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Abstract: Ground beetles in multiple species vary greatly in the expression of the shape on sexual traits,
resulting in a sexual shape dimorphism as a consequence of sexual selection differences. The present
research focuses on the study of inter and intrasexual sexual shape dimorphism of two generalist
genera of ground beetles Pterostichus and Carabus. Geometric morphometric methods were applied
to five generalist species of ground beetles Carabus exaratus, C. granulatus, Pterostichus melanarius,
P. niger, and P. oblongopunctatus and several multivariate analyses were applied for two different
traits, abdomen and elytra. Three of the five species analyzed showed high levels of sex-based
shape dimorphism. However, the most generalist species, P. melanarius and P. oblongopunctatus,
did not evidence shape-based sexual dimorphism differentiation in both of the analyzed traits, as
statistically confirmed based on the permutation of pairwise comparison of the Mahalanobis distances
of a sex–species classifier. It is generally known that environmental stress in natural populations can
affect the fitness expression, principally related to sexual fecundity, being that this pattern is more
evident in non-generalist species. In our results, the contrary pattern was found, with the absence
of sexual shape dimorphism for two of the three generalist species analyzed. On the other hand,
the interspecies shape variation was clearly identified using principal component analysis of both of
the analyzed traits. Finally, this research is the first to analyze the relationship between sexual shape
dimorphism in Russian ground beetles, evidencing the lack of understanding of the mechanism
underlying the sexual dimorphism, especially in species living in extreme environments.
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1. Introduction

The direction and degree of sexual differences in body shape vary greatly among animal taxa.
This phenomenon has launched a large number of studies devoted to explaining the evolutionary
mechanisms underlying among-species patterns of sexual dimorphism. Size and shape are defining
trait measurements of all organisms, impacting a variety of basic functions, such as dispersal ability,
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intraspecific competition, and reproductive output [1–5]. These functions are in turn selected upon by
natural and sexual selection; thus, studying the size and shape differences among and between species
and individuals of a species can reveal important information about evolutionary pressures acting on
that species [6]. Sexual size dimorphism (SSD) is defined as the significant differentiation between
size traits, particularly the body size of a species, between males and females [7]. This phenomenon
is mostly related to sex differences and their relationship between body size and fitness (fecundity
and mating success). Mating success regarding sexual dimorphism has been shown to be under
selection in numerous comparative studies [8–12].

SSD is an object widely studied presently in insects; in the majority of species, it is
female-biased [13,14]. As size is a result of many underlying factors, proximate factors such as
growth rates and energy requirements can inhibit a sex from reaching its theoretical size optimum [6].
On the contrary, male-biased SSD is considered to be one of the major determinants of mating success
in many species [15–18]. Since bigger males are normally more aggressive and more competitive than
smaller males, bigger males often attain greater reproductive success through intrasexual selection [6,19].
The direction and degree of sexual changes in size vary significantly among different animal taxa [17,20–22].
Contrary to SSD, sexual shape dimorphism (SShD) has received much less attention and is defined as
the relationship in shape or form between males and females [7,23–26]. Studies in insects about SShD
have discussed it as a diagnostic trait in ontogenetic analysis, particularly related to allometry and also
to sex identification where the shape is the principal trait in the study [19,27–31]. In order to study
SShD, geometric morphometric tools are able to estimate the association of shape and size related to
the variance in males and females [31–33]. Using this tool, the shape of sexual traits can be studied to
reveal patterns of disparity at different spatial and temporal scales [34].

In ground beetles, geometric morphometrics has been used to help in the identification of cryptic
species [35,36], to assess ecomorphological differentiation [34,37–41], and likewise is an important tool
to study the sexual dimorphism [25,31,42–45]. In other arthropods, geometric morphometrics is used to
understand the shape variability in spiders belonging to urbanized territory [46,47]. Despite the number
of articles published on insects to understand the sexual dimorphism using geometric morphometrics,
there is still a significant amount unknown about the roles of the selection of the dimorphism regarding
shape variation, which is principally related to extreme or inhospitable environments where the effort
required to build field collections is proportionally minor compared to the effort required to collect
insects in tropical areas. Therefore, the following research aimed to complement the information
for ground beetles collected in less urbanized and inhospitable environments, which is most of
the unexplored Russian territory, in order to understand and assess the relationship between the intra-
and intersexual shape dimorphism between and within different groups of species.

2. Materials and Methods

2.1. Sample Sites and Data Acquisition

Adult ground beetles were collected from different areas in Russia; the specimens collected belong
to five species of two different genera [Carabus Linnaeus, 1758 and Pterostichus Bonelli, 1810 (Coleoptera,
Carabidae)], C. exaratus Quensel, 1806, C. granulatus Linnaeus, 1758, P. melanarius (Illiger, 1798), P. niger
(Schaller, 1783) and P. oblongopunctatus (Fabricius, 1787). Specimen of C. exaratus were sampled in
the suburbs of Kenkhi village (North Caucasus highland in the Chechnya Republic at 1923 masl).
The other four species were sampled at the state wildlife sanctuary Volzchskie prostori particularly from
islands that are periodically flooded due to the changing water level in the Volga river. The islands’ air
and soil temperatures change with higher amplitudes in the vegetation season and during the day/night
period as well if compared with the mainland habitats.
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2.2. Shape Analysis

For the analysis, 100 specimens (20 specimens per species) were used. The sex was determined
through the examination of the abdominal apex and forelegs, the latter being broadened in males.
The analysis, which considered variation in shape exclusively, was performed on male and female
specimens mounted in the dorsal and ventral position, digitized by a Nikon D5100 camera with a custom
opaque light disperser and a box with an opaque reflective surface following the procedure for beetles
in geometric morphometrics [25]. The 18 and 19 landmarks were digitized in the elytral and ventral
views, respectively (LMs, anatomical homologous points), on every picture, using the software
TpsDig2v.2.31 [48] (Figure 1). Landmark coordinates were obtained for all specimens after a Procrustes
superimposition procedure, which removes the information of size, position, and orientation to
standardize each specimen according to centroid size [49,50].
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Figure 1. Graphical representation of the location of the 18 and 19 Landmarks (LMs) in ventral
and elytral view for the different ground beetle species.

In order to avoid a measurement error in the landmarking procedure, a sample of individuals
was digitized twice, and a Procrustes ANOVA was performed in order to compare whether the mean
squares (MS) values for the individuals were lower than the error. This procedure denoted that there
were no problems or landmarks misplaced [51,52]. The sexual shape dimorphism was evaluated using
a principal component analysis (PCA) of the covariance matrix of the shape variation from the entire
dataset [53]. In order to identify whether the allometry has some influence on the shape variation,
multivariate regression was performed using the shape as a dependent variable and centroid size as
an independent variable [54]. In order to assess statistically and graphically the differences in sexual
shape dimorphism, a canonical variate analysis (CVA) was performed for the elytral and ventral view.
A permutation test was performed with the Mahalanobis distances (morphological distances extracted
after a CVA).

Differences between species and sexual dimorphism were assessed, superimposing the average
shape of the species and their sex, respectively. All analyses were then run using MorphoJ software
version 1.05c [55].

3. Results

One of the main analyses in geometric morphometrics is the measurement error. With its
results, it is possible to confirm that the landmarking process was in accord with the morphometric
standards [52]. The Procrustes ANOVA for assessing the measurement error showed that the mean
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square for individual variation exceeded the measurement error in elytral and ventral views. This means
no error in the landmarking procedure (Table 1).

Table 1. Measurement error analysis by Procrustes ANOVA for both centroid size and body shape for
elytra and ventral view in a subsample of the analyzed ground beetles.

Centroid size Elytra

Effect SS MS df F p(param)

Individual 28.834975 1.517630 19 553 <0.0001
Error 1 0.054883 0.002744 20
Shape
Effect SS MS df F p(param.)

Individual 0.01459804 0.0000225976 646 35.84 <0.0001
Error 1 0.00042873 0.0000006305 680

Centroid size Ventral View

Effect SS MS df F p(param)
Individual 47.130744 2.772397 17 20.45 <0.0001

Error 1 2.440455 0.135581 18
Shape SS MS df F p(param.)

Individual 0.03155336 0.0000580025 544 34.30 <0.0001
Error 1 0.00097397 0.0000016909 576

The PCA showed that the majority of the shape variation was explained in the first three
dimensions for both views, accounting for 71% (PC1 = 43.7 %; PC2 = 14.7 %; PC3 = 13.3 %) of the total
ventral shape variation (Figure 2A) and 87.03% (PC1 = 64.2 %; PC2 = 14.2 %; PC3 = 8.5 %) of the total
shape variation (Figure 2B). Average shape variation between species was superimposed in order to
analyze interspecific shape variation independently by sex in elytral and ventral view (Figures 3 and 4).Insects 2020, 11, x FOR PEER REVIEW 5 of 15 
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Figure 2. Principal component analysis of the ventral (A) and elytral (B) shape variation between
multiple ground beetle species. The graphical visualization represents the shape space for the five species
represented by colors: Red: Carabus exaratus, Black: Carabus granulatus, Green: Pterostichus melanarius,
Blue: Pterostichus niger, Purple: Pterostichus oblongopunctatus. * Each point represents a different shape.
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Figure 3. Wireframe representation of the superimposition of average elytral shapes and their
corresponding landmarks between males and females in all the corresponding analyzed species
in this study: Carabus exaratus, Carabus granulatus, Pterostichus melanarius, Pterostichus niger,
and Pterostichus oblongopunctatus. * The wireframe was aligned using starting shape.
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Figure 4. Wireframe representation of the average ventral shape variations and their corresponding
landmarks between males and females of all the corresponding species analyzed in this study: Carabus exaratus,
Carabus granulatus, Pterostichus melanarius, Pterostichus niger, and Pterostichus oblongopunctatus. * The wireframe
was aligned using starting shape.

The higher percentage observed in both views may be attributable to the influence of centroid
size on the shape (allometry), the multivariate regression showed 49% (p-value: <0.0001) of allometric
influence on the elytral view and 27.2% (p-value: <0.0001) on the ventral view. After allometric
correction, a PCA of the covariance matrix of the residual of the regression was used, the shape
variation of both views decreased and changed considerably for the first three shape dimensions of
the PCA; in the elytral view, it accounts for 75.8% (PC1 = 35.8 %; PC2 = 28.06 %; PC3 = 12.05 %) and in
the ventral view, 65% (PC1 = 33.7 %; PC2 = 19.7 %; PC3 = 11.9 %). Sexual dimorphism was evident in
three of the five species studied by means of independent PCA calculation for each species (Figure 5).
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The results showed that P. melanarius and P. oblongopunctatus were the only species where points
became mixed between one another for dimensions one and two of the shape space (Figure 5E,F,I,J).
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Figure 5. Principal component analysis to represent the intrasexual shape dimorphism between
species, the left column (A,C,E,G,I) represent the ventral view and the right column (B,D,F,H,J)
elytral view of Carabus exaratus, Carabus granulatus, Pterostichus melanarius, Pterostichus niger,
and Pterostichus oblongopunctatus, correspondingly. The graphical visualization represents the shape
space for the five species independently and red represents females and black represents males.

The CVA showed a clear separation between both genera and differences between sexual shape
dimorphism regarding the analyzed view, with clearer differentiation in the ventral view, as the PCA
showed, and less variation in the elytral view. Nevertheless, once the Mahalanobis distances were
compared, statistical differences were found between a pairwise comparison of shape variation between
species and sex (Figure 6, Tables 2 and 3).

Figure 6. Cont.
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Figure 6. Canonical variate analysis of sexual shape dimorphism, using sex and species as a combined
classifier (A): ventral view, (B): elytral view.

Table 2. Mahalanobis distances and the respective p-values of the pairwise permutation, for the elytral
view comparison of sexual shape dimorphism using sex and species as a combined classifier.

Elytral View Mahalanobis Distance

Sex/Species F/Ce F/Cg F/Pm F/Pn F/Po M/Ce M/Cg M/Pm M/Pn

F/Cg 5.2613
p-value <0.0001
F/Pm 18.8655 16.2569

p-value <0.0001 <0.0001
F/Pn 17.953 15.4154 5.7224

p-value <0.0001 <0.0001 00.0001
F/Po 18.7788 17.0917 11.8677 12.4862

p-value <0.0001 <0.0001 <0.0001 00.0001
M/Ce 7.6355 4.5361 14.2137 12.9436 16.0726

p-value <0.0001 00.0001 <0.0001 <0.0001 <0.0001
M/Cg 9.1398 5.348 15.1158 14.1775 17.6648 4.9439

p-value <0.0001 00.0001 <0.0001 <0.0001 <0.0001 0.0002
M/Pm 18.9741 16.2627 4.0372 6.3808 12.1244 13.9327 14.6692

p-value <0.0001 <0.0001 00.0001 <0.0001 <0.0001 <0.0001 <0.0001
M/Pn 18.474 15.8697 4.3609 4.1095 10.5852 13.5252 14.6722 4.5779

p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
M/Po 20.3573 18.5016 11.0318 11.8492 4.1636 17.0685 18.5699 11.0096 9.5144

p-value <0.0001 <0.0001 <0.0001 <0.0001 0.001 <0.0001 <0.0001 <0.0001 <0.0001

The average shape of the ventral view showed a noticeable expansion of the female abdomen,
where, globally, for the five species, the landmarks 16, 17, and 18 show wider abdominal sternites,
representing a robust abdomen, and, for males, the variation was more evident in the thoracic region,
where the propisternum landmarks 4 and 5 denote a wider thorax than females (Figure 7).

Particularly, the elytral view shows the morphometric variation in elytra, which can be seen
entirely as a thicker and more robust structure in females and more slender and thinner in males.
Landmark 7 represents the scutellum intersection between the right and left elytra, which is longer in
females than in males (Figure 8). This relationship of size and shape is normally attributed to allometry;
however, in both the elytral and ventral views, the aspects related to the centroid size of shape showed
that females are clearly longer than males in the five species studied.
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Table 3. Mahalanobis distances and the respective p-values of the pairwise permutation for the ventral
view in the comparison of sexual shape dimorphism using sex and species as a combined classifier.

Ventral View Mahalanobis’ Distance

Sex/Species F/Ce F/Cg F/Pm F/Pn F/Po M/Ce M/Cg M/Pm M/Pn

F/Cg 12.632
p-value 0.0001
F/Pm 16.19 16.2206

p-value 0.0004 <0.0001
F/Pn 17.0903 16.4136 7.5436

p-value 0.0006 <0.0001 <0.0001
F/Po 15.2336 13.855 10.1876 14.1468

p-value 0.0001 <0.0001 <0.0001 <0.0001
M/Ce 6.1634 14.2034 14.9344 15.6364 15.2469

p-value 0.0009 0.0001 <0.0001 <0.0001 <0.0001
M/Cg 12.5781 8.0316 12.5788 11.8953 11.6517 11.9983

p-value 0.0007 <0.0001 <0.0001 <0.0001 <0.0001 0.0001
M/Pm 17.3343 17.167 3.7356 6.6073 10.6839 15.9838 12.9631

p-value 0.0002 <0.0001 0.0004 <0.0001 <0.0001 <0.0001 <0.0001
M/Pn 17.7948 15.3642 7.5476 6.4857 11.7805 16.3224 11.0813 5.9446

p-value 0.0002 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
M/Po 15.6674 15.7041 10.0926 13.7685 5.2142 14.7927 11.6578 10.3142 11.4985

p-value 0.0003 <0.0001 <0.0001 <0.0001 <0.0001 0.0001 <0.0001 <0.0001 <0.0001
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(A): Carabus exaratus, (B): Carabus granulatus, (C): Pterostichus melanarius, (D): Pterostichus niger,
and (E): Pterostichus oblongopunctatus.

4. Discussion

Inter and intrasexual shape dimorphism differences were found in three of the five species studied
using geometric morphometric techniques. Each of the three species in this research showed high
levels of sex-based shape dimorphism. It is well known that environmental stress or perturbation in
natural populations can affect the fitness expression or even the population sex ratio of the organism,
reflecting this perturbation in morphological variability (e.g., Polak [56] developmental instability).
The sampled specimens from across the different locations in the Russian highlands and the islands
show particularly little perturbation in abundance. Nevertheless, the individuals of Pterostichus species
(P. melanarius and P. oblongopunctatus), due to their generalist condition, seem to be more abundant
than C. granulatus from the islands independently affected by occasional floods from the Volga river.
This condition of the generalist species could benefit the adaptation of species to inhabit environments
with multiple stressors, buffering some mechanisms of evolutionary plasticity which seems to be
the case for P. melanarius and P. oblongopunctatus.

Another explanation of the absence of SShD was provided by Benitez et al. [19], testing
the hypothesis that beetles with similar abundance or population sex ratios did not differ greatly in their
pattern of SSD and SShD, confirming their research experimentally using a macroevolutionary Bayesian
approach in the genus of ground beetle Ceroglossus. This evidence confirms that sexual fecundity may
be directly related to SShD and sexual selection, driving the evolution of sexual dimorphism, being
analyzed in some comparative studies [8,19,42,57,58].

For our results, the differentiation between males and female has achieved sex-specific phenotypic
expression, particularly noticed in the ventral view (abdomen), although not evident in the elytral
view corresponding to the elytral shape variation. The latter is a trait that changes interspecifically
and is mostly used to identify groups of families or genera in beetles [59–61]. Contrary to the elytral
shape variation, the abdominal shape between sexes was found to be directly influenced by sexual
dimorphism at intraspecific levels in three of the analyzed species. The intraspecific SShD in
the abdominal morphology showed that males tend to have a less robust abdomen than females; this is
related to a wider proepisternum in males and wider abdominal sternites in females [19,42]. The other
observed pattern in the results was the higher levels of allometry for both the elytral and ventral views;
this phenomenon is directly associated with the SSD. Allometry is defined as the association between
size and shape, or the covariation of parts due to a variation in size. It has been highly studied alongside
SSD in insects [2,10,28,43,62–66] and particularly in beetles [24,28,67–74]. The type of allometry is
classified according to the cause of variation; the inter- and intrasexual shape dimorphism found have
a static allometric relationship (for adult insects). Nevertheless, this could also be associated with
larval ontogenetic growth and nutritional causes.

5. Conclusions

To conclude, geometric morphometrics was a powerful tool to analyze the SShD at different
species of generalist ground beetles, allowing us to detect a pattern of inter and intrasexual dimorphism.
This is the first study to analyze the expression of dimorphism in shape variables in Russian
beetles. Nonetheless, more studies are needed to understand the developmental pattern that causes
the sexual shape dimorphism in ground beetles, insufficient knowledge within species-level variation
is unfortunate per se, particularly for non-model species and even less for species inhabiting extreme
environments, generating confusion on the understanding of evolutionary mechanisms behind
the between-species patterns of sexual dimorphism. Consequently, the challenge is clear, a better
understanding, increasing the research support for non-model species and, for extreme environmental
species in evolutionary developmental biology urges to promote better hypotheses about the origins of
sexual shape dimorphism in ground beetles.
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40. Lemic, D.; Benítez, H.A.; Püschel, T.A.; Gašparić, H.V.; Šatvar, M.; Bažok, R. Ecological morphology of
the sugar beet weevil Croatian populations: Evaluating the role of environmental conditions on body shape.
Zool. Anz. A J. Comp. Zool. 2016, 260, 25–32. [CrossRef]

41. Sukhodolskaya, R.A.; Saveliev, A.A. Impact of environmental factors on the body shape variation and sexual
shape dimorphism in Carabus granulatus L. (Coleoptera: Carabidae). Zool. Syst. 2017, 42, 71–89.

42. Benítez, H.A.; Sanzana, M.-J.; Jerez, V.; Parra, L.E.; Hernandez, C.E.; Canales-Aguirre, C.B. Sexual Shape
and Size Dimorphism in Carabid Beetles of the Genus Ceroglossus: Is Geometric Body Size Similar Between
Sexes Due to Sex Ratio? Zool. Sci. 2013, 30, 289–295. [CrossRef]

43. Lemic, D.; Benítez, H.A.; Bažok, R. Intercontinental effect on sexual shape dimorphism and allometric
relationships in the beetle pest Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae). Zool. Anz.
A J. Comp. Zool. 2014, 253, 203–206. [CrossRef]

http://dx.doi.org/10.1111/j.0030-1299.2005.13609.x
http://dx.doi.org/10.1111/j.1095-8312.1987.tb00290.x
http://dx.doi.org/10.1016/S0022-5193(85)80245-9
http://dx.doi.org/10.1146/annurev.ecolsys.28.1.659
http://dx.doi.org/10.1186/1471-2148-9-110
http://dx.doi.org/10.1002/jmor.10426
http://www.ncbi.nlm.nih.gov/pubmed/16477603
http://dx.doi.org/10.1673/031.013.14301
http://www.ncbi.nlm.nih.gov/pubmed/24766555
http://dx.doi.org/10.1649/927.1
http://dx.doi.org/10.1017/S000748530999054X
http://dx.doi.org/10.1080/11250000409356545
http://dx.doi.org/10.4404/hystrix-24.1-6283
http://dx.doi.org/10.1080/14772000.2012.685775
http://dx.doi.org/10.1080/00379271.2007.10697533
http://dx.doi.org/10.1016/j.jcz.2015.01.004
http://dx.doi.org/10.1046/j.1463-6409.2001.00068.x
http://dx.doi.org/10.1371/journal.pone.0102059
http://www.ncbi.nlm.nih.gov/pubmed/25003506
http://dx.doi.org/10.1007/s10530-016-1252-9
http://dx.doi.org/10.1016/j.jcz.2015.11.003
http://dx.doi.org/10.2108/zsj.30.289
http://dx.doi.org/10.1016/j.jcz.2014.01.001


Insects 2020, 11, 361 12 of 13

44. Benítez, H.A.; Parra, L.E.; Sepulveda, E.; Sanzana, M.J. Geometric Perspectives of Sexual Dimorphism in
the Wing Shape of Lepidoptera: The Case of Synneuria sp. (Lepidoptera: Geometridae). J. Entomol. Res. Soc.
2011, 13, 53–60.

45. Sanaei, E.; Seiedy, M.; Momtazi, F. Evolutionary view on sexual dimorphism and shape variation in Iranian
populations of Hypera postica (Coleoptera: Curculionidae). Zoomorphology 2015, 134, 541–552. [CrossRef]

46. Prokopenko, E.; Zhukov, A. The population structure of spiders (Aranei) of the bayrak katena. Bull. Donetsk
Univ. Ser. A Nat. Sci. 2011, 2, 145–150.

47. Zhukov, A.; Kunah, O.; Prokopenko, E.; Konovalova, T. The pedoturbation activity of the mole rats (Spalax
microphthalmus) as a factor of the spatial organization of the spider (Aranei). News Dnipropetr. State Agrar.
Econ. Univ. 2011, 6, 28–35.

48. Rohlf, F.J. TPSdig Version 2.17; State University at Stony Brook: New York, NY, USA, 2013.
49. Rohlf, F.J.; Slice, D. Extensions of the Procustes methods for the optimal superimposition of landmarks.

Syst. Zool. 1990, 39, 40–59. [CrossRef]
50. Dryden, I.L.; Mardia, K.V. Statistical Shape Analysis; Wiley: Chichester, UK, 1998; Volume 4.
51. Klingenberg, C.P.; McIntyre, G.S. Geometric morphometrics of developmental instability: Analyzing patterns

of fluctuating asymmetry with procrustes methods. Evolution 1998, 52, 1363–1375. [CrossRef] [PubMed]
52. Fruciano, C. Measurment error in geometric morphometrics. Dev. Genes Evol. 2016, 226, 139–158. [CrossRef]

[PubMed]
53. Jolliffe, I.T. Principal Component Analysis, 2nd ed.; Springer: New York, NY, USA, 2002.
54. Monteiro, L.R. Multivariate regression models and geometric morphometrics: The search for causal factors

in the analysis of shape. Syst. Biol. 1999, 48, 192–199. [CrossRef]
55. Klingenberg, C.P. MorphoJ: An integrated software package for geometric morphometrics. Mol. Ecol. Resour.

2011, 11, 353–357. [CrossRef]
56. Polak, M. Developmental Instability: Causes and Consequences; Oxford University Press: New York, NY, USA, 2003.
57. Cox, R.M.; Calsbeek, R. Sexually Antagonistic Selection, Sexual Dimorphism, and the Resolution of Intralocus

Sexual Conflict. Am. Nat. 2009, 173, 176–187. [CrossRef]
58. Cox, R.M.; Calsbeek, R. Sex-specific selection and intraspecific variation in sexual size dimorphism. Evol. Int.

J. Org. Evol. 2010, 64, 798–809. [CrossRef]
59. Holloway, B.A. Elytral surface structures as indicators of relationships in stag beetles, with special reference

to the New Zealand species (Coleoptera: Lucanidae). N. Z. J. Zool. 1997, 24, 47–64. [CrossRef]
60. Faccoli, M. Morphological separation of Tomicus piniperda and T. destruens (Coleoptera: Curculionidae:

Scolytinae): New and old characters. Eur. J. Entomol. 2006, 103, 433–442. [CrossRef]
61. Kirejtshuk, A.G.; Poschmann, M.; Prokop, J.; Garrouste, R.; Nel, A. Evolution of the elytral venation

and structural adaptations in the oldest Palaeozoic beetles (Insecta: Coleoptera: Tshekardocoleidae). J. Syst.
Palaeontol. 2014, 12, 575–600. [CrossRef]

62. Klingenberg, C.P. Multivariate allometry. In Advances in Morphometrics; Marcus, L.F., Marco, C., Loy, A.,
Naylor, G.J.P., Slice, D.E., Eds.; Plenum Press: New York, NY, USA, 1996; pp. 23–49.

63. Klingenberg, C.P.; Marugan-Lobon, J. Evolutionary Covariation in Geometric Morphometric Data: Analyzing
Integration, Modularity, and Allometry in a Phylogenetic Context. Syst. Biol. 2013, 62, 591–610. [CrossRef]
[PubMed]

64. Abouheif, E.; Fairbairn, D.J. A comparative analysis of allometry for sexual size dimorphism: Assessing
Rensch’s rule. Am. Nat. 1997, 149, 540–562. [CrossRef]

65. Tseng, M.; Rowe, L. Sexual dimorphism and allometry in the giant water strider Gigantometra gigas. Can. J.
Zool. 1999, 77, 923–929. [CrossRef]

66. Guillermo-Ferreira, R.; Novaes, M.; Lecci, L.; Bispo, P.C. Allometry for sexual size dimorphism in stoneflies
defies the Rensch’s rule. Neotrop. Entomol. 2014, 43, 172–175. [CrossRef]

67. Kawano, K. Horn and wing allometry and male dimorphism in giant rhinoceros beetles (Coleoptera:
Scarabaeidae) of tropical Asia and America. Ann. Entomol. Soc. Am. 1995, 88, 92–99. [CrossRef]

68. Kelly, C.D. Allometry and sexual selection of male weaponry in Wellington tree weta, Hemideina crassidens.
Behav. Ecol. 2005, 16, 145–152. [CrossRef]

69. Sukhodolskaya, R. Variation in body size and body shape in ground beetle Pterostichus melanarius Ill.
(Coleoptera, Carabidae). J. Agric. Food Appl. Sci. 2014, 2, 196–205.

http://dx.doi.org/10.1007/s00435-015-0279-2
http://dx.doi.org/10.2307/2992207
http://dx.doi.org/10.1111/j.1558-5646.1998.tb02018.x
http://www.ncbi.nlm.nih.gov/pubmed/28565401
http://dx.doi.org/10.1007/s00427-016-0537-4
http://www.ncbi.nlm.nih.gov/pubmed/27038025
http://dx.doi.org/10.1080/106351599260526
http://dx.doi.org/10.1111/j.1755-0998.2010.02924.x
http://dx.doi.org/10.1086/595841
http://dx.doi.org/10.1111/j.1558-5646.2009.00851.x
http://dx.doi.org/10.1080/03014223.1997.9518105
http://dx.doi.org/10.14411/eje.2006.057
http://dx.doi.org/10.1080/14772019.2013.821530
http://dx.doi.org/10.1093/sysbio/syt025
http://www.ncbi.nlm.nih.gov/pubmed/23589497
http://dx.doi.org/10.1086/286004
http://dx.doi.org/10.1139/z99-071
http://dx.doi.org/10.1007/s13744-014-0196-y
http://dx.doi.org/10.1093/aesa/88.1.92
http://dx.doi.org/10.1093/beheco/arh141


Insects 2020, 11, 361 13 of 13

70. Sukhodolskaya, R. Intra-specific body size variation of ground beetles (Coleoptera: Carabidae) in latitudinal
gradient. Period. Biol. 2016, 118, 273–280. [CrossRef]
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