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Abstract

Both the evolution of tooth morphology and the relationship between dental features and diet in toothed birds have long been stud-
ied. Here we quantify variation in tooth crown shape in 28 key Mesozoic bird species, and examine differences in dental morphology
among birds belonging to different taxonomic groupings and inferred to have had different diets. Using geometric morphometric meth-
ods (GMM) and phylogenetic comparative methods (PCM), we found few clear differences in tooth crown shape between different tax-
onomic and ecological categories, and our analysis provides little support for many dietary inferences drawn in previous studies.
However, the Solnhofen Archaeopteryx, Jeholornis, Protopteryx, Pengornis, Longipteryx, Tianyuornis, Mengciusornis, Ichthyornis and
Hesperornis all were found to possess relatively specialized tooth crown shapes, perhaps reflecting specialized diets such as insectivory,
granivory, piscivory and consumption of soft-shelled arthropods. Similarity in tooth crown shape across many Mesozoic birds may indi-
cate the lack of dietary specialization, and the association between tooth form and diet may have been weakened in any case by ‘func-
tional replacement’ of the dentition by a horny beak and, in many cases, gastroliths.
© 2020 Elsevier B.V. and Nanjing Institute of Geology and Palaeontology, CAS. All rights reserved.
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1. Introduction

Although extant birds are toothless (Gill, 1995), the
majority of their Mesozoic precursors retained teeth. Vari-
ous studies have examined the evolutionary process of
tooth loss in birds from the perspectives of adaptive signif-
icance, changes in dental morphology, molecular mecha-
nisms, and evolutionary developmental mechanism
(Dilger, 1957; Proctor and Lynch, 1993; Feduccia, 1999;
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Zhou et al., 2010; Louchart and Viriot, 2011; Meredith
et al., 2014; Wang et al., 2017, 2019). Before the eventual
disappearance of teeth in the avian lineage, a considerable
diversity of tooth forms existed both interspecifically
(Louchart and Viriot, 2011; O’Connor and Chiappe,
2011; O’Connor, 2019) and intraspecifically (Rauhut
et al., 2018), a situation which has been hypothesized to
reflect adaptation to diverse diets.

A clear relationship between tooth shape and diet is typ-
ically present in mammals (Williams and Kay, 2001;
Schwenk and Rubega, 2005; Mihlbachler and Solounias,
2006; Ungar, 2010), and has also been demonstrated in
some teleost fishes (Riiber et al., 1999; Streelman et al.,

1871-174X/© 2020 Elsevier B.V. and Nanjing Institute of Geology and Palacontology, CAS. All rights reserved.


https://doi.org/10.1016/j.palwor.2020.12.008
mailto:zhouzhonghe@ivpp.ac.cn
mailto:zhangfucheng@lyu.edu.cn
https://doi.org/10.1016/j.palwor.2020.12.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.palwor.2020.12.008&domain=pdf

Y.C. Zhou et al. | Palaecoworld 30 (2021) 724-736 725

2003), Mesozoic reptiles (Massare, 1987; Jones, 2009), and
living amphibians (Gregory et al., 2016). It is probable that
tooth shape was also correlated with diet in Mesozoic birds
(Louchart and Viriot, 2011), but very few Mesozoic avian
specimens provide direct evidence of diet such as preserved
stomach contents, making it difficult to link tooth crown
shape to specific dietary preferences. Accordingly, func-
tional evaluation of the morphology of the skeleton, guided
by mechanical principles and living analogs, has been
widely regarded as the most reliable method of inferring
feeding behavior that can be applied to most fossil birds.
Dental morphology, however, has provided the primary
basis for many such dietary inferences (O’Connor and
Chiappe, 2011; O’Connor et al., 2013; O’Connor, 2019),
including insectivory for Archaeopteryx (Elzanowski,
2002; Wellnhofer and Haase, 2009), durophagy for Shen-
qiornis and Sulcavis (O’Connor et al., 2013), and specializa-
tion on soft-shelled arthropods for Pengornis (O’Connor
and Chiappe, 2011). Broader analyses combining informa-
tion from the teeth, the rostrum and other portions of the
skeleton, have been used to identify Longirostravis as a
mud-prober (Hou et al., 2004) and Shanweiniao
(O’Connor et al., 2009) and Longirostravis (O’Connor,
2019) as insectivorous bark-probers.

Nevertheless, the dentition of most known toothed
Mesozoic birds has been described and discussed in suffi-
cient detail to support the interpretation that Mesozoic
avian taxa were diverse in their diets (Louchart and
Viriot, 2011; O’Connor and Chiappe, 2011; O’Connor,
2019). Within the genus Archaeopteryx, variation in crown
shape and other aspects of dental morphology among dif-
ferent individuals has been variously explained as a pro-
duct of: 1) sexual dimorphism (Howgate, 1984); 2)
ontogenetic variation (Howgate, 1984); 3) intraspecific
polymorphism (Howgate, 1984); 4) interspecific variation
(Howgate, 1984); 5) adaptation to different diets and/or
feeding behaviors (Howgate, 1984; Rauhut et al., 2018).
The same set of explanations could also be applied to the
diversity in tooth crown shape in other Mesozoic birds.
However, most of the various dietary interpretations that
have been put forward for Mesozoic avian taxa have never
been subjected to any form of rigorous quantitative testing.

Here we investigate tooth crown shape variation in a
range of Mesozoic birds, including representatives of key
avian clades and individuals for which direct evidence of
diet is available in the form of stomach contents, using a
more quantitative approach than has been adopted in pre-
vious studies (O’Connor and Chiappe, 2011; O’Connor,
2019). The increasing number of Mesozoic birds whose
tooth crown shapes have been well-studied made it possible
for us to use the information from published works for this
study. Geometric morphometric methods (GMM; Zelditch
et al., 2012) and phylogenetic comparative methods (PCM;
Garamszegi, 2014) were used to collect and analyze 2D
tooth crown shape data. Our primary goal was to shed
light on the functional morphology and evolution of the
dentition in Mesozoic birds by evaluating variation in

crown shape across taxa, and by exploring the relationship
between crown shape and diet.

2. Materials and methods

The 2D curvatures of the anterior and posterior edges of
103 well-preserved teeth from 28 species of 21 genera of
toothed Mesozoic birds were measured using stereo camera
reconstruction, implemented with the R package STEREO-
MORPH (version 1.6.2, Olsen and Westneat, 2015). Given
the lack of taxonomic clarity within Archaeopteryx, each
individual of this genus was treated for purposes of the
analysis as a representative of a different species, and the
phylogenetic relationships among these notional Archaeop-
teryx species were resolved as a random dichotomous pat-
tern (Wellnhofer and Haase, 2009; Kundrat et al., 2018;
Rauhut et al., 2018). Data of Archaeopteryx, Mengciusor-
nis, Tianyuornis, Icthyornis and Hesperornis are measured
from high-quality photos in the literature (Martin and
Stewart, 1977; Wellnhofer and Haase, 2009; Zheng et al.,
2014; Field et al., 2018; Kundrat et al., 2018; Rauhut et
al., 2018; Wang et al., 2019), while data for other taxa were
collected from specimen photos taken for this study.

We used 28 evenly spaced points (semilandmarks,
Fig. 1) to capture the curvature of each edge (anterior
and posterior) of each tooth included in the analysis. Semi-
landmarks from all teeth representing a given species were
aligned by Procrustes superimposition, which scaled the
tooth outlines to the same centroid size and aligned them
as closely as possible by translating and rotating them in

Fig. 1. Semilandmarks defining the margins of a tooth crown of Mesozoic
birds.
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Fig. 2. Time-scaled phylogeny of Mesozoic birds included in this study, annotated with the diets inferred for various taxa in previous studies.

2D. The outlines were then averaged to generate a single
mean semilandmark set for each species. All species mean
sets were then aligned by a second Procrustes superimposi-

tion to collect Procrustes coordinates. Procrustes superim-
position was done using the ‘gpagen’ function in the R
package GEOMORPH (version 3.1.2; Adams et al., 2020).
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Fig. 3. 2D tooth crown shape phylomorphospace (PC1 vs PC2) for 28 species. Points, lines and polygons of different colors indicate different previously
inferred diets. The tips of crown pointing left, the anterior edge of crown facing down.
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Fig. 4. 2D tooth crown shape phylomorphospace (PC2 vs PC3) for 28 species. Points, lines and polygons of different colors indicate different previously
inferred diets. The tips of crown pointing left, the anterior edge of crown facing down.

Phylogenetic time trees were taken from publications
(Wang, M. et al., 2015; Wang et al., 2019), simplified by
removal of all taxa not included in the analysis, and com-
bined with a randomly resolved trees for Archaeopteryx
(Fig. 2). Phylogenetic signal in tooth shape (Kyu
Blomberg et al., 2003; Adams, 2014) was quantified using
the GEoMoRPH function ‘physignal’ (Blomberg et al., 2003).

Because tooth shape showed significant phylogenetic
signal (Kpu;: 0.668, P > 0.001), we performed a phyloge-
netic principal component analysis (pPCA) on the Pro-
crustes coordinates in order to explore multivariate
morphological variation in the data set, using the ‘phyl.
pca’ function in the R package pHYTOOLS (version 0.6-60,
(Revell, 2012)). To better visualize this variation, we used
open source code (Olsen and Gremillet, 2017) to generate
the backtransformations (MacLeod, 2009) of the principal
components. This method took advantage of the fact that,
in PCA, the original input matrix can be recovered by mul-
tiplying the PC score matrix by the inverse of the eigenvec-
tor matrix.

Most of the variation of tooth crown shapes is explained
by the first five PC axes (> 95%), so we used an adapted
version of this procedure (Olsen and Gremillet, 2017) to
visualize shape change along each of the first five PC axes
generated in our analysis. These backtransform shapes rep-

resent the theoretical shape corresponding to a particular
PC score or a pair of PC scores in multivariate space
(Olsen and Gremillet, 2017).

2.1. Evolutionary allometric relationship tests

Evolutionary allometry is covariation of size and shape
across a phylogeny (Cheverud, 1982). When the taxa
included in a given study vary in both size and shape, some
degree of covariance is usually present. In our analysis,
crown size measures were used to test for an allometric
relationship between crown shape (the Procrustes coordi-
nates) and crown size (the log centroid size). Both non-
phylogenetic and phylogenetic versions of this test were
performed, using the function ‘procD.lm’ and ‘procD.pgls’
in the R package GEOMORPH.

2.2. Interpretation of dietary and taxonomic differences in
tooth crown shapes

To visualize the results of our pPCA, we generated
bivariate plots for each pair of successive PCs, from PCl1
to PC5, with backtransformed tooth shapes to show theo-
retical shape variation across the bivariate phylomor-
phospace. Two sets of polygons, one representing



728

Y.C. Zhou et al. | Palaecoworld 30 (2021) 724-736

2D tooth crown shape phylomorphospace

Ichthyornis

0.04 0.06
| |

0.02
|

pPC4 (8%)
0.0

Diet
Durophagore
Granivore

® Insectivore

® Piscivore

@ Prober
Soft shell eater

Unknown

8 Archaeopteryx London
S
[
< Archaeopteryx Berlin
o ]
o
[l
[<o]
o | AésSperornis
o :
] Longipieryx
I I I I I I
-0.15 -0.10 -0.05 0.00 0.05 0.10

PPC3 (22%)

Fig. 5. 2D tooth crown shape phylomorphospace (PC3 vs PC4) for 28 species. Points, lines and polygons of different colors indicate different previously
inferred diets. The tips of crown pointing left, the anterior edge of crown facing down.

taxonomic groupings and the other dietary categories, were
overlaid (on separate versions of each plot) on the points
representing the taxa in our analysis. Each polygon was
drawn to encompass all of the birds in the taxonomic or
dietary category in question. Three taxonomic polygons
were used, corresponding to ‘basal birds’, enantiornithines
and ornithuromorphs. The positions on the plots of
Jeholornis, Sapeornis and Yanornis are particularly note-
worthy (Fig. 10), as specimens of these birds preserve direct
evidence of piscivory in the case of Yanornis and of graniv-
ory in the case of the other two taxa.

A quantitative method was used to test for significant
differences in tooth shape between each possible pair of
dietary categories, and each possible pair of taxonomic
groupings. Specifically, a Euclidean NPMANOVA was
performed on the 5 pPC scores using open source code
(Martinez Arbizu, 2017) and function ‘adonis’ in the R
package VEGAN (version 2.5-4, (Oksanen et al., 2019)).

3. Results
3.1. Tooth crown shape variation

Most of the variation in 2D curvature of tooth crown in
Mesozoic birds (96%) is explained by 5 PC axes (pPCl-

pPC5: 36%, 25%, 23%, 9%, 3%, respectively; Figs. 3-10.
A higher pPC1 value indicates a proportionally higher
crown, more ‘Ichthyornis-like’ and less ‘Jeholornis-like’. A
higher pPC2 value indicates a relatively straight anterior
edge, more basally constricted crown, and more sloping
posterior edge. A higher pPC3 value indicates a more ante-
riorly directed crown tip and less ‘hook-like’ crown, a
higher pPC4 value indicates a more convex apical part of
the anterior edge of the crown, and a higher pPC5 corre-
sponds to a blunter crown tip and more robust crown base.
Taken together, the remaining pPCs explain < 5% of the
crown shape variation in the data set.

The principal components analysis of 2D tooth crown
shape failed to clearly separate birds belonging to different
dietary or taxonomic groupings into different regions of
tooth crown phylomorphospace, (Figs. 3-10; note that
the apices of the tooth crowns point left, and their anterior
edges face downward). Separation of polygons is seen only
in two of the phylomorphospaces, and only then with
respect to diet (PC2 vs PC3, and PC3 vs PC4; Figs. 4, 5,
8, 9). The polygon representing piscivores is displaced in
these phylomorphospaces from all other polygons shown
on the plot, although the position of Mengciusornis ensures
that a polygon plotted for taxa scored as having “un-
known” diets would overlap that plotted for piscivores.
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Fig. 6. 2D tooth crown shape phylomorphospace (PC4 vs PC5) for 28 spe
inferred diets. The tips of crown pointing left, the anterior edge of crown

Most of the polygons plotted for dietary or taxonomic
groupings overlap with at least one other polygon in every
phylomorphospace, although the single prober (Longiros-
travis) and single eater of soft-shelled arthropods (Pengor-
nis) included in the analysis consistently plot outside the
various polygons.

3.2. Evolutionary allometric relationship tests

Phylogenetic and non-phylogenetic tests both failed to
demonstrate any statistically significant effect of crown size
(log centroid size of crown) on crown shape (Table 1).

3.3. Taxonomic and dietary pairwise test

The NPMANOVA test failed to find statistically signif-
icant differences in tooth shape among the various dietary
and taxonomic groupings (Fig. 1; Table 2). Furthermore,
significant differences could not be identified even when
the Bonferroni correction was not applied to the recovered
P-values. Therefore, quantitative pairwise tests rejected the
hypothesis that taxonomic and dietary differences in tooth
crown shape exist among the Mesozoic birds included in
our study.

cies. Points, lines and polygons of different colors indicate different previously
facing down.

4. Discussion
4.1. Influence of taxonomic difference on tooth crown shapes

Consistent with the non-significant results of the pair-
wise tests, and the significant phylogenetic signal present
in our tooth shape data, the taxonomic and ecological
polygons plotted in our phylomorphospaces showed sub-
stantial overlap (Figs. 3-10). Such results suggest consider-
able similarity in tooth crown shape across most Mesozoic
birds.

The teeth of birds are less complex than those of many
other theropods (Louchart and Pouech, 2017), particularly
in lacking serrations on both the anterior and the posterior
edges of the crown. Small, vertically oriented enamel ridges
or grooves have been reported in Longipteryx (Wang, X.
et al., 2015) and Sulcavis (O’Connor et al., 2013), but most
Mesozoic bird teeth lack these specialized structures and
can be referred as “peg-like” or “subtriangular”. Our
results suggest narrowly limited diversity in tooth crown
shape among basal birds, enantiornithines and ornithuro-
morphs. For this reason, identifying isolated teeth that
are suspected to belong to Mesozoic birds may prove diffi-
cult, although considering the size and provenance of the
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specimens in conjunction with their shape is a potentially
fruitful strategy (Louchart and Pouech, 2017).

4.2. Dietary interpretations, and adaptive significance of
tooth crown shape

Our results show that tooth crown shape is too uniform
across Mesozoic birds to provide strong support for most
dietary interpretations that have been proposed in the liter-
ature. However, some such interpretations have been based
not only on tooth crown shape, but also on other factors
including tooth number, skull shape (Longipteryx, Zhang
et al., 2001; Longipterygidae, O’Connor et al., 2011), fore-
limb shape and its locomotor implications (Longipteryx,
Zhang et al., 2001) and even association of other fossil taxa
(Wellnhofer and Haase, 2009). To address the question of
why tooth shape is so uniform, we explore 3 possible expla-
nations based on assumptions (Fig. 11).

4.2.1. First possible explanation: insufficient data

If we assume that 1) current dietary interpretations for
Mesozoic birds are mostly correct, and 2) tooth crown
shape has substantial adaptive importance and is subject
to relatively strong selective pressure based on diet, then

it is surprising that our study differed from many previous
ones (Bright et al., 2016; Pineda-Munoz et al., 2016) in fail-
ing to recover positive results such as a significant NPMA-
NOVA P-value. Our negative results could then be
interpreted as based on insufficient data, reflecting the lim-
ited nature of the currently available information on diet
and tooth crown shape in Mesozoic birds. Some dietary
categories in this study included few taxa (prober, n = 1;
soft shell (soft-shelled arthopods) eater, n = 1; granivore,
n = 2), and these small sample sizes may have a consider-
able influence on the results of our pairwise tests.

Consolidating the original seven dietary categories into
four (invertebrate = insectivore + soft shell eater + pro
ber + durophage; vertebrate = piscivore; unknown = un-
known; seed = granivore). With all invertebrate-eating
birds in a single enlarged category (Fig. 10), NPMANOVA
produced lower P-values and more significant pairwise
comparisons than were recovered in the seven-category
version of the analysis (Table 3).

These pPCA results suggest that invertebrate-eating
birds differ significantly in tooth shape from both granivo-
rous and vertebrate-eating ones, diet group by pPCA and
increasing sample sizes could improve the results of
NPMANOVA. However, the total sample size (n = 28)
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used in our analysis is likely too small for clear differences
in tooth shape to be detectable among members of all seven
original dietary categories, even if such differences exist.
Therefore, building a larger sample by collecting data from
a greater number of well-preserved fossils, as well as refin-
ing interpretations of diet using more advanced methods
(e.g., stable isotope analysis), could be essential for improv-
ing the results obtained in the present analysis and more
accurately inferring diet from tooth crown shape data in
Mesozoic birds.

4.2.2. Second possible explanation: a considerable number of

Mesozoic birds are omnivores, and functional trade-offs
strongly influenced tooth crown shape

Aside from the small size of our data set, another possi-
ble explanation for the failure of our results to corroborate
many previous dietary interpretations may be that many of
the birds in the study were to some extent generalist rather
than specialist feeders. Their tooth crown shapes would
then be strongly influenced by functional trade-offs involv-
ing dental adaptation to different food types (Shoval et al.,
2012). This would imply that the generalist feeders should
form a cluster in phylomorphospace, while taxa with mor-
phologically specialized teeth should plot far from this
main cluster and can be interpreted as likely to have been
specialized in dietary terms as well.

In each 2D phylomorphospace considered in this study,
we plotted a confidence ellipse surrounding the region that
contains 60% of all taxa drawn from the Gaussian (normal)
distribution of 4 pairs of PC scores (PC1 vs PC2; PC2 vs
PC3; PC3 vs PC4; PC4 vs PC5; Fig. 12). We interpret the
taxa within the confidence ellipses as generalist feeders,
and those outside the ellipses as dietary specialists.

Following this logic, the tooth crown shapes of those
taxa outside the ellipses (Solnhofen specimen of Archaeop-
teryx, insectivore; Jeholornis, granivore; Protopteryx,
unknown diet; Pengornis, soft-shelled arthropod eater;
Longipteryx, piscivore; Tianyuornis, unknown diet; Meng-
ciusornis, unknown diet; Ichthyornis, piscivore; and Hesper-
ornis, piscivore) reflect evolutionary adaptation to
specialized diets. The tooth crown shapes of these taxa
are substantially different from those of most Mesozoic
birds in at least some phylomorphospaces, which makes
the hypothesis that they were specialist feeders of various
kinds more plausible.

4.2.3. Third possible explanation: teeth were decreasing in
importance as they were functionally replaced a
rhamphothecal and a muscular gizzard, often containing
gastroliths

This explanation is essentially based on the hypothesis
that Mesozoic birds underwent a trend towards functional
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‘replacement’ of the teeth by the combination of a rham-
phothecal beak and a muscular gizzard (Davit-Béal et al.,
2009; Louchart and Viriot, 2011), a process that may have
accelerated reduction and eventual loss of the dentition.
Although rarely preserved (Hou et al., 1999; Falk et al.,
2019), the beaks of Mesozoic birds may have exhibited con-
siderable diversity based on adaptation to different diets, as
demonstrated in many living birds (Schluter and Grant,
1984; Gosler, 1987; Benkman, 1988; Price, 1991;
Peterson, 1993; Gill, 1995; Barbosa and Moreno, 1999;
Bardwell et al., 2001; Grant and Grant, 2006; Olsen and
Gremillet, 2017).

If such diet-driven adaptation of the beak indeed
occurred in toothed early avians, the functional importance
and adaptive significance of tooth crown shape would have
diminished accordingly. Gastroliths have also been found
in some Mesozoic birds, representing another food-
processing adaptation that could have partially usurped
the role of the dentition.

The relatively high phylogenetic signal (Table 4) (Olsen
and Gremillet, 2017; Felice and Goswami, 2018; Bright
et al., 2019) recovered in our analysis for tooth crown
shape under a Brownian motion model (Felsenstein,
1985) together with the negative results of the pairwise tests
for dietary associations, offer at least circumstantial sup-

port for the hypothesis that the functional significance of
the dentition had been transferred to the beak and/or mus-
cular gizzard. Other anatomical features could also have
played an important role in adaptation of different diets.
Some dietary interpretations of Mesozoic birds have been
based not only on dental features, but also on claw shape
(Wang et al, 2014), rostrum shape (O’Connor and
Chiappe, 2011; O’Connor, 2019), body size (O’Connor,
2019) and dozens of anatomical characters (Zanno and
Makovicky, 2011).

More broadly, the adaptive importance of tooth crown
shape must have diminished on the line to crown-group
birds as additional feeding-related features evolved. These
novel components of the feeding system, such as the rham-
photheca, may provide a stronger basis for dietary inter-
pretations than the tooth crown shapes or other
dentitional features.

If the function of the dentition was indeed being
replaced to a substantial degree by other parts of the diges-
tive system in Mesozoic birds, then the power of our anal-
ysis of tooth crown shape to generate robust dietary
inferences is necessarily limited. Unfortunately, soft parts
of the digestive system (oesophagus, crop, proventriculus
(glandular stomach), ventriculus (muscular stomach or giz-
zard), the intestines, and ceca) are rarely preserved in these
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2D tooth crown shape phylomorphospace
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Fig. 10. 2D tooth crown shape phylomorphospace (PC4 vs PCS5) for 28 species. Polygons of different colors represent different taxa. The tips of crown
pointing left, the anterior edge of crown facing down.

Table 1 taxa, and this is also largely true of gastroliths and ingested
Tests of the evolutionary allometric relationship between tooth crown food items. Furthermore, gastroliths are found in living
shape and centroid size. birds species which feed on a variety of different hard food

R’ F z P Function items (Gionfriddo and Best, 1996), so that the presence of
Shape-logCS ~ 0.04943 13519 0.7299 0.239  procD.Im gastroliths in a fossil taxon would be consistent with an
Shape-logCS ~ 0.03133  0.841  0.055968  0.5088  procD.pgls  jnference of frugivory, granivory, insectivory or omnivory.

Table 2
Pairwise tests for significant differences in tooth crown shape between various taxonomic and
dietary categories based on pPC scores.

Method NPMANOVA (5 pPCs scores)
Basal birds vs Enantiornithines 0.824

Basal birds vs Ornithuromorphs 0.116

Enantiornithines vs Ornithuromorphs 0.199

Insectivore vs piscviore 0.172

Insectivore vs durophagore 1

Piscivore vs durophagore 0.738

AS strong AS weak

DI mostly accepted First possible explanation Third possible
DI mostly rejected  Second possible explanation explanation

Fig. 11. Assumptions underpinning the three different possible explanations for the failure of our analysis to clearly support previous dietary inferences
given in the discussion. AS: adaptive significance; DI: Dietary interpretation.
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Table 3

Pairwise tests for significant differences in tooth crown shape between
various taxonomic and dietary categories based on pPC scores, adjusted to
test first possible explanation (see text). * indicates a significant difference
(P <0.05).

Method NPMANOVA (5 pPCs score)

P corrected P
Invertebrate vs seed 0.005 * 0.015 *
Invertebrate vs vertebrate 0.014 * 0.042 *
Seed vs vertebrate 0.267 0.801

Beak shapes is commonly seen as the most informative
dietary indicator in birds, but its reliability has been called
into question by studies in living birds of dietary adaption
(Olsen and Gremillet, 2017) and correlated evolution
between the beak and braincase (Bright et al., 2016,
2019), employing similar methods to those used in the pre-
sent study.

Encouragingly, a recent study successfully revealed
important relationships between form and ecological

Long
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function in living birds (Pigot et al., 2020). This suggests
that more comprehensive data on the morphology of
Mesozoic birds, including information on skull shape and
limb proportions as well as on the dentition, may hold
the key to drawing clearer inferences about these and other
aspects of their ecology in the future.

5. Conclusion

Our analysis of tooth crown shape in Mesozoic birds
fails to provide clear support for dietary interpretations
presented in many previous studies, but shows that mor-
phologically specialized tooth crown shapes occur in sev-
eral Mesozoic birds including the Solnhofen
Archaeopteryx, Jeholornis, Protopteryx, Pengornis, Longip-
teryx, Tianyuornis, Mengciusornis, Ichthyornis and Hesper-
ornis. Based on the previously inferred diets of these taxa,
insectivory, granivory, piscivory and consumption of
soft-shelled arthropods were the feeding modes related to

specialized tooth crown morphologies. Functional
o1- Peng Prot .
0.0- .
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Fig. 12. Modified plots reflecting the possibility that tooth crown shape exhibits strong adaptive significance (first and second possible explanations).
Polygons and lines in different colors represent adjusted dietary interpretations (first possible explanation); 60% confidence ellipses (gray) contain the 60%
of total species which may be omnivores (second possible explanation). Abbreviated names of taxa for which direct evidence of diet is available are given in
bold (Jeho and Sape: seed; Yano: fish); Arch, Solnhofen Archaeopteryx; Hesp, Hesperornis; Icht, Ichthyornis; Jeho, Jeholornis; Meng, Mengciusornis; Peng,
Pengornis; Prot, Protopteryx; Sape, Sapeornis; Tian, Tianyuornis; Yano, Yanornis.
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Table 4
Measures of phylogenetic signal (K, for different phenotypic features in various groups of birds.
k P Taxon Phenotype Sample size Data type Reference
0.668 P <0.001 Mesozoic birds tooth crown shapes 28 shape coordinates this study
0.661 P <0.001 Mesozoic birds tooth crown shapes 28 PC scores (95%) this study
0.66 P <0.001 living birds pterygoid-quadrate 352 PC scores (95%) (Felice and Goswami, 2018)
0.65 P <0.001 living birds palate 352 PC scores (95%) (Felice and Goswami, 2018)
0.59 P <0.001 living birds occiput 352 PC scores (95%) (Felice and Goswami, 2018)
0.59 P <0.001 living birds whole skull 352 PC scores (95%) (Felice and Goswami, 2018)
0.58 P <0.001 living birds rostrum 352 PC scores (95%) (Felice and Goswami, 2018)
0.56 P <0.001 living birds basisphenoid 352 PC scores (95%) (Felice and Goswami, 2018)
0.56 P <0.001 waterfowl beak shapes 42 shapes coordinate (Olsen and Gremillet, 2017)
0.55 P <0.001 living birds vault 352 PC scores (95%) (Felice and Goswami, 2018)
0.48 P <0.001 living birds naris 352 PC scores (95%) (Felice and Goswami, 2018)
0.344 P =0.001 parrots and cockatoos beak and braincase 170 shape coordinates (Bright et al., 2019)

replacement of the dentition by a horny beak, and in some
cases also by gastroliths, undermined the adaptive signifi-
cance of tooth crown shape in other Mesozoic birds,
among which the tooth crowns were quite similar in form.
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