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Abstract Environmental gradients in a marine setting
may have significant effects on morphological variations
and evolutionary patterns, including sexual dimorphism
variations within and between fish populations. We ana-
lyzed sexual shape and size dimorphism in accordance with
Rensch and Bergmann’s rules in five coastal populations
of the gobiid Bathygobius soporator along 4000 km of the
Brazilian coastline. The populations differ significantly in
sexual body shape dimorphism, with a tendency toward
reduced intrapopulation dimorphism, increasing with lati-
tude. Body size variation was significant between popula-
tions and population vs. sex, and inverse to Bergmann’s
rule. Moreover, size dimorphism among populations of B.
soporator does not follow Rensch’s rule. These data rep-
resent a rare example of inter and intrapopulation spatial
variation in sexual dimorphism associated with latitude in
marine fish. This suggests a complex and particularized
scenario of biotic and abiotic interactions acting on local
populations of B. soporator in extensive coastal areas of
the Western Atlantic, with profound implications for spe-
cies evolution.

P4 Paulo Augusto Lima-Filho
paulo.filho@ifrn.edu.br

Department of Cellular Biology and Genetics, Biosciences
Center, Federal University of Rio Grande do Norte, Natal,
Rio Grande do Norte, Brazil

Department of Engineering and Biotechnology, National

University of Rio Negro, Villa Regina, Argentina

Department of Biology, Ecology and Zoology, Biosciences
Center, Federal University of Rio Grande do Norte, Natal,
Rio Grande do Norte, Brazil

Federal Institute of Education, Science and Technology
of Rio Grande do Norte, Santa Cruz, Rio Grande do Norte,
Brazil

@ Springer

Keywords Geometric morphometrics - SShD - SSD -
Cline - Ecogeographical rules

Introduction

Sexual dimorphism (SD) awakened the interest of Dar-
win, who, in 1871, considered it a result of sexual selec-
tion affecting differential mating success. Sexual selec-
tion is divided into two complementary processes, namely
intrasexual selection, where same-sex individuals compete
in different ways for access to the opposite sex, and inter-
sexual or epigamic selection, involving the differential
selection of members of the opposite sex (Darwin 1871;
Clutton-Brock 2009; Fairbairn 2013). Sexual dimorphism
is widely known in the animal kingdom (Shine 1989; Fair-
bairn 2013), the most commonly analyzed forms being
behavioral, alimentary and morphological dimorphism,
especially differences in size, appendages, tegumentum,
color and body shape (e.g. Stuart-Fox and Ord 2004; Fair-
bairn et al. 2007; Fairbairn 2013).

Existing morphological variations between the sexes
may correspond to the evolution of traits that influence
mating success, increasing the mating chances of one or
both sexes (sexual selection). The physical and ecological
properties of the environment may also drive the evolution
of dimorphism (natural selection). A set of environmen-
tal conditions during the initial postnatal development of
males and females may prompt an increase or decrease in
dimorphism in the adult phase (Badyaev 2011). Sensory
biases in light conditions, food aspects and predation may
also trigger a range of selective pressures in different types
of SD (Tsuboi et al. 2012). Despite the vast repertoire of
SD cases, whether morphological, behavioral or alimen-
tary, little is known about interpopulation variation in
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sexual dimorphism (Bidau and Marti 2008; Lengkeek et al.
2008; Kitano et al. 2012).

Sexual selection is a powerful evolutionary force that
can be in the opposite direction of natural selection. Know-
ing how the different sexual selection mechanisms act
within variable environments is crucial to understanding
evolutionary processes (Walsh and Reznick 2009; Ingleby
et al. 2010). Morphological analyses in populations of dif-
ferent taxonomic groups commonly demonstrate a varia-
tion in dimorphism magnitude, based on body size and as
a function of environmental conditions (Ferndndez-Montra-
veta and Moya-Larano 2007; Stillwell and Fox 2007; Karl
and Fischer 2008; Bidau et al. 2012).

A number of ecogeographic rules describe macroscale
patterns of body variation that may interfere in the expres-
sion of sexual dimorphism. The most charismatic of them,
Bergmann’s rule (Bergmann 1847; Bidau 2014), states that
organisms at higher altitudes or latitudes tend to be larger
than those at lower ones. Despite having been intensively
tested in endo- and ectotherms (Shelomi 2012; Gohli and
Voje 2016), its association with sexual dimorphism has
been largely neglected. Intraspecific patterns found clines
most frequently than those examining interespecific pat-
terns. In fact, the variation among species within the clades
frequently renders interspecific studies unhelpful (Shelomi
2012). Thus, with reduced phylogenetic effects, intraspe-
cific studies reveal the action of environmental conditions
on a same gene pool.

The difference in body size between males and females,
denominated sexual size dimorphism (SSD), led to the
proposal of a presumably widespread pattern known
as Rensch’s rule (Rensch 1950). This rule states that in
interspecies comparisons, SSD increases with body size
when males are larger than females, but declines with an
increase in body size when females are larger. Despite
evidence of Rensch’s rule in some comparative studies of
insects, reptiles, birds and mammals (Blanckenhorn et al.
2006; Raihani et al. 2006), no evidence of the pattern was
found in several groups (e.g., Bidau et al. 2013; Martinez
and Bidau 2014; Martinez et al. 2014; Bidau and Martinez
2016) and converse patterns are not uncommon (Webb and
Freckleton 2007). Furthermore, fish are under-represented
in comparative studies of SSD, Rensch’s rule (Lengkeek
et al. 2008) and sexual shape dimorphism (SShD), despite
the known variability of SSD in this group (Parker 1992).
Thus, reflecting their evolutionary importance, there is a
growing number of studies on fish involving population
differences in SShD (Langerhans et al. 2004; Hendry et al.
2006), the relationship between SSD, SShD and latitudi-
nal variation (Kelly et al. 2013) and intraspecific tests of
Rensch’s rule (Lengkeek et al. 2008; Herczeg et al. 2010).

A number of marine fish species are particularly favora-
ble models to analyze the action of evolutionary forces.

One of these is the gobiid Bathygobius soporator, which
exhibits traits closely associated with local adaptive pro-
cesses. This species, considered sedentary benthic and
coastal residents (Demartini 1999), displays wide geo-
graphic distribution that extends from Southeastern USA
to Southern Brazil (Lima-Filho et al. 2016), inhabiting
tide pools in the intertidal zone (Gibson and Yoshiyama
1999). Population analyses have demonstrated that this
species exhibits different morphological patterns across a
north—south geographic distribution on the Brazilian coast
(Lima-Filho et al. 2012).

The morphometric traits observed in B. soporator along
the Brazilian coast make it particularly favorable for the
analysis of sexual dimorphism variation patterns among
widely distributed populations, and the investigation of
ecological and evolutionary factors that act on SD differ-
entiation in marine fish. Thus, analyses of intra and inter-
population SD variation based on body shape (SShD) and
size (SSD) were conducted in five populations of B. sopo-
rator, distributed along the Brazilian coast, using tradi-
tional and geometric morphometrics techniques.

Materials and Methods

A total of 321 injury-free Bathygobius soporator (Valen-
ciennes 1837) adults from the northeastern, southeastern
and southern coasts of Brazil were used in morphomet-
ric analyses. On the northeastern coast, sampling points
included the states of Maranhdo (MA) (2°27'50.89"S,
44°12'18.58"W; N=58; @ 34; & 24), Rio Grande do Norte
(RN) (6°0'31.12"S, 35° 6'17.86"W; N=72; @ 39; & 33),
and Bahia (BA) (13°0'37.29’S, 38°31'28.32"W; N=61; Q
33; & 28); in the southeastern, the coast of Sdo Paulo (SP)
(23°59'44.88’S, 46°15'2.89"W; N=71; @ 31; & 40); and on
the southern coast, samples were obtained in Santa Cata-
rina (SC) state (27°34'21.14"S, 48°25'16.10"W; N=59; Q
35; & 24), (Fig. 1a). The sex of each specimen was deter-
mined by observing the urogenital papilla (Miller 1961)
and analyzing fresh gonad fragments between the slide and
coverslip, under optical microscope at X200 magnification.

Sexual Shape Dimorphism (SShD)

Geometric morphometrics analyses were used to identify
sexual shape dimorphism (SShD), based on the configu-
ration of anatomical points, with a reduction in the effects
inherent to size (Monteiro et al. 2002; Parsons et al. 2003).
Their effectiveness in discriminating shape in B. sopora-
tor has been demonstrated in population studies and rec-
ognition of cryptic species in this genus (Lima-Filho et al.
2010, 2012, 2016).
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The individuals were photographed in the left lateral
view alongside a ruler graduated in millimeters, using
a Sony H10, 8.1 pixel camera connected to a tripod, at
standard distance and position (250 mm), without the use
of optical or digital zoom. A total of 10 landmarks were
selected and digitized onto the images using TPSdig v2.16
software (Rohlf 2006) (Fig. 1b). The images were arranged
in a single TPS file using tpsUtil software (Rohlf 2013).

Landmark configurations were submitted to Gener-
alized Procrustes Analysis (GPA) (Dryden and Mardia
1998), which collects shape information not related to vari-
ations due to specimen position, size and rotation (Rohlf
and Slice 1990). Allometric correction, according to pro-
cedures proposed by Sidlauskas et al. (2011) and Alencar
et al. (2014), was used to compare intra and interpopula-
tion shape variations, controlling the effects of static and
ontogenetic allometry. To that end, the residuals of a mul-
tivariate regression of Procrustes shape coordinates on size
(centroid size) were used for subsequent statistical analyses
and assessment of shape variation. The definition of static
and ontogenetic allometry used in this study was based on
Cock (1966). Thus, ontogenetic allometry refers to size as a
result of covariation between body parts during the growth
of a specimen, while static allometry refers to size as a
result of the variation of individuals in the same population
and age group.

Numerical residual data generated (with no static
or ontogenetic allometry effect) were analyzed apply-
ing Canonic Variable Analysis (CVA) and Discriminant
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Function Analysis (DFA). The former was used to obtain
a general view of sex vs. population variations. The first
canonic variable (greater data variation in an ordination)
was employed to obtain warped outlines in order to clearly
identify the displacement vectors of deformation grids
between sexes within their respective populations, whereas
DFA was used to generate shape variations between males
and females. Moreover, Procrustes (Proc) and Mahalano-
bis distance (D?) values obtained in comparisons of DFA
body shape between sexes were analyzed. Further investi-
gations on SShD were conducted with Procrustes distances.
The Procrustes distance was favored over the Mahalanobis
distance because the former accounts for the absolute varia-
tion in shape, while the latter explains the relative variation
in shape (Klingenberg and Monteiro 2005). Shape varia-
tions obtained from CVA and DFA were visualized using
outline drawing, whose alternative representation of body
shape facilitates interpretation of shape changes based on
consensual shape (average shape) (Alencar et al. 2014).

Generalized Procrustes Analysis, multivariate regres-
sion, CVA and DFA multivariate analyses and outline
drawing were conducted using Morphol 1.02b® software
(Klingenberg 2011).

Sexual Size Dimorphism (SSD) and Rensch’s Rule
Initially, standard length (SL) and height (H) data were

obtained from the digital images (Fig. 1c) using TPSdig
v2.16 software (Rohlf 2006), logarithmized (log;,) and
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tested for normality and homoscedasticity, respectively,
applying the Shapiro—Wilk (Shapiro and Wilk 1965) and
Levene tests (1960). Next, SSD was calculated as the
logarithmized difference between mean male and female
size (Smith 1999) for SL and H (Table 1). Rensch’s rule
was tested by applying the Reduced Major Axis (RMA)
regression method with logarithmized population means
of female size minus male size for SL and H. The RMA
technique (type II regression; Sokal and Rohlf 1985) was
adjusted because common linear regression (type I regres-
sion) fits data to a straight line using the minimum squares
method of residues in the direction of the independent
variable (X), whereas the dependent variable (Y) is condi-
tioned, that is, its effect is fixed (Kendall and Stuart 1973;
Sokal and Rohlf 1985). According to Warton et al. (2006),
the RMA regression method is based on the calculation of a
standardized major axis, equivalent to the first major com-
ponent, which minimizes the sum of squares of the shortest
distances of the samples to the axis. An important factor in

selecting the RMA method is the potential presence of an
error in both morphometric variables (Warton et al. 2006)
meaning that a single fitting line defines a symmetric rela-
tionship between the variables (Smith 2009). Furthermore,
the null hypothesis of the slope line =1 (sexual isometry)
was tested by calculating 95% confidence intervals. Finally,
analysis of variance (ANOVA) was applied for SL and H,
separately, and the Tukey—Kramer test as a posteriori verifi-
cation of whether there were any size differences in relation
to sex and population.

Finally, logarithmized Procrustes distance (from SShD
assessed in each population) was also type II regressed
with latitude data (logarithmized decimal degrees) from
each sample location to evaluate the latitudinal inference on
sexual shape dimorphism. The null hypothesis that regres-
sion slope =0 was also tested by calculating 95% confi-
dence intervals.

Analyses were carried out using R software (R Develop-
ment Core Team 2012) and the “smatr” package for RMA

Table 1 Descriptive statistics of morphometric variables of male and female Bathygobius soporator and SSD (Sexual Size Dimorphism) values,
calculated as the logarithmized difference between mean male and female for standard length (SL) and height (H)

SL Populations
MA RN BA SP SC

Males

Average 0.854 0.694 0.847 0.918 0.721

SD 0.071 0.077 0.091 0.108 0.083

Minimum 0.728 0.515 0.645 0.691 0.534

Maximum 0.957 0.814 1.046 1.064 0.867
Females

Average 0.794 0.815 0.864 0.871 0.699

SD 0.087 0.082 0.054 0.099 0.068

Minimum 0.649 0.679 0.695 0.526 0.689

Maximum 1.030 1.003 0.908 0.938 0.976

SSD 0.060 -0.122 —0.017 0.048 0.022
H Populations

MA RN BA SP SC

Males

Average 0.151 —0.027 0.167 0.245 0.026

SD 0.061 0.100 0.096 0.112 0.082

Minimum 0.045 —0.229 —0.056 —0.004 —0.155

Maximum 0.241 0.294 0.360 0.384 0.164
Females

Average 0.103 0.099 0.178 0.190 -0.005

SD 0.052 0.068 0.109 0.087 0.092

Minimum 0.017 —0.022 —0.143 —0.041 —0.161

Maximum 0.230 0.274 0.336 0.344 0.236

SSD 0.055 -0.126 —0.011 0.048 0.031

Data are log transformed

SD standard deviation; MA Maranhdo; RN Rio Grande do Norte;BA Bahia; SP Sdo Paulo; SC Santa Catarina
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analyses (Warton et al. 2012). A 5% significance level was
adopted for all tests (Zar 2010).

Results
Sexual Shape Dimorphism (SShD)

Geometric morphometry revealed the highest contributions
in intrapopulation and interpopulation sexual differentia-
tion for canonical variables 1, 2 (Fig. 2), 3, 4 and 5. These
variables jointly corresponding to 94.29% of total shape
variation.

Intrapopulation and interpopulation  comparison
between sexes, by quantifying morphological variation
using the Procrustes distance, indicated greater morpho-
logical distinction between the sexes of the MA population
(Proc=0.0260, D2=3.13), located in the north at a lower
latitude, with a tendency to a progressive decline in SShD
at higher latitudes (SC, Proc=0.0124, D?>=1.95). The
RMA regression of SShD and latitude showed a significant
negative correlation, indicating that sexual dimorphism is
less pronounced at higher latitudes (Fig. 3).

The comparison of same-sex individuals between neigh-
boring populations exhibited greater morphological vari-
ation among males (MA-RN, Proc=0.0368, D’=4.40;
RN-BA, Proc=0.0405, D*=3.63; BA-SP, Proc=0.0191,
D?=3.10; SP-SC, Proc=0.0300, D*=3.08). For females,
the variation among adjacent populations was less than
that observed for males, but also significant (MA-RN,
Proc=0.0363, D?’=3.47; RN-BA, D’=Proc=0.0300,
2.68; BA-SP, Proc=0.0184, D?=286; SP-SC,
Proc=0.0254, D*=2.88) (Fig. 4; Table 2).

-1.56 1 RMA Regression
R’ =0.95 pgyn< 0.01

1.60-  MA b=-0.26 p,.,, < 0.01
—~ -1.64 -
en
=
N
A -1.68
Q
=)
s -1724
.4
o
»n -1.76 -
9]
3
w
2 -1.80
Q
o
=
Ay -1.84 4

-1.88

[ ]
192+ SC
T T T T T T 1

1 T T
00 02 04 06 08 10 12 14 16 18 20
Latitude (log)

Fig. 3 Latitudinal inference on sexual shape dimorphism (SShD)
in Bathygobius soporator populations based on Procrustes distance.
R?>—RMA Regression coefficient; pPRMA—p-value for tests against
the hypothesis of RMA slope=0; b=slope of line; p (b=1)—p-value
tests against the hypothesis of RMA slope=1. Populations: MA—
Maranhdao, RN—Rio Grande do Norte, BA—Bahia, SP—Sio Paulo,
SC—Santa Catarina

Outline drawings, created from comparative deforma-
tion grids of the first canonical variable, indicated substan-
tially different morphotypes between sexes at the intrapop-
ulational level with regard to body height, anterior region
and set of dorsal fins. The main intrapopulational morpho-
logical variation between sexes was related to height and
body shape, which decrease progressively with increasing
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Fig. 4 Sexual size dimorphism (SSD) based on mean values of
standard length (a) and height (b) of the Bathygobius soporator spec-
imens. R2—RMA Regression coefficient; pRMA—p-value for inter-
variable correlation; b=slope of the line; p (b=1)—p-value tests
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against the hypothesis of RMA slope=1; bold highlighted line slope
of the line (b=1); grey line slope of the line estimated by the RMA
model. Populations: MA—Maranhdo, RN—Rio Grande do Norte,
BA—Bahia, SP—Sio Paulo, SC—Santa Catarina

Table 2 Mahalanobis distances

2 > Populationsex MAQ MAJ RNQ RNJ BAQ BAJS SPQ SPJ& SC? Sscg

(D?) and Procrustes distance

(Proc) between sexes and MA © 0.0260 0.0363 00370 0.0358 0.0420 0.0445 0.0491 0.0353 0.0289

populations using DFA MA & 3.13 0.0449 0.0368 0.0479 0.0469 0.0493 0.0486 0.0396 0.0332
RN © 347 696 0.0189 03000 0.0419 0.0361 0.0443 00264 0.2540
RN & 400 440 246 0.0341 0.0405 0.0365 0.0395 0.0231 0.0227
BA © 270 464 268 332 0.0177 0.0184 00278 00254 0.0265
BA J 308 425 359 362  2.63 0.0175 0.0191 0.0303 0.0314
SP O 360 441 499 353 286 332 0.0139% 00254 0.0265
spd 443 373 619 422 355 310 175 0.0287 0.,0300
SC O 283 479 314 342 204 364 288 471 0.0124%
scd 250 401 467 393 267 306 221 308 195

The p-value was <0.05 (10,000-round permutation test) for all the data. Intrapopulation body shape differ-
ences between males and females are highlighted in bold

Below diagonal—Mahalanobis distance; above diagonal—Procrustes distance

*p>0.05

latitude. In fact, the northernmost population (MA) shows
greater variation between the sexes regarding body shape
and fin size. By contrast, the southernmost population (SC)
displayed a markedly smaller variation in these morpholog-
ical variables (Fig. 2).

Sexual Size Dimorphism (SSD) and Rensch’s Rule

Males showed a latitudinal cline in body size. Analyses of
variance (ANOVA) for SL and H were significant for popu-
lation and for the interaction between population and sex.
No differences between sexes were observed in any of the
ANOVAs conducted. Interpopulational comparisons using

the Tukey—Kramer test revealed significant differences for
H, except between SC and RN populations (Table 3). Anal-
yses of interpopulation SSD exhibited an equally divergent
pattern in size, where the lowest values were between RN
and BA and the highest between SP and MA.

No significant correlations were found for SL
(R2:0.421, slope=1.37, CI 0.441-4.279, HO: correlated
variables p-value=0.235) or H variables (R®>=0.545,
slope=1.41, CI 0.050-4.010, HO: correlated variables
p-value =0.153), in the evaluation of Rensch’s rule. Moreo-
ver, in the comparison test against a regression slope line
equal to 1, the estimated lines for SL and H indicated isom-
etry (SL; p=0.515; H; p=0.427) (Fig. 5a, b).
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Table 3 Analysis of variance of two factors (Populations, Sexes) for each morphometric variable studied separately (SL—standard length; H—

height) in Bathygobius soporator

SL df SQ MS F P
Population 4 1.616 0.404 57.325 <0.001
Sex 1 0.002 0.002 0.344 0.558
Population vs. sex 4 0.372 0.093 13.212 <0.001
Residuals 318 2.241 0.007
H df SQ MS F P
Population 4 2.249 0.562 70.128 <0.001
Sex 1 0.001 0.001 0.159 0.691
Population vs. sex 4 0.395 0.099 12.314 <0.001
Residuals 318 2.549 0.008

a RMA Regression b RMA Regression

0.16=  R*=0.09 py,,,= 0.86

b=-1.05p,., = 0.04
0.12-
0.08-
0.04-

0.00-

SSD (log)

-0.08-
-0.12-
-0.16-

-0.201 T T 1 1 1 1 T 1 1
0.60 0.63 066 0.69 072 075 078 0.81 0.84 0.87

Female Length (log)

Fig. 5 Rensch’s Rule based on mean values of standard length (a)
and height (b) of the Bathygobius soporator specimens. R>—RMA
Regression coefficient; pRMA—p-value for inter-variable correla-
tion; b=slope of the line; p(b=1)—p-value tests against the hypoth-

Discussion
Clinal Variation in Sexual Shape Dimorphism (SShD)

The family Gobiidae contains around 2000 described spe-
cies, is the most speciose in the marine environment (Nel-
son 2006) and is found primarily on tropical reefs (Thacker
2003). A number of its species display extensive geo-
graphic distribution. These include Bathygobius soporator,
a benthic species found in extremely mutable and variable
intertidal regions in long geographic transects. In contrast
to pelagic species capable of seeking favorable environ-
mental conditions (Mora and Ospina 2001), the low vagil-
ity of adult B. soporator subjects its populations to dif-
ferential selective pressures particular to different habitats
(Lima-Filho et al. 2012).
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esis of RMA slope=1; bold highlighted line slope of the line (b=1);
grey line slope of the line estimated by the RMA model. Populations:
MA—Maranhdao, RN—Rio Grande do Norte, BA—Bahia, SP—Sao
Paulo, SC—Santa Catarina

Gradual continuous geographic variations in morpho-
logical traits are known as clines. Clinal variation has
been identified for morphometric characters in a number
of marine fish on the coast of Brazil (Molina et al. 2006),
which seem to exhibit adaptive norms to gradually variable
environments. However, clinal variations in body shape,
such as those observed in the populations of B. soporator
analyzed here, are very rare. This species displays a clear
variation in intra and interpopulation sexual dimorphism.
Indeed, spatial comparisons of sexual dimorphism values
among populations indicate a clinal gradient that progres-
sively declines with increasing latitudes (North—South).

Rensch’s rule proposes that SSD increases when males
are larger than females and decreases when females are
larger. This rule has been debated and frequently refuted
(Webb and Freckleton 2007; Bidau and Martinez 2016).
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Interestingly, the morphometric data of B. soporator pop-
ulations indicate that in areas where males are larger than
females, SShD variation was significantly higher. The pos-
sible association of SShD with Rensch’s rule is unusual and
may represent a new and promising perspective for testing
the extension and implications of this ecogeographic/evolu-
tionary rule.

The B. soporator populations analyzed are distributed
along 4000 km of the coast, extending from the North to
the South of Brazil. Thermal regimes differ considerably
between the northernmost and southernmost distribution
points. The northernmost population (MA), with a mean
temperature of 28.3°C, is influenced by the Guiana Cur-
rent, which flows north from the South Equatorial Cur-
rent, branching into an offshore region perpendicular to
the area occupied by the RN population, with an average
temperature of 28.2°C (Lumpkin and Garzoli 2005). The
Brazil current flows southward parallel to the BA coast in
the northeast, with a mean temperature of 25.5 °C, as far as
SP in the southeast. The SC population, the most southerly,
with a mean temperature of 16.9°C, is influenced by the
Falklands/Malvinas Current (Stramma and England 1999).

Considerable evidence suggests the influence of environ-
mental factors in the increase of sexual shape dimorphism.
In zebrafish (Danio rerio), experimental data indicate a
significant temperature effect on body shape variation,
with different consequences for both sexes (Georga and
Koumoundouros 2010), a condition also identified in other
organisms (Fairbairn 2005). Temperature may also play an
important role in sexual dimorphism, since it is an impor-
tant adaptive environmental factor for marine organisms
(Somero 2002; Hughes et al. 2003). Its influence on the
environment can cause changes in the physiology of cells
and organs (Hochachka and Somero 2002; Forster et al.
2011), thereby acting on growth, as well as reproduction
and mortality rates (Brey 1995). In light of the adaptive
patterns, it affects the size and geographic distribution of
populations (Grove 1985; Arntz and Fahrbach 1996) and,
on a macroscale, the structure of communities and ecosys-
tems (Glynn 1988).

Morphological differences in the body shape of
males in neighboring populations showed greater vari-
ation (MA-RN, Proc=0.0368, D’=4.40; RN-BA,
Proc=0.0405, D2=3.63; BA-SP, Proc=0.0191,
D?’=3.10; SP-SC, Proc=0.0300, D’=3.08) than in
females (MA-RN, Proc=0.0363, D’=3.47; RN-BA,
Proc=0.0300, D’=2.68; BA-SP, Proc=0.0184,
D?=2.86; SP-SC, Proc=0.0254, D*=2.88). The higher
interpopulation variation in morphology among males
may be associated with reproductive behavioral factors
and habitat characteristics, which promote sexual selec-
tion. In B. soporator, males are selected by females for
reproduction after preparing the shelter for egg laying

and courtship behavior in the form of vigorous undula-
tions of the body, and pectoral and caudal fins, which
produce shallow depressions in the sand (Tavolga 1950).

An open question in the study of B. soporator is the
extent to which the variation of SShD can be attributed to
genetic differences or phenotypic plasticity (Lima-Filho
et al. 2012). Even in cases where sexual selection is the
main driving force of sexual dimorphism, other factors
such as selective pressures or restrictions derived from
predation, locomotion, nutrition and sensory perception
may influence its evolutionary trajectory and magnitude
(Boughman 2002; Langerhans et al. 2005; Hendry et al.
2006).

While the body characteristics of males and females
are perceptibly less divergent in the southernmost popula-
tion (SC), females in the northernmost population (MA)
have greater body height, shortened bodies and smaller
fins. The males, in turn, have significantly larger fins and
are slim, making them propitious to an increase in body
size during ontogenesis. These variations indicate com-
plex sexual dimorphism, resulting from the joint action
of SSD and SShD, whose expression is differential along
the geographic transect analyzed.

Due to low vagility and tendency to population frag-
mentation, variations in these characters may be related
to adaptive environmental and local ecological conditions
(Lima-Filho et al. 2012). The interaction between natu-
ral selection and sexual pressures becomes more com-
plex when both are considered. The evolution of sexually
selected traits may be driven by sexual competition within
one sex, as well as by differential choice by members of
the opposite sex or intersexual selection (Leese et al.
2009). The sex differences promoted by sexual selection
make individuals of the more conspicuous sex (in terms
of size, coloration or sexual ornamentation) more suscep-
tible to predation and competition, albeit compensated by
greater reproductive success (Samia et al. 2015). Thus,
sexual dimorphism is prone to variations and may differ
among populations in relation to the intensity of sexual
selection (Delph and Bell 2008). However, it can be dif-
ficult to measure these two mechanisms separately, since
the same characters that are important for competition
between males may play a role in the choice of partners
(Wong and Candolin 2005; Hunt et al. 2009).

Analyses of fish populations belonging to the family
Goodeidae indicate greater genetic differences in more
dimorphic populations, resulting in lower gene flow and
accelerated differentiation (Ritchie et al. 2007). It has
been suggested that sexual isolation evolves more rap-
idly in species susceptible to strong sexual selection
(Darwin 1871; Lande 1982; Gavrilets 2000). Likewise,
the marked sexual dimorphism observed in B. soporator
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likely contributes to the genetic structuring of this spe-
cies along the Brazilian coast (Lima et al. 2005).

Ecogeographic Rules and SSD

Sexual size dimorphism (SSD), as identified in B. sopora-
tor, may have important influences on ecology, behavior
and population dynamics. Latitude can have differential
effects on the sexes depending on life history and different
reproductive efforts mediated by climatic changes. Indeed,
many interspecific interactions, such as predation, show
latitudinal clines (Diaz et al. 2013). Risk of predation is one
of the factors capable of impacting the selection of different
body sizes between sexes (Hernandez-Jimenez and Rios-
Cardenas 2012). SSD can also be influenced by latitude due
to the greater availability of resources that can affect the
potential for polygyny (Isaac 2005).

A number of ecogeographic rules, such as Bergmann’s
rule (Bergmann 1847; Bidau 2014), seek to describe mac-
roscale patterns of body variation, and may interfere in the
expression of sexual dimorphism. A pattern inverse to that
of Bergmann’s rule was found in geographical samples of
male B. soporator: body size decreases toward southern
latitudes instead of increasing, as predicted by the rule.
Although initially described for endothermic organisms,
Bergmann’s rule is not universal (Ashton et al. 2000). As in
B. soporator, many ectotherms follow the converse Berg-
mann’s rule, in which body size tends to decline in colder
climates (Ashton and Feldman 2003). Seasonality and tem-
perature reduce growth potential at higher latitudes due to
restricted foraging, growth and developmental time with
which body size is associated (Blanckenhorn et al. 2006).
A number of these conditions, in association or individu-
ally, could contribute to progressively smaller B. soporator
body sizes in the colder regions of its distribution, in addi-
tion to affecting sexual dimorphism.

Rensch’s rule was originally formulated to describe
interspecific variation in sexual dimorphism. However, it
may also apply to interpopulation variation in dimorphism
(Lengkeek et al. 2008). Though rare, tests on intrapopula-
tion dimorphism patterns are important in confirming the
emergence of macroevolutionary models from microevo-
lutionary processes (Blanckenhorn et al. 2006). Despite
differing from a number of other fish species that exhibit
a latitudinal version of Rensch’s rule (Herczeg et al. 2010),
more extensive analyses have indicated that intraspe-
cific SSD variation in a large number of taxa contradicts
Rensch’s rule (Blanckenhorn et al. 2006).

It is important to emphasize that B. soporator shows
isometric growth (Lima-Filho et al. 2010), excluding allo-
metric changes through individual ontogeny that can com-
promise the identification of Rensch’s rule (Liao 2013).
Analysis of previous studies in different taxa (arthropods,
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reptiles, fish, birds and amphibians) showing females being
larger than males revealed that Rensch’s is an exception
rather than a rule (Webb and Freckleton 2007; Liao and
Chen 2012).

Intraspecific SSD patterns that corroborate Rensch’s rule
can be explained by local genetic adaptation to the inten-
sity of male sexual selection (Fairbairn and Preziosi 1994),
or as a product of males with greater phenotypic plasticity
of body size than in females. Lengkeek et al. (2008) sug-
gest that phenotypic plasticity may underlie interpopulation
variation in blennies (Blenniidae) from the Mediterranean.
The causes of this pattern remain unclear and likely stem
from multiple factors across the distribution of a taxon
(Fairbairn 1997, 2005). Thus, significant interpopulation
phenotypic variation in B. soporator, either genetic or due
to phenotypic plasticity (Lima-Filho et al. 2012), suggests
that complex factors may act on their populations.

Comparative analysis of sexual dimorphism in different
B. soporator populations shows a variation in latitudinal
SShD, which is minimized in populations on the southern
Brazilian coast. This condition, associated with the estab-
lishment of favorable sexual characters, may play an impor-
tant role in reducing gene flow between its populations and
consequently in initial diversification processes within the
species. This provides new insight in the search for a bet-
ter understanding of the ecological and evolutionary factors
that act on vicariant processes, which led to the wide diver-
sity of the family Gobiidae and other groups of marine fish.
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