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Establishing the origin and function of unusual traits in fossil taxa provides a
crucial tool in understanding macroevolutionary patterns over long periods
of time. Ceratopsian dinosaurs are known for their exaggerated and often
elaborate horns and frills, which vary considerably between species. Many
explanations have been proposed for the origin and evolution of these ‘orna-
mental’ traits, from predator defence to socio-sexual dominance signalling
and, more recently, species recognition. A key prediction of the species recog-
nition hypothesis is that two or more species possessing divergent ornamental
traits should have been at least partially sympatric. For the first time to our
knowledge, we test this hypothesis in ceratopsians by conducting a compari-
son of the morphological characters of 46 species. A total of 350 ceratopsian
cladistic characters were categorized as either ‘internal’, ‘display” (i.e. orna-
mental) or ‘non display’. Patterns of diversity of these characters were
evaluated across 1035 unique species pairs. Display characters were found
to diverge rapidly overall, but sympatric species were not found to differ
significantly in their ornamental disparity from non-sympatric species, regard-
less of phylogenetic distance. The prediction of the species recognition
hypothesis, and thus the idea that ornamentation evolved as a species
recognition mechanism, has no statistical support among known ceratopsians.

1. Introduction

Exaggerated and elaborate anatomical features are well known among many
fossil taxa, including trilobites, amphibians, non-avian dinosaurs and artiodactyls
[1]. These features can take the form of bony processes, spines, horns, crests and
frills, often with no obvious functional explanation. A number of hypotheses have
been suggested for the presence and evolution of such ornaments, including
predator defence, mechanical support, thermoregulation, social or sexual signal-
ling, and species recognition [2—5]. The first three of these proposed explanations
have been considered and ruled out in many analyses of specific systems, leaving
species recognition and sexual selection as the two main competing hypotheses
that could offer a more general explanation for the evolution of ornaments.
There is now growing evidence that sexual selection can influence macroevolu-
tionary processes such as speciation, extinction and adaptation. The fossil
record offers the opportunity to test these ideas over considerably longer
timescales than possible in extant organisms.

The Ceratopsia was a major clade of non-avialan dinosaurs (hereafter ‘dino-
saurs’) of over 70 known species, all of which possessed large, ornamented,
morphologically diverse skulls [6,7]. (‘Ornament’ refers here to any exaggera-
ted morphological feature that was externally visible in life and has no obvious
utilitarian function, presumably functioning, in part, as a visual signal. We do
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Figure 1. Line drawings of ceratopsian skulls in simplified phylogeny to illustrate morphological diversity of cranial ornaments within the clade. (a) Liaoceratops
yangzigouensis; (b) Protoceratops andrewsi; (c) Centrosaurus apertus; (d) Achelousaurus horneri; (€) Pachyrhinosaurus canadensis; (f) Chasmosaurus belli; (g) Tricera-
tops horridus. Node 1 represents the clade Coronosauria, containing all taxa with enlarged frills. Node 2 represents the clade Ceratopsoidea, encompassing
Centrosaurinae (orange branch) and Chasmosaurinae (blue branch), within which the majority of cranial ornamental diversity, and all horned taxa, are found.
Lower image: full-body illustration of Styracosaurus albertensis (Centrosaurinae) with highlighted examples of the three different character classes used in this

study (refer to the electronic supplementary material for full list of characters).

not distinguish between ornaments and weapons to avoid
presupposing function [8].) Ceratopsians are well represented
in the fossil record and, coupled with their diverse skull mor-
phology and rapid species turnover, are well-suited for the
study of macroevolutionary patterns. Cranial ornamentation
in ceratopsians variously takes the form of frills (composed
of enlarged parietal and squamosal bones), nasal and postorbi-
tal horns, prominent jugal (‘cheek’) spikes, and epiossifications
around the posterior margin of the frill (figure 1) [9]. Sexual
dimorphism is not known from any ceratopsian species [10],
and no similar ornamentation is found in extant taxa. Early cer-
atopsians, such as Psittacosaurus and Liaoceratops (figure 1a),
had combinations of enlarged jugal spikes, and small, incipient
frills [6]. Enlarged frills and horns appeared first in the basal
neoceratopsian Zuniceratops [11], and reached their peak
diversity and complexity in the Centrosaurinae between 80
and 70 Ma (figure 1) [7,12]. Despite the great diversity in
ornament morphology, at no point were horns or frills
completely lost in any ceratopsian lineage once established.
Sexual selection is difficult to determine in extinct taxa
because of the lack of behavioural or genetic data, and there
is no single, reliable means of recognizing it from morphology
alone [1]. The absence of any obvious sexual dimorphism has
led some to conclude that sexual selection cannot provide an
explanation for ornamentation in ceratopsians, and that the

best explanation is, therefore, species recognition [13]. Species
recognition has been proposed as an alternative hypothesis
for the divergence of ornaments in extant species as a means
of avoiding hybridization; closely-related sympatric species
should, itis argued, develop contrasting morphological charac-
ters to differentiate themselves, a process known as character
displacement [14-18]. Such characters are not expected to
have an obvious mechanical function, and the process is
distinct from ecological character displacement [19]. Morpho-
logical characters involved in species recognition are
expected to function early on in social interactions between
individuals [20] and should be highly visible, an obvious
characteristic of highly ornamented ceratopsian skulls.
Padian and Horner suggested the following two tests for
identifying species recognition traits in extinct animals [3]:

(i) patterns of diversification of ornaments should be
relatively random; and
(ii) thereshouldbe evidence that at some point, several closely
related species with divergent ornaments lived at the same
time in environments that at least partially overlap.

The first hypothesis is not useful in distinguishing species
recognition traits because sexually selected features also
sometimes show apparently ‘random’ patterns of divergence
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[21-23]. Given the reasonably dense fossil record of the Ceratop-
sia, however, it should be possible to test a modified version of
the second hypothesis using species that are known to have been
sympatric. If species recognition is a driver of trait evolution,
then morphological disparity in ornamentation should be sig-
nificantly higher between sympatric species because species
that are not sympatric have minimal selective pressure to
evolve obvious visual differences [15]. Species recognition
should, therefore, promote the divergence of these traits to a
greater degree between sympatric species than between species
which did not coexist. The species recognition hypothesis can be
easily tested with knowledge of morphology and species
distributions, both of which are well known in ceratopsians.

Here, we perform, to our knowledge, the first everevaluation
of species recognition in a fossil vertebrate clade with an assess-
ment of ceratopsian dinosaur data. We combine information on
ornamental and other traits with information on sympatry to test
the hypothesis that sympatric ceratopsian taxa evolved features
that visually distinguish them from one another.

2. Methods

All known valid ceratopsian species were listed using existing
sources [12,24]. Known geographical occurrences for each species
were determined from the primary literature (electronic sup-
plementary material, table S1). Temporal ranges follow published
dates of their host formations, using more precise dates for
occurrences within the formation where possible.

Phylogenetic information was compiled from a number of
sources, and a composite tree constructed (electronic supplemen-
tary material) [7,9,25-36]. The phylogenetic distance between
each species pair was calculated using a method [37] adapted
for extinct taxa; the number of speciation events since the last
common ancestor was counted for each possible species pair,
omitting species radiations that occurred after the more recent
occurrence of the two species. This avoids overweighting of
clades that subsequently underwent large species radiations.

Trait comparisons were performed using a total of 350
defined and scored cladistic characters (electronic supplementary
material). Each character was classed as either external or internal,
based on whether it was likely to have an effect on the exterior
appearance of the animal in life. External characters were further
subdivided into display and non-display, defined as whether or
not the character in question was deemed whole or part of an
ornament (i.e. in ceratopsians, the frill, horns and bosses of the
skull). The classification of characters in this way resulted in
three character classes:

internal characters (196 characters),
display characters (86 characters),

non-display (other) characters (68 characters).

Each species pair was compared using the following formula:

. . Mot — 1
difference index = M

Mot

where 1, is the total number of characters present in both taxa
and Mgme is the number of characters with matching states in
both taxa. This resulted in a ‘difference index” value of between
0 and 1, where species pairs possessing all identical characters
are scored 0 and absolutely different pairs are scored 1.

Because of the low confidence arising from comparisons of
poorly known species with many unknown characters, a mini-
mum cut-off of 40% possession of characters was used. This
retained a high number of species in the analysis while simul-
taneously excluding those known from limited remains. This

latter group contained mainly the earlier, more basal members of n

the clade, and was deemed an acceptable omission because this
study is concerned with the exaggerated structures associated pri-
marily with Neoceratopsia. After these criteria were applied, a
total of 46 ceratopsian species were retained from the initial total
of 77. Phylogenetic distance values were not altered.

Comparisons of species pairs were determined by a pairwise
comparison grid of (n? — n)/2 possible combinations, where 7 is
the number of taxa. If we define sympatry as the situation where
species pairs are known to be found in the same place and at the
same time, we classify only 38 species pairs of a total of 1035
used in this study as sympatric. Given the incomplete nature of
the fossil record and the possibility of dating errors, however,
this is likely to be an underestimate, so we used a series of criteria
to describe how likely each species pair was to have been present
in the same place at the same time, as follows:

— sympatric: species pairs are found in the same location with
overlap in their temporal range (38 pairs);

— allopatric: species pairs overlap in their temporal range and
are found on the same continent, but are not known from
the same locality (63 pairs);

— pseudo-sympatric: species pairs are found in the same region
and do not overlap temporally, but are dated within 1 million
years of one another (119 pairs);

— contemporary: species pairs overlap in their temporal range
(a combination of sympatric and allopatric; 101 pairs); and

— not sympatric: species pair not known to overlap geographi-
cally within 1 million years temporally (815 pairs).

Padian and Horner suggested the ‘ghost of species recognition” con-
cept to test the species recognition hypothesis [3]; divergent clades
with ‘exaggerated features’ need only to have been known to have
coexisted. This hypothesis is untestable as presented because it
does not require physical evidence of contemporary forms, and
we cannot know if contemporary lineages were morphologically
distinct without fossil evidence. Furthermore, all divergent lineages
would, at some time, have been contemporary by definition. In an
attempt to address the ‘ghost of species recognition” concept [3],
the contemporary category was created by merging the sympatric
and allopatric categories. Categorizing species in this way ensures
that fossil evidence is available for comparison of the morphology
of contemporary species, and avoids speculating that morphological
divergence had occurred at a chosen point.

To ensure that the relatively smaller datasets of the sympatry
categories were not affecting comparison, we randomly sampled
species pairs from the complete dataset to simulate populations
of the same size as each sympatry category. This process was
repeated 10 000 times for each category to provide a distribution
of regression parameters, and the equivalent values for each
sympatry category were compared with these distributions.

Finally, we assessed each character individually to test if
sympatry was driving the divergence of individual traits. This
was done by individually comparing the mean difference values
of each character in the three main sympatry classes with the
equivalent means in the remaining, non-sympatric species pairs.

3. Results

All unique pairwise comparisons, excluding same-species
comparisons ((n? — 1) /2 = 1035), were plotted against relative
phylogenetic distance (figure 2, row a). Trend lines in all cases
are fitted with a second-order polynomial regression. This
method captured the distribution of data while keeping the
number of parameters low [38]. Morphological disparity
increases with increasing relative phylogenetic distance, but
the form of this relationship varies with the different classes
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Figure 2. Pairwise comparison plots for sympatry categories (rows a—e) and character classes (columns i—iii). Species pairs that do not fall into sympatry categories
are shown in light grey in rows b to e for reference. Second-order polynomial regressions fitted with confidence intervals are set at 95%.

of trait. The relatively low intercept values of internal (—0.028)
and non-display characters (0.033), and shallower slope at low
phylogenetic distances, suggest comparatively high levels of
conservation of these characters between closely related
species. By contrast, display characters show a higher intercept
(0.100) across all species pairs (figure 2, cell a(ii)), and these
characters are notably more divergent in closely related species
pairs than are the internal or non-display characters.

Rows (b—e) of figure 2 show the divergence values for each
character class when the species pairs are divided into the four
sympatry categories. In the plots for the display characters, the
allopatric and contemporary sympatry categories appear to
depart slightly from the trend seen for all species pairs, but
only at high relative phylogenetic distances. The trend lines
for sympatric (b(i)) and pseudo-sympatric (d(i)) species pairs
in the non-visual character class show a small deviation from
the all-species trend at intermediate and high values of relative
phylogenetic distance, respectively. This is not seen in the plots
of this character class for other sympatry categories.

The three second-order polynomial regression parameter
values obtained for each of the observed character classes
were plotted with the values obtained from random sampling
for all species pairs (figure 3). All sympatry category par-
ameters appear to fall well within the distribution of
parameters from the randomly sampled datasets.

Z-scores were calculated for all the regression parameters,
and all fell well within +1.96 standard deviations (95% confi-
dence interval) from the mean of the distribution of parameter

values of the randomly sampled datasets (electronic sup-
plementary material, table S2). This analysis, coupled with
visual inspection of the plots in figure 2, suggests that sympatry
does not have a significant effect on divergence of morphology
in these groups.

Mean difference values for individual characters only
show notably greater values in sympatric species pairs than
other sympatry categories for two display characters (157
and 182; see the electronic supplementary material, figure
S2 for details). These characters were found to be only present
in 1 out of 38 and 3 out of 38 sympatric species pairs, respect-
ively. It is likely that this is a result of the relatively small
sample size of the sympatric category and does not reflect a
genuine pattern of divergence among only these characters.

4. Discussion

We find no support for the hypothesis that sympatry correlates
with higher ornament divergence in ceratopsian dinosaurs,
nor for the wider species recognition explanation [3] for
the evolution of horns, frills and other display traits in the
Ceratopsia. Firstly, the divergence between ornaments of con-
temporary species is not significantly different from randomly
sampled species, either individually or when considered as a
suite of complimentary ornaments. This is true regardless of
the level of sympatry, offering little support to the idea that
the driver of ornament diversity was the need to differentiate
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Figure 3. Distributions of second-order polynomial model output parameters for 10 000 randomly sampled n species pairs of internal (a and d), display (b and e),
and other visual (c and 1) character classes. Randomly sampled values are shown in grey. Values calculated for sympatry categories are overlaid in coloured points
for each character class (green: sympatric; orange: allopatric; red: pseudo-sympatric; blue: contemporary).

between contemporary species. Secondly, although ornaments
appear to show more rapid initial divergence than other struc-
tures, this pattern is not expected to be exclusive to species
recognition-specific features; those involved in sexual selec-
tion or resource acquisition are known to undergo rapid
morphological evolution and divergence [1,23,39].

A number of criticisms have been made of the species rec-
ognition hypothesis, chiefly that the drive to differentiate
closely related species should evolve towards minimal cost
[21]. Under the circumstances where two parties benefit from
differentiating one another, low-cost signals are evolutionarily
stable because neither party would benefit from either a dis-
honest or costly signal [40]. Although attempting to explain
the divergence of ornamentation among ceratopsians, species
recognition does not explain why all neoceratopsians evolved
and maintained broadly similar structures in order to differen-
tiate themselves from other species. The skulls of some
neoceratopsians such as Chasmosaurus (figure 1f) have been
shown to be such a large component of overall body mass
that the centre of mass of the animal is shifted forwards to a
degree that renders them obligately quadrupedal [41]. The
amount of resources and energy required to grow and maintain
such a structure is not consistent with a low-cost modification.

The few examples of species recognition-driven character
divergence (as opposed to ecological character displacement)
in extant species suggest low-cost modifications to pre-existing
features that are common to both species in the non-
overlapping portions of their ranges. Examples include facial
markings in the rock nuthatches, Sitta tephronata and
Sitta neumayer [15], plumage coloration in trogons [42] and the

flycatcher Ficedula [18], and dewlap coloration in the lizard
genus Anolis [43]. No example is known of a large, costly struc-
ture evolving to serve primarily as a recognition signal in extant
taxa [44]. Unique phenotypes may, of course, enable a member
of a species to easily identify conspecifics, but for the examples
known in extant taxa a different explanation of their origin
exists [45]. An example is known of a so-called ‘social mimic’
in extant bird taxa, where two visually identical species overlap
substantially in their ranges and are known to flock and forage
together, but are nevertheless genetically distinct [46]. There is
seemingly no impediment to their stable coexistence that war-
rants divergence of visual characters, as would be expected if
species recognition were important.

An additional result of this study is in the comparison of
curves for each character class across all species (figure 2,
row a). The intercepts of the curves in both the internal
(figure 2, a(i)) and other visual (figure 2, a(iii)) categories show
a lower, near-zero, initial value than that seen in the display
(figure 2, a(ii)) category. This difference suggests that traits
associated with display in ceratopsians diverge at a quicker
rate than do other features. This raises two possibilities: display
features, implicated in visual communication, generally under-
went rapid evolution during divergence of ceratopsian taxa, or
that traits with a specific mechanical function (i.e. non-display
characters; teeth, limbs, etc.) were under stronger stabilizing
selection than display characters. The species recognition
hypothesis does not appear to adequately account for this
phenomenon because the pattern is a general trend observed
across all included taxa, not simply those that are known or
are implied to be sympatric. Visual signals are predicted to
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diverge rapidly under both sexual selection [1] and species
recognition [3], but the effects of species recognition would
only be seen in sympatric taxa where failure to distinguish
conspecifics is costly.

The largest and most elaborate ceratopsian ornaments are
found within the clade Ceratopsidea, including such well-
known taxa as Centrosaurus, Triceratops and Styracosaurus
(figure 1c,g and main image, respectively) [7]. The seemingly
rapid and random divergence of skull ornamentation within
this clade may point to one or several situations acting across
it [47]. Firstly, interspecific selection acting in different direc-
tions would promote divergence between species. This
may occur as a result of sympatric ecological niche partition-
ing, allopatric ecological selection, or as a result of the need
for signalling diversity, as in species recognition [3,19].
Secondly, intraspecific mutually antagonistic coevolution
where novelty is favoured creates conditions where arms
races within species drive morphological evolution. An
example of this is the evolution of weapons for use in intra-
sexual combat [48]. Thirdly, very flat selective landscapes
create conditions where morphology is not constrained to
evolve in a particular direction and so is free to evolve ran-
domly from ancestral states. This last explanation seems
unlikely given the high cost of ceratopsian ornaments,
which were retained in almost all the species within the
clade [7]. Niche partitioning and species recognition require
some degree of interspecific interaction and, thus, sympatry.
We have demonstrated here that sympatry has no significant
effect on morphological disparity in ceratopsians. In the
absence of any functional ecological role for ornamentation
in ceratopsians [44], only intraspecific mutually antagonistic
coevolution favouring novelty seems to apply to this clade,
given the available evidence.

Sexual selection or social-sexual signalling has previously
been proposed as a driver of ornament evolution and diversity
in ceratopsians [1,2,21,44,49,50]. Most studies of sexually

References

selected ornaments and weapons in extant taxa focus on sexu-
ally dimorphic examples [51,52], and there is no clear evidence
of sexual dimorphism in Ceratopsia or any other dinosaur
clade [10,53]. Except in extreme examples, large sample sizes
are needed to distinguish sexes based on morphology alone
[53,54]. Furthermore, mutual mate choice is also known to
lead to the evolution of similar ornaments in both sexes in
extant taxa [2,55]. If sexual selection is indeed the process
behind the unique ornamentation of ceratopsians, it points to
a set of conditions acting upon ceratopsians without obvious
parallel in extant taxa. Nevertheless, sexually selected orna-
ments are expected to show characteristic patterns of growth,
diversity and rapid evolution regardless of the taxa or charac-
ters in question [1]. Some support has been found for this in the
positively allometric growth patterns of the ceratopsian Proto-
ceratops [56], and the patterns of ornament divergence seen in
Ceratopsia [7] are similar to those seen in the sexually selected
horns of the scarab beetle genus Onthophagus [52]. Identifying
these patterns is a challenge in fossil taxa, but an important step
in the study of evolutionary palaeobiology, and evolutionary
theory in general.

Data accessibility. Additional data can be found in the electronic
supplementary material.

Authors” contributions. A.K., R.J.K. and D.W.E.H. conceived and designed
the study; A.A.F. and M.A.L. compiled and scored the character
matrix; AK. and R.J.K. analysed the data; all authors contributed
to writing the manuscript.

Competing interests. We declare we have no competing interests.
Funding. This study was funded by a UK Natural Environment
Research Council (NERC) Doctoral Training Partnership grant
(NE/L002485/1).

Acknowledgements. We thank Jacob Dinner and Steve Le Comber (Queen
Mary University of London) for their additional help and advice with
data analysis and figures, Scott Hartman for providing the skeletal draw-
ings used in figure 1, and two anonymous reviewers for their thoughtful
comments and suggestions for the improvement of the paper.

Sexual selection in prehistoric animals: detection

1. Knell RJ, Naish D, Tompkins JL, Hone DWE. 2012 7.

Sampson SD, and Loewen MA. 2010 Unravelling a
radiation: a review of the diversity, stratigraphic

Protoceratopsidae). PLoS ONE 10, e0126464.
(doi:10.1371/journal.pone.0126464)

and implications. Trends Ecol. Evol. 28, 38—47. distribution, biogeography and evolution of horned ~ 11.  Wolfe DG, Kirkland JI, Smith D, Poole K, Chinnery-
(doi:10.1016/j.tree.2012.07.015) dinosaurs (Ornithischia: Ceratopsidae). In New Allgeier BJ, McDonald A. 2010 Zunicerataps christopheri:
Hone DWE, Naish D, Cuthill I. 2012 Does mutual perspectives on horned dinosaurs: The Royal Tyrrell the North American ceratopsid sister taxon reconstructed
sexual selection explain the evolution of head crests Museum Ceratopsian Symposium, Bloomington and on the basis of new data. In New perspectives on horned
in pterosaurs and dinosaurs? Lethaia 45, 139—156. Indianapolis (eds M) Ryan, BJ Chinnery-Allgeier, DA dinosaurs: The Royal Tyrrell Museum Ceratopsian
(doi:10.1111/}.1502-3931.2011.00300.x) Eberth), pp. 405—427. Bloomington, IN: Indiana Symposium, Bloomington and Indianapolis (eds MJ Ryan,
Padian K, Horner JR. 2010 The evolution of ‘hizarre University Press. BJ Chinnery-Allgeier, DA Eberth), pp. 91-98.
structures’ in dinosaurs: biomechanics, sexual 8. McCullough EL, Miller CW and Emlen DJ. 2016 Why Bloomington, IN: Indiana University Press.

selection, social selection or species recognition? sexually selected weapons are not omaments. Trends Fcol. 12 Weishampel DB, Dodson P, Osmdlska H (eds). 2004
J. Zool. 283, 3—17. (d0i:10.1111/j.1469-7998.2010. Evol. 31, 742—-751. (doi:10.1016/j.tree.2016.07.004) The Dinosauria, 2nd edn. Berkeley, CA: California
00719.x) 9. Sereno P. 2010 Taxonomy, cranial morphology and University Press.

Knell RJ, Fortey RA. 2005 Trilobite spines and relationships of parrot-beaked dinosaurs (Ceratopsia: ~ 13. Padian K, Horner JR. 2011 The definition of sexual
beetle horns: sexual selection in the Psittacosaurus). In New perspectives on horned selection and its implications for dinosaurian
Palaeozoic? Biol. Lett. 1, 178—180. (doi:10.1098/ dinosaurs: The Royal Tyrrell Museum Ceratopsian biology. J. Zool. 283, 23-27. (doi:10.1111/j.1469-
rsh1.2005.0304) Symposium, Bloomington and Indianapolis (eds MJ 7998.2010.00761.x)

Farke AA, Wolff EDS, Tanke DH. 2009 Evidence of Ryan, BJ Chinnery-Allgeier, DA Eberth), pp. 21-58.  14. Brown W, Wilson EO. 1956 Character displacement.
combat in Triceratops. PLoS ONE 4, e4252. (doi:10. Bloomington, IN: Indiana University Press. Syst. Zool. 5, 49—64. (doi:10.2307/2411924)
1371/journal.pone.0004252) 10.  Maiorino L, Farke AA, Kotsakis T, Piras P. 2015 Males  15. Grant P. 1972 Convergent and divergent character

Dodson P. 1998 The horned dinosaurs. Princeton, NJ:
Princeton University Press.

resemble females: re-evaluating sexual dimorphism
in Protoceratops andrewsi (Neoceratopsia:

displacement. Biol. J. Linn. Soc. 4, 39-68. (doi:10.
1111/j.1095-8312.1972.th00690.x)

7L£08L0T7 68T § 205 Y 20id  biorbuiysiigndfranosiesorqdsi H


http://dx.doi.org/10.1016/j.tree.2012.07.015
http://dx.doi.org/10.1111/j.1502-3931.2011.00300.x
http://dx.doi.org/10.1111/j.1469-7998.2010.00719.x
http://dx.doi.org/10.1111/j.1469-7998.2010.00719.x
http://dx.doi.org/10.1098/rsbl.2005.0304
http://dx.doi.org/10.1098/rsbl.2005.0304
http://dx.doi.org/10.1371/journal.pone.0004252
http://dx.doi.org/10.1371/journal.pone.0004252
http://dx.doi.org/10.1016/j.tree.2016.07.004
http://dx.doi.org/10.1371/journal.pone.0126464
http://dx.doi.org/10.1111/j.1469-7998.2010.00761.x
http://dx.doi.org/10.1111/j.1469-7998.2010.00761.x
http://dx.doi.org/10.2307/2411924
http://dx.doi.org/10.1111/j.1095-8312.1972.tb00690.x
http://dx.doi.org/10.1111/j.1095-8312.1972.tb00690.x

20.

21.

22.

23.

24,

25.

26.

27.

28.

Okamoto KW, Grether GF. 2013 The evolution of
species recognition in competitive and mating
contexts: the relative efficacy of alternative methods
of character displacement. Ecol. Lett. 16, 670—678.
(doi:10.1111/ele.12100)

Pfennig KS, Pfennig DW. 2009 Character
displacement: ecological and reproductive responses
to a common evolutionary problem. Q. Rev. Biol.
84, 253-276. (doi:10.1086/605079)

Setre GP, Moum T, Bures S, Kral M, Adamjan M,
Moreno J. 1997 A sexually selected character
displacement in flycatchers reinforces premating
isolation. Nature 387, 589—592. (doi:10.1038/42451)
Futuyma D. 2005 Evolution. Sunderland, MA:
Sinauer Associates.

Hieronymous TL, Wittmer LM, Tanke DH, Currie PJ.
2009 The facial intequment of centrosaurine
ceratopsids: morphological and histological
correlates of novel skin structures. Anatom. Rec.
292, 1370-1396. (doi:10.1002/ar.20985)

Knell RJ, Sampson SD. 2011 Bizarre structures in
dinosaurs: species recognition or sexual selection?
A response to Padian and Horner. J. Zool. 283,
18—-22. (doi:10.1111/j.1469-7998.2010.00758.x)
Qvarnstrom A, Vallin N, Rudh V. 2012 The role

of male contest competition over mates in
speciation. Curr. Zool. 58, 493—509. (doi:10.1093/
00l0/58.3.493)

Prum R. 1997 Phylogenetic tests of alternative
intersexual selection mechanisms: trait
macroevolution in a polygynous clade (Aves:
Pipridae). Am. Nat. 149, 668—692. (doi:10.1086/
286014)

Ryan MJ, Chinnery-Allgeier BJ, Eberth DA. (eds)
2010 New perspectives on horned dinosaurs: The
Royal Tyrrell Museum Ceratopsian Symposium,
Bloomington and Indianapolis. Bloomington, IN:
Indiana University Press.

Xu X, Foster CA, Clark JM, Mo J. 2006 A basal
ceratopsian with transitional features from the late
Jurassic of northwestern China. Proc. R. Soc. B 273,
2135-2140. (doi:10.1098/rsph.2006.3566)
Makovicky P. 2010 A redescription of the
Montanoceratops cerorhynchus holotype with a
review of referred material. In New perspectives
on horned dinosaurs: The Royal Tyrrell Museum
Ceratopsian Symposium, Bloomington and
Indianapolis (eds MJ Ryan, BJ Chinnery-Allgeier,
DA Eberth), pp. 68—82. Bloomington, IN: Indiana
University Press.

Xu X, Wang K, Zhao X, Sullivan C, Chen S. 2010 A
new leptosaurid (Ornithischia: Ceratopsia) from the
Upper Cretaceous of Shandong, China and its
implications for neoceratopsian evolution. PLoS ONE
5, €13835. (doi:10.1371/journal.pone.0013835)
Sampson SD, Loewen MA, Farke AA, Roberts EM,
Forster CA, Smith JA, Titus AL. 2010 New horned
dinosaurs from Utah provide evidence for
intracontinental dinosaur endemism. PLoS ONE 5,
€0012292. (doi:10.1371/journal.pone.0012292)

N

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

9.

Longrich N. 2011 Titanoceratops ouranos, a giant
horned dinosaur from the late Campanian of New
Mexico. Cretaceous Res. 32, 264—276. (doi:10.1016/
j.cretres.2010.12.007)

Mallon JC, Evans DC, Ryan MJ, Anderson JS. 2013
Feeding height stratification among the herbivorous
dinosaurs from the Dinosaur Park Formation (upper
Campanian) of Alberta, Canada. BMC Ecol. 13, 14.
(doi:10.1186/1472-6785-13-14)

Sampson SD, Lund EK, Loewen MA, Farke AA,
(layton KE. 2013 A remarkable short-horned
dinosaur from the Late Cretaceous (late Campanian)
of Laramidia. Proc. R. Soc. B 280, 20131186.
(doi:10.1098/rspb.2013.1186)

Farke AA, Maxwell WD, Cifelli RL, Wedel MJ. 2014 A
ceratopsian dinosaur from the Lower Cretaceous of
Western North America, and the biogeography of
Neoceratopsia. PLoS ONE 9, €112055. (doi:10.1371/
journal.pone.0112055)

Brown CM, Henderson DM. 2015 A new horned
dinosaur reveals convergent evolution in cranial
ornamentation in Ceratopsidae. Curr. Biol. 25,
1641—1648. (doi:10.1016/j.cub.2015.04.041)

Zheng W, Jin X, Xu X. 2015 A psittacosaurid-like
basal neoceratopsian from the Upper Cretaceous of
central China and its implications for basal
ceratopsian evolution. Sci. Rep. 5, 1-9. (doi:10.
9734/JSRR/2015/14076)

Lund EK, O'Connor PM, Loewen MA, Jinnah ZA.
2016 A new centrosaurine ceratopsid,
Machairoceratops cronusi gen et sp. nov., from the
Upper Sand Member of the Wahweap Formation
(middle Campanian), southern Utah. PLoS ONE 11,
0154403. (doi:10.1371/journal.pone.0154403)
Mallon JC, Ott CJ, Larson PL, luliano E, Evans DC.
2016 Spiclypeus shipporum gen. et sp. nov., a boldly
audacious new chasmosaurine ceratopsid
(Dinosauria: Ornithischia) from the Judith River
Formation (Upper Cretaceous: Campanian) of
Montana, USA. PLoS ONE 11, e0154218. (doi:10.
1371/journal.pone.0154218)

Grafen A. 1989 The phylogenetic regression. Phil.
Trans. R. Soc. Lond. B 336, 119—157. (doi:10.1098/
rsth.1989.0106)

Montgomery DC, Peck EA. 1992 Introduction to
linear regression analysis, 2nd edn. New York, NY:
Wiley-Interscience, John Wiley and Sons, Inc.

Boag PT, Grant PR. 1981 Intense natural selection in
a population of Darwin’s finches (Geospizinae) in
the Galapagos. Science 214, 82— 85. (doi:10.1126/
science.214.4516.82)

Maynard Smith J, Harper D. 2003 Animal signals.
Oxford, UK: Oxford University Press.

Maidment SCR, Henderson DM, Barrett PM. 2014
What drove reversions to quadrupedality in
ornithischian dinosaurs? Testing hypotheses using
centre of mass modelling. Naturwissenschaften 101,
989-1001. (doi:10.1007/500114-014-1239-2)
Bitton PP, Doucet SM. 2016 Sympatric black-headed
and elegant trogons focus on different plumage

43.

4,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

characteristics for species recognition. Anim.
Behav. 116, 213—221. (doi:10.1016/j.anbehav.
2016.03.035)

Van Hooydonck B, Herrel A, Meyers JJ, Irschick DJ.
2009 What determines dewlap diversity in Anolis
lizards? An among-island comparison. J. Evol. Biol.
22, 293-305. (doi:10.1111/j.1420-9101.2008.
01643.%)

Hone DWE, Naish D. 2013 The ‘species recognition
hypothesis’ does not explain the presence and
evolution of exaggerated structures in non-avian
dinosaurs. J. Zool. 290, 172—180. (doi:10.1111/
j20.12035)

Zahavi A, Zahavi A. 1997 The handicap principle.
Oxford, UK: Oxford University Press.

Lopes LE, Chaves AV, de Aquino MM, Silveira LF, dos
Santos FR. In press. The striking polyphyly of Suiriri:
convergent evolution and social mimicry in two
cryptic Neotropical birds. J. Zool. Syst. Evol. Res.
(doi:10.1111/jz5.12200)

Maiorino L, Farke AA, Kotsakis T, Piras P. 2017
Macroevolutionary patterns in cranial and lower jaw
shape of ceratopsian dinosaurs (Dinosauria:
Ornithischia): phylogeny, morphological integration
and evolutionary rates. Evol. Ecol. Res. 18,
123-167.

Emlen DJ. 2008 The evolution of animal weapons.
Annu. Rev. Ecol. Syst. 39, 387—413. (doi:10.1146/
annurev.ecolsys.39.110707.173502)

Horner JR, Varricchio DJ, Goodwin MB. 1992 Marine
transgressions and the evolution of Cretaceous
dinosaurs. Nature 358, 59—61. (doi:10.1038/
358059a0)

Dodson P. 1976 Quantitative aspects of relative
growth and sexual dimorphism in Protoceratops.
J. Paleontol. 50, 929—940.

Andersson M. 1994 Sexual selection. Princeton, NJ:
Princeton University Press.

Emlen DJ, Marangelo J, Ball B, Cunningham CW.
2005 Diversity in the weapons of sexual

selection: horn evolution in the beetle genus
Onthophagus (Coleoptera: Scarabidae). Evolution
59, 1060—1084. (doi:10.1111/}.0014-3820.2005.
th01044.x)

Mallon JC. 2017 Recognizing sexual dimorphism in
the fossil record: lessons from nonavian dinosaurs.
Paleobiology 43, 495-507. (doi:10.1017/pab.
2016.51)

Hone DWE, Mallon JC. 2017 Protracted growth
impedes the detection of sexual dimorphism in
non-avian dinosaurs. Palaeontology 60, 535—545.
(doi:10.1111/pala.12298)

Jones IL, Hunter FM. 1993 Mutual sexual selection
in a monogamous seabird. Nature 362, 238—239.
(doi:10.1038/362238a0)

Hone DWE, Wood D, Knell RJ. 2016 Positive
allometry for exaggerated structures in the
ceratopsian dinosaur Protoceratops andrewsi
supports socio-sexual signalling. Paleontol. Electron.
19, 1-13.

7LE08L0T :§8T g oS Y oid  biobuiysiigndAisnosiedorqdss H


http://dx.doi.org/10.1111/ele.12100
http://dx.doi.org/10.1086/605079
http://dx.doi.org/10.1038/42451
http://dx.doi.org/10.1002/ar.20985
http://dx.doi.org/10.1111/j.1469-7998.2010.00758.x
http://dx.doi.org/10.1093/czoolo/58.3.493
http://dx.doi.org/10.1093/czoolo/58.3.493
http://dx.doi.org/10.1086/286014
http://dx.doi.org/10.1086/286014
http://dx.doi.org/10.1098/rspb.2006.3566
http://dx.doi.org/10.1371/journal.pone.0013835
http://dx.doi.org/10.1371/journal.pone.0012292
http://dx.doi.org/10.1016/j.cretres.2010.12.007
http://dx.doi.org/10.1016/j.cretres.2010.12.007
http://dx.doi.org/10.1186/1472-6785-13-14
http://dx.doi.org/10.1098/rspb.2013.1186
http://dx.doi.org/10.1371/journal.pone.0112055
http://dx.doi.org/10.1371/journal.pone.0112055
http://dx.doi.org/10.1016/j.cub.2015.04.041
http://dx.doi.org/10.9734/JSRR/2015/14076
http://dx.doi.org/10.9734/JSRR/2015/14076
http://dx.doi.org/10.1371/journal.pone.0154403
http://dx.doi.org/10.1371/journal.pone.0154218
http://dx.doi.org/10.1371/journal.pone.0154218
http://dx.doi.org/10.1098/rstb.1989.0106
http://dx.doi.org/10.1098/rstb.1989.0106
http://dx.doi.org/10.1126/science.214.4516.82
http://dx.doi.org/10.1126/science.214.4516.82
http://dx.doi.org/10.1007/s00114-014-1239-2
http://dx.doi.org/10.1016/j.anbehav.2016.03.035
http://dx.doi.org/10.1016/j.anbehav.2016.03.035
http://dx.doi.org/10.1111/j.1420-9101.2008.01643.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01643.x
http://dx.doi.org/10.1111/jzo.12035
http://dx.doi.org/10.1111/jzo.12035
http://dx.doi.org/10.1111/jzs.12200
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173502
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173502
http://dx.doi.org/10.1038/358059a0
http://dx.doi.org/10.1038/358059a0
http://dx.doi.org/10.1111/j.0014-3820.2005.tb01044.x
http://dx.doi.org/10.1111/j.0014-3820.2005.tb01044.x
http://dx.doi.org/10.1017/pab.2016.51
http://dx.doi.org/10.1017/pab.2016.51
http://dx.doi.org/10.1111/pala.12298
http://dx.doi.org/10.1038/362238a0

	Patterns of divergence in the morphology of ceratopsian dinosaurs: sympatry is not a driver of ornament evolution
	Introduction
	Methods
	Results
	Discussion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


