
LETTER
doi:10.1038/nature13451

The evolution of the placenta drives a shift in sexual
selection in livebearing fish
B. J. A. Pollux1,2, R. W. Meredith1,3, M. S. Springer1 & D. N. Reznick1

The evolution of the placenta from a non-placental ancestor causes a
shift of maternal investment from pre- to post-fertilization, creating
a venue for parent–offspring conflicts during pregnancy1–4. Theory
predicts that the rise of these conflicts should drive a shift from a
reliance on pre-copulatory female mate choice to polyandry in conjunc-
tion with post-zygotic mechanisms of sexual selection2. This hypoth-
esis has not yet been empirically tested. Here we apply comparative
methods to test a key prediction of this hypothesis, which is that the
evolution of placentation is associated with reduced pre-copulatory
female mate choice. We exploit a unique quality of the livebearing fish
family Poeciliidae: placentas have repeatedly evolved or been lost,
creating diversity among closely related lineages in the presence or
absence of placentation5,6. We show that post-zygotic maternal pro-
visioning by means of a placenta is associated with the absence of
bright coloration, courtship behaviour and exaggerated ornamental
display traits in males. Furthermore, we found that males of placen-
tal species have smaller bodies and longer genitalia, which facilitate
sneak or coercive mating and, hence, circumvents female choice. More-
over, we demonstrate that post-zygotic maternal provisioning cor-
relates with superfetation, a female reproductive adaptation that may
result in polyandry through the formation of temporally overlapp-
ing, mixed-paternity litters. Our results suggest that the emergence
of prenatal conflict during the evolution of the placenta correlates
with a suite of phenotypic and behavioural male traits that is assoc-
iated with a reduced reliance on pre-copulatory female mate choice.

Viviparity creates a venue for parent–offspring conflicts in utero7 caused
by a fundamental discord between mothers and developing embryos
over the level of maternal investment during pregnancy. Females are
selected to maximize their lifetime reproductive success by optimizing
the allocation to each offspring while individual offspring are selected
to demand a greater investment from the mother than is optimal for her
to provide1–4. The ensuing evolutionary dynamics of perpetual adapta-
tion and counter-adaptation between mother and developing embryo
are hypothesized to be the driving force behind a rapid divergence in
the genomic, developmental and physiological details of the placenta1,3,6.

A central tenet of the parent–offspring conflict theory is that offspring
must be able to manipulate the transfer of resources1,7. However, not all
viviparous taxa have this capability4–6. Lecithotrophic viviparous species
lack placentas and allocate all resources necessary for embryo develop-
ment to the eggs before fertilization. This limits the potential for viviparity-
driven conflict, because maternal investment pre-dates the expression
of the paternal genome1,2,4,6. The evolution of the placenta from a non-
placental lecithotrophic ancestor causes a shift in maternal investment
from pre- to post-fertilization5,6, offering embryos the opportunity to
influence maternal investment throughout gestation6,8,9. This creates
the potential for genomic conflicts, the magnitude of which depend on
the extent of post-zygotic investment1–4,6.

Theory predicts that the emergence of genomic conflicts, early in the
evolution of the placenta, should drive a shift from a reliance on pre-
copulatory mate choice to increasing levels of polyandry in conjunc-
tion with post-zygotic mechanisms of sexual selection2. Lecithotrophic

species produce large, ‘costly’ (that is, fully provisioned) eggs5,6, gaining
most reproductive benefits by carefully selecting suitable mates based
on phenotype or behaviour2. These females, however, run the risk of mat-
ing with genetically inferior (for example, closely related or dishonestly
signalling) males, because genetically incompatible males are generally
not discernable at the phenotypic level10. Placental females may reduce
these risks by producing tiny, inexpensive eggs and creating large mixed-
paternity litters by mating with multiple males. They may then rely on
the expression of the paternal genomes to induce differential patterns of
post-zygotic maternal investment among the embryos and, in extreme
cases, divert resources from genetically defective (incompatible) to viable
embryos1–4,6,11.

Here we apply comparative methods to examine potential conflict-
driven shifts in sexual selection associated with the evolution of post-
fertilization maternal provisioning within the livebearing fish family
Poeciliidae (order Cyprinodontiformes). This family presents a unique
opportunity, because (1) it contains closely related species that differ
markedly in the degree and timing of maternal provisioning, ranging
from strict pre-zygotic yolk provisioning to extreme levels of post-zygotic
investment associated with integrated maternal and fetal tissues special-
ized for nutrient transfer (that is, placentas5,6); (2) placentas were lost or
evolved multiple times independently5,6; and (3) there is great inter-
specific variation in reproductive traits associated with pre-copulatory
sexual selection, including caudal swords, enlarged dorsal fins and bright
coloration in males12–14. Furthermore, a number of lineages have evolved
the ability to carry multiple, temporally overlapping litters that are fer-
tilized at different points in time (that is, superfetation6,13,14). In mam-
mals, superfetation facilitates the formation of mixed-paternity litters
(polyandry)15–17. Finally, molecular and experimental studies suggest
that prenatal genomic conflicts occur in this family18 and can result in
differential patterns of post-zygotic maternal investment between de-
veloping embryos19.

If substantial post-fertilization maternal provisioning intensifies fetal–
maternal conflict1,3 causing reduced female reliance on pre-copulatory
cues in mate choice2, then males of species with extensive post-fertilization
maternal provisioning should display less developed, or the absence of,
traits that facilitate female mate choice before copulation. Such traits
include sexual dichromatism, courtship behaviour or ornaments. More-
over, if superfetation facilitates multiple paternity15–17, then species with
relatively high levels of post-fertilization provisioning should also have
a higher probability of having superfetation20,21. Finally, copulation is
known to incur costs to the females (for example, physical injury, reduced
feeding opportunity, increased risk of predation and/or sexually trans-
mitted diseases)13,14. If substantial post-fertilization maternal provi-
sioning coincides with an increase in the frequency of polyandry, the
ensuing sexual conflict should drive the evolution of female (resist-
ance) traits that reduce the costs associated with superfluous mating
attempts and, at the same time, male traits that enhance male mating
success in the face of female resistance14. In Poeciliidae, a smaller male
size relative to female size and an increase in gonopodium length (the
male copulatory organ) increases the reproductive success of males
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during sneaky or coercive copulation, which enables males to circum-
vent female choice14,22–24. We thus predict that males of species with a
relatively higher post-zygotic maternal investment should display rela-
tively smaller body sizes and longer gonopodia.

To test these hypotheses, we first quantified the degree of post-
fertilization maternal provisioning for each species with the ‘matro-
trophy index’, which is the estimated dry mass of the offspring at birth
divided by the dry mass of the egg at fertilization. The matrotrophy

index provides an objective, dimensionless measure of the degree of
post-fertilization maternal provisioning that presents a proxy for the
level of placentation5,6. Lecithotrophic species have matrotrophy index
values of less than 1, because embryos lose dry mass during gestation5,6.
Placentotrophic species have matrotrophy index values greater than 1,
because post-fertilization maternal provisioning causes growth during
development5,6. We employed a well-resolved phylogeny to test for
predicted evolutionary shifts in sexual selection with Bayesian tests
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Figure 1 | Phylogenetic tree showing relationships among 94 species of the
fish family Poeciliidae. Boxes at the terminal ends of the branches are coded
according to the male sexual selection index: black 5 3, dark grey 5 2, light
grey 5 1 and white 5 0; the boxed question mark indicates incomplete
information (Supplementary Table 1). Branch colours depict a maximum
likelihood reconstruction of maternal provisioning for log-transformed
matrotrophy indices. The ancestral reconstruction was performed with
phytools30 and a Brownian motion model of trait evolution. The arrow on the
scale bar corresponds to a matrotrophy index value of 1.0, which indicates the

division between lecithotrophic and placentotrophic species. In agreement with
previous analyses5,6, the ancestral reconstruction suggests a complex history for
the evolution of placentotrophy. The current analysis suggests that the
common ancestor of the family has a placenta and that there were multiple
losses and gains of placentation within the family. A caveat is that the single egg-
layer within Poeciliidae (Tomeurus gracilis) was excluded from the analysis.
The inclusion of this taxon, along with outgroups that contain both livebearers
and egg-layers, may yield different results for the evolutionary history of
placentotrophy within Poeciliidae.
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of correlated trait evolution and phylogenetic linear and logistic regres-
sions that explain the variation in sexually selected traits as a function
of matrotrophy index (Fig. 1).

Bayesian tests show that matrotrophy index, and sexually dimorphic
coloration (dichromatism) and courtship behaviour, respectively, have
evolved in a correlated fashion (log(Bayes factor) 5 13.308 and 3.438,
respectively). Phylogenetic logistic regressions further show that both
traits are negatively correlated to matrotrophy index (b1 5 20.614, P 5

0.007 and b1 5 20.763, P 5 0.007, respectively), indicating that these
are significantly less likely to be found in placental lineages (Fig. 2a, b).
The presence of exaggerated male display traits (that is, enlarged dorsal
fins and filamentous extensions on upper maxillae in the genus Poecilia
or extension of ventral part of the caudal fin to form a sword in Xipho-
phorus) is also negatively correlated with matrotrophy index, but this
trend is not significant after correcting for phylogeny (b1 5 20.413,
P 5 0.429; log(Bayes factor) 5 0.663; Fig. 2c). The sexual selection index,
defined as the summed presence of these three male traits (dichromat-
ism, courtship behaviour and ornamental display traits), decreases sig-
nificantly with increasing matrotrophy index (phylogenetic generalized
least-squares regression: F77 5 5.836, P 5 0.018; log(Bayes factor) 5

2.320), indicating that lecithotrophic males have significantly more
traits to facilitate female choice before copulation than highly placental
species (Fig. 2d).

Superfetation is strongly correlated with matrotrophy index (phylo-
genetic logistic regression: b1 5 0.776, P , 0.001; log(Bayes factor) 5

25.730; Fig. 2e), indicating that placental species are more likely to have
it. The relative length of the gonopodium is positively correlated with
matrotrophy index (phylogenetic generalized least-squares regression:
F89 5 6.379, P 5 0.013; log(Bayes factor) 5 4.214; Fig. 2f), demonstrat-
ing a strong association between longer genitalia and the presence of
post-fertilization maternal provisioning. The size dimorphism index is
also positively correlated with matrotrophy index, both for body weight
(F76 5 18.869, P , 0.001; log(Bayes factor) 5 6.664; Fig. 2g) and stand-
ard length (F87 5 29.753, P , 0.001; log(Bayes factor) 5 4.948; Fig. 2h),
indicating that the difference in body size between males and females is
larger in lineages with higher levels of post-zygotic maternal investment.
This increase is caused by a decrease in male size (log10(male wet mass):
F81 5 3.493, P 5 0.065, log(Bayes factor) 5 3.676; log10(male standard
length): F89 5 2.022, P 5 0.158, log(Bayes factor) 5 1.310; Fig. 2i, j blue
lines) in association with increasing matrotrophy index, rather than an
increase in female size (log10(female wet mass): F76 5 0.021, P 5 0.886.
log(Bayes factor) 5 0.122; log10(female standard length): F87 5 0.002,
P 5 0.962, log(Bayes factor) 5 0.298; Fig. 2i, j red lines).

Our findings yield three important insights. First, male traits that
facilitate pre-copulatory female mate choice are less well developed in
placental lineages. This is supported by patterns within individual clades.
In the northern clade of the genus Poeciliopsis5, males from lecithotro-
phic species are melanic whereas males from derived placental species
have the same coloration as females. In the subgenus Micropoecilia of
Poecilia, males belonging to the lecithotrophic clade are far more inten-
sely coloured than the males in the derived placental clade, suggesting
that here too sexually dimorphic coloration is disappearing. Extreme
male ornamental display traits used during courtship are only found in
lecithotrophic clades (Xiphophorus and subgenus Mollienesia of Poecilia)
and are notably absent in placental species. Since sexual selection in
Poeciliidae is influenced by pre-copulatory cues12–14, these results sug-
gest that phenotype- or behaviourally based female mate choice is of
greater importance in lecithotrophic species than in species with sub-
stantial post-zygotic maternal provisioning.

Second, male traits that help circumvent female mate choice during
sneak or coercive mating are more developed in placental species. These
findings concur with the theory that sexual conflict can result in the
evolution of sexual dimorphism25,26 and rapid phenotypic divergence in
genitalia27,28. In poeciliids, large males and short genitals are associated
with courtship behaviour aimed at attracting cooperative females12–14.
Smaller males and longer genitalia are associated with sneak copulation,

the small size allowing males to approach females from behind without
being detected and enabling them to manoeuvre more easily when in-
serting the gonopodium into the gonoduct of uncooperative females,
while longer gonopodia enable a more efficient sperm transfer during
unsolicited matings12–14,22–24.

Third, the degree of post-zygotic maternal provisioning is strongly
correlated with superfetation, which is found in all placental lineages
save for Phalloceros caudimaculatus and the subgenus Pamphorichthys
of Poecilia. This reproductive adaptation is thought to diminish the
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Figure 2 | Phylogenetic logistic and linear regressions. The regressions
evaluate the effect of the natural-log-transformed matrotrophy index on
(a) dichromatism (n 5 94 taxa), (b) courtship behaviour (n 5 79),
(c) ornamental male display traits (n 5 94), (d) sexual selection index (defined
as the total number of male traits present ranging from 0 (none of the three
traits present) to maximum 3 (all three traits present); n 5 79), (e) superfetation
(n 5 92), (f) relative gonopodium length (n 5 107 taxa), (g) size dimorphism
index (SDI) for body weight (n 5 87), (h) size dimorphism index for standard
length (n 5 100), (i) log10-transformed male (blue dots and line, n 5 99) and
female (red dots and line, n 5 87) body weight, and (j) log10-transformed male
(blue dots and line, n 5 107) and female (red dots and line, n 5 100) standard
length.
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probability of a single male monopolizing an entire litter by fertilizing
all embryos. Instead, by dividing offspring into multiple, smaller tem-
porally overlapping litters, each fertilized at different points in time,
and by using sperm derived from the most recent mating event (‘last
male sperm precedence’13,14), superfetation increases a female’s like-
lihood of creating multiple-paternity litters15–17.

Prior research has shown that male coloration, courtship behaviour
and ornamental display traits play an important role in pre-copulatory
female mate choice13–14, that small male size and long genitalia facilitate
sneak copulation (a strategy that circumvents female choice)13,14,22–24

and that superfetation facilitates the formation of mixed-paternity
litters (polyandry)15–17. The correlation of these traits with the level
of post-zygotic maternal provisioning provides support for an asso-
ciation between the placenta and weaker pre-copulatory mate choice.
What remains to be shown is that this relationship is causal and is
associated with an increase in multiple paternities. Our study provides
the first empirical evidence concurring with the hypothesis2 that the
rise of parent–offspring conflicts during the evolutionary transition
from pre- to post-zygotic maternal provisioning correlates with a shift
in sexual selection. This study will help to understand the elusive con-
sequences of viviparity-driven conflict and may advance our know-
ledge about the evolution of reproductive traits in other viviparous
lineages that evolved placentas, since all share the same potential for
genomic conflict.

METHODS SUMMARY
The maximum likelihood phylogeny was constructed using RAxML 7.0.4 (ref. 29).
Different phylogenetic comparative approaches were used to test for correlated
trait evolution.

Online Content Methods, along with any additional Extended Data display items
andSourceData, areavailable in theonlineversionof thepaper; referencesunique
to these sections appear only in the online paper.
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METHODS
Matrotrophy index. The degree of pre- versus post-fertilization maternal provi-
sioning was estimated for 110 species of the family Poeciliidae by calculating the
matrotrophy index, which is defined as the ratio of the estimated dry mass of the
offspring at birth divided by the dry mass of the egg at fertilization. The stage of
embryo development was assigned on the basis of morphological criteria5 and
converted into a numerical score that ranged from 0 (yolked egg, no development)
to 45 (fully developed embryo, ready to be born), with stage 50 representing a
newborn young. The numerator and denominator were estimated from a regres-
sion line fitted to the log-transformed dry masses of embryos (y axis) and their
stage of development (x axis). The matrotrophy index provides an objective dimen-
sionless measure of the degree of post-fertilization maternal provisioning that can
be used as a proxy for the level of placentation5. Lecithotrophic species have
matrotrophy index values ranging from 0.5 to 0.75, meaning that the embryos
lose 25–50% of their dry mass during gestation due to metabolic costs associated
with development; similar mass losses are observed in egg-laying species of fish5.
Placentotrophic species have matrotrophy index values that range from near 1,
implying some post-fertilization provisioning to offset the costs of development, to
more than 100, indicating extensive post-fertilization maternal provisioning.
Sexually selected traits and superfetation. We obtained information on super-
fetation and the presence of sexually dimorphic coloration (dichromatism), court-
ship behaviour and exaggerated display traits in males from the literature and
personal observations (all data are provided in Supplementary Table 1). Observed
species were monitored twice for 20 min at room temperature in 37.8 l stock tanks
containing gravel, aquatic plants and artificial lighting. We calculated a pre-cop-
ulatory sexual selection index for each species by assigning a value of 1 to each of
the three male traits if they were present and then taking the sum. The sexual
selection index indicated the total number of these traits present in the males of
each species and ranged from 0 (indicating an absence of these male traits) to
maximum 3 (indicating the presence of all three traits).
Morphological measurements. Information on sexual size dimorphism and gen-
ital length was obtained from preserved specimens (all data are provided in
Supplementary Table 2). Standard length of preserved specimens was measured
(to the nearest 0.01 mm) from the tip of the upper jaw to the outer margin of the
hypural plate, using digital callipers. Gonopodium length was taken as the distance
between the base of the gonopodium and its distal tip. The gonopodium is the
male’s copulatory organ derived from a metamorphosed anal fin and used to
transfer sperm bundles (spermatozeugmata) into the female’s urogenital opening.
Relative gonopodium length was calculated as the ratio of gonopodium length to
male standard length. The wet mass was measured to the nearest 0.01 mg on a
Mettler AE 163 Microbalance (Mettler Instruments) after removal of excess liquid.
Sexual size dimorphism (for body weight and standard length) was quantified as
(1) the log of size ratio between females and males (sexual size dimorphism 5

log(female size/male size)) and (2) the size dimorphism index, which takes the
ratio of the larger to the smaller sex and then subtracts 1 (size dimorphism index 5

(larger sex/smaller sex) 2 1). This latter value is made negative if males are the
larger sex and positive if females are the larger sex31,32. For all statistical analyses,
body weight and standard length were log10 transformed.
Molecular sequences and phylogeny reconstruction. We assembled a data set
that consisted of segments from 28 different genes (20 nuclear, 8 mitochondrial).
Sequences were extracted from GenBank and supplemented with 920 new sequences
for seven nuclear genes (ENC1, Glyt, SH3PX3, MYH6, Rag1, Rh, X-src) and two
mitochondrial genes (Cytb, ND2). The data set comprised sequences for 288 species
(293 terminals) of clupeocephalans of which 177 were poeciliids. Taxon sampling
and GenBank accession numbers are provided in Supplementary Table 3. Tissue/
DNA samples for this project were provided to D.N.R. by different individuals/
institutions (see Acknowledgements) and are now housed at the University of
California Riverside. Genomic DNA was extracted from either whole fish or fin
clips using AccuPrep Genomic DNA Extraction Kits (Bioneer). Some samples
proved difficult to amplify. In these cases we used Illustra GenomiPhi V2 DNA
Amplification Kits (GE Healthcare) to amplify whole genomic DNA before PCR.
Two mitochondrial and seven nuclear gene regions were targeted in PCR reactions.
Mitochondrial DNA amplicons were as follows: (1) 39 end of tRNAGlu, complete
cytochrome b (cytb), and 59 end of tRNAThr; and (2) 39 end of tRNAGln, complete
tRNAMet, complete NADH dehydrogenase subunit 2 (ND2), complete tRNATrp,
complete tRNAAla, and 59 end of tRNAAsn. Nuclear amplicons were as follows: (1)
two partial exons (8 and 10), all of exon 9, and two introns (8 and 9) of the tyrosine
kinase gene (X-src); (2) exon 1 of myosin, heavy polypeptide 6 (MYH6); (3) exon 2
of ectodermal-neural cortex 1 like protein (ENC1); (4) exon 2 of glycosyltransfer-
ase (Glyt); (5) exon 1 of SH3 and PX domain containing 3 (SH3PX3); (6) a portion
of the 7 transmembrane receptor region of rhodopsin (Rh); and (7) exon 3 of recom-
bination activating gene-1 (Rag1). The majority of primers used have previously
been described: X-src (refs 33–35); MYH6, ENC1, Glyt, SH3PX3 (refs 34–36); Rh

(refs 34, 35, 37); Rag1, ND2 (refs 34, 35, 38–41); cytb (refs 34, 35, 42). Additional
primers new to this study were designed as necessary. All primers used in this study
can be found in Supplementary Table 4. PCR reactions, including nested PCRs,
were performed following protocols outlined in refs 34, 35. All PCR products were
run out on 1% agarose gels and the product of interest was excised and cleaned using
AccuPrep Gel Purification kits (Bioneer). Cleaned PCR products were sequenced in
both directions using an automated DNA sequencer (ABI 3730xl) at the University
of California Riverside’s Core Genetics Institute. Sequencher 4.8 was used to
assemble contigs. All sequences were manually aligned in Se-Al43. Alignment
ambiguous regions, including several transfer RNA (tRNAs) (Gln, Met, Trp, Ala,
Asn), were visually identified and removed before performing phylogenetic ana-
lyses. The final DNA alignment for the 28 gene segments without alignment
ambiguous regions was 20,828 base pairs. We divided the concatenated data set
into 22 partitions. The mitochondrial gene regions were partitioned into protein-
coding genes and RNAs (tRNA, ribosomal RNA) and each nuclear gene region was
given its own partition. jModelTest was used to determine the best-fit models of
DNA substitution44,45 for each partition as suggested by the Akaike information
criterion (Extended Data Table 1). Given that the C distribution accounts for rate
heterogeneity, we did not include a proportion of invariant sites as recommended
in ref. 46. If the model suggested by jModelTest was not implemented in RAxML
7.2.7 (ref. 29), we used the next most complex model. The 22-partition maximum
likelihood analysis used RAxML 7.2.7 (ref. 29) (Extended Data Table 1; Supplementary
Figs 1 and 2). RAxML analyses started from randomized maximum parsimony start-
ing trees and employed the GTRCAT model with 500 bootstrap pseudoreplicates,
and the fast hill-climbing algorithm. All other free parameters were estimated.
Bootstrapping and a search for the maximum likelihood tree were performed in the
same analysis (TreeBase submission number 15653).
Bayesian inference of correlated evolution. BayesTraits version 2.0 (software
available from http://www.evolution.reading.ac.uk) was used to test for correlated
evolution between the natural-log-transformed matrotrophy index and all other
traits. The BayesTraits-Continuous module was used to compare two models of
trait evolution: a dependent model in which two traits are assumed to evolve in a
correlated fashion on the phylogeny, and an independent model in which the
correlation between traits is set to zero using the testcorrel command. Three dif-
ferent sets of analyses were performed: the first set of analyses was run using the
maximum likelihood phylogram from RAxML (Extended Data Table 2); the
second was performed using ten trees sampled at regular intervals of 50 from
the RAxML bootstrap analysis to control for phylogenetic uncertainty48 (Extended
Data Table 3); and the third was conducted using the maximum likelihood phylo-
gram from RAxML and an imputed data set for all 177 poeciliid taxa in our phylo-
geny to evaluate the potential influence of missing values (Extended Data Table 4).
The imputed data set was obtained using the phylogenetic data imputation tech-
nique implemented in PhyloPars49, a web-based program that uses a maximum
likelihood based method for estimating missing values assuming a Brownian motion
model of trait evolution. The BayesTraits-Continuous module treats binary traits as
continuous variables (BayesTraits does not allow mixture of continuous and binary
variables, but see phylogenetic logistic regression below). If a binary trait is signifi-
cantly correlated with the natural-log-transformed matrotrophy index (a quantitat-
ive variable), then the mean matrotrophy index for the group coded as zero differs
significantly from the mean of the group coded as 1 (ref. 48). Average trait values
were calculated for species with data from multiple populations and used in the
analyses. Markov chain Monte Carlo analyses were run for 5,050,000 generations
sampled every 1,000th iteration, with a burn-in of 50,000. The acceptance values of
the transition rate parameter (ratedev) were within the required 20–40% for all
analyses, ensuring adequate mixing among chains48. The scaling parameter lambda
(l) was simultaneously estimated to assess the contribution of the phylogeny to trait
evolution (l 5 0 indicates phylogenetic independence and l 5 1 indicates phylo-
genetic dependence47,48). Best-fit models of trait evolution were selected by appraisal
of the log(Bayes factors)48,50, calculated as follows: log(Bayes factor) 5 2(log[harmo-
nic mean(dependent model)] 2 log[harmonic mean(independent model)]). On the
log-scale, negative log(Bayes factors) argue in favour of the independent model of
evolution; positive values support a dependent model of evolution, with log(Bayes
factors) greater than 2 offering positive evidence and values greater than 5 strong
evidence in favour of the dependent model48.
Phylogenetic logistic regression. Phylogenetic logistic regressions (with Firth
correction) were performed using PLogReg.m version 18Aug10 (ref. 51) in Matlab
(Mathworks). The phylogeny was first exported from Mesquite version 2.75 (ref. 52)
as a PDI file and converted to a phylogenetic variance–covariance matrix using the
DOS program PDDIST53 (available from the PDAP package in Mesquite). Sexual
dimorphic coloration (dichromatism), courtship behaviour, exaggerated display
traits and superfetation are binary traits. Their presence within each species was
categorized as 1 and their absence as 0. The independent variable (the natural-log-
transformed matrotrophy index) was standardized to have mean equal to 0 and
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standard deviation equal to 1, so that the regression coefficients represented effect
sizes of the independent variable whose magnitudes reflected the size of effect of
the variable51. A bootstrapping procedure with 2,000 simulations was used to
generate the confidence intervals and test for statistical significance of the slope
of the regression model. Convergence of model parameters was achieved in all
cases (Extended Data Table 5).
Phylogenetic generalized least-squares regression. Regressionv2.m version
16Mar11 (ref. 54) was used to assess linear relationships between the natural-
log-transformed matrotrophy index and the sexual selection index, relative gono-
podium length, sexual size dimorphism and log10-transformed male and female
standard lengths and body weights. Mesquite version 2.75 (ref. 52) was employed
to add populations as soft polytomies to the phylogeny. Population branch lengths
were set at 0.0025 based on the mean of all population branch lengths in the
original maximum likelihood phylogram, with the constraint that the tips of the
population branches had to be lined up with the tip of the original species branch
in the phylogeny. The MODEL procedure in SAS version 9.2 (SAS Institute) was
used before all regressions to confirm a constant variance of residuals (homosce-
dasticity) by means of White’s general and Breusch–Pagan tests (Extended Data
Table 6; SAS/ETS 12.1 User’s Guide55). Three regression models were then com-
puted: (1) ordinary linear least-squares regressions assuming a star phylogeny; (2)
phylogenetic generalized least-squares regressions assuming a Brownian motion
process of trait evolution; and (3) phylogenetic generalized least-squares regres-
sions assuming an Ornstein–Uhlenbeck process of trait evolution, which incor-
porates stabilizing selection towards an optimum value with different possible
means for different groups. Ornstein–Uhlenbeck regression allows branch lengths
to vary, estimating the optimal Ornstein–Uhlenbeck transformation parameter, d,
with a value of 0 indicating that a star phylogeny (ordinary linear least-squares
model) best fits the data, a value of 1 that the original input tree (phylogenetic
generalized least-squares model) best fits the data and a value between 0 and 1 that
‘intermediate branch lengths’ provide the best fit54. For all statistical analyses, body
weight and standard length were log10 transformed. To allow for soft polytomies,
the degrees of freedom was corrected, using an adjusted degrees of freedom when
comparing test statistics with critical F values of the total number of branches (N) –
(z 1 2), where z is the number of branches that are set to a length of zero56,57. Two
approaches were used to select the best-fit linear regression model. First, we assessed
differences in the Akaike information criterion (AIC): AIC 5 (22 3 ln(ML like-
lihood)) 1 (2 3 number of parameters) between models, expressed asDi 5 AICi 2

AICmin (where AICmin is the value of the model with the lowest AIC value and AICi

is the value for the alternative model i). Di provides a heuristic measure of the fit of
alternative model i relative to the fit of the best model: Di , 2 suggests that there is
substantial support for alternative model i relative to the best model; 4 ,Di , 7
indicates that the alternative model has considerably less support; and Di . 10
signifies that the alternative model is highly unlikely58. Second, where one model
was a nested subset of the other (compared with the ordinary linear least-squares
and phylogenetic generalized least-squares models, the Ornstein–Uhlenbeck
model contains one more estimated parameter), we compared them by maximum
likelihood ratio tests, where twice the difference in natural-log likelihoods between
models (D 5 22(maximum likelihood for best model 2 maximum likelihood for
alternative model i)) is assumed to be distributed asymptotically as a x2 distri-
bution with degrees of freedom equal to the difference in the number of parameters
in the two models. Following ref. 54, we also used likelihood ratio tests to compare
the phylogenetic generalized least-squares and ordinary linear least-squares mod-
els. Although the degrees of freedom in these comparisons is zero (both models
have the same number of parameters), a difference in likelihoods greater than
3.841 (which is the ninety-fifth percentile of the distribution of x2 with one degree
of freedom) is often taken to indicate a significant difference (P . 0.05) in the fit of
the two models54,59 (Supplementary Table 6).
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Extended Data Table 1 | Results of models of molecular evolution chosen by jModelltest
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Extended Data Table 2 | Bayesian inference of correlated evolution between the natural-log-transformed matrotrophy index and other life-
history traits within the family Poeciliidae
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Extended Data Table 3 | Bayesian inference of correlated evolution between the natural-log-transformed matrotrophy index and other life-
history traits within the family Poeciliidae using a subset of ten trees to control for phylogenetic uncertainty
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Extended Data Table 4 | Bayesian inference of correlated evolution between the natural-log-transformed matrotrophy index and other life-
history traits after data imputation with PhyloPars
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Extended Data Table 5 | Ordinary and phylogenetic logistic regression parameter estimates for the effect of the natural-log-transformed
matrotrophy index on dichromatism, courtship behaviour, ornamental male display traits and superfetation within the family Poeciliidae
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Extended Data Table 6 | White’s general and Breusch–Pagan tests for homoscedasticity
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