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Genital structures are among the most variable in nature and have been suggested to 

evolve at exceptionally high rates. However, the vast majority of research on genital morphology 

has been done on male genitalia. We present one of the few studies of female genital shape using 

geometric morphometrics, and the first of such studies to employ 3D geometric morphometrics, 

Genitalia are among the most variable morphological structures in nature (Eberhard 

1985). Both natural and sexual selection can influence variation in genitalia, but sexual selection 

is generally accepted as the most common selective force responsible for genital variation 

(Eberhard, 1985; Hosken & Stockley, 2004; Simmons 2014; Brennan & Prum, 2015). Sexual 

selection pressures refer to the selective forces that influence the ability of individuals to procure 

mates including intrasexual competition, intersexual choice, and sexual conflict (Hosken & 

Stockley, 2004). Natural selection can affect genital variation through mechanisms related to 

Introduction 

using the spiny dogfish shark, a taxon for which reproductive biology is well-studied. In a 

sample of 21 adult females, we found no correlation between body size and reproductive and 

non-reproductive trait size, and therefore no general allometric patterns. Further, we found 

limited evidence for different 2D and 3D vaginal shapes in visibly pregnant and not visibly 

pregnant sharks, but trends were more obvious in 3D than 2D. We found high congruence 

between data derived using 2D geometric morphometrics with that derived from 3D methods. 

We also found exceptionally high asymmetry in the vagina, again more apparent in 3D than in 

2D. Visibly pregnant sharks had especially high directional asymmetry (>48% of total variation) 

likely as a result of an asymmetric distribution of pups in the shark’s paired oviducts. Therefore, 

this asymmetry was functional rather than developmental and presents an important 

consideration when studying vaginal shape. The lack of significant association between 

pregnancy and vaginal shape in a species with an extremely long pregnancy suggests that vaginal 

shape differences may be under additional selective forces such as sexual antagonism during 

copulation. A combination of 3D geometric morphometric methods along with assessments of 

asymmetry sheds further light on the growing appreciation that female genitalia is highly 

variable in shape and may play a substantial role in sexual selection. 
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speciation, antipredator protection, mechanical ability to copulate, and oviposition/parturition 

(Hosken & Stockley, 2004; Simmons 2014; Brennan & Prum 2015; Brennan 2016). 

This article is protected by copyright. All rights reserved 



         

 

 

  

   

   

   

  

  

   

  

  

    

 

    

   

 

  

  

  

  

  

    

    

  

     

   

  

  

 

   

    

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

Male genital shapes are known to be extremely diverse, especially in insects (Eberhard, 

1985), but also in vertebrates (Brennan et al., 2008, Brennan & Prum, 2015) and until recently, 

the highly diverse shapes of male genitals were considered to be the dominant driver behind both 

male and female genital evolution (Eberhard, 1985; 2010a; b). By comparison, female genitalia 

Discerning the coevolutionary processes that shape female and male genital morphology 

could better our understanding of how morphological diversity in copulatory structures arises 

and persists (Brennan, 2016). In addition, vaginal shape data can help inform the potential 

influence of reproductive processes associated with pregnancy, parturition, and/or oviposition 

(Brennan, 2016), but these ideas have rarely been tested. Since the 1990s, geometric 

morphometrics (GM) has revolutionized the study of comparative morphology and shape 

evolution (Bookstein, 1991; Rohlf & Marcus, 1993) with the majority of this work being done on 

hard tissue such as skulls (e.g., Zelditch et al., 2008; Hedrick & Dumont, 2018) or postcranial 

bones (e.g., Vander Linden et al., 2018). However, since genitalia are made up of soft tissue, GM 

has been infrequently applied to comparative morphological analyses of genitalia (but see 

Macagno et al., 2011; Showalter et al., 2014; Orbach et al., 2018). While previous traditional 

morphometric studies using linear estimates of size and shape have confirmed earlier non-

morphometric work suggesting that female genitalia are not highly variable in shape (Eberhard, 

2006), several more recent GM studies performed on female genitalia have demonstrated salient 

and substantial shape diversity within and between taxa (Macagno et al., 2011; Showalter et al., 

2014; Orbach et al., 2018). For example, Orbach et al. (2018) showed that ontogeny and 

have been considered to be less diverse in shape (Eberhard, 1985), and have been much less 

studied (Ah-King et al., 2014). However, recent studies using more quantitatively rigorous 

approaches that focus on overall shape rather than traditional linear measurements, have 

demonstrated the large amount of variation in female genital shape (Brennan & Prum, 2012; 

2015; Showalter et al., 2014; Orbach et al., 2018). Studies of genital variation are key to 

disentangling evolutionary hypotheses such as lock and key (Defour, 1844; Tanabe & Sota, 

2008; Wojcieszek & Simmons, 2012; 2013), female choice (Bonet et al., 2013), and sexually 

antagonistic evolution (Arnqvist & Rowe, 2002; Brennan & Prum, 2012). 
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evolutionary allometry led to differences in cetacean vaginal shape with some taxa having short, 

wide vaginas and others having long, thin vaginas using two-dimensional GM. Not surprisingly, 

GM appears to give better insights into shape than linear measurements (Adams et al., 2004). 

This article is protected by copyright. All rights reserved 
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Spiny dogfish (Squalus acanthias) are one of the best-known species of fish in terms of 

reproductive ecology, evolution, and morphology (Gilbert & Heath, 1972; Pudney & Callard, 

1984; Callard et al., 2005; Hamlett et al., 2005; Musick & Ellis, 2005; Pratt & Carrier, 2005) and 

thus represent a rare opportunity for better understanding the effects of vaginal shape on 

(2) Does the vagina change shape due to pregnancy? We predict that specimens that are visibly 

pregnant will have significantly different shapes from specimens that are not visibly pregnant as 

the tissues stretch to allow parturition. We also predict larger vaginal asymmetry in specimens 

We evaluate several questions pertaining to spiny dogfish reproduction but also the usage 

of geometric morphometrics in the study of vaginal shape. Specifically we ask: (1) Are there 

differences between the ontogenetic allometric trajectories of non-reproductive (e.g., fin size) 

and reproductive traits (e.g., genital size)? If vaginal size is under sexual selection, we predict 

that it will exhibit positive allometry with respect to body length, as a result of sexually selected 

pressures at the onset of sexual maturity, while non-reproductive traits will have isometric trends. 

reproduction. In spite of the developmental and evolutionary work on S. acanthias reproduction, 

particularly related to their viviparity, there have not yet been any studies on the shape of the 

spiny dogfish vagina. Female S. acanthias have two oviducts, which run posteriorly along the 

dorsal body wall and continue in a caudal direction, turning into vaginal tissue that continues to 

the cloacal opening (Fishbeck & Sebastiani, 2015). The urinary papilla, through which urine is 

excreted, is located in the middle of the cloaca, and slightly protrudes from the cloacal opening 

(Fishbeck & Sebastiani, 2015). Like all elasmobranchs, spiny dogfish have internal fertilization, 

so selection via copulation may be important in determining vaginal shape. Pregnancy can be a 

major burden on female bodies, especially in S. acanthias, which has a 24-month gestation 

period, one of the longest in living vertebrates (Ketchen, 1972; Nammack et al., 1985; Jones & 

Ugland, 2001; Natanson et al., 2017). As such, the effects of pregnancy on genital morphology 

could provide a window into the possible causes for high intraspecific genital variation found in 

other vertebrates (Orbach et al., 2018). Here, we examine the effect of pregnancy on vaginal 

shape for the first time using geometric morphometric methods to broaden the understanding of 

female genital morphological evolution. 
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that are pregnant given that females accommodate large embryos alternating in their uterus and 

therefore one large embryo is always closer to the vaginal entrance on one side. (3) Does three-

dimensional geometric morphometrics (3DGM) reveal clearer trends than two-dimensional 

This article is protected by copyright. All rights reserved 
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geometric morphometrics (2DGM) when studying soft tissues? Since vaginas are three-

dimensional structures, we predict an increase in morphospace separation between pregnant and 

non-pregnant specimens using 3DGM, but similar overall trends because the vaginal shape of 

this species is relatively simple. 

Prior to dissection, 3D molds of the complete vaginal lumen were made using Elite HD+ 

Super Light Body dental silicone, following a similar technique used to cast vaginal lumen shape 

A commercial fisherman collected a sample of 22 female spiny dogfish (Squalus 

acanthias) off of the coast of Rhode Island in August and September of 2017. These specimens 

were collected under Federal Exempted Fishing Permit #17013. Each shark was measured for a 

number of traits using traditional linear morphometrics including total body length, pectoral fin 

width and length, vagina length, oviduct length, cloacal slit length, sperm gland length and width, 

and tail fork length (Table S1). Further, the number of embryos in the uterus of each pregnant 

shark was counted. Specimens were categorized into one of three reproductive states: visibly 

pregnant (n = 10), not visibly pregnant, but reproductive (developed egg yolk present) (n = 10), 

and not reproductive (n = 2). Visibly pregnant sharks were those females with visible embryos 

developing anywhere in their oviduct. Early pregnancy can be difficult to detect so we refer to 

reproductively mature females with no visible embryos in their oviducts as not visibly pregnant 

rather than not pregnant. All sharks were near adulthood or were adults (body length = 77.9–94.9 

cm–Ketchen, 1972). We considered fin related measurements to be selected for through natural 

selection, given the primary purpose of the fin is for locomotion. Although female shark fins are 

commonly grasped by male sharks during copulation, and may therefore be partially influenced 

by sexual selection, we found no published evidence that fin biting has been observed in dogfish 

sharks and found no bite marks on the female fins during our dissection. Gilbert and Heath 

(1972) hypothesized that Squalus mating is similar to Scyliorhinus calnigula, where males coil 

their flexible body around the female, rather than biting her fins.  

Materials and Methods: 
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(a) Sample 

in humans (Pendergrass et al., 1996). 3D models were then generated through photogrammetry 

using the 3DF Zephyr lite software (3Dflow SRL, Verona, Italy). Each silicone mold was 

photographed on a rotating stool completely around its circumference, so that at least 70 photos 
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were obtained per mold for use in model reconstruction. We used a Canon EOS Rebel T5i, 

camera with a 100 mm lens, mounted on a tripod and a set of four LED lights to obtain excellent 

quality photos.   

Following successful model creation, the vagina was dissected out, including the cloacal 

Two-dimensional landmarks (n = 12) and semi-landmarks (n = 7 curves, 55 semi-

landmarks) were digitized on photographs (Fig. 1A) in TPSDig2 (Rohlf, 2006) (see Table S2 for 

(c) Geometric morphometric analyses (Question 2 and 3) 

We evaluated allometric differences between naturally and sexually selected traits by 

performing linear regression of our log-transformed measurements based on 21 dogfish sharks in 

the basic stats package in R (R Core Team, 2017). To this end, we extracted allometries for our 

naturally selected traits by regressing total length onto two pectoral fin measures (pectoral fin 

width at the base of the fin, and fin length along the proximal and distal sides of the fin), and 

extracting the slope value. Reproductive characters were also compared with total length 

including vagina length, sperm gland width and length, cloacal slit length, and oviduct length. 

Confidence intervals were calculated based on ordinary least squares regressions using the 

confint function in the stats package in R to determine if variables were negatively allometric (m 

< 1), isometric (m = 1), or positively allometric (m > 1). Given significant correlations with size 

for some variables, residuals of each variable’s relationship with total length were compared with 

reproductive state. Only two sharks were non-reproductive in this sample so non-reproductive 

sharks were pooled with non-visibly pregnant reproductive sharks for traditional morphometric 

(b) Traditional morphometric analyses (Question 1) 

slit and the posterior region of the oviducts. Specimens were then mounted on a template to 

ensure consistent orientation in photographs and photographed using a Canon EOS Rebel T5i 

camera such that each vagina filled the same percentage of the camera field of view (Zelditch et 

al., 2012). 
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analyses. 

a complete list of landmarks and landmark descriptions). All landmarks were taken by Patricia 

Antalek-Schrag (PA) to eliminate inter-observer error. Each image was landmarked three 

separate times to quantify intra-observer measurement error given the difficulty of landmark 
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placement in soft tissues (Lee, 1982; Carpenter, 1996, Arnqvist & Martensson, 1998; Orbach et 

al., 2018). Landmark data were then imported into R (R Core Team, 2017) and opened in the 

geomorph package (Adams & Otárola-Castillo, 2013). Generalized Procrustes Analysis (GPA) 

was performed translating, rescaling, and rotating the landmark configurations into the same 

Given that vaginas are biologically asymmetric, we ran a multi-factor ANOVA with 

individuals (symmetric variation), sides (directional asymmetry), and the interaction between 

individuals and sides (fluctuating asymmetry) as factors (Klingenberg & McIntyre, 1998; Mardia 

et al., 2000). This allowed separation of the symmetric and asymmetric components of total 

shape variation (Klingenberg & McIntyre, 1998). We then tested whether asymmetry in the 

vagina made up a significant portion of total variation using the η2 

Algina, 2003). To assess whether asymmetry was higher in not-visibly pregnant female vaginas 

or visibly pregnant females, we re-ran these analyses separating out the not-visibly pregnant and 

visibly pregnant specimens. These analyses parse out the relative contribution of each factor as a 

percentage and were represented using a heatmap where hotter colors represent larger 

contributions of a factor to total shape variation and cooler colors represent smaller contributions. 

Prior to doing statistical analyses, we used an exploratory principal component analysis 

(PCA) to evaluate differences in morphospace occupation between groups. The difference 

between vagina shape and both reproductive state and number of embryos was statistically 

examined by taking a consensus shape (mean) of all three replicates per specimen and then using 

a Procrustes ANOVA at an alpha level of 0.05 (Goodall, 1991). Additionally, we examined the 

relationship between only the symmetric component of total shape variation and both 

reproductive state and the number of embryos in order to determine whether the asymmetric 

component of variation was obscuring underlying signals. Finally, the common allometric 

component (CAC) of shape data (Mitteroecker et al., 2004; Drake & Klingenberg, 2008) was 

compared to vaginal centroid size and shark total body length to evaluate the effects of body size 

on the data. The CAC calculates shape scores based on a regression of shape against size, which 

shape space (Zelditch et al., 2012). Sliding semi-landmarks were slid by minimizing bending 

energy between adjacent semi-landmarks (Perez et al., 2006). 
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effect size metric (Olejnik & 

is the allometric trend in the data. A significant relationship between the CAC and size implies a 

significant allometric trend. 
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To evaluate potential differences in our data between 2DGM analyses and 3DGM 

analyses, we placed three-dimensional landmarks (n = 16 landmarks, 6 curves with 112 semi-

landmarks total) on 3D models (Fig. 1B, C) using Landmark Editor (Wiley et al., 2005). As with 

the 2D analysis, we repeated the landmark and curve placement three times for each specimen to 

0.008) with non-visibly pregnant females having larger residuals than visibly pregnant females. 

Pectoral fin width was significantly correlated with body length (p < 0.001), scales with 

positive allometry, and explained a substantial amount of variation (R2 

However, neither pectoral fin distal length (p = 0.136, R2 

length (p = 0.819, R2 

the relationship between residuals of fin measurements with reproductive status (not visibly 

pregnant and visibly pregnant specimens), only pectoral fin proximal length was significant (p = 

(a) Traditional morphometric analyses 

calculate 3D landmarking error. Note that 3D analyses include 22 specimens and 2D analyses 

only include 18 specimens in exploratory analyses. Landmarks were converted into a tps format 

using custom code written by Andrew J. Conith (AJC) and were then subjected to GPA with 

semi-landmarks slid using the bending energy criterion. Analyses in 3D followed those 

performed in 2D to allow for a comparison of data quality. Differences between the two datasets 

were considered qualitatively using PCA as well as quantitatively using partial least squares 

(PLS) analysis. The PLS analysis used the subset of the 3D specimens present in the 2D dataset 

to allow for comparison. Note however that the landmark configurations for the 2D dataset and 

3D dataset are not perfectly complementary. 2DGM requires that all landmarks be in a single 

plane, a constraint not present in 3D data. Further, our 2D data were derived from images of the 

vagina itself whereas 3D data were derived from internal molds of the vagina. As a result, we 

opted to select landmark configurations that best represent the 2D and 3D shapes following a 

previous study (Buser et al., 2018) to address our biological questions rather than imperfectly 

select complementary landmarks. 
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Results 

= 0.51) (Fig. 2; Table S3). 

= 0.113) nor pectoral fin proximal 

= 0.002) were significantly correlated with body length. When comparing 

We found no significant correlations with regard to the relationship between traditional 

morphometric measurements of reproductive characters (vagina length–p = 0.657, R2 = 0.011, 

sperm gland width–p = 0.154, R2 = 0.104, sperm gland length–p = 0.169, R2 = 0.097, and 
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oviduct length–p = 0.408, R2 = 0.036) and body length (Fig. 3). Only cloacal slit length was 

correlated with body length (p < 0.001, R2 = 0.437), which scaled isometrically. Reproductive 

characters did not significantly differ between not visibly pregnant and visibly pregnant 

specimens based on residuals of body length (Fig. 3). 

We ran Procrustes ANOVAs on both the means of all three replicates and on the 

symmetric component of variation for both 2D and 3D analyses to test whether shape differed 

between different reproductive categories (not reproductive, not visibly pregnant, but 

reproductive, and visibly pregnant) and between different numbers of embryos in the oviduct 

(Table S5). Neither the symmetric component nor the means data had significant correlations 

with either reproductive state or number of embryos. We additionally tested the relationship 

between means shape and both vaginal centroid size and total length as well as the symmetric 

component of variation and vaginal centroid size and total length for both 2D and 3D analyses. 

Only the 3D means shape and vaginal centroid size had a significant correlation (p = 0.022) 

suggesting a limited impact of body size on these data. 

A multi-factor ANOVA was performed in both 2D and 3D to better quantify vaginal 

asymmetry (Table S4). In 2D, fluctuating asymmetry was significant (p < 0.001), but directional 

asymmetry was not significant (p = 0.708) and neither was individual variation (p = 0.892). 

Based on effect sizes, individual variation (symmetric component) comprised 52.3% of total 

variation, directional asymmetry comprised 17.8%, fluctuating asymmetry comprised 27.3%, and 

measurement error comprised 2.5%. Similarly, in 3D only fluctuating asymmetry was significant 

(p < 0.001), but effect sizes were differently distributed. Individual variation comprised 44.2% of 

total variation, directional asymmetry comprised 30.6%, fluctuating asymmetry comprised 

23.4%, and measurement error comprised only 1.7%. This demonstrates substantially higher 

fluctuating asymmetry in both 2D and 3D than is commonly found in osteological structures 

(Zelditch et al., 2008; Hedrick et al., in press), but also low measurement error demonstrating 

repeatability of the selected landmarks. 

(b) Geometric morphometric analyses 
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To address the issue of potential increased asymmetry during pregnancy, we further ran 

separate multi-factor ANOVAs splitting our 2D and 3D data into pregnant and not visibly 

pregnant/non-reproductive subgroups. Our 2D dataset had 8 visibly pregnant specimens and 10 
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not visibly pregnant specimens whereas our 3D dataset had 9 visibly pregnant specimens and 13 

not visibly pregnant specimens. In the 2D data, there were similar effect sizes for all variables 

(individual variation, directional asymmetry, fluctuating asymmetry, and measurement error) 

between pregnant and not visibly pregnant specimens (Table S6). These trends were also similar 

(a) Selection and allometric trends 

Finally, a PCA for the 2D data revealed minimal separation between groups (Fig. 4a, 

Tables S7, S8). Principal component (PC) 1 characterized 24.8% of total variance and PC 2 

characterized 22.5% of total variance. Non-reproductive specimens plotted on opposite ends of 

the PC1 axis and there was substantial overlap between visibly pregnant and not visibly pregnant 

reproductive specimens. In 2D, PC1 describes asymmetric variation in the vagina, with negative 

values indicating that the right side of the vagina is wider than the left, and positive values 

indicating that the left side is wider. PC2 describes variation in the aspect ratio of the vagina with 

positive values indicating a more elongated vagina, and negative values a shorter, squatter vagina. 

In comparison, the 3D PCA revealed that variation in PC1 indicated changes in the aspect ratio 

of the vagina, with positive values having shorter and wider vaginas than negative values. PC2 

described variation in both asymmetry and width with positive values showing wider right sides 

of the vagina, but also a wider vagina overall compared to the negative values, where the left 

side of the vagina was wider. The 3D data revealed tight clustering of visibly pregnant specimens 

with non-reproductive specimens in the upper right quadrant of morphospace (Fig. 4b) where 

visibly pregnant females had shorter, wider vaginas and the right side was wider overall than the 

left. Not visibly pregnant specimens were more widely dispersed in morphospace. However, this 

separation and clustering in the 3D morphospace was not significantly different. Although no 

such separation could be inferred from visualization in the 2D data, the PLS analysis did reveal a 

significant association between the 2D and 3D data with an r-PLS correlation coefficient of 0.82. 

to the not visibly pregnant 3D data. However, the visibly pregnant specimens in 3D 

demonstrated significant directional asymmetry, which made up 48.6% of total variation (Fig. 5) 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

Discussion 

Natural selection and sexual selection operate simultaneously on numerous structures, 

often antagonistically and genitalia are no exception (reviewed in Brennan and Prum, 2015). 

However, most studies evaluating the role of natural selection in genital morphology have been 
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done on males, even though natural selection on pregnancy and parturition is likely to be an 

important force in shaping vaginal morphology (Brennan & Prum, 2015). To address whether 

spiny dogfish vaginal morphology evolves in response to sexual selection, we assessed whether 

reproductive traits show positive allometry compared to non-reproductive traits (following 

Similar to the traditional measurements, 2DGM data did not uncover significant 

associations between vaginal shape and vagina centroid size, shark total length, reproductive 

state, or the number of embryos present in the oviducts at the time of death. For the 3D analyses, 

there was a significant association only between vaginal shape and vaginal centroid size (R2 

0.102). Further, PCA demonstrated that shape variance for both reproductive states is 

exceptionally high intra-specifically with tall, narrow vaginas on one end of the axis and stout, 

wide vaginas on the other end of the axis (Fig. 4). Therefore, there appears to be a substantial 

amount of within species shape variation present in spiny dogfish vaginas, evidently not related 

to pregnancy. We note that although not significantly different from not visibly pregnant sharks, 

Pregnancy could change the dimensions of the vagina and other reproductive traits. 

Therefore, we also assessed whether traits were correlated with reproductive state under the 

hypothesis that visibly pregnant females would have different dimensions in reproductive organs 

than not visibly pregnant females. However, there were no significant associations between 

allometrically corrected residuals of linear reproductive organ measurements and reproductive 

state. The reasoning behind the lack of significant associations may be due to the low variance in 

shark ontogenetic stages in our study since the majority of our sharks were already adult. It may 

alternatively be due to a reduced signal as a result of shape not being adequately captured by 

simple linear measurements. Therefore, we re-assessed these potential associations using GM. 

(b) Pregnancy and shape 

Eberhard et al 2009). Surprisingly we found no significant correlation between body size and the 

size of most traits we measured (reproductive and non-reproductive). Only cloacal slit length and 

fin width were positively correlated with respect to shark total length. Cloacal slit length scaled 

isometrically, while fin width scaled positively.  
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= 

visibly pregnant sharks tend to have short, wide vaginas based on the 3D data (Fig. 4b). 

This study supports previous studies that have found vaginas to have high shape variance 

(Polihronakis, 2006; Showalter et al., 2014; Orbach et al., 2018), contra to other studies, that 
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have found females have relatively small vaginal morphological variance (Eberhard, 1985; 

Evans et al., 2011). Orbach et al. (2018) found that two cetacean species (Tursiops truncatus, 

Phocoena phocoena), for which large intraspecific samples were collected, had vagina shapes 

ranging broadly across cetacean vaginal morphospace that included over 25 species. These 

Given the exceptionally large gestational time in spiny dogfish (Ketchen, 1972), it is 

surprising that vaginal shape was not found to significantly differ between visibly pregnant and 

not visibly pregnant sharks. Our use of morphometric analyses likely did not cloud these trends 

since the same results were found for linear measurements, 2DGM, and 3DGM. We suggest a 

number of possibilities as to why our predictions were not met. First, it is possible that many of 

the not visibly pregnant sharks had been previously pregnant and given birth, which may have 

modified the shape of their vaginas causing those sharks to cluster near the visibly pregnant 

sharks in 3D morphospace, increasing vagina shape disparity in not visibly pregnant sharks 

substantially (Fig. 4b). Parity changes some dimensions of the vagina in humans (Pendergrass et 

al. 2000; Barnhart et al. 2006), although whether these changes start during pregnancy and 

whether they are permanent is unknown. This process has not been described in any other 

vertebrate. Second, vaginal shape may be primarily driven by sexual selection, sexual conflict, 

copulation, coevolution with male genitalia, or other factors unrelated to pregnancy that have yet 

to be studied. It is clear that vaginas have high shape variance and future studies should focus on 

uncovering the causes of that shape variance. Finally, Showalter et al. (2014) found overlapping, 

but distinct shapes for two related watersnake species and suggested that low sample sizes may 

be an issue when using GM on soft-tissue structures. Unfortunately, unlike hard tissues, fresh 

soft-tissue data are often difficult to generate at large sample sizes due to the opportunistic 

manner in which they are collected. Larger sample sizes in the future may help to clarify the 

trends reported here. Future studies on other vertebrates will help to clarify the effects of 

pregnancy on vaginal shape beyond the spiny dogfish. Given that this is the first study to 

intraspecific differences could be partly explained by ontogeny, since they found significant 

ontogenetic variation in their sample. Unfortunately, only a few specimens were pregnant 

(Orbach et al., 2018) so statistical analysis by reproductive state was not possible. 
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quantitatively assess the effects of pregnancy on vaginal shape in any vertebrate, our trends can 

only be considered preliminary. However, using this study as a starting point, there are many 
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directions for additional studies to go to allow for a better understanding of the evolution of 

female genitalia. 

(c) Asymmetry in soft-tissue structures

Magnitudes of asymmetry as measured in two dimensions were quite similar between not 

visibly pregnant and visibly pregnant specimens (~45–48% of total variation–Fig. 5). However, 

in three dimensions, the trends were quite different between not visibly pregnant and visibly 

pregnant specimens. Not visibly pregnant specimens had a similar level of fluctuating 

asymmetry to that of 2D analyses, but directional asymmetry was higher (36% in comparison 

with 20–25%). Visibly pregnant specimens in 3D had a completely different pattern with 48.5% 

of total variation being captured by directional asymmetry and only 12% of total variation being 

captured by fluctuating asymmetry. Given that spiny dogfish oviducts are paired and that pups 

are distributed asymmetrically in the oviducts, it was not unexpected to find high vaginal 

asymmetry (ranging from 45–61 percent of total variation) relative to studies of hard tissue, 

where asymmetry typically accounts for less than 15% of total variation (Hedrick et al., in press). 

Therefore, the high asymmetry in these vaginas is functional rather than developmental in nature. 

It appears this difference is exaggerated when the sharks are far into their pregnancy such that 

directional asymmetry swamps both within species individual variation and fluctuating 

asymmetry when sharks are measured in three dimensions (Fig. 5). As above, the 3D data 

demonstrates this trend clearer than 2D data. 

All structures have some degree of bilateral asymmetry, manifested as directional 

asymmetry and fluctuating asymmetry (Mardia et al., 2000; Klingenberg et al., 2002; Leamy & 

Klingenberg, 2005; Willmore et al., 2005; Dongen, 2006). Fluctuating asymmetry in particular is 

often used to estimate the degree of canalization, the ability of a population to generate the same 

phenotype regardless of environmental factors, and developmental stability, the ability of a 

population to buffer against developmental noise. Directional asymmetry occurs when the left 

and right sides of a bilaterally symmetric structure differ, but always in the same direction (e.g., 

fiddler crab claws). 
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(d) 2D or not 2D: dimensionality in soft-tissue 
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As of 2014, Cardini (2014) reported that more than half of geometric morphometric 

studies are performed in two-dimensions in spite of the fact that two-dimensions are clearly just 

an approximation for 3D structures (Roth, 1993). Very few studies have examined the 

differences between trends in 2D and 3D data either quantitatively or qualitatively. Cardini 

Overall trends when examining vaginal shape versus vaginal centroid size, total length, 

reproductive state, and the number of embryos present in the vagina showed consistent trends for 

both 2D and 3D data in terms of both significance as well as variance explained by each variable. 

However, morphospace occupation showed a lack of clustering among all three reproductive 

In our analyses, given the high degree of dimensionality of vaginas, we characterized 2D 

and 3D shape using different, but similar landmark configurations, as recently done by Buser et 

al. (2018). Unfortunately, this precluded our ability to formally test the difference between our 

2D and 3D data (Cardini, 2014). Using PLS analysis, we found a high correlation between our 

2D and 3D datasets suggesting congruence between the data (r-PLS = 0.82). Still, what 

constitutes a “good” correlation is somewhat arbitrary (Cardini, 2014). Cardini (2014) found that 

2D images could approximate 3D structures for some datasets, but not others and found a range 

of correlations (using the RV coefficient–Robert and Escoufier, 1976) of 0.623–0.873. Therefore, 

our correlation of 0.82 may suggest relatively strong congruence between our 2D and 3D data. 

(2014) found that up to 20% of total variation in marmot mandibles related to using two-

dimensional data to approximate 3D structures. She then questioned the results of a previous 2D 

study she had done with those same data which showed that interspecific differences in 2D 

mandibular shape of marmots accounted for 13–36% of total shape variance (Cardini, 2009). 

Given the similarities in levels of variance between interspecific variance and variance between 

2D and 3D analyses, using 2D proxies for 3D structures for some types of data (e.g., skulls) may 

cloud real trends, especially in intraspecific analyses. For example, Buser et al. (2018) found 

trends supported by 3DGM were not supported by 2DGM in cottid fish, likely a result of the 

two-dimensional data not adequately capturing variation along the z-axis. This issue is likely 

compounded when dealing with images of deflated soft-tissue structures rather than 2D images 

of hard tissues (e.g., skulls). 
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categories in 2D, while it showed tight clustering for visibly pregnant specimens and non-

reproductive specimens in 3D. Shape trends along PC1 and PC2 were also quite different for 2D 

and 3D analyses, which would lead to very different conclusions based on exploratory PCA. This 

This article is protected by copyright. All rights reserved 



         

   

   

  

  

  

     

   

    

   

  

   

 

   

  

  

  

  

 

   

 

  

 

   

   

  

  

  

 

 

 

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

is important given that much of the understanding of shape change in GM studies relies on trends 

derived from PCA. This problem will likely be compounded when examining more complex 

vaginas than the ones found in spiny dogfish. 

Conclusions 
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cloacal slit length, and (d) oviduct length. Triangles = not reproductive, circles = not visibly 

pregnant, but reproductive (egg yolk present), pluses = visibly pregnant. 

Figure 2 Allometric relationships (left) and comparisons between pregnant and not visibly 

pregnant sharks (right) for naturally selected fin characters. (a) pectoral fin width, (b) pectoral fin 

distal length, and (c) pectoral fin proximal length. Triangles = not reproductive, circles = not 

visibly pregnant, but reproductive (egg yolk present), pluses = visibly pregnant. 
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geometric morphometric data with TPS grids and landmark configurations showing the major 

shape changes occurring along principal components 1 and 2. Replicates of each individual 
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connected with black lines. Black squares = non-reproductive, red circles = not visibly pregnant, 

but reproductive, blue triangles = visibly pregnant. 

Figure 5 Heatmap showing the relative contributions of individual variation (symmetric 

Table S4 Asymmetry analyses for both the 2D and 3D geometric morphometric data splitting 

variation into individual variation (symmetric component of variation), directional asymmetry, 

fluctuating asymmetry, and measurement error. Procrustes ANOVAs were then done on the 

individual variation component (symmetric component) and both reproductive state and number 

of embryos to determine if the biological asymmetry was clouding potential trends. 

Table S3 Allometric regressions between natural selected traits (fin measurements), sexually 

selected traits (genital measurements), and total length. Residuals of trait measurements were 

then tested for correlations with reproductive state. 

Table S2 Landmark definitions including landmark number (reference with in-text figure 1), 

landmark type, and definitions for each landmark.  

Table S1 Spiny dogfish specimens with associated traditional measurements (fin and genital) as 

well as reproductive state (not reproductive, not visibly pregnant, visibly pregnant) and number 

of embryos present at time of death. 

variation), directional asymmetry (DA), fluctuating asymmetry (FA), and measurement error 

(ME) to the total variation in 2D and 3D pregnant and not visibly pregnant/non-reproductive 

datasets. Cooler colors relate to low contributions to total variation and hotter colors relate to 

high contributions to total variation. Note that directional asymmetry is particularly high in the 

pregnant sharks rendered in three dimensions. Measurement error is low (< 3% of total variation) 

in all datasets. 
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Table S5 Procrustes ANOVAs between the mean of specimen shape (across three replicates) and 

vagina centroid size, total shark length, reproductive state, and the number of embryos present at 

time of death. This was done separately for both 2D (n = 18) and 3D (n = 22) shape data. 
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675 Table S6 Asymmetry analyses splitting specimens into not visibly pregnant/ not reproductive 

676 and visibly pregnant categories to evaluate potential differences in effect sizes of asymmetry. 

677 
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This was done separately for both 2D (n = 18) and 3D (n = 22) shape data. 

Table S8 Principal component scores, centroid sizes, and total length for both raw 3D geometric 

morphometric data and means data. Additionally, PCA summaries are reported for each analysis 

for the first 10 principal components. 

Table S7 Principal component scores, centroid sizes, and total length for both raw 2D geometric 

morphometric data and means data. Additionally, PCA summaries are reported for each analysis 

for the first 10 principal components. 
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