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ABSTRACT

The reproductive diversity of extant cartilaginous fishes (class Chondrichthyes) is extraordinarily broad, reflecting more
than 400 million years of evolutionary history. Among their many notable reproductive specialisations are viviparity
(live-bearing reproduction) and matrotrophy (maternal provision of nutrients during gestation). However, attempts to
understand the evolution of these traits have yielded highly discrepant conclusions. Here, we compile and analyse the
current knowledge on the evolution of reproductive diversity in Chondrichthyes with particular foci on the frequency,
phylogenetic distribution, and directionality of evolutionary changes in their modes of reproduction. To characterise
the evolutionary transformations, we amassed the largest empirical data set of reproductive parameters to date covering
nearly 800 extant species and analysed it via a comprehensive molecular-based phylogeny. Our phylogenetic reconstruc-
tions indicated that the ancestral pattern for Chondrichthyes is ‘short single oviparity’ (as found in extant holocephalans)
in which females lay successive clutches (broods) of one or two eggs. Viviparity has originated at least 12 times, with
10 origins among sharks, one in batoids, and (based on published evidence) another potential origin in a fossil holocepha-
lan. Substantial matrotrophy has evolved at least six times, including one origin of placentotrophy, three separate origins
of oophagy (egg ingestion), and two origins of histotrophy (uptake of uterine secretions). In two clades, placentation was
replaced by histotrophy. Unlike past reconstructions, our analysis reveals no evidence that viviparity has ever reverted to
oviparity in this group. Both viviparity and matrotrophy have arisen by a variety of evolutionary sequences. In addition,
the ancestral pattern of oviparity has given rise to three distinct egg-laying patterns that increased clutch (brood) size
and/or involved deposition of eggs at advanced stages of development. Geologically, the ancestral oviparous pattern
arose in the Paleozoic. Most origins of viviparity and matrotrophy date to the Mesozoic, while a few that are represented
at low taxonomic levels are of Cenozoic origin. Coupled with other recent work, this review points the way towards
an emerging consensus on reproductive evolution in chondrichthyans while offering a basis for future functional and
evolutionary analyses. This review also contributes to conservation efforts by highlighting taxa whose reproductive spe-
cialisations reflect distinctive evolutionary trajectories and that deserve special protection and further investigation.

Rey words: viviparity, oviparity, matrotrophy, Chondrichthyes, reproductive-mode evolution, placentation, fish repro-
duction, embryo nutrition, reproductive patterns.
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I. INTRODUCTION

The reproductive diversity of Chondrichthyes (sharks,
batoids, and chimaeras) has been a source of fascination
to biologists for centuries and has featured in literature
dating to the time of Aristotle (for historical reviews, see
Wourms, 1977; Wourms & Demski, 1993; Castro, 20135;
Blackburn & Starck, 2015). Cartilaginous fishes exhibit a
remarkable amount of reproductive diversity, one that rivals or
exceeds that of most other vertebrate groups (Wourms, 1994).
Most chondrichthyan species are viviparous (live-bearing)
[estimated at 57% (Wourms, Grove & Lombardi, 1988;
Compagno, 1990)] while the rest are oviparous (egg-laying),
a situation found elsewhere among vertebrate classes only in
mammals (Blackburn, 1999). Furthermore, pregnant
females can provide nutrients by diverse means — by yolk
of the ovum and by various types of matrotrophy (maternal
nutrient provision during gestation), with nutrients being
supplied by placentas, uterine secretions, or ingestion of sib-
ling eggs and embryos (Wourms et al., 1988; Wyftels, 2009;
Conrath & Musick, 2012; Blackburn, 2015a; Awruch, 2018;
Buddle et al., 2019). Major advantages of chondrichthyan
viviparity are that embryos developing in the maternal
uterus are protected from predators and environmental
sources of mortality (Wourms & Lombardi, 1992;
Blackburn, 1999). As for matrotrophy, nutrients can be pro-
vided to uterine embryos throughout development, allow-
ing for increased maternal investment, a broader
timeframe for maternal investment, and larger offspring
(Wourms et al., 1988; Parsons et al., 2008). In addition to
these patterns are diverse forms of egg-laying reproduction

(Nakaya, White & Ho, 2020), most of which differ from ovi-
parity in other vertebrates.

Cartilaginous fishes originated in the Paleozoic Era
[541-252 million years ago (Mya)] and most major extant
clades were established in the Mesozoic Era (251-66 Mya)
(Guinot & Cavin, 2016; Heinicke, Naylor & Hedges, 2009;
Long, Choo & Clement, 2019). Evidence for both oviparity
and viviparity in Chondrichthyes extends back to the
Carboniferous Period (359-299 Mya) (Grogan & Lund, 2011;
Mottequin ¢ al., 2021). Consequently, chondrichthyan repro-
ductive diversity 1s thought to reflect more than 400 million
years of evolution (see Carrier, Pratt & Castro, 2004; Inoue
et al., 2010; Awruch, 2015). This diversity, coupled with a
scarcity of fossil evidence of reproductive features, presents
major challenges to evolutionary reconstructions. The situation
1s complicated by strong evidence for convergent evolution of
viviparity and specialisations for embryonic nutrition (Wourms
et al., 1988; Compagno, 1990; Naylor & Aschliman, 2013;
Blackburn, 2015¢; Buddle e al., 2019).

During the past four decades, published works have
reached highly discrepant conclusions about the evolution
of chondrichthyan reproductive patterns. Sources have dis-
agreed on whether the ancestral mode for cartilaginous fishes
was oviparity or viviparity, and whether viviparity has
reverted to oviparity frequently, seldom, or never (Dulvy &
Reynolds, 1997; Blackburn, 2005; Musick & Ellis, 2005;
Grogan & Lund 2011; Mull, 2017). Estimates of the number
of evolutionary origins of chondrichthyan viviparity have
ranged from 2 to 20, and origins of matrotrophy from 4 to
>20 (Table 1). Sources also have differed on whether the
ancestral mode in viviparous clades was lecithotrophy
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(nutrient provision via the yolk) or matrotrophy, and whether
matrotrophy has ever reverted to lecithotrophy (Table 1).

Four factors have contributed to the conflicting interpreta-
tions in the literature. The most significant has been the lack
of a detailed phylogeny that could provide a basis for robust
evolutionary analysis. A second factor has been the absence
of reliable methods for analysing reproductive patterns
evolutionarily. While some sources have relied on parsi-
monious interpretations of phylogenies (Dulvy &
Reynolds, 1997; Goto, 2001; Blackburn, 2005; Musick &
Ellis, 2005), others have assumed that phenoclines reflect
historical sequences (Dodd & Dodd, 1985; Wourms et al., 1988;
Compagno, 1990). Among problems with the latter approach
are that it fails to consider the convergent evolution of similar
features and the directionality of evolutionary changes. A third
factor has been the use of ordinal- and family-level generalisa-
tions about reproductive modes, as opposed to data on individ-
ual species. This practice often overlooks variation at lower
taxonomic levels by assuming that patterns are shared by all spe-
cies in a given family or order. A fourth factor has been the reli-
ance on uncorroborated statements in the literature about
reproductive modes of particular species, resulting in the spread
of assumptions that lack a firm empirical basis.

The disagreement on basic features of reproductive evolu-
tion in chondrichthyans contrasts markedly with the situation
in other animals. For example, in squamate reptiles, vivipar-
ity has evolved in >100 separate clades (Blackburn, 1982,
1985, 20154; Shine, 1985), providing a basis for numerous
analyses of selective advantages and functional consequences
(Shine, 1985; Blackburn, 2006; Hughes & Blackburn, 2020;
Recknagel, Kamenos & Elmer, 2021; Watson & Cox, 2021;
Dominguez-Guerrero et al., 2022; Zimin ¢t al., 2022). Viviparity
and matrotrophy in amphibians and in teleost fishes like-
wise have been subjected to phylogenetic analysis and
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quantification (Blackburn, 1992, 2005, 2018; Goodwin,
Dulvy & Reynolds, 2002; Gower et al., 2008), as have
similar patterns among invertebrates (Ostrovsky et al., 2016;
Ostrovsky, 2021).

The present study offers a comprehensive review of repro-
ductive patterns in Chondrichthyes, including a new quanti-
tative, phylogenetic analysis of reproductive evolution in
extant chondrichthyan fishes. It differs from previous
attempts to understand the evolution of reproductive modes
in Chondrichthyes in three key respects. First, we have com-
piled from the literature the largest database to date on
reproductive parameters for nearly 800 species, including
representatives of all families and all but a few minor genera.
Second, our analysis applies definitive criteria for the
recognition of reproductive features (in contrast to undocu-
mented statements that are widespread in the literature).
These two approaches ensure that reproductive inferences
have an empirical basis at the level of individual species, thus
avoiding major pitfalls identified above. Third, our study
draws upon the largest molecular-based, species-level
phylogeny for Chondrichthyes to date (Stein et al., 2018), a
tree with demonstrated potential in analysing reproductive
patterns (e.g. Mull, 2017). The result is the most extensive
species-level analysis of the evolution of reproductive
patterns in cartilaginous fishes to date, one that has allowed
a robust quantification of evolutionary trends and the testing
of evolutionary hypotheses. Likewise, the strength of our
conclusions can be assessed and the general framework for
this analysis can be modified as more information becomes
available. In conjunction with other recent studies, our
comprehensive review points towards a developing consensus
on chondrichthyan reproductive evolution while revealing
remaining aspects in need of resolution and areas for further
research.

Table 1. Comparison of analyses of the evolution of viviparity in chondrichthyans. Literature sources commonly present quantitative
figures as minimum estimates. In comparing sources, values of similar magnitude can obscure major differences in phylogenetic inter-
pretations. Numbers of ‘total transformations’ are a sum of the preceding figures.

Reversals to

Origins of Reversals to Origins of .. Total
viviparity oviparity matrotrophy viviparous transformations References
lecithotrophy

15 origins None 5 origins 0 20 Blackburn (1992);

Blackburn et al. (1985)
18 origins - >11-20" - >29-38 Wourms & Lombardi (1992)
9-10 origins 2 4-5 origins 6-8 21-25 Dulvy & Reynolds (1997)
11-20 origins™* 0-1 5 origins 0 1626 Blackburn (1999, 2005)
2 origins? 6 >4 origins 0 >12 Musick & Ellis (2005)
9 origins* 0 5 origins 0 14 Blackburn (20154)
7 origins 0 8-15 origins 1 16-23 Mull (2017)
12 origins® 0 6 origins® 0 18 Present study

*With 11-20 Fostulated origins of placentation; origins of other forms of matrotrophy were not quantified.

"The range o
“Including an origin among Paleozoic chondrichthyans (Lun

values depends on whether reversals from Vivi(]aaarity to oviparity are assumed.
bl

1980; Grogan & Lund, 2011).

Counting an unquantified origin of viviparity in basal chondrichthyans and an uncounted tertiary reversion to viviparity (see

Blackburn, 20154).
“Not including transformations between types of matrotrophy.
Some Triakidae.
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Reproductive evolution in cartilaginous fishes

II. REPRODUCTIVE PATTERNS AND
EVOLUTIONARY ISSUES

(1) Classification of reproductive patterns
(@) Basic distinctions

Historically, several terms and concepts have been used to
distinguish chondrichthyan reproductive modes (Table 2).
Since the 1980s (Wourms, 1981; Wourms ¢t al., 1988), fish
species have been classified by two distinct parameters:
(1) parity mode — the reproductive product released by
females (eggs versus neonates); and (i) embryotrophy (sensu
lato) — the source of nutrients for embryonic development.
Regarding the first distinction, species are classified as oviparous
(egg-laying) or viviparous (live-bearing). Chondrichthyans have
mternal fertilisation and paired oviducts. Oviparity applies in
chondrichthyans to the production and release from those ovi-
ducts of egg capsules that contain fertilised eggs with developing
embryos. In chondrichthyan viviparity, the maternal parent
retains developing embryos in her oviducts (commonly called
‘uter1’) and gives birth to fully developed, free-living offspring.

In the second distinction, ‘lecithotrophy’ refers to provi-
sion of embryonic nutrients v yolk of the fertilised egg,

1317

and ‘matrotrophy’ refers to maternal nutrient provision by
some other means (such as a placenta) (Table 2). Lecithotrophy
and matrotrophy are extremes of a continuum, since a
viviparous embryo can obtain nutrients from its own yolk
as well as from alternative maternal sources (Dodd, 1983;
Frazer, Ellis & Huveneers, 2012; Buddle et al., 2019).
Terms can be used in tandem to characterise a species
(e.g. ‘matrotrophic viviparity’), with ‘lecithotrophic
viviparity’ having replaced the archaic term ‘ovoviviparity’
[for rationales and discussion of the terms, see Wourms et al.

(1988) and Blackburn (1992, 1994, 2000)].

(b) Parity modes

Studies on chondrichthyans have revealed four distinct ovip-
arous patterns, for which we have adopted a classification
modified from Nakaya ez al. (2020) (Table 2). First, in ‘short
single oviparity’, females produce eggs in pairs, one per ovi-
duct, and lay them very early in development before embryos
are discernible. Sometimes called ‘simple oviparity’, this pat-
tern is found in most egg-laying chondrichthyans (Conrath &
Musick, 2012). Second, in ‘sustained single oviparity’, pairs
of eggs are retained by the female and laid at an advanced

Table 2. Classification of reproductive patterns in chondrichthyans. Parity modes and nutritional modes can be used in pairs to char-
acterise a species (e.g. ‘lecithotrophic viviparity’, ‘matrotrophic viviparity’). Lecithotrophy and matrotrophy are extremes of a con-
tinuum; thus, a given viviparous species may be relatively lecithotrophic with limited matrotrophy. ‘Embryotrophy’ subsumes both
patterns. Types of oviparity are adapted from Nakaya et al. (2020).

Pattern

Features

Synonyms in the literature

Oviparity
Short single oviparity

Sustained single oviparity

Multi-yolked single oviparity

Multiple oviparity
Viviparity

Single pregnancy

Multiple pregnancy
Lecithotrophy®
Matrotrophy®

Histotrophy

Limited histotrophy

Oophagy

Placentotrophy

Females reproduce by laying eggs

Eggs are formed in pairs and are laid 1 or 2 ata
time, very early in development™

Eggs are formed in pairs, retained in the uteri, and
laid at an advanced developmental stagel’

Females lay clutches of 1 or 2 egg cases, each with
multiple yolks

Females lay clutches with multiple (>2) eggs; in
some species, eggs are retained in the uteri and
laid at an advanced stage”

Females give birth to live young

Females gestate 1 or 2 embryos per pregnancy

Females gestate >2 embryos per pregnancy

Embryonic nutrients are provided zia yolk of the
ovum

Females provide nutrients to embryos by means
other than yolk of the ovum
Embryos absorb and/or ingest uterine secretions

Yolk nutrients are supplemented by uterine

secretions
Embryos ingest sibling eggs and/or embryos

Embryos obtain nutrients v a placenta

‘Egg-laying’ reproduction

‘Simple’, ‘short’, ‘single’, ‘extended’,
and ‘external’ oviparity

Retained oviparity

Retained oviparity

‘Live-bearing’ reproduction

Single viviparity

Multiple viviparity

Lecithotrophic viviparity; aplacental
viviparity (ambiguous); yolk sac
viviparity; ovoviviparity (archaic)

Embryotrophy; matrotrophic viviparity

Histophagy; uterine viviparity; lipid
histotrophy; trophodermy

‘Incipient’, ‘minimal’, ‘mucoid’, and
‘supplemental’ histotrophy

Ovotrophy; embryophagy;
adelphophagy; intrauterine
cannibalism

Placentatrophy; placental viviparity

“In such species, oviductal and oviposited eggs lack visible embryos.
In these unusual species, well-developed (macroscopically visible) embryos are apparent by the time of oviposition.
“Lecithotrophy occurs in both oviparous and viviparous species, whereas matrotrophy is confined to viviparous species.
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stage of development (Akhilesh e al, 2014; Nakaya
et al., 2020). Notably, in Cephaloscyllium sarawakensis develop-
ing embryos in each egg case measure ~6-10 cm in total
length (TL) at oviposition, whereas size at hatching is
~12 ¢cm TL (Nakaya et al., 2020). Third, in ‘multiple ovipar-
ity’, females simultaneously produce multiple eggs per ovi-
duct, with clutches (broods) larger than two. In some but not
all species in this category, eggs are retained and successively
released at an advanced developmental stage (Bass, d’Aubrey &
Kistnasamy, 1973); in others, eggs are released early in develop-
ment before visible embryos have appeared (Kunze &
Simmons, 2004). Fourth 1s ‘multi-yolked single oviparity’, in
which females produce two egg cases, each of which contains
2-8 (fertilised) yolks (Chiquillo et al., 2014). As for viviparous
species, they can be classified as having a ‘single pregnancy’
(with litter sizes of 1 or 2) or ‘multiple pregnancy’ (with litter
sizes normally >2) (Teshima & Mizue, 1972).

(¢) Matrotrophy

Multiple forms of chondrichthyan matrotrophy are widely
recognised (Table 2) [Hamlett ¢t al., 2005a; Awruch, 2015;
Buddle ¢ al., 2019; Luer & Wyflels, 2022; see Castro (2013q)
for stunning photographic documentation]. In placentotrophy
(= ‘placentatrophy’ of many authors), viviparous fetuses obtain
nutrients by placental means. We follow Mossman’s (1937,
p- 130) definition of ‘placenta’ as ‘any intimate apposition or
fusion of the fetal organs to the maternal (or paternal) tissues
for physiological exchange’. In oophagy, fetuses eat ovulated
yolks and in embryophagy they ingest sibling embryos
(Gilmore, Putz & Dodrill, 2005). Like various reviews in the lit-
erature (e.g. Wourms ¢t al., 1988) we combine these into a single
category, labelled here as ‘oophagy’ (Table 2). In histotrophy,
embryos absorb and ingest uterine secretions. When such provi-
sion is minimal, it is called ‘limited histotrophy’ (T'able 2). Some
sources distinguish lipid histotrophy (provision of nutrients via a
whitish ‘uterine milk’) from mucoid histotrophy (provision v a
translucent fluid in small amounts) (Hamlett ¢t al., 20054). Our
analysis does not employ this potential distinction. Likewise,
some sources distinguish matrotrophic ingestion of uterine
secretions as a separate category vz such terms as ‘histophagy’
(Blackburn, Evans & Vitt, 1985; Blackburn, 20154) and
‘embryotrophy’ (sensu stricto) (Castro, Sato & Bodine, 2016).
However, because both nutrient ingestion and absorption
mnvolve uptake across absorptive epithelia, and because species
can employ both modes, the distinction between the two has
been characterised as indistinct (Wourms ez al., 1988). Accord-
ingly, most sources combine the patterns into a single category
(Hamlett et al., 1996, 2005a; Buddle et al., 2019; Whittington
et al., 2022), an approach adopted herein.

(2) Evolutionary questions

In works dating to the early 20th century, the piscine
literature has featured speculation and inferences about
reproductive evolution in chondrichthyans (e.g. ten Cate-
Hoedemaker, 1933; Ranzi, 1934; Turner, 1947). Phylogenetic

Daniel G. Blackburn and Daniel F. Hughes

approaches unavailable to these early researchers now allow
evolutionary inferences to be treated as testable hypotheses.
The present study evaluates several evolutionary questions in
such terms.

Among questions to be addressed are the following:
what reproductive pattern is ancestral (plesiomorphic) for
chondrichthyans, elasmobranchs, sharks, and batoids? How
often did viviparity originate in chondrichthyans, and has it
ever reverted to oviparity? What is the evolutionary relation-
ship between the different types of oviparity; for example, do
they reflect an evolutionary sequence? Likewise, what is the
historical relationship between single viviparity and multiple
viviparity? Other questions apply to embryonic nutritional
modes. How often has matrotrophy arisen, and has it ever
been lost? Is matrotrophy more prevalent in one form of
viviparity over the other? What is the historical evolutionary
relationship between the different types of matrotrophy?

Beyond these particular questions, the evolutionary
patterns analysed herein offer valuable information for the
geological history and functional significance of chondrichth-
yan reproduction. Furthermore, since extinction risks to
elasmobranch species depend on life-history characteristics
(Hutchings, 2002; Field et al., 2009; Dulvy & Forrest, 2010),
the phylogenetic distribution of reproductive specialisations
can provide information relevant to conservation efforts, a
critical issue for chondrichthyans (Dulvy et al., 2021b; Stein
et al., 2018).

III. MATERIALS AND METHODS

(1) Reproductive data

To provide a database for analysis, we conducted a compre-
hensive search of the literature for each of the 1192 species
listed in Stein et al. (2018) and extracted relevant empirical
information on reproduction for as many species as possible.
We focused on primary literature that cited original, empiri-
cal data on individual species. This practice entailed exclu-
sion of undocumented claims about reproductive modes
that abound in secondary and tertiary sources [e.g. the
Fishbase site (Froese & Pauly, 2023); the IUCN Red List
(www.iucnredlist.org)], which commonly draw on generalisa-
tions under the assumption that all members of a given family
or order share a particular pattern. We excluded such claims
from our data set on the grounds that a valid species-level
analysis requires species-level data, and that a single incorrect
designation could have disproportionately large effects on
downstream phylogenetic reconstructions.

(2) Criteria for recognising reproductive modes

To achieve accuracy in the coding of reproduction modes,
we sought empirical evidence that met specific criteria for
each pattern. Accepted criteria for oviparity included obser-
vations of oviparous embryos and hatchlings, robust egg cap-
sules carried by gravid females, oviposition, and external egg
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capsules that had been identified to species. Criteria for
viviparity included observations on pregnant females with
uterine embryos and fetuses, parturition, and definitive
neonates. To distinguish single versus multiple types of oviparity
and viviparity, information on clutch and litter (brood) size
was taken from published observations on gravid and/or
pregnant females. For such measures, we relied on data from
pregnant uteri, since so-called ‘ovarian fecundity’ (estimates
based on maturing oocytes) routinely overestimate litter size
(Conrath, 2005; Kyne & Simpfendorfer, 2007). A potential
problem lay in distinguishing multiple pregnancy from
single pregnancy since misidentification can arise from a
single observation of an individual with an abnormally small
litter (I or 2 embryos). This possibility is of concern given the
prevalence of capture-induced parturition (abortion) in vivip-
arous sharks and batoids (Adams et al., 2018). Accordingly, we
sought data on multiple individuals of a species when a small
litter size was mnitially indicated.

We assumed egg-laying forms to be lecithotrophic given
the presumption that oviparous embryos rely entirely on
yolk. Viviparous forms posed a challenge, since lecithotrophy
and matrotrophy are extremes of a continuum and are
commonly estimated iz indirect evidence. Likewise, minimal
levels of extravitelline nutrient supply may be widespread
although undetected (Dodd, 1983; Hamlett et al., 20054;
Frazer et al., 2012; Luer & Wyffels, 2022); in fact, minimal
histotrophy may evolve simultaneously with viviparity
(Buddle ¢t al., 2019). Such complications make it impossible
to treat any ‘limited’ forms of matrotrophy as a discrete char-
acter state in phylogenetic analyses. We focused on definitive
manifestations from the continuum, distinguishing substan-
tial matrotrophy from relative lecithotrophy by drawing on
diverse lines of evidence, as recommended in the literature
(Huveneers ¢t al., 2011; Frazer et al., 2012).

Where quantitative information was available, we used
figures that compared dry mass of the fertilised egg to the
late-stage fetus. The rationale was that substantial matrotro-
phy is reflected in an increase in embryonic dry mass due to
nutrient uptake. Such values are presented in the literature
as a matrotrophy index (Buddle ¢ al., 2019) or chemical
balance of development (CBD) (Capapé ¢t al., 2005a), each
calculated by dividing the dry mass of the late-term fetus by
that of the fertilised egg (Frazer et al., 2012; Skalkos, Van
Dyke & Whittington, 2023). Low CBD values (less than or
close to 1) indicate lecithotrophy, whereas high values clearly
reflect substantial matrotrophy (Capapé et al., 2001, 2003;
Enajjar, Bradai & Bouain, 2008; El Kamel-Moutalibi
et al., 2013). Based on CBD values, no sharp distinction can
be made between strict lecithotrophy uversus matrotrophy
given the continuum of nutritional patterns and given
that where such a distinction may lie differs among taxa
(see Frazer et al., 2012).

Among species in our data set, CBD values were dichoto-
mously distributed: relatively lecithotrophic forms had CBD
values of around 1.3 or less, whereas substantially matrotrophic
forms commonly exhibited values that ranged from 8.7 to
69 (Capapé & Zaouali, 1995; Capape ¢ al., 2004b, 2006c).
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For a few species, we used values from oocytes and neonates
(instead of fertilised eggs and fetuses), although judiciously
since they tend to overestimate the degree of matrotrophy.
Likewise, we used data on organic mass (Frazer et al., 2012)
and very large wet mass ratios that offered conclusive evi-
dence of matrotrophy (e.g. developmental increases
>2000%; Trinnie ef al., 2015, 2016). Qualitative evidence
of matrotrophy came from documentation of oophagy/
embryophagy histotrophy, and placental nutrient transfer,
along with secretory uterine trophonemata that produce
nutritional secretions. Given that histotrophy commonly
accompanies the specialised patterns of oophagy and
placentotrophy, for the sake of analysis we classified such
species zia the latter, more specialised modes. Although
macroscopic associations of the yolk sac with the uterine
lining are routinely labelled ‘placentas’ in the literature
(e.g. Compagno, 1984¢, 1988), such associations are not
known always to function in substantial matrotrophy
(Buddle et al., 2019). Therefore, we applied the category
‘placentotrophic’ to those forms in which placental nutrient
transfer was corroborated by anatomical, physiological,
biochemical, or quantitative evidence. Overall, subjectivity
1s unavoidable in the use of qualitative evidence because
judgements vary; hence, we adopted a conservative
approach in identifying substantial matrotrophy. By making
explicit the inferences and evidence on which we based our
categories, we offer them to be available for modification as
further evidence becomes available.

Our focus on original reports in the literature often yielded
results at odds with secondary sources and websites
[e.g. TUCN Red List (www.iucnredlist.org) and FishBase
(https://www.fishbase.se)]. We found that such sources
commonly ascribed specific reproductive modes to elasmo-
branch species in the absence of documentation, under the
assumption that a poorly known species is like its congeners
or even confamilials. Despite such limitations, secondary
sources, websites [e.g. Shark References (https://shark-references.
com/)], and major compilations sometimes provided original
data, and proved useful as guides to obscure literature and
unpublished graduate theses where such data could be found.

(3) Ancestral state reconstruction

We reconstructed ancestral character states for reproductive
patterns using stochastic character mapping (SCM)
(Huelsenbeck, Nielsen & Bollback, 2003) and maximum
likelihood estimation (Pagel, 1994) implemented in the
R packages Phytools (version 1.5-1) (Revell, 2012) and APE
(version 5.7-1) (Paradis, Claude & Strimmer, 2004). Leverag-
ing the chondrichthyan phylogeny of Stein e/ al. (2018)
(available at https://vertlife.org/sharktree/), we pruned
trees to include only those species for which reproductive
trait data were available for each separate analysis (see
below). To build phylogenetic trees, Stein e al. (2018) used
all chondrichthyan species with available molecular data at
that time (610 species) to generate a genetic scaffold to which
they added taxa that lacked DNA sequence data. To generate
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taxon-complete trees, Stein el al. (2018) used a strict set of
taxonomic rules anchored to the results of initial molecular
analyses to add additional species, which were assimilated
into the phylogeny using a modified polytomy-resolver
algorithm (Kuhn, Mooers & Thomas, 2011). These efforts
resulted in fully resolved, time-calibrated trees for all
Chondrichthyes, which included 1192 species representing
14 orders, 60 families, and 198 genera. Accordingly, the tree
included all major lineages and the vast majority of nominal
species, excluding only 92 newly described species that
represented no new families or genera (Stein et al., 2018). In
theory, missing data could allow origins of a reproductive
pattern to be overlooked. However, given that only a few
minor genera were excluded, no reason exists to suspect that
such issues affected the quantitative analysis.

For reconstruction of reproductive traits, we used the
Akaike Information Criterion (AIC) to compare the fit of
three different models for character mapping: equal rates
(ER: equal rates to transition between any states), symmetric
rates (SYM: rate of change between character states is the
same forwards as backwards), and all-rates-different (ARD:
every type of transition can have a different rate). We also
tested different root priors (Fitzjohn, Estimate, and default)
for each model combination and found that treating the
prior as a nuisance parameter (i.e. pi = Fitzjohn) provided
the best fit for each analysis except one (FitzJohn,
Maddison & Otto, 2009). Stochastic character maps were
conditioned on the maximum likelthood transition matrix
and generated by sampling ancestral states at internal
nodes based on their posterior probability distribution
(Bollback, 2006). We simulated 1000 character maps and
summarised the number of state changes and the posterior
probabilities of each internal node generated from the char-
acter map simulations.

Multiple runs of early analyses showed that using a large
number of character states yielded contradictory results
(Maddison, 1993; Hoyal Cuthill, 2015), so we elected to
reconstruct ancestral states in independent analyses using just
2—4 variables. The following analyses were conducted: com-
parisons of (z) oviparity and viviparity; (i) the four types of
embryotrophy; () the four types of oviparity; and (i) the
two types of viviparity (i.e. pregnancy) with oviparity. These
analyses yielded information on the evolutionary origins of
viviparity, origins of matrotrophy, evolution of types of
oviparity and of pregnancy, and the types of viviparity
associated with matrotrophy.

IV. RESULTS

(1) Literature search and systematic review

We used a systematic approach to search for and synthesise
the available literature via Google Scholar along with numerous
websites and printed sources. From several thousand litera-
ture sources, we extracted reliable information on

Daniel G. Blackburn and Daniel F. Hughes

reproductive modes, which resulted in empirical data for
782 chondrichthyan species (see online Supporting Information
Tables S1 and S2, and Appendices S1 and S2). This number
represents ~70% of the elasmobranch species listed by Stein
et al. (2018), excluding some forms defined by them as ‘junior
synonyms’ and ‘invalid’. Species with data included repre-
sentatives of all families and the great majority of genera
(excluding only 14 small genera, eight of which are
monotypic). Reliable data were more available for species
of sharks (75%) than for batoids (65%) and holocephalans
(48%). For types of embryotrophy, we collected information
for 484 (62.5%) of the above-mentioned species. Our data set
included species with all four types of oviparity, both types of
pregnancy, and four types of embryotrophy. Data in
Tables S1 and S2 are presented in accordance with the
described criteria for recognising each reproductive pattern.
The references (Appendices S1 and S2, respectively) list
around 1200 representative literature sources from which
such data were taken. These sources are a subset of those
presenting empirical information that we deemed to be
reliable.

Our application of strict criteria for the recognition of
embryotrophic patterns yielded several designations that
differ from those in the literature, examples of which are
worth explaining in full. For instance, the Atlantic torpedo
Torpedo nobiliana was previously characterised as showing
‘incipient histotrophy’ despite a CBD of 8.7 (Capape
et al., 2006¢); thus, we classified it as matrotrophic given its
high CBD value. Similarly, four species of the genus Mustelus
have been designated as lecithotrophic (Yamaguchi,
Taniuchi & Shimizu, 2000; Storrie et al, 2009;
Katona et al., 2023), but in each case, gestational mass data
clearly reveal substantial matrotrophy (Table S1). As
another example, the Portuguese dogfish Centroscymnus
coelolepis (Somniosidae) has been described as matrotrophic
(Girard & Du Buit, 1999), but recent studies presented strong
evidence for lecithotrophy (Moura et al, 2011; Frazer
etal., 2012). Likewise, embryos of the lanternshark Etmopterus
princeps reportedly show a 7.7% reduction in organic mass
during gestation (Cotton et al., 2015), indicating lecithotrophy
with (at most) a minimal amount of histotrophy insufficient to
compensate for metabolic loss. Nevertheless, various sources
label the species as ‘matrotrophic’ (e.g. Mull, 2017; Kulka
et al., 2020). Based on the criteria adopted herein, Tables S1
and S2 present lines of evidence and associated documentation
from the literature.

For several species, reliance on recent literature allowed
for our correction of earlier inferences in ways directly helpful
to the analysis, of which we detail some impactful examples
below. For example, although the catshark Cephalurus cephalus
traditionally was described as oviparous, more recent sources
have shown it to be viviparous (Balart, Gonzalez-Garcia &
Villavicencio-Garayzar, 2000; Castro, 2011). Likewise, repro-
duction in the whale shark Rhncodon typus was a source of spec-
ulation for decades, until definitive evidence of viviparity was
reported (Joung ef al., 1996, Stevens, 2007). These two cases
are noteworthy because they represent two origins of viviparity
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that were not recognised in earlier analyses (e.g. Dulvy &
Reynolds, 1997; Blackburn, 2005, 20154). As another example,
the catshark Apristurus saldanha was long thought to be viviparous
and was recognised as an origin of viviparity (Blackburn, 2003).
This species is now known to be oviparous (Ebert, Compagno &
Cowley, 2006), eliminating it from consideration.

In our survey of the chondrichthyan literature, we have
found that a common source of unverified and mistaken
inferences stems from the assumption that species have the
same reproductive features as others in their genus, family,
or order. This issue is evident in various online databases
and review articles. Among discrepancies resulting from this
assumption are the assighment of putative reproductive
patterns to poorly known species. For example, out of
960 chondrichthyan species listed by Katona e al. (2023),
66% (635 species) were assigned to specific reproductive
patterns based on a published summary of chondrichthyan
orders that made no mention of the species in question
(i.e. Dulvy & Reynolds, 1997). This approach also yielded
mistaken reports on reproductive patterns in many other
taxa (e.g. species of the scyliorhinid genera Galeus, Halaelurus,
and Bythaelurus, the shark genera Carcharodon and Nebrius, and
the aforementioned species of Cephalurus and Mustelus). Each
of these genera has figured significantly in our evolutionary
reconstructions (see Section IV.4).

(2) Ancestral state reconstructions

The all-rates-different (ARD) model with the Fitzjohn prior
was selected as the best-fit model for the evolution of parity
mode (AICG weight = 0.67, log likelihood = —66.19)
(Table S3a). The ancestral form of reproduction for chon-
drichthyans was inferred to be oviparity with 100% posterior
probability (Table S4aj; Fig. 1). The estimated transition rate
from oviparity to viviparity was 0.00153, and from viviparity
to oviparity was 0. The estimated mean number of reproduc-
tive mode transitions based on this model over 1000 trees was
16.08 (+1.07 SD, range = 15-22 transitions), with all from
oviparity to viviparity (Fig. SIA).

The equal-rates (ER) model with the Fitzjohn prior was
selected as the best-fit model for the evolution of embryonic nutri-
tional mode (AIC weight = 0.54, log likelithood = —72.88)
(Table S3b). The ancestral form of nutritional mode for
chondrichthyans was inferred to be lecithotrophy with 100%
posterior probability (Table S4b; Fig. 2). The estimated transi-
tion rate among modes was 0.000189, indicating that the
transitions are rare in this group. The estimated mean
number of nutritional mode transitions based on this model
over 1000 trees was 12.31 (0.62 SD, range = 1216 transitions),
with most from lecithotrophy to oophagy (3.02 + 0.25 SD tran-
sitions), and the second-most from placentotrophy back to
lecithotrophy (2.85 + 0.44 SD transitions) (Fig. S1).

For the analysis of oviparity types, the ER model with the
Fitzjohn prior was the best-fit model (AIC weight = 0.51, log
likelihood = —49.92) (Table S3c). Short single oviparity was
inferred to be ancestral for all major clades (family-level
and above) with 100% prior probabilities in each case, and
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with transitions to each of the three specialised modes
(Table S4c; Figs S2 and S3B). For the analysis of viviparity
types, the ARD model with the default prior fit best to the
data (Table S3d). The great majority of transitions were
between single pregnancy and multiple pregnancy, followed
by transitions from oviparity to single pregnancy (Figs S3A
and S4; Table S4d).

(3) Phylogenetic distribution of oviparity

The analysis of oviparity types indicated that short single
oviparity is ancestral for extant chondrichthyans
(Table S4c) and was retained in the common ancestors
of holocephalans, elasmobranchs, batoids, and oviparous
sharks (Fig. S2). The three specialised forms of oviparity
evolved from this pattern: sustained single oviparity (which
arose once, in the scyliorhinid genus Cephaloscyllium), multi-
yolked single oviparity (which evolved once, in the rajiform
genus Beringraja), and multiple oviparity (which arose three
times in sharks — in the orectolobiform shark Stegostoma
Jasciatum and the scyliorhinid genera Halaelurus and Galeus)

(Tables S4c and S5; Iigs S2 and S3B).

(4) Phylogenetic distribution of viviparity

Our interpretation of the analytical results above indicates
that viviparity originated at least 11 times among extant
elasmobranchs (Table 3; Fig. 1). Ten of the viviparous origins
are located among sharks. They include the common ances-
tors (CAs) of Squalomorpha (the superorder that includes
Hexanchiformes, Echinorhiniformes, Pristiophoriformes,
Squatiniformes, and Squaliformes), of Lamniformes, of
Pseudotriakidae plus some Proscylliidae (genera Eridacnis
and Cfenacis), and of Carcharhinidae and its viviparous allies
(See Table S1 for allocation of species to these groups). Also
included are three origins of viviparity among the Scyliorhi-
nidae (in Bythaelurus, in Galeus polli, and in Cephalurus) and
three among the Orectolobiformes (in Orectolobidae +
Brachaeluridae, in Nebrius + Ginglymostoma, and in Rhincodon).
The other extant origin is represented in the CA of the
viviparous batoids. Posterior probability values for viviparity
at these CAs ranged from 76% to 98% (Table S4a), except
for the following noteworthy instances, which we attribute
to dubious phylogenetic placements. Although the ancestral
state reconstruction estimated a few other transitions, two
were based on the position of an oviparous scyliorhinid
(Proscyllium  haberery) whose phylogenetic placement is
highly questionable (see Section V.4 below). The two other
instances are based on members of the genus Bythaelurus in
which three viviparous species are interspersed phylogenetically
with two oviparous ones (Fig. 1). Relative to oviparous
Bythaelurus, the three live-bearing species exhibit a shared
distinct morphotype (Weigmann, Kaschner & Thiel, 2018)
and, thus, we conservatively interpret them as a single ori-
gin of viviparity until more conclusive data become
available.
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Fig. 1. Phylogenetic distribution of parity modes in chondrichthyan fishes. Reconstruction is based on stochastic character mapping
of 1000 trees using the all-rates-different model with the Fitzjohn prior. Node pie charts represent maximum-likelihood support for
ancestral state reconstructions (N= 782 species). Asterisks (*) indicate lineages on the phylogeny in the genera Proscyllium and
Bythaelurus whose phylogenetic placement is equivocal (see text for details). Eleven extant origins of viviparity are indicated, as
described in the text and Table 3. Species names are searchable in the online image.

Because each viviparous clade is derived from a larger
oviparous group, the type of oviparity ancestral to each was
readily inferred from the distribution of oviparity types
(Figs 1 and S2). A larger group with short single oviparity
was ancestral to 10 of the 11 viviparous clades (Table S5).
The sole exception was Galeus polli, which was derived from
a small clade exhibiting multiple oviparity. As for types of
viviparity, the single pregnancy form was indicated as the
ancestral mode in seven of the 11 live-bearing clades
(Tables S4d and S5; Fig. S4). Corresponding posterior

Biological Reviews 99 (2024) 1314-1356 © 2024 Cambridge Philosophical Society.

probability values ranged 74-97%, except for the Orectolobus—
Brachaelurus clade, at 45% (Table S4d). The only major
live-bearing clade in which multiple pregnancy was indicated
as ancestral was represented by viviparous carcharhiniforms.
Several transformations of single pregnancy to multiple
pregnancy are indicated among live-bearing squalomorphs,
lamniforms, and batoids (Fig. S4). However, under another
interpretation of the squalomorph and lamniform clades,
multiple pregnancy could have been ancestral and thus
reverted to single pregnancy various times (Table S5).
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Fig. 2. Phylogenetic distribution of embryonic nutritional modes in chondrichthyan fishes. Reconstruction is based on stochastic
character mapping of 1000 trees using the equal-rates model with the Fitzjohn prior. Node pie charts represent maximum-
likelihood support for ancestral state reconstructions (N = 484 species). Red symbols (*) above species names indicate the 66
lecithotrophic lineages that are viviparous. As used here, the category ‘oophagy’ includes ingestion of sibling eggs and embryos.
Six origins of matrotrophy are indicated, as described in the text and Table 4. Species names are searchable in the online image.

(5) Phylogenetic distribution of embryonic in at least six clades (Table 4; Fig. 2), each with a posterior
nutritional modes probability value of 87-100% (Table S4b). Oophagy has

had three origins: the CA of Lamniformes, the two species
As a functional correlate of oviparity, the analysis indicates of Pseudotriakidae (Gollum atlenuatus and Endacnis radcliffer),
that lecithotrophy is ancestral for chondrichthyans, batoids, and a Japanese population of the tawny nurse shark Nebrius

and sharks, each with a posterior probability value of 100% ferrugineus (Ginglymostomatidae). Placentotrophy is indicated
(Table S4b). Substantial matrotrophy evolved independently  as having arisen once, in the CA of Carcharinidaec and its
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Table 3. Evolutionary origins of chondrichthyan viviparity as
revealed in this analysis. CA = common ancestor. The extant
origins are illustrated on the tree in Fig. 1.

Daniel G. Blackburn and Daniel F. Hughes

Table 4. Evolutionary origins of chondrichthyan matrotrophy
and its modifications. The listed origins and modifications are
shown on the tree in Fig. 2. CA = common ancestor.

1) CA of viviparous batoids (Torpediniformes, Rhinopristiformes,
Myliobatiformes)

2) CA of Squalomorpha

3) CA of Lamniformes

4) CA of Carcharhinidae and allies (Triakidae, Sphyrnidae,
Hemigaleidae)

) CA of Orectolobidae + Brachaecluridae

) CA of Nebrius + Ginglymostoma (Ginglymostomatidae)

) Rhincodon typus (Rhincodontidae)

) Pseudotriakids (Gollum, Pseudotriakis) + 2 ‘proscylliid’ genera
(Eridacnis, Ctenacts)

9) CA of viviparous Bythaelurus (Scyliorhinidae)

10) Galeus polly (Scyliorhinidae)

11) Cephalurus cephalus (Scyliorhinidae)

12) a Paleozoic holocephalan (Harpagofututor)

5
6
7
8

viviparous allies (Hemigaleidae and Leptochariidae).
Substantial histotrophy has arisen from lecithotrophy in the
CA of Myliobatiformes and independently in the Torpedini-
formes. As noted above, embryophagy was not scored
separately from oophagy. Ingestion of sibling embryos pre-
dominates in the sand tiger shark Carcharias taurus and can
accompany egg ingestion in other lamniforms (Joung &
Hsu, 2005; Castro, 2011; Table S1). Matrotrophy has arisen
in clades characterised ancestrally by single pregnancy
(Myliobatiformes, Lamniformes, and Pscudotriakidae) as
well as multiple pregnancy (Carcharhinidaec and allies,
Nebrius, and Torpedo) (Fig. 2). As for modifications of matrotro-
phy, placentotrophy appears to have been replaced twice
(by histotrophy in some Moustelus, and by histotrophy
combined with nutrient ingestion in the tiger shark Galeocerdo
cuwier); it also may have reverted to lecithotrophy in some
Triakidae (Fig. 2; Tables 4 and S5).

V. DISCUSSION

Attempts to understand the reproductive diversity of
Chondrichthyes date to the works of Aristotle. Yet confusion
still abounds in the literature on the frequency, distribution,
and evolution of reproductive modes in cartilaginous fishes.
The present analysis draws on the largest molecular phylog-
eny of Chondrichthyes to date (Stein et al., 2018), along with
empirical information on nearly 800 species. The convergent
and divergent trends revealed by our review and analyses
offer insight into hundreds of millions of years of evolutionary
history for a distinct vertebrate group.

(1) Origins and evolution of oviparity

The phylogenetic analyses strongly indicate that short single
oviparity (with the laying of successive clutches of 1 or 2 eggs)
1s ancestral for extant chondrichthyans and has been retained
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Origins Type

1) CA of Myliobatiformes Histotrophy

2) Torpedo nobiliana Lecithotrophy with significant
histotrophy

Oophagy (+ intrauterine
cannibalism in some)

3) Lamniformes

4) Nebrius (Ginglymostomatidae) Oophagy

5) Pseudotriakidae Oophagy

6) Carcharhinidae and allies Placentotrophy

Modifications

1) Galeocerdo cuvier (Carcharhinidae) Placentotrophy replaced by
histotrophy

2) some Mustelus (Triakidae) Placentotrophy replaced by
histotrophy

Potential loss

1) some Triakidae? Reversion to lecithotrophy?

in holocephalans [as suggested by Luer & Wyftels (2022) and
several previous sources]. Evolutionarily, this pattern gave
rise to three derived patterns of oviparity (Tables S4c and
S5; Figs S2 and S3B).

Features of the ancestral pattern offer insight as to
functional reasons for its evolutionary modification. In
holocephalans, the rate of oviposition is slow, and reproduc-
tive output is limited by carrying capacity of the oviducts, as
well as the time needed to ovulate, construct the egg capsules,
and oviposit the eggs. For example, the spotted ratfish
Hydrolagus collier 1ays a pair of egg cases once every 2—3 weeks
(Barnett et al, 2012) and the Australian ghostshark
Callorhinchus milii once every 7-10 days (Didier, Kemper &
Ebert, 2012). By contrast, oviparous batoids (rajiforms) have
modified this pattern by an increase in oviposition rate
(Barnett et al., 2009). Thus, the thornback ray Raja clavata lays
an average of one egg per day (Holden, Rout &
Humphreys, 1971; Ellis & Shackley, 1995), and other skates
have average oviposition rates of one egg every 2—4 days
(Concha et al, 2012; Mabragana e al, 2015; Gao
et al., 2022). Such numbers indicate that fecundity is much
higher among oviparous rajiforms than in chimaeras
(Barnett ¢t al., 2009). In oviparous sharks, oviposition rates
vary, but with some exceptions (Chen & Liu, 2006), they
commonly are more similar to those of holocephalans than
to rajiforms (Castro, Bubucis & Overstrom, 1988; Rodda &
Seymour, 2008; Awruch et al, 2009; Bennet, Kyne &
Heupel, 2015). However, some oviparous elasmobranchs
have found other ways around limitations of the short single
oviparity pattern.

The derived pattern of multi-yolked single oviparity,
which arose in the rajiform genus Beringrgja (Tables S2 and
S5; Fig. S2), increased fecundity over the typical rajiform
pattern because each of the egg capsules can contain
5-8 vyolks (Hitz, 1964; Kang e al., 2013; Chiquillo
et al., 2014). Due to this pattern, the skate B. binoculata is
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one of the most fecund elasmobranchs in the world, with an
output of up to 360 multi-yolked egg cases and perhaps
>1200 hatchings annually (Ebert & Davis, 2007; Ebert,
Smith & Cailliet, 20085). This number is far in excess of the
20-100 eggs per year that is typical of most oviparous
elasmobranchs (Musick, 2010).

In the derived pattern of multiple oviparity, the female
bears multiple eggs per uterus (Kunze & Simmons, 2004;
Costa, Erzini & Borges, 2005). Our analysis indicates that
this pattern evolved three times, once in Stegostoma fasciatum
and twice among scyliorhinids (Table S5; Fig. S2). It also
overcame fecundity limits associated with the two-egg clutch
size. For example, in S. fasciatum, females can carry 2-6 eggs
simultaneously (Kunze & Simmons, 2004), and in species of
Halaelurus, females can carry 10-16 eggs at a time, each with
a developing embryo (Bass, 1986; Nakaya et al., 2020).

In a third pattern, sustained single oviparity, females retain
a single egg in each oviduct and lay them at an advanced
stage of development. This pattern represents a single origin,
being restricted to the scyliorhinid genus Cephaloscyllium
(Akhilesh et al., 2014). In C. sarawakensis, the fecundity costs
associated with prolonged retention of a pair of eggs are off-
set by larger neonates and faster maturation (Nakaya
et al., 2020).

(2) Origins and evolution of viviparity

The 11 extant origins of viviparity are broadly spread among
extant clades and have occurred at a range of taxonomic
levels (Table 3; Fig. 1). At one extreme are the origins of
viviparity that lie ancestral to such major clades as
squalomorphs, lamniforms, viviparous carcharhiniforms,
viviparous batoids, and the Orectolobus + Brachaelurus group.
At the other extreme are the origins at species and species-
group levels, as in ginglymostomatids, Bythaelurus, Galeus polli,
Cephalurus cephalus, and Rhincodon. The inference that most of
the origins of viviparity (>10 clades) have evolved from short
single oviparity reflects the ancestral nature and broad distri-
bution of that pattern (Table S5). As for types of viviparity,
In most cases, it first arose in the single pregnancy
form (Table S5; Fig. S4). The observation that single preg-
nancy gave rise to numerous lineages with multiple
pregnancy (Figs S4 and S3A) has significant evolutionary
implications (see Section V.6).

Discovery of evidence for viviparity in a Paleozoic holoce-
phalan reveals what we interpret as another origin of vivipar-
ity in cartilaginous fishes. Two fossil specimens of
Harpagofututor from the Upper Mississippian 318 Mya have
been described, each containing developing fetuses of differ-
ent sizes (Grogan & Lund, 2011). Another set of holocepha-
lan fossils from the same location also has been interpreted
as evidence of wviviparity and possibly matrotrophy
(Lund, 1980; Grogan & Lund, 2004). These discoveries led
some to propose that viviparity was ancestral for chon-
drichthyans (Grogan & Lund, 2004, 2011; Musick &
Ellis, 2005), a view that elicited alternative interpretations
(e.g. Dulvy & Reynolds, 1997; Fischer ¢ al., 2014; Trinajstic
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et al., 2019; Mottequin et al., 2021). Evidence of oviparity is
widespread among Paleozoic chondrichthyans, including
some from older strata than the viviparous forms
(Mottequin et al., 2021). Therefore, the appearance of a
viviparous species in the Paleozoic (ca. 100 million years after
elasmobranchs diverged from holocephalans) does not imply
that such a reproductive mode 1s ancestral for the entire
chondrichthyan clade. In fact, such a situation could
require multiple reversions to oviparity and multiple origins
of egg capsules (Musick & Ellis, 2005; Nakaya et al., 2020).
Thus, most analyses have considered oviparity to be
ancestral for chondrichthyans (Table 1; Wourms, 1981;
Compagno, 1990; Carrier et al., 2004). Regardless of the spe-
cific interpretation adopted, we infer that the viviparous
holocephalan fossils reflect at least one additional origin of
viviparity beyond the 11 defined among extant forms by
our analyses.

(3) Origins and evolution of matrotrophy

The six identified origins of substantial matrotrophy are
broadly spread among viviparous elasmobranchs (Table 4;
Fig. 2). Three of these origins characterise major
clades — histotrophy in myliobatiforms, oophagy in lamni-
forms, and placentotrophy in carcharhinids and their allies.
The other three matrotrophic origins arose at low taxonomic
levels, represented by the origin of histotrophy in Zorpedo, and
of oophagy in pseudotriakids and in Nebrius. The identified
origins probably underestimate the occurrence of substantial
matrotrophy in Torpediniformes, given the scarcity of defin-
itive evidence and difficulties in recognising this pattern in
the absence of quantitative studies. Likewise, Table S2 may
underestimate the distribution of placentotrophy in carchar-
hinids, given the widespread occurrence of macroscopically
visible ‘placental’” arrangements whose possible functions in
nutrient provision have not been demonstrated. Species
in these groups would be ideal for future studies to clarify
details of their reproductive evolution.

The inference that placentotrophy originated once (in a
basal viviparous carcharhiniform) addresses a persistent
evolutionary issue. Past works have suggested that shark
placentas may have arisen up to 20 separate times, given
that such placentas are structurally diverse (Wourms &
Lombardi, 1992). However, as noted by Buddle e al.
(2019), placental diversity is not necessarily evidence
of multiple origins, as shown by the diversity of mam-
malian placentas, which stemmed from a single origin
(Mossman, 1987). For shark placentas to have arisen only
once resolves the issue but raises new ones by requiring
episodes of placental loss (Lopez et al., 2006).

Our analysis indicated that placentotrophy was replaced
by histotrophy in some Mustelus species and in the tiger shark
Galeocerdo cuvier (Castro, 2011; Castro e al., 2016) (Table 4;
Fig. 2). Although the idea of placental loss may seem surpris-
ing, no sharp distinction lies between placentotrophy and his-
totrophy. In fact, viviparous sharks (including placental
forms) can absorb histotrophic nutrients across permeable
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surfaces of the body, the gills, and umbilical cord appendiculae
(Hamlett et al., 1985a). Further, shark placentas vary markedly
in shape, extent, and degree of intimacy (Hamlett, Wourms &
Hudson, 19855, d; Hamlett, Jones & Paulesu, 20055; Buddle
et al., 2021; Whittington et al., 2022) and, at their simplest, are
formed through apposition of the yolk sac to the uterine lining
(Otake & Mizue, 1986). Thus, loss of a placenta need not
require much anatomical modification or entail a loss of matro-
trophy. In support of the inference of placental loss, both
mstances indicated herein were inferred in two earlier phyloge-
netic analyses (Lépez et al., 2006; also see Switt et al., 2016).

Our analysis revealed that in four cases (pseudotriakids,
myliobatiforms, 7orpedo, and Nebrius), matrotrophic viviparity
evolved from an ancestor with lecithotrophic viviparity.
However, in the two remaining matrotrophic clades (lamni-
forms and carcharhinids + allies), the immediate ancestor
appears in the analysis as oviparous and lecithotrophic
(Table S5). In these two cases, the possibility remains that
the immediate ancestors of these matrotrophic forms were
viviparous and lecithotrophic, in species not represented
among extant forms. As for ancestral types of viviparity in
the matrotrophic clades, both single pregnancy and multiple
pregnancy are represented (Table S5).

(4) Evolutionary reversals?

The only potential reversal from viviparity to oviparity indi-
cated in the analysis is represented by the graceful catshark
Proscyllium habereri. The possibility of reversion is based on
the precise relationship of this oviparous species to the four
viviparous species of the nominal family ‘Proscyllidae’
(Stein et al., 2018; see asterisks in Fig. 1). However, the phylo-
genetic placement of this group has long been uncertain
(Compagno, 1988; Lépez ¢t al., 2006), and a recent molecu-
lar analysis found that ‘Proscylliidae’ is paraphyletic, with
P. habereri being unrelated to its alleged confamilials (Naylor
et al., 2012). This view is supported by the Chondrichthyan Tree
of Life website (https://sharksrays.org/). At present, little to
no reason exists to consider P. habereri as a reversion.

A different sort of reversal is represented by 1 or 2 possible
reversions from placentotrophy back to lecithotrophy within
the shark family Triakidae. The case is based on the position
of three lecithotrophic species in a largely matrotrophic clade
of viviparous carcharhiniforms (Fig. 2). Inferences of lecitho-
trophy in two of the species (Triakis scyllium and T. megalopterus)
are vague, being based on absence of a placenta plus a lack of
evidence of uterine secretion (Otake, 1990; Smale &
Goosen, 1999; Table S1). Although lecithotrophy in the
third species (Galeorhinus galeus) is well established (Capapé
et al., 2005b), the phylogenetic position of this species is equiv-
ocal. A molecular study concluded that Triakidae (sensu lato)
is paraphyletic, with G. galeus being part of an outgroup to
the family (Vélez-Zuazo & Agnarsson, 2011; also see Soren-
son, Santini & Alfaro, 2014; Stein ¢ al., 2018). Thus, while
reversions to lecithotrophy are weakly supported, we suggest
that they require confirmation from functional and phyloge-
netic standpoints.

Daniel G. Blackburn and Daniel F. Hughes

(5) Comparison with other analyses

Comparison of the conclusions of this analysis with those of
earlier studies (Tables 1 and S6) reveals reasons for past dis-
crepancies as well as a surprising and promising set of similar-
ities. The most significant discrepancies reflect different
phylogenetic interpretations. The older view, that batoids are a
clade within the shark lineage (Carvalho, 1996; Shirai, 1996),
required multiple origins of viviparity and/or reversals from vivi-
parity to oviparity (Dulvy & Reynolds, 1997; Blackburn, 1999,
2005; Musick & Ellis, 2005; Table 1). Demonstration that
batoids are a sister group to sharks (Douady ¢t al., 2003; Naylor
et al., 2005, 2012; Aschliman, Claeson & McEachran, 2012; da
Cunha, da Silva Rodrigues-Filho & de Luna Sales, 2017) simpli-
fied matters considerably by eliminating several hypothetical
transformations and reversals and allowed for oviparity to be
ancestral for batoids (Blackburn, 20154).

The origins of viviparity and matrotrophy recognised
herein are very similar to those of a recent study
(Blackburn, 20154), which superimposed reproductive pat-
terns over recent phylogenies (Aschliman et al., 2012; Naylor
et al., 2012) and adopted interpretations that maximised par-
simony. Despite its methodological limitations and much
smaller database, that analysis identified nine of the 12 origins
of viviparity recognised herein as well as five of the six origins
of matrotrophy (Table 1). Likewise, an unpublished thesis
(Mull, 2017), which also drew on the phylogenetic tree of
Stein et al. (2018), independently recognised seven of these
origins of viviparity. In fact, several of the potential origins
in these recent studies were recognised in earlier analyses
(Dulvy & Reynolds, 1997; Blackburn, 1999, 2005), albeit
along with various origins and reversions now regarded as
spurious (Table S6). The similarities reflect the fact that the
independent viviparous clades are prominently separated
and embedded in larger oviparous groups. Interpretations
of embryotrophy, however, reveal differences with our
review and recent analyses. One recent contribution (Mull,
Yopak & Dulvy, 2020) recognised several additional origins
of matrotrophy, based on species that we considered to be
relatively lecithotrophic or lacking definitive documentation.
Such matters of interpretation aside, it is notable that inde-
pendent analyses, drawing on different techniques, phyloge-
nies, and databases, have independently recognised most of
the origins of viviparity and matrotrophy defined herein
(Tables 1 and S6). Such similarities point to an emerging
consensus and provide a basis for analyses of the geological
history and functional significance of chondrichthyan repro-
ductive evolution.

A very recent study [Katona ez al. (2023), published online
after submission of this review] sought to reconstruct ances-
tral states as in our analysis, although with different goals
and methods. Because that study did not explicitly quantify
the reproductive mode transformations or define them phy-
logenetically, a close comparison with our analysis was not
feasible. However, that study did agree with our own findings
(and those of most previous analyses: Table 1) that oviparity
was ancestral for chondrichthyans, and that viviparity had
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evolved multiple times. Among major differences from the
present analysis, Katona ef al. (2023) alluded to many phylo-
genetically undefined reversals from viviparity to oviparity
and from placentotrophy to lecithotrophy (see their Fig. 2).
These interpretative differences apparently reflect different
methods and undefined criteria for the recognition of repro-
ductive patterns (see Section IV.2).

(6) Overview of evolutionary transformations

This analysis suggests at least 34 transformations in repro-
ductive patterns (Table S5), half of which are represented
by transitions to viviparity and to matrotrophy. Our interpre-
tation of the unidirectional evolution of oviparity into vivi-
parity, showing the 12 defined origins of that pattern is
summarised in Fig. 3A. Figure 3B shows transformations of
oviparous lecithotrophy into viviparous matrotrophy. Vivip-
arous lecithotrophy typically represents an intermediate
stage in the transformation to viviparous matrotrophy. In
two exceptional cases (lamniforms and viviparous carcharhi-
niforms), no species representing such an intermediate
lecithotrophic stage is evident among species in our database
(Table S1), implying a transformation directly from oviparity
to viviparous matrotrophy. However, species representing
this hypothetical intermediate pattern may simply be extinct,
an understandable situation given that the origins of the two
clades date to the Mesozoic (Sorenson et al., 2014).

Figure 4 illustrates multiple trajectories within and
between oviparous and viviparous clades, illustrating seven
distinct pathways by which clades have evolved away from
the ancestral pattern of short single oviparity, with three
paths to specialised types of oviparity and four to various
forms of viviparity. At least 15 separate clades are indicated
as having abandoned the ancestral type of oviparity for one
of these seven pathways. Viviparity is shown to have evolved
by five different trajectories, like multiple pregnancy.
Matrotrophy also has arisen by four different trajectories.

Four implications from these transformations deserve
additional consideration. First, a focus on the evolution of
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viviparity and matrotrophy (Fig. 3) overlooks the complexity
and diversity of historical transformations in terms of starting
points, intermediate stages, end points, and trajectories
(Fig. 4). Second, none of the trajectories towards viviparity
or matrotrophy matches a unilinear sequence proposed
under the assumption that a phenoclinal arrangement of spe-
cies represents a single, unilinear evolutionary progression
(e.g. Compagno, 1990). Accordingly, reconstruction of evo-
lutionary changes are best made by analysis of individual
clades. Third, from a functional standpoint, each of the
transformations corresponds either to an increase in fecun-
dity (multiple oviparity, multi-yolked oviparity, and multiple
pregnancy) or to increased maternal investment per embryo
(sustained single oviparity, viviparity, and matrotrophy). This
observation helps account for the existence of multiple trajec-
tories, most likely reflecting a diversity of selective pressures,
constraints, and exaptations. A fourth point is that patterns
of embryotrophy and parity mode may interact in ways that
affect their subsequent co-evolution. Notably, two major
matrotrophic groups in which single pregnancy was deemed
to be ancestral (lamniforms and myliobatiforms) have given
rise to multiple clades with multiple pregnancy (Table S5).
This situation raises an intriguing prospect — that matrotro-
phy (with its emphasis on high maternal investment) may
have facilitated the transformations of single pregnancy into
the multiple pregnancy variety. Matrotrophy may reduce
the costs of multiple pregnancy, not only by spreading out
the energetic investment across the period of pregnancy but
also by limiting the full locomotory costs imposed by the litter
until late in gestation (Blackburn, 1999). Evidence for such
advantages of matrotrophy have come to light from studies
on viviparous teleost fishes (Fleuren et al., 2018; Hagmayer
et al., 2020), among other species. Viviparity and matrotro-
phy represent alternative ways to enhance offspring quality
(Parsons et al., 2008), and both are maximised under condi-
tions of multiple pregnancy, a fact that helps account for
the convergent transformations.

We suggest that future attempts to analyse viviparity and
matrotrophy in cartilaginous fishes continue to draw on

A 12
Oviparity Viviparity
——Q—
B 2(?)
9 4
Oviparous ‘ Viviparous =) | Viviparous
lecithotrophy *§ lecithotrophy <:Il 20 matrotrophy

Fig. 3. Evolutionary transformations in reproductive modes in chondrichthyans. (A) Transformations between oviparity and
viviparity. (B) Transformations between types of embryotrophy. Numbers indicate the minimal quantity of transformations and
are based on our interpretation of the phylogenetic distributions in Figs 1 and 2.
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Fig. 4. Diverse evolutionary transformations between reproductive patterns in chondrichthyans, showing multiple trajectories
through which they have evolved. Values indicate estimates of the minimum number of transformations. Red arrows show
transformation to viviparity, green arrows indicate transformations to matrotrophy, and blue arrows show transitions between
types of oviparity. Transitions to lecithotrophic single pregnancy and multiple pregnancy are listed in Table S5, along with the

other transformations.

detailed species-level phylogenies (such as Stein et al., 2018),
to compile species-level reproductive data, and to consider
the specific historical trajectories involved in each clade.
Likewise, while viviparity warrants particular attention, spe-
cialised patterns of oviparity ought not be overlooked. Ana-
lyses will benefit from recognising that derived reproductive
patterns have undergone convergences from different ances-
tral precursors, and therefore may be products of selective
pressures, exaptations, and constraints that have varied in
different lineages over the millions of years of chondrichth-
yan history.

(7) Geological timeframe

Published timetree analyses based on molecular and fossil
evidence provide a framework for reconstructing reproduc-
tive history (Heinicke et al., 2009). Holocephalans arose in
the Silurian and diverged from the CA of elasmobranchs
by c¢a. 421 Mya (Inoue et al., 2010). Origins of short single
oviparity must pre-date this divergence, given its persistence
in diverse, extant egg-laying descendants of both groups. The
split between sharks and batoids has been variously estimated
at ca. 281 Mya and ca. 364 Mya (Inoue ¢ al., 2010; Sorenson
et al., 2014; also see Heinicke et al., 2009). These Paleozoic
clades likewise retained the ancestral oviparous pattern.
The viviparous holocephalan Harpagofututor is from the
Carboniferous (Grogan & Lund, 2011), making it the earliest
known origin of chondrichthyan viviparity.

The crown group of the Squalomorpha dates to the
Triassic (ca. 238 Mya) (Sorenson et al., 2014), representing the
earliest origin of viviparity with extant live-bearing descendants.
Two other major Mesozoic origins of viviparity are represented
by Lamniformes and live-bearing Carcharhiniformes, with
estimated crown groups of 162 Mya (Jurassic) and

130 Mya (Cretaceous), respectively (Sorenson et al., 2014).
Yet another Mesozoic origin is represented by viviparous
Batoidea, since the fossil record indicates that the group
had diverged from the (oviparous) Rajiformes and radiated
widely by the Cretaceous (Guinot & Cavin, 2016; Long
et al., 2019). Estimated divergence times of various familial
and sub-familial origins of viviparity range from the late
Mesozoic (Rhincodon) to the Cenozoic (ginglymostomatids,
pseudotriakids + proscylliids, and Galeus polly) (Heinicke
et al., 2009; Sorenson et al., 2014). Origins of matrotrophy
appear to extend from the Jurassic (Lamniformes) and Creta-
ceous (Myliobatiformes, Carcharinidae and its viviparous
allies) to the Cenozoic (pseudotriakids and Nebrius), based
on divergence times and the fossil record (Sorenson
et al., 2014; Guinot & Cavin, 2016; Long et al., 2019).

(8) Conservation of reproductive diversity and areas
for future study

The conservation status of chondrichthyans has reached and
surpassed crisis levels. Data from the TUCN Red List indicates
that over one third of the extant species are now threatened
with extinction, the chief cause being overfishing, followed
by habitat degradation and climate change (Dulvy
et al., 20215). Likewise, the worldwide abundance of oceanic
rays and sharks is estimated to have declined by 71%
(Pacoureau e al., 2021). While the endangered species have
diverse life-history characteristics (Dulvy e al., 2017;
Pimiento et al., 2023), certain features make them especially
vulnerable. Among them is the combination of small litter
size, long gestation lengths, and high maternal investment,
features characteristic of many viviparous and matrotrophic
elasmobranchs (Dulvy et al, 2008; Garcia, Lucifora &
Myers, 2008). These circumstances have led biologists to
try to identify taxa with distinct evolutionary histories and
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ecomorphological specialisations, to concentrate research
and conservation efforts, and to educate the general public
(Stein et al., 2018).

Particular chondrichthyan groups exhibit unusual charac-
teristics that deserve to be better understood and more
widely appreciated. Notably, we know far too little about
placentation in sharks, a phenomenon recently studied by
(apparently) only a single laboratory worldwide (Buddle
etal., 2021, 2022; Whittington ¢t al., 2022). The shark genera
Galeus and Bythaelurus, which have both oviparous and vivip-
arous species (Table S1), offer a chance to reconstruct in
detail how and why viviparity evolved. The functional signif-
icance of matrotrophy also deserves broad consideration,
including histotrophy in myliobatiforms and the combina-
tion of ingestion and absorption of uterine secretions in the
tiger shark Galeocerdo cuvier (Castro et al., 2016). Likewise,
the inferred loss of placentation in certain Mustelus (Lopez
et al., 2006) and in G. cuvier warrants attention, as an unusual
phenomenon with functional and evolutionary implications.
Further, the fact that a regional population of the nurse shark
Nebruus_ferrugineus exhibits oophagy (Teshima et al., 1995) pro-
vides a rare opportunity to understand the significance and
evolution of matrotrophy at a subspecific level — in a species
now listed by the IUCN Red List as ‘vulnerable’
(Simpfendorfer ¢t al., 2021).

As for public outreach, the fact that viviparity in rays and
squaliform sharks arose in the Mesozoic (‘the Age of dino-
saurs’ to the general public) has potential to capture interest,
as does the ‘megamamma’ (sic) whale shark, with its aston-
ishing 300 embryos (Carter & Soma, 2020; Joung
et al., 1996). Likewise, the fact pregnant carcharhinids
form placentas (‘like our own species’), while the sand tiger
shark feeds her embryos via ‘intrauterine cannibalism’ has
potential in engaging public attention. We retain hope
that a better understanding of the reproduction and evolu-
tion of cartilaginous fishes will contribute to an apprecia-
tion of biodiversity and the critical importance of its
conservation.

VI. CONCLUSIONS

(1) We compiled from the literature information on repro-
ductive patterns and specialisations for 782 extant species of
chondrichthyan fishes and analysed them phylogenetically.
Our analysis reveals that the ancestral reproductive pattern
is a type of oviparity in which females lay clutches of 1 or
2 eggs, from which three specialised oviparous patterns
evolved. Viviparity has originated in at least 11 separate
clades, including 10 origins among sharks and one in batoids.
Published evidence for a 12th such origin is available for a
Paleozoic holocephalan. The analysis revealed no evidence
of a viviparity—oviparity reversal.

(2) Substantial matrotrophy (maternal provision of extravi-
telline nutrients during gestation) has evolved from lecitho-
trophy at least six times, including one origin of
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placentotrophy, two or more origins of histotrophy, and
three origins of oophagy/intrauterine cannibalism.

(3) Viviparity and matrotrophy have arisen through a vari-
ety of evolutionary trajectories, involving different ancestral
modes, different intermediate patterns, and different end
results. Accordingly, the trajectories may reflect a diversity
of selective pressures, exaptations, and constraints, features
that warrant careful analysis at the level of individual clades.
(4) Geologically, an ancient holocephalan pattern of ovipar-
ity that had arisen by the mid-Paleozoic has been retained or
modified by extant egg-laying sharks and batoids. Four major
origins of viviparity represented at high taxonomic levels date
to the Mesozoic, while various sub-familial origins occurred
during the Cenozoic. Of the origins of matrotrophy, the
three most widespread trace back to the Mesozoic (placento-
trophy in carcharhiniforms, histotrophy in myliobatiforms,
and oophagy in lamniforms).

(5) Reflecting the critical issues of chondrichthyan conserva-
tion, our analysis contributes to ongoing efforts to recognise
taxa with distinct ecomorphological specialisations and evo-
lutionary histories. The analysis also highlights examples of
clades and poorly understood reproductive phenomena wor-
thy of further investigation.
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