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SUMMARY

How and why complex organs evolve is generally lost to history. The mammalian placenta, for example, was
derived from a single common ancestor that lived over 100 million years ago.'™ Therefore, the selective fac-
tors favoring this complex trait remain obscure. Species in the live-bearing fish family Poeciliidae have inde-
pendently evolved placentas numerous times while retaining closely related non-placental sister species.*”
This provides the raw material to test alternative hypotheses for the evolution of the placenta. We assemble
an extensive species-level dataset on reproductive mode, life histories, and habitat, and then implement
phylogenetic comparative methods to test adaptive hypotheses for the evolution of the placenta. We find
no consistent family-wide associations between placentation and habitat. However, placental species
exhibit significantly reduced reproductive allotment and have a higher likelihood of exhibiting superfetation
(the ability to gestate multiple broods at different developmental stages). Both features potentially increase
body streamlining and enhance locomotor performance during pregnancy, possibly providing selective
advantage in performance-demanding environments such as those with high predation or fast water flow.
Furthermore, we found significant interactions between body size and placentation for offspring size and
fecundity. Relative to non-placental species, placentation is associated with higher fecundity and smaller
offspring size in small-bodied species and lower fecundity and larger offspring size in large-bodied species.
This pattern suggests that there may be two phenotypic adaptive peaks, corresponding to two selective op-
tima, associated with placentation: one represented by small-bodied species that have fast life histories, and

the second by large-bodied species with slow life histories.

RESULTS AND DISCUSSION

How and why do complex traits evolve? We use the placenta as
an exemplar to address this question. The placenta is a complex
trait that provides the equivalent services of all major organ sys-
tems via a physiological linkage between two genetically and
immunologically distinct players: mother and offspring.>° The
mammalian placenta has been extensively studied from a phys-
iological, anatomical, and immunological perspective,’®'° yet
we know little about how and why it evolved because it did so
just once >100 million years ago.'™ To test hypotheses on
placental evolution, we have turned instead to the live-bearing
fish family Poecilidae, which includes maternal provisioning
strategies that range from fully provisioning eggs before fertiliza-
tion (lecithotrophy) to extensive matrotrophy, or the post-fertil-
ization maternal provisioning of embryos during gestation, via a
follicular placenta.””” The placenta has evolved at least nine
times in this family.*® The existence of placental species closely
allied to species that lack placentas, variation in the magnitude of
placentation, and multiple, independent origins of placentas en-
ables us to use phylogenetic comparative methods to test alter-
native hypotheses regarding the factors favoring placental
evolution.

Lecithotrophic species begin development with the fertiliza-
tion of fully provisioned eggs, and then retain developing
offspring with no additional maternal provisioning. Embryos
lose mass during development at a rate comparable to that of
the developing eggs of oviparous fishes."' Placental species
instead begin development with the fertilization of small eggs.
Offspring gain weight over the course of development,®'? but
there is substantial variation among species in the amount of
weight gained.*""'? The matrotrophy index (MI) is a unit-less
measure of the degree of post-fertilization provisioning that
quantifies this variation.” The Ml equals the dry mass of fully
developed offspring divided by the dry mass of a fertilized egg,
so it is a measure of the proportional change in dry mass during
development. Lecithotrophic species have MI values <1
because they lose weight during development. Matrotrophic
species have Ml >1 and may exceed 100 in some species
(Figure 1).

There are adaptive (i.e., resource-availability, locomotor-per-
formance, and life-history facilitation) and conflict hypotheses
for the evolution of placentas.®'? The resource-availability model
of Trexler and DeAngelis'* predicts placentation to be favored in
stable high-resource environments because it increases
maternal fecundity. The locomotor-performance hypothesis

Current Biology 37, 1-8, May 10, 2021 © 2021 Elsevier Inc. 1


mailto:afurness001@gmail.com
mailto:david.reznick@ucr.edu
https://doi.org/10.1016/j.cub.2021.02.008

j.cub.2021.02.008

Please cite this article in press as: Furness et al., The evolution of the placenta in poeciliid fishes, Current Biology (2021), https://doi.org/10.1016/

- ¢? CellPress

Xenodexia ctenolepis
Phalloptychus januarius
lloceros caudimaculatus

hacelus wingei
Poecilia Acanthophacelus reficulata
Poecilia Micropoecia picta
Poecilia M

parae
Poecilia Micropoecilia biurca
Poecilia Poecila vivipara
Poecilia A i

ci
Poecilia Mollienesia fatpinna

la Mollienesia latipunctata
Poecilia Mollienesia petenensis
Poecilla Mollienesia butlers

ia Molliénesia orr

ienesia sphenops.
Poecilia Mollienesia sulphuraria
Poecilia Mollienesia mexicana

Poecilia

Poecilla Pamphorichthys minor

Poecilla Pamphorichthys hasemani

Poecilla Pamphorichthys araguaiensis

Poecilia Pamphorichiys hollandi
soudolimia hetorandria

»r.-»w
3
g
5

LT

Poecilia Limia melanonotata
Poecilia Limia tridens

namen:
Xenophallus umbratilis
‘Alfaro cultratus

uberi
Priapichthys annectens
Brachyrhaphis cascajalensis
Brachyraphis parismina
Phailichihys tico
Phallchthys

Phalichthys amate

fos

‘hartwegi

holdride
habde

rachyr

rachyrhaphi

hi

roseni
terrabensis
ndria elegans
tridentiger

Neoheterandria cana

oeciliopsi
Poecillo

is paucimaculata
elongata

psi
Poeciliopsis retropinna.

Pocciliopsis balsas

F s
Poeciliopsis monacha
08cilops

Girardinus uninotatus
Girardinus falcatus
Girardinus creolus
Girardinus metallicus
Girardinus microdactylus
_— po
)
L ———
by S—

Priapella compressa
seudoxiphophorus jonesii

Pseudox
hophorus pygmaeus
hophorus nezahualcoyotl

[eoegogjro===o

Current Biology

o
[ o@‘
%

P. latipinna

P. tridens
IG. metallicus

H. formosa

B. terrabensis

.

N. elegans

)

P. elongata

}

P. gracilis

!

P. compressa

$

X. maculatus

|

®

sia hispaniolae

amoisia fuma
ambusia sexradiata
amusis auysiona
ambisia S
i o
ambusio malhpleura
ambusia nicaraguensis
sambusia hubbsi
ambusia mann
ambusia puncicuiata
ambusis Caymanensis
am igosticta
ambusia utcaia
musia
ambusi alors
ambusia panico
- o
0.796  Ln(Matrotrophy Index)  4.636 ombusi vilala,

£}

ia rhizophorae

usia vittata,

!

G. affinis

4

G. puncticulata

I]I]I]IJI]I]I]I]I]UI]I]I]I]I]I]I]I]I]UI]I]I]I]I]I]I]I]I]U[]I]I]I]I]I]I]I]I]I]l]l][ll]l]|]l][||]|][]|]|]U[l|]|]|][||][|[||][][IHI]I]I]I]I][I[I[ID[IUI]I][II]I]U|]DIJI]I][I[II]ﬂI]I]DI]I]I]I]I]I]I]I]I]DI]UUI]I]I]I][II]UI]I]Ul]I]I]I]I]I]DUI]I]I]

O 0 P e
““““ﬂ““ﬂ"“u“ﬂ“ﬂ“'“““u"'“ﬂ““u"nH“"ﬂﬂ““ﬂ““”"””Huu"ﬂ“"ﬂﬂ“ﬂﬂ“"””““””””"””""H”””""H”""””””“"””"”H””ﬂﬂ””ﬂﬂ”ﬂ“““””" HHHH”HHH"”W””H

|]EI[|[”][In[]nul]n[lnﬂuul]nnn[||:||][|I:I[lDul]l:l[|l]l]l][lD[I[”]uunu[|D[ll][luuI:I|]|:|nnnl]uul]uuun=|]nu|:|nunngnI]uunuunnuu“unl]l]unuunnun 0

Figure 1. The matrotrophy index reconstructed on the phylogenetic tree of the family Poeciliidae

Branch colors depict a maximume-likelihood reconstruction of maternal provisioning for natural log-transformed matrotrophy indices. The ancestral state
reconstruction was performed using the contMap function in the R package phytools.'® Bars on the tree tips indicate species mean life-history values for the
degree of superfetation, standard length, offspring size at birth, number of embryos, and reproductive allotment. Tip silhouettes depict females of representative

poeciliid species, scaled to reflect their relative body size. Highly matrotrophic

species include some of the largest (i.e., P. elongata) and smallest (i.e., P. bifurca

and H. formosa) species in the family, with comparable diversity in life-history traits.

predicts placentation to be favored in performance-demanding
environments such as those with fast water flow or high preda-
tion,>'® because placentation decreases pregnant females’
reproductive burden, thus facilitating body streamlining. The
life-history facilitation hypothesis predicts that placentation
evolves to facilitate the evolution of other features of the life his-
tory, such as larger offspring size at birth. The conflict hypothesis
instead posits that the placenta evolves as a non-adaptive by-
product of an arms race between mothers and gestating
offspring over control of resource transfer.'® The adaptive hy-
potheses make contrasting predictions regarding the life-history
traits associated with placentation and the ecological conditions
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where placentation is expected to be favored. We combine our
species-level dataset on reproductive mode, life histories, and
habitat with a robust phylogenetic tree and apply phylogenetic
comparative methods to test the predictions and assumptions
of the adaptive hypotheses.

Resource-availability hypothesis

Trexler and DeAngelis'*"” used analytic and simulation models
to evaluate the conditions favoring the evolution of placentation.
They predicted that fluctuating low-resource environments will
hinder the evolution of the placenta unless placental species
are able to abort and re-absorb developing offspring when
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Figure 2. The relationship between matro-
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Phylogenetic generalized least-squares analyses
show no relationship (p > 0.05) between the ma-
trotrophy index and proxies of resource stability
including (A) temperature seasonality and (B) pre-
cipitation seasonality. Likewise, phylogenetic lo-
gistic regression analyses show no relationship
(p > 0.05) between the matrotrophy index and
inhabitation of (C) fast-flowing water and (D)
brackish or salt water. See also Figures S1 and S2
and Tables S1 and S2.
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exhibit higher fecundity than lecithotro-
phic species, while controlling for body
size, and found that placental species
do not have higher fecundity than lecitho-
trophs across the entire range of body
sizes in the family (Figure 3C). Our ana-
lyses at this scale thus do not support
the predictions of the resource-availability
hypothesis. '
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Ln(Matrotrophy index)

conditions deteriorate. Experimental studies of species that
represent four independent origins of placentas reveal that fe-
males are not able to abort offspring in response to reductions
in food availability during gestation,'®?" so placental species
require a steady source of nutrition to provision offspring. In
contrast, offspring of lecithotrophs require no further nutritional
provisioning during development so they are not at the mercy
of an unreliable maternal food supply during pregnancy. Trexler
and DeAngelis'*'" thus predict that placentation is most likely to
evolve in stable, high-resource environments. We extracted a
standard set of 19 climate variables®” from the GPS coordinates
where each species in our dataset has been collected to provide
proxies for the degree of seasonal fluctuation. We found no sig-
nificant associations between the Ml and any climate variables,
including the two that are likely the best indices of seasonal vari-
ation: temperature and precipitation seasonality (Figures 2A, 2B,
and S1; Table S2). A subsidiary prediction is that placental spe-
cies may be found in a more restricted set of habitats (have
smaller geographic ranges), whereas lecithotrophs may be
more cosmopolitan and widespread (larger geographic ranges).
Our logic is that placental species may be restricted to stable
high-resource habitats, which are a subset of habitats populated
by lecithotrophic species. We found no relationship between the
MI and geographic or altitudinal range (Figure S2; Table S2).
The Trexler and DeAngelis model assumes that the fitness
advantage of placentation is increased fecundity, given that all
other life-history components (body size, reproductive allotment,
offspring size) are held constant. We assembled the most
comprehensive species-level life-history dataset to date from
dissections of museum and private collections. We utilized this

Ln(Matrotrophy index)
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Locomotor-performance

hypothesis

The locomotor-performance hypothesis
proposes that placentation is an adapta-
tion that reduces a mother’s reproductive allocation (RA) during
pregnancy, thereby improving “streamlining” and providing a se-
lective advantage in performance-demanding environments.® '
In placental species, resources are transferred to offspring
throughout development, rather than provisioned up-front as fully
provisioned eggs. One consequence of placentation is that RA—
the proportion of total mass that consists of developing young and
reproductive tissues—is reduced, especially early in preg-
nancy.®?*?” We found the Ml is indeed negatively correlated
with RA (Figure 3A). One potential caveat is that RA was calcu-
lated using the dry weights of tissues. The relationship is not sig-
nificant when based on wet weights (Figure S2; Table S3). Itis un-
clear whether this represents a real result or an artifact of the
substantially lower sample size for wet weight estimates.

We found a significant positive relationship between the MI
and superfetation (Figure 3B). Superfetation (the ability of fe-
males to simultaneously gestate multiple broods of offspring at
different stages of development) is another reproductive adapta-
tion predicted to reduce peak RA and therefore facilitate stream-
lining.%'%?82° Superfetation effectively divides a single large
litter into multiple smaller litters produced more frequently. It re-
duces average offspring size present at any point in time and
thus reduces the maximum RA.° Our phylogenetic analysis re-
veals that the evolution of either superfetation or placentation
facilitates the gain of the other trait, so that the two are likely to
appear together (Figure 4).

Strong water flow velocity has been implicated as an important
selective factor favoring fusiform bodies.”®*° A net reduction in
RA tied to the evolution of placentation presumably increases
streamlining, thereby enhancing swimming performance.® 1524
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is predicted to increase body streamlining
and facilitate escape performance.*®

Life-history facilitation hypothesis

The life-history facilitation hypothesis is a
catch-all for multiple proposals that the
placenta evolved to facilitate the evolu-
tion of some other feature of the life his-

Female standard length (mm)

The locomotor-performance hypothesis links this consequence of
placental reproduction to environments that favor streamlining.®
We tested whether the Ml is related to whether a species inhabits
fast-flowing water and found no such relationship (Figure 2C;
Table S2). High-predation environments could also be considered
performance demanding because reduced RA could enhance
escape response.®’*? We used (low) elevation and inhabitation
of brackish or salt water as proxies for predation because such
habitats have higher species diversity,>* which is generally asso-
ciated with higher predation intensity. We found no significant
relationship between the Ml and inhabitation of brackish or salt
water (Figure 2D; Table S2), or between the MI and either the
mean or maximum altitude of occurrence (Figure S2; Table S2).
The locomotor-performance hypothesis®'® fares better than
the resource-availability hypothesis, but we do not find the pre-
dicted association between placentation and occurrence in en-
vironments in which streamlining and swimming performance
are expected to be under strong selection. However, our coarse
measure of water velocity may not capture variation in species
found in a variety of water bodies and ignores microhabitat us-
age, which can enable species to limit the current they are
exposed to (A. A. Hagmayer, A.l.F., and B.J.A.P., unpublished
data). Our proxies of predation level are also coarse, plus
many species range across a variety of predation habitats.*
An alternative test of this prediction could be made among pop-
ulations within a species that ranges across different habitats. A
recent study of 27 populations of the highly placental Poeciliop-
sis retropinna showed that those that co-occur with predators
had significantly higher Ml values than those from sites without
predators. This increase in the Ml resulted in lower RA, which

4 Current Biology 317, 1-8, May 10, 2021

Female standard length (mm)

tory®®?® such as larger litter size, larger
offspring size at birth, improved survivor-
ship early in life, or earlier maturity.* -5
2 These hypotheses are often based on
patterns in one or a few species. Ad-
dressing them means testing for associations between individ-
ual life-history traits, such as offspring size, and matrotrophy.
We found no consistent associations of any feature of the life
history (other than superfetation and RA, reported above) with
the MI (Figure S2; Table S3). However, we did find significant in-
teractions between the Ml and standard length for fecundity
(Figure 3C) and offspring size at birth (Figure 3D). Relative to
lecithotrophic species, small-bodied placental species exhibit
numerous small offspring, whereas large-bodied placental spe-
cies exhibit few large offspring. Thus, the predicted relationship
between placentation and larger offspring size is supported
only in large-bodied placental species and the predicted rela-
tionship between placentation and fecundity is supported
only in small-bodied species.

These interactions encapsulate a pattern that is apparent
across the family. Some of the smallest species (i.e., Heterandria
formosa, Poecilia bifurca, Phalloptychus januarius, Poeciliopsis
prolifica) with the fastest life histories are placental, as are
some of the largest species (Poeciliopsis elongata, Poeciliopsis
retropinna, Poeciliopsis paucimaculata, Poeciliopsis presidionis,
Xenodexia ctenolepis) with the slowest life histories. These
alternatives are mirrored in the northern and southern clades of
Poeciliopsis, each of which represents the independent origin
of the placenta.?®*® In the northern clade, placentation is asso-
ciated with a fast life history®® relative to lecithotrophic sister
species, whereas in the southern clade, placentation is associ-
ated with a slow life history.?® The only consistent life-history trait
correlated with the MI across both replicates is a reduction in
RA.%® This pattern of contrasting life-history strategies suggests
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Figure 4. The correlated evolution of super-
fetation and the placenta
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that there may be two adaptive phenotypic (life-history) peaks
associated with placentation, which in turn suggests that the
placenta evolved for different reasons in different lineages.

Interaction among hypotheses

Hypotheses for the evolution of placentation may not be mutually
exclusive,® and the same explanation may not apply to all in-
stances of placental evolution; e.g., placentation may facilitate
locomotion in large-bodied species but enhance fecundity in
stable resource-rich environments in small-bodied species.
Phylogenetic comparative methods generally presume that the
same explanation applies to every transition. If the placenta
evolves for different reasons in different lineages, then we might
expect contrasting trait associations among lineages, rather
than a consistent signal. Here, we entertain the hypothesis that
placentation evolves in two settings for different reasons: (1) low-
land high-resource and high-predation environments where pla-
centas facilitate a fast life history, and (2) fast-flowing rivers fa-
voring streamlining during pregnancy and large size at birth to
facilitate offspring locomotion. We tested whether the lack of
consistent association between the Ml and habitat is due to
small-bodied and large-bodied placental species living in two
contrasting habitat types. We found that the best-fitting phyloge-
netic generalized least-squares (PGLS) models did not include
these non-significant interactions between the MI and body
size (Figures S1 and S2; Table S2). Therefore, ecological associ-
ations do not appear to explain the presence of placental spe-
cies with contrasting life histories.

31 q34 q42 q4
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« O ™ © o ® © 6 ® ©

adaptive peaks of co-adapted trait con-
stellations. We implemented adaptive
landscape analyses that test for the exis-
tence of such alternative peaks.*>™*° The
R package SURFACE**** and I1ou®® employ the Ornstein-Uh-
lenbeck model of stabilizing selection*®*” to identify convergent
evolution of phenotypic peaks in continuous character space
across a phylogenetic tree using a stepwise information criterion
framework. These methods complement our PGLS analyses
because they employ the same phylogenetic tree and pheno-
typic characters. However, instead of specifying a model to be
fit to the data, adaptive landscape analyses determine the
optimal number of phenotypic shifts using an iterative forward
phase (i.e., peak addition) and backward phase (i.e., collapse
of convergent peaks). We implemented SURFACE and I1ou us-
ing six life-history traits—Ln (M), superfetation index, standard
length, offspring size, offspring number, and RA. We did not
find evidence for two alternative convergent placental life-history
peaks—one for large-bodied species with few large offspring
and another for small-bodied species with numerous small
offspring. Instead, most matrotrophic species or clades occu-
pied a unique life-history peak (Figures S3 and S4; Table S4).
This pattern may be caused by the over-splitting of matrotrophic
species on the basis of the MI and superfetation index. Thus, we
consider the idea that matrotrophic species occupy a limited
number of life-history optima, a hypothesis deserving of further
testing.

Conclusions

We tested three adaptive hypotheses for the repeated evolution
of the placenta across the family Poeciliidae. Our results do not
support all the predictions of any one hypothesis. In particular,
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we found some support for predictions of the locomotor-perfor-
mance hypothesis, namely placentation being associated with
superfetation and a reduced RA, both of which are predicted
to facilitate streamlining. However, we did not find any associa-
tion between the Ml and climate or habitat variables. If placenta-
tion is adaptive, then why is this the case? One possibility is that
the ancestral environment in which placentation evolved is
different from where these species currently are found. Alterna-
tively, matrotrophic and lecithotrophic species may occupy
different niches—in terms of diet, microhabitat usage, and other
environmental features—that are not reflected in our choice of
climate and habitat variables that characterize their environ-
ments. Finally, although framed as alternatives, these hypothe-
ses may not be mutually exclusive. Our finding that placentas
are associated with contrasting life-history axes (e.g., small
body size and many, small offspring versus large body size
and few, large offspring) suggests that there may be multiple en-
vironments that favor the evolution of placentas.

However, there is a non-adaptive hypothesis to consider: the
viviparity-driven conflict hypothesis.'® Conflict over resource
transfer between mother and offspring derives from relatedness
asymmetries.*® Each offspring shares all genes with itself yet
shares only half its genes with its mother and full siblings,
whereas a mother is equally related to each of her offspring.
Thus, mothers should allocate resources equally to all offspring
but offspring maximize their fitness by acquiring a larger than
average share of maternal resources.“® The intimate contact be-
tween mother and offspring in live-bearing species creates the
potential for offspring to extract maternal resources during
gestation.’®°° We have documented what could be a first step
in this interaction by showing that egg-laying relatives of the Po-
eciliidae can actively absorb small organic molecules at a rate
comparable to lecithotrophic poeciliids.®" Any such foothold of
offspring influence can initiate a repeated cycle of adaptation
and counter-adaptation between mother and offspring over
resource transfer, driving the evolution of placentation.'® Ac-
cording to the conflict hypothesis, placentation evolves as the
by-product of this conflict rather than as an enhancement of
maternal fitness.'®°? The fate of such conflict depends on what-
ever genetic, physiological, and anatomical variation is present
in each lineage. It is not expected to show any particular link to
ecological conditions.'® Therefore, the absence of associations
between the Ml and features of the environment might reflect
the influence of conflict-driven evolution. Finally, conflict and
adaptive evolution may potentially interact. Conflict may be
important in the initial development of matrotrophy, providing
the substrate on which adaptation can occur. Alternatively, the
adaptive evolution of matrotrophy may exacerbate mother-
offspring conflict driving the elaboration of the placenta once
this provisioning strategy takes hold.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

® KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact

6 Current Biology 37, 1-8, May 10, 2021

Current Biology

O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
e METHOD DETAILS
O Dataset
O Phylogenetic tree
® QUANTIFICATION AND STATISTICAL ANALYSIS
O Phylogenetic generalized least-squares
O BayesTraits Discrete
O Multivariate adaptive landscape analyses

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].
cub.2021.02.008.

ACKNOWLEDGMENTS

This work was supported by National Science Foundation (NSF) postdoctoral
research fellowship in biology (PRFB) award 1523666 (to A.l.F.), and is grate-
fully acknowledged. Additional funding came from the University of California,
Irvine (to J.C.A.) and NSF grants DEB-0416085 and DEB-1754669 (to D.N.R.).
We thank Andres Hagmayer for helpful comments on an earlier draft, and Rob
Meredith for advice on controlling phylogenetic uncertainty. Lastly, we thank
the numerous museums and their staff for the generous loan of poeciliid spec-
imens, upon which this work is based, as well as other collaborators who
provided specimens, and the individuals who performed dissections to gather
life-history data (a full list is in STAR methods).

AUTHOR CONTRIBUTIONS

A.LLF., with input from D.N.R. and J.C.A., designed the study. A.l.F., Y.R., and
D.N.R. collected the data. A.l.F. conducted analyses and B.J.A.P., J.C.A., and
D.N.R. contributed to interpretation of the results. A.l.LF. and D.N.R. wrote the
manuscript with input from all authors.

DECLARATION OF INTERESTS
The authors declare no competing interests.

Received: August 1, 2020
Revised: December 2, 2020
Accepted: February 3, 2021
Published: March 2, 2021

REFERENCES

1. Elliot, M.G., and Crespi, B.J. (2009). Phylogenetic evidence for early he-
mochorial placentation in eutheria. Placenta 30, 949-967.

2. Meredith, R.W., Janecka, J.E., Gatesy, J., Ryder, O.A., Fisher, C.A,,
Teeling, E.C., Goodbla, A., Eizirik, E., Simdo, T.L., Stadler, T., et al.
(2011). Impacts of the Cretaceous terrestrial revolution and KPg extinction
on mammal diversification. Science 334, 521-524.

3. Wildman, D.E., Chen, C., Erez, O., Grossman, L.l., Goodman, M., and
Romero, R. (2006). Evolution of the mammalian placenta revealed by
phylogenetic analysis. Proc. Natl. Acad. Sci. USA 703, 3203-3208.

4. Furness, A.l., Pollux, B.J.A., Meredith, R.W., Springer, M.S., and Reznick,
D.N. (2019). How conflict shapes evolution in poeciliid fishes. Nat.
Commun. 70, 3335.

5. Pollux, B.J.A., Meredith, R.W., Springer, M.S., Garland, T., and Reznick,
D.N. (2014). The evolution of the placenta drives a shift in sexual selection
in livebearing fish. Nature 573, 233-236.

6. Pollux, B.J.A., Pires, M.N., Banet, A.l., and Reznick, D.N. (2009). Evolution
of placentas in the fish family Poeciliidae: an empirical study of macroevo-
lution. Annu. Rev. Ecol. Evol. Syst. 40, 271-289.


https://doi.org/10.1016/j.cub.2021.02.008
https://doi.org/10.1016/j.cub.2021.02.008
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref1
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref1
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref2
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref2
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref2
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref2
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref2
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref3
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref3
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref3
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref4
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref4
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref4
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref5
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref5
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref5
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref6
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref6
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref6

Please cite this article in press as: Furness et al., The evolution of the placenta in poeciliid fishes, Current Biology (2021), https://doi.org/10.1016/
j.cub.2021.02.008

Current Biology

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

. Reznick, D.N., Mateos, M., and Springer, M.S. (2002). Independent origins

and rapid evolution of the placenta in the fish genus Poeciliopsis. Science
298, 1018-1020.

. Mossman, H.W. (1987). Vertebrate Fetal Membranes: Comparative

Ontogeny and Morphology; Evolution; Phylogenetic Significance; Basic
Functions; Research Opportunities (Rutgers University Press).

. Wooding, F.B.P., and Burton, G.J. (2008). Comparative Placentation:

Structures, Functions, and Evolution (Springer-Verlag).

Avise, J. (2013). Evolutionary Perspectives on Pregnancy (Columbia
University Press).

Wourms, J.P., Grove, B.D., and Lombardi, J. (1988). The maternal-embry-
onic relationship in viviparous fishes. In Fish Physiology, Volume 11: The
Physiology of Developing Fish; Part B: Viviparity and Posthatching
Juveniles, W.S. Hoar, and D.J. Randall, eds. (Academic Press), pp. 1-134.
Pires, M.N., Banet, A.l., Pollux, B.J.A., and Reznick, D.N. (2011). Variation
and evolution of reproductive strategies. In Ecology and Evolution of
Poeciliid Fishes, J.P. Evans, A. Pilastro, and I. Schlupp, eds. (University
of Chicago Press), pp. 28-37.

Revell, L.J. (2012). phytools: an R package for phylogenetic comparative
biology (and other things). Methods Ecol. Evol. 3, 217-2283.

Trexler, J.C., and DeAngelis, D.L. (2003). Resource allocation in offspring
provisioning: an evaluation of the conditions favoring the evolution of ma-
trotrophy. Am. Nat. 7162, 574-585.

Thibault, R.E., and Schultz, R.J. (1978). Reproductive adaptations among
viviparous fishes (Cyprinodontiformes: Poecilidae). Evolution 32,
320-333.

Crespi, B., and Semeniuk, C. (2004). Parent-offspring conflict in the evolu-
tion of vertebrate reproductive mode. Am. Nat. 163, 635-653.

Trexler, J.C., and DeAngelis, D.L. (2010). Modeling the evolution of com-
plex reproductive adaptations in poeciliid fishes. In Viviparous Fishes I,
M.C. Uribe, and H.J. Grier, eds. (New Life Publications), pp. 231-240.
Banet, A.l, Au, A.G., and Reznick, D.N. (2010). Is mom in charge?
Implications of resource provisioning on the evolution of the placenta.
Evolution 64, 3172-3182.

Banet, A.l, and Reznick, D.N. (2008). Do placental species abort
offspring? Testing an assumption of the Trexler-DeAngelis model. Funct.
Ecol. 22, 323-331.

Pollux, B.J.A., and Reznick, D.N. (2011). Matrotrophy limits a female’s abil-
ity to adaptively adjust offspring size and fecundity in fluctuating environ-
ments. Funct. Ecol. 25, 747-756.

Reznick, D., Callahan, H., and Llauredo, R. (1996). Maternal effects on
offspring quality in poeciliid fishes. Am. Zool. 36, 147-156.

Fick, S.E., and Hijmans, R.J. (2017). WorldClim 2: new 1-km spatial reso-
lution climate surfaces for global land areas. Int. J. Climatol. 37, 4302-
4315.

Bassar, R.D., Auer, S.K., and Reznick, D.N. (2014). Why do placentas
evolve? A test of the life-history facilitation hypothesis in two clades in
the genus Poeciliopsis representing two independent origins of placentas.
Funct. Ecol. 28, 999-1010.

Fleuren, M., Quicazan-Rubio, E.M., van Leeuwen, J.L., and Pollux, B.J.A.
(2018). Why do placentas evolve? Evidence for a morphological advan-
tage during pregnancy in live-bearing fish. PLoS ONE 73, e0195976.
Pires, M.N., Arendt, J., and Reznick, D.N. (2010). The evolution of pla-
centas and superfetation in the genus Poecilia (Cyprinodontiformes:
Poeciliidae: subgenera Micropoecilia and Acanthophacelus). Biol. J.
Linn. Soc. Lond. 99, 784-796.

Pires, M.N., Bassar, R.D., McBride, K.E., Regus, J.U., Garland, T., Jr., and
Reznick, D.N. (2011). Why do placentas evolve? An evaluation of the life-
history facilitation hypothesis in the fish genus Poeciliopsis. Funct. Ecol.
25, 757-768.

Reznick, D., Meredith, R., and Collette, B.B. (2007). Independent evolution of
complex life history adaptations in two families of fishes, live-bearing halfbeaks
(Zenarchopteridae, Beloniformes) and Poecilidae (Cyprinodontiformes).
Evolution 67, 2570-2583.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42,

43.

44,

45.

46.

47.

48.
49.

¢? CellPress

Fleuren, M., van Leeuwen, J.L., and Pollux, B.J.A. (2019). Superfetation re-
duces the negative effects of pregnancy on the fast-start escape perfor-
mance in live-bearing fish. Proc. Biol. Sci. 286, 20192245.

Zufiga-Vega, J.J., Reznick, D.N., and Johnson, J.B. (2007). Habitat pre-
dicts reproductive superfetation and body shape in the livebearing fish
Poeciliopsis turrubarensis. Oikos 7116, 995-1005.

Langerhans, R.B., and Reznick, D.N. (2010). Ecology and evolution of
swimming performance in fishes: predicting evolution with biomechanics.
In Fish Locomotion: An Eco-ethological Perspective, P. Domenici, and
B.G. Kapoor, eds. (Science Publishers), pp. 200-248.

Ghalambor, C.K., Reznick, D.N., and Walker, J.A. (2004). Constraints on
adaptive evolution: the functional trade-off between reproduction and
fast-start swimming performance in the Trinidadian guppy (Poecilia retic-
ulata). Am. Nat. 164, 38-50.

Walker, J.A., Ghalambor, C.K., Griset, O.L., McKenney, D., and Reznick,
D.N. (2005). Do faster starts increase the probability of evading predators?
Funct. Ecol. 79, 808-815.

Jaramillo-Villa, U., Maldonado-Ocampo, J.A., and Escobar, F. (2010).
Altitudinal variation in fish assemblage diversity in streams of the central
Andes of Colombia. J. Fish Biol. 76, 2401-2417.

Johnson, J.B., and Bagley, J.C. (2011). Ecological drivers of life-history
divergence. In Ecology and Evolution of Poecilid Fishes, J.P. Evans, A.
Pilastro, and I. Schlupp, eds. (University of Chicago Press), pp. 38-49.

Hagmayer, A., Furness, A.l., Reznick, D.N., Dekker, M.L., and Pollux,
B.J.A. (2020). Predation risk shapes the degree of placentation in natural
populations of live-bearing fish. Ecol. Lett. 23, 831-840.

Blackburn, D.G., Vitt, L.J., and Beuchat, C.A. (1984). Eutherian-like repro-
ductive specializations in a viviparous reptile. Proc. Natl. Acad. Sci. USA
81, 4860-4863.

Holbrook, G.L., and Schal, C. (2004). Maternal investment affects offspring
phenotypic plasticity in a viviparous cockroach. Proc. Natl. Acad. Sci. USA
101, 5595-5597.

Schrader, M., and Travis, J. (2005). Population differences in pre-and
post-fertilization offspring provisioning in the least killifish, Heterandria for-
mosa. Copeia 2005, 649-656.

Trexler, J.C. (1997). Resource availability and plasticity in offspring provi-
sioning: embryo nourishment in sailfin mollies. Ecology 78, 1370-1381.
Wourms, J.P. (1993). Maximization of evolutionary trends for placental

viviparity in the spadenose shark, Scoliodon taticaudus. Environ. Biol.
Fishes 38, 269-294.

. Wourms, J.P., and Lombardi, J. (1992). Reflections on the evolution of

piscine viviparity. Am. Zool. 32, 276-293.

Olivera-Tlahuel, C., Ossip-Klein, A.G., Espinosa-Pérez, H.S., and ZUiiga-
Vega, J.J. (2015). Have superfetation and matrotrophy facilitated the evo-
lution of larger offspring in poeciliid fishes? Biol. J. Linn. Soc. Lond. 176,
787-804.

Ingram, T., and Mahler, D.L. (2013). SURFACE: detecting convergent evo-
lution from comparative data by fitting Ornstein-Uhlenbeck models with
stepwise Akaike information criterion. Methods Ecol. Evol. 4, 416-425.
Mahler, D.L., Ingram, T., Revell, L.J., and Losos, J.B. (2013). Exceptional
convergence on the macroevolutionary landscape in island lizard radia-
tions. Science 341, 292-295.

Khabbazian, M., Kriebel, R., Rohe, K., and Ané, C. (2016). Fast and accu-
rate detection of evolutionary shifts in Ornstein-Uhlenbeck models.
Methods Ecol. Evol. 7, 811-824.

Butler, M.A., and King, A.A. (2004). Phylogenetic comparative analysis: a
modeling approach for adaptive evolution. Am. Nat. 764, 683-695.
Hansen, T.F. (1997). Stabilizing selection and the comparative analysis of
adaptation. Evolution 57, 1341-1351.

Trivers, R.L. (1974). Parent—offspring conflict. Am. Zool. 14, 249-264.

Haig, D. (1996). Placental hormones, genomic imprinting, and maternal-
fetal communication. J. Evol. Biol. 9, 357-380.

Current Biology 317, 1-8, May 10, 2021 7



http://refhub.elsevier.com/S0960-9822(21)00215-3/sref7
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref7
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref7
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref8
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref8
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref8
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref9
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref9
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref10
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref10
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref11
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref11
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref11
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref11
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref12
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref12
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref12
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref12
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref13
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref13
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref14
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref14
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref14
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref15
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref15
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref15
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref16
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref16
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref17
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref17
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref17
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref18
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref18
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref18
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref19
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref19
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref19
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref20
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref20
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref20
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref21
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref21
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref22
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref22
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref22
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref22
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref23
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref23
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref23
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref23
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref24
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref24
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref24
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref25
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref25
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref25
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref25
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref26
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref26
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref26
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref26
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref27
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref27
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref27
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref27
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref28
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref28
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref28
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref29
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref29
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref29
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref30
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref30
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref30
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref30
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref31
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref31
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref31
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref31
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref32
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref32
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref32
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref33
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref33
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref33
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref34
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref34
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref34
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref35
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref35
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref35
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref36
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref36
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref36
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref37
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref37
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref37
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref38
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref38
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref38
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref39
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref39
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref40
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref40
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref40
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref41
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref41
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref42
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref42
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref42
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref42
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref42
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref43
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref43
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref43
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref44
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref44
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref44
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref45
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref45
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref45
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref45
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref46
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref46
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref47
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref47
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref48
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref49
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref49

Please cite this article in press as: Furness et al., The evolution of the placenta in poeciliid fishes, Current Biology (2021), https://doi.org/10.1016/
j.cub.2021.02.008

¢? CellPress

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Furness, A.l., Morrison, K.R., Orr, T.J., Arendt, J.D., and Reznick, D.N.
(2015). Reproductive mode and the shifting arenas of evolutionary conflict.
Ann. N'Y Acad. Sci. 1360, 75-100.

Morrison, K.R., Ngo, V., Cardullo, R.A., and Reznick, D.N. (2017). How fish
eggs are preadapted for the evolution of matrotrophy. Proc. Biol. Sci. 284,
1-7.

Rice, W.R., and Holland, B. (1997). The enemies within: intergenomic con-
flict, interlocus contest evolution (ICE), and the intraspecific Red Queen.
Behav. Ecol. Sociobiol. 47, 1-10.

Xie, W., Lewis, P.O., Fan, Y., Kuo, L., and Chen, M.-H. (2011). Improving
marginal likelihood estimation for Bayesian phylogenetic model selection.
Syst. Biol. 60, 150-160.

Reznick, D.N., and Miles, D.B. (1989). Areview of life history patterns in po-
eciliid fishes. In Ecology and Evolution of Livebearing Fishes (Poeciliidae),
G.K. Meffe, and F.F. Snelson, eds. (Prentice Hall), pp. 125-148.

Pagel, M., and Meade, A. (2006). Bayesian analysis of correlated evolution
of discrete characters by reversible-jump Markov chain Monte Carlo. Am.
Nat. 167, 808-825.

Pagel, M. (1999). Inferring the historical patterns of biological evolution.
Nature 4071, 877-884.

Ho, L.s.T., and Ané, C. (2014). A linear-time algorithm for Gaussian and
non-Gaussian trait evolution models. Syst. Biol. 63, 397-408.

Hagmayer, A., Furness, A.l., Reznick, D.N., and Pollux, B.J.A. (2018).
Maternal size and body condition predict the amount of post-fertilization
maternal provisioning in matrotrophic fish. Ecol. Evol. 8, 12386-12396.
Haynes, J.L. (1995). Standardized classification of poeciliid development
for life-history studies. Copeia 1995, 147-154.

Bussing, W.A. (2002). Freshwater Fishes of Costa Rica (Universidad de
Costa Rica).

Miller, R.R. (2005). Freshwater Fishes of Mexico (University of Chicago
Press).
Wischnath, L.
Publications).
Froese, R., and Pauly, D. (2013). FishBase, Version 08/2013. http://www.
fishbase.org.

(1993). Atlas of Livebearers of the World (T.F.H.

8 Current Biology 37, 1-8, May 10, 2021

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Current Biology

Hijmans, R.J., and Elith, J. (2017). Species distribution modeling with R (R
CRAN Project).

Culumber, Z.W., and Tobler, M. (2017). Sex-specific evolution during the
diversification of live-bearing fishes. Nat. Ecol. Evol. 7, 1185-1191.
FishNet 2 (2013). What is FishNet? http://www.fishnet2.net/aboutFishNet.
html.

Reznick, D.N., Furness, A.l., Meredith, R.W., and Springer, M.S. (2017).
The origin and biogeographic diversification of fishes in the family
Poecilidae. PLoS ONE 712, e0172546.

Yang, Z. (2007). PAML 4: phylogenetic analysis by maximum likelihood.
Mol. Biol. Evol. 24, 1586-1591.

Paradis, E., and Schliep, K. (2019). ape 5.0: an environment for modern
phylogenetics and evolutionary analyses in R. Bioinformatics 35, 526-528.
Freckleton, R.P., Harvey, P.H., and Pagel, M. (2002). Phylogenetic analysis
and comparative data: a test and review of evidence. Am. Nat. 760,
712-726.

Orme, D., Freckleton, R., Thomas, G., Petzoldt, T., Fritz, S., Isaac, N., and
Pearse, W. (2013). The caper package: comparative analysis of phyloge-
netics and evolution in R, Version 5.2. https://cran.r-project.org/web/
packages/caper/index.html.

Revell, L.J. (2010). Phylogenetic signal and linear regression on species
data. Methods Ecol. Evol. 7, 319-329.

Burnham, K.P., and Anderson, D.R. (2002). Model Selection and
Multimodel Inference: A Practical Information-Theoretic Approach,
Second Edition (Springer-Verlag).

Pagel, M., Meade, A., and Barker, D. (2004). Bayesian estimation of ances-
tral character states on phylogenies. Syst. Biol. 53, 673-684.

Currie, T.E., and Meade, A. (2014). Keeping yourself updated: Bayesian
approaches in phylogenetic comparative methods with a focus on
Markov chain models of discrete character evolution. In Modern
Phylogenetic Comparative Methods and Their Application in
Evolutionary Biology, L.Z. Garamszegi, ed. (Springer), pp. 263-286.
Revell, L.J. (2009). Size-correction and principal components for interspe-
cific comparative studies. Evolution 63, 3258-3268.

Ho, L.S.T., and Ané, C. (2014). Intrinsic inference difficulties for trait evolu-
tion with Ornstein-Uhlenbeck models. Methods Ecol. Evol. 5, 1133-1146.


http://refhub.elsevier.com/S0960-9822(21)00215-3/sref50
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref50
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref50
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref51
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref51
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref51
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref52
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref52
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref52
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref53
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref53
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref53
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref54
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref54
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref54
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref55
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref55
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref55
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref56
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref56
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref57
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref57
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref57
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref58
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref58
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref58
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref59
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref59
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref60
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref60
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref61
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref61
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref62
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref62
http://www.fishbase.org
http://www.fishbase.org
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref64
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref64
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref65
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref65
http://www.fishnet2.net/aboutFishNet.html
http://www.fishnet2.net/aboutFishNet.html
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref67
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref67
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref67
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref68
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref68
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref69
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref69
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref70
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref70
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref70
https://cran.r-project.org/web/packages/caper/index.html
https://cran.r-project.org/web/packages/caper/index.html
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref72
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref72
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref73
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref73
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref73
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref74
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref74
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref75
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref75
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref75
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref75
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref75
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref76
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref76
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref77
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref77
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref77
http://refhub.elsevier.com/S0960-9822(21)00215-3/sref77

Please cite this article in press as: Furness et al., The evolution of the placenta in poecilid fishes, Current Biology (2021), https://doi.org/10.1016/
j.cub.2021.02.008

Current Biology ¢? CellPress

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

BayesTraits V3 < http://www.evolution.rdg.ac.uk/BayesTraitsV3.0.1/BayesTraitsV3.0.1.html
R Project for Statistical Computing R Core Team http://www.r-project.org/

phytools 54 https://cran.r-project.org/web/packages/phytools/index.html
phylolm 55 https://cran.r-project.org/web/packages/phyloim/index.html
ape 6 https://cran.r-project.org/web/packages/ape/index.html
caper 57 https://cran.r-project.org/web/packages/caper/index.htmi
surface 4 https://cran.r-project.org/web/packages/surface/index.html
Itou a7 https:/github.com/khabbazian/I1ou

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andrew
Furness (afurness001@gmail.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The datasets and code are available at Mendeley Data: https://doi.org/10.17632/n7f9cyhxc5.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The family Poeciliidae contains 276 species of live-bearing fish. Reproductive mode and life-history data for 160 species was ob-
tained from preserved specimens (i.e., pregnant females) derived from museum (AMNH, ANSP, FMNH, KU, MCP, MNRJ, MZUSP,
TCWC, TNHC, TU, UCR, UF, UFBA, UFRGS, UFRJ, UIST, UMMZ, and USNM) and personal collections. Further information can be
found in Method details.

METHOD DETAILS

Dataset

To test hypotheses for the evolution of the placenta, we assembled a species-level dataset composed of four trait categories: repro-
ductive mode, life history, habitat, and climatic niche. Reproductive mode and life-history data have been collected in the laboratory
of David Reznick over the past four decades, through standard life-history dissections”°® of preserved wild-caught specimens
derived from museum and personal collections.>>* The raw individual-level life-history data for 505 populations, representing 160
species, was compiled and organized into a single standardized datasheet. We wrote an R script to calculate summary reproductive
mode and life-history variables for each population, and from this population-level dataset calculated single species’ mean values for
each trait, weighted by the number of pregnant females in each population. Reproductive mode included the measurement of two
traits: an index of placentation and of superfetation. The extent of placentation was quantified using the matrotrophy index,”*>" a
continuous measure of the degree of post-fertilization maternal embryo provisioning. It is defined as the dry weight of fully developed
offspring ready to be born (stage 45) divided by the dry weight of unfertilized eggs (stage 0). In practice, this unitless ratio ranged from
values as low as 0.5 to 0.7, indicating embryos lose 30 to 50% of their dry weight over the course of development owing to metabolic
processes, a degree of weight loss comparable to that seen in the eggs of spawning species, ' to a high of 103, indicating over 100-
fold embryo weight gain during gestation. Species with matrotrophy indices of less than one are considered lecithotrophic or reliant
on pre-fertilization yolk stores, while those with larger matrotrophy indices obtain nutrients, and hence gain weight, during pregnancy
due to maternal provisioning across a follicular placenta. The matrotrophy index was calculated for each collection by first regressing
natural log-transformed embryo dry weight as a function of developmental stage, with embryo developmental stage scored
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according to standard embryo morphological criteria common to all poecilid species.*® Embryos below stage 5 were excluded to
avoid unintentional inclusion of under-weight stage 0 embryos which were not fully yolked up. The dry weight of stage 0 and stage
45 embryos were then estimated from the regression parameters derived from this linear model. These values were back transformed
from the natural log scale, and their ratio used to calculate the collections’ matrotrophy index. The superfetation index is the number
of broods at distinct developmental stages that a pregnant female carries simultaneously. This ranged from 1 (all embryos at a single
developmental stage) to a maximum of 7 broods at distinct stages of development. Female life-history traits included standard
length, ovary wet weight, total reproductive tissue dry weight, dry reproductive allotment (total reproductive tissue dry weight / female
dry weight), wet reproductive allotment (ovary wet weight / female wet weight), number of embryos, brood size, and offspring size at
birth (dry weight). Lastly, from the primary literature we added additional comparable reproductive mode and / or life history data for
16 species not in our dataset. Detailed definitions of life-history traits can be found in Table S1.

We scored poecilid species for two discrete habitat usage traits: whether a species inhabits only fresh-water (0) or, at least occa-
sionally inhabits brackish or salt-water (1); and whether a species is found in only stagnant or slow-flowing waters (0) or, at least oc-
casionally, inhabits fast-flowing waters (1). This information was obtained from species’ habitat descriptions in books,*°®? the public
database Fishbase,®® and primary literature. When conflicting information was found for a given species, we used the higher cate-
gory. For example, if any reference indicated the species prefers, was collected in, or occasionally is found in fast-flowing water, then
this was the scored category even if other references indicated the species is typically found in stagnant or slow flowing waters. This
objective standard was applied so as to avoid having to make judgement calls regarding character scoring.

Lastly, we assembled data on the climatic niche of each species in our dataset following a procedure commonly used in species-
distribution modeling,®* and recently adopted in evolutionary studies.®® We first downloaded available GPS collection coordinates
from museum collection databases available through FishNet2.°® We then compared these coordinates to the known geographic
distribution of each species®®°? and excluded coordinates that fell outside this area (likely due to data being mis-recorded or
entered, species mis-identification, or species introductions). For several species that lacked museum-collection GPS-coordinate
data, we estimated coordinates from written descriptions of collection localities, or obtained coordinates from primary literature sour-
ces. In total, we utilized 13,317 collection coordinates for 175 species, representing on average 76 collection localities per species.
We then wrote a R script that processed the GPS coordinates, extracted matched climatic data, and calculated a single species’
mean value for each of the variables. The script first removed duplicate coordinates - those less than 0.0416667 degrees, 2.5
arc-minute or ~4.5 km apart (the resolution at which we extracted climate data). We then extracted 19 bioclimatic variables from
the WorldClim global climate database® and Google elevation database for all listed GPS collection coordinates of each species.
Lastly, we calculated a single species mean value for each of the 19 bioclimatic variables (Table S1B) and elevation. We also esti-
mated each species’ geographic range size from data on FishBase.®® This was done in two ways. First, by counting the number
of occupied squares when point-occurrence data for each species is plotted on the world map using C-squares Mapper. Second,
by multiplying the total number of decimal degrees between the northern and southern latitudinal range limits by the total number of
decimal degrees between the eastern and western longitudinal range limits (after having first excluded any outlier point occurrence
data likely due to introductions or misspecification). Furthermore, we estimated each species geographic range size in the same
manner as described above but based upon the museum collection coordinates downloaded from FishNet2 and also used in the
extraction of WorldClim climate data. Lastly, we obtained data on the mean, maximum, and range of altitude occurrence for each
species based on values listed in museum collection records that were downloaded through FishNet2 (Table S1).

Quality control

The life history dataset contained data for 9,432 individuals, 505 populations, and 160 species gathered through dissections of
museum and private collections over the past 40 years in the lab of David Reznick. Given the size and scope of the dataset, a number
of checks for outliers and influential data points were enacted. We first plotted each life history trait (Length, Total wet weight, Somatic
wet weight, Ovary wet weight, Female dry weight, Female lean weight, Litter, Number of embryos, Embryo stage, Embryo weight,
Embryo lean weight, Reproductive tissue weight, Number of regressors, and Regressor dry weight) versus Line ID, Species code,
and where appropriate, other life history variables (i.e., Length versus Total wet weight) to check for outliers and mis-entered values.
Questionable values were checked for accuracy on the original data sheets, when available. Outliers that were mis-entered (for
example due to a missing or mis-placed decimal point) were corrected. Eight individuals that exhibited extreme outliers for one or
more life history traits (i.e., Embryo weight, Embryo lean weight, Somatic wet weight) were excluded from the calculation of all life
history traits as these values are almost certainly in error, unable to be corroborated on original data sheets or likely recorded incor-
rectly on the original data sheet, have the potential to negatively affect the calculation of summary life-history traits, and are not
excluded for other reasons such as there being less than 5 pregnant females in the population. We next plotted the calculated vari-
ables of Individual embryo weight (mg) and Individual embryo lean weight (mg) versus Line ID and Species code, having first removed
stage 0 embryos. Twenty-eight embryo stages and weights were excluded from the calculation of population-level Matrotrophy
Indices, mostly because such individual embryo weights were extremely small. Furthermore, when calculating the population-level
Matrotrophy Indices, embryos below stage 5 were excluded to avoid unintentional inclusion of under-weight stage 0 embryos which
were not fully yolked up. When calculating population-level mean life history traits all non-pregnant females were excluded. From the
population-level Ml and life-history dataset we calculated a single species’ mean value for each trait, weighted by the number of preg-
nant females in each population. At this step we only included populations with five or more pregnant females; 368 populations met
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this criterion. When calculating the Matrotrophy Index at the species level we excluded all populations with an embryo stage range of
less than 15 (in addition to excluding all populations with less than 5 pregnant females). This was done to ensure the data from which
the Ml was calculated was representative and trustworthy.

Preservation method

Collections were either alcohol or formalin preserved. Preservation method is known to affect the measured weights of fishes and
their reproductive components. In particular, alcohol preservation tends to extract the fat from tissues, while formalin preservation
does not, or does so to a much lesser extent. In general museum collections are preserved first in formalin then transferred to alcohol.
Collections in the Reznick lab were generally formalin preserved with fat extracted using diethyl ether such that regular weights and
lean weights (i.e., those with fat removed) were obtained. Based upon the few alcohol collections in which fat was also extracted, we
know that alcohol preservation extracts most fats from the fish’s body, such that the regular weights of alcohol preserved fishes are
approximately comparable to the lean weights of formalin preserved fishes. We accounted for differences in preservation in the
calculation of summary life history traits. We did so in two different ways. In the first, we ignore preservation method (i.e., consider
its effects likely to be negligible) and calculate all life history variables using regular weights, irrespective of preservation method (and
whether or not lean weights are available for formalin preserved collections). In the second method, we create composite columns for
those traits in which both regular and lean weights were available (i.e., formalin preserved collections). In particular, we create a col-
umn for composite embryo weights that takes lean weights if available (formalin preserved collections) and otherwise takes regular
weights (alcohol preserved collections). We do the same for female dry weight; we create a composite column for female dry weight
that takes lean weight if available (formalin preserved collections) otherwise takes regular weight (alcohol preserved collections). We
refer to the life history traits that take into account preservation method as ‘composite’ values. We then used these values (instead of
embryo dry weight, and female dry weight) when calculating total embryo dry weight, total reproductive tissue dry weight, reproduc-
tive allotment dry weight for each individual, and the population-level measures of the matrotrophy index, and estimated offspring
size at birth. We calculated correlation coefficients between all comparable variables ignoring and accounting for preservation
method, and found them to be highly congruent in all cases (r > 0.95). Finally, we ran all analyses using the life history variables derived
from regular weights and the composite weights (accounting for preservation method). We did not find a single difference between
these two sets of analyses — indicating that the results are robust to differences in preservation method. Therefore, the life history
analyses presented throughout the manuscript are those on regular weights.

Reproductive allotment

For some collections (primarily formalin preserved) we have female wet and ovary wet weights, as well as female somatic dry weight
and embryo dry weights. In these collections we are able to directly calculate wet and dry reproductive allotment. For other collec-
tions (primarily museum alcohol preserved) we have female wet weights (a mix of total, somatic, or both) and embryo dry weight. In
these collections we are unable to directly calculate dry reproductive allotment, since we lack female dry weights. However, ideally,
we want comparable estimates of reproductive allotment despite difference in preservation method (since data from different pop-
ulations is later combined into a single estimate per species, weighted by number of individuals per collection). Therefore, we imple-
mented a procedure in which we converted total female wet weight and somatic female wet weight into estimated dry weights, such
that we could calculate reproductive allotment dry weight regardless of collection type. In general, this involved fitting a regression
between female wet and dry weights for all individuals with both values, and then using the parameter estimates derived from this
regression to estimate an individual’s somatic dry weight based upon its wet weight, for individuals that had only wet weights.
Mean reproductive allotment (RA) dry mixed, was calculated as RA dry (if available) otherwise RA dry calculated. RA dry calculated
was calculated as Total reproductive dry weight / Total female dry weight mixed. Total female dry weight mixed was calculated as
Total female dry weight calculated (if available) otherwise Somatic female dry weight calculated + Total reproductive dry weight. Total
female dry weight calculated was calculated as Total wet weight * 0.255285, and Somatic female dry weight calculated was calcu-
lated as Somatic wet weight * 0.260520. These parameter values (0.255285 and 0.260520) were determined by fitting a regression
between the variables Total female dry weight ~Total wet weight (R? = 0.966) and Female dry weight ~Somatic wet weight (R? =
0.948), for all individuals that had wet and dry weights. We then used the parameters from these regressions to estimate the total
and/or somatic dry weight of females that had only total and/or somatic wet weights. In addition, we performed the same procedure
taking into account potential weight differences due to preservation method. In particular we take lean dry weights if available
(formalin collections) and regular weights if lean weights are not given (primarily alcohol collections) (see above) and use these values
to derive a single measure of dry reproductive allotment (RA composite dry). The only difference between the above described pro-
cedure was the parameter values relating Total composite female dry weight ~Total wet weight and Composite female dry weight
~Somatic wet weight were 0.215943 and 0.191772, respectively.

Finally, we ran analyses using the subset of species (n = 69) for which we were able to directly calculate reproductive allotment dry
weight (i.e., both female dry weight and embryo dry weights directly measured) and the expanded number of species (n = 69+60) in
which we also included species for which we estimated reproductive allotment based upon female wet weights. These analyses pro-
duced identical results (Figure S2; Table S3).
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Phylogenetic tree

For our phylogenetic comparative analyses we used the timetree of Reznick et a which contains 177 poeciliid and 116 outgroup
taxa. This phylogeny was created using maximum likelihood analysis of a 28-gene (20 nuclear, 8 mitochondrial) concatenated DNA
matrix.> Molecular dating analyses were implemented by integrating this molecular phylogeny with 16 primary fossil calibrations.
Divergence times were estimated using the mcmctree program in PAML 4.4c%® with independent rates and hard-bounded con-
straints.®” The drop.tip function in the package Ape69 was used to remove species from the timetree not present in particular
analyses.

7
.6

QUANTIFICATION AND STATISTICAL ANALYSIS

Phylogenetic generalized least-squares

We implemented phylogenetic generalized least-squares (PGLS) models in the R package caper’’ to test for correlations be-
tween the matrotrophy index and life history, climate, and habitat variables, while controlling for phylogeny. Caper estimates model
parameters and a measure of the magnitude of phylogenetic signal”®"? in the model residuals (lambda, ), using maximum likelihood.
A can range from 0, indicating no phylogenetic signal (i.e., a star phylogeny), to 1, indicating the extent of similarity between species is
proportional to the amount of shared evolutionary history expected under a Brownian motion model of evolution.”® We assess the
association between each life-history trait (offspring size at birth, number of embryos, reproductive allotment), entered as the
response variable, and the matrotrophy index, entered as the predictor variable, while also accounting for relevant covariates
including superfetation index and standard length. Likewise, we test for an association between climatic and geographic variables
(BioClim variables, elevation, and range size), entered as a response variable, and the matrotrophy index as a predictor, while also
accounting for relevant covariates including superfetation index and standard length. Finally, phylogenetic logistic regression, imple-
mented in the R package phyloim,” was used to evaluate the relationship between the continuous matrotrophy index and two binary
habitat usage traits — inhabitation of brackish or salt-water (0/1) and inhabitation of fast-flowing water (0/1).

Our model-testing approach involved comparing a series of models designed to test our hypotheses of interest. For analyses of
climate and ecology as the dependent variable, we fit three models: one which included the matrotrophy index and superfetation
index, one that included only the matrotrophy index, and one that included an interaction between female standard length and
the matrotrophy index. For analyses of life-history traits as the dependent variable, except for reproductive allotment, we fit the
same three models but included standard length as a covariate in each model (given that life history traits are expected to positively
covary with body size). Reproductive allotment already accounts for female size given that it is a ratio of female reproductive tissue
weight / total female dry weight. The best model was chosen according to Akaike information criterion (AIC), defined as (—2*In(ML
likelihood))+(2"number of parameters). The best model, and that for which the output is presented, is the one with the lowest AIC, or
the simplest model if the difference in AIC between alternative models is less than 2. An AIC difference of less than 2 between the best
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model and the alternative model indicates there is substantial support for the alternative model, a difference between 4 and 7 indi-
cates the alternative model has considerably less support, and a difference greater than 10 indicates the alternative model is highly
unlikely.”

We tested the effect of phylogenetic uncertainty on our results by implementing PGLS analyses using ten trees sampled at regular
intervals of 50 from the maximum likelihood bootstrap analysis. Specifically, for all PGLS analyses that yielded significant results, we
repeated the analysis on the best-fitting model using 10 trees from the ML bootstrap, rather than the consensus timetree. We found
that conclusions did not qualitatively change (Table S3B).

BayesTraits Discrete

To investigate the joint evolution of superfetation and placentation, we employed Discrete evolution models implemented in a
Bayesian framework in BayesTraits V3.°%7* Specifically, we used Discrete independent and dependent models to evaluate the path-
ways by which superfetation and placentation originate and to test the hypothesis that the evolution of one of these traits promotes
the evolution of the other. Discrete models require two binary traits (i.e., presence/absence of superfetation; presence/absence of
placenta). For this analysis we thus converted the continuous matrotrophy and superfetation index into binary presence versus
absence characters.” Under the independent model, the two traits evolve independently of each other and the model estimates
four transition rates (the rate of gain and loss of each trait). In contrast, the dependent model estimates the transition rates between
the combination of character states (presence/absence) that the two binary traits can jointly take, and thus estimates eight transition
rates.®® We first estimated the marginal likelihoods of these two alternative models (i.e., independent and dependent) in BayesTraits
using a stepping stone sampler®®’* with 200 stones and 200,000 iterations per stone. To identify which model fit the data better, we
computed Bayes Factors (BF) as twice the difference in the logarithm of the models’ marginal likelihoods. We found evidence that the
dependent model fit the data better than the independent model (BF = 3.2), as BF greater than 2 is considered positive evidence for
the model with the higher harmonic mean.”® Next, we examined the posterior distributions of the 8 transition rates between the 4
possible combinations of character states (i.e., no superfetation and no placenta, no superfetation and placenta, superfetation
and no placenta, superfetation and placenta) to investigate the preferential evolutionary pathway(s) from the absence to the presence
of both traits.

In Discrete Independent and Dependent models, we scaled the branch lengths of the phylogeny by the default setting of 0.1, as
scaling enables the algorithm to better explore parameter space when transition rates are small and difficult to estimate. We em-
ployed an exponential prior with mean seeded from a uniform hyperprior ranging from 0 to 20, and Reversible Jump (RJ). RJ can
set transition rates equal to zero or to one another, thus reducing model complexity and avoiding over-parametrization.”> MCMC
chains of the Discrete Dependent and Independent models were run for 400 million iterations with a burn in of 500,000 and sampling
every 200,000. MCMC analyses were run in triplicate and the three independent runs produced qualitatively similar results.

Multivariate adaptive landscape analyses

In addition to testing our a priori hypotheses using phylogenetic generalized least-squares (see above), we implemented adaptive
landscape analyses that test for the existence of statistically differentiated multivariate phenotypic peaks or trait constellations.***°
The R package SURFACE**** and [1ou”® use the Ornstein-Uhlenbeck model of stabilizing selection“®*” to first identify phenotypic
shifts across the phylogeny, then collapse similar (convergent) shifts together in a backward step using an Information Criterion
framework. These methods complement our PGLS analyses in that they require the same phylogenetic tree and continuous repro-
ductive mode and life-history character data, but determine the optimal number of phenotypic peaks without having to specify any a
priori designations of optima. We implemented these adaptive landscape analyses using six reproductive mode and life history traits —
Ln (matrotrophy index), superfetation index, standard length, offspring size, offspring number, and reproductive allotment. These
analyses were limited to species with data for all six traits (n = 129, the same species depicted in Figure 1). We first performed a phylo-
genetic principal component analysis (pPCA) on the correlation matrix of these six traits in the R package phytools' and retained the
first 5 axes (which account for 99% of variance) in subsequent SURFACE and |1ou adaptive landscape analyses (Table S4). The
pPCA was necessary because neither method accounts for covariation among multiple correlated traits (i.e., the traits are assumed
to be independent) and pPCA ostensibly removes this covariation and reduces data dimensionality.”® We implemented SURFACE
using AlCc (forward and backward phase), I1ou using AlCc with backward test of convergence using AlCc, and I1ou using pBIC and
backward test of convergence using pBIC. The use of AlCc as the information criterion in SURFACE often fails to select the correct
model in favor of overly complex models with many changes®>’” and a new and more conservative phylogenetic-aware information
criterion (pBIC) has been proposed for model selection.*® Thus, our comparison of different approaches (SURFACE and I1ou) and
information criterion (AICc and pBIC) to determine the location of regime shifts is meant to more robustly explore the multivariate
adaptive landscape. See also Figures S3 and S4 and Table S4.
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