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Tropical animals are characterized by showy ornaments and conspicuous body colours as compared with their 
temperate relatives. Some recent studies have hypothesized that sexual selection pressures are stronger in the 
tropics than in the temperate zone. Although negative correlations between latitude and the degree of sexual 
dimorphism would support this hypothesis, phylogeny should be taken into account in such comparative studies. 
Comparisons of the degree of sexual dimorphism in body size and fin lengths among species of the Adrianichthyidae, 
a freshwater fish family having a wide geographical range throughout Southeast and East Asia, revealed that lower 
latitude species are sexually more dimorphic in all characters than higher latitude species. Phylogenetic generalized 
least squares analyses using a mitochondrial DNA phylogeny demonstrated that the negative correlations between 
latitude and the degree of sexual dimorphism become non-significant when phylogeny is considered, but that the 
variance in the degree of sexual dimorphism is explained not only by phylogeny but also almost equally by latitude. 
Ancestral state reconstruction indicated that sexual dimorphisms have evolved independently even within major 
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clades. These findings are consistent with the view that tropical species are exposed to stronger sexual selection 
pressures than temperate species. We discuss possible causes of the latitudinal variation in sexual selection pressure.

ADDITIONAL KEYWORDS:   Adrianichthyidae – latitude – reproductive seasonality – secondary sexual 
characteristic – sexual selection – temperate – tropical.

INTRODUCTION

Sexual selection often leads to the evolution of secondary 
sexual characteristics (e.g. Endler, 1983; Andersson, 
1994; Wikelski & Trillmich, 1997; Weatherhead & 
Dufour, 2005; Husak & Fox, 2008). In polygynous mating 
systems, sexual selection selects for male traits that are 
beneficial in fighting for females (intrasexual selection) 
and/or for being chosen by females (intersexual selection). 
Therefore, in environments where strong and attractive 
males can mate with more females, i.e. where sexual 
selection pressures are high, males will evolve more 
exaggerated secondary sexual characters. Thus, the 
degree of secondary sexual characters or the resultant 
sexual dimorphism has been used as an index of the 
strength of sexual selection pressures (e.g. Cardillo, 
2002; Stuart-Fox & Owens, 2003).

Tropical animals are characterized by showy 
ornaments and conspicuous body colours as compared 
with their temperate relatives (e.g. Wallace, 1878; 
Adams et al., 2014). Naturalists have long sought 
the evolutionary mechanisms behind this latitudinal 
variation in the degree of secondary sexual characters 
or the resultant sexual dimorphism (e.g. Wallace, 1889). 
Some studies attributed them to latitudinal variation 
in sexual selection pressure, i.e. tropical species are 
more exaggerated and sexually more dimorphic, 
because sexual selection pressures are stronger in 
tropical regions than in temperate environments 
(Chui & Doucet, 2009; Painting et al., 2014; Fujimoto 
et al., 2015). However, this is not a collective view (e.g. 
Cardillo, 2002; Price et al., 2002; Schemske et al., 2009).

The first and essential step to test whether tropical 
species are exposed to stronger sexual selection 
pressures is to find negative correlations between 
latitude and the degree of sexual dimorphism. In such 
comparative studies of character evolution, however, 
phylogeny should be taken into account, because closely 
related species tend to share ancestral characteristics 
regardless of the selection pressures to which they 
are exposed (Felsenstein, 1985; Harvey & Pagel, 1991; 
Garamszegi, 2014). Such phylogenetic correction is 
necessary before making any strong inference about 
latitudinal variation in sexual selection pressure.

The family Adrianichthyidae, commonly referred 
to as ricefishes or medaka, is known to be sexually 
dimorphic in body size (e.g. Herder & Chapuis, 2010; 
Mokodongan et al., 2014), anal- and dorsal-fin lengths 
(e.g. Kawajiri et al., 2009; Fujimoto et al., 2015) and 

body coloration (e.g. Mokodongan et al., 2014; Mandagi 
et al., 2018), suggesting that these traits are affected by 
sexual selection. Comparisons of sexual dimorphisms 
and mating behaviours have demonstrated that high-
latitude temperate species/populations are exposed to 
stronger sexual selection pressures than lower latitude 
temperate congeners (Fujimoto et al., 2015). However, 
it has not been tested whether this latitudinal 
variation can be extended to tropical species, despite 
the adrianichthyids having a wide geographical range; 
the family Adrianichthyidae is composed of 37 species 
in two genera ranging from high-latitude temperate 
to tropical Asia (Parenti, 2008; Herder & Chapuis, 
2010; Magtoon, 2010; Parenti & Hadiaty 2010; Asai 
et al., 2011; Herder et al., 2012; Parenti et al., 2013; 
Mokodongan et al., 2014; Mandagi et al., 2018) (Fig. 1). 
Thus, this freshwater fish group provides a good model 
system to explore possible geographical patterns in 
sexual selection pressures.

In this study, we first compare the degree of sexual 
dimorphism in body size and fin lengths among almost 
all adrianichthyids (32 species) throughout Southeast 
and East Asia and reveal that lower latitude, tropical 
species are sexually more dimorphic than higher 
latitude, temperate species. Second, we reconstruct 
their phylogeny using mitochondrial DNA (mtDNA) 
sequences and demonstrate that the negative 
correlations between latitude and the degree of sexual 
dimorphism become non-significant when phylogeny 
is considered, but that the variance in the degree of 
sexual dimorphism is explained not only by phylogeny 
but also by latitude. We also perform ancestral state 
reconstruction and reveal that sexual dimorphisms 
have evolved independently even within major clades. 
Based on these findings, we argue that tropical species 
are probably exposed to stronger sexual selection 
pressures than temperate species. Finally, we discuss 
possible causes of this latitudinal variation in sexual 
selection pressure from the viewpoint of reproductive 
seasonality.

MATERIAL AND METHODS

Comparisons of sexual dimorphism among 
adrianichthyids

Adrianichthyids are small (~20–190 mm) freshwater 
or brackish water fishes, having determinate growth 
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(Iwamatsu, 2006; Parenti, 2008; Kawajiri et  al., 
2014). Wild individuals or individuals from aquarium 
strains were obtained for 32 adrianichthyid species 
found throughout East, Southeast and South Asia 
(Supporting Information, Table S1). Using a digital 
camera, we photographed the three largest adult 
males and three largest adult females of each species 
(except for only one adult male and one adult female 
for Oryzias songkhramensis), shown in lateral view 
with a ruler. The digital images were later transferred 
to a personal computer, and standard length (SL), 
anal-fin length (AFL) and dorsal-fin length (DFL) were 
measured for each individual, using image analysis 
software (Inkscape v.0.92; Free Software Foundation, 
Inc., Boston, MA, USA). AFL and DFL were defined 
as the length of the longest anal- and dorsal-fin rays, 
respectively. The ratios AFL/SL and DFL/SL were 
calculated for each individual, and the degree of sexual 
dimorphism in AFL and DFL of each species was 
defined as the difference in mean AFL/SL and DFL/
SL, respectively, between the three males and three 
females. In addition, the degree of male-biased sexual 

size dimorphism (SSD) of each species was defined as 
the log-transformed ratio of SL of the largest male to 
the SL of the largest female among the three males 
and three females. Full details on the comparisons are 
provided in the Supporting Information Materials and 
Methods.

Phylogenetic analysis

The mtDNA phylogeny of the 32 adrianichthyids 
was estimated using sequences of the NADH 
dehydrogenase subunit 2 (ND2) and/or cytochrome 
b (cyt b) genes, with two species of Beloniformes 
(Hyporhamphus sajori and Cololabis saira) as 
outgroups. All sequence data used, except for 
ND2 sequences of four Oryzias species, O. hubbsi, 
O. mekongensis, O. songkhramensis and O. uwai, were 
downloaded from the DNA Data Bank of Japan (DDBJ) 
(Supporting Information, Table S1). For the four 
Oryzias species the ND2 region was amplified by PCR 
and then Sanger-sequenced, using the methods and 
primers described by Mokodongan & Yamahira (2015).  

Figure 1.  Map showing the geographical ranges of all species of the Adrianichthyidae.
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All sequences were aligned separately for ND2 and 
cyt b, using the ClustalW option in MEGA7 v.7.0.26 
(Kumar et al., 2016), and the aligned sequences of 
ND2 (1046 bp) and cyt b (1141 bp) were concatenated 
into a single sequence. A maximum-likelihood (ML) 
phylogeny among these 34 species (32 adrianichthyids 
and two outgroups) was estimated using RAxML-NG 
v.0.9.0 (Kozlov et  al., 2019). Full details of the 
phylogenetic analysis are provided in the Supporting 
Information Materials and Methods.

Test of correlations between latitude and 
sexual dimorphism

To test whether lower latitude species are sexually 
more dimorphic, Pearson’s correlation between the 
latitude of each species and the degrees of male-biased 
SSD and sexual dimorphism in fin lengths (AFL/
SL and DFL/SL) were calculated, using JMP v.5.1.1 
for Macintosh (SAS Institute, Cary, NC, USA). We 
used the latitude of the site from which each species 
originated. We also compared the elevation (intercept) 
of the regression lines between wild-caught species 
and lab-reared species using analyses of covariance 
(ANCOVAs) with ‘fish origin’ as a fixed factor and 
latitude as a covariate. Moreover, we tested whether 
each of these correlations persists even when the 
phylogenetic relationships among species were 
considered by phylogenetic generalized least squares 
(PGLS) regression, using the ‘pgls’ function in the R 
package ‘caper’ (Orme, 2013). The PGLS analysis was 
performed separately for the degree of male-biased 
SSD and the degree of sexual dimorphism in AFL/SL 
and DFL/SL, using latitude as an explanatory variable. 
The mtDNA phylogeny was used as the tree data, and 
branch lengths were optimized by ML estimations 
(‘lambda’ function = ML). Pagel’s λ was estimated 
in each PGLS model. We also estimated the partial 
coefficient of determinant (partial R2) of latitude and 
phylogeny in each PGLS model, using the ‘R2’ function 
in the ‘rr2’ package (Ives & Li, 2018). We used the 
R2

lik of Ives (2019) as the partial R2 in this study. Full 
details of the test of correlations are provided in the 
Supporting Information Materials and Methods.

Ancestral state reconstruction of sexual 
dimorphism

Ancestral values of the degrees of male-biased SSD 
and sexual dimorphism in fin lengths (AFL/SL and 
DFL/SL) at each node in the mtDNA phylogeny were 
estimated separately, using the ‘fastAnc’ function in 
the R package ‘phytools’ (Revell, 2012). The estimated 
state was mapped on the phylogeny using the ‘contMap’ 
function in phytools.

RESULTS

Comparisons of sexual dimorphism among 
adrianichthyids

In the high-latitude species, adult males were smaller 
than adult females (Fig. 2A). Among the tropical species, 
males were larger or smaller depending on species, 
and vice versa in others (Supporting Information, 
Fig. S1A). The correlation between latitude and the 
degree of male-biased sexual size-dimorphism was 
significantly negative (r = –0.585, N = 32, P < 0.001) 
(Fig. 2A). The effect of fish origin was significant 
(ANCOVA: F1,29 = 6.181, P = 0.019), indicating that lab-
reared species tended to be sexually less dimorphic 
than wild-caught species. The slope of the regression of 
the degree of sexual size dimorphism versus latitude 
was significantly negative (ANCOVA: F1,29 = 10.543, 
P = 0.003), even when fish origin was incorporated.

Males of tropical species tended to have longer anal 
and dorsal fins (standardized by SL) than males of 
temperate species (Supporting Information, Fig. S1B, 
C). In contrast, females did not show such a latitudinal 
tendency. Consequently, the correlation between 
latitude and the degree of sexual dimorphism in fin 
lengths was significantly negative: lower latitude, 
tropical species tended to be sexually more dimorphic 
both in anal-fin length (r = –0.487, N = 32, P = 0.005) 
(Fig. 2B) and in dorsal-fin length (r = –0.549, N = 32, 
P = 0.001) (Fig. 2C) as compared with higher latitude 
species. The effect of fish origin was significant for 
anal-fin length (ANCOVA: F1,29 = 4.521, P = 0.042), 
indicating that lab-reared species tended to be 
sexually less dimorphic than wild-caught species, 
but it was not significant for dorsal-fin length 
(F1,29 = 1.364, P = 0.252). The slope of the regression 
of the degree of sexual dimorphism versus latitude 
was significantly negative both in anal-fin length 
(ANCOVA: F1,29 = 5.598, P = 0.025) and in dorsal-fin 
length (F1,29 = 9.304, P = 0.005), even when fish origin 
was incorporated.

Phylogeny and test of latitudinal tendency in 
sexual dimorphism

The mitochondrial phylogeny revealed that the 
adrianichthyids studied were composed of three 
main clades (Fig. 3), as similarly shown by Takehana 
et al. (2005). The ‘latipes species group’ was composed 
of species distributed mainly in the Indochina 
Peninsula and East Asia. The three temperate species, 
O. sakaizumii, O. latipes and O. sinensis (Fig. 1), all 
belonged to this species group. The ‘javanicus species 
group’ was composed of species distributed throughout 
Southeast and South Asia. The ‘celebensis species 
group’ was composed of species endemic to Sulawesi 
and its satellite islands.
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PGLS analysis using latitude as an explanatory 
variable revealed that all of the negative correlations 
between lat i tude and the degree of  sexual 

dimorphism became non-significant (body size: 
estimate = –0.138 × 10–2 ± 0.074 × 10–2 SE, t = –1.862, 
P = 0.072; anal-fin length: estimate = –0.073 × 10–

2 ± 0.071 × 10–2 SE, t = –1.028, P = 0.312; and dorsal-
fin length: estimate = –0.042 × 10–2 ± 0.060 × 10–2 
SE, t = –0.701, P = 0.489). In these PGLS models, 
Pagel’s λ was estimated to be 0.295, 0.301 and 0.494 
for the degree of male-biased SSD and the degree of 
sexual dimorphism in anal-fin length and dorsal-fin 
length, respectively. Partial R2 in the PGLS models 
revealed that phylogeny and latitude almost equally 
explained the variance in the degree of SSD (partial 
R2 = 0.080 and 0.091, respectively) and in the degree 
of SSD in anal-fin length (partial R2 = 0.024 and 0.019, 
respectively). The variance in the degree of sexual 
dimorphism in dorsal-fin length was explained more 
by phylogeny (partial R2 = 0.181) than by latitude 
(partial R2 = 0.014).

Ancestral state reconstruction of sexual 
dimorphism

The ancestral state reconstruction revealed that SSD 
is male-biased in some species and female-biased in 
others even within species groups (Fig. 4A). Sexual 
dimorphism in fin lengths also evolved independently 
even within the species groups (Fig. 4B, C).

DISCUSSION

Evidence for latitudinal variation in sexual 
selection pressures

Our morphological analyses of the 32 adrianichthyid 
species obtained throughout their geographical 
ranges revealed that male body size and fin lengths 
increase with decreasing latitude. Consequently, 
both the degree of male-biased SSD and the degree 
of sexual dimorphism in fin lengths were negatively 
correlated with latitude, indicating that tropical 
species are sexually more dimorphic than temperate 
species. However, PGLS analyses revealed that the 
negative correlations between latitude and the degree 
of sexual dimorphism became non-significant when 
the phylogenetic relationship among the species was 
considered. This suggests that the greater (lesser) 
degree of sexual dimorphisms in tropical (temperate) 
species may be synapomorphic.

However, Pagel’s λ was estimated to be at most 
~0.5 in the PGLS models, indicating that the 
variance in the degree of sexual dimorphism cannot 
be accounted for only by phylogeny. The ancestral 
state reconstruction also indicated that sexual 
dimorphisms have evolved independently even 
within species groups, suggesting that the evolution 
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of sexual dimorphism is not phylogenetically 
constrained. Indeed, partial R2 in the PGLS models 
revealed that the variance in the degree of SSD and 
in the degree of sexual dimorphism in anal-fin length 
is explained not only by phylogeny but also almost 
equally by latitude. These results indicate that the 
variance in the degree of sexual dimorphism cannot 
be explained solely by phylogeny.

It is of note that there was a strong confounding 
between geographical distributions and phylogenetic 
positions among the species: that is, all temperate 
species belong to the ‘latipes species group’, while 
species in the ‘javanicus species group’ and ‘celebensis 
species group’ are distributed only in the tropics, which 
is the main reason why the negative correlations 

between latitude and the degree of sexual dimorphism 
became non-significant in the PGLS models. Although 
the degree of sexual dimorphism is synapomorphic, 
this does not mean that it has evolved neutrally (e.g. 
Freckleton et al., 2002); the greater (lesser) degree of 
sexual dimorphism in the tropical (temperate) species 
may have evolved because they are in the tropics 
(temperate). Regardless, further studies are necessary 
to resolve this confounding between geographical 
distributions and phylogeny. One way would be to 
conduct similar analyses using different taxa having 
wide geographical ranges; the presence of similar 
latitudinal patterns in other taxa would support the 
view that latitude does affect the degree of sexual 
dimorphism.
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It is also of note that the negative correlation 
between latitude and sexual dimorphism was found 
in all characters examined. Our preliminary analysis 
revealed that the degree of sexual dichromatism, i.e. 
sexual dimorphism in body coloration, is also negatively 
correlated with latitude. Previous quantitative trait 
loci (QTL) mapping with experimental crosses of 
O. sakaizumii and O. latipes demonstrated that loci 
controlling male secondary sex traits, including anal- 
and dorsal-fin lengths, were different from one trait to 
another (Kawajiri et al., 2014, 2015), suggesting that 
these characters could have evolved independently. If 
secondary sexual characters and the resultant sexual 
dimorphisms covary among species latitudinally in 
spite of an absence of genetic correlations, it may be 
more reasonable to consider that these characters 
have independently responded to varying sexual 
selection pressures than to consider that they have 
evolved neutrally.

We found that lab-reared species tended to be 
sexually less dimorphic than wild-caught species, 
suggesting that sexual dimorphisms are phenotipically 
plastic traits, which may lessen in the laboratory. 
However, the regression of the degree of sexual 
dimorphism on latitude was negative, even when 
‘fish origin’ was incorporated, indicating that the 
observed latitudinal variation has also a genetic basis. 
Quantitative genetics approaches, such as common-
garden experiments (e.g. Falconer, 1989; Conover & 
Schultz, 1995), are necessary to assess the genetic and 
environmental variance in the observed latitudinal 
variation.

Characters favoured by intra- vs. intersexual 
selection

We found that males are larger than females in many 
of the tropical species, and vice versa in temperate 
species. Possibly, this male-biased SSD in tropical 
species reflects stronger intrasexual selection 
pressures, because a larger body size is generally 
beneficial for fighting (e.g. Beaugrand et al., 1996; 
Passos et al., 2013). Although a larger body size might 
also be beneficial to males of temperate species, the 
size benefit might not be as great as that in tropical 
species, because greater size can also involve potential 
fitness costs, such as increased vulnerability to 
starvation or predation (e.g. Lankford et al., 2001; 
Connoly & Petersen, 2003; Suzuki et  al., 2010). 
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                                  O. matanensis
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  O. sakaizumii
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     O. sinensis
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Figure 4.  Ancestral state reconstruction of the degree 
of sexual dimorphism in (A) body size (standard length: 

SL) (SSD), (B) anal-fin length (AFL) (standardized by 
SL) and (C) dorsal-fin length (DFL) (standardized by SL). 
Estimated changes in the degree of sexual dimorphism on 
the phylogeny are represented by the branch colour. The 
scale bar indicates the number of substitutions per site.
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Therefore, intrasexual selection pressures probably 
balance with natural selection pressures at the larger 
body size in tropical species as compared with that of 
temperate species.

In contrast, the greater degree of sexual dimorphism 
in fin lengths and body coloration in many of the tropical 
species may reflect stronger intersexual selection 
pressures. Fujimoto et al. (2014) demonstrated that 
males of temperate species (O. latipes species complex) 
with a longer anal fin and/or dorsal fin were less 
often rejected by females. Mating experiments using 
O. woworae, a tropical species, also revealed that females 
preferred redder males over less red males (Ansai, S. 
et al., unpubl. data), suggesting that the greater degree 
of sexual dichromatism in tropical species also reflects 
stronger intersexual selection pressure. However, 
the role of longer fins in tropical species remains to 
be examined. Further investigations are necessary to 
demonstrate the functions of these male traits during 
mating.

Latitudinal variation in natural selection 
pressures?

It is theoretically possible that the greater (lesser) 
degree of sexual dimorphism in tropical (temperate) 
species reflects evolution in response not to sexual 
selection but to natural selection. For example, in 
higher latitude environments where the reproductive 
season is short, fecundity selection might favour larger 
females (e.g. Tarr et al., 2018), which would cause 
latitudinal variation in female body sizes and resultant 
SSD. However, this is not the case for adrianichthyids, 
because body size as well as anal- and dorsal-fin 
lengths showed no significant correlation with latitude 
in females alone.

It is also theoretically possible that latitudinal 
variation in natural selection pressure indirectly 
shapes latitudinal variation in sexual dimorphism. It is 
well known that males in populations exposed to higher 
predation pressure have evolved less conspicuous 
ornaments (e.g. Endler, 1983; Stuart-Fox et al., 2003 
; Johnson & Candolin, 2017). Therefore, the observed 
less conspicuous ornaments, such as shorter fins, in 
males of temperate species could indicate that they are 
exposed to higher predation pressures than males of 
tropical species. However, this is probably not the case 
for adrianichthyids, because piscivorous predators are 
apparently more abundant in tropical habitats (such 
as freshwater halfbeaks of the genera Dermogenys and 
Nomorhamphus and freshwater gobies of the genera 
Redigobius and Glossogobius; e.g. Kottelat et al., 1993) 
than in temperate habitats (B. K. A. Sumarto et al., 
pers. observ.). Further studies are needed to assess the 
relative effect of sexual selection vs. natural selection 
induced by predators (Schemske et al., 2009; Roesti 

et al., 2020), and other environmental factors such 
as water turbidity (Dugas & Franssen, 2011; Bossu 
& Near, 2015) and diet quality (Emlen et al., 2012; 
Rahman et al., 2013), on the latitudinal variation in 
sexual dimorphism.

Ecological mechanism of the latitudinal 
variation in sexual selection pressure

We have demonstrated here that tropical species are 
sexually more dimorphic than temperate species, 
suggesting that the latter are exposed to stronger 
sexual selection pressure. With that in mind, why 
might sexual selection pressures vary geographically?

Machado et  al. (2016) and Tarr et  al. (2018) 
considered that sexual selection on males could be 
higher in warm, aseasonal environments, because 
when resources and reproductive opportunities are 
available year round, there may be greater total benefit 
for males that can control high-quality territories and 
access to mates. However, the mechanisms behind how 
males that control territories and mates can benefit 
more are unclear. On the other hand, Fujimoto et al. 
(2015) proposed that latitudinal clines in reproductive 
seasonality will lead to latitudinal clines in the 
operational sex ratio (OSR), which is an important 
determinant of the strength of sexual selection 
pressures; biased OSRs cause strong sexual selection, 
because the more abundant sex, usually males, will 
compete for available partners (Emlen & Oring, 
1977; Ims, 1988; Janicke & Morrow, 2018). In high-
latitude temperate environments, where reproduction 
is restricted to a favourable season (e.g. Awaji & 
Hanyu, 1987; Egami et al., 1988; Isaac, 2005), many 
mature males and females are expected to appear 
in synchrony during a short period. Such temporal 
overlaps in the appearance of mature females will 
cause OSRs that are more equal, leading to weaker 
sexual selection pressures. In the tropics, in contrast, 
a lack of seasonality prolongs reproductive seasons, 
which will stochastically reduce temporal overlap 
in the appearance of mature females, while males 
will tend to mature throughout the year, leading to 
male-biased OSRs. Our study supports this view that 
sexual selection pressure is stronger in the tropics 
than in temperate regions, which potentially explains 
why tropical animals are characterized by showy 
ornaments and conspicuous body colours.
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Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Table S1. Collection sites of samples used in the morphological analyses, and accession numbers of the ND2 and 
cyt b gene sequences used in the mtDNA phylogeny. WMA and NBRP represent aquarium strains from the World 
Medaka Aquarium, Nagoya, Japan, and the National BioResource Project, Okazaki, Japan, respectively.
Figure S1. Relationship between latitude and (A) standard length (SL), (B) anal-fin length (AFL) (standardized 
by SL) and (C) dorsal-fin length (DFL) (standardized by SL) among the 32 species.
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