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Abstract

Sex determination systems are highly variable in vertebrates, although neither the
causes nor the implications of this diversity are fully understood. Theory suggests
that sex determination is expected to relate to sexual size dimorphism, because en-
vironmental sex determination promotes sex-specific developmental bias in embry-
onic growth rates. Furthermore, selection for larger size in one sex or the other has
been proposed to drive the evolution of different genetic sex determination systems.
Here, we investigate whether sex determination systems relate to adult sexual size
dimorphism, using 250 species of reptiles (Squamata, Testudines and Crocodylia) rep-
resenting 26 families. Using phylogenetically informed analyses, we find that sexual
size dimorphism is associated with sex determination: species with TSDla sex deter-
mination (i.e. in which the proportion of female offspring increases with incubation
temperature) have more female-biased size dimorphism than species with TSDII (i.e.
species in which males are produced at mid temperatures). We also found a trend
that species with TSD ancestors had more male-biased size dimorphism in XY sex
chromosome systems than in ZW sex chromosome systems. Taken together, our re-
sults support the prediction that sexual size dimorphism is linked to sex-dependent
developmental variations caused by environmental factors and also by sex chromo-
somes. Since the extent of size dimorphism is related to various behavioural, ecologi-
cal and life-history differences between sexes, our results imply profound impacts of
sex determination systems for vertebrate diversity.
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development, environmental sex determination, genetic sex determination, phylogenetic

comparative methods, sexual size dimorphism
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1 | INTRODUCTION

Vertebrates exhibit various sex determination systems (Bachtrog
et al. 2014; Beukeboom & Perrin, 2014). The processes that cre-
ated this diversity constitute some of the major unresolved is-
sues in evolutionary biology. In genetic sex determination systems
(GSD), offspring sex is determined by genetic factors at conception
(Ellegren, 2000; Scharlt et al. 2004). The most widespread form is
when one of the sexes carries heterogametic sex chromosomes. For
example, in XY systems, the males represent the heterogametic sex,
whereas in ZW systems, these are the females. In environmental
sex determination (ESD) systems, however, the sex of individuals
is determined by ambient environmental factors, often the ambi-
ent temperature (temperature-dependent sex determination, TSD)
during embryonic development (Valenzuela & Lance, 2004). TSD
systems are conventionally classified into three sub-types: TSDla,
where females develop at higher temperatures and males develop
at lower temperatures; TSDIb, where the pattern is reversed; and
TSDII, where females develop at both lower and higher tempera-
tures, whilst males develop at intermediate temperatures (reviewed
by Valenzuela & Lance, 2004). Although mixed sex determination
systems exist (where sex depends on both genetic and environ-
mental factors), most tetrapods (i.e. amphibians, reptiles, birds and
mammals) appear to exhibit either GSD or ESD (Bachtrog et al. 2014;
Beukeboom & Perrin, 2014).

Variation in sex determination systems has been linked to a
multitude of extrinsic and intrinsic factors, for example ecological
patterns such as variation in ambient temperature (Cornejo-Paramo
et al. 2020; Pen et al. 2010), life-history parameters such as longevity
(Janzen & Paukstis, 1991a,b; Sabath et al. 2016), reproductive mode
(Organ et al., 2009) and demographic composition of the populations
expressed as adult sex ratio (Pipoly et al. 2015). A link between sex
determination and sexual size dimorphism is also suggested, either
by direct physiological causation or indirectly, acting through the
above-mentioned mediators (Adkins-Regan & Reeve, 2014; Ewert
et al. 1994; Ewert & Nelson, 1991; Janzen & Paukstis, 1991a,b;
Kraak, 1994; Schwanz et al. 2016; Viets et al. 1994).

Temperature-dependent sex determination is thought to be
adaptive when developmental temperatures act differentially
on the fitness of the two sexes (Charnov & Bull, 1977; Ewert &
Nelson, 1991; Schwanz et al. 2016). This hypothesis was experimen-
tally confirmed in a short-lived agamid lizard Amphibolurus muricatus,
where the lifetime reproductive success in each sex was maximized
by the developmental temperature producing that sex (Warner &
Shine, 2008). In this species, TSD causes a seasonal shift in the adult
sex ratios as early-hatching females have a higher chance to success-
fully reproduce within the same season than early-hatching males
that are usually unsuccessful in intrasexual competition in their first
year. The sex-specific influence of developmental temperatures on
individual fitness is likely mediated by their effects on body size.
Whilst in some species males may get more benefits from larger size
in competition (Rohner et al. 2016; Székely et al. 2004; Warner &

Shine, 2008), in other species females may benefit more from larger
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adult body size due to fecundity selection (Fairbairn et al. 2007;
Pincheira-Donoso et al. 2017; Serrano-Meneses & Székely, 2006).

Theory postulates that evolution should favour the type of TSD
that ensures that the sex benefiting most from larger size devel-
ops at temperatures conferring larger size (Schwanz et al. 2016).
This hypothesis predicts larger females in species with TSDla
and larger males in species with TSDII. Although previous studies
have investigated this proposition by comparing multiple verte-
brate species (Ewert et al. 1994; Ewert & Nelson, 1991; Janzen &
Paukstis, 1991a,b), they produced contradicting results and often
did not control for phylogenetic relatedness amongst the species
in statistical analyses. Recently, new data on sex determination sys-
tems and on sexual size dimorphism have become available, together
with better phylogenies. These allow for more accurate phylogenet-
ically controlled tests of this fundamental prediction of TSD theory
than those conducted in earlier studies.

The evolution of GSD has been also hypothesized to be driven
by selection for sexual size dimorphism. Kraak and de Looze's (1994)
model predicts that if ancient Y and W chromosomes enhance
growth rate and this trend is favoured by selection, then XY systems
with larger males and ZW systems with larger females should evolve
from ESD. Adkins-Regan and Reeve'’s (2014) model is consistent with
this logic and predicts that a masculinizing allele is favoured by selec-
tion and leads to the development of XY systems when larger males
have an evolutionary advantage in an ancestral ESD system with
female-biased dimorphism, whereas a feminizing allele leading to
ZW system is favoured when larger females are selected for and the
ancestral state is ESD with male-biased dimorphism. Thus, Adkins-
Regan and Reeve (2014) predict that male-biased dimorphism should
emerge for XY species and female-biased dimorphism for ZW spe-
cies evolving from ancestral ESD systems. By analysing 26 recon-
structed evolutionary transitions from ESD to XY or ZW systems,
Adkins-Regan and Reeve (2014) found support for their model in ec-
tothermic vertebrates, although their relevant analysis was mostly
restricted to fishes, and included only two species-pairs of reptiles.

Nonavian reptiles (lizards, snakes, turtles and crocodiles, approx.
10,000 species) have diverse sex determination systems (Pokorna
et al. 2016). Although nonavian reptiles do not constitute a mono-
phyletic group, all birds have ZW sex determination and their physi-
ology (endothermy and metabolic rate) is characteristically different
from other Sauropsida, posing different physiological constraints
on the evolution of sex determination and sexual size dimorphism.
In contrast, in nonavian reptiles (henceforth: reptiles), the differ-
ent types of sex determination are not restricted to a single clade
because several evolutionary transitions have occurred (Pokorna
& Kratochvil, 2008, Gamble et al. 2015, Sabath et al. 2016). This
diversity coupled with rich data on their natural history, and phy-
logenetic relationships make reptiles an excellent model group for
studies of sexual size dimorphism. Despite this potential, previous
studies on the associations between sex determination systems and
sexual size dimorphism were limited either in their taxonomic scope
and/or sample size, and were constrained by the availability of ro-
bust phylogenetic hypotheses (Adkins-Regan & Reeve, 2014; Ewert
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etal. 1994; Ewert & Nelson, 1991; Janzen & Paukstis, 1991a,b; Kraak
& de Looze, 1994).

Here, we evaluate whether sex determination system relates to

sexual size dimorphism in adult body size amongst reptiles using data
from 250 extant species from 26 families of Squamata, Testudines
and Crocodylia. First, we investigate whether amongst-species vari-
ance in sexual size dimorphism differ between ESD and GSD types.
Because TSD reptiles exhibit more interspecific variation in sex dif-
ferences in maturation age than GSD reptiles (Bokony et al. 2019),
we expect larger variation in sexual size dimorphism amongst the
former than the latter. Second, we investigate whether sexual size
dimorphism differs between sex determination types. Specifically,
we expect that TSDla species should exhibit more female-biased
sexual size dimorphism than TSDII species. Furthermore, based on
Adkins-Regan and Reeve (2014), we expect more male-biased sexual
size dimorphism in XY species than in ZW species if their ancestral
state was ESD.

2 | MATERIAL AND METHODS
2.1 | Data collection

We collected sex-specific mean adult body length data from peer-
reviewed journals, online databases and books, as well as by retrac-
ing original sources cited in reviews (see Supplementary Material
S1). In lizards, snakes and crocodylians, we collected snout to vent
length (SVL - measured from the tip of the nose to the cloaca) data.
In turtles, we used either carapace length or plastron length as
widely accepted metrics of body length, depending on data availabil-
ity in the literature. Body size dimorphism was calculated from adult
body length data as log,, (male body length/female body length).
Mean body size was also calculated as the mean of male and female
adult body length. For some species (N = 64), we found body length
data for more than one population; in these cases, we calculated the
species' sexual size dimorphism values for each population and then
averaged the sexual size dimorphism values for the species.

Sex determination data were collated using the online database
Tree of Sex (The Tree of Sex Consortium, 2014), which we sup-
plemented with data from more recent literature (Supplementary
Material S1). Due to their limited number, we excluded species with
TSDIb sex determination (N = 6 reptile species) from our analyses.
We also excluded species with mixed sex determination (i.e. where
both GSD and TSD have been reported). Overall, 250 species were
used for which both sex determination type and data on sexual size

dimorphism were available (see Supplementary Material S1).

2.2 | Statistical analysis

We carried out a repeatability analysis using the R package “rptR”
(Stoffel et al. 2017) to ensure that our data are representative of the

species' mean body size dimorphism (i.e. repeatable within species

between the populations). Repeatability (R) is given as the intra-class
correlation coefficient with 95% confidence interval (Cl). Sexual size
dimorphism had a high intra-class correlation between populations
of a given species (R =.824, Cl =0.726-0.888, p = .014, N = 64 spe-
cies, N = 128 populations).

To account for phylogenetic nonindependence amongst species,
we performed phylogenetically controlled analyses. We used a rep-
tile phylogenetic tree retrieved from the NCBI-based database of
phylogenetic relationships utilized by TimeTree (Kumar et al. 2017)
to provide the same phylogeny construction approach for all three
reptile clades in our analyses. We also added species missing from
this tree (N = 44 species) to our phylogeny, pairing them to their
closest known sister species within their genus, based on a litera-
ture search of phylogenetic studies of the species group (Pyron
etal. 2013).

We analysed our data applying phylogenetic generalized least-
squares (PGLS) models (Freckleton et al. 2002) in the R statistical
programming environment (R-Core-Team, 2013). In these models,
we used the type of sex determination as a factor with two cate-
gories (the categories varied across analyses as detailed below; see
Table 1). We compared the amongst-species variance of sexual size
dimorphism between GSD and ESD species using the “gls” function
in “nlme” package (Pinheiro et al. 2020), which accommodates dif-
ferent variances between groups as well as phylogenetic control.
We built two models, in one of which we allowed within-group
(between-species) variance in sexual size dimorphism to differ be-
tween GSD and ESD, and another model in which variance was as-
sumed to be homogeneous. To test whether variance in sexual size
dimorphism differs between GSD and ESD species, we compared
model fit between the two models with a likelihood ratio test (Bolker
et al. 2009). Additionally, with a similar test design we compared
variance in sexual size dimorphism among major clades of reptiles
(Crocodylia, Testudines and Squamata), and also between ESD and
GSD species within each of the two clades that include both ESD
and GSD species, that is turtles and squamates.

To test whether sexual size dimorphism differs between pairs
of sex determination types, we carried out PGLS analyses applying
the package “caper” (Orme et al. 2013). In our first model, we com-
pared sexual size dimorphism between TSDla and TSDII species. To
exclude the potential distorting effect of extreme values in sexual
size dimorphism, we generated 30 replicates of this analysis by ran-
domly sampling 90% of the species. Also, we repeated the compari-
son within turtles, the only clade that includes both TSDla and TSDII
species. In our second model, genetic sex determination systems ZW
and XY were compared. In the third model, we compared ZW and XY
species again, but restricted the analysis to GSD species which have
ESD ancestry (see below). Since sexual size dimorphism often relates
allometrically to body size (Rensch's rule, Székely et al. 2004), in an
additional set of analyses we controlled for the potential effect of
body size by including log-transformed mean body size in the above
three PGLS models.

We identified those species where the current state of GSD orig-

inated from ESD according to an ancestral state reconstruction of
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TABLE 1 Sexual size dimorphism (SSD; response variable) in relation to sex determination systems (SD) in reptiles (phylogenetic least-

squares models)

Model Explanatory variable(s)
Model 1 SSD ~ SD

Model 2 SSD ~ SD + BS

TSD type (TSDla, TSDII)
TSD type (TSDla, TSDII)
Body size

GSD type (XY, ZW)
GSD type (XY, ZW)

Model 3 SSD ~ SD
Model 4 SSD ~ SD + BS
Body size

GSD type (XY, ZW) with ESD ancestry
GSD type (XY, ZW) with ESD ancestry

Model 5 SSD ~ SD
Model 6 SSD ~ SD + BS
Body size

GSD type (XY, ZW) with ESD ancestry
GSD type (XY, ZW) with ESD ancestry

Model 7 SSD ~ SD
Model 8 SSD ~ SD + BS
Body size

A T df adjusted R? p
0.417 2.60 85 0.063 .01
0.478 241 85 0.044 018
0.19 85 .85
0.93 0.463 157 0.004 .643
0.93 0.184 157 0.008 854
1.831 157 .068
0.00 1.02 17 0.083 .32
0.00 1.8 17 0.14 09
1.42 17 173
0.00 1.17 14 0.083 .32
0.00 373 14 0.542 .002
2.66 14 .02

Note: ESD and GSD refer to environmental and genetic sex determination, respectively, BS refers to average body size of males and females.; A is the
maximum likelihood estimate of phylogenetic signal. The bold values represents significant values. Number of TSDla and TSDII species, respectively:
52 and 36 in models 1-2. Numbers of XY and ZW species, respectively: 56 and 101 in models 3-4; 5 and 14 in models 5-6; 5 and 11 in models 7-8.

species with known sex determination systems, which we carried
out using stochastic character mapping, as implemented by the “ace”
function available in the R package “phytools” (Revell, 2012), using
maximum likelihood estimation for 4 discrete characters of sex de-
termination (TSDla, TSDII, XY and ZW) (Supplementary material S2,
Figure S1). Species were identified as having TSD ancestral state
when TSDla or TSDII had more than 0.8 likelihood in one of their
ancestral nodes, and only one transition was detected between the
ancestral ESD and the current GSD state.

3 | RESULTS
Sex determination is variable in both turtles (from Trionychidae
to Podocnemidae) and lizard clades including Gekkota (from
Phyllodactylidae to Carphodactylidae), Lacertoidea (from
Lacertidae to Gymnophthalmidae) and Iguania (from Dactyloidae
to Chamaeleonidae; Figure 1). There is no variation in sex determi-
nation in crocodylians (Crocodylidae, Gavialidae and Alligatoridae),
where all species have TSDII in our dataset, and little variation is
present in snakes (represented by Boidae, Viperidae, Elapidae and
Colubridae, Figure 1) since vast majority of species have ZW sys-
tems. The extent and direction of sexual size dimorphism are highly
variable within most clades of turtles, snakes and lizards, with
female-biased dimorphism being more frequent in turtles and male-
biased dimorphism being more frequent amongst lizards. In contrast,
crocodylians either have male-biased dimorphism or exhibit mono-
morphism (Figure 1).

The variance in sexual size dimorphism is significantly higher
amongst ESD species than amongst GSD species (likelihood ratio
test AAIC = 37.1, p < .01). We found significant difference in the

variance of sexual size dimorphism amongst the major reptile clades:

both squamates and turtles have larger variance than crocodilians
(likelihood ratio test; AAIC = 103, p < .01, Supplementary material
S2, Figure S3). In turtles, amongst-species variance differs signifi-
cantly between ESD and GSD, with larger variance in ESD species
(likelihood ratio test; AAIC = 2, p = .04, Supplementary material S2,
Figure S4). In contrast, the variance between ESD and GSD in squa-
mates is not significantly different (likelihood ratio test; AAIC = 5,
p = .6, Supplementary material S2, Figure S5).

In ESD species, sexual size dimorphism is significantly different
between the types of sex determination, since in TSDla species fe-
males are on average larger than the males, whereas TSDII species
usually have larger males than females (Figures 2 & 3a, Table 1).
Body size is unrelated to sexual size dimorphism, and including
body size into the model does not change qualitatively the associa-
tion between sexual size dimorphism and the type of ESD (Table 1:
models 1 & 2). After random sampling of 90% of ESD species, in
29 out of 30 analyses the difference between ESD types remains
significant (p = .01 + 0.029; Table S1). In turtles (N = 59), the only
group where both TSDIla and TSDII are present, the relationship
between ESD type and sexual size dimorphism is not significant
(F5, =0.75, p = .38); however, the direction of the difference is the
same as the general pattern in all reptiles (Supplementary material
S2, Figure S6).

In GSD species, sexual size dimorphism is not significantly dif-
ferent between XY and ZW sex determination systems. The latter
result remains qualitatively unchanged by including body size in the
statistical model (Table 1: models 3 & 4, Figures 2 & 3b). Body size
is not significantly related to sexual size dimorphism in species with
GSD, although there is a trend for larger species showing more male-
biased sexual size dimorphism (Table 1: model 4). By restricting the
comparison of XY and ZW reptiles to 19 species that had ancestor

with ESD as inferred by character reconstruction (Supplementary
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16 Boidae

17 Leiosauridae

18 Polychrotidae

19 Tropiduridae

20 Chamaeleonidae
21 Varanidae

22 Gymnophthalmidae
23 Scincidae

24 Phyllodactylidae
25 Eublepharidae
26 Carphodactylidae

V|per|dae -0.20

Sexual size dimorphism

Male-biased
0.05

-0.01
-0.10
Female-biased

GSD: [] Xy 2w

[Jtsbia [ ]TsDil

0.10
0.01
-0.05

1 Crocodylidae

2 Gavialidae

3 Alligatoridae

4 Trionychidae

5 Carettochelydae;
6 Geoemydidae

7 Testudinidae

8 Cheloniidae

9 Dermochelydae
10 Chelydridae;

11 Kinosternidae
12 Dermatemydidae;
13 Chelidae

14 Pelomedusidae
15 Podocnemidae

FIGURE 1 The phylogenetic distribution of sex determination systems (outer ring) and sexual size dimorphism (inner ring) in reptiles.

Pictograms depict the major reptile clades (N = 250 species)

Material S2, Table S2), we again found no association between GSD
type and sexual size dimorphism (Table 1: models 5, Figure 4a). This
result remained nonsignificant after controlling for mean body size
(Table 1: model 6).

However, this result might be influenced by outliers within
the small sample; thus, we repeated this analysis by excluding one
turtle and one chameleon species with male bias, and one turtle
species with female bias in sexual size dimorphism. Without the
outliers the association remained nonsignificant (Table 1: model
7; Figure 4b). However, when we control for mean body size in
this smaller subset of GSD species, XY species have more male-
biased sexual size dimorphism than ZW species (Table 1: model
8), with larger species also showing more male-biased sexual size

dimorphism.

4 | DISCUSSION

Our study provides the most comprehensive phylogenetically con-
trolled comparative assessment of the relationship between sex
determination systems and sexual size dimorphism in nonavian rep-
tiles. Using the largest dataset on sex determination in reptiles, our
study demonstrates that the evolution of sex determination is as-
sociated with sexual size dimorphism. Although we did not directly
investigate causal relations, this evolutionary correlation suggests
that selection for sexual size dimorphism may be a driving force of
evolutionary transitions between different types of sex determina-
tion in reptiles and thereby an important determinant of the diver-
sity of sex determination in extant reptiles. Below we discuss the key

results of our study.
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TSDla TSDII
(N =52) (N = 36)

XY W
(N = 56) (N=101)

Sex determination

FIGURE 2 Sexual size dimorphism in relation to sex determination types in reptiles. Sexual size dimorphism was calculated as log,,(male
body length/female body length). Dashed horizontal line indicates monomorphism (i.e. no size difference between males and females),
negative values correspond to female-biased dimorphism, and positive values correspond to male-biased dimorphism. Environmental sex
determination (ESD) systems: TSDla, TSDII. Genetic sex determination (GSD) systems: XY, ZW. N shows the number of species, and asterisk
indicates significant difference; see statistics in Table 1. In each box plot, the hick middle line, box and whiskers represent the median,

interquartile range and data range, respectively

First, the extent of sexual size dimorphism is more variable
amongst ESD species than amongst GSD species. According to the
“survival to maturity” hypothesis, ESD is more likely to evolve in
species where males and females differ in their maturation age,
because it allows the later-maturing sex to have higher annual sur-
vival rate in the juvenile life phase and thereby to reach sexual
maturity (Békony et al. 2019; Schwanz et al. 2016). Our result is
consistent with this hypothesis as well as with a recent empirical
study (Békony et al. 2019) that, using a partially different dataset,
found greater variance in the difference between male and female
maturation age amongst TSD species than amongst GSD reptiles.
The difference between sexes in maturation age is likely to be
linked to sexual size dimorphism, since in indeterminately growing
species such as reptiles, the later-maturing sex is expected to grow
larger (Monnet et al. 2002). However, average life span does not
seem to have a general effect on the variance of sexual size dimor-
phism, as the long-living crocodiles have significantly lower vari-
ance than both the long-living turtles and the short-living snakes
and lizards.

Second, consistently with previous analyses using smaller sam-
ple sizes (Ewert & Nelson, 1991; Viets et al. 1994) we found that,
on average, TSDIla species tend to have larger females than TSDII
species. In turtles, the only group where both types of ESD are
present, the association is no longer significant; however, the direc-
tion of the difference remains. Our result is in line with the theory
that TSD is adaptive because it allows the individual to develop
into the sex that has the higher fitness prospect under the pre-
vailing environmental conditions (Charnov & Bull, 1977; Warner &
Shine, 2008), either by growing faster and reaching the minimum
size required for sexual maturity earlier (“temperature-dependent
maturation”; Warner & Shine, 2008), or by growing larger and
having higher fecundity (“temperature-dependent fertility”;

Janzen & Paukstis, 1991a,b). To evaluate the contribution of these

life-history variables to the observed patterns, further studies are
needed using fecundity and maturation data. However, it seems
plausible that, when size difference between sexes is selected for,
ESD can be adaptive.

Third, we identified a handful of reptile species with GSD which
were inferred to evolve from an ESD ancestor, and the identifica-
tion of these species are in line with previous ancestral state re-
constructions (Pokornd & Kratochvil, 2008, Gamble et al. 2015,
and Sabath et al. 2016). This small subset of species shows a trend
for more male-biased dimorphism in XY than in ZW systems, but
this trend was statistically significant only after removing three
outliers and controlling for mean body size (Figure 4). This result
may change with ancestral state reconstructions using alternative
phylogenies or larger sample sizes. Thus, our results neither sup-
port nor unequivocally confute the prediction of Adkins-Regan and
Reeve (2014) in regard to the predicted association between sexual
size dimorphism and GSD type in species with an ESD ancestry. A
potential difficulty with testing the prediction is that once an XY or
ZW system is evolved, the new sex determination system can in-
fluence the evolution of sexual size dimorphism, which may change
the relationship between GSD and sexual size dimorphism after the
initial evolution from ESD. For example, Reeve & Pfennig (2003)
found that male secondary sexual characters - which are often as-
sociated with larger male body size - are more developed in ZW
systems, supporting their assumption that genes driving these
characters are better protected against random loss by genetic
drift in species with male homogamety than in species with male
heterogamety. Hence, selection for sexually dimorphic traits (in-
cluding large size) can be more efficient in ZW than in XY systems.
Even if an initial selection for large females caused a transition to
ZW (as proposed by Kraak and de Loose 1994 and Adkins-Regan
& Reeve, 2014), male-biased dimorphism may evolve afterwards

because the new GSD system provides ideal conditions for intense



KATONA ET AL.

(@) o

(@) ;
£ 0.2
2
-
o
<
g™
°©
(]
N
» 0.0T---f===—==-4----- ke
©
3
4
Y]
» 0.1
0.2 .
XY W
(N=5) (N=14)

Sex determination

Sexual size dimorphism

Sexual size dimorphism

Male-bi.

010 ale-biased
0.05

0.01

0050V
0.10

-0.20

Female-biased

GSD: [ XY B zw

[]Tspi

TsD: []TSDla

XY ZW
(N=5) (N=11)

Sex determination

FIGURE 3 Phylogenetic distribution
of sex determination systems (inner band)
and sexual size dimorphism (outer band)
in reptiles with (a) environmental sex
determination (TSDIla and TSDII), and (b)
with genetic sex determination (XY, ZW,
see statistics in Table 1

FIGURE 4 Sexual size dimorphism
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sexual selection. In this sense, sexual size dimorphism can be both
a cause and a consequence of GSD, and the direction and extent of
dimorphism is dependent on specific selection processes in a given
breeding system.

An important implication of our work is that sex determina-
tion may have knock-on effects on life histories, ecology and so-
cial behaviour of vertebrates, via its coevolution with sexual size
dimorphism. Sexual size dimorphism is linked to several aspects of
reproduction, for instance larger female body size often increases
fecundity in ectothermic vertebrates (Han et al. 2013; Monroe
et al. 2015; Olsson et al. 2002), whilst larger males are often more
successful in intrasexual competition for mates (Cox et al. 2008;
Shine, 1978; Vagi & Hettyey, 2016). Whilst the type of ESD is asso-
ciated with the direction of sexual dimorphism, GSD types relate to
adult sex ratios, which tend to be biased towards the homogametic
sex (Janzen & Paukstis, 1991a,b; Pipoly et al. 2015). Recent studies
suggest that adult sex ratios are coupled with sexual selection and
frequency dependent behaviours including courtships, mating sys-
tems and parental care (Liker et al. 2013, 2014). Thus, we believe that
a productive future research direction is investigating the link be-
tween breeding systems and sex determination - as these processes
of sexual selection provide feedback mechanisms to the evolution of
sex determination beyond the proximate (genetic and developmen-
tal) causes.

In conclusion, our study finds that ESD species exhibit more
variable sexual size dimorphism than GSD ones. We also show that
TSD types predict the extent of sexual dimorphism. A possible fu-
ture direction is the reconstruction of the ancestral states of sexual
size dimorphism and the evolutionary transition rates between sex
determination types, although the estimation of evolutionary tran-
sitions using extant species is controversial (Louca & Pennel, 2020).
Nonetheless, understanding the implications of sex determination
is urgent, since ectohermic vertebrates are facing new challenges
stemming from climate change and increased anthropogenic effects
including sex ratio-distorting pollutants (Bokony et al. 2017; Guillette
& Edwards, 2008; Jensen et al. 2018; Mizoguchi & Valenzuela, 2016;
Schwanz et al. 2008). Therefore, the evolutionary and human-
induced processes shaping sex determination will likely remain a hot

topic in evolutionary ecology and beyond.
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