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A B ST R A CT 

The use of genetic data to reconstruct systematic relationships has revolutionized our understanding of avian evolution. Morphology-based 
classifications were often in conflict because of different opinions among scholars about the relative importance of certain phenotypes. The 
considerable morphological variation observed among birds was codified into phylogenetic characters by Livezey and Zusi (2006) who also 
scored them for 150 extinct and extant taxa. Herein we have evaluated the phylogenetic signal of 1860 of these characters by mapping them to a 
molecular phylogeny including 102 taxa that represent all extant birds (with the underlying assumption that this tree topology is a good estimate 
of the evolutionary relationships among birds). The characters fit the molecular tree with a mean consistency index (CI) of 0.38. Muscle char-
acters are the most homoplasious (CI 0.32), while characters related to integument, feathers, intestinal, respiratory, syrinx, urogenital, nervous, 
and reproductive organs show a considerably better fit (mean CI 0.49). We also explored what characters may unambiguously support certain 
basal clades that are well-supported by molecular data. We found only a few clades (e.g. Galloanserae, Procellariimorphae) being supported by 
unambiguous apomorphies, while many well-established clades (e.g. Pelecaniformes, Charadriiformes, Accipitriformes, Coraciiformes) lack 
such support entirely.

Keywords: morphology; convergent evolution; homoplasy; birds; higher-level systematics

I N T RO D U CT I O N
Early classifications of birds into ‘natural’ groups long relied on 
differences in their external anatomy, and characters related to 
their style of feeding or locomotion were considered particularly 
important. In the 19th century, these ‘beak-and-feet’ classifica-
tions were gradually replaced by studies of various aspects of 
the internal morphology, and considerable attention was given 
to, for example, osteology, myology, tendons, and intestines. 
Impressively ambitious studies by Max Fürbringer, Alfred Henry 
Garrod, Hans Gadow, and several others resulted in a wealth of 
anatomical information, but also in a growing realization that the 
morphology, to a large degree, carried contradictory informa-
tion about systematic relationships. This sparked considerable 
debate about what kind of characters provide the most reliable 
evidence for a shared ancestry between groups of birds. Towards 
the end of the 19th century, along with the growing acceptance 

of evolutionary theory, these discussions often focused on how 
to distinguish advanced (‘derived’) characters from primitive 
(reptile-like) ones. Based upon individual judgments by the 
systematists, several different hierarchical classifications were 
proposed to best reflect the evolution of birds. A major concern 
for all systematists was that the large amount of conflicting data 
could not easily be translated into logical arrangements using pen 
and paper (this of course became easier with the development of 
computers during the last decades of the 20th century). At that 
point in time the confidence in the different classifications relied 
heavily on the authority of the scholar who had proposed it.

Of particular importance to the use of morphological data in 
systematics is the scientific battle concerning philosophical prin-
ciples and analytical methods that began with a publication by 
Willi Hennig (1950). According to Hennig, all relationships be-
tween taxa must be based on derived (homologous) characters, 
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since convergently evolved (analogous) characters bear no infor-
mation relevant for systematic inference. While the importance 
of derived characters had long been realized, Hennig (1950) de-
veloped the theory behind it and formalized the principles of the 
new methodology, which was named ‘cladistics’. However, the 
cladistic method did not solve the problem of conflicting char-
acters in practice; the problem of separating homologous char-
acters from analogous remained. A practical solution was offered 
by the introduction of the principle of maximum parsimony, i.e. 
the idea that the most probable phylogenetic hypothesis is the 
one that requires the smallest number of ad hoc explanations 
(Kluge and Farris 1969, Farris 1970, Fitch 1971). In reality, this 
meant that one should count the number of times each character 
has changed from one state to another in the tree and sum up 
this for all characters. The phylogeny that requires the smallest 
total number of character state transformations provides the 
most parsimonious explanation of the observed data. The idea 
of using maximum parsimony to discriminate between alter-
native phylogenetic hypotheses stirred up enormous scientific 
debate over several decades (cf. Hull 1988). In ornithology, the 
debate was fierce and compounded by early studies that aimed at 
demonstrating the usefulness of cladistics methods in avian sys-
tematics utilized poorly chosen characters, leading to spurious 
relationships that were easy to ridicule (cf. Olson 1982). What 
plagued these studies were questionable assumptions about the 
homology of both the included morphological characters and 
the different character states identified. To some researchers 
the answer to the dilemma of uncertain homologies was to add 
more characters. The underlying assumption was that the infor-
mation from the non-homologous (homoplastic) characters 
would produce a random noise and that the phylogenetic signal 
would be discernible if only enough characters were included in 
the analysis (Kluge 1989, see also Rieppel 2005). A benefit of 
this approach is that it does not require ensuring the homology 
of each character by the use of embryology or other (tedious) 
methods.

The use of molecular sequence data for phylogenetic inference 
has been dominating phylogenetic research since the mid-1990s, 
when researchers could abandon the laborious methods based 
of chromatography to obtain DNA sequences, and instead gen-
erate these data using PCR amplification and Sanger sequencing. 
In the early days of DNA-based systematics, the sequence data 
was produced mostly by people more knowledgeable about gen-
etic methods than organismal systematics. At that time, most 
molecular datasets consisted of only one or a few mitochondrial 
markers. Even then, there were complaints among morpho-
logical systematists that the molecular datasets would ‘swamp’ 
most morphological datasets available for the same group of 
taxa. It felt genuinely unfair that years of work to identify hom-
ologous and systematically meaningful morphological charac-
ters resulted in a dataset that was many times smaller than the 
potentially informative nucleotides in an alignment of a single 
mitochondrial gene. The sentiment especially among morphol-
ogists was then that one should produce separate phylogenetic 
trees from the molecular and morphological data, respectively, 
and then search for congruence between them (Nixon and 
Carpenter 1996). Later on, it became more common to com-
bine the two categories of data into a single dataset (Gatesy 
and Arctander 2000, Murrell et al. 2001, Gatesy et al. 2003), 

especially after several studies had shown that morphological 
datasets may contain more phylogenetic signal per character 
and thus prevail also in much larger molecular datasets (e.g. 
Baker et al. 1998). The latter observations highlighted the fact 
that homoplasy might be a considerable problem also in certain 
molecular datasets, especially when using mitochondrial data to 
infer relationships of taxa that split many tens of million years 
ago. However, as more and more nuclear markers were used for 
phylogenetic inference there was a growing feeling that these 
different molecular datasets produced largely congruent results 
(Wortley and Scotland 2006). Today, phylogenetic hypotheses 
in ornithology rely almost entirely on molecular data and there is 
a wide consensus about the major patterns of avian relationships.

In the late 1990s, when molecular datasets used to estimate 
bird relationships still mostly consisted of only a few mitochon-
drial and nuclear markers, it became clear that these would not 
be able to resolve the avian tree of life. There was also a feeling 
that the vast information from morphology and behavioural vari-
ation was poorly utilized in systematics and if only evaluated in 
a consistent manner and analysed with cladistic methods, these 
data had potential to increase the understanding of avian rela-
tionships. This led avian anatomists Richard L. Zusi and Bradley 
C. Livezey to undertake a multi-year, morphologically-based 
phylogenetic study of modern birds (Neornithes), which even-
tually also received financial support from the National Science 
Foundation in the USA (Livezey and Zusi 2001). The rationale 
for this was that they ‘believed that comparative anatomy de-
serves a multisystemic, uniformly characterized, and taxonom-
ically inclusive assessment to provide balance to the enthusiasm 
and widespread resources being bestowed upon molecular 
techniques’ (Livezey and Zusi 2006: p.2). Their work resulted 
in two major publications, one that constituted a detailed de-
scription of the 2954 morphological (2451 osteological, 256 
myological, and 247 miscellaneous) characters identified by the 
authors (Livezey and Zusi 2006), and other in which these char-
acters were analysed phylogenetically (Livezey and Zusi 2007). 
Together, these publications constitute a major contribution to 
the knowledge about primarily morphological variation in birds. 
The importance of this work is vast, but its impact on the under-
standing of the higher-level relationships (orders and families) 
in birds did not become as prominent as hoped for (e.g. Mayr 
2008). The main reason is that the study was published at a time 
when nuclear DNA had begun to produce novel and often highly 
unexpected phylogenetic hypotheses about modern birds. Based 
on the distribution of insertions in an intron of the nuclear beta-
fibrinogen gene, Fain and Houde (2004) suggested a deep split 
within Neoaves, although the most other parts of the phylogeny 
were left unresolved. Ericson et al. (2006) augmented the dataset 
with four other nuclear genes and could present the first well-
supported molecular phylogeny of Neoaves. Many relationships 
in that study were highly unexpected, but the results were later 
corroborated by analyses of increasingly more data (Hackett et 
al. 2008, McCormack et al. 2013, Jarvis et al. 2014, Prum et al. 
2015). Today, the major patterns of higher-level relationships in 
birds are considered as well resolved. The fact that many of the re-
lationships suggested based on the morphological data (Livezey 
and Zusi 2007) differ dramatically from those based on a wealth 
of molecular information, has strengthened the opinion that the 
morphological dataset of Livezey and Zusi suffers from a high 

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/advance-article/doi/10.1093/biolinnean/blae070/7739876 by N

ational Science & Technology Library user on 06 Septem
ber 2024



Usefulness of morphological characters to infer higher-level relationships in birds  •  3

degree of homoplasy. Nevertheless, this dataset surely consists 
also of many characters for which the homology assumptions 
are correct, and one way to identify these is to map the charac-
ters to a tree assumed to be an appropriate representation of our 
current understanding of the phylogenetic relationships among 
birds. By this, we may be able to evaluate not only the proposed 
homology of individual characters and character states, but also 
to investigate if any part of the avian morphology is especially 
prone to convergent evolution. Besides overall assessments, we 
studied this in the different categories of data (osteological, myo-
logical, integumental, etc.), as well as in subsets thereof. Herein 
we use this strategy, the principle of ‘reciprocal illumination’ 
(Hennig 1950, 1966), to analyse how the degree of homoplasy 
varies among categories of characters and taxonomic groups. It 
should be mentioned that we herein use the term homoplasy 
(and non-homologous) to denote similar morphologies that are 
not inherited from their nearest ancestor of the taxa in which it 
has been observed. We do not here discriminate between those 
convergently evolved morphologies that have a common genetic 
base [Hennig (1966) coined the term ‘homoiology’ for this] and 
those that are genetically independent.

Morphology would doubtless contribute important infor-
mation if the homologies were known. For example, it has been 
shown that adding morphological characters to a molecular 
dataset increases the support for most clades in a phylogenetic 
tree of mammals (Lee and Camens 2009). To evaluate if adding 
morphological characters to a molecular dataset improves the 
results also in analyses of higher-level relationships in birds, we 
re-ran the analysis after adding those of the Livezey and Zusi 
(2006) morphological characters that had the best fit to the 
‘Prum tree’ to another, independent molecular dataset.

Taxonomic identifications of fossils are based on morphology 
and it is commonly agreed (e.g. Patterson 1981, Mayr 2017) 
that hypotheses about the systematic relationships of fossils 
should be based on apomorphies (derived characters that are 
shared with other taxa). Only taxonomically properly placed 
fossils are useful for calibration of evolutionary time-trees etc. 
(e.g. Magallón 2004, Parham et al. 2012), and correct assess-
ments of homologies and distributions across taxa are impera-
tive for this. Thus, the identification by Livezey and Zusi (2006) 
of 2954 morphological characters represents a major source of 
information that is potentially useful for this purpose. Suits of 
apomorphic characters may also serve to define higher-level 
clades of birds, which is of special interest when assigning fossils 
to modern groups. Herein we aim to identify such characters for 
several major taxonomic groups in the molecular tree.

M AT E R I A L  A N D  M ET H O D S

Morphological characters, phylogenetic hypotheses, and tree 
statistics

As a molecular-based hypothesis of the evolutionary relation-
ships of birds, we used the tree in Prum et al. (2015: fig. 1) based 
on the analysis of a 300 kb alignment obtained from 259 nu-
clear loci. This tree was trimmed down to include 102 species 
representing 99 families for which morphological information 
is available in Livezey and Zusi (2006). The resulting tree (Fig. 
1A) is here called the ‘Prum tree’. We then mapped the 2954 
characters published by Livezey and Zusi (2006) individually 

to this phylogenetic tree. For each character, we estimated how 
well it fits to the ‘Prum tree’ by calculating the consistency index 
(CI), retention index (RI), and rescaled consistency index (RC). 
We calculated these per character instead of using the overall 
(‘ensemble’) statistics as this is supposed better as a general 
and comparative method to measure homoplasy in a dataset 
(Archie 1990). We used PAUP* 4.0a (Swofford 2000) to cal-
culate these statistics and applied the ‘exclude Uninf ’ option to 
include the 1860 characters that were found to be parsimony-
informative among the 102 species. CI is calculated by dividing 
the minimum number of changes in a certain character (m) by 
the observed number of changes in the specified tree (s) (Kluge 
and Farris 1969). The largest number is 1, which means that the 
character changes fit the tree perfect. RI is an index that meas-
ures the fraction of potential synapomorphy retained as syn-
apomorphy on the tree (Farris 1989, Mickevich and Lipscomb 
1991). This index is defined as RI = (h – s)/(h – m) where s is 
the observed number of changes for a certain character on the 
tree, m is the minimum number of changes in that character, and 
h is the number of extra steps observed in the tree for the same 
character, i.e. the homoplasy. An RI of 1 for a character indicates 
that it is completely consistent on the tree, and an RI of 0 indi-
cates that the character has the maximum possible homoplasy 
on the tree, with none of its states acting as synapomorphies 
(Mickevich and Lipscomb 1991). A third statistic calculated is 
the rescaled consistency index (RC) that is the product of the 
CI and the RI (Farris 1989). While CI is a measurement of 
homoplasy, RC measures the proportion of maximum observ-
able homoplasy (Goloboff 2022), and it has the advantage over 
CI to vary between 0 and 1. CI can never be smaller than m/g, 
where g denotes the greatest possible value of s (Farris 1989).

To obtain comparable tree statistics also for the morpho-
logical tree we pruned the Livezey and Zusi dataset to include 
the same 102 taxa as the molecular ‘Prum tree’. This tree (Fig. 
1B) is called the ‘Livezey & Zusi tree’. To evaluate the effect of 
the down-trimming of the dataset on the tree topology we esti-
mated a new morphological tree using only the 1860 characters 
that are parsimony-informative among the 102 taxa (Supporting 
information, Fig. S1). Naturally, the overall tree length (i.e. the 
sum of the minimum numbers of changes over all characters 
for the given tree topology) became shorter after pruning the 
original tree, but their topologies agree almost fully. The fol-
lowing differences to the tree in Livezey and Zusi (2007) were 
observed: (i) Ramphastidae is no longer recovered as mono-
phyletic, (ii) Musophagidae and Opisthocomidae are sisters, 
(iii) Psittacidae is sister to the Cuculidae, Musophagidae, and 
Opisthocomidae clade, (iv) there are some rearrangements 
among the charadriiform families, (v) Threskiornithidae and 
Scopidae are sisters, as are (vi) Ciconiidae and Phoenicopteridae, 
(vii) Hydrobatidae and Pelecanoididae, (viii) Diomedeidae 
and Procellariidae, and (ix) Odontophoridae and Phasianidae 
(Supporting information, Fig. S1). However, the observed topo-
logical differences had only marginal effect on the tree statistics 
for the two morphological trees (Supplementary Material 1), 
so we decided to use those calculated for the original morpho-
logical tree (pruned to include only 102 taxa) in the analyses.

Defining and comparing subsets of morphological characters
As noted above, we found 1860 characters (1449 osteological, 233 
myological, and 178 miscellaneous) to be parsimony-informative for 
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Momo�dae – Momotus
Alcedinidae – Alcedo
Todidae – Todus
Meropidae – Merops
Coraciidae – Coracias
Brachypteraciidae – Brachypteracias
Indicatoridae – Indicator
Picidae – Jynx
Picidae – Picoides
Ramphas�dae – Megalaima
Ramphas�dae – Ramphastos
Bucconidae – Monasa
Galbulidae – Galbula
Bucero�dae – Tockus
Upupidae – Upupa
Phoeniculidae – Phoeniculus
Trogonidae – Trogon
Leptosomidae – Leptosomus
Coliidae – Colius
Strigidae – Strix
Tytonidae – Tyto
Falconidae – Falco
Tyrannidae – Pitangus
Pi�dae – Pi�a
Menuridae – Menura
Paridae – Parus
Psi�acidae – Amazona
Cariamidae – Cariama
Cathar�dae – Cathartes
Accipitridae – Accipiter
Pandionidae – Pandion
Sagi�ariidae – Sagi�arius
Opisthocomidae – Opisthocomus
Scolopacidae – Heteroscelus
Jacanidae – Jacana
Rostratulidae – Rostratula
Pedionomidae – Pedionomus
Laridae – Rissa
Sternidae – Chlidonias
Rynchopidae – Rynchops
Alcidae – Uria
Glareolidae – Glareola
Turnicidae – Turnix
Burhinidae – Burhinus
Charadriidae – Pluvialis
Haematopodidae – Haematopus
Recurvirostridae – Cladorhynchus
Phoenicopteridae – Phoenicopterus
Podicipedidae – Podiceps
Threskiornithidae – Plegadis
Ardeidae – Ardea
Balaenicipi�dae – Balaeniceps
Scopidae – Scopus
Pelecanidae – Pelecanus
Sulidae – Sula
Anhingidae – Anhinga
Phalacrocoracidae – Phalacrocorax
Frega�dae – Fregata
Ciconiidae – Ciconia
Hydroba�dae – Oceanites
Pelecanoididae – Pelecanoides
Procellariidae – Puffinus
Diomedeidae – Diomedea
Spheniscidae – Spheniscus
Gaviidae – Gavia
Phaethon�dae – Phaethon
Eurypygidae – Eurypyga
Psophiidae – Psophia
Gruidae – Grus
Aramidae – Aramus
Heliornithidae – Heliornis
Rallidae – Porphyrula
Musophagidae – Corythaixoides
O�didae – Afro�s
Cuculidae – Cuculus
Mesitornithidae – Mesitornis
Pteroclididae – Pterocles
Columbidae – Ducula
Trochilidae – Glaucis
Apodidae – Apus
Hemiprocnidae – Hemiprocne
Aegothelidae – Aegotheles
Podargidae – Podargus
Nyc�biidae – Nyc�bius
Steatornithidae – Steatornis
Caprimulgidae – Caprimulgus
Odontophoridae – Lophortyx
Phasianidae – Dendragapus
Phasianidae – Gallus
Numididae – Numida
Cracidae – Ortalis
Megapodiidae – Megapodius
Ana�dae – Anas
Ana�dae – Anser
Anserana�dae – Anseranas
Anhimidae – Chauna
Dromaiidae – Dromaius
Casuariidae – Casuarius
Tinamidae – Eudromia
Apterygidae – Apteryx
Rheidae – Rhea
Struthionidae – Struthio

Palaeognathae

Galloanserae

Suliformes

Procellariimorphae

Gruiformes

Musophago�des

Accipitriformes

Psi�acopasseres

Charadriiformes

Coraciiformes

Piciformes

Pelecaniformes

Strisores

Figure 1. A, the ‘Prum tree’. Phylogeny from Prum et al. (2015: fig. 1), trimmed down to 102 taxa for which morphological data is available in 
Livezey and Zusi (2006). B, comparison between topologies of the ‘Prum tree’ (left) and the ‘Livezey & Zusi tree’ (right), i.e. a phylogenetic 
tree based solely on the morphological data in Livezey and Zusi (2007) but pruned to include the same taxa as in the ‘Prum tree’. Higher-level 
clade names follow Sangster et al. (2022). The star marks the clade Australavis sensu Ericson (2012).
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the 102 taxa in the ‘Prum tree’ and the analyses are based on these. 
The 1860 parsimony-informative characters were then grouped into 
different datasets according to category and anatomical region (NB: 
all numbering of characters in the text follows Livezey and Zusi 
2006). In the first dataset (A) we divided the characters into osteo-
logical (nos. 1–2451), myological (nos. 2452–2708), and miscel-
laneous characters (nos. 2709–2954), respectively. We then defined 

two other datasets using only the osteological characters, which 
were divided according to anatomical regions. In dataset B, we con-
trasted cranial osteological characters (nos. 6–764) to postcranial 
ones (nos. 1–5 and 765–2451), and in dataset C we divided the 
osteological characters further into those belonging to the cranium 
(nos. 6–764), body (nos. 765–1344 and 1757–1964), wing (nos. 
1345–1756), and leg (nos. 1965–2451), respectively.

Palaeognathae

Galloanserae

Suliformes

Procellariimorphae

Gruiformes

Musophago�des

Accipitriformes

Psi�acopasseres

Charadriiformes

Coraciiformes

Piciformes

Pelecaniformes

Strisores

Figure 1. Continued
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Mesquite v.3.70 (Maddison and Maddison 2021) was used 
for graphical representation of characters mapped to the mo-
lecular ‘Prum tree’.

We calculated the CI, RI, and RC for each character cat-
egory and each data partition. In these statistics, we excluded 
all autapomorphic characters. We tested if observed differences 
in the fit of the various partitions differed significantly using the 
Mann–Whitney U test, which tests the null hypothesis of a 50% 
probability that the statistics of a randomly drawn member of 
the first population will exceed that of a member of the second 
population.

Evaluating the effect of combining morphological and mo-
lecular data

To study the effect of combining morphological and molecular 
characters in the phylogenetic analysis, we first extracted mor-
phological characters that showed a low degree of homoplasy 
(CI = 0.5 or larger) across the ‘Prum tree’. We then obtained 
morphological data for those 95 taxa that occur in both the 
dataset of Prum et al. (2015) and in another molecular-based, 
phylogenetic study (Hackett et al. 2008). We used this second, 
independent molecular dataset when evaluating the fit of the 
characters to avoid circularity in reasoning, which would have 
been the case if using the Prum et al. (2015) dataset. We added 
these ‘low-homoplasy’ morphological characters to the Hackett 
et al. (2008) molecular data and analysed the combined dataset 
with parsimony. The tree statistics for the tree obtained in the 
analysis of the combined dataset of morphological characters 
and the Hackett et al. (2008) molecular characters were then 
compared with those for a tree based on only molecular data.

Analysing the influence of doubtful homology assessments
In phylogenetic reconstructions using parsimony, ordered 
multistate characters may influence the phylogeny dispropor-
tionally if inferred step-matrices are based on incorrect hom-
ology assumptions. We used the myological dataset to address 
the potential influence of doubtful homology assessments by 
comparing the phylogenetic results (tree statistics and topolo-
gies) using the original coding of Livezey and Zusi (2006), with 
those after transforming all multistate characters to binary char-
acters.

Identifying apomorphic characters for selected nodes
Finally, we also searched for characters that are apomorphic for 
certain higher-level groups of taxa in the ‘Prum tree’. This was 
done by first mapping the morphological dataset to the ‘Prum 
tree’ and then filtering out all characters that have apomorphic 
states at the relevant nodes. We used CI = 0.5 or larger as a 
cut-off for the purpose to identify the least homoplastic char-
acter states.

R E SU LTS

Morphological homoplasy varies among categories of charac-
ters and anatomical regions

We investigated what parts of the avian morphology were most 
prone to convergent evolution by calculating tree statistics for 
both general categories of characters (osteological, myological, 
integumental, etc.) and several subgroupings of these categories. 

When mapped to the ‘Prum tree’, we found a generally high de-
gree of homoplasy in all three major categories of characters 
with an overall CI of 0.38, RI of 0.50, and RC of 0.33 based on 
all 1860 parsimony-informative characters (Supporting infor-
mation, Table S1). Of the 1860 variable characters, 985 (53%) 
showed a worse fit to the molecular tree than to the morphology 
tree, whereas 620 (33%) showed a better fit (Supplementary 
Material 1). After dividing the characters into the three major 
categories (dataset A), we found the myological characters to 
fit slightly worse (CI = 0.32, RI = 0.47, RC = 0.18) than the 
osteological characters (CI = 0.38, RI = 0.50, RC = 0.24), but 
only CI differed significantly (P < .01, Fig. 2; Supporting in-
formation, Table S2). Both the myological and the osteological 
categories fit was significantly worse than the miscellaneous 
characters (CI = 0.49, RI = 0.59, RC = 0.36) (P < .001, Fig. 2; 
Supporting information, Table S2).

Among the osteological characters (datasets B and C), the 
cranial characters fitted the ‘Prum tree’ significantly better 
(CI = 0.45, RI = 0.55, RC = 0.32) than the postcranial ones 
(CI = 0.36, RI = 0.48, RC = 0.21) (P < .001, Fig. 2; Supporting 
information, Table S2). The osteological body characters fitted 
the ‘Prum tree’ significantly worse (CI = 0.33, RI = 0.44, 
RC = 0.18) than those from the cranium (CI = 0.45, RI = 0.55, 
RC = 0.32), wing (CI = 0.39, RI = 0.49, RC = 0.23), and 
leg (CI = 0.38, RI = 0.52, RC = 0.24), respectively (Fig. 2; 
Supporting information, Table S2).

A large proportion (38%) of the 1860 morphological char-
acters from Livezey and Zusi (2006) included herein were 
multistate, and about half of these (367) were analysed as or-
dered, i.e. a stepwise transformation series has been defined 
for them. In phylogenetic reconstructions using parsimony, 
treating characters as ordered means that the cost for a change 
from, e.g. 0 to 2 becomes two steps, while it only would be a 
single step if the character is treated as unordered. If the hom-
ology assessment is not correct, ordered multistate characters 
may be given too large a weight and thus influence the phylo-
genetic reconstruction. To address this concern, we analysed 
the 233 characters in the myological dataset, of which 85 were 
coded by Livezey and Zusi (2006) as multistate (52 ordered 
and 33 unordered). We transformed the 52 multistate ordered 
characters to binary characters and added them to the 181 
other characters. By this the total number of myological char-
acters increased to 817, but the results showed that including 
characters as ordered multistate or as binary did not signifi-
cantly influence the overall tree statistics (Supporting informa-
tion, Table S3), although the topologies differed (Supporting 
information, Fig. S2).

To test the robustness of our inference, we also compared our 
results for the ‘Prum tree’ with those based on another molecular 
phylogeny of birds (Stiller et al. 2024). After pruning the Stiller 
et al. (2024) and Prum et al. (2015) phylogenetic trees to in-
clude the same 98 taxa, the topologies of the two trees were fairly 
similar and both differed considerably from the topology of the 
'Livezey & Zusi tree'. We found that the differences in summary 
statistics for the two molecular trees were negligible (Supporting 
information, Table S4), suggesting that the results of our com-
parisons with the morphological tree would be similar also if 
we used another phylogeny derived from a large amount of mo-
lecular data.
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The effect of adding morphological characters to  
a molecular dataset

To evaluate if the addition of morphological information to an 
analysis of a molecular dataset improves the tree statistics we 

pruned the dataset of Hackett et al. (2008) to include the same 
95 taxa for which we had morphological data. This molecular 
dataset, which consists of 55 330 bp, is completely different 
from the dataset of Prum et al. (2015), and was chosen to avoid 

***
***

**

***
***n.s.

***
***n.s.

0.1

0.2

0.3

0.4

0.5

0.6

0.1

0.2

0.3

0.4

0.5

0.6

Postcr.Cran. Postcr.Cran. Postcr.Cran.

***

***

***

Osteol. Myol. Misc. Osteol. Myol. Misc. Osteol. Myol. Misc.

0.1

0.2

0.3

0.4

0.5

0.6

Cran. Body Wing Leg Cran. Body Wing Leg Cran. Body Wing Leg

***
*** n.s.

n.s.
***

*
*

*** n.s.

**
***

n.s.

*
*** n.s.

*
***

n.s.

A

B

C

consistency index
reten�on index
rescaled consistency index

Figure 2. Results of the Mann–Whitney U test of differences in the observed mean values for the consistency, retention, and rescaled 
consistency indices. Three different groupings of data partitioning are shown: (A) comparison between the main categories of morphological 
characters, (B) comparison of cranial and postcranial osteological characters, and (C) comparison of osteological characters from different 
anatomical regions. See Supporting information, Tables S1 and S2 for detailed statistics. *** P < .001, ** P < .01, * P < .05, n.s. no statistically 
significant difference.
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circularity in reasoning. We first analysed this dataset alone after 
pruning it to include the 95 taxa for which we also have mor-
phological data. We then re-ran the analysis after having added 
those 664 morphological characters that map to the ‘Prum tree’ 
with a low degree of homoplasy (i.e. a consistency index of 0.5 

or higher). When comparing the statistics for the molecular and 
combined trees we did not find their fit significantly better to 
those of the ‘Prum tree’ (Fig. 3). We also compared the tree stat-
istics for the combined dataset when mapped to the original tree 
of Hackett et al. (2008), pruned to include 95 taxa, and a new 
tree estimated from the combined dataset. We found that the 
tree fit statistics were almost identical for all these trees, albeit 
the tree lengths differed (Supporting information, Table S5).

Identifying apomorphic morphological characters that define 
basal clades of birds

To find morphological characters that may prove to be 
apomorphic for certain higher-level groups we mapped all them 
to the ‘Prum tree’ and then filtered out those that were the least 
homoplastic (having a CI of 0.5 or larger). However, we found 
that only a few of the selected nodes have any apomorphic 
characters, and several of them lacked such a character entirely  
(Table 1; Supporting information, Table S6). Moreover, those 
nodes at which apomorphic characters indeed occurred also do 
not have many characters (on average eight characters).

D I S C U S S I O N
The observed worse fit of the osteological characters vs. those 
from miscellaneous ‘soft-tissues’ (mostly integument, feathers, 
intestinal, respiratory, syrinx, heart karyotype, urogenital, 
nervous, and reproductive organs) contradicts the results of 
Sansom and Wills (2017) who found a significantly better fit of 
‘hard’ characters than ‘soft’ characters when mapped to an inde-
pendent molecular tree.

As described, the 1860 parsimony-informative charac-
ters of Livezey and Zusi (2006) show a considerable degree of 
homoplasy (CI = 0.38, RI = 0.50, RC = 0.24) when fitted to the 
‘Prum tree’. The observation that the tree statistics are worse for 
the molecular tree than for the ‘Livezey & Zusi tree’ may indicate 
either that the molecular tree does not show the correct phylo-
genetic relationships, or that there is problem with the homology 
assumptions of many characters. However, we do consider the 
tree of Prum et al. (2015) to represent the evolutionary history of 
birds reasonably well as it is in general agreement with the phylo-
genetic relationships obtained in several other studies of mo-
lecular data (Ericson et al. 2006, Hackett et al. 2008, McCormack 
et al. 2013, Jarvis et al. 2014). This suggests that the major 
problem lies in the homology assumptions for many characters 
and character states across taxa, which is further supported by the 
observation that these characters show only marginally better fit 
to the tree that was calculated from themselves (Livezey and Zusi 
2007) than to the molecular tree (Supporting information, Fig. 
S3, Table S7). However, when applying the homology assump-
tions and taxonomic distributions as defined by Livezey and Zusi 
(2006) these characters still contain a phylogenetic signal that is 
stronger than the noise in the dataset. This is evident from com-
paring with the tree statistics obtained when mapping them to 
1000 random trees (constrained only to maintain paleognathous, 
neognathous, and neoavian taxa as monophyletic). For these 
random trees, CI ranges between 0.11 and 0.12, RI between 0.20 
and 0.26, and RC between 0.02 and 0.03 (Supporting informa-
tion, Table S8), which is considerably lower than when mapped 
to both the morphological and molecular trees.

Consistency
index

Reten�on
index

Rescaled reten�on
index

0.6

0.4

0.2

0.0

Figure 3. Tree statistics for the pruned (see Material and methods) 
molecular dataset of Hackett et al. (2008) before (light grey) and 
after (dark grey) adding 664 ‘low-homoplasy’ morphological 
characters of the Livezey and Zusi (2006) dataset. Whiskers show 
the standard error around the mean. The observed differences are 
not statistically different.

Table 1.  Morphological support (measured as number of 
apomorphic characters) for some major clades of birds identified 
in the molecular analysis (cf. Fig. 1). The total dataset includes 
the 1860 characters that are variable among the 102 taxa in the 
analysis, and only characters with a CI = 0.5 or larger are included 
in the summary counts. Clade names refer to Prum et al. (2015) 
when available. Asterisks mark clades that are not recovered in the 
original morphology tree of Livezey and Zusi (2007). The number 
of characters that are unambiguous (= synapomorphic) is given 
(second column), along with the number of osteological characters 
(third column). The latter are those that have the best chance to be 
preserved in the fossil record.

Number of apomorphic characters

Total Unambiguous Osteological

Coraciiformes 2 0 1
Piciformes 11 3 10
Psittacopasseres * 0 - -
Australaves * 0 - -
Accipitriformes * 8 0 6
Charadriiformes * 3 0 2
Pelecaniformes * 1 0 1
Suliformes * 12 2 9
Procellariimorphae 11 8 6
Gruiformes * 0 - -
Musophagotides * 0 - -
Strisores 10 1 7
Galloanserae 15 12 12

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/advance-article/doi/10.1093/biolinnean/blae070/7739876 by N

ational Science & Technology Library user on 06 Septem
ber 2024

http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blae070#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blae070#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blae070#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blae070#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blae070#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blae070#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blae070#supplementary-data


Usefulness of morphological characters to infer higher-level relationships in birds  •  9

How good are the homology assessments?
The obviously high degree of homoplasy in the morphological 
dataset suggests that these characters (as defined by Livezey and 
Zusi 2006), provide rather limited information about higher-
level relationships in birds. However, one may then look at 
these results from the opposite side, i.e. how can the homology 
assumptions best be formulated to fit the phylogeny of birds? 
This methodological approach is not feasible to apply for all 
1860 characters and here we can only discuss a few examples. 
Supplementary Material 1 lists the fit for all individual characters 
when mapped to both the morphological ‘Livezey & Zusi tree’ 
and the molecular ‘Prum tree’. Of the 403 characters that showed 
perfect fit to (CI = 1.0) for the morphological tree, as many as 173 
(43%) were found to be homoplastic when mapped to the mo-
lecular tree (CI ranging between 0.25 and 0.86). This reflects the 
marked topological differences between the two trees. However, 
it also indicates the difficulty of assessing the homology of char-
acter states and many of the characters showing the largest differ-
ences in fit between the trees are related to convergently evolved 
adaptations. For example, the foot-propelled divers (loons and 
grebes) are sisters in the morphological tree but distantly related 
in the molecular tree, the same goes for the flightless ratites. 
Loons and grebes share nine unambiguous synapomorphies 
according to the homology assessments of Livezey and Zusi 
(2006). Six of these concern osteological adaptations in the leg, 
all of which appear homoplastic when mapped to the ‘Prum tree’. 
The ratites, in turn, are monophyletic in the morphological tree, 
leaving the likewise paleognathous tinamous outside. In the mo-
lecular tree, the tinamous are instead nested within the ratites 
and the 53 unambiguous morphological characters supporting 
ratite monophyly all become homoplastic when mapped to 
the ‘Prum tree’ (Supporting information, Fig. S4). About half 
of these are directly related to the loss of flight capacity in the 
ratites, which from the molecular tree is inferred to have hap-
pened at least twice (assuming that the origin of flight in tina-
mous did not evolve independently to that in all other birds). 
Many of the other worst fits of morphological characters to 
the molecular tree involve the ciconiiform, pelecaniform, and 
procellariiform birds, for which molecular analyses consistently 
have suggested phylogenetic relationships that are radically dif-
ferent from those traditionally inferred from morphology. The 
same is true for relationships among the higher landbirds, most 
notably in the position of the passerines and the non-monophyly 
of diurnal raptors and allies.

Many topological differences between the morphology-based 
‘Livezey & Zusi tree’ and the molecular-based ‘Prum tree’ (Fig. 
1B) involve groups assumed to have evolved similar lifestyles in-
dependently. The anatomical constraints that follow from birds’ 
adaptations to flight have considerably decreased their amount 
of morphological variation, which contributes to the fact that 
selection for a certain lifestyle often results in superficially 
similar morphologies. Consequently, many similarly adapted 
groups, such as, e.g., foot-propelled divers (grebes and loons), 
wing-propelled divers (auks and penguins), and diurnal rap-
tors (accipitrids and falconids), have independently developed 
morphologies that have led avian systematists to assume they are 
closely related, while recent molecular analyses have found them 
to belong to different clades that diverged more than 60 Mya (cf. 
Prum et al. 2015: fig. 1).

Combining morphological and molecular characters does 
not improve tree statistics

It has been shown that adding morphological information to a 
phylogenetic analysis of molecular data may increase the phylo-
genetic signal (e.g., Lee 2004, Lee and Camens 2009). However, 
we did not observe such an improvement of the phylogenetic 
signal after adding the ‘best’ morphological characters to the mo-
lecular dataset of Hackett et al. (2008). Applying a strict cut-off 
with a CI higher than 0.5, as used herein, could possibly improve 
the tree statistics, but such a low-homoplasious morphological 
dataset seems unlikely to be found in reality.

Few apomorphic characters define basal clades of birds
The paleontological record of modern birds is rich and many 
fossils have been possible to assign to family-level (either as 
members of the crown-group or of the stem-group). However, at 
taxonomic levels above the family the problem becomes much 
larger. Many fossil birds have thus been placed in extinct fam-
ilies of unclear taxonomic affinities (cf. Olson 1985). At least 
in theory, these fossils should be able to refer to higher-level 
categories if we knew what morphology to expect from the an-
cestors of the modern groups (Mayr 2017). In theory we could 
obtain information about this by reconstructing ancestral states 
for the morphological characters of Livezey and Zusi (2006) at 
selected nodes in the ‘Prum tree’. However, when doing this for 
basal nodes that are strongly supported by molecular data (Fig. 
1; Table 1) we did not find any apomorphic character with a CI 
of 0.5 or larger for several of these (Table 1; Supporting informa-
tion, Table S8). Our analysis thus shows that the data of Livezey 
and Zusi (2006) includes few morphological characters that 
unambiguously support groups of families or orders. The phylo-
genetic information from avian morphology [provided that the 
Livezey and Zusi (2006) dataset is a good representation of the 
available variation] thus seems to be of rather limited use in re-
constructing higher-level relationships, which raises questions 
about our ability to unambiguously identify a fossil bird as the 
direct ancestor of two or more extant families. For example, mo-
lecular data suggest parrots and passerines to be sister groups 
(forming the clade Psittacopasseres), which is surprising as they 
differ morphologically and have never been suggested as sisters 
before. None of the morphological characters of Livezey and 
Zusi (2006) are apomorphic (with a CI = 0.5 or larger) for the 
Psittacopasseres. It thus seems highly unlikely one would be able 
to recognize the ancestor of this clade in the fossil record.

Convergent evolution and large-scale biogeographic patterns
As noted above, among the more noteworthy topological dif-
ferences between the morphological ‘Livezey & Zusi tree’ and 
the molecular ‘Prum tree’ are the relative positions of certain 
groups with similar adaptations, e.g. grebes and loons (foot-
propelled divers), auks and penguins (wing-propelled divers), 
and accipitrids and falconids (diurnal raptors). This observation 
bears on two important issues in avian evolution. First, it testifies 
to the problem of ascertain homologies of morphological char-
acters related to feeding and locomotory adaptations in birds, in 
agreement with numerous other examples where similar morph-
ologies have evolved independently in two or more lineages (e.g. 
McCracken et al. 1999, Fain and Houde 2004, Irestedt et al. 2004, 
Ericson 2012). It seems symptomatic that the 178 characters in 
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the ‘Miscellaneous’ category show an average better best fit to 
the molecular phylogeny than characters in the other categories 
(Supporting information, Table S1). The ‘Miscellaneous’ cat-
egory includes characters related to, e.g. integument, feathers, in-
testinal, respiratory, syrinx, heart karyotype, urogenital, nervous, 
and reproductive organs (Livezey and Zusi 2006), which are not 
as involved in feeding and locomotory adaptations as are many 
osteological and myological characters.

The second issue about the evolution of birds highlighted by 
the results of this study is the question of where in the world the 
earliest radiations within Neoaves took place. Several neoavian 
groups that have developed similar morphological adaptations 
in parallel belong to clades that split very long ago, some perhaps 
even around the K/Pg border at 66 Mya (cf. Wu et al. 2024). The 
very old age of these clades, along with the many examples of 
parallel evolution, suggest parallelisms in avian guild evolution 
in different parts of the world, resulting in the independent mor-
phological adaptations to similar ecological niches. Such a scen-
ario has previously been suggested for the two largest terrestrial 
radiations in birds, Afroaves and Australavis (Ericson 2012), 
but may also involve birds adapted to aquatic life-styles. Despite 
their potentially high mobility, the distribution of modern birds 
shows considerable biogeographic structure at all taxonomic 
levels, from the ordinal level to the intraspecific. This is true not 
only for terrestrial groups, but also for many aquatic and even 
pelagic groups, regardless of whether the species are predomin-
antly stationary, short-distance migrators, or long-distance mi-
grators. Today’s biogeographic structure is explained partly by 
the local extinction of some groups (e.g. Mourer-Chauviré 1982, 
Mayr 2017), but there is no doubt that general patterns of geo-
graphic distribution in birds reflect their earliest evolution (e.g. 
Cracraft 2001, Barker et al. 2002, Ericson et al. 2002). However, a 
detailed analysis of the geographical origins of the hypothesized 
ecological guilds is beyond the scope of the present study.

The morphological characters defined by Livezey and Zusi 
(2006) carry important phylogenetic information, despite this 
convergent morphological evolution following the adaptation to 
similar life-styles in different lineages of birds has made it dif-
ficult to ascertain the homologies. We believe our study is the 
beginning of a large-scale re-evaluation of the morphological 
variation in birds in the light of phylogenetic information from 
independent data. Such work would constitute a perfect example 
of ‘reciprocal illumination’ [as defined by Hennig (1950, 1966)], 
that surely will spark a renewed interest in studies of morpho-
logical adaptation at higher taxonomic levels in birds, as well as 
proving useful in paleontological studies of fossils belonging to 
taxa distantly related to modern avian families.
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Linnean Society online.
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