open
question whether the failure of the fossil record to
preserve every taxon that has ever lived is a great-
er obstacle to paleontology than the failure of the
extant biota to contain much of the total diversity
of the history of life is an obstacle to neontology.
In truth, the answer to that question depends on
the scope of the study. The pruned extant biota is
certainly complete enough to address many scien-
ti¢c questions, as is the fossil record. This view-
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point is nicely encapsulated by Paul’s (1998) ap-
proach to the concept of completeness in paleon-
tological studies.

Here, based on the application of simulation
studies, which must be treated with the same cav-
eats that apply to results from any study that uses
simulations, in phylogenetic biogeography there
are going to be many questions that the study
of the fossil record is equally or better equipped
to address than the study of the extant biota. The
statements by certain vicariance biogeographers
such as Nelson and Platnick (1981) might suggest
that this conclusion is counterintuitive. However,
three sets of observations actually suggest that
this statement makes perfect sense: ¢rst, the e¡ec-
tiveness of a variety of paleogeographic studies
too numerous to adequately cite but including,
for example, Hallam (1967, 1977, 1983b, 1994),
Jell (1974), Rowell et al. (1973), McKenna
(1975, 1983), McKerrow and Scotese (1990), For-
tey and Cocks (1992), and Babcock (1994); sec-
ond, the recognition by Brooks and McLennan
(1991) that it is important to address the history
of life when studying biogeographic patterns and
the extent to which the earth and its biota have
co-evolved; and ¢nally, the statement by Wiley
and Mayden (1985) and Brooks and McLennan
(1991) that biogeographic studies of the extant
biota must focus on clades that have not been
excessively pruned by extinction.

The bane of any biogeographic study is biogeo-
graphic incongruence. Incongruence can emerge
in a biogeographic database for many reasons,
but it is certainly worthwhile to minimize biogeo-
graphic incongruence that arises in a database for
arti¢cial reasons. The pruned extant biota bears
mute testament to a host of extinct taxa, and the
simple removal of these taxa due to random ex-
tinction events may cause two (or more) clades to
appear biogeographically incongruent when in
fact they actually are not. The failure of some
taxa to be preserved in the fossil record causes a
similar type of incongruence. The results pre-
sented here suggest that based on known proba-
bilities of extinction and known preservation
probabilities for the most abundant representa-
tives of the fossil record, the skeletonized marine
invertebrates, the extant biota is more likely to

su¡er from arti¢cial incongruence than the fossil
record.

A framework for thinking about phylogenetic
biogeographic studies of clades in the context of
key parameters that may be inherent to those
clades, like speciation and extinction rates, dura-
tion, and probability of being preserved in the
fossil record, was also presented. The situations
which are apt to introduce excessive arti¢cial in-
congruence into biogeographic studies should be
avoided. Speci¢cally, biogeographic studies of the
extant biota should avoid focusing on clades that
have persisted for a geologically long period of
time, that have high extinction probabilities, or
are species poor. Palaeobiogeographic studies
should avoid taxa, geographic regions, or time
periods with a poor fossil record, and they should
also avoid low diversity clades. It will be worth-
while if biogeographic studies of the extant biota
work backwards to incorporate extinct taxa, while
paleobiogeographic studies interdigitate as much
as possible with still extant organisms. This is a
pragmatic approach and likely to be more illumi-
nating to biogeographic patterns in general be-
cause a biogeographers’ ‘¢eld of research extends
over the whole earth, not only as it now exists,
but also during the countless changes it has
undergone from the earliest geological epochs’
(Wallace, 1857, p. 159).
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