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Abstract

Aim Recent comparisons of different approaches to historical biogeography have
suffered in part because Brooks Parsimony Analysis (BPA) has been characterized as a
one-step process following protocols proposed in 1981. Subsequent modi®cations have
resulted in a two-step methodology. This contribution presents the mechanics and
applications of those modi®cations.

Methods The ®rst step, or Primary BPA, which is similar to the original BPA but with
modi®cations proposed by Wiley (1986, 1988a, b), is used to assess whether or not there
is support for a single general area cladogram. The second step, Secondary BPA,
proposed by Brooks (1990), depicts exceptions to the general area cladogram explicitly
by duplicating areas having a reticulate history.

Results The analytical basis of area duplication in secondary BPA is explained more
fully than in previous accounts, and the manner in which secondary BPA explicitly
depicts falsi®cation of the null hypothesis of simple vicariance is presented for four
general cases.

Main conclusions BPA, as fully implemented, is capable of accounting for the
complexity of speciation, dispersal and extinction events in a historical biogeographic
context without removing or modifying input data from basic phylogenies, so long as at
least three clades are analysed simultaneously to provide a distinction between general
and special distribution elements.
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INTRODUCTION

Recent discussions of different approaches to studies of
historical biogeography (Morrone & Carpenter, 1994;
Morrone & Crisci, 1995; Hovenkamp, 1997; Page &
Charleston, 1998) have been confused and confusing. One
reason for this has been the failure to recognize some
approaches as inductive/veri®cationist and others as
hypothetico-deductive/falsi®cationist (Van Veller &
Brooks submitted). Another reason has been under- or
mis-representation of the mechanics and therefore the
general properties of approaches derived from phyloge-

netic systematic principles, in particular the approach
Wiley (1986, 1988a, b) called Brooks Parsimony Analysis
(BPA). In particular, all of the studies purporting to
compare BPA with other methods (e.g. Morrone &
Carpenter, 1994; Morrone & Crisci, 1995; Page &
Charleston, 1998) have used the original formulation of
BPA by Brooks (1981), ignoring modi®cations of BPA
implemented by Cressey et al. (1983)2 , O'Grady & Deets
(1987), Wiley (1986, 1988a, b) and Brooks (1990). We
believe that at least part of the blame for this confusion
stems from incomplete discussions of BPA, especially
secondary BPA (Brooks, 1990; Brooks & McLennan,
1991). In this paper, we hope to rectify those problems,
mostly to encourage more historical biogeographers to use
hypothetico-deductive rather than inductive approaches,
also to make certain that future comparisons of BPA with
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other methods are carried out properly, and to encourage
the development of one or more computer algorithms for
secondary BPA.

FINDING GENERAL PATTERNS:

PRIMARY BPA

Brooks (1981, 1985) presented BPA as a direct application
of phylogenetic systematic methodology. Consider the case
of the clade of ®ve species depicted in Fig. 1, each of
which lives in a particular area (Table 1). The phyloge-
netic relationships of ®ve species (Fig. 1) can be treated as
if they were a completely polarized multistate transforma-
tion series, coded in a manner that indicates both the
identity and common ancestry of each species (Fig. 2).
These codes can be represented in an additive binary
matrix (Table 2). The phylogenetic relationships of the
study clade are now represented by the binary codes. Now
we replace the species names in Table 2 with their
geographical distributions (Table 3). Next, we construct
a taxon area cladogram (Enghoff, 1996; Van Veller et al.,
1999) based on the phylogenetic relationships of the
species (Fig. 3). This produces a picture of the historical
involvement of areas in the evolution of the species. Van
Veller & Brooks (in press) referred to BPA performed in
the assumption that each area has a single history as
Primary BPA.

Even such a simple pattern of occurrence could be the
result of a variety of evolutionary processes. If our goal is a

Table 1 Occurrences of species 1±5 in areas A±E

Areas Species

A 1
B 2
C 3
D 4
E 5

Table 3 Areas in which species 1±5 occur coded for primary BPA

Areas Binary code

A 100001001
B 010001001
C 001000011
D 000100111
E 000010111

Table 2 Additive binary codes for species 1±5 and their
phylogenetic relationships

Species Binary code

1 100001001
2 010001001
3 001000011
4 000100111
5 000010111

Figure 1 Phylogenetic tree for species 1±5.

Figure 2 Phylogenetic tree for species 1±5, with internal
branches numbered for matrix representation.

Figure 3 Area cladogram for areas A±E based on phylogenetic
relationships of species 1±5.
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scienti®c explanation then, once again following phyloge-
netic systematic principles, we must construct general
hypotheses and subject them to empirical tests (the Principle
of Falsi®cation: Popper, 1960, 1968a, b, 1972, 1976, 1992;
Wiley, 1975; Platnick & Gaffney, 1977, 1978a, b; Gaffney,
1979; Eldredge & Cracraft, 1980; Wiley, 1981; Kluge,
1997, 1998a).

The minimum number of apomorphies needed to resolve a
three-taxon statement is two; a ®rst apomorphy to support
the monophyly of the three-taxon group and a second to
indicate sister group relationships between two of the three
members of the clade. Resolving and corroborating that
three-taxon statement requires at least a third apomorphy
supporting the second. Likewise, the minimum number of
clades needed to establish a general pattern of historical
biogeographic distributions, which can then be subjected to
empirical test and possible falsi®cation, is three (Brooks &
McLennan, 1991). General patterns constitute instances in
which members of different clades have a common history of
speciation with respect to the areas in which they occur. The
null hypothesis, therefore, is that each area has a single
history with respect to all the species that inhabit it. For
BPA, the general pattern functions as the null hypothesis in
analogy with Hennig's Auxiliary Principle (Hennig, 1966),
which states that in the absence of other evidence, similarity
is homologous similarity, or common patterns indicate
common history of association. Such general patterns can
be produced by several modes of speciation, but only
vicariant speciation is always expected to produce general
patterns (Wiley, 1981; Wiley & Mayden, 1985; Brooks &
McLennan, 1991), so in practice common patterns are
presumed to be the result of vicariant speciation unless
special circumstances are speci®ed.

Table 4 lists the occurrences of species representing two
hypothetical clades in ®ve areas. Figure 4 depicts the

phylogenetic trees for the clades containing species 1±5
and species 10±14. Table 5 lists the binary codes for
members of each clade for each area. Figure 5 portrays the
area cladogram that results from primary BPA of this data
matrix. This represents an example of two co-occurring
clades whose members have speciated in the same manner
with respect to the geographical distributions of sister
species.

In the next example, two clades of species are not equally
represented throughout the areas under investigation.
Speci®cally, the members of one clade occur in ®ve areas
(A±E) and the members of the other clade occur in only four
areas (A±D). Figure 6 depicts the phylogenetic trees for the
clades containing species 1±5 and species 10±13. Table 6

Table 4 Occurrences of species representing two hypothetical
clades (1±5 and 10±14) in areas A±E

Areas Clade 1 Clade 2

A 1 10
B 2 11
C 3 12
D 4 13
E 5 14

Table 5 Matrix listing binary codes for members of clades 1±5
and 10±14 inhabiting areas A±E

Areas Binary code

A 100001001100001001
B 010001001010001001
C 001000011001000011
D 000100111000100111
E 000010111000010111

Figure 5 Area cladogram for areas A±E based on phylogenetic
relationships of species 1±5 and 10±14.

Figure 4 Phylogenetic trees for species 1±5
and 10±14, with internal branches numbered
for matrix representation.
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lists the binary codes for the members of clades 1±5 and 10±
13 in each area. Areas lacking members of one clade are
coded as missing data (`?') as suggested by Wiley (1988a, b),
so as not to bias the analysis with a priori assertions of either
extinction of dispersal. The area cladogram produced by
BPA of this data matrix is shown in Fig. 7. Note that there is
no hypothesis concerning either the presence or absence of
species 10±13 in area E. Unless we are simply going to ignore
data, some explanation must be offered a posteriori. In this,
we might propose either that no members of species 10±13
ever inhabited area E or that some member of the clade
reached it and then became extinct. The ®rst proposal
implies that area E is not part of the general pattern, whereas
the second proposal suggests that Area E is part of the
general pattern. We now add a third clade (species 17±21,
Fig. 8). In this case, there is a member of the clade in all ®ve
areas. A new matrix incorporating information from all
three clades is shown in Table 7. The new area cladogram
(Fig. 9) now indicates that the absence of a member of
clade 10±13 in area is the unusual observation needing
special explanation. In other words, the extinction of a
member of clade 10±13 is a more parsimonious explalel
episodes of speciation by dispersal producing species 5 and
species 21.

FINDING AND REPRESENTING

FALSIFICATIONS: SECONDARY BPA

BPA is based on the assumption that species are ontological
individuals (Ghiselin, 1974; Hull, 1976, 1978, 1980; Wiley,

1978, 1980a, b, 1989; Mishler & Donoghue, 1982; Cra-
craft, 1983a, 1987; Donoghue, 1985; McKitrick & Zink,
1988; 1989a, b; LoÈ ther, 1990; Frost & Kluge, 19943 ;
O'Hara, 19944 ; Mayden & Wood, 1995; Mayden, 1997,
1999; Brooks & McLennan, 1999); therefore they and the

Figure 6 Phylogenetic trees for species 1±5
and 10±13, with internal branches numbered
for matrix representation.

Figure 8 Phylogenetic tree for species 17±21, with internal
branches numbered for matrix representation.

Figure 7 Area cladogram for areas A±E based on phylogenetic
relationships of species 1±5 and 10±13.

Table 6 Matrix listing areas A±E, the species that inhabit them (1±5
and 10±13), and the binary codes representing those species
and their phylogenetic relationships

Areas Taxa Binary code*

A 1, 10 1000000011000001
B 2, 11 0100000110100011
C 3, 12 0010001110010111
D 4, 13 0001011110001111
E 5 000011111???????

*? � taxa missing from an area.
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speciation events that form them are evolutionarily inde-
pendent variables. This analogue of Kluge's Auxiliary
Principle (always assume independence of data a priori:
Wiley et al., in press) permits individual species or clades to
falsify the null hypothesis. The distribution of any particular
species in any particular clade therefore is a potential
falsi®er of the null hypothesis. No matter how many species
in how many clades demonstrate a general pattern, any
single species in any clade can falsify the null hypothesis. For
this reason, we must use all available data (the Principle of
Total Evidence: Kluge, 1989b), and cannot remove some
information a priori as suggested by, e.g. Kluge (1988),
Nelson & Platnick (1981), Nelson & Ladiges (1991a, b,
1996), and Hovenkamp (1997).

The three-clade example above demonstrates an addi-
tional important point. Episodes of extinction do not falsify
the null hypothesis of simple vicariance, as the absence of
evidence can neither corroborate nor falsify a hypothesis.
Component Analysis takes advantage of this by postulating
arbitrary numbers of lineage duplications and extinctions to
protect the a priori hypothesis from falsi®cation. True
falsi®cation of the null hypothesis of simple vicariance
comes in the form of episodes of pre- and post-speciation
dispersal (range expansion following speciation, speciation
by dispersal, or non-response to a vicariant event). Examples
appear in biogeographic analyses as `redundant species', in

which more than one member of a given clade occurs in the
same area, or members of different clades indicate different
area relationships for the same area, and `widespread
species', in which the same species occur in more than one
area.

Such falsi®ers appear as homoplasy in primary BPA,
produced as a result of combining codes for each species
occurring in each area, or inclusive ORing (Cressey et al.,
1983; O'Grady & Deets, 1987). Primary BPA can indicate
whether or not the data support a general pattern of area
relationships, and whether or not there are exceptions
(falsi®ers) to that pattern. But it does not permit us to
represent those falsi®cations in an effective manner. For that,
we need to go beyond the constraints of inclusive ORing.

Problems caused by inclusive ORing arise because primary
BPA constrains explanations to an a priori assumption that
areas cannot have reticulated histories. And yet, the hypo-
thesis that we wish to test and potentially falsify is that each
area has a single history with respect to all species being
analysed. Brooks (1990), see also Brooks & McLennan
(1991) resolved this methodological and conceptual problem
by proposing that we represent each instance of falsi®cation
with an extra representation of the area having the reticulate
history. Van Veller & Brooks (in press) refer to this as
secondary BPA. The function of primary BPA is thus to ®nd
if there is a general pattern; the function of the secondary
BPA is to represent clearly all exceptions to that general
pattern. These exceptions call into four general categories,
and we next provide an exemplar of each.

`REDUNDANT TAXA' I : SINGLE CLADES

WITH SPECIES INDICATING DIFFERENT

AREA RELATIONSHIPS

Figure 10 depicts the phylogenetic tree for hypothetical spe-
cies 1±6. The matrix depicting the geographical distributions
of species 1±6 among areas A±D is shown in Table 8. The
area cladogram resulting from primary BPA (Fig. 11) has a
consistency index of 100%. Area B, however, contains three

Table 7 Matrix listing areas A±E, the species that inhabit them
(1±5 and 10±13), and the binary codes representing those species
and their phylogenetic relationships

Areas Taxa Binary code*

A 1, 10 1000000011000001100000001
B 2, 11 0100000110100011010000011
C 3, 12 0010001110010111001000111
D 4, 13 0001011110001111000101111
E 5 000011111???????000011111

*? � taxa missing from an area.

Figure 9 General area cladogram for areas A±E based on
phylogenetic relationships of species 1±5, 10±13 and 17±21.

Figure 10 Phylogenetic tree for species 1±6, with internal
branches numbered for matrix representation.
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members of the clade which are not sister species, so the
consistency index does not actually indicate complete
support for a simple vicariance hypothesis. Treating area B
as three areas, B1 for species 2, B2 for species 5 and B3 for
species 6 produces a new data matrix (Table 9). Secondary
BPA produces the area cladogram depicted in Fig. 12, in
which area B1 occurs in a relatively basal position, while
areas B2 + B3 are sister areas in a relatively derived position.
The relatively derived species 5 and 6 may occur in area B
because their ancestor (species 7), which links areas B2 + B3,

dispersed from area D into area B, and subsequently
speciated, producing species 5 and 6. We can thus consider

areas B2 + B3 as a single area, simplifying the analysis. In this
manner secondary BPA corrects for too many assumed
reticulated histories (see also below).

`REDUNDANT TAXA' II : MULTIPLE CLADES

INDICATING DIFFERENT RELATIONSHIPS

AMONG THE SAME AREAS

Because the above are analyses of single clades, we do not
know which of the duplicated areas are part of the general
pattern and which are the special cases. In the next example,
we consider four clades each comprising four terminal
species, each species living in a single area. Figure 13 depicts
the phylogenetic trees for hypothetical species 1±4, 8±11,
15±18 and 22±25. The matrix depicting the geographical
distributions of species 1±4, 8±11, 15±18 and 22±25 among
areas A±D is shown in Table 10. The general area cladogram
constructed by primary BPA (Fig. 14) is congruent with the
area relationships supported by species 1±4, 8±11 and
15±18, but differs from that supported by species 22±25,
denoted by homoplasious occurrence of ancestral species 26
and 27. This causes us to reject the null hypothesis that all
observed distributions are the result of a single history of
vicariance for each area. This example is simple enough that
most readers will see that it is area A that has a reticulate
history (`A' for species 1±4, 8±11 and 15±18 is not the same
as `A' for species 22±25). How do we arrive at that
conclusion analytically?

There are 15 possible combinations of area duplications
(ABCD, ABC, ABD, ACD, BCD, AB, AC, AD, BC, BD, CD,
A, B, C and D) that can be applied to the general pattern
from the primary BPA, onto which we can then optimize the
data from the phylogenies (Table 10). Whenever the dupli-
cates of the same area are connected to the same node, we
combine the areas. In this case, the 15 combinations produce
four different area cladograms (Figs 15±18). The ®rst is the
same area cladogram as the primary BPA, which we reject
because it contains homoplasy indicating reticulate histories

Table 8 Matrix listing the geographical distribution of species
1±6 among areas A±D, along with the binary codes representing the
phylogenetic relationships among species 1±6

Areas Taxa Binary code

A 1 10000000001
B 2, 5, 6 01001111111
C 3 00100000111
D 4 00010001111

Figure 11 Area cladogram for areas A±D, based on phylogenetic
relationships of species 1±6.

Table 9 Matrix listing the geographical distribution of species
1±6 among areas A±D, with area B treated as three separate
areas, along with the binary codes representing the phylogenetic
relationships among species 1±6

Areas Taxa Binary code

A 1 10000000001
B1 2 01000000011
C 3 00100000111
D 4 00010001111
B2 5 00001011111
B3 6 00000111111

Figure 12 Area cladogram for areas A±D, based on phylogenetic
relationships of species 1±6, and treating area B as three
separate areas.
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Figure 13 Area cladograms for areas
A±D based on phylogenetic relationships of
species 1±4, 8±11, 15±18 and 22±25.

Table 10 Matrix listing the geographical distribution of species
1±6, 8±11, and 22±25 among areas A±D, along with the binary
codes representing the phylogenetic relationships among species
1±6, 8±11, and 22±25

Areas Taxa Binary code

A 1, 8, 15, 25 1000001100000110000010001111
B 2, 2, 9, 16, 22 0100011010001101000111000001
C 3, 3, 10, 17, 23 0010111001011100101110100011
D 4, 11, 18, 24 0001111000111100011110010111

Figure 14 General area cladogram for areas A±D derived from
primary BPA of species 1±4, 8±11, 15±18 and 22±25, and their
phylogenetic relationships. Bold-faced numbers with asterisks rep-
resent phylogenetic relationships incongruent with the general area
cladogram.

Figure 15 General area cladogram for areas A±D derived from
secondary BPA of species 1±4, 8±11, 15±18, and 22±25, and their
phylogenetic relationships, based on assuming that areas B, C and D
(BCD at base of area cladogram), areas B and C (BC at base of area
cladogram), areas B and D (BD at base of area cladogram), areas C
and D (CD at base of area cladogram), area B (B at base of area
cladogram), C (C at base of area cladogram), or D (D at base of area
cladogram) have reticulate histories. The single area cladogram
results from combining duplicated areas that appear as sister-areas
or in an unresolved polytomy. Note that this area cladogram is the
same as generated by primary BPA (Fig. 14).
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for at least one area but does not depict any reticulations
(Fig. 15, for duplication combinations BCD, BC, BD, CD, B,
C and D). The remaining three area cladograms eliminate
the dispersal-based homoplasy. These include (1) an area
cladogram in which the biogeography of species 22±25 are
viewed as completely independent of the other clades
(Fig. 16, for duplication combination ABCD, which is also
the solution favoured by Component 1.5; Page, 1990) (2) an
area cladogram in which areas D and A are duplicated
(Fig. 17, for duplication combinations ACD, ABD and AD),
and (3) an area cladogram in which area A is duplicated
(Fig. 18, for duplication combinations ABC, AB, AC and A).
Figure 16 requires four area duplications, Fig. 17 requires
two area duplications and Fig. 18 requires only single area
duplication.

The taxon duplication convention may seem arbitrary, but
it is not. Rather, it is an extension of the principle of logical
parsimony. Our null hypothesis is that all areas have a single
history with respect to the species that inhabit them. When
the data do not support that null hypothesis, we duplicate
areas to indicate the exact departures from (falsi®cations of)
the null hypothesis, but we do not multiply areas beyond
necessity. Figure 18 is thus the preferred area cladogram for
this example (Table 11 is the secondary BPA matrix).

`WIDESPREAD TAXA' I : SINGLE CLADES

WITH WIDESPREAD SPECIES

Figure 19 depicts a phylogenetic tree for hypothetical species
1±4. Table 12 lists the data matrix for the areas and the
species (plus the codes for their phylogenetic relationships)
that inhabit them. Phylogenetic analysis of this data matrix
produces the area cladogram depicted in Fig. 20. In this
instance, the area cladogram has a consistency index of

Figure 16 General area cladogram for areas A±D derived from
secondary BPA of species 1±4, 8±11, 15±18 and 22±25, and their
phylogenetic relationships, in which it is assumed that areas A, B, C
and D have a reticulate history (denoted by ABCD at the base of
area cladogram).

Figure 18 General area cladogram for areas A±D derived from
secondary BPA of species 1±4, 8±11, 15±18 and 22±25, and their
phylogenetic relationships, based on assuming that areas A, B and C
(ABC at base of area cladogram), A, B, and D (ABD at base of area
cladogram), A and B (AB at base of area cladogram), A and C (AC at
base of area cladogram), A and D (AD at base of area cladogram),
or A (A at base of area cladogram) have reticulate histories. The
single area cladogram results from combining duplicated areas that
appear as sister-areas or in an unresolved polytomy.

Table 11 Matrix listing the geographical distribution of species
1±6, 8±11, and 22±25 among areas A±D, with area A treated as two
separate areas, along with the binary codes representing the
phylogenetic relationships among species 1±6, 8±11, and 22±25

Areas Taxa Binary code

A 1, 8, 15 100000110000011000001???????
B 2, 9, 16, 22 0100011010001101000111000001
C 3, 10, 17, 23 0010111001011100101110100011
D 4, 11, 18, 24 0001111000111100011110010111
A1 25 ?????????????????????0001111

? � taxa missing from an area.
Figure 17 General area cladogram for areas A±D derived from
secondary BPA of species 1±4, 8±11, 15±18 and 22±25, and their
phylogenetic relationships, based on assuming that areas A, C and
D (ACD at base of area cladogram) have reticulate histories. The
single area cladogram results from combining duplicated areas that
appear as sister-areas or in an unresolved polytomy.
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100%; nevertheless, something is amiss, because interpreting
the absence of species 1 in area D as a reversal, or extinction
event, in that area requires placing species 1 in a position
ancestral to species 2, 3 and 4. This con¯icts with the
phylogenetic tree for the clade, which places species 1 as the

sister-clade to the remaining species (Fig. 19). Hence, while
the most parsimonious interpretation based simply on the
occurrence of species in particular areas supports the
postulate of extinction in area D, phylogenetic evidence
rules against it. This is the essence of what Wiley (1986,
1988a, b) called Assumption 0, in contrast to Assumptions 1
and 2 of Nelson & Platnick (1981) and subsequent a priori
approaches (see van Veller & Brooks in press): it is not
permissible to change postulated phylogenetic relationships
simply because they falsify an a priori expectation of simple
vicariance.

The taxon duplication convention permits us to avoid
postulating unsupported phylogenetic relationships within
the context of the historical biogeographical analysis.
Figure 21 depicts the area cladogram for areas A±D, with
numbers superimposed indicating the species in clade 1±4
that occur in each area. Table 13 shows areas B and C
duplicated, once for each species occurring in the area. The
new area cladogram (Fig. 22) shows areas A, B2 and C2 as
sister species, supporting an explanation that species 1
dispersed, post-speciation, into areas B and C.

Table 12 Matrix listing the geographical distribution of species
1±4 among areas A±D, along with the binary codes representing the
phylogenetic relationships among species 1±4

Areas Taxa Binary code

A 1 1000001
B 1, 2 1100011
C 1, 3 1010111
D 4 0001111

Figure 19 Cladogram for areas A±D, with distributions of
species 1±4 among those areas superimposed.

Figure 20 Phylogenetic tree for species 1±4 with internal branches
numbered for matrix representation.

Figure 21 Area cladogram for areas A±D produced by primary
BPA based on phylogenetic relationships of species 1±4. Note that
species 1 appears as the ancestor of species 6 rather than as its
sister species, as depicted in Fig. 20.

Table 13 Matrix listing the geographical distribution of species
1±4 among areas A±D, with areas B and C each treated as two
separate areas, along with the binary codes representing the
phylogenetic relationships among species 1±4

Areas Taxa Binary code

A 1 1000001
B1 2 0100011
B2 3 1000001
C1 4 0010111
C2 5 1000001
D 6 0001111
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`WIDESPREAD TAXA' II : MULTIPLE

CLADES WITH WIDESPREAD SPECIES

Although many clades can be affected in a similar manner
by the same large-scale vicariance events, each species
within each clade is an independent evolutionary system
(Kluge's Auxiliary Principle). It is, therefore, not unexpected
that BPA of multiple clades will be faced with a mosaic of
widespread species. Figure 23 comprises three clades of four
species each occurring over four different areas. At least one
species in each clade occurs in more than one area (Table 14
is the primary BPA matrix). A single area cladogram results
from primary BPA of this matrix (Fig. 24), but the
widespread taxa produce substantial homoplasy. Performing
the same iterative process as outlined above for determining
the minimum number of area duplications needed to
account for the homoplasy produces the area cladogram
shown in Fig. 25, in which areas A and B are duplicated
once and area D is duplicated twice (Table 15 is the
secondary BPA matrix). We explain these distributions by
invoking four cases of post-speciation dispersal, by species 1
from area A to area D, species 9 from area C to area B,
species 11 from area D to area A, and species 17 from area B
to area D.

PUTTING IT ALL TOGETHER

Each exception to simple vicariance corresponds to one of
the four exemplars above. Arbitrary amounts of historical
complexity can be analysed and explained most parsimoni-
ously using primary and secondary BPA in the manner
described herein. Consider ®ve clades comprising missing,
widespread, and redundant species (Fig. 26; Table 16 is the
primary BPA matrix). Primary BPA produces a single area
cladogram (Fig. 27) but, as in the previous case, there is
considerable homoplasy. Secondary BPA resolves that
ambiguity by duplicating area A once and areas B and D
three times (Fig. 28; Table 17 is the secondary BPA matrix).
The biogeographic history of these ®ve clades includes one

Figure 22 Area cladogram for areas A±D produced by secondary
BPA based on phylogenetic relationships of species 1±4. Note that
duplicating areas B and C (i.e. assuming that species 1 dispersed,
postspeciation, into areas B and C) produces an accurate depiction
of the phylogenetic relationships for species 1±4 as depicted in
Fig. 20.

Figure 23 Phylogenetic trees for species 1±4,
8±11 and 15±18 with internal branches
numbered for matrix representation and
geographical distributions among areas A±D
superimposed.

Table 14 Matrix listing the geographical distribution of species
1±4, 8±11 and 15±18 among areas A±D, along with the binary
codes representing the phylogenetic relationships among species
1±4, 8±11 and 15±18

Areas Taxa Binary code

A 1,8,11,15 100000110011111000001
B 3,9,10,17 001011101101110010111
C 2,9,16 010001101010010100011
D 1,4,11,17,18 100111100011110011111

Figure 24 General area cladogram for areas A±D produced by
primary BPA based on phylogenetic relationships of species 1±4,
8±11 and 15±18. Bold-faced numbers with asterisks represent
phylogenetic relationships incongruent with the general area clado-
gram.
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extinction (no sister species of species 33 in area D), one
instance of speciation by dispersal (species 23 in area B), and
four cases of post-speciation dispersal (species 1 in area D,
species 9 in area B, species 11 in area A and species 17 in
area D).

SUMMARY

Primary BPA ®nds the most parsimonious general area
cladogram or cladograms possible given any set of phylogen-
etic relationships and geographical distributions for three or
more clades (see Van Veller & Brooks in press). Primary
BPA also determines if there is any falsi®cation of the null
hypothesis of simple vicariance, in the form of homoplasy
that cannot be explained as secondary extinction. Secondary
BPA integrates the incongruent elements with the general

Figure 25 Area cladogram for areas A±D
produced by secondary BPA based on phylo-
genetic relationships of species 1±4, 8±11 and
15±18. Note that representing areas A and B
twice and area D three times produces an
accurate depiction of the phylogenetic rela-
tionships for species 1±4, 8±11 and 15±18 as
depicted in Fig. 23.

Table 15 Matrix listing the geographical distribution of species
1±4, 8±11 and 15±18 among areas A±D, with areas A and B each
treated as two separate areas and area D treated as three
separate areas, along with the binary codes representing the
phylogenetic relationships among species 1±4, 8±11 and 15±18

Area Taxa Binary code

A1 1, 8, 15 100000110000011000001
A2 11 ???????0001111???????
B1 3, 10, 17 001011100101110010111
B2 9 ???????0100011???????
C 2, 9, 16 010001101000110100011
D1 4, 11, 18 000111100011110001111
D2 1 1000001??????????????
D3 17 000000000000000010111

? � taxa missing from an area.

Figure 26 Phylogenetic trees for species 1±4,
8±11, 15±18, 22±26 and 31±33 with internal
branches numbered for matrix representation
and geographical distributions among areas
A±D superimposed.
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pattern by choosing the result which postulates the fewest
number of area duplications, each one of which depicts a
falsi®cation of the null hypothesis of simple vicariance.
Secondary BPA thus also conforms to the dictum of selecting
the working hypothesis which best ®ts all the data (the
Principle of Logical Parsimony: Wiley, 1975, 1981; Eldredge
& Cracraft, 1980; Brooks & McLennan, 1991; Wiley et al.,
1991; Kluge, 1997, 1998a). The result is simultaneously an
hypothesis of the history of the areas inhabited and of the
speciation events for all members of all clades being
analysed.

This does not mean we will always achieve a single most
parsimonious answer for secondary BPA. Consider a slight
modi®cation of the previous example, in which species 25 in
area B (Fig. 26) is not known (or does not exist). Primary
BPA gives the same result as Fig. 27, but secondary BPA

Table 16 Matrix listing the geographical distribution of species
1±4, 8±11, 15±18 and 22±25 among areas A±D, along with the
binary codes representing the phylogenetic relationships among
species 1±4, 8±11, 15±18 and 22±25

AreaTaxa Binary code

A 1, 8, 11, 15, 22, 29 100000110011111000001100000110001
B 3, 9, 10, 17, 23, 30 001011101101110010111010001101011
C 2, 9, 16, 24, 31 010001101000110100011001011100111
D 1, 4, 11, 17, 18, 25 1001111000111100111110001111?????

? = taxa missing from an area.

Figure 27 General area cladogram for areas A±D produced by
primary BPA based on phylogenetic relationships of species 1±4,
8±11, 15±18, 22±26 and 31±33. Bold-faced numbers with asterisks
represent phylogenetic relationships incongruent with the general
area cladogram.

Figure 28 General area cladogram for areas
A±D produced by secondary BPA based on
phylogenetic relationships of species 1±4, 8±
11, 15±18, 22±26 and 31±33. Note that
representing area A twice and areas B and D
three times produces an accurate depiction of
the phylogenetic relationships for species 1±4,
8±11, 15±18, 22±26 and 31±33 as depicted in
Fig. 26.

Table 17 Matrix listing the geographical distribution of species
1±4, 8±11, 15±18 and 22±25 among areas A±D, with area A treated
as two separate areas and areas B and D each treated as three
separate areas, along with the binary codes representing the
phylogenetic relationships among species 1±4, 8±11, 15±18 and
22±25

Area Taxa Binary code

A1 1, 8, 15, 22, 29 100000110000011000001100000110001
A2 11 ???????0001111???????????????????
B1 3, 10, 17, 31 00101110010111001011???????01011
B2 9 ???????0100011???????????????????
B3 23 ?????????????????????0100011?????
C 2, 9, 16, 24, 30 010001101000110100011001011101011
D1 4, 11, 18, 25 0001111000111100011110001111?????
D2 1 1000001??????????????????????????
D3 17 ??????????????0010111????????????

? � taxa missing from an area.

Ó Blackwell Science Ltd 2001, Journal of Biogeography, 28, 345±358

356 D. R. Brooks et al.



produces two equally parsimonious area cladograms, one in
which area B is duplicated, suggesting that species 23 is the
result of speciation by dispersal (as shown in Fig. 28), and
the other in which area C is duplicated, suggesting that
species 24 is the result of speciation by dispersal.
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