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Abstract

Animal shape has become sophisticated through evolution or phenotypic plasticity to adapt and survive
changing environmental conditions. Sexual differences, which are sex-specific characteristics, form an
important research topic that has also long fascinated biologists. Morphometrics is a traditional approach
that enables the quantitative description and interpretation of variation in shape based on morphological
features. In this study, we attempted to apply two morphometrics approaches (landmark-based or
measurement-based) to identify sexual dimorphic traits in the carapace of the horsehair crab, Erimacrus
isenbeckii (Brandt, 1848). Both approaches revealed that its carapace showed apparent sexual dimorphism,
enabling the discrimination of the male and female carapace with more than 90 % accuracy. Moreover, the
landmark-based approach found that carapace shape showed fluctuating asymmetry as well as directional
asymmetry in both males and females. Fluctuating asymmetry consists of small random deviations from
perfect bilateral symmetry and may be tightly linked to environmental changes. Our data suggest that
responsiveness to environmental stressors during carapace formation might be different in female and male
horsehair crabs. This study indicates that landmark-based geometric and traditional morphometrics can
serve as a strong tool to distinguish female from male horsehair crabs using carapace shape. This is the first
report to detail the use of morphological features to show sexual differences in horsehair crab.
Morphometric parameters obtained from this study will be a useful reference dataset that can be applied for
geographic comparisons of carapace shape of horsehair crab.
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Introduction
Morphometrics is a fundamental biological
approach that enables the quantitative description
and interpretation of variation in shape of
morphological features (Rohlf 1990). It can be
classified into two approaches, traditional and
geometric. The traditional approach is based on

absolute measurements of focal measurable traits

(e.g., scales, segments, number of specific traits)
and their relation to each other. In contrast, the
geometric approach is based on multivariate space
and size of biological shapes and is widely used
with the collection of two- or three-dimensional
coordinates of biologically definable outlines and
landmarks (Adams et al. 2004). Additionally,
allowed the

geometric morphometrics has
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symmetry or asymmetry of shape to be

investigated. Biological asymmetry can be
described by the frequency distribution of the
difference between the right and left sides of
individuals within or among a population (Palmer
and Strobeck 1986). Generally speaking, there are
three types of bilateral asymmetry: fluctuating
asymmetry,  directional  asymmetry, and
antisymmetry. Fluctuating asymmetry refers to
small random deviations from perfect bilateral
symmetry. Directional asymmetry is normally a
greater development of a focal trait on one side of
the plane. Antisymmetry is characterized whenever
one side is usually greater than the other, although
the position of the larger side varies randomly in a
population, leading to a bimodal distribution of
frequencies between the right and left sides of
individuals (Palmer and Strobeck 1992). Although
directional symmetry and antisymmetry are
developmentally regulated and therefore likely to
have adaptive significance, fluctuating asymmetry
is not likely to be adaptive. Those approaches have
been successfully used to discriminate variation in
shape within and among species and populations in
a number of animal taxa, including crabs (Grinang
et al. 2019; Kalate et al. 2017; Long et al. 2013;
Marchiori et al. 2014).

The horsehair crab, Erimacrus isenbeckii (Bandt,
1848), is widely distributed in the North Pacific
ranging from the Alaskan coast via Kamuchatka to
the northern part of Japan, mainly along the
Hokkaido coast (Sasaki 2003). The horsehair crab
is a large edible crab and therefore is an important
commercial resource in Hokkaido. Although

annual catch of horsehair crab in Hokkaido was

approximately 27,000 tons during 1950s, that has

declined drastically approximately 2,000 tons due
to overfishing (Sasaki 2003). To recover available
resources, a total allowable catch has been
enforced in Hokkaido, including a complete ban of
catches of all females and a part of males that have
a carapace length less than 8.0 cm (Sasaki 2003).
Several studies focusing on larval survival and
development were conducted with the purpose of
establishing an aquaculture system for horsehair
crab (Ichikawa et al. 2013, 2014a, 2014b, 2018;
Jinbo et al. 2005, 2007; Nagano et al. 1999).
However, there are no studies that focused on
sexual differences in morphology and/or ethology,
even though males are larger than females. This
confers higher commercial value to males. In terms
of morphological features, the shape of the pleon,
which is an abdominal trait, shows apparent sexual
dimorphism in horsehair crab: whereas in males it
is sharper, it is roundish in females. On the other
hand, there are no clear differences in the carapace
and chela between males and females. The present
study attempted to identify the best morphological
trait on the carapace to diagnose male and female
horsehair crabs by landmark-based geometric
morphometrics, and to clarify sex-based
differences of carapace shape by traditional

morphometrics.

Materials and Methods
Sample collection
A total of 84 crabs consisting of 38 females and
46 males were collected in Funka Bay, Pacific
Ocean, Southern Hokkaido, Japan in April 2019
(Fig. 1). Average body weight was 305.8 + 111.5
(standard deviation) g and 173.0 £ 46.1 g, and

average carapace length was 85.3 + 11.9 mm and
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71.3 £ 7.6 mm in males and females, respectively.
Fishing permission of horsehair crab for this study

was granted by the Hokkaido Governor.

Landmark-based geometric morphometrics
For morphometric analysis, the carapace of 38
females and 46 males was used. All carapaces were
photographed
(Olympus TOUGH TG-5) under a stationary and
fixed condition. Nine, 12, 15, and 20 landmarks

twice with a digital camera

were selected along with the margin of the
carapace and defined as models 1 to 4, respectively
(Fig. 2). Each landmark was digitized by tpsDig2
software version 2.31 (Rohlf 2010). Initially, the
symmetric and asymmetric components of
carapace shape were calculated from the means of
each image. Measurement error is of critical
importance when judging symmetry or asymmetry.
of directional

To investigate the significance

Fig. 1. Sampling site of horsehair crabs in
Funka Bay. Whole map of Japan (A).
Hokkaido area is highlighted and red spot
indicates Funka Bay (B).

asymmetry of the carapace relative to
measurement error, all carapaces were digitized
twice in landmark models 1 to 4.

To analyze the shape variables and validate the
amount of measurement error, Procrustes analysis
of variance (ANOVA) was performed. The
following factors were considered: “Individual”,
which presumes the overall variation in the dataset;
“Side”, which estimates the effects related to
“Individual*Side”

directional asymmetry; and

interaction, which estimates fluctuating
asymmetry. In the ANOVA, the mean squares
(MS) was involved in the individual effect and was
used to estimate variation in an individual, whereas
the MS related to the interaction (Individual*Side)
between left and right side was used to estimate
directional asymmetry. The existence of
directional asymmetry was clarified statistically
through the main effect of “Side”. “Sex” was
considered as an additional main effect. The

variation in shape of the carapace between males
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Fig. 2. Models of landmark on the carapace of horsehair crab.

and females in the entire dataset was analyzed by
principal component analysis (PCA) based upon

the covariance matrix of symmetric and

asymmetric components. The sexual differences
were assessed using Procrustes distances and
Hotelling’s T-square, which were the products of a
analysis (CVA) and

canonical  variates

discriminant function analysis (DFA), respectively.

The results of the Procrustes distance and T-square

between groups were tested for significance using

1,000 permutations. DFA was also used to
determine whether the two groups (male or female)
could be reliably distinguished. All landmark-
based morphometric and statistical analyses were
conducted by MORPHO J, 1.07a
(Klingenberg 2011).

version

Traditional morphometrics
Seven traits (see Fig. 3) were measured with Fiji

software (Schindelin et al. 2012) to the nearest 0.01
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mm: carapace width (CW), carapace length (CL),
orbital spine width (OW), upper carapace width
(UCW), lower carapace width (LCW), orbital
cavity length (OCL), and carapace length to the eye
orbit (CLO). OCL and CLO were measured on
both left and right sides (Fig. 3). To estimate the
sexual differences between carapace measurable
traits, analysis of covariance (ANCOVA) was
performed with CW as a covariate using R
software version 3.5.3 (R Core Team 2019). The
homogeneity of the slopes of the regression lines

was tested.

Results

Comparison between sexes by landmark-based
geometric morphometrics

The size of male and female horsehair crabs
used in this study was obviously different (Fig. 4).
The Procrustes ANOVA in all models showed that
the shape of the carapace differed significantly
between males and females (p < 0.001). Moreover,
the measurement error did not exceed the values of
other factors (Table 1). The carapace showed both
directional asymmetry (“Side” factor) and
fluctuating asymmetry (“Individual * Side” factor)
between males and females. The distribution of
variance obtained from the Procrustes ANOVA
implied that the effect of the side of the carapace
and the interaction between the side and carapace
identity were significant. This suggests not only
that the carapace has both directional and
fluctuating asymmetry, but also that the level of
fluctuating asymmetry is higher than the
measurement error (Table 1).

PCAs of variation in carapace shape showed that

the first two PCs accounted for 49.2 % (PCl =
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Fig. 3. Measurable traits on horsehair crabs including
carapace width (CW), carapace length (CL), orbital
spine width (OW), upper carapace width (UCW),
lower carapace width (LCW), orbital cavity length
(OCL), and carapace length to eye orbit (CLO). “r”
and “1” indicate right and left side, respectively.

30.3 %; PC2 = 18.9 %) in model 1, 49.8 % (PC1 =
31.2 %; PC2 = 18.6 %) in model 2, 38.9 % (PC1 =
23.7 %; PC2 = 15.2 %) in model 3, and 51.1 %
(PC1=29.9 %; PC2 =21.2 %) inmodel 4 of the
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Fig. 4. Relationship between body weight and
carapace width for female and male horsehair
crabs. Values of carapace width (x-axis) were
converted to natural logarithm values. Both red
and blue dotted lines indicate the regression curves
of males and females.
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Table 1. Comparison of Procrustes ANOVA among four models for sex with “Individual” as the random
effect, and “Sex” as an additional main effect.

Model 1 Effect SS MS df F p-value
Sex 0.0157473 0.002249615 7 23.63 <.0001
Individual 0.05464062 9.51927 x 105 574 2.2 <.0001
Side 0.00227658 0.000325226 7 7.5 <.0001
Individual * Side 0.02518856  4.33538 x 10° 581  5.89 <.0001
Measurement error 0.00865236  7.3575E x 10° 1176

Model 2 Effect SS MS df F p-value
Sex 0.00746672 0.000574363 13 1447 <.0001
Individual 0.04231803 0.000039698 1066 3.12 <.0001
Side 0.00153858 0.000118352 13 9.29 <.0001
Individual * Side 0.0137421 0.000012736 1079  7.69 <.0001
Measurement error 0.00361495 1.6552 x 10 2184

Model 3 Effect SS MS df F p-value
Sex 0.00939168 0.00052176 18  18.07 <.0001
Individual 0.04105046  2.88681 x 10> 1422 2.98 <.0001
Side 0.00180381 0.000100212 18 10.34 <.0001
Individual * Side 0.01395685 9.6923 x 10 1440 6.01 <.0001
Measurement error 0.0046988 1.6114 x 10 2916

Model 4 Effect SS MS df F p-value
Sex 0.00193782 0.000193782 10 4.74 <.0001
Individual 0.03270909  4.08864 x 10° 800  2.09 <.0001
Side 0.00314517 0.000314517 10 16.1 <.0001
Individual * Side 0.01582598 1.95383 x 10° 810  6.66 <.0001
Measurement error 0.00481373 2.9352 x 10° 1640

SS: sums of squares, MS: mean squares, df: degrees of freedom.

Table 2. Canonical variate analysis and discriminant function analysis indicating
morphological differences in the shape of the carapace between male and female
horsehair crabs.

Number of

Procrustes

Model landmarks distance p-value T-square p-value
1 9 0.0195 <0.0001 174.5881 <0.0001
2 15 0.0134 <0.0001 323.9445 <0.0001
3 20 0.0153 <0.0001 504.6917 <0.0001
4 12 0.0069 <0.0001 171.4272 <0.0001

total variation in shape (Fig. 5). Although an 80 %
confidence ellipse area in PCA of model 4 showed
a total overlap between males and female, the other
three models clearly separated the sexes. Results of

PCA were well supported by both CVA and DFA

(Table 2). In terms of CVA, the Procrustes
distances of the male and female carapace were
0.0195,0.0134, 0.0153, and 0.0069 (p <0.0001) in
models 1, 2, 3 and 4, respectively, providing

statistical evidence for sexual differences in
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Fig. 5. Biplot of PCA of each landmark model showing variations in the carapace shape of the female
(red dots) and male (blue dots) horsehair crabs. Confidence ellipses show a probability of 0.8.

carapace shape. Likewise, DFA suggested obvious
differences in carapace shape between sexes.
Moreover, cross-validation of DFA showed that
model 3 had the highest score (93.2 % correct
classification) enabling the distinction of either

males or females (Table 3).

Comparison between sexes by measurement-
based morphometrics

To estimate the sexual differences in focal
measurable traits, we selected and analyzed six
traits. All traits between males and females showed
homogeneity of the slopes of the regression line

against CW, and four traits (OW, UCW, LCW, and

CL) indicated statistically significant differences

between sexes (p < 0.05, Fig. 6; Table 4). On the
other hand, both right and left sides of OCL and
CLO showed no significant differences between

SEXES.

Discussion

Generally, several morphological features such
as the chela, pleon, and carapace are known to
show apparent sexual dimorphism in various crab
species. The size of the chelae is a famous sexually
dimorphic trait in many decapods (Mariappan et al.
2000). The larger chela of the male crab can be
used for fighting to attain females, for defense
against other males, or for holding the female

during courtship. However, there are no apparent

I  E ..
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Table 3. Model assignment after Discriminant Function Analysis cross-validation.

Model 1 Female Male Total Correct classification (%)
Female 60 16 76 78.9%
Male 14 78 92 84.8%
Model 2 Female Male Total Correct classification (%)
Female 64 12 76 84.2%
Male 12 80 92 87.0%
Model 3 Female Male Total Correct classification (%)
Female 69 5 74 93.2%
Male 6 82 88 93.2%
Model 4 Female Male Total Correct classification (%)
Female 57 17 74 77.0%
Male 17 73 90 81.1%
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Fig. 6. Relationships between carapace width and each distinct trait between female and male horsehair
crabs. (a) Orbital spine width (OW), (b) upper carapace width (UCW), (¢) lower carapace width (LCW),
(d) carapace length (CL), (e) orbital cavity length (OCL), and (f) carapace length to eye orbit (CLO).
Values of carapace width (x-axis) were converted to natural logarithm values. Both red and blue lines
indicate the regression curves of males and females, respectively. In (e) and (f), dotted lines indicate
left side parameters, and mathematical formula and R? values indicate data from the right side only.
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Table 4. ANCOVA comparisons of linear regression parameters
between female and male horsehair crabs.

Homogeneity of the slopes

Traits versus of the regression lines B

cw F value p-value F value p-value

ow 3.67 0.06 26.89 <0.01

UCW 1.31 0.26 6.829 0.011

LCW 1.04 0.31 11.97 <0.01

CL 0.19 0.67 13.77 <0.01

OCL right 0.01 0.93 0.70 0.41

OCL _left 2.20 0.14 1.65 0.20

CLO _right 0.80 0.37 0.04 0.84

CLO_left 0.71 0.40 0.71 0.40
differences between the chelae of female and male environmental stresses. This implies that
of horsehair crabs. On the other hand, the shape of fluctuating asymmetry is tightly linked to

the pleon is the most general feature for
distinguishing males and females in crab species,
including horsehair crab. In terms of sexual
dimorphism of the carapace, a few studies have
been conducted using morphometric approaches
with freshwater crabs Potamon elbursi (Kalate et
al. 2018) and Isolapotamon nimboni (Grinang et al.
2019), implying that sexual dimorphism is less
likely to appear in the carapace than in the chela or
Our and

pleon. landmark-based geometric

traditional morphometrics with  several
multivariate analyses (PCA, CVA, and DFA)
demonstrated that the carapace of horsehair crab
has apparent sexual dimorphic characteristics,
suggesting that males or females can be
distinguished by the shape of the carapace.

Our results also indicate that the horsehair crab
carapace showed both fluctuating asymmetry and
directional asymmetry between females and males.
Fluctuating asymmetry is considered an indicator
of developmental instability, reflecting the ability
to buffer themselves

of individuals during

developmental stages in response to various

geographic distribution, possibly representing
environmental alterations along the distribution of
(Kark 2001).

a species Unlike fluctuating

asymmetry,  directional = asymmetry  (and
antisymmetry) have not been considered as reliable
indicators of developmental instability, because
these types of asymmetry are caused in part by
either environmental or genetic factors and are
therefore difficult to associate with developmental
instability (Palmer and Strobeck 2003). To date,
unlike geographic differences, little attention has
been paid to sexual differences in these types of
asymmetry. All horsehair crabs used in this study
were collected at the same time and location,
implying that there is no geographic difference
between sexes although fluctuating asymmetry
showed significant differences. This result
suggests that responsiveness to environmental
stressors during carapace formation might be
different between female and male horsehair crabs.
The present study indicates that landmark-based
geometric and traditional morphometrics can be a

strong tool to distinguish females and males in
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horsehair crab using carapace shape. This is the

first report in horsehair crab to detail

morphological features from the point of view of
sexual differences, suggesting that traditional and
geometric morphometric parameters obtained from
this study will be a useful reference dataset that can
be applied for geographic comparisons of carapace

shape of horsehair crab.
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