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Abstract When phylogenetic trees constructed from morphological and molecular

evidence disagree (i.e. are incongruent) it has been suggested that the differences

are spurious or that the molecular results should be preferred a priori. Comparing

trees can increase confidence (congruence), or demonstrate that at least one tree is

incorrect (incongruence). Statistical analyses of 181 molecular and 49 morpholog-

ical trees shows that incongruence is greater between than within the morphological

and molecular partitions, and this difference is significant for the molecular parti-

tion. Because the level of incongruence between a pair of trees gives a minimum

bound on how much error is present in the two trees, our results indicate that the

level of error may be underestimated by congruence within partitions. Thus com-

parisons between morphological and molecular trees are particularly useful for

detecting this incongruence (spurious or otherwise). Molecular trees have higher

average congruence than morphological trees, but the difference is not significant,

and both within- and between-partition incongruence is much lower than expected

by chance alone. Our results suggest that both molecular and morphological trees

are, in general, useful approximations of a common underlying phylogeny and thus,

when molecules and morphology clash, molecular phylogenies should not be con-

sidered more reliable a priori.
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1 Introduction

For most of its history phylogenetics has depended primarily upon morphological

data. Apart from a few rare cases (e.g. Yang et al. 1996) the study of extinct species

is still the realm of morphology. However, since Zuckerkandl and Pauling’s (1965)

intuition that molecules may document evolutionary history, protein and DNA

sequences (‘molecular data’) have been increasingly used to investigate the

phylogeny and divergence times of extant organisms (Pagel 1999).

The remarkable growth of molecular phylogenetics (Pagel, 1999) has been

accompanied by sometimes acrimonious debate on the relative utility of molecular

and morphological data (Gura 2000). Fuelled by observations that molecular and

morphological phylogenies often seem to be at odds with each other, this debate

continues to produce very disparate opinions; compare Scotland et al. (2003) with

both Jenner (2004) and Wiens (2004), or Benton (1999) with Easteal (1999). It

continues partly because we do not know what proportion of alternative molecular

and morphological trees are incongruent and to what extent any incongruence is

spurious or real (see also Scotland et al. 2003). With the single notable exception of

Bledsoe and Raikow (1990), who performed a statistical analysis of the congruence

of a total of 48 (mostly molecular) trees, all studies of the congruence of molecules

and morphology have focussed on only one or a few case studies (see Hillis and

Wiens 2000 for a recent survey). While case studies have yielded important insights,

they may lack generality, and sometimes have further inflamed debate; compare for

example Lee (1997) with Hedges and Maxson (1996, 1997)).

We performed the largest survey to date of the congruence of molecular and

morphological phylogenies. Essentially we use tree-to-tree distance metrics to

quantify the incongruence between pairs of trees (see Sect. 2), with the aims of

evaluating (I) whether molecular and morphological trees are significantly

incongruent, and (II) whether there is empirical evidence suggesting greater utility

of one data type over the other.

2 Materials and Methods

2.1 The Data Base

For three groups of amniotes, mammals, birds, and turtles, phylogenetic trees were

culled from the literature using key word searches of Web of Science (http://

wos.mimas.ac.uk/) over the whole time span covered at the time this study was

initiated (1981–2001) and by manual searching of selected journals (Systematic
Biology, Molecular Biology and Evolution, Molecular Phylogenetics and Evolution,

The Auk, Journal of Molecular Evolution, and the Zoological Journal of the
Linnaean Society). All publications that were likely to include a phylogenetic tree

were examined, and the bibliographies of the retained articles (those presenting one
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or more phylogenetic trees) were screened for additional trees. Trees were retained

irrespective of the phylogenetic method used to derive them. Where different trees

were inferred using different methods each was retained. For studies that yielded

multiple equally optimal trees we used a published consensus if available.

Otherwise we used RadCon (Thorley and Page 2000) to compute the strict reduced

consensus tree (Wilkinson 1994) with the highest cladistic information content

(Thorley et al. 1998). We used consensus trees as a proxy for the (often unavailable)

optimal trees that they represent and the reduced consensus to minimize number of

polytomies (which flatten tree-to-tree distances) in the consensus. Trees were stored

in separate files.

The collected trees were partitioned into subsets that overlapped in their included

taxa. Trees sometimes differed in the Linnean rank of the included taxa and

sometimes employed different taxa (e.g. genera) as representatives of a common

higher rank taxon (e.g. family). To facilitate tree-to-tree comparisons the leaf

labeling of the trees within each profile was homogenised to include only genera, or,

more rarely, families. Family to genus transformations were carried out by replacing

families with a polytomy subtending all the genera that are present in the other trees

of the same profile and considered members of the family. Genus to family

transformations were also performed, and where there was a lack of general

agreement among authors, assignment to family followed electronic taxonomy

databases. Mammals were homogenised with reference to the Smithsonian National

Museum of Natural History, Mammal Species of the World Database (MSW

database; http://www.nmnh.si.edu/msw), and birds were homogenized with refer-

ence to the Field Museum Birds Collection Database (http://fm1.fieldmuseum.org/

collections/search.cgi?dest = birds). The resulting data base contained 230 (49

morphological and 181 molecular) trees permitting some 929 and 879 potentially

meaningful pairwise comparisons of overlapping trees in the rooted and unrooted

cases respectively (see below). References for the original articles where the trees

used in this study were published can be downloaded (Table S1) from the web site:

http://www.bmnh.org/*mw/Data/.

2.2 Tree Distance Metrics

Incongruence between trees was estimated as their tree-to-tree distance, using three

tree distance metrics: Partition Metric (PM; Robinson and Foulds 1981) which is the

symmetric difference on full splits (bipartitions of the full leaf set), and the quartet

and triplet Do not Conflict (DCq, and DCt; Estabrook et al. 1985; Critchlow et al.

1996) which are the number of quartets (subtrees on four leaves) and triplets (a

quartet in which one leaf is the root) that are resolved and different respectively.

DCt and DCq differ in treating the trees as rooted or unrooted respectively and

comparing them informs on the impact of rooting upon congruence. Each full split

in a tree entails a set of triplets/quartets and two trees that do not share any full splits

may share some triplets/quartets. As a consequence, triplet and quartet based

metrics have a greater range than full split based metrics like PM, and trees that are

maximally distant using PM can still be discerned and ranked using DCt and DCq

(Day 1983). All overlapping pairs of trees were compared and in cases where two
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trees only partially overlapped, the trees were pruned and only the subtrees induced

by the shared taxa were compared. Tree to tree distances for all possible pairwise

comparison between the trees in our data set can be downloaded (Table S2) from the

web site: http://www.bmnh.org/*mw/Data/.

To avoid problems due to data non-independence, not all distances in Table S2

were used for statistical analyses (see below the ‘‘Data Selection and Statistical
Analyses’’ section for details). All tree-to-tree distances were calculated using

Component Lite (Page 1997) and were normalised to allow meaningful comparison

of results for differently sized leaf sets. For each metric considered, regression

analysis was performed on the normalized tree-to-tree distances to evaluate whether

the number of taxa in the compared trees was influencing their incongruence (results

not shown; but see Pisani 2002). These analyses demonstrated that the normalised

tree-to-tree distances were independent of the number of taxa (i.e. the cardinality) of

the compared trees and thus the existence of a possible ‘‘cardinality effect’’ on the

congruence of the pairwise compared trees was ruled out and not considered further.

2.3 Classes of Data

Tree-to-tree distances were classified according to the data underpinning the

compared trees, methods of analyses and date of publication as follows. With trees

inferred from either molecules (M) or morphology (m) there are three categories for

distances between two molecular trees (MM), two morphological trees (mm), and a

molecular and a morphological tree (Mm). Some data, e.g. caryological, can be

considered either molecular or morphological. Here the very few (see Table S2)

caryological and behavioural data sets considered were assumed to be molecular and

morphological respectively. Alg and Opt distances are those between pairs of trees

obtained using an algorithmic clustering method (e.g. UPGMA and Neighbor Joining)

or an optimality criterion based method (sensu Swofford et al. 1996; e.g. Maximum

Parsimony, Maximum Likelihood and Minimum Evolution) respectively. Lastly,

Post 95 distances are those from pairs of trees published from 1995 onwards. This is an

arbitrary temporal division of the data, and was chosen because 1995 has a special

relevance in the history of molecular biology, marking the release of the first complete

genomic sequence (Fleishmann et al. 1995) and the beginning of the ‘‘genomic era’’.

2.4 Data Selection and Statistical Analyses

Not all the inferred tree-to-tree distances (Table S2) are independent (see also

above). Non-independence arises when (i) trees are inferred from the same data with

multiple methods, (ii) trees are inferred from overlapping data (e.g. separate and

combined analyses of partitions or a historical sequence in which data is expanded

through addition of taxa or characters) and (iii) a single tree contributes to multiple

tree-to tree distances. To avoid non-independence in our statistical analyses, we (i)

excluded any distances between trees inferred from identical data, (ii) used only the

tree-to-tree distances based on the most inclusive of any overlapping data sets, and

(iii) randomly selected a single tree-to-tree distance from those involving the same

tree. Further, for comparisons involving a single (e.g. morphological) tree to mutiple
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(e.g. molecular) trees that were inferred from the same data, we used an average

tree-to-tree distance.

For each data class, several transformations to normalise their distribution and

homogenise their variances were attempted, and, in general, the best results were

obtained using the square root transformation. However, data normalisation and

homogenisation of variances could not always be achieved, and thus non-parametric

statistical methods: the U Test of Mann–Whitney (Sokal and Rohlf 1995), the

Kruskal–Wallis test (Sokal and Rohlf 1995; Siegel and Castellan 1989) and non-

parametric multiple comparisons (Siegel and Castellan 1989) were used to test for

significant differences in the congruence of various data partitions. This is an

important departure from Bledsoe and Raikow (1990), which performed only

limited non-parametric statistical analyses, and based their main conclusions from

the results they obtained from standard ANOVA although their data violated its

normality and homoscedasticity assumptions (Bledsoe, personal communication).

All statistical analyses were performed using the statistical data analysis software

‘‘R’’ (www.r-project.org/).

A first analysis investigated the potential impact of method of analysis upon

congruence. The distribution of the pairwise tree-to-tree distances within the Alg and

Opt classes was investigated generating a boxplot representation of the data, and the

Mann–Whitney U test was used to test the null hypothesis that the median (h) Alg

distance (h-Alg) and the median Opt distance (h-Opt) are not significantly different

(H0: h-Alg = h-Opt). Rejection of the null hypothesis would imply that the method of

analysis used to recover the compared trees significantly affected their congruence.

Congruence of molecular and morphological trees was investigated by generating

a boxplot representation of the distances within the three defined groups (MM, Mm,

and mm). The Kruskal–Wallis test was used to test the null hypothesis of no

significant differences between the median distances of the three groups (H0:

h-MM = h-Mm = h-mm). Because this test cannot distinguish which, if any, are the

significantly different medians, non-parametric multiple comparisons (Siegel and

Castellan 1989) were performed to test for significant differences between the

medians of each pair of these groups: (1) H0: h-MM = h-Mm, (2) H0: h-mm = h-Mm,

and (3) H0: h-MM = h-mm. For the distances in the Mm class to be significantly

different from those in the MM and/or mm classes, i.e. for molecular and

morphological trees to be significantly incongruent, the first and/or the second null

hypotheses must be rejected. Rejection of the third null hypothesis would indicate that

the molecular trees are significantly more similar to each other than morphological

trees or vice versa. Parallel analyses were performed using only (i) Opt class distances

in order to exclude any possible effect of the use of algorithmic clustering methods

upon congruence and (ii) Post -95 Opt class distances to investigate whether changes

in phylogenetics during the 21 year window we have studied affect congruence.

3 Results and Discussion

The boxplot representation of the data partitioned according to the method of

analysis (i.e. the distribution of the distances within the Alg and Opt classes)
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showed that trees obtained using optimality criteria were generally more similar to

each other than are trees obtained using algorithmic methods (Fig. 1) when tree-to-

tree distances were calculated using PM and DCt. The superiority of optimality

criterion-based methods over clustering methods has been claimed (Swofford et al.

1996; Huelsenbeck and Hillis 1994), but is not universally accepted (Nei et al.

1998). Accepting congruence as evidence of accuracy (Miyamoto and Fitch 1995),

our results suggest that optimality-based methods slightly outperform algorithmic

clustering methods. However, assessed using the U test, the difference between the

medians of the two groups (h-Opt and h-Alg) is not statistically significant

(Table 1). In addition, no such difference is apparent using DCq (which treats trees

as unrooted), suggesting that the incongruence revealed by the other measures may

be due to incorrect rooting. Some clustering methods (e.g. UPGMA) root trees

under dubious assumptions of rate homogeneity which we suspect may have inflated

average incongruence in the Alg data when comparisons are of rooted trees (PM and

DCt). In summary, the effect of method of analysis seems marginal, and more likely

to impact upon congruence in rooted than in unrooted trees.

Comparing the congruence of the molecular and morphological phylogenies, the

boxplot representation Fig. 2A) shows the h-Mm distance is larger then both the h-
MM and h-mm distances, that is, between partition incongruence is greater than

within partition incongruence. Additionally, incongruence appears greater for

morphological than for molecular data (h-MM < h-mm). The Kruskal–Wallis test

shows the difference among all combinations of pairs of molecular and morpho-

logical trees (MM, Mm and mm) to be significant for all the three tree metrics

considered (Table 2, Fig. 2A). These results hold also using Opt and post-95 Opt

class distances (see Tables 2 and 3, Fig. 2B), and removing the pre-1995 trees did

not result in an increase in the similarity of the compared molecular trees that might

have been anticipated as a result of methodological advances (see Fig. 3). Non-

parametric multiple comparisons (Table 3) showed h-Mm to be significantly

different (see also Fig. 2) from h-MM for all considered distances and subsets of the

data. Only with the most inclusive data is the difference between h-Mm and h-mm
also significant (for PM and DCt but not for DCq, see Table 3)—a possible effect of

incorrect rooting when trees inferred using clustering methods are included.

In their review, Hillis and Wiens (2000) suggested that much incongruence

between morphological and molecular phylogenies may be spurious, reflecting

incorrect rooting, poor choice of phylogenetic method, or conflict among only

poorly supported relationships. Our results suggest that rooting has a marginal effect

on incongruence in association with the use of algorithmic clustering methods. We

also expect the inclusion of poorly supported relationships (noise) to increase

incongruence. However, the combined results of the Kruskal–Wallis tests and of the

non-parametric multiple comparisons show that the pairs of molecular and

morphological phylogenies are significantly more incongruent than pairs of

alternative molecular phylogenies, a pattern we would not expect if all incongruence

were the result of randomly distributed noise. Either poorly supported relationships

are non-randomly distributed with respect to data type or not all incongruence is due

to poorly supported relationships. Morphological trees are much more similar to

each other than they are to alternative molecular trees and less similar than pairs of
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molecular trees but the differences are not significant. This lack of significance

might reflect a lack of statistical power due to the smaller sample size for mm

distances, a consequence of our attempt to compare only trees inferred from

independent data. However, the very high P-values (mostly unity) for the null

hypothesis that h-mm = h-MM suggest that this result may be unlikely to change

with any additional sampling. All the median distances for the metrics considered,

including those between morphological and molecular trees, are much lower than

expected for pairs of random trees (see Fig. 2). This general non-random

congruence of pairs of trees, including molecular and morphological trees, suggests

both data types usefully approximate the same underlying species tree (see also

Penny et al. 1991).

Fig. 1 Boxplot representation of the tree-to-tree distances within the Alg and Opt classes for all three
metrics considered (PM, DCq, DCt). The boxes represent the values included between the lower and
upper quartiles, with the medians (h-Alg and h-Opt) splitting the respective boxes in two. The whiskers
extend to more extreme values (1.5 times the interquartile range from the box). Full circles represent
outliers. This figure shows that trees obtained using methods based on the use of an optimality criterion
are more congruent with each other then trees obtained using an algorithmic method, suggesting
optimality criterion based methods tend to be more accurate. However, the difference between distances
in the two classes is not critical. This is true for all the metrics considered (see also Table 1 )

Table 1 Probabilities and results of the Mann–Whitney U test

Tree distance metric

PM DCt DCq

Probability 0.05596 0.1670 0.1102

U 31670 25967.5 21597.5

This test was used to evaluate whether h-Alg and h-Opt were significantly different. Results are clearly

not significant for DCq and DCt, but they are nearly significant for PM (PPM*0.05). See Sect. 2 for

abbreviations
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Fig. 2 Boxplot representation of the tree-to-tree distances in (a) the Full data set and (b) the Post-1995
data set. All the distances within the MM, Mm, and mm classes, for all three metrics considered (PM,
DCq, DCt) are represented. The figure shows the Mm distances are higher than the MM and mm
distances. That is, molecular and morphological phylogenies are incongruent (see also Table 2).
Furthermore, h-MM and h-mm are very similar for all the metrics considered (see also Table 2 and text).
Note also that within each of the considered classes (MM, Mm and mm) the compared trees were more
similar to each other than random trees are expected to be. For example, two random trees are expected to
have normalized DCq and DCt distance d = 0.667, i.e. even if incongruent molecular and morphological
trees are still useful approximations of the same, underlying, unknown tree
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But why do molecular trees seem to be more similar to other molecular trees and

morphological trees to other morphological trees than they are to each other?

Clearly, some of this congruence is spurious and must result from some non-

independence of alternative morphological and/or alternative molecular trees. The

possibility of an historical burden affecting morphological phylogenies so that pre-

existing phylogenetic theories affect the construction of new morphological

characters has been discussed in the literature (e.g. Lee 1995; Rieppel and Kearney

2002; Harris et al. 2007). This may contribute to and inflate the congruence of

Fig. 3 Boxplot representation of the distances in the MM class in the Opt and Post- 95 data sets (see also
Fig. 1 and 2 for details). The boxes represent the values included between the lower and upper quartiles,
with the medians (h-MM) splitting the respective boxes in two. The whiskers extend to more extreme
values (1.5 times the interquartile range from the box). Full circles represent outliers. This figure clearly
shows that, for all the three distance metrics, if only comparisons between optimality based trees are
considered, no significant increase in congruence can be observed when trees published before 1995 are
excluded from the analysis

Table 3 Probabilities and results of the non-parametric multiple comparisons

Hypothesis tested Tree distance metric

Opt and Alg Class Data Opt-Class Data Post-95 Opt-Class Data

PM DCt DCq PM DCt DCq PM DCt DCq

h-MM = h-Mm 0.00003 0.000001 0.0012 0.0012 0.0006 0.00001 0.004 0.0012 0.00013

h-mm = h-Mm 0.05 0.04 0.08 0.09 0.15 0.11 0.1 0.16 0.15

h-MM = h-mm 1 1 1 1 1 0.78 1 1 0.92

The results of these comparisons show h-Mm to be significantly different than h-MM, that is, molecular

and morphological trees are significantly incongruent. They also show that h-MM and h-mm are not

significantly different, see also Fig. 1 and Table 2
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morphological trees. For molecular data, systematic errors resulting from, for

example, long-branch attraction (Pisani 2004), patterns of codon usage, and base

composition biases (Swofford et al. 1996) may affect different genes, sometime all

the genes, of a given taxon (Driskell et al. 2004). This could potentially result in

similarly incorrect, incompletely independent molecular trees, artificially inflating

their congruence.

Scotland et al. (2003) argued that the superiority of molecules over morphology

warrants concentrating on molecular phylogenetics and limiting the role of

morphology in phylogenetic reconstruction. While our data are consistent with

the superiority of molecules over morphology, our results do not support the view

that morphological data are of insufficient utility to grant an independent role to

morphological phylogenetics. To the contrary, the ability of comparisons between

morphological and molecular trees to detect incongruence (and thus error) that

would not be apparent from comparisons of trees inferred from molecular data only

underlines the utility of such comparisons, for which both types of data are

necessary.

Our inferences are not without substantial caveats. More powerful inferences

would be possible with an increased sample size. Ideally, we would like to take

differential support into account to determine if there is any relationship between

patterns of incongruence and support, but here we have focussed only upon the

nature of the principal signal (sensu Pisani and Wilkinson 2002) rather than its

strength because information about levels of support was not reported for all the

trees we used. Most importantly our conclusions are based on studies of amniotic

vertebrates, which have relatively accessible, complex and potentially information

rich morphologies. Obviously, where there is little morphology or it is relatively

inaccessible, morphological data will be less important.

4 Conclusions

Bledsoe and Raikow (1990) performed the first statistical test of the congruence of

molecular and morphological trees. Although they relied on a much smaller data set,

their results were similar to those reported here in highlighting greater congruence

between molecular trees than between molecular and morphological trees.

However, this difference was not statistically significant, due perhaps to a lack of

statistical power (their database included only 48, mostly molecular, trees) and

inadequate statistical analyses. Here we build on Bledsoe and Raikow (1990)

pioneering approach. Although still rather limited, our larger sample size and the

use of non-parametric statistics reveal a significant difference in the congruence of

molecular and morphological trees. In particular molecular trees are significantly

more congruent than are molecular and morphological trees. Comparison of

morphological and molecular trees is thus a good way to discover incongruence that

may not be apparent using only one kind of data, but which is usefully diagnostic of

non-independence and spurious congruence in molecular and/or morphological trees

and data.
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