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Copulatory wounding (CW) is widespread in the animal kingdom, but likely underreported
because of its cryptic nature. We use four case studies (Drosophila flies, Siphopteron slugs,
Cimex bugs, and Callosobruchus beetles) to show that CW entails physiological and life-
history costs, but can evolve into a routine mating strategy that, in some species, involves
insemination through the wound. Although interspecific variation in CWis documented, few
data exist on intraspecific and none on individual differences. Although defensive mecha-
nisms evolve in the wound recipient, our review also indicates that mating costs in species
with CWare slightly higher than in other species. Whether such costs are dose- or frequency-
dependent, and whether defense occurs as resistance or tolerance, decisively affects the
evolutionary outcome. In addition to sexual conflict, CW may also become a model
system for reproductive isolation. In this context, we put forward a number of predictions,
including (1) occasional CW is more costly than routine CW, (2) CW is more costly in
between- than within-population matings, and (3) in the presence of CW, selection may
favor the transmission of sexually transmitted diseases if they induce resource allocation.
Finally, we outline, and briefly discuss, several medical implications of CW in humans.

Males and females do not have the same fit-
ness optima for all traits (Bateman 1948;

Parker 1979; see contributions to this collec-
tion), which results in intraspecific, intrage-
nomic sexual conflict (Rice and Chippendale
2001). Sex-limited expression of traits is one
way in which the conflict over divergent trait
optima can be temporarily resolved. Sex-limited
trait expression may, however, result in intraspe-
cific, intergenomic conflict in which traits in
one sex can reduce the fitness of the other
(Rice and Chippendale 2001). Traits related to

mating may be particularly involved in this type
of conflict. Whereas gamete transfer requires
some degree of cooperation, the interaction be-
tween males and females during mating rarely
results in perfect harmony. Some extreme cases
have been reported in which mating attempts by
waterfowl or toad males resulted in the imme-
diate death of their mates (Holland Rice 1998).
These cases have remained anecdotes, likely be-
cause such male behavior will not result in fit-
ness gains and thus be selected against. In other
species, mating routinely involves forceful and
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apparently aggressive physical contacts between
mating partners. A well-studied system con-
cerns the male clasping devices and behaviors
to prevent females from escaping during copu-
lation in water striders (Arnqvist and Rowe
2002a,b). This system also shows female evolu-
tion in response to male aggression (Arnqvist
and Rowe 2002a,b). Other cases of sexual ag-
gression are known as sexual punishment (Clut-
ton-Brock and Parker 1995) or situation ex-
ploitation (Reinhardt et al. 2009b), in which
members of one sex exploit circumstances or
actively produce signals that reduce the ability
of the other sex to defend themselves against
mating attempts.

One form of seemingly aggressive mating in-
teraction that has received systematic treatment
only very recently (Lange et al. 2013a; Tatarnic
et al. 2014) concerns cases in which the mating
partner’s genital tract is injured during copu-
lation. These cases are defined as copulatory
wounding (CW) (Box 1) (Lange et al. 2013a).
Although CW may appear as an accidental

exception and so easily dismissed as being
anecdotal, a recent literature review revealing
that CW independently evolved in at least 36
taxa (Fig. 1) (Lange et al. 2013a) instead iden-
tifies it as a phylogenetically widespread phe-
nomenon.

CWoccurs in various forms and can be dif-
ferently categorized; here, we use the recently
unified terminology and categorization of the
different types of CW (Box 1) (Lange et al.
2013a). Before we deal with these technical as-
pects and definitions and discuss the origin of
CW and evolutionary consequences of its costs
and benefits, we introduce the topic by means of
four illustrative case studies. These were selected
among other well-studied animal model sys-
tems (reviewed by Lange et al. 2013a; Tatarnic
et al. 2014) to represent the great diversity of
CW mechanisms, while also providing a rela-
tively advanced state of knowledge about their
physiological underpinnings. We conclude by
illustrating some of the medical and legal con-
sequences of CW in humans.

BOX 1. DEFINITIONS OF TERMS RELATED TO REPRODUCTION AS USED IN THIS REVIEW

Copulation: Physical coupling of the sperm donor and recipient and intromission of the sperm
donor’s copulatory organ into the sperm recipient’s body (Alexander et al. 1997).

Copulatory organ: Any device used to transfer or receive sperm, including genitalia, spermato-
phores, and structures that secondarily acquired the function of sperm transfer or receipt.

Copulatory wounding (CW): An infliction of a wound during copulation involving copulatory
organs. The routine occurrence of CW (fixed trait) is classified as traumatic mating (TM).

Genitalia: In males, organs that initially in evolution function to transfer sperm and seminal fluid; in
females, these are organs that initially served to accommodate male genitalia and/or receive sperm
and seminal fluid.

Insemination: Sperm enter the recipient’s body (Alexander et al. 1997).
Inverted copulation: A process by which the sperm recipient uses structures to intrude the bodyof the

sperm donor in order to obtain sperm.
Mating: Generic term for animals interacting to breed; more generic than copulation.
Trauma: An externally inflicted physical wound.
Traumatic insemination (TI): The transfer of sperm through a wound (from Lange et al. 2013).
Traumatic mating (TM): Generic term to describe cases where, routinely, the partner’s intraB or

extragenital integument is wounded by specialized devices in the direct context of copulation
(Lange et al. 2013). TM subsumes TI, TST, and TP.

Traumatic penetration (TP): TM without substances being transferred through the trauma caused
(Lange et al. 2013).

Traumatic secretion transfer (TST): TM that includes the transfer of secretions, but not sperm through
the trauma (from Lange et al. 2013).

K. Reinhardt et al.

2 Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a017582

 on April 25, 2024 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


Traumatic mating

Likely

1 species

>1 species

Common

Demospongiae
Calcarea
Scleospongiae
Hexactinellidae

Scyphozoa
Hydrozoa

Anthozoa
Ctenophora

Priapulida
Loricifera
Kinorhyncha

Gordioidea
Nectonematoidea
Adenophorea

Secernentea
Eutardigrada
Heterotardigrada
Mesotardigrada

Pycnogonida
Arachnida
Merostomata
Chilopoda
Diplopoda
Pauropoda
Symphyla
Branchiura

Insecta
Protura
Diplura
Collembola

Malacostraca
Cirripedia

Onychophora

Copepoda
Branchopoda
Ostracoda

Monogenea
Trematoda
Turbellaria
Cestoda

Bdelloidea
Seisonidea
Monogononta

Gymnolaemata
Phylactolaemata
Stenolaemata

Inarticulata
Articulata

Entoprocta
Enopla
Anopla

Polychaeta

Hirundinea

Oligochaeta
Phascolosomatidae
Sipunculidea

Echiura
Polyplacophora
Solenogastres

Cephalopoda
Scaphopoda

Caudofoveata
Prosobranchia
Opisthobranchiaand pulmonata

Bivalvia
Ophiuridea
Asteroidea
Holothuridea
Echinoidea

Crinoidea
Enteropneusta
Planctosphaeroidea
Pterobranchia

Thaliacea
Phlebobranchiata

Appendicularia
Aplousobranchiata

Agnatha

Stolidobranchiata

Cephalochordata

Chondrichthyes
Ostheichthyes

Dinpoi
Amphibia

Testudines
Archosauria
Lepidosauria

Mammalia

Phoronida

Sagittoidea
Archisagittoidea

Figure 1. Phylogenetic distribution of TM in the animal kingdom. (Figure modified from Anthes 2010.)
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CASE STUDIES OF CW

Drosophila: Fruit Flies

In 2005, CW in Drosophila fruit flies was inde-
pendently observed by Yoshitaka Kamimura in
Hokkaido (Kamimura 2007) and Helen Crudg-
ington in Sheffield (Drosophila subobscura) (H
Crudgington, unpubl.). Since then, fruit flies
have become one of the best-studied taxa to
reveal mechanisms and functions of CW. It oc-
curs regularly and in the female is both intra-
genital, as well as extragenital (abdomen) (Ka-
mimura 2007, 2010). Wounds are inflicted by
appendages of male genitalia (Fig. 2) (Kami-
mura 2007; Kamimura and Mitsumoto 2011)
in at least 23 species of the Drosophila ananassae
and melanogaster subgroups, and a few other
species (Kamimura 2010).

In the Drosophila melanogaster subgroup,
two types of male structures puncture the female
abdomen, both ventrally and dorsally (Kami-
mura and Mitsumoto 2011). The frequency by
which copulations result in CW differs among
species of this subgroup. In D. melanogaster,
Drosophila simulans, and Drosophila teisseri,
genital wounding occurred in all observed cases
(Kamimura and Mitsumoto 2011, 2012) and
represents “traumatic penetration” (TP; Box
1), in Drosophila sechellia, CW occurs in 66%
of studied cases (Kamimura 2011).

Seminal fluid is not transferred through the
wound in any of the species of the melanogaster
group. In contrast, in Drosophila eugracilis, semi-
nal fluid, but not sperm, is transferred through
the genital wounds (Kamimura 2010), repre-
senting “traumatic secretion transfer” (TST;
Box 1).

“Traumatic insemination” (TI; Box 1) has
evolved from TP at least twice independently
in Drosophila. In addition to the melanogaster
group, species of the D. bipectinata species
complex in the ananassae subgroup show TI
through the genital wounds (Fig. 2) (Kamimura
2007).

The wound-causing genital spines in D.
ananassae promote anchorage between part-
ners and provide males a benefit in sperm com-
petition (Grieshop and Polak 2012). Costs of
this anchorage to females are unknown, but

may arise from infection (Kamimura 2012).
For instance, the female immune system in D.
melanogaster responds to seminal fluids (Peng
et al. 2005; Domanitskaya et al. 2007), but not
to bacteria (Gendrin et al. 2009) introduced to
the reproductive tract (Kamimura 2012). How-
ever, microbes experimentally deposited on
male genital plates persisted for longer and in-
duced stronger immune responses in the male
than when deposited on other tissues (Gendrin
et al. 2009).

Females in the melanogaster group show a
pattern of sclerotized structures that are hy-
pothesized to function as a resistance adapta-
tion (Kamimura and Mitsumoto 2011; Yassin
and Orgogozo 2013). Correspondingly, inter-
specific matings between the sister species Dro-
sophila santomea and Drosophila yakuba result-
ed in more damaging CW than in intraspecific
matings (Kamimura 2012).

Siphopteron: Sea Slugs

At least five species within the hermaphroditic
sea slug genus Siphopteron show CW. All inject
prostate fluids into the body of their mate dur-
ing every mating using a genital appendage ter-
minating in an injection stylet (Fig. 2) (Anthes
and Michiels 2007a,b; Lange et al. 2012, 2013b,
2014). Wound infliction and ejaculate transfer
through the wound involve different structures
(Anthes and Michiels 2007a), providing the po-
tential to isolate the costs of traumatic injec-
tions from general mating costs. Whereas high
mating rates, in general, cause a decline in fe-
male fecundity beyond an intermediate fitness
optimum (Lange et al. 2013a), these short-term
fecundity costs could not be linked to the
wound infliction per se (Lange et al. 2013b),
making Siphopteron a candidate to test whether
TST is maintained by a paternity benefit to the
wound inflictor.

The various Siphopteron species have high-
ly divergent and often species-specific traumat-
ic injection sites (Lange et al. 2014). Siphopteron
may, therefore, be a good model to test whether
CW occurs localized because of constraints
in the mating position or specific wounding
sites produce different fitness outcomes. There
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Figure 2. Well-studied model systems of CW. (Top) A mating pair of Drosophila bipectinata, as well as a close-up
of a pair of basal processes of the aedeagus (highlighted in orange) and gonopods (highlighted in green) that
make a pair of novel, harmful intromittent organs for sperm transfer. (Image from photographer and copyright
holder, Y. Kamimura, Keio University, Yokohama, Japan; reprinted, with permission.) (Bottom) A mating pair of
Siphopteron species 1 (sensu Lange et al. 2014), showing the position (dashed rectangle) and an enlarged view
(inset) of the intromittent organ, a needle-like injection stylet. (Image from photographer and copyright
holders, Johanna Werminghausen and Rolanda Lange, University of Tübingen, Germany; reprinted, with
permission.)
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is also substantial between- and within-species
variation in the shape and length of penile spines
and copulatory stylets (Reichel 2011), calling
for studies to assess the relationship between
variation in genitalia morphology and CW.

Cimicidae: Bedbugs

Bedbugs (Cimicidae) comprise approximately
100 species, which all show traumatic mating
(Usinger 1966) that has been classified as TI
(Lange et al. 2013a). Shape variation in male
intromittent organs is relatively small between
species (Usinger 1966), but length variation has
been documented within several species (Usin-
ger 1966; Reinhardt and Jacobs 2006). In the
best-studied system, the common bedbug Ci-
mex lectularius (Fig. 3), males harbor microbes
on their intromittent organs and transfer them
to females during mating (Reinhardt et al. 2005;
Otti et al. 2013). Females cannot avoid mating
by behavioral means (Reinhardt et al. 2009b)
and, hence, can neither avoid CW nor infection.
Females therefore rely on morphological or
physiological defense to ameliorate the costs of
CW. In most species, TI occurs localized where a
secondary genital structure, the spermalege, has
evolved (Fig. 3). In the common bedbug, the
spermalege is a complex organ that activates
sperm and digests seminal fluid (Davies 1966)
and has experimentally been shown to reduce
infection (Reinhardt et al. 2003), the effects of
wounding (Morrow and Arnqvist 2003), and
water loss (Benoit et al. 2012). Despite these
defense functions, females do incur costs from
an increased mating rate (Stutt and Siva-Jothy
2001; Morrow and Arnqvist 2003; Polanco et al.
2011). When the costs of the trauma and possi-
ble infection were kept constant experimentally,
higher amounts of ejaculate substances acceler-
ated female mortality, but overall provided ben-
efits to females in the form of higher fecundity
and delayed reproductive senescence (Reinhardt
et al. 2009a). How precisely female aging is de-
layed is unknown, but it appears that immune-
active ejaculate substances are involved (Otti
et al. 2013).

The various cimicid species differ in the po-
sition of where the spermalege is situated on the

body. In two species, the spermalege has evolved
to having an actual opening that males insemi-
nate into. Following Lange et al. (2013a), these
cases are classified as representing TI. However,
as is the case in other taxa of true bugs (Carayon
1966a; Tatarnic et al. 2014), mating is, strictly
speaking, not traumatic anymore because no
wounding is inflicted (see further discussion in
the section Major Evolutionary Trends of CW).

Rather peculiarly, males in two cimicid spe-
cies, Afrocimex constrictus and Latrocimex spec-
tans, wound and inseminate other males (Ca-
rayon 1966b; Reinhardt et al. 2007; K Reinhardt
and L Holman, unpubl.). Males of at least one of
the species, A. constrictus, possess a spermalege,
including those structures that have been shown
to reduce copulatory infection in C. lectularius
(Reinhardt et al. 2007). A certain proportion of
females mimic this male-type of spermalege,
and these females appear to experience a re-
duced mating rate (Reinhardt et al. 2007).

Callosobruchus: Bean Weevils

In several species of the bean weevil genus Cal-
losobruchus, males show TP inflicted by spiny
male genitalia (Fig. 3) (Crudgington and Siva-
Jothy 2000; Rönn et al. 2007). Between-species
variation is large and the genus has become an
outstanding model for testing the functions of
traumatic mating and its evolutionary mainte-
nance.

Intraspecific variation in genital spine
length exists, and longer genital spines were
found to cause more harm to females (Hotzy
et al. 2012) and lower female lifetime reproduc-
tive success (Rönn and Hotzy 2012). Males ben-
efit from longer genital spines by an increased
success in sperm competition (Hotzy and
Arnqvist 2009; Hotzy et al. 2012), a success
that was, however, not caused by an increased
anchorage benefit of longer spines to males
(Rönn and Hotzy 2012).

Research in Callosobruchus (Morrow et al.
2003; Edvardsson and Tregenza 2005) has also
revealed that the wounding itself of the female is
not adaptive for males under sperm competition
as hypothesized by allocation theory (Lessels
2006). To the contrary, experimentally wounded
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Figure 3. Additional well-studied model systems of CW. (Top) A mating pair of the common bed bug, Cimex
lectularius, showing the normal mating position (left), as well as a ventral view of a mating pair. The position of
an organ that evolved in response to male harm is indicated by a dashed rectangle. The inset shows the in situ
insertion of the male intromittent organ, a hypodermic needle-like structure. (Image from photographer and
copyright holder, Richard Naylor, CimexStore, Chepstow, UK; reprinted, with permission.) (Bottom) A mating
pair of the seed beetle, Callosobruchus maculatus. The spiny structure is the male penis, which is inserted into the
female genital tract regular, causing wounds that are visible as melanized scars (inset). (Image from photogra-
pher and copyright holders, PSmicrographs, UK and Mike Siva-Jothy, University of Sheffield, UK; reprinted,
with permission.)
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females rematedsoonerafterCWandsopromot-
ed sperm competition (Morrow et al. 2003).
Recent research further showed that a certain
type of female behavior regarded as defensive
(Crudgington and Siva-Jothy2000) mayactually
carry costs itself and contribute to decreased
female lifespan (Wilson and Tomkins 2014).

The following refers to all four previous ex-
amples.

With these examples, we have hopefully
shown that CW, rather than being an obscure,
anecdotal phenomenon, is real, widespread, and
important. We will now consider its morphol-
ogical, physiological, and evolutionary causes
and consequences in more detail.

A MECHANICAL ORIGIN OF CW

CW can occur inside the genital tract of the
wound recipient (intragenital wounding) or
outside of it (extragenital wounding) (Carayon
1977; Lange et al. 2013a).

Intragenital CW

Intragenital CW likely derives from a mis-
matching of male and female genitalia or behav-
ior. For example, reproductive tissue can be
ruptured, overstretched, torn, or pierced during
copulation if there is a mismatch between male
and female reproductive morphology (Fig. 4),
but also if behavioral elements in the sequence
of copulation are exaggerated or mistimed (Fig.
4). In common bedbugs, Cimex lectularius, for
example, in which every copulation is asso-
ciated with CW (see the section Case Studies),
females can make forceful jerking abdomen

movements to shake off males that attempt to
copulate. These sudden movements, however,
stop as soon as the male pierces his intromittent
organ through the female integument (K Rein-
hardt, unpubl.). A continuation of these move-
ments during intromission would presumably
increase tissue rupture and, thus, be mistimed
from the female perspective. Perhaps, such fe-
male behavior can explain why, in seed beetles
(see the section Case Studies), female behavio-
ral defenses may contribute to decreased female
lifespan (Wilson and Tomkins 2014).

Theoretically, when coupled to a fitness
benefit to either recipient or inflictor, such ac-
cidental, intragenital CW can evolve toward a
routine mating strategy involving specialized
wounding structures.

It is noteworthy, at this point, that similar
mismatch mechanisms underlying copulatory
genital injuries have been described in the med-
ical literature using terms such as penovaginal
disproportion, excessive force, or unusual be-
havior at coitus (Eke 2002) (for further discus-
sion, see the section CW in Humans, with a
Note on Its Medical and Legal Significance).

Extragenital CW

Explaining the origin of extragenital CW is
more difficult and probably begins with a devi-
ating male behavioral element, perhaps involv-
ing any of the anchorage or harming benefits
discussed in Lange et al. (2013a). Before extra-
genital TI can evolve from accidental extragen-
ital CW, the ability of sperm to survive outside
the female sperm receptive organs must also
have evolved.

Some species show large variation in the site
of extragenital CW, whereas in others CW is
strictly localized (Lange et al. 2013a, 2014). It
is unclear why specific body sites are being tar-
geted. Although there may be constraints on
mating position, it has also been suggested
that CW, at specific sites, may increase partner
manipulation (Lange et al. 2014), accelerate
partner survival (and, hence, increase its repro-
ductive output), or sperm survival.

Not all copulatory mismatches will lead to
CW. CW may also be affected by the material

Female
copulatory
behavior

Male
copulatory
behavior

Female genital
morphology

Male genital
morphology

Figure 4. A scheme of mismatches leading to CW.
During copulation, any mismatch between male
and female genital morphology, or the occurrence
of unusual copulatory behavior, can lead to wound-
ing of the partner’s, or their own, genital organs.
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properties of the reproductive tissues involved.
For example, elastic female reproductive tissue
will accommodate a larger range of male genital
morphologies than sclerotized tissue without
leading to CW.

WHICH SEX CAUSES CW?

Because of the different fitness optima for mat-
ing traits (Bateman 1948; Parker 1979; referenc-
es in this collection), males and females experi-
ence different selection pressures and it will
often be important to identify which sex in-
flicts the copulatory trauma. Although it is usu-
ally males that have specific wounding organs
(Lange et al. 2013a), it may be worth pointing
out a number of circumstances under which it is
difficult to predict which sex inflicts the wound.

1. Consider a male whose copulatory organ
does not inflict a genital wound in most fe-
male phenotypes, but does so in females that
show unusual movement during copulation.
Here, the mismatch causing CWarose from a
behavioral deviation in the female. The term
“wound inflictor” can therefore be ambigu-
ous. In species in which CW is rare, such
ambiguity can be circumvented by classify-
ing whether it is the male or female that de-
parts from the sex-specific morphological
or behavioral population mean (cf. Fig. 4).
However, even this approach is not free from
anthropomorphic judgment because it may
be the male that induces the behavioral
deviation in the female. In species in which
CW occurs routinely, the ancestral state of
male and female morphology or behavior
may be predicted from related species.

The same considerations apply to cases
in which the male intromittent organ is in-
jured during copulation. This situation may
be self-inflicted, but may also arise from fe-
male resistance behavior or morphology and,
hence, not be “self”-inflicted.

2. In contrast to self-infliction caused by part-
ner resistance, in several species, the intromit-
tent organs routinely break and the whole or
parts thereof remain in the female (nudi-
branchs: Sekizawa et al. 2013; spiders: Uhl et

al. 2010; Izquierdio and Rubio 2011; earwigs:
Kamimura 2003; bees: Franck et al. 2002).
This self-inflicted CW can acquire adaptive
function (such as preventing remating of
the partner: Nessler et al. 2007; Uhl et al.
2010), in which case the term “wound inflic-
tor”would,again,beambiguous,evenmoreso
if specific break-off points evolved (e.g., Uhl
et al. 2010; Sekizawa et al. 2013) that no longer
result in wounding. In other species, injuries
to the intromittent organs happen occasion-
ally rather than routinely (moths: Cordero
and Miller 2012; humans: the section Case
Studies) and their adaptive function, if any, is
unknown (but, see Cordero and Miller 2012).

3. Exceptional situations can emerge in her-
maphrodites when an individual chews off
the male intromittent organ of the mating
partner after copulation (as in banana slugs:
Leonard et al. 2002). Although such behavior
fulfills our definition of CW (Box 1), it does
not target the organ that receives the sperm.

In the following, we will use wound inflictor
synonymously with male (or the male function
in hermaphrodites) and wound recipient syn-
onymously with female (or the female function
in hermaphrodites). We do so to facilitate the
presentation of our arguments, although it may
oversimplify real-world situations, especially in
hermaphrodites in which being wounded af-
fects the entire organism of both sexual func-
tions (see Schärer et al. 2014).

Regardless of whether CW is self-inflicted or
inflicted by others, the resulting injuries will
elicit a similar range of physiological responses.

PHYSIOLOGICAL EFFECTS OF CW

The Nature of the Physiological Costs

Once the copulatory trauma is inflicted, one or
several immediate effects can occur in the
wounded individual: (1) blood loss, (2) the en-
try of microbes, and (3) the entry of other non-
self particles. These effects and subsequent de-
fensive responses have been discussed earlier
(Siva-Jothy 2009) and are only briefly consid-
ered here.
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Preventing Blood Loss

The activation of repair cascades, the transport
of cells to a wound, and wound closure are ubiq-
uitous among vertebrates and common among
invertebrates (Theopold et al. 2004). Although
the process of wound healing after CW is almost
unstudied, we, here, assume it is similar to ge-
neral wound healing.

Preventing Microbial Infection

After CW, external male or female surface-
dwelling or sexually transmitted microbes may
enter the wound (Eke 2002; Mehta et al. 2009,
2010, 2012; Otti et al. 2009, 2013; Kamimura
2012; and references therein). This elicits a series
of responses. For example, in insects, blood clots
are formed and prevent systemic infection (The-
opold et al. 2004; Haine et al. 2007). After clot-
ting, the next line of defense is the activation of
local and systemic immune cascades (Siva-Jothy
et al. 2005). It is important to note that genital
infections, at least in males, cause systemic re-
sponses and sepsis much more often than infec-
tion through other tissues (Gendrin et al. 2009).

Responses toward other Non-Self Particles

Other non-self objects, such as blood and sperm
cells, seminal fluid molecules, or particles from
the environment, may also elicit clotting or im-
mune responses. Immune responses toward
male ejaculate proteins occur widely and seem
particularly energy intense (Peng et al. 2005;
Domanitskaya et al. 2007; Morrow and Inno-
centi 2012).

CW Can Elicit Dose- or Frequency-
Dependent Costs

Trauma effects, such as blood loss or ejaculate
toxicity, may be dose-dependent such that en-
ergy costs increase when more blood is lost or
when more seminal protein delivered. Other
effects will be frequency-dependent. For exam-
ple, infection may occur after one CW event
regardless of how many microbes have entered.
Wound healing and immune responses may also
be activated after CW regardless of whether the
trauma is a slight rupture, a mucus lesion, or a

severe injury. The distinction of dose- and fre-
quency-dependent costs of CW and its impor-
tant evolutionary consequences (see the section
Outlook and Future Research in CW) have not
previously been recognized (but see Reinhardt
et al. 2011 for a similar argument).

LIFE-HISTORY CONSEQUENCES OF CW

Physiological studies show that energy is re-
quired to reduce, prevent, or outweigh the con-
sequences of trauma. Allocating resources to
provide the energy necessary to compensate for
blood loss, wound healing, or activation of the
immune system is costly (Moret and Schmid-
Hempel 2000). Energy into repair or immune
function may be “directly” diverted from other
activities, or obtained via increased feeding ac-
tivity, which “indirectly” takes away resources
from other body functions.

Resource allocation will depend on the
amount of energy needed and wounded indi-
vidual’s expected lifespan, or more precisely,
its residual reproductive value (Clutton-Brock
1984). If CWoccurs early in life, more resources
may be spent on immune function. If CW oc-
curs late in life, or is very severe, the wounded
individual may invest little into defense and,
instead, allocate all remaining resources into
maximizing reproductive output in the face of
death. This process is known as terminal invest-
ment (Clutton-Brock 1984) and has important
evolutionary consequences (Johnstone and Kel-
ler 2000; Lessels 2006): CW may benefit the
wound inflictor by inducing resource allocation
to reproduction in the recipient, and so persist
evolutionarily. However, empirical studies test-
ing whether CW induces resource allocation are
lacking. Although females of three insect species
that were injured just after females had mated
showed no increased investment (Morrow et al.
2003), the females had been wounded at body
sites unconnected to the reproductive tract. Any
response in females that occurs specifically in
response to CW, rather than normal wounding,
would remain undetected. In contrast, infection
is known to induce resource allocation (Gus-
tafsson et al. 1994; Adamo 1999; Reaney and
Knell 2010). Siva-Jothy (2009) argued that fe-
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males are able to predict the time of mating and,
therefore, the physiological and infection costs
of CW. This predictability may lead to the evo-
lution of CW-anticipating immune responses,
the basic mechanism of which has recently been
shown for a sexually transmitted disease (STD)
(Zhong et al. 2014). Anticipated responses re-
quire energy and thus may alter the timing of
resource allocation, but will not abolish it.

A speculative, previously unconsidered life-
history consequence might be that immune re-
sponses after CW reduce the costs of later infec-
tions—akin to vaccination or immune priming.
Because immune priming also occurs in inver-
tebrates (e.g., Little and Kraaijeveld 2004), this
mechanism may potentially be widespread. Al-
though this possibility is not further discussed
here, it illustrates the complexity of responses to
CW (and may be tractable to a solution using
mathematical modeling).

EVOLUTIONARY CONSEQUENCES OF CW

Sexual Conflict and the Evolution
of Traumatic Mating

The physiological demands and their life-his-
tory consequences induced by CW will carry

fitness costs and affect evolutionary change if
CW varies among wound inflictors and re-
cipients, and if characters affecting CWare her-
itable (Fig. 5). Similar to the success of any
new mutation in a population, the initial occur-
rence of CW may be beneficial, neutral, or del-
eterious to either wound inflictor or recipient,
and so will persist or disappear. Details of the
costs and benefits of CW have extensively been
discussed elsewhere (Lange et al. 2013a). Here,
we only briefly consider scenarios that occur
under sexual conflict, that is, when only one
sex, but not the other, incurs fitness costs.
This includes a new hypothesis on facilitated
transfer of STDs.

Selection for Traumatic Penetration
from Accidental CW

TP can evolve from accidental CW (Fig. 5) if
the male fertilizes more eggs after CW because
the recipient delays remating or lays more eggs
(for details, see Lange et al. 2013a). For the lat-
ter possibility, altered resource allocation (see
the section Life-History Consequences of CW)
(Lessels 2006) is required. D. sechellia may offer
a suitable system to study the transition from
rare CW to regular TP. CW, in this species, is

Type of
trauma

Type of
female

response

Female defense

Resistance

Male trait
exaggeration

Male trait
exaggeration

TI, TST
persist

TI, TST
disappear

CW
persists

CW disappears
(facilitated intermission)

ResistanceTolerance
(e.g., wound repair)

Tolerance

Female defense

Outcome

Copulation

Accidental
copulatory
wounding

(CW)

Regular
copulatory
wounding

(TP)

Accidental
diffusion of sperm

or seminal
fluid through
the wound

Regular delivery of
sperm or seminal
fluid through the
wound (TI, TST)

Benefit to
male

or female

Benefit to male
or female

Benefit to male
or female

Genetic
basis of CW

Genetic
basis of TP

Costs to
female

Costs to
female

Benefit to male
or female

Figure 5. Flow diagram highlighting CWas a signature of sexual conflict. Several outcomes of sexual conflict are
possible, including male and female genital exaggeration, male and genital female simplification, and, across
populations, male and female genital diversity. The complete disappearance of CW is also possible. As not all
genital characters under selection may respond in the same way, CW may also contribute to the evolution of
genital complexity.

Copulatory Wounding and Traumatic Insemination
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facultative and occurs in 66% of observed cases
(Kamimura 2011).

Selection for TI and TST from Accidental
Transfer of Sperm and Seminal Fluids

In several species, sperm or seminal fluids are
exclusively transferred traumatically (TI, TST)
(Lange et al. 2013a). TI or TST may evolve from
accidental deliveries of sperm or seminal fluid if
(1) the recipient’s short-term reproductive out-
put is increased compared with partners with-
out traumatic delivery, or (2) if the paternity
share of the wound inflictor is increased with-
out necessarily increasing the wound recipient’s
reproductive output (for details, see Lange et al.
2013a). Paternity benefits that are exclusively
caused by the traumatic delivery of sperm or
seminal fluids are difficult to reveal experimen-
tally, but have been predicted to occur if they
bypass the often hostile reproductive tract of the
wound recipient, particularly structures that re-
sorb sperm or mix the sperm with that of other
males. Such paternity benefits may also arise if
the traumatic delivery of seminal fluids manip-
ulates the recipient’s physiology and reduces the
resorption of currently received sperm.

Selection for the Transfer of STDs in the
Wound Inflictor

If the short-term reproductive rate of the female
increases because of resource reallocation (Les-
sels 2006) and if microbes are involved in elic-
iting resource allocation (see above), both argu-
ments can be connected to form a novel, testable
hypothesis detailed below.

Microbes are found on the intromittent or-
gans of males in several species without nec-
essarily infecting the male (see references in
Reinhardt 2010). Such microbes can enter cop-
ulatory wounds (see references in Reinhardt
et al. 2005; Otti et al. 2009; Siva-Jothy 2009),
and elicit immune responses (Otti et al. 2009,
2013; Siva-Jothy 2009). Microbes can also in-
crease an infected host’s investment into cur-
rent reproduction (Gustafsson et al. 1994; Ada-
mo 1999; Reaney and Knell 2010), and sexually
transmitted microbes particularly benefit from,

and select for, increased mating activity of the
host (albeit inducing sterility) (Lockhart et al.
1996). Under the condition that sterility does
not occur immediately, copulatory infection, or
the associated immune response, may induce
the wound recipient to invest more into current
reproductive output. This may then lead to se-
lection acting on wound inflictors to harbor
microbes on their genitalia or increase microbe
transmission to the wound recipient. Under
this hypothesis, sexual conflict increases, but
aspects of the host–parasite conflict between
males (wound inflictors) and their STDs would
relax. Experimentally separating the effects of
the microbes from the effects of CW will be
challenging.

Defensive Adaptations and Variation
in CW

Wound inflictors and recipients coevolve like
other parties in evolutionary conflicts (this col-
lection). This causes costs and benefits of CW,
TI, and TST to vary over evolutionary time, and
generates several predictions.

Low Costs of CW over Most of Evolutionary
Time

Females will often carry large costs of CW and
are expected to adapt very rapidly. As a conse-
quence, the observable costs of CW may be low
over much of evolutionary time (longitudinal-
ly) and, hence, in many study systems (corre-
sponding to cross-sectional sampling). There-
fore, the costs of mating in species with TM may
not, generally, be expected to be higher than
in species without TM or other forms of CW
(Morrow and Arnqvist 2003). This can be tested
by comparing female fitness in response to mat-
ing rates in species with CW and other species
(Table 1, Fig. 6). Following the approach by
Arnqvist and Nilsson (2000), we measured the
response rate (defined in Table 1) of two fitness
proxies to elevated mating rates for both species
groups. Response ratios .1 indicate benefits,
response ratios ,1 indicate costs.

For female lifespan, the response rate of
species with CW (overall 0.89) showed a modest
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decline in females exposed to high, relative to
low, mating rates, and this figure almost perfect-
ly matches the mean response rate of all species
(0.88) listed by Arnqvist and Nilsson (2000).
Similar to all previously investigated species,
species with CW show little variation in re-
sponse rates among different types of measure-
ment and experimental treatment (Types 1, 2,
and 3 as defined in Table 1).

For egg production, a more immediate fit-
ness measure than lifespan, the pattern is a little
more differentiated (Fig. 6). The overall re-
sponse rate in CW species (1.05) tended to be
smaller than that reported for all species (1.11)
by Arnqvist and Nilsson (2000) (Table 1). This
pattern is largely caused by smaller benefits of
females exposed to intermediate mating rates
compared with low mating rates (Type 1) for
CW species (response rate 1.23 vs. 1.14; Fig. 6),
as well as the fact that high mating rates or life-
long exposure to males (Type 2) causes costs in
females of CW species (0.84), but results in ben-
efits to females of all other species (1.19) (Table
1; Fig. 6). No difference was visible when com-

paring intermediate mating rates with high mat-
ing rates (Type 3).

Taken together, the results indicate that fe-
male benefits of multiple mating (response ra-
tios . 1) persist under routine CW, but these
benefits are slightly reduced as a consequence
of CW. It will be useful to (1) determine in how
many of the species listed by Arnqvist and Nils-
son (2000) CW occurs cryptically, but has
not yet been revealed, and (2) whether this pat-
tern persists once the current bias toward insect
studies (Table 1) will be removed (see the sec-
tion Outlook and Future Research in CW).

Intraspecific Variation in the Incidence
of CW

If the costs of CW vary over evolutionary time as
outlined above, we predict species to differ also
in the rates at which CW is inflicted. However,
this prediction cannot currently be tested be-
cause none of the few species in which CW is
not fixed (i.e., CW rate , 100%) (Table 2) have
been examined for the costs of CW (cf. Table 1).

CW onlyCW only All speciesAll speciesAll species
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Figure 6. Distribution of response ratios (defined in Table 1) illustrating positive (values .1) or negative (values
,1) effects of enhanced mating frequencies on female egg production. “All species” refers to all species listed by
Arnqvist and Nilsson (2000) (blue circles). They are compared with species showing CW (“CW only,” orange
triangles). Original data for the CW species and definitions of the three experimental types are given in Table 1.
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The same prediction of variable rates of CW
should hold for populations within a species
that evolve independently, but no data exist to
test this question. In fact, intraspecific variation
in the incidence of CW has only been studied in
bedbugs (no variation, 100%), humans, and
dart-shooting snails (Table 2). In dart-shooting
snails, Baminger et al. (2000) found that CW is
attempted in 23%–50% of individuals. Wheth-
er intraspecific variation will evolve into inter-
specific variation depends on the genetic com-
ponent of CW, whether CW is transient in

populations or relatively fixed, and how strongly
CWacts in reproductive isolation.

If the proportion of CW increases rapid-
ly because wound recipients experiencing low
costs are selected for, the costs of CW for indi-
vidual wound recipients are predicted to be
lower in populations in which CW is more com-
mon. No data exist that allow testing this pre-
diction. If, in contrast, the proportion of CW
is relatively stable, it may be the result of dif-
ferent individuals responding in different ways
genetically to CW. This situation may lead

Table 2. Selected examples of inter- and intraspecific variation in CW

Group Species

Proportion of copulations with

CW (N populations examined) References

Earwigs
(Pygidicranidae)

Echinosoma
denticulatum

100% (1) Kamimura and Lee 2014

Bedbugs (Cimicidae) All species 100% (all) Usinger 1966
Damselbugs Nabis pseudoferus 3.5% (?) Carayon 1966a
(Nabidae) Alleorhynchus furens �10% of males (?) Carayon 1966a
Spiderweb bugs

(Plokiophilidae)
Embiophila species 7% of males (?) Carayon 1966a

Fruit flies
(Drosophila)

Drosophila sechellia 66% (1) Kamimura and
Mitsumoto 2011

Drosophila melanogaster 100% (1) Kamimura 2010
Drosophila simulans 100% (1) Kamimura and

Mitsumoto 2011
Drosophila teisseri 100% (1) Kamimura and

Mitsumoto 2012
Ground beetles

(Carabidae)
Carabus iwakianus 0% (1) Sota and Kubota 1998

Carabus maiyasanus 11% (1) Sota and Kubota 1998
C. iwakianus male �

C. maiyasanus
female

30% (1)

C. maiyasanus male �
C. iwakianus
female

47% (1) Sota and Kubota 1998

Moths Nystalea aequipars One of two mated females (1) Cordero and Miller 2012
Scotura annulata One of three mated females (1) Cordero and Miller 2012
Malacosoma One of 68 mated females (1) Bieman and Witter 1982

Land snails Arianta arbustorum 23%–50% (3) Baminger et al. 2000
Cornu aspersum 73% (1) Chase and Vaga 2006

Humans 10%–52% (several) reviewed Astrup et al.
2012; Lincoln et al.
2013

The proportion of copulations resulting in CW differs across species. The table is based only on examples resulting from

systematic anatomical dissections or observations.
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to female-limited polymorphism or sympatric
speciation (Gavrilets and Waxman 2002). Evi-
dence consistent with that model comes from
a study of A. constrictus, in which some female
morphs attracted fewer wounds than others
(Reinhardt et al. 2007).

Inter- and Intraindividual Differences

Intraspecific, interpopulation variation in the
proportion of copulations resulting in CW
may be caused by environmental or genetic dif-
ferences between populations. Consistent ge-
netic differences between populations require
that interindividual differences in wounding,
or in being wounded, are consistent and are
smaller than between-population differences.
No data on individual or genotypic differences
exist so far. However, Drosophila mutants with
genitalia differences (Masly et al. 2011; McNeil
et al. 2011; House et al. 2013) may be used to
uncover genotypic differences in CW.

CW and Reproductive Isolation

CW as a Barrier against Hybridization
between Species

Almost universally, genitalia differ between spe-
cies. Therefore, in cross-species mating at-
tempts, mismatches between male and female
morphology and copulatory behavior (Fig. 4)
will be larger in inter- than in intraspecific pair-
ings, and fitness costs will likely be higher. In this
case, CW would represent a barrier against hy-
bridization. Empirical examples have confirmed
such barrier function. In ground beetles (Sota
and Kubota 1998) and Drosophila (Kamimura
2012), interspecific matings resulted in more
severe CW than intraspecific mating crosses,
but in both cases, asymmetrically in only one
direction. Remarkably, the risk of foreign, bac-
teria-sized particles to invade the copulatory
wound was increased in both interspecific pair-
ings (Kamimura 2012). This points toward the
possibility that infection, in addition to CW it-
self, may generate a hybridization barrier. For
traumatically inseminating plant bugs, Tatarnic
and Cassis (2013) speculated that the interspe-

cific morphological genitalia variation also has
evolved by selection against hybridization (char-
acter displacement).

CW as an Isolating Factor in Reproductive
Isolation

CW may not only represent a barrier against
hybridization, but also cause reproductive iso-
lation, that is, the emergence of new species.
Between-population mismatches in genitalia
morphology or copulatory behavior (Fig. 4)
may be larger than within-population mis-
matches. If between-population matings result
in more CWand reduced fitness compared with
within-population matings, CW will represent
an isolating factor (see Rice 1998 for general
reasoning). This topic remains unexplored
and itself rests on the unexplored assumption
that between-individual differences in wound-
ing or being wounded are consistent and have a
genetic component.

Consistent interpopulation differences in
CW may also drive evolutionary variation in
wound healing, but no data exist on healing
differences between populations.

Major Evolutionary Trends of CW

Three major evolutionary trends were identified
to be associated with TM (Lange et al. 2013a):
(1) increased male and female genital complex-
ity, such as in dart-shooting mollusks (Koene
and Schulenburg 2005), (2) convergent evolu-
tion to simple, needle-like organs (Eberhard
2006), and (3) thickened or sclerotized tissue
at the sites of wounding, such as in bruchid
beetles (Rönn et al. 2007) or some bug families
(Carayon 1977). We wish to propose a fourth
trend that is linked to female tolerance as a de-
fense strategy: (4) the reduction of CW or TM
(Fig. 5). In at least one strepsipteran and two
bedbug species, as well as in the Lyctocoridae
and Plokiophilidae (true bugs), female struc-
tures evolved that tolerate, or facilitate, rather
than resist male intromission. At body sites in
which sister species show copulatory wounds or
thickened tissue to resist intromission, females
in these groups evolved a novel opening in the
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integument (Usinger 1966; Carayon 1974, 1977;
Beani et al. 2005). As a result, sperm delivery is
not (any more) associated with trauma. Other
families of true bugs contain males with needle-
like copulatory organs, as well as females with
secondary genital openings (Carayon 1977; Ta-
tarnic and Cassis 2013; Tatarnic et al. 2014).
This combination of traits makes it possible,
even likely, that these families represent cases
in which males initially performed CW, but fe-
male tolerance led to CW being lost, although
no species exist in which CW currently is ob-
served.

These cases concern the evolution of a sec-
ondary genital tract. However, the same argu-
ments may be used to explain the evolution
of a primary genital tract. For example, Lange
et al. (2013a) highlight that TI occurs in some
species within clades of otherwise externally fer-
tilizing polychaete worms. If females in these
species would be selected to evolve an open-
ing to receive sperm rather than to experience
TI, we would have the scenario that CW actu-
ally precedes the evolution of a female genital
tract and, hence, copulation in the stricter sense
(but, see our broader definition of copulation
in Box 1).

CW IN HUMANS, WITH A NOTE ON ITS
MEDICAL AND LEGAL SIGNIFICANCE

Epidemiology of Genital Wounds after
Consensual Sexual Intercourse

Wounding of the female, and sometimes the
male, genital organs regularly occurs during
consensual sexual intercourse in humans. In-
cluding only the skin-breaching symptoms that
obey our definition of CW (Box 1), such as mu-
cus lesions, abrasions, or lacinations, CW was
found in 10%–52% of the examined women
(Astrup et al. 2012; Lincoln et al. 2013). Howev-
er, a standard classification of genital injury after
sexual intercourse was not available until recent-
ly (Kelly et al. 2013). Variation in CW between
studies will therefore include actual variation
between populations, but also variation as a
result of different methodologies. This uncer-
tainty is likely to also apply to animal studies.

Physiology

In humans, post-CW healing can be inferred
from the fact that fewer genital wounds have
been found 36 h after injury than after 0–24 h
(Anderson et al. 2008; Berkowitz 2011; Astrup
et al. 2012). The time course of wound healing
seems unknown in animal studies, but may be
easily considered in arthropods, in which re-
paired wounds are visible as black melanin scars.

Male Injuries during Consensual
Intercourse

Penile fractures and prepuce lesions can occur
during sexual intercourse (Yip et al. 1989; Lee
et al. 2000; Szabo and Short 2000; Ozorak et al.
2014). Prepuce lesions are medically significant
because they provide a route for systemic STD
infections (Szabo and Short 2000; Mehta et al.
2009), and male circumcision during boyhood
was associated with fewer injuries in adulthood
during sexual intercourse (Mehta et al. 2010). It
would be worthwhile to study whether efforts to
reduce such STD infections in populations con-
tributed to the cultural emergence of male cir-
cumcision.

Penile fractures appear to happen more fre-
quently in stressful situations or when some
degree of unusual copulatory behavior is in-
volved (Kramer 2011), suggesting the general
mismatch scheme (Fig. 4) does, in principle,
also apply to humans.

Nonconsensual Sex, Forced Sex, and Rape

In cases of rape and nonconsensual sex, injuries
to the victim are common (e.g., Riggs et al.
2000). Nonconsensual sex was found to result
in much, moderately, or not significantly more
female genital injuries compared with consen-
sual sex (Edgardh et al. 1999; Jones et al. 2003;
Anderson et al. 2009; Lincoln et al. 2013). How-
ever, the lack of a classification scheme of female
genital injuries until recently (Kelly et al. 2013)
and the occurrence of genital wounds after
consensual sex made a recent review conclude
that “the presence or absence of genital injury
should not be used to render an opinion regard-
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ing consent to sexual intercourse” (Anderson
and Sheridan 2012). We do not discuss this top-
ic in more detail as such cases usually represent
situations in which human males use sex as a
weapon (Geist 1988). Although sperm transfer
is involved in a large number of rape cases
(e.g., Riggs et al. 2000) we, unlike some investi-
gators, consider such cases as generically, rather
than reproductively, aggressive male behavior
(see also Coyne 2000; Coyne and Berry 2000).
The limited relevance to applying sexual con-
flict theory is, among others, apparent from the
fact that many victims are outside reproductive
age (Riggs et al. 2000; Jones et al. 2009).

OUTLOOK AND FUTURE RESEARCH
IN CW

The study of CW has gained momentum, espe-
cially in sexual conflict research. Below, we pro-
pose that CW is probably still grossly underre-
ported. Getting a more complete picture of the
taxonomic distribution and abundance of CW
is an important task for future research. How-
ever, we also wish to emphasize that some of the
existing data already indicate that the study of
CW may provide exceptional contributions to
some areas of evolutionary biology.

CW Is Likely Understudied and
Underreported

The 36 cases of CW mentioned by Lange et al.
(2013a) may be supplemented by at least six ad-
ditional examples to include the cases of carabid
beetles (Sota and Kubota 1998), two species of
notodontid moths (Cordero and Miller 2012),
an earwig (Kamimura and Lee 2014), as well as
humans (see above), and one more case in fruit
flies if CW in D. teisseri (Kamimura and Mitsu-
moto 2013) represents an independent event.
Other recent studies confirmed the occurrence
of TM in other taxa (e.g., flower bugs: Shapiro
et al. 2010; Tatarnic et al. 2014). We propose that
CW will be detected in many more taxa given
that CWduring consensual sexual intercourse in
humans was described only relatively recently.
More strikingly, CW was found to occur regu-
larly in D. melanogaster only a few years ago (Ka-

mimura 2007), although as one of biology’s
main model organisms, it had been under ana-
tomical and physiological scrutiny for more
than 100 years. There may be at least five addi-
tional reasons why CW is likely more common
than currently appreciated:

1. The frequent evolution of copulation, and
hence of intromittent organs, from spawning
or spermatophore transfer has been shown
for various groups, including hermaphro-
dites (Michiels 1998), insects (Proctor 1998;
Heming 2003), and the Bilateria (Mann
1984). Such evolutionary volatility of copu-
lation itself likely goes in hand with substan-
tial variation in genital morphology and cop-
ulatory behavior, and so may cause CW by
mismatch (Fig. 4).

2. Copulatory organs evolved from a diverse set
of developmental structures, representing
penises, ectodermal appendages (such as
parameres in the insects: Carayon 1966b),
mouthparts (such as the pedipalps in spi-
ders: Uhl et al. 2010), and a range of struc-
tures collectively known as spermatophores
of various origins (Davey 1960; Mann 1984).
Such frequent developmental reorganiza-
tions may increase the likelihood of copula-
tory mismatches and, hence, CW.

3. It is a striking pattern that spines on male
intromittent organs recurrently evolve.
They are found in many taxa, ranging from
primates (Stockley 2002), snakes (Zaher
1999), and insects (Rönn et al. 2007; Cordero
and Miller 2012) to mollusks (Valdes 2004)
or nematodes (Coomans et al. 1988). Some
of them are known to cause CW (Lange et al.
2013a), but in most taxa, CW that has not
been looked for.

4. In addition to the abundant sources of evo-
lutionary novelties across species, evidence
exists for intraspecific variation in genital
morphology (Hotzy and Arnqvist 2009)
and copulatory behavior in species without
currently recognized CW (West-Eberhard
2003; Cordero et al. 2004; Oliveira et al.
2008). This variation may increase opportu-
nities of mismatches (Fig. 4). Particularly
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noteworthy is that intraspecific variation in-
cludes variation in male genital spines and
other potential wounding devices in CW
species (Hotzy and Arnqvist 2009; Cayetano
et al. 2011; Masly et al. 2011). Increased po-
tential for CW arises if variation in genital
spines exists also in non-CW species.

5. Finally, not merely one, but several different
processes contribute to variation in genital
morphology and copulatory behavior, in-
cluding sexual selection (reviews: Eberhard
1985, 1996; Arnqvist 1998; Hosken and
Stockley 2004; experimental evidence: Caye-
tano et al. 2011; House et al. 2013), envi-
ronmental variation and natural selection
(Reinhardt 2010; experimental evidence:
House et al. 2013), phenotypic plasticity
(Neufeld and Palmer 2008), and pleiotropy
(Müller 1962; Arnqvist and Thornhill 1998;
Parzer and Moczek 2008). We suggest that
this variety of sources of variation may also
contribute to mismatches and CW.

Given the large number of sources of vari-
ation, we dare to speculate that no internally
fertilizing species with intromittent organs ex-
ists in which copulation has not led, at least
once, to CW.

Further Need of the Delineation of Costs
and Benefits of CW

Throughout this contribution we have, at sever-
al places, suggested that sexual conflict and CW
research would greatly benefit from quantifying
the costs and benefits of CW. We still see this as
a primary goal. Although some of the case stud-
ies, perhaps, come closest toward achieving this
currently, we suggest it may be fruitful to con-
centrate on species in which CW is not oblig-
atory. Perhaps, we will soon understand how
important the rather accidental first step of a
mismatch is in the evolution of TM (Fig. 4).

Are the Costs of CW Dose- or Frequency-
Dependent?

The answer may decisively alter the predicted
outcome of evolution. If CW results in frequen-

cy-dependent costs, traits affecting the mating
rate will be under selection. In contrast, if costs
are dose-dependent, genital morphology, phys-
iology, or copulatory behavior will be subject to
selection.

Understanding Intraspecific Genital
Variation

If mismatches arise from genital variation (Fig.
4), solving the paradox of the extent and origin
of intraspecific genital variation is important.
On the one hand, variation between popula-
tions is so low that genitalia are routinely used
to identify members of the same species or sub-
species, even if they are from different popula-
tions. This low variation would make mis-
matches and CW rare. On the other hand, the
evolutionary volatility and interspecific varia-
tion of copulation and copulatory organs sug-
gests that some source generating genital varia-
tion must exist, in which case, CW will be more
frequent.

Resistance and Tolerance as Separate
Defense Strategies

Different outcomes of evolutionary conflicts
occur depending on whether the offended party
responds by resistance or tolerance (Fornoni
2011; Medzhitov et al. 2012). The same seems
true for sexual conflict and CWresearch (see the
section Major Evolutionary Trends of CW)
(Fig. 5) and we explicitly recommend making
this distinction (see also Lessels 2006 for an in-
troduction of palliative traits). Resistance is a
defense strategy that causes costs to the offend-
ing party and therefore represents a selection
pressure that induces coevolution. Tolerance
does not impose costs on the offending party
and may instead, perhaps more strongly, select
(or allow) for evolutionary novelties. As an ex-
ample, consider the female response to piercing
of the vaginal tissue. Females may respond by
thickening the connective tissue, which may
give males a reduced anchorage and so may re-
duce their fitness. Alternatively, females may in-
stead accelerate resource allocation to rapid
wound healing. Female wound healing does
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not impose costs on males (although variation
in female healing may cause variation in male
fitness) and so may not represent resistance.

CW and Sex-Role Reversal

A number of species exist in which females
possess an intromittent organ and insert it
into males (inverted copulations) (Box 1). It
would be interesting to study whether CW
occurs in these species as well, which include
pipefish (Watanabe et al. 2000), planarians
(Ullyot and Beauchamp 1931), but also insects
(Jolivet 2008). Some of the latter species have
normal sex roles and may be useful to separate
whether wounding benefits males or the wound
inflictor.

CONCLUSION

We have illustrated that CW is a common phe-
nomenon with implications for the evolution of
copulation, sexual conflict, and speciation. Al-
though we have gathered some empirical evi-
dence concerning the evolution, maintenance,
and trajectories of CW, many suggestions re-
main speculative. Largely neglected for more
than 100 years, the importance of CW has re-
cently begun to be appreciated. We hope that
this review stimulates further research by
conceptually and empirically scrutinizing the
hypotheses proposed herein, including the
more speculative ones on the evolution of TM
from accidental CW, the selection for STD
transfer, or the proposed mechanisms of inter-
action in genital variation, behavioral variation,
and speciation.
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