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Phylogenetic reconstruction has undergone numer-
ous developments in tree selection criteria (e.g., phe-
netics, cladistics, maximum-likelihood), available data
sources (morphology versus molecules, and subsets of
the latter), and practical limits on study size. Together
with study age, I examined the effects of these vari-
ables on inferences of phylogeny for the mammalian
order Carnivora. The raw data comprised 274 source
trees spread among 13 carnivore taxa (generally fam-
ilies), which I divided into categories for each variable
and combined using the supertree technique matrix
representation with parsimony analysis. Incongru-
ence between the resultant tree topologies or the un-
derlying data was assessed using four comparison
measures, each with slightly different properties: the
triplet measures “do not conflict” and “explicitly
agree,” the partition metric, and the incongruence
length difference metric. Except for a few cases re-
flecting historical problem areas in carnivore system-
atics, no significant differences in incongruence levels
were found among the different categories within
each variable, between the variables themselves, or
between the taxa. Thus, most estimates of carnivore
phylogeny cannot be distinguished from one another
(and may even point toward the same solution) re-
gardless of the methodology or data source employed.
This conclusion held regardless of the comparison
measure used. © 2000 Academic Press

INTRODUCTION

Phylogenetic inference has undergone numerous de-
velopments. Early systematists clustered taxa based
on their overall morphological similarity. Since then,
and particularly over the past 40 years, phylogenetics
has seen three important advances: (1) the develop-
ment of rigorous clustering techniques and tree selec-
tion criteria, (2) the discovery of molecular data

1 Current address: Section of Evolution and Ecology, University of
California, Davis, CA 95616. Fax: (530) 752-1449. E-mail:
orbininda@ucdavis.edu.
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be analyzed.
Of these three advances, the most attention has been

focused on the accuracy of different clustering tech-
niques and of different data sources. Much has been
written about the clash between proponents of two of
the first rigorous tree selection criteria: phenetics and
cladistics (see Hull, 1980 for an overview). Despite its
eventual victory, cladistics (really parsimony) is now
challenged by more complex model-based algorithms
(e.g., maximum-likelihood, neighbor-joining). Simula-
tion studies examining the relative efficacy of these
techniques generally conclude that, although certain
methods such as UPGMA or Lake’s invariants perform
consistently worse, most methods possess shortcom-
ings under certain specific sets of conditions and are
generally similar (Nei, 1991; Hillis and Huelsenbeck,
1993; Charleston et al., 1994; Hillis et al., 1994; Tateno
t al., 1994; Huelsenbeck, 1995; Siddall, 1998).
Development of the newer tree selection criteria is

inked to the rise of molecular information as a data
ource. Although in use for only about 30 years, molec-
lar data have arguably surpassed morphological data

n popularity. Molecular systematics has also advanced
apidly from initial karyological and immunological
tudies to karyotypic banding studies to amino acid
equences and finally to DNA sequence data of various
orms. Despite the perceived conflict between morpho-
ogical and molecular data (Goodman, 1989; Graur,
993; de Jong, 1998), numerous studies and reviews
ndicate that the two data sources do not produce sub-
tantively different answers on the whole (e.g., Hillis,
987; Sanderson and Donoghue, 1989; Novacek, 1992;
atterson et al., 1993). Proponents of the character
ongruence or “total evidence” approach (sensu Kluge,
989) argue that the best answers are obtained when
ll the available data, morphological and molecular,
re combined and analyzed simultaneously.
Study size can also affect accuracy. Size can refer to

ither the number of characters or the number of taxa
n an analysis; however, I restrict myself to discussing
he latter. Recently, it has been asserted that larger
nalyses using more complete taxon sampling yield
1055-7903/00 $35.00
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more reliable results (see Hillis, 1996, 1998 and refer-
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114 OLAF R. P. BININDA-EMONDS
ences in the latter) because the judicious inclusion of as
many taxa as possible avoids errors in phylogenetic
inference introduced through long-branch attraction
(Swofford et al., 1996) or assumptions of monophyly
nd selection of exemplar taxa (Arnold, 1981; Dono-
hue et al., 1989; Lecointre et al., 1993; Bininda-
monds et al., 1998). Study size shows an interesting
istory. In early systematic studies, the simple,
oughly intuitive clustering used allowed for large
umbers of taxa (e.g., Gregory and Hellman, 1939).
ronically, the advent of more rigorous clustering tech-
iques decreased study sizes initially because the more
omplicated calculations limited the number of taxa
hat could be worked with, either by hand or by early
omputers. It is only relatively recently that advances
n computer technology combined with algorithmic
hortcuts (e.g., the branch and bound algorithm:
endy and Penny, 1982; heuristic tree search strate-

ies: see Swofford et al., 1996; parsimony jackknifing:
arris et al., 1996; matrix representation with parsi-
ony analysis: Baum, 1992; Ragan, 1992; compart-
entalization: Mishler, 1994) have allowed systematic

tudies to become larger and more inclusive than ever
efore (e.g., Chase et al., 1993; Purvis, 1995a; Van de
eer and de Wachter, 1997; Källersjö et al., 1998; Bush
t al., 1999).

The question remains whether the advances listed
bove (which I refer to as “variables” hereafter) have
hanged our phylogenetic estimates to any substan-
ial degree or in a consistent manner. Certainly,
ifferences have been advocated by proponents of a
pecific methodology, but their impact has rarely
een examined in a large-scale comparative or sta-
istical framework. A recent supertree of all extant
pecies of Carnivora (Bininda-Emonds et al., 1999) is
deal in this regard. The 274 source trees used in this
tudy span from 1970 to 1995 and reflect changes in
ethodology over this period. I therefore used these

ource trees to test the effect of the three variables
bove plus study age on estimates of carnivore phy-
ogeny.

MATERIALS AND METHODS

ariables under Examination

I subdivided the 274 source trees from Bininda-
monds et al. (1999) into the following categories for

each of five variables:

(1) Tree selection criteria—discrete character, dis-
tance data, and “intuitive parsimony.”

I followed Nei (1991) in dividing the many formal
clustering techniques into two broad classes: those for
discrete character data (e.g., parsimony and maxi-
mum-likelihood) and those for distance data (e.g., phe-
netics, UPGMA, neighbor-joining, minimum-evolution,
parsimony) for studies that derived a phylogeny from a
set of data without apparent recourse to any formal
clustering algorithm.

(2) Data source—morphological, molecular, and total
evidence.

I classified studies according to whether they were
purely morphological, were purely molecular, or used
both data types simultaneously (total evidence).

(3) Molecular source—sequence, karyology, and “oth-
er.”

This variable is a subclass of the previous variable.
Rapid advances in molecular systematics have led to
many distinct types of molecular data. Sequence in-
cludes DNA and amino acid sequence studies, restric-
tion site analyses (e.g., restriction-fragment length
polymorphisms), and microsatellite studies. Any form
of chromosomal analysis falls under karyology. Other
is a catchall category for techniques that were not
common enough among the source studies to merit
their own category (e.g., allozymes, hybridization, se-
rology, and immunology).

(4) Size of study—small and large.
The number of terminal taxa is unsuitable as a

measure of study size because studies that (implic-
itly) include all species can still provide limited phy-
logenetic information (e.g., taxonomies). Instead, a
fairer representation of size is the amount of hierar-
chical information (i.e., number of nodes) that each
study contains, although this measure is biased
against studies with numerous polytomies. “Small”
studies had ,50% of the maximum number of infor-
mative nodes for the taxonomic group. The only ex-
ception was Hyaenidae, which with four extant spe-
cies, and therefore two informative nodes at most,
could not possess ,50%. Therefore, small studies for

yaenids were #50%.
(5) Date of study—1970s (and before), 1980s, and

990s.
This variable essentially examines the effects of the

ther variables acting in concert. It is reminiscent of
enton and Storrs (1994), who asked whether our in-
reased knowledge and surveying of the fossil record
ith time have changed the interpretations derived

rom it. In the present case, some correlations with the
ther variables are apparent. Studies from the 1970s
end to be morphological, relatively small, and ana-
yzed using parsimony, phenetics, or intuitive parsi-

ony. By the 1990s, studies are predominantly molec-
lar, larger, and analyzed using parsimony, maximum-

ikelihood, or some algorithm for distance data.
lthough the 1990s encompasses only 6 years in the
ample (to the end of 1995), the recent explosion in
ystematic effort means that sample sizes for the 1990s
ere roughly equal to those for each of the 1970s and
980s (see Table 1).
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Constructing Supertrees

Following Bininda-Emonds et al. (1999), I derived
supertrees for the various carnivore taxa (generally
families and the subfamilies Lutrinae and Mephitinae
within Mustelidae; see Fig. 1, Table 1) for each cate-
gory using the supertree technique matrix representa-
tion with parsimony analysis (MRP). Briefly, MRP
codes each node of a source tree in turn using additive
binary coding (Farris et al., 1970). If a taxon is de-
cended from a given node, it is scored as 1; otherwise,
t is scored as 0 unless it is missing from that source
ree, in which case it receives ? (see Baum, 1992; Ra-
an, 1992). The “matrix elements” thus created are
eally statements of membership—is the taxon a mem-
er of this cluster?—and not characters in the usual

Distribution of Research Effort among

Taxon Totala

Date Study size Clus

1970s 1980s 1990s Small Large Discrete

Higher groups (12) 62/202 15/51 21/80 26/81 44/82 18/130 37/138
Canidae (34) 36/180 15/76 7/34 16/80 34/146 3/40 16/86
Felidae (36) 40/282 5/41 22/179 15/85 36/182 5/114 19/187
Herpestidae (25)b 9/53 4/35 4/14 3/20 9/51 — 3/20
Hyaenidae (4) 6/8 3/3 3/4 2/3 4/4 3/5 5/7
Lutrinae (13) 6/37 2/13 4/25 2/6 3/7 4/34 5/28
Mephitinae (9) 5/18 — 2/9 4/12 3/8 3/13 4/15
Mustelidae (45) 30/155 5/26 18/105 7/43 27/121 2/45 10/84
Otariidae (14) 15/46 7/19 4/15 6/14 13/33 3/14 6/17
Phocidae (19) 21/120 8/39 5/32 10/55 17/71 5/52 11/78
Procyonidae (18) 7/27 — 3/15 5/18 6/19 2/14 6/25
Ursidae (8) 28/50 6/9 8/20 16/26 24/34 5/19 15/30
Viverridae (34) 9/90 3/35 6/61 2/11 7/43 3/56 2/40

Note. Presented as number of source trees/number of matrix eleme
a Numbers within a variable may not equal the “Total” because of t

ame source tree may appear in more than one category for some va
b The actual number of herpestid species is 37; however, 12 extrem

excluded from every analysis.

FIG. 1. Supertrees for the three categories of the variable “study
to the use of safe taxonomic reduction to derive the supertree for the 1
were therefore compared by pruning off Lutrogale from the other
agreement subtrees.
ense. However, MRP can also be viewed as stripping
he homoplasy from a source data set to leave only a
ingle synapomorphy for each internal node on the
ssociated source tree. To create the supertree, the
atrix representations of all source trees are combined

nto a single matrix and analyzed using parsimony,
hich is the most efficient means of recovering the

upertree (Baum and Ragan, 1993). Because the ma-
rix elements are not true characters, homoplasy
hould merely be interpreted as incongruence between
ource tree representations and not as convergence or
imilar concepts from character evolution.
Parsimony analysis used PAUP* 4.0b2 (Swofford,

999). I did not account for differential signal strength
mong source trees. This information was often not

fferent Variables and Their Categories

g technique Data source Molecular technique

tance Intuitive Morphology Molecular Both Sequence Karyology Other

/51 12/37 20/85 36/109 6/18 19/58 9/27 17/46
/34 12/58 15/86 19/85 4/19 16/64 4/27 4/17
/131 6/34 13/94 24/152 5/59 11/44 9/112 10/64
/13 7/40 5/29 5/31 — 2/16 3/20 2/13
— 2/2 6/8 — — — — —
— 3/23 5/27 — 2/14 — — —
/6 — 2/5 3/10 2/9 2/7 2/9 3/12
/47 10/47 12/75 15/51 3/48 5/21 7/62 8/61
/8 7/25 10/36 5/8 2/4 3/5 2/4 4/7
/22 7/34 9/68 12/44 2/14 7/31 4/18 5/23
/8 2/8 3/21 5/12 — 4/10 2/8 —
/19 7/11 4/6 21/42 5/7 13/24 5/8 10/21
/16 6/51 7/86 3/13 — — 2/10 2/11

Number of terminal taxa within each group is given in parentheses.
inclusion of Wozencraft (1993) to seed each analysis and because the
bles.
poorly known species (see Bininda-Emonds et al., 1999) were always

te” for Lutrinae (otters). Note that taxon sets are not identical due
s (no information existed for Lutrogale perspcillata). Tree topologies

o supertrees (as indicated by dashed branches) to create a set of
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not yield equivalent information (see Bininda-Emonds
and Bryant, 1998). Strict consensus was used to sum-
marize equally most parsimonious solutions.

Although MRP is remarkable in maintaining resolu-
tion even when source trees conflict strongly (Purvis,
1995b), the subdivision that I employed often rendered
the category sample sizes too small for good resolution.
Frequently, a species lacked any information for a
given category, making all possible positions equally
parsimonious and reducing the supertree to a bush
under strict consensus. I counteracted this by using
Wozencraft’s (1993) taxonomy to provide a backbone of
limited clustering information for most species. Only
analyses of interfamilial relationships (“higher
groups”) could not be seeded in this manner because
the taxonomy did not extend beyond the family level.

In more extreme cases, I used “safe taxonomic reduc-
tion” (Wilkinson, 1995) to identify and remove taxa
that limited resolution, but could not otherwise influ-
ence the tree topology because their character states
were completely redundant with a more completely
known taxon and so did not possess any novel cluster-
ing information (see also Bininda-Emonds et al., 1999).
Since tree comparison metrics (see below) can only
compare trees with identical sets of terminal taxa, I
created a set of agreement subtrees (see Page, 1993)
within each variable by pruning the same taxon (or
taxa) from the supertrees of the remaining categories
(see Fig. 1). The contrasting approaches of safe taxo-
nomic reduction versus forming agreement subtrees
reflect that the strategy for obtaining the best infer-
ence depends on the amount of information in the
matrix. For poorly resolved trees, the best inference is
obtained when problematic taxa that contain no
unique clustering information are removed and the
analysis is rerun. Such is not the case with well-re-
solved trees within the same variable. Here, safe tax-
onomic reduction potentially removes nontrivial infor-
mation and may alter the inferred relationships.
Instead, the best inference is obtained when all taxa
are analyzed and the required taxa are subsequently
pruned from the supertree. Analyses involving Herp-
estidae always excluded at least the 12 poorly known
species identified by Bininda-Emonds et al. (1999).

One limitation of this study was that not every
ource tree from the period 1970 to 1995 inclusive was
ampled; those appearing in smaller or less publicized
ournals were more likely to be overlooked or to be
nobtainable. However, other than a deliberate ten-
ency by Bininda-Emonds et al. (1999) to underrepre-
ent taxonomies (as they are summaries of primary
ources rather than primary sources themselves),
here is no systematic bias among taxa or categories.
herefore, the results and trends herein are likely to
till be valid.
The supertree from Bininda-Emonds et al. (1999) is
nsuitable as a reference tree because of nonindepen-
ence: the source trees in each category all contributed
o this tree. Categories with more source trees had
reater input into the topology of the supertree and so
ill resemble it more closely than smaller categories.
o avoid this problem, I instead compared all combi-
ations of supertrees within a variable to one another
e.g., all pairwise combinations of 1970s, 1980s, and
990s for the variable “date of study”).
With this approach, it is not possible to state
hether one category yields a “better” answer than
nother, but only whether it produces an answer sig-
ificantly different from those of the remaining cate-
ories. The corresponding hypotheses for this question
re:

HO: The supertrees for the different categories
within a variable are all equally different from one
another.

HA: The supertrees for one or two categories is/are
significantly different from those for the remaining
categories.

Note that the construction of these hypotheses is
such that categories may yield trees that are very
different from one another, but still not produce a
significant result so long as all trees are equally differ-
ent from one another.

Two subsidiary questions examine how any differ-
ences are distributed among the higher carnivore taxa
and among the variables themselves. Are differences
among the categories larger or smaller in some taxo-
nomic groups (within each variable) or some variables?
For instance, supertrees constructed for the different
tree selection criteria may be more incongruent than
those from different data sources. In other words, the
choice of tree selection criteria may have a larger im-
pact on the inferred phylogeny than does the data
source used. Similarly, some carnivore taxa may be
more difficult to reconstruct for a given variable (e.g.,
felid supertrees may show more dependence on the
data source used) than others are. Again, the corre-
sponding hypotheses are:

HO: The differences between the supertrees for the
categories are equal among all taxonomic groups (with-
in each variable) or among all variables.

HA: The supertrees for one or more taxonomic
groups/variables have values significantly different
from those for the remaining taxonomic groups/vari-
ables.

Comparison Metrics

Differences between the two or three supertrees
within a variable were quantified using four metrics
with slightly different properties. The first three met-
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(dS; Robinson and Foulds, 1981) and two metrics from
triplet analysis (Estabrook et al., 1985; Day, 1986). The
partition metric describes the number of clades found
in one tree or the other, but not both. As such, it treats
polytomies as being real events (“hard”; see Maddison,
1989) and can indicate a large difference between two
trees even if they differ in the placement of only a
single taxon (Page, 1993).

Triplet analysis determines whether each possible
pair of triplets between two trees has the same topol-
ogy, different topologies, or whether either one or both
are unresolved. Of the many metrics available to sum-
marize triplet analysis (see Day, 1986), I used only the
dissimilarity metrics “do not conflict” (DC), which gives
the proportion of resolved triplets that are different,
and “explicitly agree” (EA), which adds triplets that are
unresolved in either or both trees to this value (Es-
tabrook et al., 1985).

A potential shortcoming of tree comparison metrics
is their independence from the data underlying the
topologies. Two categories yielding similar supertree
topologies might be highly incongruent at the level of
the “raw data” (i.e., membership statements in the
source trees in this study). I tested for data incongru-
ence using the incongruence length difference metric
(DXY; sensu Farris et al., 1994) of Mickevich and Farris
(1981). DXY quantifies the amount of incongruence in a
combined analysis of two test matrices that is over and
above (“extra to”) the sum of the incongruences within
each test matrix. In all cases, incongruence is defined
as the length of the most parsimonious solution(s) mi-
nus the ideal, minimal length were there no homoplasy
present (i.e., the number of additional steps over the
ideal, minimal length). DXY is then the “extra” incon-
gruence present in the combined matrix divided by the
total incongruence of the combined matrix (see Kluge,
1989 for a worked example). A permutation test based
on DXY exists to determine whether two test matrices
display significant data incongruence (Farris et al.,
1994); it is implemented in PAUP* as the partition
homogeneity test.

DXY can also compare solutions where safe taxonomic
reduction has yielded different sets of terminal taxa.
This is because the removed taxa are “redundant” with
other taxa in the matrix (see above) and so do not affect
tree length, number of “synapomorphies,” or consis-
tency index, the latter being a measure of incongruence
(Wilkinson, 1995). Taxa were removed from the com-
bined analysis if they were removed from both individ-
ual analyses.

I used COMPONENT (Page, 1993) to obtain values
of dS, DC, and EA and PAUP* to obtain most parsimo-

ious lengths and number of “synapomorphies” for cal-
ulating DXY and to perform the partition homogeneity

test. For all metrics, higher values indicate increas-
ingly different solutions. Both triplet measures and
dividing it by its maximum value of 2n 2 6, where n
5 number of taxa (Steel and Penny, 1993). My use of
Wozencraft’s (1993) taxonomy to seed each analysis
will cause all measures of incongruence to be slightly
lower than they should be. However, because this is
true for all analyses and because I am making compar-
ative rather than absolute statements, this should not
be a problem.

I tested each of the three sets of hypotheses using
nonparametric Kruskal–Wallis tests because the data
often were not normally distributed, nor possessed
equal variances. The critical value to reject each null
hypothesis was 0.05, corrected for multiple compari-
sons (i.e., the different metrics) within each variable
using a sequential Bonferroni technique (Rice, 1989).

Sliding Window Analysis

In addition to the preceding statistical framework, I
examined how results regarding two long-standing car-
nivore systematic questions have changed over time.
These questions are the affinity of pinnipeds (including
whether they are mono- or diphyletic) and that of the
red panda, Ailurus fulgens (see Bininda-Emonds and
Russell, 1996 and Pecon Slattery and O’Brien, 1995,
respectively, for reviews). Although the giant panda,
Ailuropoda melanoleuca, was a subject of similar un-
certainty historically, its status as a primitive ursid
(see O’Brien et al., 1985) is now largely unquestioned.
Also, because Bininda-Emonds et al. (1999) con-
strained the giant panda to be an ursid because of this,
alternative placements for it did not exist among the
source trees.

To examine these changes in opinion over time, I
used a “sliding window” form of time-series analysis. I
ordered the 62 source trees that provided any cluster-
ing information about the carnivore families (higher
groups) in ascending chronological order and second-
arily by author name in ascending alphabetical order.
Supertrees were determined for contiguous, overlap-
ping sets of 15 trees (e.g., source trees 1–15, 2–16,
3–17, and so on). This number of source trees provided
sufficient clustering information to avoid the use of
safe taxonomic reduction.

For each supertree from a window of 15 source trees,
the sister groups for pinnipeds (ursid, mustelid, both,
neither, or not applicable) and red panda (ursid, pro-
cyonid, both, or neither) were determined, as well as
whether the pinnipeds were monophyletic or not. I also
compared the supertree from each window to the su-
pertree of Bininda-Emonds et al. (1999) using the
above metrics. Although the issue of nonindependence
remains, it is less problematic here because all win-
dows are about equal in size and therefore nonindepen-
dent to roughly the same degree. DXY could not be
applied because the matrix for the supertree contains
all the source trees (and their incongruences) for a



o
p
(
h
r

t
w
l
m
r
w
p
r
d
m
b

TABLE 2

118 OLAF R. P. BININDA-EMONDS
given window and no extra incongruence is possible
(i.e., DXY would always be 0). Instead, I quantified data
incongruence using PAUP* to constrain the solution
for each window to the topology of the supertree. I then
divided the number of extra steps that this required by
the length of the most parsimonious solution for that
window to derive a simple “incongruence metric.” Note
that this metric does not have an upper bound of 1 as
do the other metrics.

RESULTS

Distribution of Previous Research Effort

Numbers of source trees and matrix elements (“char-
acters”; a proxy for average tree size) for each taxon are
presented in Table 1. Most taxa had at least one source
tree in every category. Two notable exceptions were
hyaenids and lutrines, which lacked any purely molec-
ular source trees. The amount of phylogenetic effort

Examination of Whether Categories with
Different Infere

Comparison DC

Tree selection criterion
Discrete–distance 0.056
Discrete–intuitive 0.072
Distance–intuitive 0.022
SE 0.012–0.036
H (df 5 2) 2.196
P value 0.3335

Data source
Morphology–molecular 0.057
Morphology–both 0.071
Molecular–both 0.058
SE 0.029–0.031
H (df 5 2) 0.320
P value 0.8628

Molecular source
Sequence–karyology 0.035
Sequence–other 0.007
Karyology–other 0.013
SE 0.007–0.024
H (df 5 2) 1.662
P value 0.4356

Study size
Small–large 0.063
SE 0.032
H (df 5 1)

Date
1970s–1980s 0.061
1970s–1990s 0.069
1980s–1990s 0.104
SE 0.026–0.042
H (df 5 2) 0.286
P value 0.8668

Note. Presented as mean values, range of standard errors (SE), an
of freedom). None of the differences were significant at the 0.05 leve
directed among carnivore taxa was discussed by Bin-
inda-Emonds et al. (1999): interfamilial relationships
f carnivores (higher groups), canids, felids, mustelids,
hocids, and ursids are comparatively well studied
i.e., high numbers of source trees), while herpestids,
yaenids, lutrines, mephitines, procyonids, and viver-
ids are poorly researched.
Trends are also apparent within each variable. For

ree selection criteria, studies using discrete characters
ere normally the most common for each taxon. This

argely reflects both the long history of use of parsi-
ony and its simplicity. Parsimony is the only crite-

ion to span all 25 years examined in this study and
as largely unchallenged for a time after the demise of
henetics. Despite the large number of techniques cur-
ently available, parsimony remains popular, partly
ue to its ease of calculation compared to the newer,
ore computationally intensive techniques. The distri-

ution of research effort among the remaining catego-

a Variable Are Producing Significantly
s of Phylogeny

Comparison metric

EA ds DXY

0.470 0.294 0.136
0.304 0.248 0.110
0.475 0.219 0.103
60–0.090 0.031–0.046 0.029–0.044
2.957 2.994 0.210
0.2280 0.2238 0.9002

0.423 0.311 0.130
0.386 0.291 0.158
0.389 0.275 0.143
59–0.078 0.038–0.045 0.030–0.058
0.168 0.210 0.039
0.9194 0.9005 0.9805

0.494 0.273 0.225
0.429 0.228 0.223
0.384 0.165 0.082
58–0.094 0.042–0.058 0.043–0.059
1.569 2.119 4.819
0.4563 0.3466 0.0899

0.328 0.308 0.119
0.032 0.042 0.031
n/a: insufficient comparisons

0.441 0.372 0.190
0.374 0.258 0.178
0.418 0.386 0.164
49–0.084 0.047–0.072 0.031–0.041
0.600 1.859 0.287
0.7407 0.3947 0.8663

esults of a Kruskal–Wallis test (H corrected for ties; df 5 degrees
orrected for multiple comparisons).
in
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ries depended on how well studied a taxon is. Well-
known taxa tended to be analyzed by the more rigorous
distance data criteria, while intuitive parsimony
tended to predominate in studies of poorly known taxa.

Molecular data generally yielded more source trees
for each taxon than morphological data, but produced
fewer matrix elements. Thus, although molecular data
are more popular, they are available for fewer species.
This appears to have two root causes. First, the greater
research effort is replicated among the different molec-
ular data types for the same small group of well-known
species. Second, molecular data have until recently
been relatively expensive and difficult to obtain, again
limiting their accumulation for most species. The var-
ious molecular data sources are all about equally well
represented, although sequence data may be slightly
more numerous. Total evidence studies were generally
few in number and small in size.

There were fewer trees from large studies, but their
larger size compared to trees from small studies meant
that the number of matrix elements was about equal in
each. Finally, study date showed increased numbers of
trees and matrix elements with time. In fact, the 1990s
was often the largest category, despite not including
any source trees from after 1996.

Statistical Comparisons

An insufficient number of comparisons (df 5 1) pre-
ented study size from being analyzed; otherwise, no
ignificant differences were found for the remaining
ithin-variable comparisons (Table 2). This indicates

hat the “raw data” or resultant supertrees for each
ategory within a variable are all equally different.
his was true for all variables and comparison metrics.
n only one case (molecular technique measured by

XY) did the P value drop below 0.10. In general, the
metrics showed good agreement with one another, as
indicated by their similar P values. (As the metrics

easure incongruence slightly differently [see “Discus-

Examination of Whether Differences be
Are the Same ac

Variable DC

Tree selection criterion 0.051
Data source 0.062
Molecular source 0.019
Study size 0.063
Date 0.079
SE 0.009–0.032
H (df 5 4) 9.966
P value 0.0410

Note. Presented as mean values, range of standard errors (SE), an
of freedom). There was no significant difference among variables at
ion”], their average values need not be comparable or
ean the same thing.)
Also, the variables did not differ significantly among

hemselves with respect to the level of discordance
xhibited by their respective categories (Table 3). How-
ver, the metrics were less harmonious on this point.
oth EA and the DXY clearly failed to reject the null

hypothesis of no differences between the variables,
while DC and dS indicated results approaching signif-
icance (uncorrected P , 0.10).

Similarly, essentially no significant differences ex-
isted among the carnivore taxa (Table 4). Although all
variables except study size had one or more metrics
indicating results bordering on significance (P values
were generally below 0.15 and often below 0.10), the
only significant difference obtained when correcting for
multiple comparisons was for study date as measured
by EA. For this one case, the mean rank from the
Kruskal–Wallis test for felids was noticeably higher
than those of the remaining taxa, hinting that infer-
ences of felid phylogeny have differed more over time
than those of other carnivore taxa. In contrast, higher
groups and hyaenids had noticeably lower values,
which indicate more stable phylogenetic inferences
over time.

The partition homogeneity test revealed significant
data incongruence between categories for only a few of
the larger taxa (Table 4). Canids displayed differences
for all five variables, felids, higher groups, and mustel-
ids for three variables, and viverrids for study size
only. In most of these 15 cases, all categories within a
variable were significantly incongruent from one an-
other. Although it is easier to detect incongruence for
larger matrices, many of the smaller taxa displayed
low P values for the partition homogeneity test as well
(e.g., higher groups and lutrines).

For Tables 2–4, EA generally had the highest values,
followed by DXY, dS, and DC.

een Supertrees for Various Categories
ss All Variables

Comparison metric

EA ds DXY

0.416 0.256 0.117
0.402 0.294 0.143
0.436 0.222 0.175
0.328 0.308 0.119
0.411 0.341 0.176

035–0.044 0.023–0.042 0.021–0.031
1.821 9.054 4.696
0.7686 0.0598 0.3200

esults of a Kruskal–Wallis test (H corrected for ties; df 5 degrees
0.05 level when corrected for multiple comparisons.
tw
ro

0.

d r
the
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Examination of Whether Differences between Supertrees for Various Categories Are the
Same across All Carnivoran Taxa for a Given Variable

Taxon

Comparison metric

DC EA ds DXY

Tree selection criterion
Canidae 0.008 0.566 0.290 0.320 (0.001*)a

Felidae 0.144 0.708 0.323 0.087 (0.197)
Herpestidae 0.000 0.508 0.049 0.074 (0.939)
Higher groups 0.048 0.097 0.333 0.049 (0.166)
Hyaenidae 0.000 0.250 0.000 0.000 (1.000)
Lutrinae 0.381 0.399 0.550 0.167 (0.522)
Mephitinae 0.000 0.357 0.250 0.000 (1.000)
Mustelidae 0.179 0.447 0.246 0.190 (0.081)
Otariidae 0.009 0.742 0.303 0.067 (0.768)
Phocidae 0.001 0.390 0.250 0.052 (0.897)
Procyonidae 0.000 0.340 0.067 0.037 (0.855)
Ursidae 0.024 0.178 0.333 0.093 (0.540)
Viverridae 0.022 0.265 0.355 0.263 (0.043)
SE 0.000–0.092 0.000–0.258 0.019–0.057 0.012–0.131
H (df 5 12) 19.994 22.729 21.260 18.336
P value 0.0672 0.0301 0.0467 0.1059

Data source
Canidae 0.082 0.481 0.258 0.236 (0.001*)a

Felidae 0.082 0.690 0.394 0.148 (0.276)
Herpestidae 0.082 0.257 0.191 0.278 (0.080)
Higher groups 0.077 0.093 0.333 0.069 (0.012*)b

Hyaenidae n/a n/a n/a n/a
Lutrinae 0.000 0.350 0.150 0.517 (0.176)
Mephitinae 0.079 0.357 0.222 0.111 (0.438)
Mustelidae 0.177 0.568 0.381 0.251 (0.001*)c

Otariidae 0.037 0.434 0.242 0.147 (0.470)
Phocidae 0.000 0.142 0.167 0.033 (0.918)
Procyonidae 0.000 0.518 0.133 0.125 (0.409)
Ursidae 0.012 0.488 0.467 0.033 (0.550)
Viverridae 0.000 0.361 0.371 0.000 (0.993)
SE 0.000–0.101 0.000–0.121 0.015–0.085 0.002–0.111
H (df 5 11) 14.135 22.387 18.498 18.535
P value 0.2160 0.0215 0.0707 0.0700

Molecular source
Canidae 0.001 0.298 0.226 0.308 (0.001*)d

Felidae 0.046 0.767 0.374 0.240 (0.001*)a

Herpestidae 0.000 0.520 0.059 0.229 (0.126)
Higher groups 0.052 0.512 0.519 0.210 (0.001*)a

Hyaenidae n/a n/a n/a n/a
Lutrinae n/a n/a n/a n/a
Mephitinae 0.079 0.321 0.222 0.111 (0.839)
Mustelidae 0.004 0.706 0.270 0.208 (0.200)
Otariidae 0.000 0.419 0.061 0.333 (0.065)
Phocidae 0.000 0.229 0.125 0.056 (0.889)
Procyonidae 0.000 0.266 0.067 0.000 (1.000)
Ursidae 0.000 0.232 0.267 0.000 (1.000)
Viverridae 0.000 0.361 0.000 0.000 (0.995)
SE 0.000–0.079 0.006–0.197 0.029–0.088 0.000–0.167
H (df 5 10) 19.308 15.893 21.683 12.380
P value 0.0365 0.1027 0.0168 0.2604

Study size
Canidae 0.095 0.229 0.468 0.155 (0.012*)a

Felidae 0.393 0.413 0.470 0.118 (0.001*)a

Herpestidae n/a n/a n/a n/a
Higher groups 0.023 0.118 0.333 0.104 (0.002*)a

Hyaenidae 0.000 0.250 0.000 0.000 (1.000)
Lutrinae 0.064 0.432 0.350 0.053 (1.000)
Mephitinae 0.000 0.357 0.250 0.000 (1.000)
Mustelidae 0.098 0.495 0.405 0.232 (0.003*)a
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Sliding Window Analysis

Both portions of the sliding window analysis re-
vealed changes over time in inferences of relationships
among the higher groups. The different metrics (Fig. 2)
show that inferences from the 1980s resembled the
supertree of Bininda-Emonds et al. (1999) to the great-
st degree. This could be because the 1980s had the
argest number of source trees or because these source
rees were highly congruent (for any of a number of
ossible reasons) and therefore provided a more con-
erted signal to influence the overall supertree. Adding
tudies from either the 1970s or the 1990s increased
isagreement with the supertree to about equal levels.
t is not possible to discern whether the corresponding
hanges in topology are similar, nor to qualify the
mportance of the differences in Fig. 2. However, the
revious section showed that higher groups possessed
slightly lower level of conflict for study date com-

ared to other carnivore taxa and one that was not

Taxon DC

Study size
Otariidae 0.003 0.
Phocidae 0.011 0.
Procyonidae 0.000 0.
Ursidae 0.036 0.
Viverridae 0.029 0.
SE n/a
H (df 5 11) 11.000 11.
P value 0.4433 0.

Date
Canidae 0.019 0.
Felidae 0.041 0.
Herpestidae 0.000 0.
Higher
groups 0.087 0.
Hyaenidae 0.167 0.
Lutrinae 0.155 0.
Mephitinae 0.238 0.
Mustelidae 0.291 0.
Otariidae 0.037 0.
Phocidae 0.023 0.
Procyonidae 0.000 0.
Ursidae 0.012 0.
Viverridae 0.015 0.
SE 0.000–0.124 0.00
H (df 5 12) 21.520 26.
P value 0.0433 0.

Note. Presented as mean values (n 5 the 3 categories, 2 for “
ruskal–Wallis test (H corrected for ties; df 5 degrees of freedom).

asterisk indicates a significant difference among taxa (or categories fo
comparisons).

a All categories differ significantly.
b Morphology and molecules differ significantly.
c Morphology differs significantly from remaining categories.
d Sequence and karyology differ significantly.
e 1970s and 1990s differ significantly.
f 1980s differs significantly from remaining categories.
ignificant as measured by the partition homogeneity
est (Table 4).

As in the previous section, the metrics show good
greement and track each other relatively closely. This is
rue despite dS being on a scale different from those of the

remaining metrics. It consistently possessed the highest
values (unlike in the previous section), rarely dropping
below the maximum of 0.170 obtained by DC, EA, and
the simple incongruence metric (despite the latter being
unbounded above). Values for DC were always less than
or equal to those of EA, while the incongruence metric
could be higher or lower than either.

The inferred sister groups of pinnipeds and red
panda (Fig. 3) also display clear time effects. Both taxa
are inferred to have ursid affinities in the 1990s, but
mustelid affinities in the 1980s. No pattern emerges
from the 1970s, but, due to the distribution of studies,
there is no extended period when studies from this
decade dominate.

Comparison metric

ds DXY

0.182 0.250 (0.226)
0.281 0.083 (0.648)
0.133 0.000 (1.000)
0.400 0.100 (0.398)
0.419 0.333 (0.002*)a

n/a n/a
11.000 11.000

3 0.4433 0.4433

0.355 0.218 (0.001*)e

0.475 0.191 (0.001*)a

0.069 0.247 (0.190)

0.352 0.080 (0.078)
0.667 0.222 (0.264)
0.400 0.269 (0.033)
0.333 0.333 (0.251)
0.341 0.305 (0.001*)f

0.182 0.120 (0.653)
0.354 0.146 (0.371)
0.100 0.000 (1.000)
0.333 0.097 (0.597)
0.312 0.051 (0.843)

.153 0.000–0.333 0.016–0.111
15.664 17.239

4* 0.2071 0.1408

of study”) with ranges of standard errors (SE), and results of a
alues for a partition homogeneity test follow DXY in parentheses. An
e partition homogeneity test) at the 0.05 level (corrected for multiple
EA

266
315
518
214
333
n/a
000
443

574
784
559

116
167
530
357
583
275
261
518
309
347
0–0
097
010

size
P v
r th
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Interestingly, a majority of windows (24 versus 14
for the next largest group) inferred that the red panda
has an ursid sister group, despite the overall supertree
placing it as the sister group to musteloids (mustelids
and procyonids). Bininda-Emonds et al. (1999) noted a
similar discrepancy: although more studies indicated a
red panda–ursid pairing, such a topology was not glo-
bally most parsimonious. However, windows promot-
ing procyonid affinity (1980s) spanned the same period
when resemblance to the supertree is the greatest (Fig.
2). The inferred sister group of pinnipeds was split
about equally between mustelids and ursids. Most win-
dows indicate a monophyletic Pinnipedia; only 6 win-
dows at the interchange of the 1970s and 1980s indi-
cated polyphyly. This accords well with the time of
greatest popularity of the diphyly hypothesis.

DISCUSSION

A consistent picture emerged whereby no large-scale
differences between the supertrees for the different
categories within a variable nor in the level of discor-
dance between categories for the variables themselves
or between different taxa within each variable were
found. The comparatively few significant differences

FIG. 2. Sliding window analysis examining the changes in higher
each window of 15 source trees, supertrees were determined and comp
their Fig. 1).
detected within certain taxa by the partition homoge-
neity test correspond to specific long-standing problem
areas in carnivore systematics. Overall, the lack of
significant differences suggests that we cannot distin-
guish between most estimates of carnivore phylogeny.
The absolute differences that do exist could therefore
be interpreted as random variation around some mea-
sure of central tendency (which is hopefully the true
tree). Similarly, no single advancement in phylogenetic
methodology (i.e., any one variable) stood out as being
more influential than the rest on our phylogenetic in-
ferences. Although these results are strictly applicable
to carnivores only, they are encouraging, particularly
for “total evidence” and supertree construction (sensu

anderson et al., 1998) approaches to combining phy-
logenetic information. Both approaches appear able to
give larger and/or more robust phylogenies, but implic-
itly depend on homogeneity among the different data
sets or source trees (see Bull et al., 1993; Huelsenbeck
et al., 1996).

Much has been written concerning the relative mer-
its or deficiencies of different tree selection criteria (in
particular, cladistics versus any other criterion) or
data sources. For the former, evidence has been mar-
shaled based on philosophical discussions of method-

el carnivore phylogeny over time using four comparison metrics. For
ed to the supertree for higher groups in Bininda-Emonds et al. (1999;
lev
ar
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ological validity (e.g., Cracraft and Helm-Bychowski,
1991; Kluge and Wolf, 1993) or on outcomes of experi-
mental studies involving a known phylogeny or simu-
lations (e.g., Nei, 1991; Hillis et al., 1992, 1994; Hillis
nd Huelsenbeck, 1993; Tateno et al., 1994; Huelsen-
eck, 1995; Siddall, 1998). Although the conclusions so
eached may be valid under the specific conditions in
hich they were obtained, my results indicate that

heir practical manifestations are not easily discern-
ble (see also Charleston et al., 1994). In particular,
ree selection criterion displayed the fewest within-
axon significant differences as measured by the par-
ition homogeneity test (Table 4).

For the latter “conflict” between molecules and mor-
hology, my results reinforce the underpublicized
tatement that morphological and molecular data give
argely concordant results, or at least not any more
ncongruent than studies within each data type (Hillis,
987; Patterson et al., 1993; Smith and Littlewood,
994). The similar metric values for data source and
olecular source in Tables 3 and 4 provide strong

vidence for this latter assertion, as do the similar
umber of significant differences from the partition
omogeneity test (Table 4). Instead, differences be-
ween morphological and molecular data, when they
ccur, often result from different sets of assumptions or
ethods of analysis (Hillis, 1987). Even the celebrated

xample of this conflict within carnivores, that of pin-
iped monophyly versus diphyly, has recently come to

FIG. 3. Sliding window analysis examining changes in the inferr
time. Each window represents a supertree of 15 source trees. Pinnipe
similar conclusion. Historically, most morphological
nd paleontological studies of pinniped evolution favor
diphyletic origin of the group (e.g., Flower, 1869;
cLaren, 1960; Tedford, 1976; de Muizon, 1982),
hereas most molecular studies indicate a monophy-

etic origin (e.g., Sarich, 1969a,b; Arnason, 1974, 1977;
e Jong, 1982; Wayne et al., 1989). However, much of
he conflict derived not from the different data types
er se, but from questions about character applicability
nd inclusion for the morphological data (see Wyss,
988, 1989; and the exchange between Repenning [Re-
enning, 1990] and Berta and Wyss [Berta and Wyss,
990] in particular). Many characters potentially unit-
ng all pinnipeds were often excluded a priori because

they were held to be under similar functional con-
straints due to being aquatic adaptations. The resolu-
tion of this issue has seen numerous morphological
studies supporting a monophyletic Pinnipedia (e.g.,
Wyss, 1987; Flynn et al., 1988; Wyss and Flynn, 1993;

erta and Wyss, 1994; Bininda-Emonds and Russell,
996).
The lack of an absolute reference tree tempers any

tatement as to whether some categories are “better”
han others are; however, the analyses provide indirect
vidence that weakly reject such statements. For vari-
bles with three categories, arguments can be con-
tructed as to why one category might be better or
orse at estimating the one true tree. For instance, the
ore rigorous tree selection criteria for discrete and

sister groups of pinnipeds and the red panda (Ailurus fulgens) over
olyphyly is indicated by the lack of an open square for that window.
ed
d p
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tree than intuitive parsimony. The same might be said
of source trees from the 1990s, given the advancements
in phylogenetic methodology and theory. Therefore,
supertrees for discrete and distance data criteria
should resemble each other more closely than either
does with that from intuitive parsimony, and those
from the 1970s and 1980s should be more dissimilar
than either would be with that of the 1990s (as each
contain at least some signal and thus should resemble
the more accurate 1990s tree to a greater extent). How-
ever, these hypotheses are not borne out. Table 2 re-
veals that the discrete–distance comparison was never
the lowest of the three for any metric and the 1970s–
1980s comparison showed no consistent pattern. The
more rigorous partition homogeneity test also failed to
support these hypotheses (see Table 4).

The comparison metrics used herein showed remark-
able concordance despite their different properties.
Methodologically, the metrics could be differentiated
by the level at which they measure incongruence (i.e.,
“raw data” or tree topologies). One might expect data
comparison metrics (DXY and the simple incongruence
metric) to produce answers different from those of tree
comparison metrics (DC, EA, and dS), given that no
linear correspondence has been established between
patterns of data set incongruence and patterns of dif-
ferences in the resultant topologies. Highly congruent
data sets should produce similar trees, but the reverse
does not automatically follow. Depending on the
amount, direction, and distribution of conflict, incon-
gruent data sets could still yield similar trees (e.g., if
the incongruence was relatively rare, randomly distrib-
uted, or confined to homoplastic characters). Even
large amounts of incongruence could be tolerated so
long as the signal-producing characters within the data
sets were congruent.

Although this study does not rigorously examine the
point, it appears that data set incongruence does trans-
late monotonically to differences in tree topologies.
Both DXY and the simple incongruence metric track the
tree comparison metrics relatively closely through a
wide range of apparent incongruence (Tables 2–4, Fig.
2). Thus, tree comparison metrics may provide a quick
estimate of the incongruence between partitions of raw
data, a finding with important practical implications
given that they are generally more accessible than data
comparison metrics. However, this inference requires
confirmation and is tempered by the directionless as-
pect of all four metrics: they merely indicate the mag-
nitude of the difference, not the direction in which it
lies. Thus, two solutions can be equally different com-
pared to some reference point, but very different from
one another (within the limits of the triangle inequal-
ity). Similarly, it does not follow that two data sets that
are incongruent in a certain manner will produce trees
that differ from one another along an analogous direc-
tree space and the incongruence between data sets
makes it unlikely that a comparison metric will ever be
developed that incorporates directional information.
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Farris, J. S., Källersjö, M., Kluge, A. G., and Bult, C. (1994). Testing
significance of incongruence. Cladistics 10: 315–319.

Farris, J. S., Kluge, A. G., and Eckhardt, M. J. (1970). A numerical
approach to phylogenetic systematics. Syst. Zool. 19: 172–191.

Flower, W. H. (1869). On the value of characters of the base of the
cranium in the classification of the order Carnivora, and on the
systematic position of Bassaris and other disputed forms. Proc.
Zool. Soc. Lond. 1869: 4–37.

Flynn, J. J., Neff, N. A., and Tedford, R. H. (1988). Phylogeny of the
Carnivora. In “The Phylogeny and Classification of the Tetrapods.”
Vol. 2—“Mammals” (M. J. Benton, Ed.), pp. 73–116. Clarendon,
Oxford.

Goodman, M. (1989). Emerging alliance of phylogenetic systematics
and molecular biology: A new age of exploration. In “The Hierarchy
of Life” (B. Fernholm, K. Bremer, and H. Jörnvall, Eds.),
pp. 43–61. Excerpta Medica, Amsterdam.

Graur, D. (1993). Molecular phylogeny and the higher classification
of eutherian mammals. Trends Ecol. Evol. 8: 141–147.

Gregory, W. K., and Hellman, M. (1939). On the evolution and major
classification of the civets (Viverridae) and allied fossil and recent
Carnivora: A phylogenetic study of the skull and dentition. Proc.
Am. Philos. Soc. 81: 309–392.

Hendy, M. D., and Penny, D. (1982). Branch and bound algorithms to
determine minimal evolutionary trees. Math. Biosci. 59: 277–290.

Hillis, D. M. (1987). Molecular versus morphological approaches to
systematics. Annu. Rev. Ecol. Syst. 18: 23–42.

Hillis, D. M. (1996). Inferring complex phylogenies. Nature 383:
130–131.
Hillis, D. M., Bull, J. J., White, E. M., Badgett, M. R., and Molineux,
I. J. (1992). Experimental phylogenetics: Generation of a known
phylogeny. Science 255: 589–592.

Hillis, D. M., and Huelsenbeck, J. P. (1993). Success of phylogenetic
methods in the four-taxon case. Syst. Biol. 42: 247–264.

Hillis, D. M., Huelsenbeck, J. P., and Cunningham, C. W. (1994).
Application and accuracy of molecular phylogenies. Science 264:
671–677.

Huelsenbeck, J. P. (1995). Performance of phylogenetic methods in
simulation. Syst. Biol. 44: 17–48.

Huelsenbeck, J. P., Bull, J. J., and Cunningham, C. W. (1996).
Combining data in phylogenetic analysis. Trends Ecol. Evol. 11:
152–158.

Hull, D. L. (1980). “Science as a Process,” Univ. of Chicago Press,
Chicago.
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