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ABSTRACT

Sexual dimorphism is a prevalent feature of sexually reproducing organisms yet its presence in
dinosaurs has recently been questioned. The inferred absence of sexual dimorphism, however,
may be a methodological artefact, rooted in the lack of systematic knowledge concerning how
sexual dimorphism of living animals behaves statistically. To start building such knowledge, |
reanalyzed published data of 139 species of living animals that are sexually dimorphic. The
previous method used for dinosaurs recognized only 5% of the living species correctly as
dimorphic. This low rate is largely caused by tilting of ordinated multivariate space due to
interactions between size and shape dimorphisms, low signal/noise ratios, and inclusion of
outliers. The rate can be improved to 50% by modifying the method but not further, unless the
information on the sex of individual specimens is used—such information is unavailable in
dinosaurs, so sexual dimorphism probably cannot be established for a large proportion of
sexually dimorphic dinosaurs. At the same time, about 32% of the 139 are strongly sexually
dimorphic, and can be re-sexed from shape with misclassification rates below 0.05. A
reassessment of dinosaurian data suggests that sexual dimorphism likely existed at least in some

species, such as Allosaurus fragilis.
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INTRODUCTION

Sexual dimorphism and its evolution have fascinated biologists over two centuries. The notion of
sexual dimorphism was already noted by John Hunter [1728-1793], who stated that males of
many species differed from their respective females not only in “organs of generation” but also
in “secondary properties” (Hunter, 1837). Darwin later called these traits primary and secondary
sexual characters (Darwin, 1859, 1871), with the primary sexual characters being “organs of
reproduction” (Darwin, 1871) whereas secondary sexual characters being  attached to one sex,
but are not directly connected with the act of reproduction” (Darwin, 1859). Darwin also noted
that dimorphism between sexes may also be seen outside of the primary and secondary sexual
characters, in “structures related to habits of life” (Darwin, 1871), e.g., if males and females have
different dietary preferences, their morphologies may differ although the difference would have
limited impacts on reproduction per se. This third category is rarely mentioned in the recent
literature, in which it is considered a part of secondary sexual characters sensu lato. Darwin
separated this third category from the secondary sexual characters probably because he did not
expect it to be sexually selected—nhe noted that sexually selected characters were seen when
females and males “have the same general habits of life”” (Darwin, 1859). In the modern context,
sexual dimorphism encompasses not only morphology per se but also “morphs” in other aspects
of biology, such as physiology and genetics. The present study focuses on sexual dimorphism in
the morphology of primary and secondary sexual characters in the broad sense.

Sexual dimorphism is typically seen in two components of morphology—size and shape.
Sexual size dimorphism, in which the mean sizes of adult females and males differ, is a feature

seen in many animals including humans (Fairbairn, 1997). It can be quantified uniformly across



taxa by simply measuring the body mass or a representative length, such as the snout-vent length
of reptiles, of many individuals. Probably thanks to this simplicity of quantification, it has been
studied extensively, especially in relation to sexual selection and Rensch’s Rule (Fairbairn,
Blanckenhorn, & Székely, 2007). Sexual shape dimorphism, on the other hand, is difficult to
quantify uniformly across taxa because it is expressed in different body parts depending on the
taxon. It has been hypothesized that sexual shape dimorphism is detectable as bimodality along
the principal axes from a Principal Component Analysis (PCA) of morphological variables,
especially PC2 (Chapman et al., 1997; Mallon, 2017)—size is not removed a priori in these
analyses so PC1 is expected to represent size. If true, the assumption would provide a uniform
method to quantify sexual shape dimorphism across taxa.

There are, however, a few reasons why this assumption may not hold. First is the
signal/noise ratio in the total data—given that sexual shape dimorphism may only be seen in a
limited number of characters, it is questionable if the signal remains clearly detectable when
mixed with noise from variations in many other characters that are not sexually dimorphic.
Second, the presence of two distinctive groups, females and males, in the data is expected to bias
the principal component axes, as with the famous examples of the mismatch between total and
groupwise regression lines (Sokal & Rohlf, 2012)(Fig. 1A). In that case, principal components,
which are theoretically orthogonal to each other, may be correlated when viewed sex-wise (Fig.
1B). Third, how the co-existence of sexual shape and size dimorphisms affects the ordinated
multivariate space is poorly understood. In the simplest case of sexual size dimorphism without
shape dimorphism, the morphospace may appear as in Fig. 1C, whereas it may resemble Fig. 1D
in the simple case of sexual shape dimorphism without size dimorphism, as postulated by

Chapman et al. (1997). When the shape and size dimorphisms coexist, however, there is no



guarantee that the morphospace is shaped simply as suggested by Chapman et al. (1997) (Fig.
1E)—the coexistence of the two may accentuate the second bias to make the morphospace
resemble Fig. 1F. PC2 may be bimodal in Fig. 1D and E but bimodality would be obscure in Fig.
1F, especially if the sample size is small. Therefore, the assumption needs to be tested with
empirical data from extant species with sexual dimorphism.

The vast majority of the studies on sexual dimorphism has been made on extant
organisms but the subject has also been studied in fossil organisms, for which the sex of the
individual specimens is usually unknown a priori. Without the knowledge of sex, statistical
methods that are usually used to test sexual dimorphism, such as Analysis of Variance
(ANOVA) and Multiple Analysis of Variance (MANOVA), cannot be used. Also, some fossil
samples contain multiple species with sexual dimorphism that are similar to each other,
complicating the problem (Motani et al., 2018). Despite these handicaps, there have been
successful case studies of sexual dimorphism in fossil animals. Among Mesozoic reptiles, for
example, sexual size dimorphism has been suggested in the pterosaur Pteranodon based on the
presence of two size classes that also differ in pelvic morphology (Bennett, 1992), whereas
sexual shape dimorphism has been suggested for pachypleurosaurs, a group of Mesozoic marine
reptiles, based on the size and robustness of limb bones relative to the body (Rieppel, 1989;
Sander, 1989; Cheng et al., 2009; Xue et al., 2015)—the observed dimorphism is comparable to
sexual dimorphism in extant salamanders with amplexus (Motani et al., 2015). For one species
of pachypleurosaurs, sexual selection has been suggested based on male-biased sexual size
dimorphism and female-biased adult sex ratio (Motani et al., 2015). These studies involved sex
estimation of individual specimens based on morphology, either by eyeballing the threshold

between sexes (Sander, 1989; Cheng et al., 2009; Xue et al., 2015) or by an explicitly statistical



procedure (Motani et al., 2015). The accuracy of the sex estimation, however, has never been
tested.

In contrast to these aerial and aquatic Mesozoic reptiles, sexual dimorphism in dinosaurs
remains murky despite the long-standing research interest since the first half of the 20th Century
(Chapman et al., 1997; Mallon, 2017; Saitta et al., 2020). Many cases of sexual dimorphisms
were suggested in the 1970s to 90s, especially for forms with cranial ornamentations, such as
ceratopsians and some ornithopods, but also for others, such as theropods, as summarized by
previous workers (Chapman et al., 1997; Mallon, 2017; Saitta et al., 2020). Probably the most
famous case was made by Peter Dodson, who quantified the cranial morphology of
Protoceratops andrewsi and detected sexual dimorphism with due considerations of allometry
(Dodson, 1976). However, all of these studies have recently been rejected based on statistical
analyses of new and previously published data (Maiorino et al., 2015; Mallon, 2017), leaving no
valid case of sexual dimorphism in dinosaurs. The inferred absence of sexual dimorphism in
dinosaurs is puzzling given that sexual dimorphism is not a rare phenomenon in reptiles, as well
as other vertebrates. A reassessment is due, especially given the questions raised earlier in this
paper concerning methodology. There was a recent paper that tried to establish sexual size
dimorphism in some dinosaurs (Saitta et al., 2020) but it did not address the methodological
issue.

Thanks to the recent movement to make research data freely available online, it is now
possible to assess the questions raised in the previous paragraphs by using morphological data
from extant species that are known to be sexually dimorphic. The purpose of the present paper is
to test the following three hypotheses using the data: 1) Sexual dimorphism is not always

detectable in principal components of all measurements because of the biases suggested above;



2) Individuals can be sexed with high accuracy based on sexual dimorphism under specific

conditions; and 3) At least some dinosaurs were sexually dimorphic.

MATERIALS AND METHODS

I will first describe the outline of the data analysis procedure, which was designed to maximize
the applicability to fossil species, for which the true sex of individual specimens is unknown.
The data for each extant species were first screened for sample size, dimensional compatibility,
and outliers, and then tested for dimorphism without using the information of the true sex of
individual specimens. If dimorphism is detected, then the specimens were divided into two
morphotypes based on the dimorphic traits discovered, again without using the knowledge of
their true sex. Then, the resulting morphotypes were labeled with most likely sex identities and
misclassification rate was calculated by comparing this inferred sex with the true sex. Finally,
common statistical tests of sexual dimorphism, such as MANOVA based on all traits and
ANOVA of size, were conducted based on both the true and inferred sexes to find the
proportions of discrepancy in the outcome. Fossil species were treated by the same procedure but
without the part that involves the true sex of the specimens. Details of each step of this procedure

are given below.
Data Source

Data for this study were all derived from the literature. Published data of sexual dimorphism in
living animals, containing morphological measurements for individuals, were located using
online search tools, namely Dryad, Mendeley Data, and Google Data Search. After examining
more than 100 published datasets, 16 publications were found to contain suitable data,

encompassing 153 species. The data from these publications were first screened for sample



size—species with less than 10 individuals in total, as well as those with less than 4 individuals
per sex, were removed. The remaining species were then tested for sexual dimorphisms using
Multivariate Analysis of VVariance (MANOVA) based on all morphological measurements, and
species with at least weakly significant differences between the sexes (p < 0.1) were retained.
This left 139 species in the data (Table 1), containing 53 arthropods (38 arachnids (Buzatto et al.,
2014), 4 crustacean (Fernandes Martins et al., 2017; Segrdalen et al., 2020), 7 insects (Punzalan
& Rowe, 2015)), 1 cnidarian (Gonzélez-Espinosa et al., 2018), and 89 vertebrates (1 amphibian
(De Lisle, Paiva, & Rowe, 2018), 2 birds (Hsu et al., 2014; Poissant et al., 2016), 6 mammals
(Christiansen & Harris, 2012; Roseman et al., 2020), 8 osteichthyes (Ronco, Roesti, &
Salzburger, 2019; Garcia & Zuanon, 2019), and 72 reptiles (Sanger et al., 2013; Massetti et al.,
2017; Burbrink, 2019)).

Data for four dinosaurs were found to have suitable sizes and completeness, namely
Allosaurus fragilis (Smith, 1998), Hesperosaurus mjosi (Saitta, 2015), Protoceratops andrewsi
(Maiorino et al., 2015), and Plateosaurus sp. The data for A. fragilis and PI. sp. were originally
unpublished but were later published with reanalyses (Mallon, 2017). The femoral data for A.
fragilis was kindly provided by David Smith, revealing mostly minor typos in the published
version of the data. They have been corrected and included herein (Supplementary Table S1).

Additionally, data for the sauropterygian Keichousaurus hui (Xue et al., 2015) were reanalyzed.
Data Screening

All morphological measurements in the data were logio transformed to address scaling
effects. Specimens with missing values were removed—imputation was not used because such
would add extra assumptions. Areas, if any, were converted to their square-roots. Most of the

data contained only length measurements but lengths, areas, and angles were mixed in the data



for Hesperosaurus (Saitta, 2015). Angles were replaced by their length equivalents, i.e., their sin
values multiplied by the length of the plate (i.e., approximately the plate height in situ)—this
allows logio transformation of the data while maintaining the information content. Also, when
raw angles are mixed in with length, it tends to skew the principal component space (e.g., PC 1 is
no longer a simple addition of all variables). The same dataset contained misplaced data—there
is a typo to make one of the plates look as if it is 23 m long yet only 56 cm? in area but it is most
likely 56 cm long and about 2300 cm? in area.

After the procedures above, outliers were identified and removed. A Q-Q plot of the
square of the Mahalanobis distance (D?) against expected Chi-squared value quantile was
produced for each dataset, using the outlier function of the psych package of R (Revelle, 2019).
Specimens with unusually large D? values, i.e., those outside of the third quartile plus 1.5 times
the interquartile space, were removed. Similarly, specimens with unusually large difference
between D? and the expected Chi-squared quartile were removed, based on the same quartile-
based criterion. This process was iterated until there was no more outlier, although no iteration

was needed in most species.
Test of Normality

Morphological data from sexually dimorphic species are probably not normally
distributed, especially if dimorphism is strongly expressed. Nevertheless, we tested for the
normality of the data to see if it has any ramification on the results of the analyses herein. Two
tests were run—Shapiro Wilk test (Shapiro & Wilk, 1965) of univariate normality for each of the
traits in the data, and Mardia’s test of multivariate normality (Mardia, 1974) for each species, as

implemented in the MVN package of R (Korkmaz, Goksuluk, & Zararsiz, 2014).



Test of Dimorphism

Dimorphism in each species was tested in four ways—three statistical tests and a visual
inspection. The data were initially inspected visually. For each species, all combinations of
variables were plotted in biplots to see if two separate clusters of data points, suggesting
dimorphism, may be visible in any pair of variables. Species with two clusters, or morphotypes,
were recorded, and notes were taken on whether the two clusters are completely separated from
each other (i.e., there are two distinctive morphotypes) or partially overlapped (i.e., there are two
morphotypes that are partly overlapped). If there is only one cluster in all biplots, the species was
coded to have continuous female and male morphotypes. If two concentrations are largely
different in sample sizes, the species was not recorded as dimorphic. The variable pair with the
most distinctive separation of two clusters was recorded as the dimorphic variable pair (DVP).
Ideally, the independent variable of DVP represents the size of individual animals, such as the
body mass or total length.

The data were then statistically tested for dimorphism in three ways, using ACR tests of
unimodality and bimodality, as well as the gap test. The gap test uses the difference between
observed and expected log Residual Orthogonal Sum of Squared Distances to test for the number
of groups in bivariate or multivariate data (Dunbar, 2018), whereas ACR test combines excess
mass and smoothing approaches to tests for the number of modes in a univariate data with fewer
errors than the commonly-used dip-test (Ameijeiras-Alonso, Crujeiras, & Rodriguez-Casal,
2019). ACR test was used to test two null hypotheses, of unimodality and bimodality of a metric
in question, respectively. A metric was considered bimodal only when its unimodality is rejected
while its bimodality is not rejected. Double testing was necessary because only one of them

cannot establish bimodality for sure: when the number of mode(s) is ambiguous, it often happens



that both hypotheses are rejected together or neither hypothesis is rejected. The three statistical
tests were run on data ordinated with Principal Component Analysis (PCA), as well as some raw
metrics: PC1 and 2 from the entire data (PCan 1 and PCai 2), PC1 and 2 from DVP (PCovp 1
and PCpvp 2), and the raw metrics of DVP, referred to as Xpve and Ypvp hereafter, with Xpvp
being larger than Ypve. These six metrics can be obtained without the knowledge of sex
identities of the specimens. In addition, two metrics that require the prior knowledge of sex were
also tested, namely regression residuals from PCai 1-PCai 2 and Xpvpe-Y pve—they will be
referred to as RESpcs and RESpvp, respectively. The residuals were calculated relative to the
common Standardized Major Axis (SMA) regression line between males and females. ACR test
was run on each of these eight metrics, whereas the gap test was run on three pairs, PCai 1-PCau

2, PC pvrl-PCpvr 2, and Xpve-Ypvp.
Morphotype Establishment

For each species, samples were divided into two morphotypes based on the following
statistical procedure. First, the metric that is most characteristically bimodal was selected based
on the results of ACR tests. Then the samples were divided into two groups using k-means
clustering of the metric identified—the two groups are recognized as two morphotypes. For
comparisons, Linear Grouping Algorithm (LGA) (Van Aelst et al., 2006) based on DVP was
also used as an alternative method to divide the specimens into two groups, in case LGA may

perform better than k-means clustering.
Sex Estimation

Once the specimens were divided into morphotypes, their sexes were inferred. For fossil
species, the two morphotypes were labelled with sex based on analogies with the known sexual

dimorphism in living species. For example, if one morphotype has a more expanded pelvic inlet



than the other, then it is most likely that it is female. The labelling process is unfortunately not
quantitative but there is no alternative method at this point. For extant species, sexual
dimorphism in each species is already known, so the information was used to label the
morphotypes with sex identities.

Species were screened for inferred sex ratios. That is, if the inferred sex ratio is too
skewed for one sex, it is possible that the statistical procedure was misled by discontinuity in
data that does not reflect sex, e.g., uneven sampling across size due to a small sample size. An
arbitrary ratio of 1:3 was used as the threshold to remove species with strongly skewed inferred
sex ratios. Whereas sex ratios further skewed than 1:3 may exist in nature, experimentations with
the data at hand revealed that the proportion of misleading data is sufficiently high to render this

screening worthwhile.
True versus Inferred Sex

For living species, it is possible to quantify how accurately the true sexes of the
specimens were re-classified from morphology. This was done by making a contingency table
between the true and inferred sexes for each species, and calculating the proportion of
misclassification.

The effects of using inferred instead of the true sex in tests of sexual dimorphism were
also examined, so as to illuminate the possibilities of using inferred sex in calculations of some
statistics related to sexual dimorphism in fossil species. For example, MANOVA of all variables,
which would test for overall sexual dimorphism, was performed with the true as well as inferred
sex and the results were compared to see if any false positives or negatives were produced at p <
0.1 and p < 0.05. Similarly, the bias from the use of inferred sex was examined with Analysis of

Variance (ANOVA) of the geometric means of all variables, testing for sexual size dimorphism,



as well as Analysis of Covariance (ANCOVA) of DVP, capturing some cases of sexual shape
dimorphism. Lastly, ACR tests of RESpve and RESpcs, respectively, were also performed with

the true and inferred sex to find the degree of discrepancy.

RESULTS

All statistics appearing below are calculated after excluding 11 species whose inferred sex ratios
are strongly skewed, as defined in Methods. Also, the numbers reflect the results at p < 0.1,
unless otherwise noted. A complete set of test statistics, including those for fossil species, are

given in Supplementary Table S2.
Test of Normality

Only 40 out of the 139 species are considered normal by both univariate and multivariate
normality tests. Most of them are only weakly dimorphic—only 3 of the 40 are dimorphic
according to the four tests of dimorphism. In contrast, strongly dimorphic species tend to
perform poorly in one or both of the tests while, as reported below, performing best in the tests
of bimodality and sex estimation from morphology. Therefore, the present statistical procedures
seem to be robust against violation of normality. The outcome of the tests for each species can be

found in Supplementary Table S2.
Test of Dimorphism

Inspection of biplots suggests that 46 species have at least one biplot in which two morphotypes
are visible. The morphotypes are completely distinctive in 33 of them whereas two morphotypes
are largely separated but with some overlaps in the remaining 13. ACR tests reveal that 103
species have at least one metric that is bimodal out of the six metrics examined, while gap test

suggests that 74 species have two or more morphotypes in at least one of the three pairs of



metrics examined. When combining the results of ACR and gap tests, 69 species have at least
two morphotypes in both tests. Therefore, ACR and gap tests are more forgiving overall in

recognizing dimorphism than visual inspection. See Table 2 for counts at p < 0.05.
Morphotype Establishment

There are many ways in which dimorphism is expressed through the metrics examined, while
simple morphospace as in Fig. 1C-E is never found. The various types of dimorphism
expressions can be summarized into five types based on which metric is most useful in
establishing morphotypes (Table 3). Types 1 and 3 reflect shape dimorphism whereas Types 4
and 5 are for cases in which size dimorphism dominates. Type 2 is known in both shape (Fig.
2E-F) and size (Fig. 2G-H) dimorphisms. Type 1, in which PCpvp 2 defines morphotypes (Fig.
2A-D), is the most common type for shape dimorphism whereas Type 4, in which PCai 1 defines
morphotypes (Fig. 2K-N), is the most common expression of size dimorphism. There is a rare
variant of Type 1, called Type 1’ in Table 3, in which PCpvp 2 does not appear bimodal (Fig.
2Q-T), most likely because of the limitation of ACR test. In such cases, bimodality can be
established only through RESpcs and RESpve While PCpve 2 may still be useful in morphotype
establishment. Type 2, in which PCpvp 1 defines morphotypes (Fig. 2E-H), is seen when two
morphotypes are seen along the major axis regression line. Type 3, in which PCan 2 defines
morphotypes (Fig. 21-J), is seen when signals from shape dimorphism rules the variation in PCai
2. One example is when there is less noise to obscure the signals because the number of variables
is small. Type 5, in which Xpve 1 defines morphotypes (Fig. 20), is a rare extension of Type 4,
in which PCau 1 is not bimodal despite the presence of size dimorphism because the principal
component space is tilted—see Discussion. Also see Discussion for the sixth type of dimorphism

expression.



True versus Inferred Sex

When comparing the true versus inferred sex, the misclassification rate varies depending on how
clearly separated the morphotypes are. The average misclassification rates is lowest at 0.027 for
the 33 species for which two separate morphotypes are visible in a biplot. The rate becomes
slightly higher at 0.038 when including species for which two morphotypes are visible in a biplot
but with a partial overlap (n=46). In contrast, 69 species that are considered bimodal by both
ACR and gap tests have a much higher average misclassification rate of 0.11, so the
forgivingness of these methods over visual inspection comes at a cost. Misclassification rates
under various scenarios are listed in Table 2. When using an alternative method (LGA) to divide
the specimens into morphotypes, the average misclassification rate worsens greatly on average
(0.23). However, LGA outperforms the present method in three species with large sample sizes
(> ~500), dimorphism type 1 or 2, and two slightly overlapping morphotypes in a biplot, namely
Homarus gammarus (Fig. 2C-D), Mus musculus (Fig. 2E-F) and Serracutisoma proximum.
When using inferred sex instead of the true sex in statistical tests, most of the test
outcomes do not change drastically at p < 0.05 except in ANCOVA of DVP (Supplementary
Tables S3). There are no false positives or negative for MANOVA of all variables in any of the
46 species that visually appear dimorphic, or among the 69 that are considered dimorphic by
both ACR and gap tests. For ANOVA of the geometric means of all variables, no false positives
or negatives are found among the 46 species but 7 false negatives are found among the 69
species, without any false positives. For ACR test of RESpve, 4 false positive and 0 false
negatives result from the 46 species whereas the numbers are 8 and 5, respectively, for the 69
species. Therefore, as long as dimorphism is well defined (i.e., 46 out of 139 species), inferred

sex provides the same results as the true sex in MANOVA of all variables, ANOVA of size, and



ACR test of RESpvp, although a small proportion of false positives may be expected in the last

statistic
Dimorphism in Fossil Reptiles

The results of statistical analyses for fossil species are summarized in Table 4. In four of the five
species examined, namely Allosaurus fragilis, Hesperosaurus mjosi, Protoceratops andrewsi,
and Keichousaurus hui, two morphotypes are visible in biplots (Fig. 3), although the two may
overlap in parts. These species also pass both ACR and gap tests. Therefore, they are dimorphic.
Dimorphism is of Type 1 for the first two and Type 6 for the rest (see Discussion for Type 6).
See below for discussions of whether these dimorphisms are of sexual nature. The remaining
species, Plateosaurus sp., exhibits weakest signs of dimorphism—itwo groups are not clearly
seen in biplots, whereas bimodality is not recognized in any of the metrics, although the gap test

finds two groups.

DISCUSSION

The results of the present analyses do not reject any of the three hypotheses proposed earlier in
this paper. Thus: individual principal components of all measurements often fail to clearly

exhibit sexual dimorphism; high-accuracy sex estimation from morphology alone is possible
under specific conditions; and at least some dinosaurs were sexually dimorphic. At the same time,
the results reiterate the overall difficulty of identifying sexual dimorphism from morphology
alone (Mallon, 2017; Hone et al., 2020). Only up to about 50% of the 139 species could be
recognized as being dimorphic when sex identities of the specimens are unknown, whereas all
139 species are sexually dimorphic according to MANOVA, which benefits from the knowledge

of the sex of individual specimens. This in turn suggests that a species may still be sexually



dimorphic even if statistical tests of bimodality fail to establish it based on morphological data.
Sex estimation from morphology alone is also difficult—only about 33% of the 139 species
examined could be sexed from morphology with the high accuracies, i.e., e misclassification
rates below 0.05, and the ratio increases to 37% if slightly less accurate sexing results are
combined (i.e., misclassification rates below 0.1). At the same time, sex may be inferred with
high accuracies as long as sexual dimorphism in a species is well-defined, i.e., the mean
misclassification rare was 0.03 for the 46 species in which dimorphism is visible in a biplot of
traits.

The assumption that sexual dimorphism is detected as bimodality of the individual
principal components, especially PC2, from the total data was revealed to be false most of the
time. Only 13 out of the 139 species examined in this study showed multimodal PCai 2
according to ACR test at p<0.05, so over 90% of the sexually dimorphic species would appear
unimodal by examining only PCai 2. When using the dip-test instead, as done by a previous
worker (Mallon, 2017), only 7 out of 139 would be recognized as having multimodal PCai 2.
The main reason why this assumption did not hold is that the actual principal components do not
resemble Fig. 1C but are tilted groupwise as in Fig. 1D and Fig. 4. This tilting has multiple
causes. A low signal/noise ratio is one of the causes, as seen by comparing Fig. 4A-B to C-D, E-
F to G-H, and I-J to K-L. In all three cases, the tilting of the groupwise trend becomes less by
removing characters that are not dimorphic (i.e., noise), and the bimodality of PCai 2 increases
accordingly. However, the signal/noise ratio is not the only controlling factor as seen in Fig.
4H—females and males are still left with trends after removing excess data. This is most likely
because of the degree of size dimorphism that co-exists with shape dimorphism—when

comparing the three cases for the degree of sexual size dimorphism along PCai 1, Fig. 4A and 4l



exhibit limited sexual size dimorphism unlike Fig. 4E, so the mixture of size and shape
dimorphism likely led to the observed tilting. Additionally, outliers, if present, would add
groupwise trends in principal components space, although they are not relevant to Fig. 4 because
they had been removed in this study.

The best practice of sex estimation from morphology would follow the steps below. First,
biplots of all combinations of variables are made and DVP is identified. If there are many
variables that are not dimorphic, consider removing a majority of them to increase the
signal/noise ratio but leave at least one size variable in the data, if any. Then, ACR tests of
unimodality and bimodality, as well as the gap test, are run on six metrics, PCain 1, PCan 2,
PCovr 1, PCpovr 2, Xpvpr, and Ypve. Compare the outcome of these tests to Table 3 to identify the
type of dimorphism seen in the species. Once the type is known, use k-means clustering of the
metric suggested in Table 3 to separate specimens into two morphotypes. However, when the
sample size is large (> ~500) and the dimorphism is of Type 1 or 2, LGA of DVP should be used
instead of the k-means approach to separate specimens into morphotypes. The resulting
morphotypes are then labeled with sex identities based on the analogy from the knowledge of
female and male morphologies in living species. If labeling is impossible, then the observed
dimorphism may not be of sexual nature, and cause of the observed dimorphism needs to be
sought outside of sexual dimorphism. Also, if the resulting sex ratio is highly skewed (e.g., more
extreme than, say, 1:3), then the observed dimorphism may also not be of sexual origin, unless
there is an independent reason to suggest a highly skewed sex ratio. A highly skewed sex ratios
may exist in nature but are more often derived from insufficient sampling, so a careful
consideration is necessary. Sex estimation is expected to be of high accuracy if two morphotypes

are largely separated in any of the biplots (average misclassification rate < 0.05 in the species



examined in this study). Also, MANOVA based on the sexes inferred this way is probably
trustworthy given that it always gave the same results as the one based on the true sex in this
study. ANOVA of sexual size dimorphism based on inferred sex is trustworthy as long as
dimorphism is visible in a biplot of DVP.

Sample size is an important factor. There is a tendency for both ACR and dip-tests of
unimodality to result in excessive false positives (i.e., unimodality is accepted even when the
sample was drawn from a bimodal distribution) at smaller sample sizes. For example, when
randomly drawing samples from arbitrary bimodal distributions as in Fig. 5A-C, respectively,
these samples are considered unimodal by ACR test half of the time when the size of each
sample is at n=20 even if the population distribution is symmetrical (i.e., sample size and
standard deviations are the same between the two modes)(Fig. 5G). A larger sample size of about
n=50 is required to reduce the proportion of false positives to about 25%. The numbers are even
larger if the population distribution is asymmetrical (Fig. 5H-1), and dip-test performs further
poorly at small samples sizes (Fig. 5D-F). When the sample size is greater than about 100, ACR
test seems to perform well against weak asymmetry of population distribution as in Fig. 5B-C
but dip-test would require about twice the sample size. Therefore, it is best to have a large
sample size. At the same time, some of the extant species with samples size as small as about 20
were considered dimorphic by ACR and gap tests while dimorphism is clearly visible in a biplot
of traits. Therefore, small sample sizes are tolerated as long as there is a strong signal of
dimorphism in the data.

It is necessary to discuss two exceptions from the best practice outlined above. First,
apart from the five types of dimorphism expression listed earlier, there is a sixth type that was

not present in the 139 species examined, yet is known in fossil reptiles, i.e., Type 6 of Table 3. In



Type 6, many variables are dimorphic when plotted against size, so it is unfair to pick just one
pair of DVP on which to base morphotype identification. In that case, it is best to use all
principal components from the entire data except PCan 1 to divide the sample into two
morphotypes—this procedure was previously proposed for Keichousaurus hui (Motani et al.,
2015). Second, it is sometimes possible to inferre sex with a reasonably high accuracy even
when two morphotypes are not visually distinguishable in biplots. Many of these examples are
from cases with large sample sizes (>200). For example, in Parus major (n=2372 after cleaning;
Fig. 2G-H) (Poissant et al., 2016) and Panthera leo (n=230; Fig. 20-P) (Christiansen & Harris,
2012), it is difficult to recognize two morphotypes in biplots without prior knowledge of sex but
ACR tests suggested that they were dimorphic.

The previous study by Mallon reached a more pessimistic conclusion about the
possibility of identifying sexual dimorphism from morphology alone (Mallon, 2017). The
discrepancy arises from the methodological differences. As discussed earlier, it was previously
assumed that sexual dimorphism should be visible as bimodality of some principal components
from all data, especially PCai 2 (Mallon, 2017), but sexual dimorphism may indeed be seen in
any of PCan 1, PCan 2, PCpvr 1, PCpvp 2, Xpvp, Ypve, RESal, or RESpve. Another
methodological difference is in data treatment. Mallon used the published data on dinosaurs
almost as is, while augmenting missing data through imputation. In contrast, outliers were
removed through a statistical procedure, all data were converted to length-equivalents and log
transformed to account for scaling effects, and specimens with missing data were removed
without imputation in this study.

The observed dimorphism in Allosaurus fragilis is most strongly expressed when plotting

the width of the femoral head against the femoral length (Fig. 3A-B). The presence of



dimorphism was previously noticed based on a plot of the femoral head width against the
femoral width at the lesser trochanter (Smith, 1998), but the separation is less clear at larger sizes.
Sexual dimorphism of the femoral head is not well investigated in extant reptiles but it is at least
known in humans, in which wide heads belong to males (Papaloucas, Fiska, & Demetriou, 2008;
Clavero, Salicru, & Turbén, 2015). Given that humans and A. fragilis are both bipedal, the
femoral heads of the two probably share at least a part of their mechanical roles. Therefore, it is
reasonable to consider the dimorphism in the femur of A. fragilis an example of sexual
dimorphism, as originally suggested (Smith, 1998), pending future examination of femoral head
dimorphism in extant reptiles, including birds. Specimen counts also support the interpretation—
there are 17 suspected females and 14 suspected males, so the inferred sex ratio is not unusually
skewed. Mallon did not find sexual dimorphism in this species (Mallon, 2017) but that is partly
because he did not clean the data for outliers—experimentation showed that, with outliers, the
principal component space is trended groupwise and PC2ai appears unimodal but the trend
lessened greatly when removing the outliers.

A possible caveat to the argument above is the age of the specimens—at least about half
of the specimens in the data of Allosaurus fragilis are expected to be sexually immature (Lee &
Werning, 2008). The presence of sexual dimorphism outside of primary sexual characters in
juveniles may appear contradictory to the commonly held notion of secondary sexual characters,
that these characters are not present at birth but developed later in life. This notion goes back at
least to John Hunter, who stated “...in animals just born, or very young, there are no peculiarities
to distinguish one sex from the other, exclusive of what relates to the organ of generation” and
“...toward the age of maturity the discriminating changes before mentioned begin to appear”

(Hunter, 1837). However, it is known today that some secondary sexual characters are already



present at birth, or in childhood. For example, male chickens have more muscular mass than
female chickens even at hatching (Rose, Nudds, & Codd, 2016), whereas Keichousaurus males
already have wider humeral end than females at newborn size (Motani et al., 2015). Even in
humans, the vertebral cross-sectional area is greater in males at birth (Ponrartana et al., 2015)
while school-aged children (6.2 years old on average) already have bone sexual dimorphism
whereby male bones are stronger (Medina-Gomez et al., 2016). Therefore, it is not strange to
detect sexual dimorphism of secondary sexual nature in immature individuals of A. fragilis, or in
other dinosaurs, e.g., Protoceratops andrewsi whose data also contained juveniles (Maiorino et
al., 2015).

The case for the stegosaurid Hesperosaurus mjosi is more complicated. Dimorphism in
this species was first examined by Saitta et al. (Saitta, 2015), who recognized round and
elongated morphotypes in the plates on the back They interpreted it as sexual dimorphism
related to display purposes, with the round plates belonging to males. The present study largely
supports the original suggestions by Saitta et al. (Saitta, 2015)—two morphotypes are most
clearly present in the width of the plate relative to the distance from the tip to the center of the
base, i.e., whether the plate is broad or narrow (Fig. 3C-D). There are 21 narrow and 15 broad
plates in the data after outliers were removed. The morphotypes are mostly specimen
dependent—seven specimens have slender plates whereas six have round plates, with one plate
each of three of the specimens being of the other type. The ratio of 7:6 is not unusual for a sex
ratio. Therefore, the probability of this dimorphism being linked to sex, as suggested bySaitta
(2015), cannot be rejected.

A previous reexamination the plate dimorphism in Hesperosaurus mjosi based on the

data of Saitta (2015) did not find sexual dimorphism unlike the present study (Mallon, 2017).



The conclusion, however, was likely compromised by a methodological issue. The analysis was
based on a mixture of angles, areas, and lengths without log transformation, and consequently
had a skewed principal component space where PCai 1 does not represent size while angles
dominated PCan 2. This led to a conclusion that dimorphism of the plates was because of the
variations in the angle between the apex and base (Mallon, 2017). It had already been shown that
this angle depended on the part of the body rather than individuals (Saitta, 2015), and that led
Mallon to conclude that the plate dimorphism in H. mjosi was not of a sexual nature. When the
measurements are converted to their length-equivalents when necessary and log transformed to
account for scaling effects, and statistical outliers are removed, the angle between the apex and
base is no longer the only ruling factor behind plate dimorphism because the ratio between the
major and minor axes becomes slightly more dominant in PCan 2. Thus, plate dimorphism in H.
mjosi is in the aspect ratios as characterized by the original authors (Saitta, 2015) and therefore
largely depends on individuals.

The observed dimorphism in Protoceratops andrewsi is most clearly seen in the width of
the external naris relative to the nasal height of the skull, but also in many other metrics, such as
the length and height of the cranial frill. One morphotype has narrower external nares than the
other morphotype, while also having longer and higher frills for size (Fig. 3E-F), while width
measurements did not covary greatly with this dimorphism. These combinations of traits
approximately match the morphotypes originally proposed (Dodson, 1976), whereby the
morphotype with large frills and narrow external nares was considered male. Whereas it is
difficult to find the reasons why the narrowness of the nares may be a sexual character, enlarged
frills would serve a display purpose as Dodson pointed out. It was previously suggested that

ceratopsian frills facilitated species recognition rather than sexual appeals (Padian & Horner,



2011). However, whereas the role of the frill in species recognition is plausible, the inferred
dimorphism in frill shape cannot be explained by species recognition alone. Then, there is
insufficient reasons to reject Dodson’s suggestion that the observed dimorphs are of sexual
nature. At the same time, the case for sexual dimorphism for P. andrewsi is the weakest of the
three cases of dinosaurian sexual dimorphism suggested in this paper. For example, the sex ratio
inferred in the present study is strongly male-biased, with 6 females and 12 males. However, this
could be due to sampling biases.

The possibility that the observed dimorphism is an artefact of taphonomic deformation of
fossils deserves a discussion. It is unlikely that the presumed male morph is an artefact of
deformation because deformation that narrows the nose while also heightening the nose horn and
frill and lengthening the frill would be non-linear while involving extension, and it is unlikely
that many specimens experienced such complicated deformation in the same manner. Some of
the features of the postulated female morph could be the results of dorsoventral compaction of
the skull—a simple compaction in that orientation would lessen the height of the nose horn and
frill. However, such deformation would not widen the nares or shorten the frill in dorsal view.
Therefore, it would again take non-linear deformation to turn a male morph into a female morph,
although the deformation would not involve much extension this time. Then, it is unlikely that
such complicated deformation was shared among many specimens. Therefore, it is unlikely at
this point that the observed dimorphism is an artifact of taphonomic deformation, although
further studies would be necessary to scrutinize this point.

Sexual dimorphism in Plateosaurus sp. remains unclear. Given that the gap test detected
two morphotypesand that ACR tests are often misleading at small sample sizes, the species was

probably sexually dimorphic. However, there is currently insufficient data to firmly establish



sexual dimorphism in this species. If the sample size increases in the future (e.g., tripled), a more
robust conclusion may be reached.

The presence of sexual dimorphism in Keichousaurus hui and other pachypleurosaurs
was never tested in terms of p-values, and the accuracies of sex estimations in these species were
never explored, despite the three decades of research (Rieppel, 1989; Sander, 1989; Cheng et al.,
2009; Motani et al., 2015; Xue et al., 2015). The present study has shown that at least K. hui was
dimorphic based on the gap and ACR tests, showing for the first time that the observed
dimorphism is statistically significant without the knowledge of the sex of individual specimens.
Given that dimorphism is seen in the results of these tests as well as from visual inspections of
biplots, it is likely that sex estimation from dimorphic traits of this species is of high accuracy.
The observed dimorphs exhibit features similar to what is seen in sexually dimorphic
salamanders in which males use elongated limbs to hold females during copulation (Motani et al.,
2015), so it is likely that the observed dimorphism is of sexual nature—K. hui was a small,
amphibious reptile. The same is expected in other pachypleurosaurs but the lack of published
data prevents further examination of these other species.

As previous studies pointed out (Mallon, 2017), sample size is usually the most
restricting factor when studying sexual dimorphisms in fossil reptiles. Of the fossil species
examined, only Keichousaurus hui has a sample size greater than 50 (Supplementary Table S2).
Smaller sample sizes may be tolerated if the signals for dimorphism is strong, as discussed above.
Therefore, interpretations given here for dinosaurs are plausible at least tentatively, although they
should be retested if large sample sizes become available in the future. Samples of fossil reptiles
also suffer from inclusion of temporal variations that may be mistaken as sexual dimorphism

(Evans & Reisz, 2007), unless all specimens in a sample are coeval. Large, coeval, and



approximately sympatric samples may become available in the future from bone beds with
limited taxonomic diversities, although deformed or fragmentary specimens need to be carefully

removed from the sample.

CONCLUSIONS

1. Sexual dimorphism could be established without knowledge of the sex of individual
specimens in about 50% of the 139 sexually dimorphic species examined.

2. Specimens could be sexed from morphology alone in about a third of the 139 sexually
dimorphic species with accuracies higher than 95%, and these species are recognizable prior
to sex estimation from a combination of statistical metrics (i.e., results from the gap and ACR
tests) and visual recognition of dimorphism in biplots of traits.

3. Sexual dimorphism is expressed in various combinations of six statistical metrics, PCan 1,
PCaun 2, PCpovp 1, PCovp 2, Xpvr, and Ypvp, depending on mixtures of size and shape
dimorphism as well as signal/noise ratio in the data. A previous study of dinosaurian sexual
dimorphism examined only one of the six and consequently found no case for sexual
dimorphism.

4. Test of sexual dimorphism in fossil species is difficult because the sex of individual
specimens is unknown, preventing the use of common statistical methods such as MANOVA
and ANOVA. Yet it is still possible to establish sexual dimorphism in fossil species if they
pass all the tests that are stated in item 2 above.

5. Dimorphism can be established in at least three species of dinosaurs and a sauropterygian,
namely Allosaurus fragilis, Hesperosaurus mjosi, Protoceratops andrewsi, and
Keichousaurus hui, based on the six statistical metrics listed in 3. For these species, it is

expected that specimens can be sexed from morphology with high accuracies.
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Figure 1. Schematic plots a sexually dimorphic sample to explain basic notions. A, a biplot
showing the difference between the total and sex-wise regression lines. B, a biplot of a case in
which PC1 and 2 are correlated when viewed sex-wise. C, an idealized case of sexual size
dimorphism without shape dimorphism. D, an idealized case of sexual shape dimorphism
without size dimorphism. E, an idealized mixture of sexual size and shape dimorphism. F, a
typically observed mixture of sexual size and shape dimorphism. Blue and red indicate two sexes

(specific sex is irrelevant in these theoretical plots).

Figure 2. Five types of dimorphism expression observed, with exemplar species. For each
species, a biplot of DVP and a histogram of the most bimodal metric is given, except for
Cyperideis torosa, for which two additional plots, of PCan 1-2 and PCpvp 1-2, are also provided
to demonstrate sex-wise correlations in these variable pairs. A-D, type 1; E-H, type 2; I-J, type 3;
K-N, type 4; O-P, type 5, Q-T, type 1°. Species are: A-B, Seminatrix pygae; C-D, Homarus
gammarus; E-F, Mus musculus; G-H, Parus major; I-J, Gymnorhamphichthys rondoni; K-L,
Anolis hendersoni; M-N, Longiperna concolor; O-P, Panthera leo; Q-T, Cyperideis torosa. Blue

is male and red is female (true sex).

Figure 3. Biplot of DVP and histogram of the most bimodal metric in dinosaurs. A-B, Allosaurus
fragilis; C-D, Hesperosaurus mjosi, E-F, Protoceratops andrewsi; G-H, Plateosaurus sp. Blue is

male and red is female (inferred sex).

Figure 4. Biases in the total versus dimorphic part of the data in three exemplar species. Biases,

seen as sex-wise correlation of principal component space, is less when analyzing the dimorphic



part of the data only as opposed to the total data, likely because the signal/noise ratio is higher in
the former A-D, Seminatrix pygae; E-H, Cyperideis torosa; I-L, Mus musculus. Blue is male and

red is female (true sex).

Figure 5. Effects of sample size on ACR and dip-tests of unimodality. A, population distribution
for D and G, with equal sample sizes and standard deviations between the modes. B, population
distribution for E and H, with equal standard deviations between the modes but the sample sizes
are unequal, with a ratio of 2:3. C, population distribution for F and I, with equal samples sizes
between the modes but the standard deviations are unequal, with a ratio of 2:1. D-F, boxplots of
p-values from dip-test of unimodality based on 1000 random samples per sample size form
populations distributions in A-C, respectively. G-I, boxplots of p-values from ACR test of
unimodality based on 1000 random samples per sample size form populations distributions in A-
C, respectively. Samples drawn from the bimodal distributions tend to be falsely judged
unimodal (i.e., p-values above 0.05) by the tests at small sample sizes. Red lines are for a p-value

of 0.05.



Table 1. Taxonomic composition of the living species examined.

pre- post-
screening screening
Vertebrates 99 89
Osteichthyes 18
Amphibia 1 1
Reptilia 72 72
Aves 2 2
Mammalia 6 6
Invertebrates 54 50
Crustacea 4 4
Arachnida 42 38

Insecta
Cnidaria 1 1




Table 2. Numbers of species that passed ACR, Gap and visual tests of dimorphism at two
probability levels, out of the 139 sexually dimorphic extant species examined.

Positive p<0.1 p<0.05

results in... n  misclassification n  misclassification
Visual Test* 46 0.038 33 0.027
ACR Test 103 0.146 84 0.129
Gap Test 74 0.114 72 0.114
V+A 45 0.038 33 0.027
V+G 46 0.038 33 0.027
A+G 69 0.109 59 0.098

V+A+G 45 0.038 33 0.027



Table 3. Characterization of the five types of dimorphism expression found in extant species plus
one type (Type 6) that is known in fossil species.

Type Bimodality observedin... Cluster Dominant Note
using... Dimorphism
1 PCDVP 2, (YDvp, PCA|| 2) PCDVP 2 Shape Common
1' RESovp, RESpcs PCovP 2 Shape Rare
2 PCDVP 1, (YDvp, PCA|| 2) PCDVP 1 Shape/Size Rare
3 PCal 2, (Yove) PCai 2 Shape PCovr 1 and 2 are not bimodal
4 PCan 1, (Xove) PCan 1 Size Common
5 Xovp XDVP Size PCai 1 is not bimodal
6 PCan 2, (Yove, PCovp 2) PCan 2-N* Shape Many traits with shape dimorphism

*N is the number of principal components



Table 4. Test results for fossil reptiles.

Visually ACR ACR
Species Dimorphic Gap Test Unimodality Bimodality =~ Bimodal Metric MANOVA
Allosaurus fragilis Partly 2 groups rejected not rejected PCDVR 2 p<0.01
Hesperosaurus mjosi Partly 2 groups rejected not rejected PCDVR 2 p<0.01
Protoceratops andrewsi Partly 2 groups rejected not rejected PCDVR 2 p<0.01
Plateosaurus sp. No 2 groups notrejected notrejected — —

Keichousaurus hui Partly 2 groups rejected not rejected PCAII2, PCDVR 2 p<0.01



Figure 1. Schematic plots a sexually dimorphic sample to explain basic notions. A, a biplot
showing the difference between the total and sex-wise regression lines. B, a biplot of a case in
which PC1 and 2 are correlated when viewed sex-wise. C, an idealized case of sexual size
dimorphism without shape dimorphism. D, an idealized case of sexual shape dimorphism
without size dimorphism. E, an idealized mixture of sexual size and shape dimorphism. F, a
typically observed mixture of sexual size and shape dimorphism. Blue and red indicate two sexes

(specific sex is irrelevant in these theoretical plots).
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Figure 2. Five types of dimorphism expression observed, with exemplar species. For each
species, a biplot of DVP and a histogram of the most bimodal metric is given, except for
Cyperideis torosa, for which two additional plots, of PCai 1-2 and PCpvp 1-2, are also provided
to demonstrate sex-wise correlations in these variable pairs. A-D, type 1; E-H, type 2; I-J, type 3;
K-N, type 4; O-P, type 5, Q-T, type 1°. Species are: A-B, Seminatrix pygae; C-D, Homarus
gammarus; E-F, Mus musculus; G-H, Parus major; I-J, Gymnorhamphichthys rondoni; K-L,
Anolis hendersoni; M-N, Longiperna concolor; O-P, Panthera leo; Q-T, Cyperideis torosa. Blue

is male and red is female (true sex).
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Figure 3. Biplot of DVP and histogram of the most bimodal metric in dinosaurs. A-B, Allosaurus

fragilis; C-D, Hesperosaurus mjosi, E-F, Protoceratops andrewsi; G-H, Plateosaurus sp. Blue is

male and red is female (inferred sex).
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Figure 4. Biases in the total versus dimorphic part of the data in three exemplar species. Biases,

seen as sex-wise correlation of principal component space, is less when analyzing the dimorphic

part of the data only as opposed to the total data, likely because the signal/noise ratio is higher in

the former A-D, Seminatrix pygae; E-H, Cyperideis torosa; I-L, Mus musculus. Blue is male and

red is female (true sex).
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Figure 5. Effects of sample size on ACR and dip-tests of unimodality. A, population distribution
for D and G, with equal sample sizes and standard deviations between the modes. B, population
distribution for E and H, with equal standard deviations between the modes but the sample sizes
are unequal, with a ratio of 2:3. C, population distribution for F and I, with equal samples sizes
between the modes but the standard deviations are unequal, with a ratio of 2:1. D-F, boxplots of
p-values from dip-test of unimodality based on 1000 random samples per sample size form
populations distributions in A-C, respectively. G-I, boxplots of p-values from ACR test of
unimodality based on 1000 random samples per sample size form populations distributions in A-
C, respectively. Samples drawn from the bimodal distributions tend to be falsely judged
unimodal (i.e., p-values above 0.05) by the tests at small sample sizes. Red lines are for a p-value

of 0.05.
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