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Genitalia are morphologically variable across many taxa and in physical

contact during intromission, but little is known about how variation in form

correlates with function during copulation. Marine mammals offer important

insights into the evolutionary forces that act on genital morphology because

they have diverse genitalia and are adapted to aquatic living and mating.

Cetaceans have a fibroelastic penis and muscular vaginal folds, while pinni-

peds have a baculum and lack vaginal folds. We examined copulatory fit

in naturally deceased marine mammals to identify anatomical landmarks

in contact during copulation and the potential depth of penile penetration

into the vagina. Excised penises were artificially inflated to erection with

pressurized saline and compared with silicone vaginal endocasts and within

excised vaginas in simulated copulation using high-resolution, diffusible

iodine-based, contrast-enhanced computed tomography. We found evidence

suggestive of both congruent and antagonistic genital coevolution, depending

on the species. We suggest that sexual selection influences morphological

shape. This study improves our understanding of how mechanical interactions

during copulation influence the shape of genitalia and affect fertility, and has

broad applications to other taxa and species conservation.
1. Introduction
Male genitalia are known to be one of the most phenotypically diverse and

rapidly evolving morphological structures across taxa [1–3]. The extensive

variation in male intromittent organ morphology is largely attributed to mechan-

isms of post-copulatory sexual selection [4–6]. The shape or size of an intromittent

organ can influence a male’s ability to deposit sperm and secure paternity [7–10].

Although female genitalia have received comparatively sparse attention [11,12],

recent studies have revealed that female reproductive anatomy is more variable

and evolves more rapidly than previously expected [13–17]. As the mechanical

contact of genitalia during copulation is the most direct evolutionary interaction

between the sexes, male and female genitalia are expected to coevolve together

[6]. While it may seem intuitive that the penis fits inside the vagina, little is

known about which features of male and female genitalia interact and how

these interactions affect fertility.

The biomechanics and details of the anatomical fit of genitalia during intro-

mission can be quite complex and have seldom been explored, particularly in

vertebrates. However, such data can inform which aspects of genitalia may be

under direct selection because of their mechanical function and yield information

on the evolutionary pressures that have led to their diversification. In a few recent

papers on arthropods, copulating males and females were flash-frozen in liquid

nitrogen, and resulting micro-CT (computed tomography) scans or scanning
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Figure 1. Shape correspondence of male and female genitalia. The silicone vaginal endocast is lined up with the inflated penis tip in sexually mature (a) harbour
porpoises (Phocoena phocoena), (b) common bottlenose dolphins (Tursiops truncatus), (c) short-beaked common dolphins (Delphinus delphis) and (d) harbour seals
(Phoca vitulina). Male and female genital are aligned in the positioning and angle that would enable the deepest penile penetration. Anatomical landmarks ident-
ified on the vaginal endocast include the (1) proximate cervix, (2) vaginal folds and (3) vaginal opening. Anatomical landmarks identified on the penis include the
(4) penis tip or glans to sheath, (5) penis shaft and (6) penis retractor muscle.
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electron microscopy images were used to examine how ana-

tomical landmarks interacted between males and females

(e.g. common fruit flies, Drosophila melanogaster [18]; tsetse

flies, genus Glossina [19,20]; millipedes, Antichiropus variabilis
[21]; grasshoppers, Melanoplus rotundipennis [22]; seed beetles,

Callosobruchus maculatus [17]). These techniques have yielded

evidence of both congruent and sexually antagonistic co-

evolution of genitalia. For example, the vaginal teeth of female

common fruit flies interdigitated with male claspers, suggesting

congruent coevolution, while the aedeagus tip perforated

through and damaged the vaginal wall, indicating sexual con-

flict [18]. In seed beetles, the aedeagus spines contacted

the thickest part of the female reproductive tract, suggesting

antagonistic coevolution between males and females [17].

In vertebrates, copulatory fit was explored in anole lizards

(Anolis carolinensis) by submerging them in liquid nitrogen

during copulation [23], but this technique is not feasible

for larger vertebrates. Model vaginas have been used in studies

of live-trained captive waterfowl to visualize how the penis

may function inside the female [24]. A technique was recently

developed to inflate male penises directly inside the female

reproductive tracts of plains garter snakes (Thamnophis
sirtalis) and rats (Rattus rattus) before using micro-CT scans to

visualize which features of male and female genitalia are in

contact during simulated copulation [12]. These techniques

demonstrate both a close fit between male and female genitalia

[12,23] and an antagonistic mechanical interaction derived

from sexual conflict, where female genital features act as

physical barriers against penile eversion [24].

Here we expand the use of these techniques using marine

mammals as a model system to explore genital interactions

during simulated copulation. Aquatically mating mammals

have extreme and unique copulatory adaptations influenced

by sexual selection and environmental constraints. Cetaceans

(whales, dolphins and porpoises) mate exclusively in aquatic

environments and have unusual genital morphological
characteristics shared only among cetartiodactyls (cetaceans

and even-toed ungulates; [25]). The cetacean vagina contains

muscular protrusions of the vaginal wall into the vaginal

lumen that vary in number, shape, size and positioning

across species [16]. These vaginal folds are of unknown func-

tion(s), although their morphological diversity may be driven

by sexual selection [16]. In addition, the folds may serve as a

mechanism to prevent seawater from entering the female

reproductive tract, as seawater is lethal to sperm in at least

one species of cetacean (common bottlenose dolphin, Tursiops
truncatus; [26]).

The cetacean penis is fibroelastic; erectile tissue is filled with

collagen and elastin fibres instead of the spongy tissue found in

the vascular penis of most mammals [27]. Thus the cetacean

penis is generally maintained in a turgid state within the

body cavity and distends further with an influx of blood into

the erectile tissue [27]. The penis in cetaceans does not have

an inflatable terminal glans, but in some species it ends in a

terminal cone ( pars intrapreputialis; [27]; figure 1). In alpaca

(Vicugna pacos), which are part of the group of terrestrial artio-

dactyls closely related to cetaceans, this terminal cone or tip can

go through the cervix and reach directly into the uterus during

copulation [28]. However, in cetaceans, it is not known whether

the terminal cone or tip also penetrates through the cervix. The

pinniped (seals, sea lions, fur seals and walruses) penis is vas-

cular and not fibroelastic, and it contains a baculum (os penis
bone) within its glans [29]. While pinnipeds lack the extensive

vaginal folds unique to cetaceans and artiodactyls, they have

a hymen (a membrane that covers all or part of the vaginal

opening) that may function to prevent the incursion of seawater

and debris into the reproductive tract [30].

Our first objective was to determine the shape compatibility

of marine mammal genitalia. Specifically, we assessed whether

there is a close fit between the sexes and/or evidence that

females may pose barriers to penile penetration by comparing

species with and without conspicuous vaginal folds. Secondly,
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we examined the potential depth of penile penetration into the

vagina, as it is unclear whether and how the penis navigates

through complex vaginal folds, spirals, and recesses to deposit

sperm deep in the female reproductive tract to facilitate fertili-

zation. Specifically, we assessed the potential for the penis tip

to reach though the cervix. Our third objective was to infer

the copulatory position that would result in the best genital

fit between the sexes. Finally, we aimed to develop a technique

to assess copulatory fit in large vertebrates.
 g.org
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2. Material and methods
(a) Specimen collection
The excised reproductive tracts of naturally deceased marine mam-

mals were collected opportunistically from marine mammal

stranding networks along the US coastline. Intact reproductive

tracts consisted of the external urogenital slit through to the

caudal attachment of the root of the penis or crurae to the pelvis

bones, and the external urogenital slit through to the ovaries, in

males and females, respectively. Specimens were collected from

fresh (less than 24 h post-mortem), sexually mature, male and

female harbour porpoises (P. phocoena), common bottlenose dol-

phins (T. truncatus), short-beaked common dolphins (D. delphis),
and harbour seals (P. vitulina). The species investigated are spon-

taneous ovulators [30,31]. Specimens were frozen immediately

and shipped to necropsy facilities located at Mount Holyoke Col-

lege. The one best quality male and female specimen within each

species was selected for further analysis. While an attempt was

made to pair males and females within a species to the same popu-

lation, the opportunistic nature of specimen acquisition was a

hindrance. However, Orbach et al. [32] did not find strong evidence

of inter-population variation in dolphin vaginal morphology.

(b) Penis inflations
Each excised male reproductive tract was cleaned to remove

extraneous tissue, photographed, measured and weighed. Photo-

graphs were collected using a Canon G16 powershot camera

from a bird’s-eye-view angle in sagittal (left and right) and coronal

(anterior and posterior) planes. Measurements were collected from

the distal limit of the pelvic bone to the distal penis tip in sagittal

planes and from the sheath to penis tip (figure 1) in all planes.

The penis was then filled to distention with pressurized saline to

simulate erection. Saline was pressurized by pumping nitrogen

into an 11.4 l Corco keg filled with physiological saline; fluid

was injected into penile vascular spaces under variable pressure,

depending on the resistance encountered during injection. In gen-

eral, larger penises required higher pressure. Saline was pumped

into the corpus cavernosa through the proximal ends of the crura
using a 18 gauge needle connected to a 5 ml syringe. Injection

continued until the tissue was turgid and backflow was achieved.

Saline was next introduced into the corpus spongiosum by inserting

the syringe on either side of the urethra until backflow of fluids was

achieved. Penises were ligated distal to the crurae with cotton string

to maintain turgidity. They were then re-measured, weighed and

submersed in 10% buffered formalin to fix the tissue in its

distended form.

(c) Copulatory fit and shape compatibility
Flaccid female reproductive tracts were frozen–thawed. Vaginal

endocasts were made of the lumen of female reproductive tracts

using Mold Starw 16 FAST or Elite HDTM light body dental silicone.

The resulting silicone moulds were carefully extracted from the

vaginas to prevent tearing of the mould or tissue. Duplicate

moulds were made of the vaginal lumens to ensure shape consist-

ency and identify potential artefacts (e.g. additional invaginations).
As the lengths, shapes and positions of vaginal folds in the dupli-

cate endocasts were consistent with the original endocast, the

original endocast was used.

Each inflated formalin-fixed penis was inserted into the

frozen–thawed flaccid vagina of a female of the same species as

deeply as possible to simulate intromission. The alignment of the

genitalia (e.g. ventral-to-ventral, dorsal-to-ventral) was deter-

mined based on the best shape compatibility of the vaginal

endocast to the inflated penis tip (figure 1) without a priori con-

sideration of natural copulatory positions, as intromission has

not been observed in most species of marine mammals [33]. The

interacting penis and vagina were then sewn together to prevent

alignment shifts and formalin-fixed in 10% buffered formalin.

The ‘copulating’ genitalia were submerged in a bucket of 10%

iodine ethanol solution (resublimed, crystallized VWR iodine

(BDH4620)) for two weeks following Gignac & Kley [34], and

rotated daily to prevent iodine from precipitating. Diffusible,

iodine-based, contrast-enhanced computed tomography (Dice-

CT) substantially augments the ability of X-ray CT scans to

define subtle differences in soft-tissue [35]. The specimens were

positioned in sternal (anterior) recumbency on a standard CT-

Table (Toshiba Aquilion 16 slice) at Tufts University Cummings

School of Veterinary Medicine. Volume data of the specimens

were acquired with slice thickness of 2.0 mm. Images were recon-

structed in bone and soft-tissue algorithms in sagittal, transverse

and coronal planes. Three-dimensional volume rendering proto-

cols were generated using standard DICOM viewers (EFilm v.

3.4, Merge HealthCare, IBM and Carestream Health PACS 11.4).

In order to test how well the male and female genitalia fit

together, we produced three-dimensional models of the penis

and vaginal lumen (endocast) using Autodesk ReMake!

(v.17.25.3.1). We collected up to 153 photographs per specimen

using a Canon G16 powershot camera. The female models were

trimmed to a standardized length using linear measurements

derived from the CT scan volume reconstructions in sagittal

plane (EFilm version 3.4, Merge HealthCare, IBM). Straight-line

measurements were taken down the midline of the vaginal

lumen from the cranial (deep) midpoint of the largest vaginal

fold to the distal vaginal opening. Male models were cropped at

the edge of the sheath. Models were exported as STL files for analy-

sis in Geomagic Studio 2014. For each species, we imported the

male and female models together and used the maximum

volume overlap between the models to predict copulatory position.

In harbour porpoises and common bottlenose dolphins, consider-

ation was taken of the orientation needed for the penis tip to fit into

the small lumen of the cranial vagina. For short-beaked common

dolphins and harbour seals, the best fit orientation included appo-

sition of the urethral opening and the cervix. The best fit orientation

was assigned as 08 rotation. We then rotated the male penis model

908, 1808 and 2708 from the 08 alignment, and adjusted the position

to fit as well as possible each time. Finally, we quantified both the

total volume overlap between the male and female models, and the

percentage of the model that did not fit for each sex. In the harbour

seal, the penis model was much larger than the vaginal endocast.

Accordingly, we enlarged the endocast diameter to match the

penis diameter, as vaginal tissue stretching would likely occur

during copulation. Since male volumes protruded from the base

of the female models by a variable amount in all species, the

model fit is not comparable across species.
3. Results
We found a range of morphological variation in the genitalia of

both sexes (electronic supplementary material, table S1). Male

harbour porpoises (P. phocoena) have a long penis shaft and tip

while females have complex vaginas consisting of a deep flap-

like recess and a cranial series of spiralling vaginal folds
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Figure 2. Three-dimensional model fit of male (red) inside female (blue) genitalia: (a) The best fit in harbour porpoises (P. phocoena) mimics a dorsoventral
copulatory position and includes the potential for the penis tip to continue moving cranially into the reduced vaginal lumen. (b) The harbour porpoise penis
model has been rotated 1808 within the female, demonstrating that a ventral – ventral copulatory position would prevent the penis tip from reaching the cranial
vaginal lumen. (c) In short-beaked common dolphins (D. delphis) and in (d ) harbour seals (P. vitulina), the penis can rotate freely around the vagina without
physical barriers, although alterations from a dorsoventral copulatory position reduce the apposition between the urethral opening and the cervical opening.
The arrows point to the urethral openings.
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(figure 1a). Male common bottlenose dolphin (T. truncatus) have

a short penis shaft and tip while females have intermediate vagi-

nal complexity, consisting of one large recess and no other folds

(figure 1b). In both harbour porpoises and common bottlenose

dolphins, there is a natural bend in the penis, which appears

to correspond with kinks in the vaginal wall shape (figure 1).

Male short-beaked common dolphins (D. delphis) have a term-

inal penis tip while females have one small vaginal fold and

no large recesses (figure 1c). Male harbour seals (P. vitulina)

have a baculum and blood vascular penis with a terminal

glans while females lack vaginal folds but possess hymens. In

all species, vaginal folds were consistently deepest (extended

outwardly) on the dorsal side of the female.

In all four species, male and female reproductive anatomy

had the best shape correspondence and would enable

the deepest penile penetration of both the shaft and penis

tip in a dorsal penis to ventral vagina orientation (figures 2

and 3). Any deviation from this best fit orientation (at 908,
1808 or 2708) would result in the penis tip becoming trapped

along the vaginal wall or in a higher percentage of male or

female shapes not overlapping (electronic supplementary

material, table S2). In harbour porpoises and common bottle-

nose dolphins, the shaft of the penis fits into the caudal large

vaginal chamber and further penetration appears to be pre-

vented by the prominent vaginal fold (figures 2 and 3). The

penis tip must be positioned bending upwards to fit the narrow-

ing cranial vaginal lumen and deposit sperm proximate to the

egg (figure 2a). Thus harbour porpoises and common bottle-

nose dolphins seem to be examples of an antagonistic fit,

where the female vaginal fold appears to act as a barrier to

penile penetration. In short-beaked common dolphins and har-

bour seals, the two species with comparatively simple genitalia

and lacking elongated penis tips, the best fit orientation

included apposition of the male urethral opening with the

female cervical opening, which was lost when models were

rotated from 08 (figure 2c,d). Short-beaked common dolphins
and harbour seals seem to exemplify a congruent fit due to

the lack of apparent physical barriers (electronic supplementary

material, table S2).

Reconstructions of CT scan data confirm that the penis shaft

and tip comprise primarily erectile tissue (figure 3). In females,

erectile tissue is limited to the clitoris. Only the portion of the

penis distal to its sheath is able to penetrate the vagina. The

tip of the penis did not penetrate the cervix in any species

(figure 3). The CT scan data are congruent with the three-

dimensional model rotation data. In harbour porpoises

(figure 3a) and common bottlenose dolphins (figure 3b), the

penis tip can be bent backwards by the largest vaginal fold,

which protrudes into the vaginal lumen and prevents the

penis shaft from penetrating deeper. In short-beaked common

dolphins (figure 3c) and harbour seals (figure 3d), there is no

evident physical barrier imposed by vaginal fold tissue.
4. Discussion
In the species examined, the genitalia of male and female

marine mammals appear to have closely coevolved. The tip of

the penis or shape of the terminal portion of the shaft and the

lumen of the vagina strongly suggest morphological covari-

ation. We suggest both congruent and antagonistic coevolution

of male and female genitalia can occur among marine mammals.

Congruent coevolution is apparent in short-beaked common

dolphins (D. delphis) and harbour seals (P. vitulina), where the

vagina did not present physical barriers to obstruct the penis,

and the depth of penetration may be limited only by the

length of the penis. The shape of the female lumen and the

male penis are very similar, and both species lack a filiform

penis tip. In contrast, the well-developed vaginal fold(s) in the

harbour porpoise (P. phocoena) and common bottlenose dolphin

(T. truncatus) seem to curtail the depth of penile penetration

through physical obstructions, and therefore appear to be
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Figure 3. Reconstructions of CT scan images of penises inside vaginas. Images are reconstructed in sagittal plane for: (a) harbour porpoises (P. phocoena),
(b) common bottlenose dolphins (T. truncatus), (c) short-beaked common dolphins (D. delphis), and (d ) harbour seals (P. vitulina). Images on the left are
two-dimensional volume reconstructions using sharp lung and smooth soft tissue algorithms. The red arrows point to vaginal folds that prevent deeper penetration
of the penis. Images on the right are three-dimensional volume rendered (VOLR) protocols. Erectile tissue is red while non-erectile tissue is transparent.
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sexually antagonistic in nature. In these last two species, there is

a conspicuous penis tip (clearly distinct from the shaft) that is

bent at the level of the recess created by the largest vaginal fold.

Our technique resulted in full inflation of the penis shaft, but

only partial inflation of the penis tip or cone. Therefore, in

common bottlenose dolphins and harbour porpoises, it is pos-

sible that the distal filamentous penis tip may be able to navigate

through the remaining cranial vaginal folds, as it appears to be

under voluntary control in live cetaceans (D.N.O., personal

observation). However, the penis tip does not appear to be

long enough to penetrate the cervix as in some other artio-

dactyls [28], and therefore sperm ejaculated into the vagina

would remain subject to the extensive chemical defences, anti-

microbial defences and immune response mechanisms of the

cervix [36]. Our data fail to support the functional hypothesis

that that the presence of a baculum may help males enter the

cervix, as the penis tip did not penetrate the cervix in harbour

seals, consistent with the findings for rats (R. rattus; [12]).

Although we present data on only one representative

male and female from four focal species, we believe our

reported patterns are robust as clear inter-population vari-

ation was not found in the reproductive tract morphology

of female common bottlenose dolphins [32]. We selected

only the specimens in the best preservation state that were

sexually mature. Additionally, endocast shapes are conserved

within species, and inflated penis measurements and shapes
closely correspond with those collected on live males (unpub-

lished data). However, our small sample size is a limitation of

this study, and future work examining genital coevolution

with larger sample sizes would be fruitful.

In ducks, vaginal complexity is the consequence of sexual

coercion by males that are able to use their long penises to

quickly inseminate females despite female resistance [37].

Vaginal folds in cetaceans may similarly function as a mechan-

ism of post-copulatory control of paternity. The extensive

variation in vaginal fold morphology across cetacean species

is not well-explained by phylogenetic or allometric patterns

[16]. As cetaceans do not hold each other in place with appen-

dages during copulation, and as females have the ability to

evade males in a three-dimensional space, the body positioning

of the male relative to the female during sexual approach may

be a critical determinant of his fertilization success. Our data

indicate the best genital shape correspondence and deepest

possible penile penetration is a dorsal penis to ventral vagina

orientation (figure 2). As female cetaceans are generally evasive

of prospective mates [38], subtle shifts in body alignment

during copulation may enable females to divert the penises

of undesirable males into blind end vaginal recesses thereby

creating longer distances and more obstacles for sperm to tra-

verse to reach her egg. Thus vaginal folds may present

females with a mechanism of cryptic female choice [39], as

female cetaceans may incur substantial direct costs to
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resisting copulations including physical injury, harassment,

lost foraging opportunities and infanticide [40–42].

Although mating has not been observed in most species of

cetaceans and aquatically mating pinnipeds owing to the logis-

tical challenges of opportunistically observing copulations

(e.g. offshore habitats, submerged and out of view of observers;

[33]), future studies that document the body alignment of free-

swimming cetaceans during copulation are warranted to verify

that our simulated copulatory positions reflect real copulatory

patterns. In harbour porpoises and occasionally bottlenose dol-

phin, males have been observed hooking their penises around

the female in a dorsal penis-to-ventral vagina orientation

(D.N.O., 2016 unpublished data), consistent with our predic-

tions for genital shape correspondence. Since sex can serve

several non-conceptive functions among cetaceans (e.g. social

learning, play, establishment of social bonds and dominance

relationships; [43]), not all copulation events are expected to

be associated with the optimal body alignment predicted for

conceptive sexual intercourse. However, the techniques we

developed to explore copulatory fit can be broadly applied to

other taxa where copulations explicitly function in conception.

Specifically, our techniques can help predict which natural

copulations will lead to fertilization based on body alignment.

Our technique of inflating post-mortem penises and insert-

ing them into vaginas revealed that marine mammal genitalia

vary in their shape correspondence and in the possible mechan-

ical interactions that may occur during non-simulated

copulation. Other techniques to artificially inflate flaccid post-

mortem intromittent organs have been developed for insects

[44,45], snakes [12], alligators [46], armadillos [47], bats [48]

and rats [12]. However, as the cetacean penis is fibroelastic

rather than vascular, a novel inflation approach was necessary

to overcome the resistance of dense collagenous and fibrous

tissue. Our pressurized saline pump design can be used to

explore functional genital morphology in males and genital co-

evolution in a variety of animals that have remained enigmatic

due to the density of their erectile tissue, or to the large size of

their intromittent organs. Our techniques may be particularly

relevant to captive breeding programmes interested in species
conservation. For example, the reconstructed CT scan images

revealed that the penis shaft and tip pressed against the vaginal

wall and that there were mechanical interactions between male

and female anatomical landmarks (figure 3). It is possible that

mechanical stimulation of particular landmarks of the vagina

could enhance fertilization success. The development of vaginal

endocasts to explore genital shape could be applied to build bio-

mimetic vaginas that stimulate a higher volume or better quality

ejaculate from males during semen collection procedures.
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