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ABSTRACT: A central goal in evolutionary biology is to elucidate
general mechanisms and patterns of species divergence. The vivi-
parity-driven conflict (VDC) hypothesis posits that intense mother-
embryo conflict associated with viviparity drives rapid reproductive
isolation among viviparous species, is intensified by multiple pater-
nity, and reduces female reliance on precopulatory cues in mate
choice. We tested these predictions using comparisons of oviparous
and viviparous fishes. Consistent with the VDC hypothesis, we found
that, relative to oviparous species, only closely related viviparous
fishes are known to hybridize. Also in support of the VDC hypothesis,
we found that (1) elaborate male sexual ornamentation may be more
common in viviparous species with relatively low levels of maternal
provisioning of embryos compared with those with high levels of
provisioning and (2) the degree of multiple paternity is higher in
viviparous species than in oviparous species. In contrast to a pre-
diction of the VDC hypothesis, we found no relationship between
the degree of multiple paternity and elaborate male sexual orna-
mentation, although statistical power was quite low for this test.
Whereas overall our results strongly support the central tenet of the
VDC hypothesis—that reproductive mode affects rates of evolution
of reproductive isolation and the strength of sexual selection—they
cannot rule out two alternative models we propose that may also
explain the observed patterns.

Keywords: speciation, reproductive isolation, antagonistic coevolu-
tion, viviparity, sexual selection, matrotrophy.

Introduction

Long after Darwin (1871) marveled at “endless forms most
beautiful,” species divergence and the evolution of repro-
ductive isolation among populations remain central issues
in evolutionary biology (Coyne and Orr 2004). Repro-

* These authors contributed equally to this study.
" Corresponding author; e-mail: scoleman@bio.tamu.edu.

Am. Nat. 2009. Vol. 173, pp. 291-303. © 2009 by The University of Chicago.

0003-0147/2009/17303-50490$15.00. All rights reserved.
DOI: 10.1086/596542

ductive isolation may be pre- or postcopulatory (Dob-
zhansky 1937; Mayr 1963; Birkhead and Mgller 1998), and
the stage at which reproductive isolation occurs can have
important consequences for species divergence (Coyne
and Orr 1989, 1997; Gleason and Ritchie 1998; Borden-
stein et al. 2001; Mendelson 2003). Recently, it has been
suggested that genetic conflict between mothers and em-
bryos plays an important role in the evolution of post-
zygotic reproductive isolation (Zeh and Zeh 2000, 2008).
Haig (1993, 1996a, 1996b, 2004, 2006) has investigated
this conflict extensively in humans (although not in the
context of speciation), arguing that the conflict reflects
selfish interactions between three genetic “factions” during
pregnancy: maternal genes shared by the mother and fetus
(inherited maternal haplotypes), genes present in the
mother but not in the fetus (noninherited maternal hap-
lotypes), and genes present in the fetus but not in the
mother (paternally derived fetal haplotypes; reviewed in
Haig 2006). Each of these factions acts selfishly with respect
to the distribution of maternal resources. Paternally in-
herited haplotypes are predicted to drive individual em-
bryos to garner maximum resources, even at the expense
of the mother and siblings, whereas maternal haplotypes—
especially those present only in the mother—are predicted
to control the distribution of maternal resources to max-
imize reproductive output of multiple offspring with hap-
lotypes that are most favorable for the mother’s haplotype
(reviewed in Haig 2006). With this model in mind, Zeh
and Zeh (2000) proposed the viviparity-driven conflict
(VDC) hypothesis to help explain broad patterns of re-
productive isolation among species.

The VDC hypothesis posits that reproductive mode in-
fluences the rate at which postzygotic reproductive iso-
lation evolves (Zeh and Zeh 2000, 2008). The central tenet
of this hypothesis is that internal gestation in viviparous
species creates the potential for antagonistic coevolution
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(e.g., Holland and Rice 1998) between maternal and pa-
ternal genes expressed by developing embryos (i.e., Haig
2006). Zeh and Zeh (2000, 2008) propose that viviparity,
characterized by extensive fetomaternal interaction (re-
viewed in Haig 2006), favors the evolution of aggressive
paternal genomes that are expressed in embryos and that
bias the acquisition of maternal resources to embryos; in
response, females are predicted to express genes during
pregnancy that suppress embryonic manipulation of ma-
ternal resources. For example, the conflicting effects of the
paternally expressed insulin-like growth factor II (Igf2),
the product of which functions primarily in promoting
the transfer of resources from the mother to the embryo,
and the maternal insulin-like growth factor type II receptor
(Igf2r), whose product degrades the product of Igf2, may
reflect antagonistic coevolution driven by mother-embryo
conflict (Zeh and Zeh 2000; Chao and D’Amore 2008).
Zeh and Zeh (2000, p. 940) argue that such “viviparity-
driven conflict should generate perpetual antagonistic co-
evolution ... between genes expressed in embryonic de-
velopment and genes involved in maternal reproductive
physiology, thereby greatly accelerating the rate at which
postzygotic isolation evolves between [viviparous] popu-
lations.” Thus, reproductive isolation should arise more
rapidly among viviparous species than among oviparous
species.

According to the VDC hypothesis, the intensity of fe-
tomaternal interaction determines the rate at which this
coevolutionary arms race proceeds, with more rapid co-
evolution expected in species that display extensive inter-
action between mother and fetus. Thus, viviparous species
with complex organs for fetomaternal exchange (such as
the placenta of mammals) are predicted to evolve post-
zygotic reproductive incompatibility more rapidly than
oviparous species. Consistent with this prediction, Zeh and
Zeh (2000) report that, within oviparous taxa (birds and
frogs), distantly related species are able to hybridize,
whereas only relatively closely related placental mammals
are able to produce viable hybrids. In addition, because
extensive mother-embryo conflict may favor the evolution
of an aggressive paternal genome, Zeh and Zeh (2000,
2008) predict (1) a positive association between the degree
of fetomaternal interaction and multiple paternity, where
embryos of different males compete within the womb for
access to maternal resources, and (2) that multiple pater-
nity thus reduces female reliance on precopulatory cues
in mate choice; in other words, the “arena” for sexual
selection has moved from precopulatory to postcopulatory.

Here we test several predictions of the VDC hypothesis
using comparisons among viviparous and oviparous fishes.
First, if fetomaternal conflict drives the rate of evolution
of reproductive isolation, we predict that, relative to ovip-
arous fishes, only closely related viviparous fishes should

be able to produce viable hybrids. Second, if VDC gen-
erates genetic incompatibility within populations, then vi-
viparous species should have higher rates of multiple pa-
ternity (as a means of avoiding fertilizations from
genetically incompatible mates) than oviparous species.
Third, if substantial maternal provisioning intensifies
mother-embryo conflict, and if this intensification reduces
female reliance on precopulatory cues in mate choice (Zeh
and Zeh 2000), then males of species with relatively high
levels of maternal provisioning should be less elaborately
ornamented than males of species with relatively low levels
of maternal provisioning. Fourth, if multiple paternity in-
tensifies embryonic competition for maternal resources,
which in turn selects for increased expression of maternal
genes that suppress embryonic sequestration of resources,
then this increase in female control of embryos should
result in a reduction in female reliance on precopulatory
male cues in mate choice.

Material and Methods
Divergence Times and Hybridization in Fishes

The literature on hybridizability in fishes is extensive, com-
bining information from aquarists, aquaculturalists, and
research scientists. The literature on divergence times in
fishes is less well developed. We found 89 interspecific
crosses for fishes in which we were also able to find ap-
proximate divergence times between the species crossed
(table A1 in the online edition of the American Naturalist).
We grouped crosses on the basis of divergence times and
compared the relationship between hybridizability and di-
vergence times among fishes with those relationships in
mammals, birds, and frogs as reported by Zeh and Zeh
(2000).

Degree of Multiple Paternity and Reproductive Mode

To test the prediction that VDC favors the evolution of
multiple paternity (e.g., Zeh and Zeh 2000, p. 940), we
compared the percentage of broods with multiple paternity
between oviparous and viviparous fishes. To make this
comparison, we searched the literature and summarized
studies that reported results on genetic patterns of pater-
nity in fishes (table A2).

Maternal Provisioning of Embryos and Male
Sexual Ornamentation

To test the VDC hypothesis prediction that, with increasing
maternal provisioning of embryos, there should be a cor-
responding decrease in female reliance on precopulatory
cues in mate choice (e.g., Zeh and Zeh 2000), we inves-



tigated the relationship between the degree of maternal
provisioning and sexual dimorphism in the live-bearing
fish genus Poeciliopsis and in the halfbeaks (family Zen-
archopteridae). For both groups, we used the amount of
nutrition provided by the mother to an embryo during
gestation as an indirect measure of the intensity of mother-
embryo interaction, under the assumption that, as ma-
ternal provisioning of embryos increases, so too does the
propensity for fetomaternal conflict (Zeh and Zeh 2000,
2008). In analyses involving Poeciliopsis species, we used
the matrotrophy index, which is defined as the ratio of
the mass of newly hatched fry to the mass of egg (sensu
Reznick et al. 2002). In Poeciliopsis species without ma-
ternal provisioning, the matrotrophy index is expected to
be close to 1.0, indicating nutritional supplementation
only from the yolk of the embryo. A matrotrophy index
much larger than 1.0 suggests that the embryo receives
extensive nutritional supplementation from the mother
during development (e.g., Reznick et al. 2002). To measure
maternal provisioning of embryos in Hemiramphidae, we
used data from Meisner and Burns (1997) showing the
percent weight gained or lost by embryos between critical
stages of development. A large increase in weight gain
implies a high degree of maternal provisioning.

We used sexual dimorphism as a proxy for female use
of precopulatory cues in mate choice. We considered a
species to be sexually dimorphic only if males had elab-
orate secondary sexual ornaments such as bright breeding
coloration and/or ornate morphology (elongate fins, ce-
phalic humps, etc.). For our analyses, we did not classify
species as sexually dimorphic if the sexes differed solely
in body size. Accurate descriptions of male ornamentation
in Poeciliopsis species and the halfbeaks were provided by
D. N. Reznick and B. B. Collette, respectively, and were
confirmed in the literature wherever possible.

Statistical and Comparative Analyses

The close evolutionary relationships among species within
Poeciliopsis and among the halfbeaks required that we con-
trol for potentially confounding effects because of a lack
of evolutionary independence among species (Felsenstein
1985). Thus, we grouped species by genus for all analyses
involving multiple genera and calculated the mean variable
of interest for each genus such that each genus represented
only a single data point in our data set. We also used the
Poeciliopsis molecular phylogeny (Mateos et al. 2002) to
test for correlations between male ornamentation and ma-
ternal provisioning of embryos while controlling for phy-
logenetic history. We used Mesquite, version 1.12 (Mad-
dison and Maddison 2006), to reconstruct the character
states of interest, that is, male ornamentation and matro-
trophy index. The “mirror tree” function in Mesquite al-
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lowed us to conduct “heuristic visualizations” (Maddison
and Maddison 2006) before proceeding with more quan-
titative tests. Because we scored male ornamentation as a
discrete binary character (present or absent), independent
contrasts were invalid, and thus we used pairwise com-
parisons to test for character correlations as described by
Read and Nee (1995) and Maddison (2000). Because of
the high frequency of polytomies in the halfbeak phylogeny
(Meisner 2001; Reznick et al. 2007), we were unable to
conduct meaningful statistical tests for phylogenetic in-
dependence. Heuristic visualization of the mirrored cla-
dogram, however, did not reveal any clear association be-
tween male ornamentation and matrotrophic index in this
group (see “Results”).

One-tailed Student’s #-tests were used to compare mean
levels of multiple paternity between oviparous and vivip-
arous fishes and between species with and without sexually
ornamented males. Because of violations of assumptions
of parametric tests (Sokal and Rohlf 1995), we used Mann-
Whitney U-tests to compare the mean levels of maternal
provisioning between species with and without elaborately
ornamented males within Poeciliopsis and Hemiramphi-
dae. Power analyses were performed using Statistica, ver-
sion 6.0 (StatSoft); statistical power is reported for tests
showing nonsignificant differences.

Results
Divergence Times and Hybridizability

Our analysis of the relationship between divergence times
and hybridizability shows that fishes appear to be inter-
mediately hybridizable relative to mammals, birds, and
frogs (fig. 1). The VDC hypothesis argues that, because of
mother-embryo conflict, reproductive isolation arises
more rapidly among viviparous species than among ovip-
arous species (Zeh and Zeh 2000, 2008). We tested this
prediction by comparing hybridizability and divergence
times between viviparous and oviparous fishes, and we
found that the time since common ancestry was signifi-
cantly longer for hybridizing pairs of oviparous species
(n = 72) than for hybridizing pairs of viviparous species
(n = 12; oviparous species, 14.76 + 1.40 million years; vi-
viparous species, 742 * 0.97 million years; t = —2.60,
df = 82, P = .01; table Al). Our results support this pre-
diction of the VDC hypothesis, that is, that viviparous
species hybridize only with close relatives, compared with
oviparous species (fig. 2; table Al).

Degree of Multiple Paternity and Reproductive Mode

A secondary prediction of the VDC hypothesis is that the
high potential for genetic incompatibility among mates
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Figure 1: Relationship between number of hybridizable species and es-
timated time since common ancestor for mammals, birds, and frogs (data
adapted from Zeh and Zeh 2000) and fishes. mya = millions of years.

should favor the evolution of multiple paternity in vivip-
arous taxa (Zeh and Zeh 2000, p. 940). To test this pre-
diction, we searched the literature for studies of fishes that
report the frequency of genetic multiple paternity, and we
compared these reported levels among oviparous and vi-
viparous fishes (table A2). In support of the prediction of
the VDC hypothesis, the degree of genetically confirmed
multiple paternity was higher in viviparous species (x =
62.9 + 8.66) than in oviparous species (x = 4044 * 6.8;
t = —1.89, df = 27, P = .035). However, this result may
stem in part from the greater ease with which multiple
paternity can be detected in viviparous species compared
with oviparous species.

Degree of Multiple Paternity and
Male Sexual Ornamentation

Zeh and Zeh (2000, 2008) argue that viviparity favors the
evolution of multiple paternity, which increases female
utilization of postcopulatory mate choice mechanisms,
thereby reducing female reliance on precopulatory male
signals in mate choice. In contrast to this prediction of
the VDC hypothesis, we found no relationship between
the degree of multiple paternity in species with (x =
52.17 + 8.81) and without (x = 44.03 *+ 9.16) male or-
namentation (¢t = —0.62, df = 28, P = .22; power =
0.86; table A2).

Maternal Provisioning and Male Sexual Ornamentation

A corollary prediction of the VDC hypothesis is that, in
species with high maternal investment in embryos, there
should be reduced reliance by females on precopulatory
sexual signals in mate choice where fetomaternal conflict
is most extreme (Zeh and Zeh 2000). Thus, we predicted
that species with elaborate male sexual ornamentation
would have lower maternal investment in embryos com-
pared with sexually monomorphic species. We did not find
support for this prediction either in Poeciliopsis species
(Z = —1.19, P = .24, power = 0.24; tables 1, A3) or in
two assays of maternal provisioning in the halfbeaks (mat-
rotrophic index: Z = —0.89, P = .37, power = 0.20; ta-
bles 1, A4; percent dry weight gained/lost by embryos:

= —1.24, P = .21, power = 0.18; tables 1, A5). It
should be noted, however, that small sample sizes com-
bined with large variances may contribute to this lack of
statistically significant support for the VDC hypothesis.
However, there are large nonsignificant differences be-
tween sexually dimorphic and monomorphic species in
mean levels of matrotrophy (table 1), and this trend is in
the direction that is consistent with the predictions of the
VDC hypothesis.

Pairwise phylogenetic comparisons (Read and Nee 1995;
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Figure 2: Relationship between reproductive mode and the mean time
since common ancestor (data are from table Al in the online edition of
the American Naturalist). Supporting the predictions of the viviparity-
driven conflict hypothesis, this figure suggests that, within genera and
relative to oviparous species (open bars), only closely related viviparous
species (solid bars) are able to hybridize. mya = millions of years.

Maddison 2000) within the Poeciliopsis phylogeny (Mateos
et al. 2002; fig. 3) revealed no significant phylogenetic
correlation (P = .25) between levels of maternal provi-
sioning and male ornamentation. Unfortunately, due to
the lack of available information on male ornamentation
and maternal provisioning, phylogenetic tests were invalid
in the halfbeaks (fig. 4).

Discussion

The VDC hypothesis posits that reproductive mode has
important effects on rates of evolution of postzygotic re-
productive isolation among populations, and it has been
proposed as a novel hypothesis to explain general patterns
of species divergence (Zeh and Zeh 2000, 2008). Overall,
we found strong support for the central predictions of the
VDC hypothesis. In particular, our results show that (1)
compared with oviparous fishes, only relatively closely re-
lated viviparous fishes are known to hybridize (fig. 2); (2)
the degree of multiple paternity tends to be higher in
viviparous species than in oviparous species; and (3) elab-
orate male ornamentation may be more common in vi-
viparous fishes with low levels of matrotrophy compared
with viviparous species with a high degree of maternal
provisioning (table 1).

In contrast to predictions of the VDC hypothesis, we
did not find evidence for a negative correlation between
male ornamentation and maternal provisioning within
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Poeciliopsis (fig. 3), nor did we find a relationship between
the degree of multiple mating and elaborate male orna-
mentation. One explanation for these results is that our
measure of male ornamentation is oversimplified: not only
is there a high degree of variation in sexual cues among
and within species, but also our measure did not include
less obvious traits, such as ultraviolet coloration, that are
known to be important in mate choice in fishes (Smith et
al. 2002; Boulcott et al. 2005; Rick et al. 2006; Rick and
Bakker 2008). Furthermore, we used the number of broods
(% broods; table A2) exhibiting multiple paternity as a
proxy for polyandry, but multiple mating by a female and
multiple paternity within a brood are not equivalent in
viviparous fishes. For example, there is greater potential
for females in viviparous species to bias paternity after
copulation than for females in oviparous species. Thus,
rates of multiple mating by females in viviparous species
may be underestimated, especially when these measures
are made on the basis of the genotypes of late-stage fetuses
or postnatal individuals. On the other hand, viviparity
allows for maternity to be reliably determined (viviparous
females are collected with their full complement of off-
spring), which may result in a bias in favor of detecting
multiple paternity in viviparous relative to oviparous taxa.
In addition to these potential biases, the degree of multiple
mating is likely to be influenced by a wide range of factors
(e.g., population density, alternative mating tactics, habitat
stability). There is some evidence that these factors affect
the rate of polyandry (and multiple paternity) in different
populations of the same species of viviparous fishes (e.g.,
Soucy and Travis 2003), making comparisons of average
paternity within, as well as between, species potentially
problematic. Therefore, although our results support the
primary predictions of the VDC hypothesis overall, we
suggest that further comparative empirical tests, studies of
reproductive physiology and the genetic mechanisms un-
derlying fetomaternal interactions, as well as rigorous the-
oretical modeling are needed to assess the generality of the
VDC hypothesis in explaining broadscale patterns of spe-

Table 1: Relationship between degree of maternal provi-
sioning of embryos and male ornamentation

Nonornamented
males (+SE)

Ornamented
males (+SE)

Measure of maternal
provisioning, species

Matrotrophic index:

Poeciliopsis* 8.48 = 7.55 19.75 = 11.57

Halfbeaks® 92 + .57 55.9 * 47.66
% Dry weight:

Halfbeaks* 2421 £ 11.85 222.76 £ 86.19

* Reznick et al. (2002).

® Reznick et al. (2007).

¢ Percent dry weight gain of embryos between two stages of devel-
opment (from Meisner and Burns 1997).
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Figure 3: Mirror images of the Poeciliopsis phylogeny (Mateos et al. 2002) showing the distribution of maternal provisioning levels (Reznick et al.
2002)—none (gray squares), moderate (stippled squares), extensive (striped squares)—in the left tree and the distribution of male ornamentation—
ornamented males (black squares), unornamented males (white squares)—in the right tree. Pairwise comparisons to test for character correlations
(Read and Nee 1995; Maddison 2000) were nonsignificant (P = .25), suggesting that there is no phylogenetic explanation for the relationship we
found between male ornamentation and maternal provisioning. The outgroup is Neoheterandria umbratil (Mateos et al. 2002).

cies divergence and reproductive isolation. No doubt, the
body of sexual conflict theory (reviewed in Parker 2006),
which may be highly relevant to tests of the VDC hy-
pothesis, will be useful for this investigation. Hayashi et
al. (2007, p. 526), for instance, conclude that the “evo-
lutionary dynamics of sexual conflict strongly depend on
the genetic details.” If this statement is true for sexual
conflict, then it follows that it may be true for fetomaternal
conflict as well.

As evidence in support of the VDC hypothesis, Zeh and
Zeh (2000) showed that, relative to oviparous taxa (i.e.,
frogs and birds), only relatively closely related placental

mammals have been known to hybridize. They argue that
this difference arises from the mother-embryo conflict in-
herent in viviparous species, in which the fetomaternal
interface (via the placenta) is particularly well developed
compared with oviparous and other viviparous vertebrates.
Our analysis of hybridizability, divergence times, and re-
productive mode in fishes supports this central tenet of
Zeh and Zeh’s (2000) model: relative to oviparous species,
only closely related viviparous fishes are known to hy-
bridize (fig. 2). In viviparous fishes, the rate of decline in
hybrid embryo viability is markedly more rapid than it is
in oviparous fishes, with complete loss of viability within



N

N B

I¢

J  Hemirhamphodon L

D. pusilla

D. siamensis
D. collettei
D. bispina

D. bruniensis

D. sumantra
D. robertsi

D. palawanensis
N. brembachi
N. liemi
N. celebensis

N. towoettii

Testing the Viviparity-Driven Conflict Hypothesis 297

1(

N. ebrardtii

=2,

=

[

N. megarrhamphus

N. weberi
N. pectoralis
N. vivipara
N. bakeri
N. manifesta
N. pinnimaculata
N. rossi

N. kolonodalensis

Figure 4: Mirror images of the halfbeak phylogeny (Reznick et al. 2007) showing the distribution of male ornamentation—ornamented males
(species boxed), unornamented males (species underlined), unknown (species not marked)—and maternal provisioning levels, measured two ways: (1)
in the left tree, matrotrophic index (Reznick et al. 2007): none (gray squares), moderate (stippled squares), extensive (striped squares); and (2) in the
right tree, percent embryonic weight lost or gained (Meisner and Burns 1997): lost (minus sign), small gain (boxed 1), moderate gain (boxed 2),
substantial gain (boxed 3). Because of the lack of available information on male ornamentation and maternal provisioning, phylogenetic tests were

not possible.

10 million years after divergence (fig. 2; table Al). Recent
data from hybrid crosses between two populations of the
least killifish (Heterandria formosa) demonstrate how in-
traspecific hybrid embryo inviability can evolve in as few
as 100,000 years in viviparous fishes (Schrader and Travis
2008). In contrast, oviparous fishes lose their ability to
hybridize much more slowly, with some hybrid embryo
viability observed in taxa that diverged as long as 35 mil-
lion years ago. In a recent study, Bolnick and Near (2005)
provided strong evidence to support the reduced tempo
of hybrid inviability in oviparous fishes. Using a phylogeny
of centrarchid fishes with well-corroborated dates of di-
vergence (e.g., Near et al. 2005) and a series of hybrid
crosses, they found that the average hybrid embryo via-
bility of centrarchids declines at a rate of only 3.13% per
1 million years, with a minimum divergence time of 25

million years for complete embryonic inviability. Re-
markably, in these fishes, there is a period of 6 million
years in which there is little or no loss in viability. In fact,
several recently diverged species pairs exhibit heterosis.
Although our data on divergence times of viviparous fishes
were necessarily limited to a single family (Poeciliidae),
the findings of Bolnick and Near (2005), together with the
data on hybridizability in other oviparous taxa (table A1),
indicate that VDC may be at least partially responsible for
the marked difference between oviparous and viviparous
fishes in the rate at which hybrid viability declines with
increasing divergence time.

Zeh and Zeh (2000, 2008) suggest that the rapid loss
of hybrid viability between oviparous species can be ex-
plained, in part, by close fetomaternal interactions in vi-
viparous species that favor the evolution of aggressive pa-
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ternal genomes. Thus, the VDC hypothesis predicts that
the rate of postzygotic isolation will be more rapid among
populations with high between-population variation in the
number of males with which females mate. This prediction
has been supported by a recent study of the viviparous,
matrotrophic least killifish (H. formosa), where increased
hybrid inviability has been observed between two popu-
lations with large differences in rate of polyandry (Schrader
and Travis 2008). However, in relation to the VDC hy-
pothesis, we suggest that not only the rate but also the
type of polyandry may be an important determinant of
the rate of postzygotic divergence. For example, neither
the study of the killifish nor our study distinguishes be-
tween single-brood polyandry, in which a single brood has
multiple fathers, and superfetation, a type of polyandry
potentially widespread in viviparous fishes (Thibault and
Schultz 1978; Reznick and Miles 1989) in which multiple
broods, usually with different fathers, are present at dif-
ferent developmental stages in a single female at the same
time (Turner 1937, 1940; Scrimshaw 1944). The difference
between single-brood and superfetation polyandry is that,
in the former, sperm from different males fertilize all em-
bryos in a single brood at approximately the same time,
whereas in the latter, the female carries embryos from
fertilization events that occurred at different times. The
VDC hypothesis suggests that the evolution of an aggres-
sive paternal genome favors the evolution of polyandry,
and superfetation may add an additional layer of intensity
to the antagonistic interaction between paternal genomes
because broods differ in the quantity and type of resources
required at different stages of development. Thus, one
might expect greater conflict and a concomitant acceler-
ation in divergence between populations of species in
which superfetation is possible, such as the least killifish
(Soucy and Travis 2003), compared with species in which
single-brood polyandry is the norm.

In addition, despite general support for the predictions
of the VDC hypothesis in our data, one of the main mech-
anisms that might facilitate VDC, namely, genomic im-
printing, may not be as important in fishes as it is in
mammals. The placental structure in viviparous fishes is
functionally similar in many ways to the mammalian pla-
centa, but it is developmentally derived from different tis-
sue. In mammals, there are specific parent-of-origin genes
with tissue-specific imprinting, both of which are required
for normal embryonic development (McGrath and Soulter
1984; Surani et al. 1984; Hore et al. 2007). Parent-of-origin
(e.g., “imprinted”) gene expression is determined during
gametogenesis, where modifications to certain genes de-
termine whether they are expressed by either the maternal
or the paternal genomes in the developing embryo (Tilgh-
man 1999; Reik and Walter 2001; Morison et al. 2005;
Vrana 2007). In fishes, there is no known parent-of-origin

effect during development. For example, Igf2, which is
paternally expressed in mammals (reviewed in Vrana
2007), is biallelically expressed in fish species for which
this topic has been investigated (Lawton et al. 2005). Taken
at face value, this suggests that parent-of-origin gene ex-
pression may not be important in the evolution of hybrid
inviability in fishes. However, a recent study suggests that,
despite bialleleic expression of Igf2 in viviparous fishes,
this gene is expressed in the pericardial sac of developing
least killifish embryos, a structure that facilitates the pro-
visioning of nutrients from mother to offspring (O’Neill
et al. 2007). Furthermore, examination of the molecular
evolution of Igf2 across poeciliids suggests that positive
Darwinian selection has been shaping this locus, which is
potentially related to a function involved in nutritional
provisioning (O’Neill et al. 2007). The VDC hypothesis is
not critically dependent on genomic imprinting, because
maternal-offspring conflict is certainly possible in the ab-
sence of epigenetic effects. However, these results suggest
that, despite the lack of tissue-specific imprinting of this
locus, its link to matrotrophy makes it a likely contender
in the antagonistic conflict that leads to rapid hybrid em-
bryo inviability, especially in matrotrophic viviparous
fishes.

We propose two alternative models to explain the rel-
atively low rates of hybridization among viviparous fish
taxa compared with oviparous taxa. The first model, which
we call the “Rube Goldberg model,” is based on the notion
that a complex machine that performs a simple function
is easier to break than a simple machine that performs the
same function. A similar idea applies to the divergence of
fertilization modes. The central goal of mating is simply
to fertilize eggs with sperm. In most oviparous fish species,
this process consists of courtship and the coordinated re-
lease of gametes into the water column. In these species,
precopulatory divergence can be achieved only by diver-
gence in species recognition or courtship cues or by egg-
sperm incompatibility. However, viviparous species face
the much more difficult challenge of transferring gametes
directly into the body of another individual. Thus, in ad-
dition to species recognition, courtship, and gamete com-
patibility, viviparous species have several additional targets
for reproductive divergence. These additional targets in-
clude the morphological apparatus for gamete transfer and
the ability of the male gametes to survive in and navigate
the female reproductive tract. We hypothesize that neutral
divergence among lineages in reproductive behavior and
structures alone could account for the lower propensity
of viviparous (as opposed to oviparous) species to form
hybrids, because such divergence will have a more im-
portant impact on reproduction in viviparous species.

A second model that can help explain our results in-
volves the differences in the costs of mating to females of



viviparous and oviparous species. These differential costs
favor the evolution of female preferences for male sexual
signals used to discriminate among potential mates before
copulation in viviparous species. This model appears to
work only if viviparous females can more easily reduce the
costs of mating by choosing to mate with preferred males
than females in oviparous species can. In other words, we
predict a stronger negative relationship between perceived
male quality and the costs of mating in viviparous species
than in oviparous species. There may be reason to expect
such a pattern, however. Fertilization is internal in all
mammals and viviparous fishes. Thus, successful fertili-
zation requires the male genitalia to penetrate, or attach
to, the female genitalia. In many viviparous fishes, males
have evolved highly specialized genitalia that manipulate
female reproductive physiology and can cause significant
injury to females during copulation (Rosen and Bailey
1963). In the viviparous poeciliid fishes, for instance, males
impregnate females with a gonopodium, a bony intro-
mittent organ armed with hooks, spines, and claws (Rosen
and Bailey 1963). During copulation, the gonopodium at-
taches to the female’s genitalia and is freed only after vig-
orous shaking, which frequently causes female bleeding
(Constantz 1989). This direct, prolonged, and potentially
injurious contact between male and female genitalia in-
creases the likelihood of transferring sexually transmitted
diseases or parasites during mating in viviparous species
relative to oviparous species (in which females release eggs
before they are fertilized). Hence, costs associated with
viviparity should favor the evolution of female preferences
that allow for discrimination among males before copu-
lation if the female can avoid these costs of mating by
choosing better mates. Indeed, many viviparous fishes have
become models for the study of sexual selection primarily
because of active female assessment of precopulatory cues
during mate choice (Houde 1997; Ryan and Rosenthal
2001). Furthermore, although direct tests of female mam-
mals’ preferences for male display traits are rare, the use
of precopulatory male signals in mate choice by female
mammals is likely widespread (Huck and Banks 1982; Len-
nington and Egid 1985; Reece-Engel 1988; Clutton-Brock
et al. 1989; McComb 1991; Cooper and Hosey 2003; Fisher
et al. 20034, 2003b; Hohoff et al. 2003; Waitt et al. 2003;
Craul et al. 2004). In addition, comparative phylogenetic
data show that viviparous fish species tend to be more
sexually dichromatic than oviparous species (Mank and
Avise 2006), a pattern that we would predict under this
second model but not under the VDC model.

In summary, our comparative analysis of patterns of
reproduction and hybridization in fishes strongly supports
the central predictions of the VDC hypothesis. In partic-
ular, our data support that (1) viviparous species lose the
ability to produce viable hybrids more rapidly than ovip-
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arous species; (2) viviparous, highly matrotrophic species
are less reliant on precopulatory cues than are viviparous
species with low levels of matrotrophy, a result that sup-
ports the idea that postcopulatory sexual selection is im-
portant in some viviparous taxa; and (3) on average, vi-
viparous species are more polyandrous than oviparous
species. However, in contrast to the predictions of the VDC
hypothesis, our data do not support a negative relationship
between multiple paternity and sexual dimorphism. Our
analysis consequently provides no evidence for a causal
link between postcopulatory sexual selection and specia-
tion. Instead, we propose two alternative models that do
not require the invocation of complex molecular-physi-
ological conflicts to explain patterns of reproductive iso-
lation and sexual selection: (1) the Rube Goldberg model,
in which divergence in prezygotic reproductive behavior
and structures alone could rapidly produce incompatibility
in viviparous fishes, and (2) the costs associated with vi-
viparity could result in the rapid evolution of female mate
preferences and precopulatory indicators of male quality
that accelerate the rate of divergence among viviparous
fishes. Although these two alternative hypotheses are not
mutually exclusive—clearly the morphology of mating
structures, male signals, female choice, and the costs of
mating in viviparous fishes, all of which are prezygotic
mechanisms, are evolutionarily linked—it is perhaps use-
ful to consider each to be an independently testable subset
of a general hypothesis of how prezygotic mechanisms of
mate choice and reproductive mode affect the tempo of
evolution of hybrid inviability. In the future, a more fully
realized mathematical model of the VDC hypothesis would
provide more precise predictions with which the VDC
hypothesis—and alternative hypotheses such as those pre-
sented here—could be tested more rigorously in particular
experimental systems. Such models would necessarily in-
clude parameters that more accurately represent the com-
plex morphological and behavioral characteristics of fish
mating systems.
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