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Chondrichthyans (sharks, rays and chimaera) are a fascinating
case study through which to examine reproductive biology.
While most vertebrate lineages have converged upon either
placental viviparity or oviparity, chondrichthyans exhibit
unparalleled diversity in reproductive mode and other aspects
of reproductive biology. Despite this, our understanding
of reproductive variation in this clade remains incomplete.
Namely, several ‘unusual’ reproductive traits have been
repeatedly observed in some chondrichthyan taxa, but we
have little to no understanding of their adaptive value.
Here, I focus on two traits (facultative parthenogenesis
and the deposition of multiple embryos with separate
yolks within a single eggcase (MEPE)), which theoretically
result in exponential increases in fecundity. I discuss the
theoretical fitness consequences of these traits, the range of
species and eco-evolutionary contexts in which they have
been documented and major open questions regarding their
prevalence and evolutionary consequences. It appears likely
that both facultative parthenogenesis and MEPE are adaptive
in at least some chondrichthyan taxa and ecological contexts.
However, additional data are needed to determine the true
effect of these traits on lifetime fecundity, the frequency with
which they occur, potential population-level effects and cues
or triggers that might favour switches from ‘typical’ sexual
reproduction to parthenogenesis or MEPE.
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1. Introduction
Chondrichthyans (sharks, rays and chimaera) exhibit unparalleled reproductive variation relative to
other vertebrates [1]. Oviparity, oophagy, histotrophy and placental viviparity (placentatrophy) have
all evolved on several occasions across different vertebrate lineages [2–5], but in the vast majority of
cases, reproductive diversity has been eroded over time to either oviparity or placental viviparity [6].
Chondrichthyans are unusual in this regard, as all of these aforementioned reproductive modes are
observed in extant taxa [7], as well as additional modes such as yolk-only viviparity [6]. This remarka-
ble reproductive diversity probably evolved from an initial ancestral state of oviparity, as observed in
other vertebrate clades [4]. The evolution of matrotrophic modes such as placental viviparity appears
to have profound consequences for the evolution of life-history traits and ecological lifestyle, as well
as for diversification dynamics ([1,8–10]). However, there is still uncertainty regarding the evolutionary
drivers of specific transitions in reproductive mode within Chondrichthyes [10].

Apparent reproductive and developmental abnormalities and peculiarities have long been
documented in chondrichthyan taxa ([7,11,12] and references therein). Examples of unusual reproduc-
tive strategies that appear ubiquitous (and presumably adaptive) in the taxa in which they have been
observed include intra-uterine cannibalism [13], whereas isolated cases of monozygotic or dizygotic
twins in chondrichthyan species are generally regarded as true aberrations with no adaptive benefit
[12,14]. As observational studies accumulate, however, some aspects of chondrichthyan reproductive
biology previously assumed to be rare or unusual are increasingly thought to be commonplace.
Examples include multiple paternity and female sperm storage, both of which were initially documen-
ted in few species [15,16] but now appear to be present across much of chondrichthyan diversity
[17,18]. Studies directly addressing the adaptive significance of reproductive traits in Chondrichthyes
are rare, in large part due to missing data from the literature. In light of this, I herein shall use the
term ‘alternative reproductive strategy’ to refer to any reproductive trait that has been observed in
some chondrichthyan taxa, but which does not appear to be ubiquitous and the adaptive basis of which
remains uncertain.

Herein, I focus on two alternative reproductive strategies that despite being the focus of several
recent studies remain poorly understood from an evolutionary perspective, at least within Chondrich-
thyes. The first of these strategies is facultative parthenogenesis, the occurrence of asexual reproduc-
tion (specifically, by development of an unfertilized egg cell) in species that typically reproduce
sexually [19]. Subsequently, I will consider the apparently rarer case of multiple embryos (attached
to distinct yolk sacs) being identified within a single eggcase [20]. In each case, I will consider the
theoretical and empirical support for positive or negative individual fitness consequences stemming
from the possession of the trait in question, before commenting on potential cues, triggers and
population-level effects. Finally, I highlight remaining open questions and areas in which additional
studies are required to improve our understanding of chondrichthyan reproductive biology and its
evolutionary underpinnings.

2. Facultative parthenogenesis
Parthenogenesis is a specific form of asexual reproduction, most commonly (in vertebrates) occurring by
fusion of an egg with a polar body (terminal fusion automixis), and resulting in the successful develop-
ment of offspring without fertilization [21]. While obligate parthenogenesis is somewhat rare among
vertebrates, facultative parthenogenesis is more abundant and appears to be present in representatives
of most major vertebrate lineages besides mammals [21,22]. Parthenogenesis is theoretically favourable
from the standpoint of individual fitness as it doubles the number of offspring produced in a single
reproductive cycle relative to sexual reproduction (figure 1a,b; [23,24]). This observation has been termed
the ‘twofold cost of sex’ and is supported by theoretical and empirical evidence [23,25]. Parthenogenesis
may also be less physically costly than sexual reproduction, as it does not require the location and
selection of appropriate mates [26]. Finally, parthenogenetic reproduction may be particularly beneficial
where environmental conditions are stable, as it allows beneficial allelic combinations to be retained
across generations without meiotic recombination [27]. However, parthenogenesis also has several
major limitations as a sustainable reproductive strategy. Namely, asexual reproduction results in a
marked loss of genetic variation [28,29], impacting long-term population persistence, particularly in
spatio-temporally heterogeneous environments [30]. Additionally, there is some evidence that offspring
produced by facultative parthenogenesis suffer from reduced fitness in the form of both growth rates and
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survival, and elevated chances of exhibiting recessive genetic disorders (e.g. [31]). In species capable of
facultative parthenogenesis for which sexual reproduction is nonetheless the norm, the net fitness benefit
of asexual reproduction will generally be lower than that of sexual reproduction, but greater than zero
where viable offspring can be produced (figure 1c).

Despite these apparent limitations, facultative parthenogenesis has been reported in at least 12
chondrichthyan species (table 1) representing 4 of the 14 extant orders [19,28,32–34,36,41–45]. Typically,
parthenogenesis is first considered upon reports of females housed in isolation from male conspecifics
successfully birthing offspring or depositing eggcases, and genetic analyses are subsequently used
to rule out sperm storage [19,44]. This is important as female sperm storage in chondrichthyans
is abundant and can result in viable offspring being produced at least 3.5 years after the most
recent copulation event [46,47]. As all known records (bar one, see [43] or [42]) of parthenogenesis
in chondrichthyans are from individuals housed in aquaria, biometric and physiological monitoring
of both the mother and offspring is generally possible, providing important insights into offspring
survival and the conditions under which facultative parthenogenesis might occur [31,36,38]. Alterna-
tively, analyses of DNA microsatellite data obtained from wild Pristis pectinata individuals have shown
the viability and persistence of juvenile parthenogens in a natural setting [43].

Unfortunately, few studies provide empirical data regarding the potential fitness consequences of
facultative parthenogenesis in Chondrichthyes. Several studies have speculated that parthenogenesis
may be an adaptive reproductive strategy to compensate for the absence of males [19,28,36], which
would otherwise result in a complete loss of fitness once any stored sperm is used or becomes unviable
(figure 1d). Indeed, most records of parthenogenesis in chondrichthyans come from isolated females
held in captivity in the complete absence of males [19,28,32,34,36,39,41]. Moreover, in some cases,
parthenogenesis seems to have been triggered rapidly following the removal of male conspecifics
[36]. Similar observations have been made from other vertebrates [21]. The viability of elasmobranch
parthenogens in both captive [39] and wild settings [42,43] provides further support for the idea
that this alternative reproductive strategy may be adaptive. Recurrent and even second-generation
parthenogenesis has been documented in some species [38,40]. Finally, parthenogenesis has been
recorded in the presence of male conspecifics and following artificial insemination, indicating that the
adaptive role of parthenogenesis may not relate purely to the male abundance, but also to perceived
male quality [35,37,41]. In this context, male quality refers to the evolutionary fitness or genetic
quality of males as perceived by females, which directly impacts the fitness of offspring produced by
reproduction with said male [48]. The paucity of direct studies of sexual selection in chondrichthyans
means that we have little understanding of mate choice dynamics in this clade, although both male and
female mate choice have been suggested previously [49–51].

However, support for parthenogenesis as an adaptive reproductive strategy in Chondrichthyes
is not universal. Most significantly, Adams et al. [31] reported various, substantial fitness costs of
parthenogenesis. Relative to sexually produced counterparts, parthenogenetically produced zebra
sharks (Stegostoma tigrinum) hatched at a smaller size and exhibited consistently lower growth rates
[31]. In addition, parthenotes exhibited an array of unusual behaviours and apparent morphological
abnormalities, with all individuals perishing prior to sexual maturity [31]. This observation provides
support for the hypothesis that isolated cases of parthenogenesis in species that typically reproduce
sexually result from errors during meiotic divisions rather than an adaptive strategy (see [21] and [52]).
However, as referenced previously, there are multiple documented cases of viable parthenogens across
different species (e.g. [33,39,42,43]), indicating that these fitness costs are not an intrinsic consequence
of parthenogenesis in chondrichthyans.

On the basis of the available evidence, it appears likely that facultative parthenogenesis does
represent an adaptive reproductive strategy in chondrichthyans, rather than a reproductive aberration
resulting from imperfect meiosis. However, the exact conditions under which parthenogenesis should
be favoured are uncertain; minimally, the local abundance of males over the reproductive lifespan
of a female should be important. Even if parthenogenesis incurs substantial net fitness costs in
chondrichthyans, this would be preferable to sexual reproduction if the absence of males extends
beyond the time frame within which sperm storage represents a viable alternative, and if there are no
prospects of sexual reproduction in the near future. However, external environmental factors are also
probably important in determining the viability of parthenogenesis at any point in time. As mentioned
previously, asexual reproduction is generally more advantageous when environmental conditions are
stable [30]. Additionally, where facultative parthenogenesis impacts size and growth rates (e.g. [31]),
local community composition and predation rates may exert influence over the net fitness consequen-
ces of parthenogenesis. Finally, where parthenogenesis occurs in the presence of conspecific males
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(presumably via female choice, see [37] or artificially introduced semen [35,41], the perceived genetic
quality of available males could also influence the adaptive benefit of parthenogenesis. While not
altering the net fitness consequences of parthenogenesis, the prevalence of ‘low quality’ males in the
local environment would reduce the fitness of offspring produced by sexual reproduction, which could
in turn ‘tilt the balance’ in favour of parthenogenesis.

3. Multiple embryos per eggcase
Unlike facultative parthenogenesis, cases of monozygotic twinning and polyembryony in chon-
drichthyans are typically regarded as aberrations resulting in reduced offspring fitness or increased
mortality due to oxidative stress [12]. As such, monozygotic twinning appears to be extremely rare
and has only been documented in a handful of cases [11,12,14,53]. However, a related phenomenon, in
which multiple embryos developing from separate yolk sacs within a single eggcase (herein referred
to as MEPE), appears to represent an adaptive reproductive strategy in at least two chondrichthyan

Figure 1. Theoretical lifetime net fitness values vary under different reproductive strategies and ecological contexts in a facultatively
parthenogenetic species: sexual reproduction under ‘typical’ ecological conditions (a), asexual reproduction with no fitness costs
(b), asexual reproduction with fitness costs (of magnitude x + ∆) (c), sexual reproduction in the absence of potential mates (d). Note
that this final scenario does not account for potential sperm storage.

Table 1. Chondrichthyan species in which parthenogenesis has been reported. Note that in all but one case (Rhynchobatus australiae),
parthenogenesis has been confirmed genetically.

order species reference(s)

Carcharhiniformes Carcharhinus limbatus [32]

Cephaloscyllium ventriosum [33]

Mustelus mustelus [19]

Sphyrna tiburo [28]

Triaenodon obesus [34]

Orectolobiformes Stegostoma tigrinum [31,35–38]

Chiloscyllium plagiosum [39–41]

Rhinopristiformes Pristis pectinata [42,43]

Rhynchobatus australiae [44]

Rhina ancylostoma [44]

Myliobatiformes Aetobatus narinari [45]

Himantura uarnak [44]
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species [20,54,55]. The term MEPE is chosen here instead of polyembryony as the genetic identity of
offspring produced in this manner (i.e. whether they share paternity or not) remains unknown. In
most oviparous elasmobranchs, it is assumed that a single embryo typically develops within each
eggcase and thus that the number of eggcases deposited per reproductive cycle is directly propor-
tional to fecundity and consequently to fitness. However, two species of skate (Beringraja binoculata
and Beringraja pulchra) regularly produce eggcases containing two or more (up to eight) embryos
developing from separate yolk sacs [54,55]. While the number of embryos (and rates of mortality)
is highly variable, the optimal number of embryos per eggcase in B. binoculata is thought to be
two in captivity [20] and three to four in the wild [56], indicating at least a potential doubling of
fecundity relative to species in which only a single embryo develops per eggcase. Subsequently, a
single further case of MEPE was described in the small-spotted catshark (Scyliorhinus canicula), with
two embryos attached to different yolk sacs surviving to hatch and beyond [11]. Hook et al. [11]
reported a potential case of MEPE in a fourth species (Raja undulata); however, it was not possible to
conclusively determine whether embryos shared a yolk sac or not, and hence, monozygotic twinning
(rather than MEPE) cannot be ruled out. Besides these four species, the extent to which MEPE occurs
across chondrichthyan diversity remains unexplored.

While monozygotic twinning in elasmobranchs appears to commonly result in the death of embryos
[11,12,14], this does not seem to be the case with MEPE [11,20,56]. Indeed, in the case of B. binoculata,
eggcases containing up to five embryos have hatched without issue and eggcases containing a single
embryo exhibited higher mortality than those with multiple [11]. Singular cases of MEPE (e.g. S.
canicula) could result from mistiming between ovulation and encapsulation, and therefore represent
reproductive aberrations. However, the frequency with which MEPE occurs in B. binoculata and B.
pulchra suggests that it is a viable reproductive strategy in some chondrichthyans and may have
adaptive value. Indeed, MEPE has been shown to be heritable in some other vertebrate lineages,
with several candidate genes identified that are associated with reproductive traits across vertebrate
diversity [57]. One caveat with this adaptive interpretation is that eggcases containing multiple
embryos tend to be larger (requiring greater material investment) than those containing single embryos
[11,20,54–56] and that nothing is known about if or how fecundity varies over entire reproductive
cycles between species utilizing MEPE and those producing only single-yolked eggcases. However, in
all reported cases of MEPE, eggcases are still smaller than the sum total of eggcases if each embryo
was to have developed separately, and there is no evidence to suggest that MEPE influences the size
or growth rates of embryos [11,20]. On this basis, MEPE could facilitate an increase in fecundity by
reducing the total maternal investment required per offspring (e.g. the resources required to produce
multiple eggcases) and increasing the amount of space in the body cavity for additional embryos. This
latter point is important, given that female body size in elasmobranchs is thought to be under strong
selection due to the need to devote space in the body cavity to reproduction [58]. Even if space in
the female body cavity is not the limiting factor on fecundity, the reduction in eggcase size relative to
the number of embryos produced would theoretically elevate fecundity at any given level of maternal
investment. Consequently, MEPE represents one mechanism by which fecundity can be increased
without requiring major evolutionary shifts in body size or maternal investment.

4. Open questions and future directions: population level effects
Population-level effects of reproductive variation in sharks and rays have been speculated, but at
present, there is little evidence to support any such relationships [18]. The question of whether
phenomena such as MEPE or facultative parthenogenesis could impact population status/vulnerability
in this clade remains unanswered. Theoretically, increases in fecundity conveyed by either of these
traits and the potential effects of parthenogenesis on offspring genetic diversity [22] could have
notable consequences for population persistence. Fecundity is thought to be a key factor underlying
the resilience of declining populations in the face of anthropogenic overexploitation, a threat facing
many chondrichthyan populations [59]. However, despite the theoretical predictions (figure 1; [20]),
we do not have enough data regarding the lifetime reproductive outputs of different chondrichthyan
taxa to robustly determine whether parthenogenesis or MEPE influence fecundity across temporal
scales greater than single reproductive events. Given the wealth of information that has been gathered
about chondrichthyan reproductive biology from aquaria [44], rigorous and comprehensive records
of fecundity, growth rates, reproductive behaviours and other data may help reduce such uncertainty
in the future. In light of the often rapid transitions from sexual to parthenogenetic reproduction, I
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contend that comprehensive data collection of this type should be applied to all individuals held in
aquaria, regardless of the perceived utility of the data at the time.

The effects of parthenogenesis and MEPE on genetic diversity could also feasibly have population-
level effects. Almost all obligate parthenogenetic vertebrates have originated recently, implying that
such lineages have relatively short lifespans and quickly succumb to fitness costs associated with
elevated homozygosity [22]. Some evidence for these costs is evident in chondrichthyans [35], although
it is unknown how widespread they might be. Alternatively, Dudgeon et al. [36] speculated that
facultative parthenogenesis could facilitate population persistence during bottleneck events. However,
there is no empirical evidence to support this hypothesis in Chondrichthyes, and indeed it may be
impossible to test. Ultimately, the relevance of facultative parthenogenesis to population persistence
in chondrichthyans is dependent on how frequently this reproductive strategy is utilized. Incidentally,
while the effects of parthenogenesis on genetic variation are fairly well understood, the same is
not true of MEPE. Only two studies have investigated genetic diversity of offspring produced via
MEPE [11,56]. In the case of S. canicula, results were consistent with heteropaternal superfecundation,
implying that MEPE may have no effect on genetic diversity whatsoever [11]. Consequently, genetic
investigations of MEPE across larger sample sizes and other taxa (particularly those in which it
appears most abundant) are warranted and may shed further light onto long-term implications of
MEPE as an adaptive strategy.

5. Open questions and future directions: cues and triggers
Assuming facultative parthenogenesis is adaptive in Chondrichthyes, females may use cues to actively
switch between sexual and asexual reproduction [36]. As the theoretical fitness consequences of
parthenogenesis depend largely on the abundance of males over the reproductive lifespan of females
(figure 1), it is plausible that such cues could represent a direct or indirect proxy for local male
abundance. In line with this, Dudgeon et al. [36] suggested that the removal of male conspecifics from
aquaria housing may trigger parthenogenesis. However, no explanation was given as to what the
underlying cue used to detect the presence or absence of mates could be. In the case of aquaria, visual
cues could suffice; however, this is clearly not realistic in natural settings, where distribution and
habitat usage are far less constrained. In some other taxa, chemical cues associated with population
size (which can be reinforced across generations by positive feedback and transgenerational maternal
effects) induce switches between asexual and sexual reproduction [60,61], but such cues have yet to
be described in any chondrichthyan taxa. Alternatively, cues could be related to the passing of some
critical threshold of time since the last encounter with male conspecifics, or after stored sperm has been
fully utilized. Given the prevalence of sexual segregation in elasmobranchs [62], it is also plausible
that environmental cues relating to temperature, photoperiod or prey abundance could act as indirect
proxies for local mate abundance. Similar environmental cues, which are not always linked to mate
abundance, have been found to induce switches between sexual and asexual reproduction in other
taxa [61,63]. If cues do not relate either directly or indirectly to mate presence/absence (as must be
the case where parthenogenesis has occurred in the presence of male conspecifics, see [37]), cues
could instead relate to mate quality. While experimental studies have recovered evidence for such cues
in other taxa, it must be stressed that there is absolutely no evidence whatsoever for any of these
mechanisms in chondrichthyan taxa. It is also possible that multiple cues/triggers may act concurrently,
or over different timescales. To better understand potential cues underlying switches between sexual
and asexual reproduction in this lineage, rigorous and detailed record keeping of captive populations
(as outlined previously) must be prioritized, including comprehensive analyses of water chemistry.
This would generate a larger dataset of circumstantial evidence indicating conditions that favour the
induction of parthenogenesis.

In the case of MEPE, cues are not so relevant, at least in taxa for which MEPE appears to be
the norm (Beringraja spp.). However, potential cues of MEPE are highly relevant in the case of S.
canicula, in which MEPE has been recorded once [11] and so occurs at some unknown frequency
within populations. Even in the case of Beringraja spp., it remains unknown what governs the high
degree of variance in the number of embryos deposited in each eggcase [20]. In domesticated birds,
‘double-yolked’ eggs are a rare but well-documented phenomenon, commonly associated with the
provisioning of excessive feed or ‘over-nutrition’ [57]. It is plausible that rare cases of MEPE in species
such as S. canicula result from abnormally high foraging success and that variance in the number of
embryos deposited per eggcase in Beringraja spp. results from variance in body condition. However,
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there are currently no data to support or refute this hypothesis. Given that MEPE involves not only
the deposition of multiple embryos within a single eggcase but also an increase in eggcase size, further
study is warranted to understand the physiological and regulatory basis of the relationship between
these traits.

6. Open questions and future directions: taxon coverage
A final, equally important open question regarding these alternative reproductive strategies is the
extent to which they are present across chondrichthyan diversity. Even if facultative parthenogenesis or
MEPE are adaptive, we have little understanding of how prevalent these strategies may be in natural
settings and in how many species they are used. Facultative parthenogenesis has been recorded in only
12 species (table 1), representing less than 1% of extant chondrichthyan diversity. It has been suggested
that parthenogenetic reproduction may be far more prevalent than currently appreciated, on the basis
that detailed monitoring and genetic analyses of offspring typically only occur following observations
of reproduction in aquaria in the absence of males [44]. MEPE has only been confirmed in three species
and appears to be far rarer than facultative parthenogenesis. While facultative parthenogenesis is
known from many vertebrate lineages [22], the presence of multiple separate embryos within a single
egg structure is an uncommon occurrence across vertebrate diversity and commonly results in embryo
death [57,64–66]. It could be argued that if these reproductive strategies are isolated to a minute
fraction of chondrichthyan taxa, they are of little significance to the broader fields of chondrichthyan
reproductive or evolutionary biology. However, we simply do not know whether this is the case. Both
strategies are present in sharks and rays (table 1; [11,20]), meaning there is little reason to suggest
they should be restricted to certain orders or families. To overcome this uncertainty, I suggest that
the molecular, DNA microsatellite-based approach outlined in Fields et al. [43] should be applied to
as many species as possible in natural settings, even where there is no a priori reason to suggest
parthenogenetic reproduction. In the case of MEPE, detailed analyses of eggcases recovered from
fisheries and produced in captive settings are needed, to determine both the range of species in which
MEPE might occur and the frequency with which MEPE yields viable offspring.

7. Conclusions
Facultative parthenogenesis and MEPE have been documented in multiple vertebrate taxa and
theoretically result in exponential increases in fecundity. However, both traits additionally have a
number of costs that leave their net fitness consequences uncertain, particularly in chondrichthyan
taxa for which we have comparatively little understanding of reproductive biology. On the basis of
the existing evidence, it seems likely that both traits are adaptive, at least in some taxa and ecologi-
cal contexts. While we cannot rule out either trait being abundant across chondrichthyan diversity,
at present reports are restricted to a small number of species. Moreover, we entirely lack the neces-
sary quantitative data to infer the consequences of facultative parthenogenesis or MEPE for lifetime
fecundity. This uncertainty underscores a broader lack of information regarding reproductive variation
in Chondrichthyes and across vertebrate diversity.

To overcome this uncertainty, it will be necessary to better quantify the costs and benefits of
diverse reproductive strategies across a range of spatio-temporal contexts and across a range of taxa.
In the case of Chondrichthyes, a combination of improved record-keeping of populations housed in
aquaria, combined with application of emerging genetic and genomic technologies, should be a key
focus of future research, in order to develop a better understanding of the ecological contexts and
diversity of species in which these traits are observed. The conservation status of many chondrichthyan
populations is dire, and further study of reproductive traits that theoretically increase fecundity is
needed to gain insight into the effects of life history and reproductive variation on vulnerability.
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