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Propositions

. Placental variation is likely the result of an interaction between phe-
notypic plasticity acting on offspring mass and evolved differences in
egg mass. (this thesis)

. The intimate link the placenta forms between the mother and fetus
poses a risk in environments with low food availability or high para-
sitism. (this thesis)

. Multivariate mixed models provide the preferred approach to simul-
taneously test for multiple hypotheses.

. Repeated measurements taken over different timescales should be
more frequently used to explicitly account for measurement error.

. The conflict between farmers, hunters, and general public arising from
the re-appearance of the wolf in the alps reflects the rapid human-
induced habitat loss during the last century.

. By forcing researchers to operate in a virtual world, COVID-19 pro-
motes scientific networking, and hence, progress in science.

The propositions belong to the thesis, entitled
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1 General introduction

Understanding the origin and elaboration of complex traits is of fundamental interest
to scientists and non-scientists alike. Darwin was the first to propose a mechanistic ex-
planation for the evolution of complex traits by suggesting that complexity can evolve
by a gradual stepwise process from simple precursors through natural selection (Darwin,
1859). However, finding examples of this stepwise process is challenging, as the interme-
diate steps in the evolution of a complex trait have often been lost through extinction.
The placenta, an intimate fusion of maternal and fetal tissues, is an ideal example of a
complex structure that mediates nutrient transfer and physiological interactions between
mother and developing offspring (Mossman, 1987). Normal functioning requires a wide
range of interdependent factors, all of which seem to be essential for embryo development
(Wooding & Burton, 2008). Placentas have evolved independently throughout the ani-
mal kingdom in live-bearing fish (Wourms, 1981), sharks (Hamlett et al., 1993), reptiles
(Blackburn, 2015), amphibians (Wake, 2015), mammals (Wooding & Burton, 2008), and
a variety of invertebrates (Ostrovsky et al., 2016). This repeated evolution clearly points
to a possible adaptive advantage (Losos et al., 1998), however, the nature of this advan-
tage remains elusive.

In this thesis, I use laboratory experiments and extensive field work in Costa Rica to
study different aspects of the phenotype and ecology of live-bearing fish (e.g. life-history,
swimming performance, microhabitat selection). Specifically, by drawing on insights from
the live-bearing fish family Poeciliidae, I aim to shed light on the obscure origin of the
placenta. Furthermore, I examine the impacts of environmental stressors during preg-
nancy on early life development of offspring, as well as the consequences of acquiring a
placenta for a species’ ecology.

1.1 Modes of maternal provisioning in Poeciliidae

The fish family Poeciliidae contains well known species such as the guppy, swordtails,
and mollies that have become model systems in the study of sexual and natural selection
(Evans et al., 2011). All species in the family, save one, give live-birth. Strikingly, there
is exceptional diversity in the strategy of how to nourish developing embryos, which can
be quantified by the Matrotrophy Index (MI), calculated as the ratio of offspring mass



General introduction

at birth to egg mass at fertilization (Reznick et al., 2002) (Fig. 1.1a). Most species are
lecithotrophs (or ‘yolk-feeding’), committing all nutrients required for development during
pregnancy to the eggs prior to fertilization (Fig. 1.1b). Embryos subsequently lose dry
mass over the course of gestation due to metabolic processes, leading to an MI < 1. In the
remaining species, so-called matrotrophs (i.e. ‘mother-feeding’), the resource allocation to
offspring takes place during two distinct periods (Wourms, 1981). Part of the nutrients
are supplied pre-fertilization during oogenesis and stored as high-energy yolk (Wallace &
Selman, 1981). The rest of the nutrients are transferred post-fertilization to the developing
embryos throughout gestation (Wourms, 1981) (Fig. 1.1b). Such species have an MI > 1,
indicating that embryos gain dry mass during pregnancy. Placentotrophy represents one
specific type of matrotrophy, where post-fertilization maternal provisioning is achieved
through a follicular placenta, roughly an analog to the mammalian placenta (Pollux et al.,
2009).

offspring at birth @:(

post-fertilization offspring at birth
maternal provisioning O O
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Fig. 1.1. a The Matrotrophy Index (MI), calculated as the ratio of offspring mass at birth to
egg mass at fertilization, can be used as an unbiased measure of the degree of post-fertilization
maternal provisioning, and hence the degree of placentation (Reznick et al., 2002). b Embryo dry
mass throughout gestation in live-bearing fish with different modes of reproduction. Lecithotrophic
species (blue) produce large eggs at fertilization, providing all maternal resources in the form of
yolk prior to fertilization. Embryos subsequently lose dry mass over the course of gestation due
to metabolic processes, leading to an M|l < 1. Matrotrophic species (red) produce small eggs at
fertilization with little yolk and provide most resources during embryonic development, leading to
an Ml > 1. The increase in embryo mass is due to post-fertilization maternal provisioning. In
placentotrophy, post-fertilization maternal provisioning is achieved through a follicular placenta.

Placentotrophy has evolved independently at least nine times in the family Poeciliidae
(Pollux et al., 2009; Furness et al., 2019). Moreover, in this group the MI has been
shown to positively correlate with the elaboration of the structures that form the inter-
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Adaptive hypotheses for the evolution of the placenta

face between the mother and offspring, and hence to reflect the complexity of placental
morphology (Turner, 1940; Kwan et al., 2015; Olivera-Tlahuel et al., 2019). Overall,
these features make poeciliid fish a unique model system for answering questions regard-
ing the causes and consequences of placental evolution (e.g. Pollux et al. 2009, Pollux
et al. 2014).

1.2 Adaptive hypotheses for the evolution of the pla-
centa

To date, two adaptive hypotheses (termed the resource allocation and locomotor cost hy-
potheses) provide potential explanations for why the placenta evolves. Both hypotheses
treat the placenta as a life-history adaptation that evolves in response to ecological selec-
tion pressures (Thibault & Schultz, 1978; Trexler & DeAngelis, 2003). Furthermore, both
hypotheses posit that the ancestral state is for all nutrients to be prepackaged in the form
of egg yolk (lecithotrophy) and that the derived state is for nutrients to be supplied to em-
bryos throughout pregnancy via a placenta (placentotrophy). This is presumably achieved
via a gradual shift in the timing of nutrient provisioning from pre- to post-fertilization.
If true, then the evolution of the placenta should coincide with a reduction in egg mass
at fertilization without affecting the size and quality of offspring at birth (Reznick et al.,
2002; Trexler & DeAngelis, 2003; Pollux et al., 2009).

The locomotor cost hypothesis posits that the placenta evolves as an adaptation that
reduces a live-bearing female’s reproductive allotment (i.e. the proportion of female mass
allocated to developing offspring), thus facilitating streamlining and hence locomotor
performance, particularly early in pregnancy (Fig. 1.2). The physical and physiological
burden of pregnancy negatively affects a female’s locomotor performance in a broad range
of live-bearing animals (Seigel et al., 1987; Plaut, 2002; Noren et al., 2011; Fleuren et al.,
2019). In live-bearing fish, pregnancy causes a less slender body shape (Fleuren et al.,
2018), slows the fast-start escape response, and reduces sustained swimming performance
(Plaut, 2002; Ghalambor et al., 2004; Quicazan-Rubio et al., 2019). Thus, the produc-
tion of smaller eggs at fertilization and gradual nutrient allocation to embryos over the
course of gestation is predicted to result in less-impaired locomotor performance early in
pregnancy without affecting the female’s reproductive output (i.e. fecundity). Improved
performance is predicted to offer a selective advantage, particularly in high ‘performance-
demanding’ environments (e.g. in high-flow velocity or high-predation localities) due to
an enhanced survival probability (Walker et al., 2005; Pollux et al., 2009; Pires et al.,
2011) (Fig. 1.2).

11
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Fig. 1.2. The locomotor costs hypothesis posits that the evolution of the placenta reduces a

live-bearing female's reproductive allotment (i.e. the proportion of female mass allocated to devel-
oping offspring), thus facilitating streamlining and hence swimming performance, particularly early
in pregnancy. This subsequently enhances survival probability in high ‘performance-demanding’
environments (e.g. in high-flow velocity or high-predation localities) (Pollux et al., 2009).

The resource allocation hypothesis predicts placentas will enhance fecundity in stable,
high-resource environments (Trexler & DeAngelis, 2003). Placental females produce
smaller, less expensive eggs, and transfer nutrients to the developing embryos through-
out gestation (Wourms, 1981). By reducing the initial cost of eggs, placental females
of equal size and body condition have the potential to fertilize more eggs and gestate
more embryos. If sufficient nutrients are available to provision all developing embryos,
placental provisioning may increase maternal fecundity (Trexler & DeAngelis, 2003). If
food is scarce or fluctuating, females can provision young with stored maternal fat re-
serves or abort and resorb them and provision only as many as they can fully nourish
(Trexler, 1997; Trexler & DeAngelis, 2003). However, if placental females are unable to
abort embryos and recycle the invested energy, the benefits of placentation are greatly
reduced. Trexler & DeAngelis (2003) therefore argued that the ability to selectively abort
embryos and recycle this investment, should resource conditions suddenly deteriorate, is
a crucial preadaptation for the evolution of placentation. Studies in the Poeciliidae have
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not shown that they are able to do this, suggesting that the conditions under which the
placenta might be favored by natural selection are restricted to environments character-
ized by high and stable resource conditions (Reznick et al., 1996b; Banet & Reznick, 2008;
Banet et al., 2010; Pollux & Reznick, 2011). Whereas the resource allocation hypothesis
has already been the focus of several empirical studies (Banet & Reznick, 2008; Banet
et al., 2010; Pires et al., 2011; Pollux & Reznick, 2011; Bassar et al., 2014), the locomotor
cost hypothesis has not yet been subject to similar systematic investigation.

1.3 Life-history consequences of the evolution of the pla-
centa

The intimate link the placenta forms between mother and fetus also poses a risk, because
maternal exposure to adverse environmental conditions (e.g. malnutrition, parasite infes-
tation) may have unfavorable consequences for fetal development. For instance, manipu-
lations of food availability under laboratory conditions have been demonstrated to impact
the pattern of resource allocation to offspring in placental live-bearing fish. Because pla-
cental species continuously supply the developing embryos with resources (Wourms, 1981;
Pollux et al., 2009), the timing of determining brood size (i.e. number of embryos) and
offspring size are decoupled (Reznick et al., 1996b; Pollux & Reznick, 2011). Whereas
brood size is determined prior to fertilization based on current food availability, offspring
size may be affected by food availability after fertilization, throughout gestation (Reznick
et al., 1996b; Pollux & Reznick, 2011). Consequently, when resource conditions sud-
denly deteriorate, placental species may not be able to optimally provision their embryos.
Because poeciliid fish may be incapable of selectively aborting embryos in response to
adverse food conditions (Reznick et al., 1996b; Banet & Reznick, 2008; Banet et al., 2010;
Pollux & Reznick, 2011), and maternal body fat might not fully buffer placental females
during gestation (Pollux & Reznick, 2011), sudden resource declines inevitably result in
smaller, worse-conditioned offspring at birth (Reznick et al., 1996b; Pollux & Reznick,
2011). Small offspring size in low food conditions is associated with a lower survival.
Therefore, placentotrophy has been argued to be maladaptive in fluctuating resource en-
vironments (Reznick et al., 1996b; Trexler & DeAngelis, 2003; Pollux & Reznick, 2011).
Likewise, maternal parasite infestation can affect fetal growth in two non-mutually ex-
clusive ways: (i) directly, through infestation of the developing fetus by parasites that
can cross the placental barrier; and (ii) indirectly, through the modification of mater-
nal physiology or metabolism to such an extent that it interferes with fetal development.
However, the consequences of parasite infestation for embryo development, offspring qual-
ity, and life-history traits in non-mammalian placental lineages are currently insufficiently
understood.

13
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1.4 Ecological consequences of the evolution of the pla-
centa

Acquiring a placenta may have consequences for a species’ ecology. Placentation is hypoth-
esized to reduce a female’s reproductive burden, enhance body streamlining, and improve
the locomotor performance, particularly early in pregnancy (Pollux et al., 2009; Pires
et al., 2011) (Fig. 1.2). It has therefore been argued that this reproductive adaptation
facilitates a life in ‘performance-demanding’ environments (e.g. high water flow velocity),
if the food conditions are sufficiently stable (Pollux et al., 2009). If true, then placental
species should be able to utilize higher ‘performance-demanding’ (micro)habitats com-
pared to closely related non-placental species. However, empirical evidence for the role of
placentation in shaping microhabitat selection of live-bearing fish in stream ecosystems is
still lacking.

1.5 Aims and outline of this thesis

With this project, I attempt to shed light on the causes and consequences of placental
evolution by drawing on insights from the live-bearing fish family Poeciliidae. Specifically,
I aim to quantify biologically relevant sources of variation in placentation to identify po-
tential selective agents that ultimately drive the evolution of the placenta. Furthermore,
I examine the impacts of environmental stressors during pregnancy on early life develop-

ment of offspring, as well as the consequences of acquiring a placenta for a species’ ecology
(Fig. 1.3).

Environmental selection
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Aims and outline of this thesis

Fig. 1.3. Schematic overview of the thesis chapters. Chapter 2 examines maternal condition-,
size- and/or age-related offspring provisioning, and hence maternal sources of placental variation.
Chapter 3 tests a key prediction of the locomotor cost hypothesis, which is that placentation
evolves in ‘performance-demanding’ (high predation) environments. Chapter 4 empirically tests the
idea that the evolution of the placenta facilitates the utilization of high ‘performance-demanding’
(micro)habitats (e.g. high-flow velocity) by reducing the reproductive burden of females during
pregnancy, and hence, improving locomotor performance. Chapter 5 and 6 examine the potential
risks of the intimate link the placenta forms between the mother and fetus when exposed to adverse
environmental conditions (maternal parasite infestation and malnutrition). Lastly, in Chapter 7 (not
depicted in this picture), the results of the previous chapters will be placed into a wider context
with a perspective for future work.

In Chapter 2, we study potential maternal causes and consequences of embryo provision-
ing during gestation in the placental live-bearing fish species Poeciliopsis retropinna from
Costa Rica. Specifically, we examine how maternal traits (i.e. body fat, lean mass, and
length) relate to pre- (i.e. allocation to the egg prior to fertilization) and post-fertilization
(i.e. allocation to the embryo during pregnancy) maternal provisioning and how this ul-
timately affects offspring size and body composition at birth. By doing this, we aim to
provide new insights into maternal condition-, size- and/or age-related offspring provi-
sioning in placental species, and hence, maternal sources of placental variation.

In Chapter 3, we study natural populations of the placental live-bearing fish species P.
retropinna in Costa Rica to test a key prediction of the locomotor cost hypothesis, which
is that placentation evolves in ‘performance-demanding’ (high predation) environments.
If the placenta is favored under high predation conditions, we should find a higher degree
of placentation in high predation populations. Theory further predicts that this higher
degree of placentation should be due to a smaller egg size at fertilization without affecting
the number, size, or quality of offspring at birth, translating to a lower reproductive
burden for females during pregnancy. By studying the ecological drivers that underlie the
ongoing evolution of placentas in natural populations, we aim to contribute to a better
understanding of the ecologically-driven evolution of complex traits in general.

In Chapter 4, we empirically test the idea that the evolution of the placenta (and su-
perfetation, i.e. the ability to carry several broods at different developmental stages)
facilitates a life in ‘performance-demanding’ (e.g. high-flow velocity) environments by re-
ducing the reproductive burden of females during pregnancy, and hence, improving loco-
motor performance. If true, we predict placental species and /or species with superfetation
to inhabit higher ‘performance-demanding’ (micro)habitats compared to closely related
non-placental species or species without superfetation. For this, we use underwater visual
census to study diurnal and ontogenetic microhabitat selection by five sympatric live-
bearing fish species (family Poeciliidae) in Costa Rica that differ in the absence/presence
of placentation and superfetation. By comparing microhabitat use of these five sym-
patric live-bearing fish species, we aim to provide new insights into the potential effects

15
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of reproductive adaptations on microhabitat selection and local diurnal and ontogenetic
migration.

In Chapter 5, we examine the consequences of a trematode infestation (black spot disease,
BSD) in shaping life-history and behavior (boldness trials in the field) in the placental
live-bearing fish species P. retropinna from Costa Rica. We propose that the intimate link
the placenta forms between the mother and fetus poses a risk, because parasite infestation
may have unfavorable consequences for fetal development. For example, maternal parasite
infestation can affect fetal growth in two non-mutually exclusive ways: (i) directly, through
infestation of the developing fetus by parasites that can cross the placental barrier; and
(ii) indirectly, through the modification of maternal physiology or metabolism to such
an extent that it interferes with fetal development. By examining the potential costs of
a trematode infestation in placental live-bearing fish, we aim to contribute to a better
understanding of the importance of host-parasite interactions in shaping life-histories and
behavior in placental animals.

In Chapter 6, we conduct a 7-week laboratory experiment to study to what extent mater-
nal food limitation during pregnancy affects offspring size and quality (i.e. body fat) at
birth, as well as growth and locomotor performance of offspring after birth in the placen-
tal live-bearing fish species Phalloptychus januarius. We predict that having a placenta
might be a maladaptive strategy in environments where food is temporarily scarce, be-
cause sudden reductions in maternal food availability are likely to cause the production of
smaller offspring at birth that perform worse during early life. By studying the impacts
of environmental stressors during pregnancy on early life development of offspring, we
aim to shed light on the potential burden of placentation under adverse environmental
conditions.

In the general discussion (Chapter 7), I put the findings of my PhD research into a
wider context. First, I restate the different hypotheses for the evolution of the placenta
together with the currently available evidence for each. Second, because superfetation is
commonly found in Poeciliidae and thought to co-evolve with the evolution of the placenta,
I develop an R-package to simulate and graphically illustrate the potential advantages of
having superfetation, as well as both, superfetation and placentation. Third, I discuss the
potential disadvantages of having a placenta in response to various adverse environmental
conditions. Finally, I conclude with an outlook on future research by addressing possible
steps and challenges to deepen and expand the knowledge on the causes and consequences
of placental evolution.
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Maternal sources of placental variation

Abstract

Maternal effects often provide a mechanism for adaptive transgenerational phenotypic
plasticity. The maternal phenotype can profoundly influence the potential for such
environmentally-induced adjustments of the offspring phenotype, causing correlations be-
tween offspring and maternal traits. Here we study potential effects of the maternal
phenotype on offspring provisioning prior to and during gestation in the matrotrophic
live-bearing fish species Poeciliopsis retropinna. Specifically, we examine how maternal
traits such as body fat, lean mass, and length relate to pre- (i.e. allocation to the egg prior
to fertilization) and post-fertilization (i.e. allocation to the embryo during pregnancy) ma-
ternal provisioning and how this ultimately affects offspring size and body composition
at birth. We show that pre- and post-fertilization maternal provisioning is associated
with maternal length and body fat, but not with maternal lean mass. Maternal length is
proportionally associated with egg mass at fertilization and offspring mass at birth, no-
tably without changing the ratio of pre- to post-fertilization maternal provisioning. This
ratio, referred to as the matrotrophy index (MI), is often used to quantify the level of
matrotrophy. By contrast, the proportion of maternal body fat is positively associated
with post-fertilization, but not pre-fertilization, maternal provisioning and consequently
is strongly positively correlated with the MI. We furthermore found that the composition
of embryos changes throughout pregnancy. Females invest first in embryo lean mass, then
allocate fat reserves to embryos very late in pregnancy. We argue that this delay in fat
allocation may be adaptive, because it delays an unnecessary high reproductive burden
to the mother during earlier stages of pregnancy, potentially leading to a more slender
body shape and improved locomotor performance. In conclusion, our study suggests that
(i) offspring size at birth is a plastic trait that is predicted by both maternal length and
body fat, and (ii) the MI is a plastic trait that is predicted solely by the proportion of
maternal body fat. It herewith provides new insights into the potential maternal causes
and consequences of embryo provisioning during pregnancy in matrotrophic live-bearing
species.

Keywords: live-bearing, matrotrophy, placenta, placentotrophy, Poeciliidae, maternal
effect, superfetation, viviparity

2.1 Introduction

Maternal effects represent the influence of the mother’s phenotype on the offspring phe-
notype independently of the female’s genetic contribution to her offspring (Mousseau &
Fox, 1998a). In species where a female’s environment is a reliable predictor of the en-
vironmental conditions that her future offspring are likely to experience, females may
evolve the ability to adjust offspring phenotype in ways that best prepare them for life in
their future environment. Here, maternal effects will provide a mechanism for adaptive
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transgenerational phenotypic plasticity (Mousseau & Fox, 1998b).

Maternal effects often entail complex, multiple-interacting trade-offs. Maternal nutrient
provisioning to offspring, for instance, can have profound implications for offspring size at
birth and hence offspring survival (Mousseau & Fox, 1998a). By changing the offspring
phenotype, maternal provisioning may also directly affect maternal fitness, as offspring
size is commonly constrained by offspring number (Stearns, 1992). The optimal offspring
size is given by the offspring size-performance relationship that is determined by the
environment experienced by the offspring (Kaplan, 1992; Fox & Czesak, 2000; Marshall
& Keough, 2008b). Thus, selection is expected to favor the production of differently sized
offspring in different environments (Mousseau & Fox, 1998b). Generally, selection favors
the production of larger offspring in relatively harsher environments (Sibly & Calow,
1983; Marshall et al., 2010). For instance, strong intra- and interspecific competition
typically favors larger offspring (Parker & Begon, 1986), as larger offspring have been
shown to be better competitors for food (Bashey, 2008; Leips et al., 2013). In addition,
a variety of other environmental factors, including positive size-dependent predation, low
temperature, salinity or food availability can induce adaptive plasticity leading to an
increase in offspring size (Kaplan, 1992; Marshall & Keough, 2008a; Jgrgensen et al.,
2011).

It has also been argued that the maternal phenotype can significantly influence the po-
tential for environmentally-induced adjustments of the offspring phenotype (Mousseau &
Fox, 1998b; Marshall & Keough, 2008a). This causes correlations between offspring size
and maternal traits such as body condition, size and age across a wide range of taxa
(Stearns, 1992). In general, better-conditioned, larger and older mothers are often seen
to produce larger offspring (Roff, 1992; Berkeley et al., 2004; Marshall & Keough, 2008a;
Marshall et al., 2010). Moreover, large mothers typically produce more offspring than
small mothers (Calder, 1984). A high rate of offspring production may lead to density-
dependent sibling competition. Under this condition mothers gain fitness benefits by
producing larger, competitive offspring (Parker & Begon, 1986; Leips et al., 2013). In
live-bearers, the survival of the offspring to birth depends on the survival of the mother.
If the mother’s survival increases with her body size, a theoretical model also predicts
a positive mother-offspring size relationship (Jorgensen et al., 2011). Alternatively, size
or age-related differential maternal provisioning might be driven by morphological and
physiological constraints that limit the maximal offspring size that a female can pro-
duce, rather than being caused by response to selection (Congdon & Gibbons, 1987; Fox
& Czesak, 2000). Thus, maternal phenotype can have important effects, either directly
or indirectly, on maternal provisioning, making condition-, size- or age-related differen-
tial maternal provisioning an important potential cause of variation in offspring size and
fitness.

Although mother-offspring size relationships have been shown to be common in a wide
range of taxa (Stearns, 1992), little is known about the influence of maternal condition,
size and age on embryo provisioning in matrotrophic live-bearing species. Instead of al-
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Maternal sources of placental variation

locating all resources to the eggs prior to fertilization (i.e. lecithotrophy), matrotrophic
species transfer their nutrients to the developing embryos throughout gestation (Wourms,
1981). Since they continuously supply their developing embryos with resources (Wourms,
1981; Pollux et al., 2009), the timing of determining brood size and offspring size can be
decoupled (Reznick et al., 1996b; Pollux & Reznick, 2011). Whereas brood size is deter-
mined prior to fertilization based on prior food availability, offspring size is determined
after fertilization based on food availability throughout gestation (Reznick et al., 1996b;
Pollux & Reznick, 2011). Matrotrophy, therefore, has been suggested to be a maladaptive
strategy in environments where food is scarce or fluctuating because low food availability
causes the production of smaller offspring at a time when being large at birth is favored
(Reznick et al., 1996b; Trexler & DeAngelis, 2003, 2010; Pollux & Reznick, 2011). It has
further been argued that matrotrophic species would be better buffered against fluctu-
ating food availability, if they had the ability to diminish brood size via abortion and
resorb the invested energy and/or the ability to store large quantities of fat reserves that
prevent females from undernourishing their embryos (Trexler, 1997; Trexler & DeAngelis,
2003). Although there is no evidence for embryo abortion due to low food availability
in matrotrophic species of the family Poeciliidae, they do sacrifice their fat reserves to
sustain their developing embryos under such conditions (Reznick et al., 1996b; Banet &
Reznick, 2008; Banet et al., 2010; Pollux & Reznick, 2011). Therefore, maternal size and
fat reserves are of evolutionary relevance, especially under adverse food conditions.

Here, we study potential maternal causes and consequences of embryo provisioning dur-
ing gestation in the matrotrophic live-bearing fish species Poeciliopsis retropinna (family
Poeciliidae; Regan, 1908; Fig. 2.1). Specifically, we quantify the relationship of maternal
traits (i.e. the proportion of maternal body fat, lean mass, and standard length) with: (i)
embryo size and body composition during pregnancy, (ii) offspring size and body compo-
sition at birth, (iii) the matrotrophy index (MI), which is a measure of post-fertilization
maternal provisioning (Reznick et al., 2002; Pollux et al., 2014), and (iv) fecundity. Body
fat is believed to be a good indicator of fish condition (Leips et al., 2013) and standard
length has been shown to be a good proxy for age (Reznick et al., 1996a). Poeciliopsis
retropinna has superfetation, or the ability to carry several broods at various develop-
mental stages (Turner, 1937), making it a good study system to obtain reliable estimates
of embryo mass throughout gestation. We first quantify phenotypic variation in em-
bryo traits (i.e. dry mass, body fat, and lean mass) as a function of developmental stage
(Haynes, 1995). The number of embryos is used here as a surrogate measure for maternal
fecundity. We then correlate this variation to maternal traits (i.e. the proportion of mater-
nal body fat, lean mass, and standard length) to detect maternal condition-, size- and/or
age-related offspring provisioning. Furthermore, we evaluate the consequences for the MI
and fecundity. Finally, we discuss our results in light of the evolution of matrotrophy in
live-bearing animals.
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Fig. 2.1. Female Poeciliopsis retropinna
(family Poeciliidae). Photo: Andrew Furness.

2.2 Material and methods

2.2.1 Study species and collection sites

Poeciliopsis retropinna, a live-bearing fish species in the family Poeciliidae, reaches a
maximum standard length of approximately 80 mm. This species is found in freshwater
streams of all current velocities from sea level to 940 m elevation in Costa Rica and Panama
(Bussing, 2002). During gestation, P. retropinna females transfer nutrients to developing
embryos via a placenta-like structure (i.e. they exhibit matrotrophy) (Pollux et al., 2009).
The degree of post-fertilization maternal provisioning in this species is extensive, with
offspring increasing in dry mass more than 100-fold during gestation (MI = 117) (Reznick
et al., 2002).

During March 2013, P. retropinna were collected at five different locations in the Rio
Terraba drainage in the province of Puntarenas, Costa Rica (Table S.2.1). At each lo-
cation, 10—30 adult females were collected using seine and cast nets, euthanized with
an overdose of MS-222 (Sigma-Aldrich Co., St. Louis, Missouri, USA), and preserved in
5% formaldehyde (Fisher Scientific, Fair Lawn, New Jersey, USA). The fish samples were
transported to the Reznick lab (University of California Riverside, USA) for anatomical
dissections.

2.2.2 Laboratory measurements

The standard length of preserved specimens was measured to the nearest mm from the
tip of the upper jaw to the outer margin of the hypural plate, using a caliper. Female
dry mass was measured to the nearest 0.01 mg on a Mettler Toledo AE163 Microbalance
(Mettler Instruments Corp., Hightstown, New Jersey, USA) after removing the ovary
and air-drying the female overnight at 60°C in a drying oven. Only four of the five
sampled populations contained pregnant females (Table S.2.1), therefore all subsequent
anatomical and statistical analyses were carried out only with the females from these four
populations. Female lean mass was measured by extracting the fat twice with anhydrous
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diethyl ether (Fisher Scientific) to remove triglycerides, and by subsequently air-drying
and re-weighting the female (see above). The proportion of maternal body fat was then
calculated by subtracting maternal lean mass from maternal dry mass divided by maternal
dry mass. The ovaries were dissected to count the number of embryos (i.e. fecundity),
and to determine the developmental stage and average mass of the embryos for a given
brood. Since the embryos are counted across all broods, fecundity reflects a combination
between the effects of brood size and superfetation. The developmental stages are based on
morphological criteria described in Haynes (1995) and range from 0 (eggs at fertilization,
no development) to 45 (fully developed embryos), with stage 50 representing newborn
offspring (Haynes, 1995; Reznick et al., 2002). The embryo dry mass for a given brood
was calculated as the dry mass of the brood, measured to the nearest 0.01 mg after air-
drying overnight at 60°C (see above), divided by the number of embryos in the brood
(Pollux & Reznick, 2011). The embryo lean mass was then measured by extracting the
fat twice with anhydrous diethyl ether then air-drying and re-weighting the brood, and
by dividing by the number of embryos. The proportion of embryo body fat was calculated
as described above. Fecundity was calculated by excluding stage 0 embryos (since it was
difficult to assess if they were all fertilized). A detailed explanation of the measured
maternal and embryo traits is given in Table 2.1.

Table 2.1. Summary of maternal and embryo traits.

Maternal traits

Standard length

Dry mass

Lean mass

Body fat
Proportion body fat

Length from the tip of the upper jaw to the outer margin of the hypural
plate; used as a proxy for age

Dry mass after removing ovary

Dry mass after removing ovary and triglycerides

Maternal lean mass subtracted from maternal dry mass

Maternal body fat divided by maternal dry mass; used as a proxy for body
condition (i.e. well-being or fitness)

Fecundity Number of embryos carried by a female counted across all broods
Embryo traits
Dry mass Brood dry mass divided by the number of embryos in the brood
Lean mass Brood dry mass after removing triglycerides divided by the number of
embryos in the brood
Body fat Embryo lean mass subtracted from embryo dry mass

Proportion body fat

Developmental stage

Embryo body fat divided by embryo dry mass; used as a proxy for body
condition

Based on morphological criteria that range from 0 (eggs at fertilization, no
development) to 45 (fully developed embryos), with stage 50 representing
newborn offspring
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2.2.3 Statistical analysis

To identify potential condition-, size- and/or age-related effects on embryo provisioning, a
series of linear mixed effects models were fitted by Maximum Likelihood. The best model
was selected on the basis of Akaike’s information criterion adjusted for small sample sizes
(AICc) (Burnham & Anderson, 2002). Ln-transformed embryo dry mass was the response
variable. Fixed effects in the full model included the proportion of maternal body fat,
lean mass, standard length, and the interaction between each of these variables and the
developmental stage of the embryos. Mother identity was fitted as random intercept to
correct for pseudo-replication and for between-female variation in maternal provisioning
that is not accounted by the fixed effects. Population identity was fitted as an additional
random intercept accounting for spatial non-independence of observations.

A significant interaction effect between the proportion of maternal body fat, lean mass,
or standard length and embryo developmental stage, implies that the maternal effect is
not constant during pregnancy and depends on the developmental stage of the embryos.
Consequently, a change in the maternal trait will lead to a change in the matrotrophy
index (MI), defined as the estimated dry mass of the offspring at birth (stage 45; derived
from the model equation) divided by the estimated dry mass of eggs at fertilization (stage
0) (Reznick et al., 2002; Pollux et al., 2014). A non-significant interaction effect, by
contrast, implies that the maternal trait is proportionally associated with egg mass at
fertilization and offspring mass at birth without changing the MI. In case of a significant
interaction term, the relationship between the corresponding maternal trait and egg mass
at fertilization is given by the maternal main effect, since main effects are estimated where
all other predictors are zero (i.e. stage 0; eggs at fertilization) (Schielzeth, 2010). The
relationship between the maternal trait and offspring mass at birth, by contrast, is given
by the maternal main effect after subtracting the developmental stage at birth (spiyn)
from the actual developmental stage of the jth brood in the ith mother (s; ;) in a second
model (i.e. 7= Sij— Sbirth )-

To illustrate the association of the maternal traits with embryo body composition (i.e.
body fat and lean mass) during gestation, we fit embryo body fat, embryo lean mass, and
the proportion of embryo body fat as a function of the same fixed effect structure found to
best explain embryo dry mass according to the AICc. Consequently, all the model struc-
tures are uniform, which facilitates parameter comparisons and interpretations. Mother
and population identity were fitted as random intercepts to correct for pseudo-replication,
between-female and -population variation in maternal provisioning that is not accounted
by the fixed effects. In case of a significant interaction term, the relationship between
the corresponding maternal trait and offspring mass at birth is again quantified by sub-
tracting the developmental stage at birth from the actual developmental stage of a given
brood.

We tested the association of the maternal traits with fecundity by fitting a generalized lin-
ear mixed effects model by Maximum Likelihood and a log link for the Poisson-distributed
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response. The fixed effects included the maternal traits found to predict embryo dry mass.
Population identity was included as a random effect as was the latest developmental stage
of embryos (to account for females early in the reproductive cycle).

To optimize normality and homoscedasticity of the model residuals, absolute embryo
weights (i.e. dry mass, lean mass, and body fat) were In-transformed, the proportion of
maternal and embryo body fat was arcsin square-root transformed, and developmental
stage was transformed to the square-root of its third power. To compare the strength
of the relationship with individual maternal traits, the regression coefficients (5) were
additionally standardized by multiplying with the phenotypic standard deviation of the
maternal trait and by dividing by the phenotypic standard deviation of the response
variable (/') (Schielzeth, 2010). All the analyses were carried out in R v 3.1.3 (R Core
Team, 2020): mixed models were fitted using the 1me4 package (Bates et al., 2015), and
significance tests for the fixed effects were performed with lmerTest (Kuznetsova et al.,
2016).

2.3 Results

2.3.1 Maternal effects on embryo dry mass

Variation in embryo dry mass throughout development is best explained by the proportion
of maternal body fat, standard length, developmental stage of the embryo, and an inter-
action between the proportion of maternal body fat and the developmental stage of the
embryo (Table S.2.2, Online Table S3). Maternal lean mass and the interaction between
both maternal lean mass and standard length with developmental stage were excluded as
predictors in the final model (Table S.2.2). Embryo dry mass (mg) significantly increases
throughout development, especially during late developmental stages (f59.442 = 5.638,
P < 0.001; Online Table S3; Fig. 2.2). An increase in maternal standard length (mm)
is associated with a proportional increase in both egg dry mass (mg) at fertilization and
offspring dry mass (mg) at birth (39,025 = 3.214, P = 0.003; Online Table S3) and, hence,
the MI does not change (Fig. 2.3a). By contrast, an increase in the proportion of mater-
nal body fat is associated with a significant increase in offspring dry mass (mg) at birth
(t74.650 = 5.369, P < 0.001; Online Table S3.b), but not with egg dry mass (mg) at fertil-
ization (t54091 = —0.343, P = 0.733; Online Table S3.a). An increase in the proportion
of maternal body fat thus predicts a significantly higher MI (Fig. 2.3b).
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2.3.2 Maternal effects on embryo lean mass

Embryo lean mass (mg) significantly increases throughout development, especially late in
pregnancy (ts9.460 = 5.776, P < 0.001; Online Table S4; Fig. 2.2). In addition, embryo
lean mass increased as a function of increased maternal body fat and standard length
(Online Table S4). Maternal standard length (mm) is proportionally related to egg lean
mass at fertilization and offspring lean mass at birth (f3060s = 3.379, P = 0.002; Online
Table S4). The proportion of maternal body fat is positively associated with offspring lean
mass (mg) at birth (t73671 = 5.046, P < 0.001; Online Table S4.b), but is not significantly
correlated to egg lean mass (mg) at fertilization (54965 = 0.066, P = 0.948; Online Table
S4d.a).

2.3.3 Maternal effects on absolute amount of embryo body fat

Embryo body fat (mg) significantly increases during development, but only very late in
pregnancy (tss920 = 5.499, P < 0.001; Online Table S5; Fig. 2.2). Maternal standard
length (mm) is not significantly related to the amount of embryo body fat (mg) (¢32.052 =
0.591, P = 0.559; Online Table S5). The proportion of maternal body fat, on the other
hand, is significantly associated with the amount of body fat (mg) in the offspring at birth
(t73.273 = 4.373, P < 0.001; Online Table S5.b), yet does not correlate with the quantity
of fat (mg) in the egg at fertilization (¢5605 = 0.551, P = 0.584; Online Table S5.a).
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Fig. 2.3. (a) The relationship between maternal standard length and embryo dry mass throughout
gestation. Embryo dry mass is predicted as a function of developmental stage, for the population
mean of the proportion of maternal body fat (i.e. Fhoay fat = 0.20), and for five hypothetical
females of different length (i.e. 50, 58, 67, 76, and 85 mm). The prediction is based on the model
that best describes variation in embryo dry mass according to the AlCc (n = 68 broods from 40
mothers; Table S.2.2, Online Table S3). To illustrate the proportional association of maternal
standard length with egg dry mass at fertilization and offspring dry mass at birth, both axes are
shown on the same scale as used to fit the model (i.e. y-axis: In-scale, x-axis: \/:73) Please note
that the y-intercepts on In-scale are significantly different (¢30.025 = 3.214, P = 0.003), while
the slopes are the same. This suggests that female length is proportionally associated with egg
mass at fertilization and offspring mass at birth, which means that the predicted matrotrophy
indices (shown on the right) remain unaffected (i.e. Ml = 44 for all five females). The thin-lined
parts correspond to the time of birth (i.e. developmental stage 45-50). (b) The interaction effect
between the proportion of maternal body fat and developmental stage of embryos estimated in
the best model explaining variation in embryo dry mass according to the AlCc (n = 68 broods
from 40 mothers; Table S.2.2, Online Table S3). Embryo dry mass is predicted as a function of
developmental stage, for the population mean of maternal standard length (i.e. Tsiandard 1ength = 67
mm), and for five hypothetical females with different proportions of body fat (i.e. 0.03, 0.09, 0.17,
0.29, and 0.42 proportion body fat). The x-axis is shown on the same scale as used to fit the model
(i.e. V23). The y-axis is shown on the un-transformed scale to illustrate the exponential increase
in embryo dry mass. Please note that the y-intercepts are not significantly different (54291 =
—0.343, P = 0.733), while the slopes differ significantly among the five females (tg4.077 = 3.723,
P < 0.001; Online Table S3). This indicates that maternal body fat is not related to the amount of
pre-fertilization maternal provisioning, but strongly correlates with the amount of post-fertilization
provisioning to the embryo during pregnancy and hence offspring dry mass at birth and the Ml
(t74.654 =5.369, P < 0.001). 28
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Fig. 2.4. The top panel shows the association of (a) the proportion of maternal body fat and (b)
maternal standard length with the proportion of offspring body fat at birth (&= 95% Cl) estimated in
the model described in Online Table S6.b. Residuals and model fit account for maternal standard
length in (a) and the proportion of maternal body fat in (b) that are kept constant at their

population mean (i.e. Fstandard length = 67 MM, Tpoqy gt = 0.20). The bottom panel shows

the association of the number of embryos (i.e. fecundity) with (c) proportion of maternal body
fat, and (d) maternal standard length (£ 95% Cl) estimated in the model described in Online
Table S7. Model fit accounts for maternal standard length in (c) and the proportion of maternal

body fat in (d) that are kept constant at their population mean (i.e. Ugandard length =
Ubody fat = 0-20).
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2.3.4 Maternal effects on proportion of embryo body fat

The proportion of embryo body fat also increases significantly throughout gestation (t74 =
2.084, P = 0.041; Online Table S6). Maternal standard length is negatively related to
the proportion of embryo body fat throughout development (¢74, = —2.849, P = 0.006;
Online Table S6; Fig. 2.4b). The proportion of maternal body fat is positively associated
with the proportion of offspring body fat at birth (¢7, = 2.675, P = 0.009; Online Table
S6.b; Fig. 2.4a), but does not correlate with the proportion of egg fat at fertilization
(tz4 = —0.109, P = 0.914; Online Table S6.a).

2.3.5 Fecundity

Both the proportion of maternal body fat and standard length were significantly associated
with maternal fecundity (Online Table S7). Maternal fecundity is negatively related to
an increasing proportion of maternal body fat (z = —4.022, P < 0.001; Online Table S7;
Fig. 2.4¢) and strongly positively related to an increasing standard length (z = 7.606,
P < 0.001; Online Table S7; Fig. 2.4d).

2.4 Discussion

Maternal traits can profoundly influence the development and hence phenotype of off-
spring at birth (Mousseau & Fox, 1998a,b). We studied the associations of maternal traits
with offspring provisioning prior to and during gestation in field-collected specimens of
the matrotrophic live-bearing fish species Poeciliopsis retropinna (family Poeciliidae). We
found temporal variation in the composition of embryos throughout gestation: while lean
mass is continuously accumulating, fat reserves are predominantly allocated to embryos
very late in pregnancy (Fig. 2.2). Furthermore, we found that the level of maternal pro-
visioning to the developing embryos correlates with the proportion of maternal body fat
and standard length, but not with maternal lean mass. The proportion of maternal body
fat is positively associated with offspring dry mass at birth, but not with egg dry mass
at fertilization. This suggests that an increase in the proportion of maternal body fat
is likely associated with an increase in the matrotrophy index (MI). By contrast, mater-
nal standard length is proportionally associated with both egg dry mass at fertilization
and offspring dry mass at birth, indicating that the MI does not change with increasing
maternal standard length (Fig. 2.3a,b).

2.4.1 Effect of maternal body fat

We found that the proportion of maternal body fat in P. retropinna is associated with an
increase in post- but not pre-fertilization maternal provisioning. Females that have more
fat reserves produce larger offspring at birth than females with lower fat reserves, without
investing more in egg size at fertilization. Consequently, females with more fat reserves
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are likely to have higher ‘levels of matrotrophy’, or in other words, higher MIs. The
potential mechanisms behind the increased level of post-fertilization maternal provisioning
by better-conditioned mothers is unclear. In general, the amount of resources a female can
transfer to her developing offspring per unit of time is likely the result of a balance between
maternal energy uptake (via feeding), her own caloric utilization (maintenance) and the
amount of excess energy that is subsequently available for reproduction (Stearns, 1992). It
is possible that better-conditioned females that carry more fat reserves simply have more
energy available that can be used to invest in developing embryos. In this case, rather than
being an adaptive strategy, worse-conditioned females would be physiologically hindered
to produce larger offspring.

Better-conditioned mothers (i.e. those carrying larger fat reserves) produced fewer, but
better-conditioned offspring. One potential explanation for this is the trade-off between
offspring size and number; the production of large and high-quality offspring may neces-
sarily entail the production of fewer offspring owing to the limited size of the female body
cavity (Stearns, 1992). Moreover, variation in offspring size and composition at birth is
likely to have profound effects on offspring fitness, since larger offspring size at birth and
a higher proportion of offspring body fat both have been shown to improve survival under
specific environmental conditions. Larger offspring, for instance, perform better when
food is scarce and competition for food is high, though the advantage of being relatively
larger disappears when competition is insignificant (Parker & Begon, 1986; Bashey, 2008;
Leips et al., 2013). In fish, larger offspring have better escape performance (Gibb et al.,
2006; Dial et al., 2016), which is likely to increase survival in high predation environments.
Similarly, larger offspring are more resistant to starvation (Gliwicz & Guisande, 1992),
probably because larger offspring contain more maternal reserves that prevent them from
starvation under adverse food conditions (Tessier et al., 1983). In situations where the
maternal environment provides a reliable predictor of future environmental conditions
that offspring are likely to experience, females may evolve the ability to adaptively ad-
just offspring phenotype at birth as a response to environmental cues (Mousseau & Fox,
1998b). Matrotrophic fish, for instance, have been shown to increase offspring size in re-
sponse to increasing conspecific densities (Leips et al., 2013). This pattern is interpreted
as adaptive as it increases offspring fitness under highly competitive conditions.

Here we show that the maternal phenotype is strongly correlated with offspring pheno-
type in a matrotophic fish; offspring size and composition at birth is strongly associated
with maternal body condition. Although we cannot determine whether offspring size
and composition at birth is due to adaptive transgenerational plasticity or morphological
and/or physiological constraints, the observed pattern of differential embryo provisioning
is seemingly more consistent with a physiological constraint. In matrotrophic fish, it has
been proposed that maternal fat reserves buffer females against low or fluctuating food
availability (Trexler, 1997; Trexler & DeAngelis, 2003). Since matrotrophic species con-
tinuously supply their developing embryos with resources (Wourms, 1981; Pollux et al.,
2009), the timing of determining brood size and offspring size are likely to be decoupled
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(Reznick et al., 1996b; Pollux & Reznick, 2011). Whereas brood size is determined prior
to fertilization based on current food availability, offspring size is determined after fer-
tilization based on food availability throughout gestation (Reznick et al., 1996b; Pollux
& Reznick, 2011). In environments where food is scarce or fluctuating, therefore, ma-
trotrophic species presumably run the risk of fertilizing more eggs than can be thoroughly
provisioned during gestation. Stored maternal fat reserves could theoretically prevent fe-
males from undernourishing their embryos and enable them to sustain their brood under
adverse food conditions (Trexler, 1997; Trexler & DeAngelis, 2003). However, available ev-
idence suggests that maternal body fat might not fully buffer matrotrophic females against
unfavorable environmental conditions (Pollux & Reznick, 2011). The matrotrophic fish
species Heterandria formosa, Poeciliopsis turneri, P. prolifica and Phalloptychus januar-
1us all responded to low food conditions under laboratory conditions by producing smaller
offspring at birth with less fat reserves (Reznick et al., 1996b; Pollux & Reznick, 2011).
In concurrence with these laboratory studies, we show, under natural conditions in field-
collected specimens of Poeciliopsis retropinna, that decreasing maternal body condition
(i.e. proportion body fat) is negatively associated with offspring size and body condition
at birth. Since smaller offspring with less fat reserves are expected to have lower fitness
under adverse food and hence highly competitive conditions (Tessier et al., 1983; Parker
& Begon, 1986; Bashey, 2008; Leips et al., 2013), matrotrophy has been suggested to be a
maladaptive strategy in environments characterized by low or fluctuating food availability
(Reznick et al., 1996b; Pollux & Reznick, 2011).

2.4.2 Timing of fat allocation to developing embryos

Live-bearing fish larvae from the family Poeciliidae are super precocial, having functional
prey capture abilities at birth (Lankheet et al., 2016). The newborn’s prey capturing
ability, however, is far from perfect and requires a rapid integrated development of the
visuo-motor system during the first days after birth to optimize prey capture success rate
and ensure a sufficient uptake of resources for survival (Lankheet et al., 2016). This is
particularly important when offspring are born in low resource environments where prey
availability may be sparse. In these environments, offspring may benefit from having a
‘back pack with fat reserves’ that may help them to survive the first days after birth
(Chambers et al., 1989).

We found that embryos from the matrotrophic fish species Poeciliopsis retropinna gain
fat only very late in pregnancy. The same pattern has been shown in placental mammals,
where fetal fat mobilization also occurs late in pregnancy (Petterson et al., 1994). In
mammals, fetal fat deposition during pregnancy is however relatively insignificant (El-
phick et al., 1979), since most lipids are allocated to offspring postnatally, i.e. during
lactation (Bell, 1995). One might argue that the late (in fish) or relatively insignificant
(in mammals) allocation of fat during pregnancy could be an adaptive feature of mobile
matrotrophic live-bearing animals in general, because studies have shown that an increase
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in reproductive allocation (i.e. the proportion of the mother’s mass allocated to develop-
ing offspring) during pregnancy can lead to a less slender body shape (Fleuren et al.,
2018) and negatively affect female locomotor performance in a wide range of viviparous
taxa (e.g. fish, Plaut 2002; Reznick et al. 2004; reptiles, Seigel et al. 1987; and mammals,
Noren et al. 2011), which consequently may reduce survival probability (Plath et al., 2011;
Laidlaw et al., 2014). Thus, we suggest that the late allocation of fat might be adaptive,
because earlier allocation of resources would unnecessarily increase the reproductive bur-
den suffered by a pregnant female, and negatively impact her locomotor performance and,
hence, her chance of survival.

2.4.3 Effect of maternal size

Larger (i.e. longer) females had greater fecundity. This finding is consistent with patterns
observed in a wide range of taxa that exhibit indeterminate growth (Reznick, 1983), since
fecundity increases as a consequence of space available in the female’s body cavity (Shine,
1992). In addition, we found that maternal standard length is positively correlated with
offspring size at birth; although this effect is approximately three times smaller than the
effect of the proportion of maternal body fat (5§, = 0.098 versus [, = 0.279). Larger
females produced more and larger offspring at birth. Optimality models predict that the
total reproductive effort will increase with age, as expected future reproductive success
decreases (Pianka & Parker, 1975). Since standard length is positively correlated with
age (Reznick et al., 1996a), the production of more and larger offspring by larger females
might be explained by an increased reproductive investment with age, rather than by
female size per se.

We further found that maternal length is negatively related with offspring body condition.
Larger females produce more and larger offspring, but they contain less fat reserves. As a
female’s physiology changes during ageing, offspring quality might be expected to decrease
with maternal age as a consequence of senescence. Offspring of old females have been
shown to have reduced survival probability (Descamps et al., 2008), lower egg hatching
success (Kern et al., 2001), and lower fat reserves (McIntyre & Gooding, 2000). Although
the total reproductive investment (i.e. size and number of offspring) is likely to increase
with maternal age as a consequence of decreasing future reproductive success (Pianka
& Parker, 1975), older mothers might provide their offspring with less fat reserves as a
consequence of senescence. Since we do not have direct measurements of a female’s age,
however, we cannot disentangle maternal size effects due to morphological constraints (i.e.
body cavity volume) and maternal age effects due to senescence and/or age-dependent
reproductive effort.

2.4.4 The matrotrophy index is (at least partly) a phenotypically plastic trait

Our results strongly suggest that the MI exhibits phenotypic plasticity and can change
throughout a female’s lifetime (i.e. due to maternal body condition but not length)

33



Maternal sources of placental variation

or across environmental conditions (e.g. due to food availability). The extent of post-
fertilization maternal provisioning has already been shown to plastically respond to envi-
ronmental conditions such as food availability in other matrotrophic poeciliids (Reznick
et al., 1996b; Pollux & Reznick, 2011). Specifically, females produced smaller offspring
at birth under low food availability. This is likely to reduce the MI. However, in these
studies measurements of the egg phenotype (i.e. the extent of pre-fertilization maternal
provisioning) were either not reported or analyzed, and consequently it was not possible to
make inferences about the MI. Nevertheless, these studies show an almost instantaneous
link between food availability and offspring size at birth. Here we demonstrate that off-
spring size at birth strongly correlates with maternal body condition and that maternal
body condition relates to the MI primarily through post-, rather than pre-fertilization
maternal provisioning. The extent to which maternal provisioning is a direct consequence
of food availability (i.e. nutrients that are provided without transit through maternal fat
reserves) and an indirect consequence mediated through maternal body condition (i.e.
nutrients that are mobilized from maternal fat reserves) remains to be tested. Whereas
under nutrient-rich conditions females may provision their embryos with resources that
are not previously stored as maternal fat, they may increasingly rely on fat reserves when
food is scarce, making body condition an important and direct embryonal food source
under adverse conditions.

S.2 Supplementary Information

Additional supplementary information can be found in the online version of the article:
https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.4542

S5.2.1 Supplementary Methods

Table S.2.1. Sampling locations (plus coordinates) in the Rio Terraba (Costa Rica), sampling
dates and number of collected (n) and pregnant (npreg) females at each location.

Location Coordinates Sampling date  n Npreg
Pacuar N 09° 21', W 83° 44’ 25.03.2013 20 3
Pedregoso N 09° 21', W 83° 43’ 25.03.2013 30 0

Ceibo N 09° 09', W 83° 22 26.03.2013 24 8
Sucio N 08° 49', W 82° 55’ 27.03.2013 24 23
Copal N 08° 48', W 82° 55’ 27.03.2013 10 6
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Predation drives placental evolution

Abstract

The placenta is a complex life-history trait that is ubiquitous across the tree of life. Theory
proposes that the placenta evolves in response to high performance-demanding conditions
by shifting maternal investment from pre- to post-fertilization, thereby reducing a female’s
reproductive burden during pregnancy. We test this hypothesis by studying populations
of the fish species Poeciliopsis retropinna in Costa Rica. We found substantial varia-
tion in the degree of placentation among natural populations associated with predation
risk: females from high predation populations had significantly higher degrees of placen-
tation compared to low predation females, while number, size and quality of offspring at
birth remained unaffected. Moreover, a higher degree of placentation correlated with a
lower reproductive burden and hence likely an improved swimming performance during
pregnancy. Our study advances an adaptive explanation for why the placenta evolves
by arguing that an increased degree of placentation offers a selective advantage in high
predation environments.

Keywords: life-history, live-bearing, matrotrophy, placenta, placentotrophy, Poeciliidae,
predation, superfetation, Trexler—-DeAngelis, viviparity

3.1 Introduction

Understanding the origin and elaboration of complex traits is of fundamental interest to
evolutionary biologists. Placentas are complex organs that have independently evolved
many times throughout the animal kingdom in widely divergent lineages (Wourms, 1981;
Wooding & Burton, 2008; Blackburn, 2015; Wake, 2015; Ostrovsky et al., 2016). This
repeated evolution points to a possible adaptive advantage (Losos et al., 1998), however,
the nature of this advantage remains elusive.

To date, two adaptive hypotheses (termed the resource allocation and locomotor cost
hypotheses) provide potential explanations for why the placenta evolves (i.e. its selective
advantage). Both hypotheses treat the placenta as a life-history adaptation that evolves in
response to ecological selection pressures (Thibault & Schultz, 1978; Trexler & DeAngelis,
2003). Furthermore, both hypotheses posit that the ancestral state is for all nutrients to
be prepackaged in the form of egg yolk (lecithotrophy) and that the derived state is for
nutrients to be supplied to embryos throughout pregnancy via a placenta (placentotrophy).
This is presumably achieved via a gradual shift in the timing of nutrient provisioning
from pre- to post-fertilization. If true, then the evolution of the placenta should coincide
with a reduction in egg mass at fertilization without affecting the total investment per
neonate at birth (Reznick et al., 2002; Trexler & DeAngelis, 2003; Pollux et al., 2009).
The live-bearing fish family Poeciliidae is a useful system in which to test these ideas,
because it contains species that span a continuum of pre- versus post-fertilization nutrient
provisioning, ranging from strictly lecithotrophic to highly placentotrophic. In addition,
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placentotrophy has evolved independently numerous times in this family (Reznick et al.,
2002; Pollux et al., 2014; Furness et al., 2019).

The resource allocation hypothesis (Trexler & DeAngelis, 2003) posits that the evolution
of the placenta permits females to produce greater brood sizes and hence attain higher
fecundity than lecithotrophic females when sufficient resources are available to carry the
developing embryos to term. Moreover, placental females rely on a steady nutritional
supply to provision embryos throughout pregnancy. Trexler & DeAngelis (2003) therefore
argued that the ability to selectively abort embryos and recycle this investment, should
resource conditions suddenly deteriorate, is a crucial preadaptation for the evolution of
placentation. Studies in the Poeciliidae have not shown that they are able to do this,
suggesting that the conditions under which the placenta might be favoured by natural
selection are restricted to environments characterized by high and stable resource condi-
tions (Reznick et al., 1996b; Trexler, 1997; Banet & Reznick, 2008; Banet et al., 2010;
Pollux & Reznick, 2011).

The locomotor cost hypothesis (Thibault & Schultz, 1978; Pollux et al., 2009; Pires et al.,
2011) postulates that the placenta evolves to offset some of the locomotor costs associated
with a live-bearing mode of reproduction. The physical and physiological burden of preg-
nancy negatively affects a female’s locomotor performance in a broad range of live-bearing
animals (Seigel et al., 1987; Plaut, 2002; Noren et al., 2011; Fleuren et al., 2019). The evo-
lution of the placenta should allow females to attain higher fitness, because the production
of smaller eggs at fertilization reduces a female’s reproductive burden during pregnancy.
This improves body streamlining and locomotor performance, notably without sacrificing
reproductive output. The presumed benefit of a higher degree of placentation is that the
improved swimming performance offers a selective advantage to females in performance-
demanding (e.g. high predation) environments because it enhances survival probability
(Pollux et al., 2009; Pires et al., 2011). Whereas the resource allocation hypothesis has
already been the focus of several empirical studies (Banet & Reznick, 2008; Banet et al.,
2010; Pires et al., 2011; Pollux & Reznick, 2011; Bassar et al., 2014), the locomotor cost
hypothesis has not yet been subject to similar systematic investigation.

Here, we quantify the degree of placentation in high and low predation populations of
the placental live-bearing fish species Poeciliopsis retropinna (family Poeciliidae, Regan
1908) in Costa Rica. We test a key prediction of the locomotor cost hypothesis, which
is that placentation evolves in performance-demanding (high predation) environments. If
the placenta is favored under high predation conditions, we should find a higher degree
of placentation in high predation populations. Theory further predicts that this higher
degree of placentation should be due to a smaller egg size at fertilization without affecting
the number, size, or quality of offspring at birth, translating to a lower reproductive burden
for females during pregnancy (Thibault & Schultz, 1978; Pollux et al., 2009; Pires et al.,
2011). Finally, we discuss the potential fitness advantage of evolving a higher degree of
placentation in high predation populations.
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3.2 Material and methods

3.2.1 Study species and collection sites

Poeciliopsis retropinna is found in freshwater streams of varying water velocity and preda-
tion pressure in Costa Rica and Panama (Bussing, 2002). They are observed in habitats
with low predation risk (no strongly piscivorous species present), or co-occurring with one
or more piscivorous predator species: Parachromis dovii, Eleotris picta, and Gobiomorus
maculatus. During gestation, P. retropinna females transfer nutrients to developing em-
bryos via a placenta. The degree of post-fertilization maternal provisioning in this species
is extensive, with offspring increasing in dry mass more than 100-fold during gestation
(MI = 117) (Reznick et al., 2002). Moreover, P. retropinna has superfetation, the ability
to carry several broods at different developmental stages.

During February and March 2013, 2017, and 2018, P. retropinna were collected at 27
different locations in the Rio Terraba and Rio Coto drainages in the province of Puntare-
nas, Costa Rica (Table S.3.1). Two of the locations were repeatedly sampled resulting in
29 study populations. When water visibility was high (i.e. in all but one location), the
occurrence of piscivorous predator species was most effectively detected using underwater
visual census by three independent snorkeler. Censuses took place during daytime (~3-5
hours per location/snorkeler) at different positions along each river. In one location (Rio
Conte), water visibility was low and predator community was assessed using seine and
cast nets. We found 17 ‘high’ predation localities where piscivorous predator species were
present, and 12 ‘low’ predation localities where predators were absent (Table S.3.1). At
each location, 5—37 adult females were collected, euthanized with an overdose of MS-222,
and preserved in 5% formaldehyde.

3.2.2 Laboratory measurements

Maternal standard length and the proportion of body fat were measured using established
protocols (Supplementary Methods S.3.1.1). 28 of the 29 sampled populations contained
pregnant females (Table S.3.1), therefore all subsequent anatomical and statistical anal-
yses were carried out only with females from 28 populations (npee = 463). The ovaries
were dissected to count the total number of embryos (fecundity), regressors (aborted
embryos), broods at different developmental stages (superfetation), embryos in a brood
(brood size), and to determine the developmental stage and average dry mass of embryos
in a brood (Table 3.1). The developmental stages are based on morphological criteria
described in Haynes (1995) and range from 0 (eggs at fertilization, no development) to
45 (fully-developed embryos). Fecundity was calculated by excluding stage 0 embryos,
because it was difficult to assess if 0-staged eggs were fertilized or not. Instead, embryos
at developmental stage 2, rather than 0, were defined as ‘eggs at fertilization’.
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Table 3.1. Summary of maternal life-history traits.

Maternal life-history traits

Egg mass at fertilization Dry mass of eggs at fertilization (i.e. developmental stage 2)
Offspring mass at birth  Dry mass of fully-developed embryos (i.e. developmental stage 45)
Proportion egg fat Egg fat at fertilization divided by dry mass of eggs at fertilization
Proportion offspring fat  Offspring fat at birth divided by offspring dry mass at birth
Reproductive allotment  Proportion of the mother's dry mass allocated to reproduction (i.e.
embryo dry mass, regressor dry mass, and placental dry mass)

Absolute reproductive Total dry mass allocated to reproduction (i.e. embryo dry mass, regres-

allotment sor dry mass, and placental dry mass)

Brood size Number of embryos in a given brood

Fecundity Number of embryos carried by a female counted across all broods ex-
cluding stage 0 embryos

Superfetation Number of broods at different developmental stages

Abortion incidence Number of regressors (i.e. aborted embryos) divided by the sum of the

number of regressors and embryos

3.2.3 Quantification of the degree of placentation

The Matrotrophy Index (MI), calculated as the ratio of offspring mass at birth to egg
mass at fertilization, was used as an unbiased measure of the degree of placentation
(Reznick et al., 2002). Some live-bearing species allocate all resources to eggs prior to
fertilization in the form of large fully-yolked eggs (termed lecithotrophy). These embryos
lose dry mass over the course of gestation due to metabolic processes, leading to an
MI < 1. Other species allocate nutrients to the developing offspring post-fertilization
throughout pregnancy (termed matrotrophy). Such species have an MI > 1, indicating
embryos gain dry mass during pregnancy. Placentotrophy represents one specific type
of matrotrophy that is achieved through a follicular placenta, roughly an analog to the
mammalian placenta (Pollux et al., 2009). Because the MI is determined by both egg
mass at fertilization and offspring mass at birth, an increase in the degree of placentation
can be brought about by an increase in offspring mass at birth and/or a decrease in egg
mass at fertilization.

The MI for P. retropinna was estimated in relation to (i) a given population in a specific
year, and (ii) high and low predation risk by using the Bayesian programming environment
JAGS (Plummer, 2003) in R v 3.5 (R Core Team, 2020) (Supplementary Methods S.3.1.2,
S.3.1.3).

In (i), In-transformed embryo dry mass was fitted as a function of the developmental
stage of embryos (stage), stage?, proportion of maternal body fat (BF), maternal stan-
dard length (SL), and BF xstage. For each population, the model estimates year-specific
intercepts and slopes on stage. This allows for the prediction of MI for a given population
in a specific year. In addition, the model includes mother identity as additional intercept
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to allow for variation among females that is not accounted by maternal BF and SL. The
population-specific MI’s were subsequently calculated by dividing offspring mass at birth
(stage 45) by egg mass at fertilization (stage 2) that were predicted for a given popula-
tion in a specific year and for a female of overall average SL. and BF. Since the MI’s are
predicted for a female of the same SL and BF, the resulting MI’s are independent of these
traits (Fig. S.3.1).

In (ii), In-transformed embryo dry mass was fitted as a function of stage, stage?, predation,
BF, SL, BF xstage, and predation xstage. For each population, the model estimates year-
specific intercepts to account for systematic differences among populations within a year.
Moreover, the model includes mother identity as additional intercept to allow for variation
among females that is not accounted for by maternal BF and SL. The MI for high and
low predation females was subsequently calculated by dividing offspring mass at birth by
egg mass at fertilization that were predicted for a given predation regime and for a female
of overall average SL and BF.

3.2.4 Quantification of life-history variation among predation regimes

The effects of predation on life-history traits (egg mass at fertilization, offspring mass at
birth, proportion of egg and offspring fat, reproductive allotment, brood size, fecundity,
superfetation, and abortion incidence) were analyzed by fitting each trait as a function of
(i) high and low predation risk, and (ii) predator community in a series of (generalized)
linear mixed effects models in R v 3.5 (R Core Team, 2020), using the package 1me4 (Bates
et al., 2015). Considering Parachromis dovii (P), Eleotris picta (E), and Gobiomorus
maculatus (G) as predator species, we observed six different predation categories in nature:
low (no strongly piscivorous species present), G, E; EG, PG, and P. Except in the case of
reproductive allotment, additional fixed effects included the proportion of maternal body
fat (BF) and standard length (SL). Reproductive allotment is defined as the proportion of
the mother’s dry mass allocated to reproduction, and hence accounts for female dry mass,
rather than BF and SL. Maternal BF predictably responds to experimental manipulation
of food availability in the laboratory (Reznick et al., 1996b; Banet & Reznick, 2008;
Banet et al., 2010; Pollux & Reznick, 2011), and is believed to be a good indicator of
fish condition (Leips et al., 2013). Therefore, accounting for maternal BF may enable
us to partly decouple the effects of predation risk and food availability on life-history
traits. The association of life-history traits with maternal BF and SL is reported and
discussed in the Supplementary Information (Online Table S2-S10; Fig. S.3.2). In the
case of reproductive allotment, fecundity and superfetation, the developmental stage of
the most-developed brood was fitted as an additional fixed effect to account for females
early in the reproductive cycle. Population, year, river, and populationx year were fitted
as random intercepts accounting for spatio-temporal non-independence of observations.
Likewise, in the case of brood size, mother identity was fitted as additional random
intercept to correct for pseudo-replication, because brood size is measured multiple times
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in females with superfetation.

To optimize normality and homoscedasticity of model residuals, reproductive allotment,
abortion incidence, proportion of egg and offspring fat, and maternal BF were arc-
sin square-root transformed. Fecundity, superfetation, and brood size were fitted in
generalized linear mixed effects models using a log link for the Poisson-distributed re-
sponses.

3.2.5 Path analysis

Differences in reproductive allotment (RA) among populations could be due to effects on
several life-history traits. For instance, RA could be decreased by reducing brood size or
superfetation, which in turn decreases the number of embryos (fecundity). Alternatively,
RA diminishes when producing smaller eggs at fertilization or offspring at birth. We
used a path analysis to determine the contribution of each of these life-history traits
to differences in RA among predation regimes. In total, three (generalized) linear mixed
effects models, implemented in MCMCglmm (Hadfield, 2010), were used to estimate all paths
(Supplementary Methods S.3.1.4). Each model was re-fitted as a function of an intercept
only (null model) to compare the deviance information criterion (DIC) of the full model
against that of the null model (ADIC).

In the first model, egg mass at fertilization, offspring mass at birth, average brood size
for a given mother, and superfetation were fitted in a multivariate model as a function
of high and low predation risk allowing for the covariance between the residuals of all
responses (ADIC = —272.75). In the second model, maternal fecundity was fitted as a
function of superfetation and average brood size for a given mother, as changes in both
brood size and superfetation will affect fecundity (ADIC = —388.449). The third model
subsequently predicts absolute RA as a function of fecundity, egg mass at fertilization,
and offspring mass at birth (ADIC = —135.094).

All three models included the proportion of maternal body fat and standard length as
fixed effects. In the case of superfetation and fecundity, the developmental stage of the
most-developed brood was an additional fixed effect (see above). To aid convergence, we
did not fit a random year effect (which was effectively zero), but otherwise the random
effect structure was the same as above. Furthermore, all continuous input variables were
z-standardized to obtain standardized partial regression coefficients (4*) that take values
between —1 and 1 (Schielzeth, 2010). In the case of Poisson-distributed responses (fecun-
dity and superfetation), 5* was obtained retrospectively by dividing the estimated slope
(8) by the phenotypic standard deviation of the response variable (oy). oy was indirectly
estimated using the variance of the predicted model fits on the link scale (o2 )) and the

log(Y
pseudo- R-squared (R?) (Menard, 2011):

oy = /0% . + R? (3.1)
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The effect of predation on RA, mediated through a specific maternal life-history trait, is
then given by the direct effect of predation on the life-history trait and its contribution
to the RA. This effect is quantified by multiplying 8* of predation on the life-history trait
with 8* of the life-history trait on RA.

3.3 Results

There was a more than two-fold range in the estimated degree of placentation among the
28 natural populations of P. retropinna (MI ranging from 14.87 to 32.34; Table S.3.1).
Consistent with the locomotor cost hypothesis, we found that P. retropinna females from
high predation (HP) localities exhibit a significantly higher degree of placentation (MIyp:
mean = 22.86, 95% CI = 21.30-24.46), compared to females from low predation (LP)
populations (MIpp: mean = 19.86, 95% CI = 18.06-21.73; Pycmc = 0.013; Fig. 3.1;
Fig. S.3.3). This lends compelling support to the idea that predation risk may drive the
evolution of placentas at a micro-evolutionary level.
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Fig. 3.2. Life-history characteristics of Poeciliopsis retropinna in relation to predation risk. a Egg
dry mass at fertilization (developmental stage 2), b offspring dry mass at birth (developmental stage
45), c proportion egg fat at fertilization, d proportion offspring fat at birth, e dry reproductive
allotment, f brood size, g maternal fecundity (number embryos in all broods combined), and
h degree of superfetation (£ 95% Cl) as a function of high and low predation risk (piscivorous
predator species present or absent; left panels) and predator community (G: Gobiomorus maculatus;
E: Eleotris picta; P: Parachromis dovii; right panels) estimated in the models described in Online
Table 52-59, S22-529. Except in e, all model predictions account for the proportion of maternal
body fat and maternal standard length, which are kept constant at the overall population mean (i.e.
body fat = 0.16, standard length = 53 mm). In e and g—h, the developmental stage of the most-
developed brood carried by the female is kept constant at the overall median (i.e. developmental
stage 42.5). Data points (red: high predation; blue: low predation) correspond to the ‘jittered’ raw
data. Sample size and P-value are given at the top of each panel. Significant codes: P < 0.001***,
< 0.01"*, < 0.05%, > 0.05 n.s.

However, to test the validity of the locomotor cost hypothesis, at least three additional
subpredictions have to be evaluated. First, the higher degree of placentation in HP
populations should not be correlated with systematic differences in environmental condi-
tions, because then other local environmental conditions account (at least partly) for the
observed inter-population variation in the degree of placentation, either by influencing
egg mass at fertilization or offspring mass at birth. We measured several water quality
parameters at each location (salinity, water velocity, hardness, NH}, PO3~, and dis-
solved oxygen) (Supplementary Methods S.3.1.5), but did not find any clear differences
between HP and LP populations (Online Table S11-S16; Fig. S.3.4). Moreover, when
inter-population variation in placentation is directly related to predation risk and the wa-
ter quality parameters, we still found a higher degree of placentation in HP populations
(Supplementary Methods S.3.1.6; Fig. S.3.5). Second, the higher degree of placentation
of HP females should not be associated with a difference in maternal traits such as pro-
portion of body fat (BF) and standard length (SL), as they are known to influence the
degree of placentation (Hagmayer et al., 2018). This subprediction is met, as the degree
of placentation of HP and LP females is predicted for a female of the same SL and BF.
In addition, comparisons of maternal traits did not reveal any difference in maternal SL
(t19.078 = —0.353, P = 0.728; Online Table S17) or BF (5315 = 0.395, P = 0.708; Online
Table S18) between HP and LP populations (Fig. S.3.6). Third, the higher degree of pla-
centation of HP females should be due to the production of smaller eggs at fertilization.
The locomotor cost hypothesis predicts that an increase in the degree of placentation will
convey a potential adaptive benefit to females only if the higher MI is the consequence of
producing smaller eggs at fertilization, while offspring size and number at birth, as well
as the degree of superfetation remain unchanged. Consistent with these predictions, we
found that independent of maternal BF and SL, HP females displayed an average 11%
reduction in egg dry mass at fertilization compared to LP females (t199.112 = —3.316,
P = 0.001; Online Table S2; Fig. 3.2a), while offspring dry mass at birth did not differ
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between HP and LP females (59750 = —0.253, P = 0.802; Online Table S3; Fig. 3.2b).
Likewise, the proportion of egg fat at fertilization (t43513 = —0.386, P = 0.702; Online
Table S4; Fig. 3.2c), proportion of offspring fat at birth (t90866 = —0.153, P = 0.879; On-
line Table S5; Fig. 3.2d), and the degree of superfetation (z = 0.496, P = 0.620; Online
Table S6; Fig. 3.2h) did not differ between HP and LP females.
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Fig. 3.3. a Graphical illustration of the relationships between predation, egg dry mass at fer-
tilization (i.e. developmental stage 2), offspring dry mass at birth (i.e. developmental stage 45),
brood size, fecundity, superfetation, and absolute dry reproductive allotment. The direction of the
arrows represents the directionality of the relationships. The numbers equal standardized partial
regression coefficients (i.e. the strength of the relationships), which take values between —1 and
1. Grey arrows represent the covariances between the residuals of the responses measured on the
same observational unit. b Standardized effect size of predation on the reproductive allotment
mediated through the maternal life-history traits (£ 95% Cl). These values equal the contribu-
tion of each of the maternal life-history traits to differences in the reproductive allotment among
predation regimes. The paths via superfetation and brood size are summed together, as both are
mediated via fecundity. Note that a and b show that the total effect of predation on the reduction
of reproductive allotment is mainly mediated through egg mass at fertilization.

This raises the question how an increase in the degree of placentation in HP populations
could confer a potential adaptive advantage to females during pregnancy? If all the above
criteria are met, a higher degree of placentation should result in a lower reproductive
allotment (RA) during pregnancy, notably without sacrificing fecundity. In line with this,
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we found that HP females had dry RA’s that were on average 33% smaller than those
of LP females (t91.340 = —3.290, P = 0.003; Online Table S7; Fig. 3.2e), while brood
size (z = —1.074, P = 0.283; Online Table S8; Fig. 3.2f) and fecundity (z = —0.203,
P = 0.839; Online Table S9; Fig. 3.2g) did not differ between HP and LP females. Notably,
the observed reduction in dry RA by 33% (17.9 mg) equals the dry mass of 2.6 offspring
at birth (stage 45) that are produced by a female of average dry mass (Supplementary
Methods S.3.1.7; Online Table S19; Fig. S.3.7). Moreover, we found that the observed
maternal traits and life-history pattern in HP females are independent of the type of
predator community (Online Table S20-S29; Fig. 3.2, S.3.6). This suggests that different
piscivorous predator species drive similar life-history adaptations in P. retropinna.
Finally, the standardized effect sizes (/5*) confirm that the reduction in RA in HP females
is mainly mediated through egg mass at fertilization (8* = —0.040), rather than off-
spring mass at birth (8* = —0.006), or brood size, superfetation, and maternal fecundity
(B* = —0.024) (Fig. 3.3). In other words, the seemingly small difference in egg mass at fer-
tilization of 11% largely contributes to the observed difference in RA of 33%. Collectively,
these findings show that females from HP localities have a higher degree of placentation
and that this significantly reduces their reproductive burden during pregnancy, without
negatively affecting their reproductive output.

3.4 Discussion

3.4.1 The degree of placentation in natural populations is shaped by predation

Comparisons of the degree of placentation among natural populations are of particular
interest, because they may provide insights into the evolutionary processes that drive the
elaboration of placentas at a macro-evolutionary level (Hansen & Martins, 1996; Arnold
et al., 2001; Reznick & Ricklefs, 2009; Rolland et al., 2018). To date, few studies have
evaluated inter-population variation in the degree of placentation and these did not exam-
ine (or used insufficient replicates to make reliable inferences about) the ecological factors
that may have driven differences in the degree of placentation among populations (e.g.
Schrader & Travis 2005, compared two populations of the highly placental Heterandria
formosa; Pires et al. 2007, two populations of the highly placental Poeciliopsis prolifica;
Gorini-Pacheco et al. 2017, three populations of the moderate placental Phalloceros harpa-
§os).

Here, we show that predation risk in streams correlates with the degree of placentation
among 28 natural populations of the highly placental P. retropinna. Specifically, female
P. retropinna that co-occur with piscivorous predator species produce smaller eggs at
fertilization, while giving birth to an equal number, size, and quality of offspring. The
life-history adjustments lead to a significantly higher MI, and hence degree of placentation,
in HP females (MIgp = 22.86) compared to LP females (MIpp = 19.86).

Our results show that the production of smaller eggs at fertilization, associated with an
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increase in the degree of placentation in HP populations, results in a lower reproductive
allotment (RA) for females during pregnancy. Interestingly, comparative studies in the
fish families Poeciliidae and Zenarchopteridae show that placentation is consistently as-
sociated with a lower RA (Reznick et al., 2007; Bassar et al., 2014). In this study, we
show that similar patterns are found at an intra-specific level, among natural populations
of a placental species. This suggests that the association between (higher degrees of)
placentation and a lower RA may be a general feature of the evolution of placentas, both
at a micro- and macro-evolutionary level.

The locomotor cost hypothesis proposes that a lower RA may offer an adaptive benefit to
pregnant live-bearing females, because it leads to a more slender body shape and hence
improved swimming performance. A number of recent studies seem to support this idea.
Fleuren et al. (2018) showed that placental species are more slender at the beginning of
pregnancy compared to non-placental ones and that, consistent with the locomotor cost
hypothesis (Pollux et al., 2009), this morphological advantage of the placenta diminishes
over the course of gestation. Superfetation may amplify this morphological advantage
(Pollux et al., 2009) (Fig. S.3.8). A lower RA and streamlined body shape are associated
with a reduced drag on the female body (Quicazan-Rubio et al., 2019), higher sustained
swimming performance (Plaut, 2002), improved fast-start escape response (Ghalambor
et al., 2004; Fleuren et al., 2019), and enhanced survival probability (Walker et al., 2005;
Plath et al., 2011; Laidlaw et al., 2014).

The increased degree of placentation and associated decreased RA in HP populations
may thus lead to an enhanced predator escape performance. The question is: what is
the resulting ‘survival benefit’ of HP females compared to LP females? In an attempt
to quantify the survival advantage of a HP versus a LP female P. retropinna, we used
estimates of the effects of body shape on locomotor performance in Poeciliopsis turneri
(Fleuren et al., 2019) and the probability of evading a predator strike in Poecilia reticulata
(Walker et al., 2005). The difference in wet reproductive allotment between HP and LP
female P. retropinna is largest just before the parturition of a brood (210.31 mg; Online
Table S30; Fig. S.3.8). Relative to body size (0.0013 SL™%), this difference is equivalent

~Lin P. turneri (Fleuren

to an improvement in maximum escape velocity of 1.12 SL-s
et al., 2019). Based on P. reticulata, such an improvement in escape performance would
translate to an increased chance of successfully evading a predator strike of 1.2% (Walker
et al., 2005) (Supplementary Methods S.3.1.8; Fig. S.3.8). At first glance, this may not
seem large, however, the strength of selection needed to explain observed rates of evolution
can be extremely weak (Lande, 1976). If we assume that, (i) the degree of placentation of
HP and LP females represent two different genotypes, (ii) the HP genotype has a survival
advantage of 1.2%, (iii) there is no mixing of genotypes, and (iv) the HP genotype begins
with a frequency of 1% in the population, then it only takes 625 generations (or 469
years based on the generation time of 0.75 years in P. retropinna) to make up 95%
of the population (Supplementary Methods S.3.1.9; Fig. S.3.9). The maximum time
available for the evolution of extensive placentation in the genus Poeciliopsis is estimated
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to be 0.75-2.36 million years (Reznick et al., 2002). Nevertheless, care must be taken
when translating the estimates of the effects of body shape on locomotor performance
and survival probability based on other poeciliid species to P. retropinna. Although the
relationship between body shape and escape performance was shown to not differ between
three different placental poeciliid species (Fleuren et al., 2019), the relationship between
locomotor performance and survival probability is based on P. reticulata. Compared
to P. retropinna, P. reticulata is non-placental without superfetation which may affect
the association with survival also other than via improving locomotor performance (e.g.
behavioral differences).

To be considered an adaptation, differences in placentation among HP and LP populations
must be heritable, rather than entirely phenotypically plastic. Turcotte et al. (2008) have
investigated the patterns of maternal provisioning in naturally occurring hybrids between
Poeciliopsis monacha, a lecithotrophic species that produces large eggs at fertilization,
and P. lucida, a moderately matrotrophic species that produces small eggs and provisions
embryos with nutrients throughout gestation. Hybrids produced intermediate-sized eggs,
suggesting that egg mass at fertilization is to some degree genetically controlled. Given
that egg mass is heritable and subject to selection, the observed differences in egg mass
at fertilization in response to predation risk are thus likely to be evolved.

In conclusion, our results provide the first compelling evidence in support of the locomo-
tor cost hypothesis by showing that an increase in the degree of placentation can offer a
selective advantage in high ‘performance-demanding’ (i.e. high-predation localities) envi-
ronments (Pollux et al., 2009; Pires et al., 2011).

3.4.2 No support for the resource allocation hypothesis

The resource allocation hypothesis proposes that the placenta evolved because the asso-
ciated reduction in egg size at fertilization allows females to attain higher fitness through
increased brood sizes. Trexler & DeAngelis (2003) argued that the ability to selectively
abort embryos and recycle this investment, should resource conditions suddenly dete-
riorate, is a crucial preadaptation for the evolution of placentation and that female fat
reserves might serve to buffer placental species from fluctuating resource conditions.

Two findings appear to tentatively argue against this hypothesis. First, prior studies
in four independent placental lineages have shown that poeciliid fish are not able to
abort embryos in response to sudden adverse resource conditions (Reznick et al., 1996b;
Banet & Reznick, 2008; Banet et al., 2010; Pollux & Reznick, 2011). Second, if female
fat storage serves to buffer placental species from fluctuating resource conditions, then
abortion incidence should increase when food conditions become unfavorable and maternal
fat reserves insufficient to fully buffer females during gestation. In other words, better-
conditioned females (those carrying larger fat reserves) should be less likely to abort
embryos. Contrary to this expectation, we found an increase in the abortion incidence
with a higher proportion of maternal body fat: better-conditioned females were more

50



Discussion

likely to abort embryos (t930.335 = 2.186, P = 0.03; Online Table S10; Fig. S.3.2). The
mechanisms behind this higher rate of embryo abortion in better-conditioned female P.
retropinna are currently unclear and require further investigation.

3.4.3 Conclusion: placentation facilitates the evolution of new life-history opportunities

To date, the effect of predation risk on poeciliid life-histories has almost exclusively been
studied in non-placental species including Poecilia reticulata (Reznick & Endler, 1982;
Reznick et al., 1990; Reznick & Bryga, 1996), Brachyrhaphis rhabdophora (Johnson &
Belk, 2001), Brachyrhaphis episcopi (Jennions et al., 2006), Gambusia hubbsi (Down-
hower et al., 2000), and Xiphophorus hellerii (Basolo & Wagner, 2004). As predicted by
theoretical studies (Gadgil & Bossert, 1970; Law, 1979; Michod, 1979), guppies adaptively
respond to increased adult mortality by devoting a larger percentage of their body mass
to their developing offspring (Reznick & Endler, 1982; Reznick et al., 1990). Further-
more, they exhibit shorter time intervals between successive broods and produce more,
but smaller, offspring (Reznick, 1982b,a, 1983; Reznick & Endler, 1982; Reznick et al.,
1990). These predation-driven life-history differences were shown to have a genetic ba-
sis (Reznick, 1982b). Smaller offspring, however, have a lower ability to capture prey
(Lankheet et al., 2016), compete for food (Bashey, 2006), escape predators (Gibb et al.,
2006), and hence have a lower survival probability in low food and/or high predation
environments (Bashey, 2006; Dial et al., 2016). Thus, it has been argued that selection
for increased maternal fecundity and smaller offspring in Trinidadian guppies indicates
that maternal fitness, rather than offspring fitness, may have dominated in shaping the
evolution of offspring size in response to predation (Dial et al., 2016).

Our study reveals that matrotrophic species may be able to adopt strikingly different solu-
tions to deal with high predation, solutions that are not possible in lecithotrophic species
such as the guppy. In high predation environments, females of the placental P. retropinna
reduced their reproductive allotment, notably without reducing the size or number of
offspring at birth. This is likely to be advantageous for the mother, as the decreased re-
productive allotment improves her locomotor performance (Plaut, 2002; Ghalambor et al.,
2004; Fleuren et al., 2019; Quicazan-Rubio et al., 2019) and survival probability in high
predation environments (Plath et al., 2011; Laidlaw et al., 2014). This life-history adap-
tation is however unavailable to lecithotrophic species. In theory, lecithotrophic species
could respond to high predation risk by (i) reducing the reproductive allotment at the
expense of either fecundity or offspring size, or (ii) increasing fecundity at the expense
of maternal mortality. Studies have shown that lecithotrophic species principally do the
latter (Reznick & Endler, 1982; Reznick et al., 1990; Reznick & Bryga, 1996; Downhower
et al., 2000; Johnson & Belk, 2001; Basolo & Wagner, 2004; Jennions et al., 2006). The
evolution of the placenta opens up novel opportunities for females to respond to high pre-
dation risk that are not available to lecithotrophic species. Specifically, placental females
are able to reduce their reproductive allotment seemingly without any reproductive cost;
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i.e. without sacrificing either fecundity or offspring quality at birth.

S.3 Supplementary Information

Additional supplementary information can be found in the online version of the article:
https://onlinelibrary.wiley.com/doi/full/10.1111/ele. 13487

5.3.1 Supplementary Methods

S.3.1.1 Laboratory measurements

The fish samples were transported to the Reznick lab (University of California Riverside,
USA) and Pollux lab (Wageningen University, The Netherlands) for anatomical dissec-
tions. The standard length of preserved specimens was measured to the nearest mm from
the tip of the upper jaw to the outer margin of the hypural plate, using a caliper. Female
dry mass was measured to the nearest 0.01 mg on a Mettler Toledo AE163 Microbalance
(specimens collected in 2013) or Mettler Toledo XP205 delta range (specimens collected
in 2017 and 2018) (Mettler Instruments Corp., Hightstown, New Jersey, USA) after re-
moving the ovary and air-drying the female overnight at 60°C in a drying oven. Female
lean mass was measured by extracting the fat twice with anhydrous diethyl ether (Fisher
Scientific) to remove triglycerides, and by subsequently air-drying and re-weighting the fe-
male (see above). The proportion of maternal body fat was then calculated by subtracting
maternal lean mass from maternal dry mass divided by maternal dry mass. The embryo
dry mass for a given brood was calculated as the dry mass of the brood, measured to the
nearest 0.01 mg after air-drying overnight at 60°C (see above), divided by the number of
embryos in the brood (Pollux & Reznick, 2011).

S.3.1.2 Population-specific Matrotrophy Indices

Population-specific Matrotrophy Indices (MI’s) were estimated using the Bayesian pro-
gramming environment JAGS (Plummer, 2003). For this, In-transformed embryo dry mass
was fitted in a linear model as a function of the developmental stage of embryos (second
order polynomial), the proportion of maternal body fat, maternal standard length, and
the interaction between the developmental stage of embryos and the proportion of ma-
ternal body fat. For each population, the model estimates year-specific intercepts and
year-specific slopes on the developmental stage of the embryos (second order polynomial).
This allows to predict the MI for a given population in a specific year. In addition,
the model includes the mother identity as additional intercept to account for variation
among females that is not accounted by maternal body fat and standard length. We
used N(0,5?) priors for the proportion of maternal body fat, maternal standard length,
and the interaction between the developmental stage of embryos and the proportion of
maternal body fat. For mother identity, we used a N (0, 0?) prior with the common vari-
ance 02 ~ Inv-Gamma(0.01,0.01), parameterized with shape and rate parameters. The
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year-specific intercepts and year-specific slopes on the developmental stage of the embryos
(second order polynomial) were estimated using N (u, 0?) priors, with the common mean
o~ N(0,2%) and the common standard deviation o ~ Student-t(g ) (0, 12, 1), parameter-
ized with mean, variance, and degrees of freedom.

The population-specific MI's were subsequently calculated by dividing offspring dry mass
at birth (developmental stage 45) by egg dry mass at fertilization (developmental stage
2) that were predicted for a given population in a specific year and for a female of overall
average standard length (i.e. Usandard lengtn = 93 mm) and proportion of body fat (i.e.
Ubody fat = 0.16). Since all population-specific MI's are predicted for a female of the
same length and body fat, the resulting MI’s are independent of these traits (Fig. S.3.1).
However, the ‘raw’ MI for each population in a specific year (i.e. predicted based on the
observed, rather than the average maternal body fat and standard length) is also provided
(Table S.3.1).

Three MCMC chains were run for 1,500,000 iterations, with a burnin of 500,000 and a
thinning of 1000. Convergence was assessed by visual examination of the traces and by
checking that R < 1.01. The model fit was assessed using a posterior predictive check on
the predictions of embryo mass.

log<mi7j) ~ N(apopxyear + Omothert
ﬁlvPOPXYanStagei,j + 62,pop><yearStage?’j+ (831)
BgmBFZ + 54HISLZ + Bg,mBFl X Stagem-, 0'2),

where log(EM, ;) corresponds to the In-transformed mean embryo dry mass of the jth
brood carried by the ith female. qpopxyear cOrresponds to the year-specific intercept of a
given population and qqether t0 the mother identity. Bl,popxyearstagej,i is the year-specific
slope of a given population on the developmental stage of the jth brood carried by the ith
female (second order polynomial), mBF; the arcsin square-root transformed proportion of
body fat of the ith female, mSL; the standard length of the i/th female, and o the residual
standard deviation.

S.3.1.3 Predation-specific Matrotrophy Indices

Predation-specific Matrotrophy Indices (MI’s) were estimated using the Bayesian pro-
gramming environment JAGS (Plummer, 2003). For this, In-transformed embryo dry mass
was fitted in a linear model as a function of the developmental stage of embryos (second
order polynomial), high and low predation risk (i.e. piscivorous predator species present
or absent), the proportion of maternal body fat, maternal standard length, the interac-
tion between the developmental stage of embryos and the proportion of maternal body
fat, and the interaction between the developmental stage of embryos and predation risk.
For each population, the model estimates an additional year-specific intercept to correct
for differences between populations in a specific year. Moreover, the model includes the
mother identity as additional intercept to account for variation among females that is

53



Predation drives placental evolution

not accounted by maternal body fat and standard length. We used N(0,5%) priors for
all fixed effects. For mother identity, we used a N(0,0?) prior with the common vari-
ance 02 ~ Inv-Gamma(0.01,0.01), parameterized with shape and rate parameters. The
year-specific intercepts and year-specific slopes on the developmental stage of the embryos
(second order polynomial) were estimated using N(u,c?) priors, with the common mean
v~ N(0,1%) and the common standard deviation o ~ Student-t(g (0, 1%, 1), parameter-
ized with mean, variance, and degrees of freedom.

The MI for high and low predation females was subsequently calculated by dividing off-
spring dry mass at birth (developmental stage 45) by egg dry mass at fertilization (de-
velopmental stage 2) that were predicted for a given predation regime (i.e. piscivorous
predator species present or absent) and for a female of overall average standard length
(i-e. Fstandard length = 93 mm) and proportion of body fat (i.e. Foqy fay = 0-16).

Three MCMC chains were run for 1,500,000 iterations, with a burnin of 500,000 and a
thinning of 1000. Convergence was assessed by visual examination of the traces and by
checking that R < 1.01. The model fit was assessed using a posterior predictive check on
the predictions of embryo mass.

log(mﬁj) ~ N(apopxyear + Omothert
intercept#—ﬁlstagei’j + Bgstageij + (Bspredation;+
54H113FZ -+ ﬁg)mSLz + BﬁmBFZ X Stagei,jﬁ—

i,j’02>’

(S.3.2)

Brpredation; x stage

where log(EM, ;) corresponds to the In-transformed mean embryo dry mass of the jth
brood carried by the ith female. popxyear cOrTesponds to the year-specific intercept of
a given population and apether t0 the mother identity. intercept is the overall intercept,
Bistage;; the developmental stage of the jth brood carried by the ith female (second
order polynomial), predation; the predation risk experienced by the ith female, mBF;
the arcsin square-root transformed proportion of body fat of the ith female, mSL; the
standard length of the ¢th female, and o the residual standard deviation.

S.3.1.4 Path analysis

Differences in reproductive allotment among populations could be due to effects on several
life-history traits. For instance, reproductive allotment could be decreased by reducing
brood size or superfetation, which in turn decreases the number of embryos (i.e. fecun-
dity). Alternatively, reproductive allotment diminishes when producing smaller eggs at
fertilization or offspring at birth. We used a path analysis to determine the contribution
of each of these life-history traits to differences in reproductive allotment among preda-
tion regimes. In total, three (generalized) linear mixed effects models implemented in
MCMCglmm (Hadfield, 2010) were used to estimate all paths.

In the first model, we estimated the direct effect of predation risk on z-standardized egg
dry mass at fertilization (developmental stage 2) (ze), z-standardized offspring dry mass
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at birth (developmental stage 45) (z0), z-standardized average brood size for a given
mother (zb), and the degree of superfetation (s) in a multivariate model:

[ze, zo, zb, 5| ~ u+ XB + Zr, (S.3.3)

where p is the intercept vector, S the vector of fixed effects, X the corresponding de-
sign matrix, and Z is a design matrix for additional random terms r. z-standardized egg
dry mass at fertilization, offspring dry mass at birth, and the average brood size for a
given mother are assumed to be Gaussian-distributed. Superfetation was formulated in
a generalized linear mixed model framework using a log link for the Poisson-distributed
response. Fixed effects include predation risk (i.e. piscivorous predator species present or
absent), z-standardized proportion of maternal body fat, z-standardized maternal stan-
dard length, and the z-standardized developmental stage of the most-developed brood in
the case of superfetation. Besides an error, the random terms include population and
river identity accounting for spatio-temporal non-independence of observations. More-
over, the interaction between population identity and year quantifies variation of a given
population between years. The multivariate framework allows for the covariance between
the residuals of all responses. As priors, we used the default normal priors for the fixed
effects with the expected value of 0 and variance 102, and inverse-Wishart priors for
the variances with the expected value of 1 and degree of belief of 3.002. The number of
iterations was 5,500,000, with a burnin of 500,000 and a thinning of 5000.

In the second model, maternal fecundity was fitted as a function of superfetation and
average brood size for a given mother, as changes in both brood size and superfetation
will affect the number of embryos:

fi ~ PO()W), log(/\z) =a+ Opop + Qriver + apoprear"‘

S.3.4
B128; + Bazb; + BsmBF; 4+ B4mBF? + BsmSL; 4 BslatestStage;, ( )

where f; corresponds to the fecundity (i.e. number embryos) of the ith female. « corre-
sponds to the overall intercept, and apop, Qriver; a0d Qpopxyear t0 the random intercepts. zs;
is the z-standardized degree of superfetation, zb; the z-standardized average brood size,
2mBF; the z-standardized proportion of maternal body fat (second order polynomial),
zmSL; the z-standardized maternal standard length, and zlatestStage,; the z-standardized
developmental stage of the most developed brood of the ith female. As priors, we used
the default normal priors for the fixed effects with the expected value of 0 and variance
10'2, and inverse-Wishart priors for the variances with the expected value of 1 and degree
of belief of 0.002. The number of iterations was 1,500,000, with a burnin of 500,000 and
a thinning of 1000.

The third model subsequently predicts the absolute dry reproductive allotment as a func-
tion of fecundity, egg dry mass at fertilization, and offspring dry mass at birth:
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zrag ~ N(Oé + &pop + Qriver + CVpop><year—i_

S.3.5
Gz fi + Poze; + P3zo; + ByzmBE; + B52mSL;, 02), ( )

where zra; corresponds to the absolute dry reproductive allotment of the ith female. « cor-
responds to the overall intercept, and apep, Qriver, and popxyear t0 the random intercepts.
z f; is the z-standardized maternal fecundity (i.e. number embryos), ze; the z-standardized
egg dry mass at fertilization (developmental stage 2), zo; the z-standardized offspring dry
mass at birth (developmental stage 45), zmBF; the z-standardized proportion of mater-
nal body fat, zmSL; the z-standardized maternal standard length of the ith female, and
o the residual standard deviation. As priors, we used the default normal priors for the
fixed effects with the expected value of 0 and variance 10'2, and inverse-Wishart priors
for the variances with the expected value of 1 and degree of belief of 0.002. The number
of iterations was 1,500,000, with a burnin of 500,000 and a thinning of 1000.

For all models, convergence was assessed by visual examination of the traces and by
checking that the autocorrelations of the parameter chain was less than 0.1. In addition,
each model was re-fitted as a function of an intercept only (null model) to compare the
deviance information criterion (DIC) of the full model against the DIC of the null model

(ADIC).

S$.3.1.5 Measurements of water parameters

The water velocity was measured at each location to the nearest 0.01 m-s~! with a
Hontzsch Vane Wheel FA current meter (type ZS30 GFE md20 T/100-2/p10, Héntzsch
Instruments, Waiblingen, Germany). Depending on the uniformity of the flow, the water
velocity was taken at 9-17 incremental observation points across a transect of the stream.
At each observation point, the mean water velocity was defined as the average of three
repeated measurements at a height above the stream bed equal to 0.4 times the depth
at that location. When the water depth exceeded 60 cm, the mean water velocity was
calculated as the average between the velocities measured at 0.2 times the water depth
and 0.8 times the water depth (Hauer & Lamberti, 2007). Each location was additionally
characterized by measuring salinity (S) by using the ExStik II pH/conductivity/TDS me-
ter (Extech Instruments, Nashua, USA), hardness (mg-L™!) with a titrimetric color-test
kit (Merck KGaA, Darmstadt, Germany), ammonium concentration (NHJ) (mg-L™!) as a
proxy for the nitrogen loading of a stream by using a colorimetric ammonium test (Merck
KGaA, Darmstadt, Germany), phosphate concentration (PO3~) (mg-L~"), as phosphorus
is an important determinant of primary production in freshwater ecosystems (Schindler,
1977) by using a colorimetric phosphate test (Merck KGaA, Darmstadt, Germany), and
dissolved oxygen (%) with the ExStik DO600 meter (Extech Instruments, Nashua, USA).
Salinity and dissolved oxygen were measured 1-3 times at each location, whereas hardness,
ammonium concentration, and phosphate concentration were measured only once.
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Salinity was then predicted for each location at 25°C in the following linear model by
Maximum Likelihood:

Sij ~ N(a + Bilocation; + fBytemperature, ;, o?), (S.3.6)

where S; ; corresponds to the jth measurement of salinity at location i, o to the overall
intercept, location; to the ith location, temperature; ; to the jth measurement of water
temperature at location ¢, and o to the residual standard deviation.

Dissolved oxygen was predicted for each location at 13:00 hours and 25°C in the following
linear model by Maximum Likelihood:

oxygen, ; ~ N(a + fBilocation; + frtemperature; ; + Bstime; ; + 54timeij, o?), (S.3.7)

where oxygen, ; corresponds to the jth measurement of dissolved oxygen at location 7, « to
the overall intercept, location; to the ith location, temperature, ; to the jth measurement
of water temperature at location 7, time;; to the z-standardized numeric day time of
the jth measurement of dissolved oxygen at location ¢, and ¢ to the residual standard
deviation.

S.3.1.6 Relationship between population-specific Matrotrophy Indices and environmental
variables

Either by influencing egg mass at fertilization or offspring mass at birth, many population-
specific factors are likely to contribute to the observed inter-population variation in the
degree of placentation. To quantify the potential effects of additional water parameters at
each location on the degree of placentation, the population-specific Matrotrophy Indices
(MI's) estimated in the model described in Equation S.3.1 were fitted as a function of
all measured environmental variables (predation risk, salinity, water velocity, hardness,
NH;, PO3™, and dissolved oxygen) in a linear mixed effects model using Restricted Max-
imum Likelihood. The continuous predictors were z-standardized in order to make them
comparable (Schielzeth, 2010). Moreover, the model includes river identity as additional
intercept to account for variation among rivers that is not accounted by the measured
environmental parameters.

2MI; ~ N (uiver + intercept+
pipredation; + fszsalinity, + S3zhardness;+ (S.3.8)
Byzwater velocity, + 552NHL + 56zPOi; + 37204, 07),
where zMI; corresponds to the Matrotrophy Index for the ith population in a specific

year estimated in the model described in Equation S.3.1. e corresponds to the river-
specific intercept and intercept to the the overall intercept. predation; is the predation
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risk (i.e. piscivorous predator species present or absent), zsalinity, the z-standardized wa-
ter salinity (S), zhardness; the z-standardized hardness (mg-L~'), zwater velocity; the
z-standardized mean water velocity (m-s™!), zNHL the z-standardized ammonium con-
centration (mg-L~'), zPO}; the z-standardized phosphate concentration (mg-L™"), 2O,
the z-standardized dissolved oxygen (%), and o the residual standard deviation.

S.3.1.7 Embryo growth during gestation

Embryo growth during gestation was estimated as the exponential relationship between
embryo dry mass and the developmental stage of embryos (second order polynomial) in
a linear mixed effects model by Restricted Maximum Likelihood (Hagmayer et al., 2018).
The model included maternal dry mass, and the interaction between the developmental
stage of embryos and maternal dry mass as additional fixed effects (Fig. S.3.7). Mother
identity was fitted as random intercept to correct for pseudo-replication. Population,
year, and river identity were fitted as random intercepts accounting for spatio-temporal
non-independence of observations. Moreover, the interaction between population identity
and year was fitted as random intercept to quantify the variation of a given population
between years:

log(mz’,j) ~ N(Oé + Qmother + Qpop + ayear + Qriver + apoprear+

S.3.9
Bistage, ; + Bgstageij + BsmM; + BymM; x stage; ;, o?), ( )

where log(EM, ;) corresponds to the In-transformed mean embryo dry mass of the jth
brood carried by the i¢th female. a corresponds to the overall intercept, cumothers Qpop,
Qtyear; Oriver; aNd Qpopxyear t0 the random intercepts. stage; ; is the developmental stage of
the jth brood carried by the ith female, mM; the dry mass of the ith female, and o the
residual standard deviation.

S.3.1.8 Relationship between reproductive allotment, locomotor performance, and survival
probability
Fleuren et al. (2019) studied the locomotor performance in three placental live-bearing
fish species (family Poeciliidae) that exhibit different levels of superfetation. Particularly,
they used computer-vision based techniques to study changes in body shape (e.g. volume)
and three-dimensional fast-start escape performance (e.g. maximum escape velocity) dur-
ing pregnancy in Poeciliopsis turneri, Heterandria formosa, and Phalloptychus januarius.
The slope between body shape and escape performance was not significantly different
between the three species. Here we used the relationship between female volume and
maximum escape velocity in Poeciliopsis turneri to predict the maximum escape velocity
in Poeciliopsis retropinna. P. retropinna and P. turneri are similar regarding their de-
gree of post-fertilization maternal provisioning and degree of superfetation. We derived
female volume from female wet mass, assuming an uniform tissue density (p) of 1 g-cm™>
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(Robertson et al., 2008). The relationship between female volume and maximum escape
velocity is then given by:

N m
Umax = &+ 61@ + B2 max (S.3.10)

where Oy, corresponds to the normalized maximum escape velocity (normalized for stan-
dard length SL), « to the overall intercept, and

m
pSL

(normalized for standard length SL?) derived from the tissue density p, female wet mass

+ to the normalized female volume

m, and the average standard length of a pregnant P. retropinna female. r,, is the max-
imum caudal peduncle curvature rate in the kinematic stage 2 of the fast-start escape
response.

The estimated maximum escape velocity for a given wet mass was then used to predict
the probability of evading the strike of a natural predator. Based on a study by Walker
et al. (2005) with Guppies (Poecilia reticulata), the probability of evading a predator (w)
was predicted using four parameters: (i) the initial distance between predator and prey
(Dprea), (ii) the average speed of the predator (Tprea), (iii) the evasion path of the prey
relative to the strike path of the predator (fpeq), and (iv) the maximum velocity of the
Prey (Umax = Umax - SLcuppy) estimated in Equation S.3.10:

IOglt(W) = o+ Blvmax + 52‘9pred + ﬁ3vpred + 54Dpred (8311)

S$.3.1.9 Simulating selection

To illustrate that the strength of selection needed to explain observed rates of evolution,
assuming that genetic drift is not involved, can be extremely weak, we have simulated
the frequency p? of a high predation genotype (A;A;), and the complementary frequency
¢ of a low predation genotype (AsAs) over time (i.e. generations). The HP genotype
is assumed to have a survival advantage (s) of 1.2%, and there is no mixing of the
genotypes. The initial frequency (p3) of the advantageous genotype in the population is
assumed to be 0.01.

The initial genotype frequencies are given by:
pg, and g5 =1—pj (S.3.12)
The fitness w of the genotypes A1 A; and Ay A, are given by:
wii=1, and wyp=1-s (S.3.13)
The mean fitness w of all the individuals in the population at time ¢ is then given by:
@, = PPwil + Giwan (S.3.14)
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The genotype frequencies after selection can then be calculated by:

2 2
o DPywii rg  qyWa2

p, =——, and ¢ = (S.3.15)

Wt Wt

5.3.2 Supplementary Results

S.3.2.1 Relationship between maternal traits and life-history

Both the proportion of maternal body fat and standard length are significantly associated
with maternal fecundity. The correlation between maternal fecundity and standard length
is strongly positive (z = 16.993, P < 0.001; Fig. S.3.2). The linear and quadratic relation-
ship between fecundity and body fat are both negative (linear: z = —5.506, P < 0.001;
Fig. S.3.2; quadratic: z = —4.474, P < 0.001). Similarly, brood size shows a negative
correlation with proportion of maternal body fat (z = —4.701, P < 0.001; Fig. S.3.2) and
a strong positive correlation with standard length (z = 15.713, P < 0.001; Fig. S.3.2). By
contrast, the degree of superfetation is not significantly correlated with the proportion of
maternal body fat (z = —1.712, P = 0.087; Fig. S.3.2) or standard length (z = —0.483,
P = 0.629; Fig. S.3.2). In addition, egg dry mass at fertilization (mg) increases as a func-
tion of increased maternal standard length (¢117.432 = 4.008, P < 0.001; Fig. S.3.2), but
is not correlated with the proportion of maternal body fat (t116.320 = —1.270, P = 0.207;
Fig. S.3.2). Offspring dry mass at birth (mg) is positively associated with the propor-
tion of maternal body fat (79500 = 4.208, P < 0.001; Fig. S.3.2) and standard length
(t132500 = 2.191, P = 0.030; Fig. S.3.2). Abortion incidence shows a negative linear
(t913.123 = —3.615, P < 0.001; Fig. S.3.2) and a positive quadratic association with stan-
dard length (t391638 = 2.873, P = 0.004; Fig. S.3.2). Moreover, abortion incidence is
positively correlated with the proportion of maternal body fat (¢930.335 = 2.186, P = 0.03;
Fig. S.3.2).

5.3.3 Supplementary Discussion

S.3.3.1 Relationship between maternal traits and life-history

Maternal traits can profoundly influence the offspring phenotype and maternal life-history
(Mousseau & Fox, 1998b). Consistent with previous findings in P. retropinna (Hagmayer
et al., 2018), larger females have greater fecundity, produce larger eggs at fertilization,
and offspring at birth (Fig. S.3.2). Furthermore, females that have more fat reserves pro-
duce fewer but larger offspring at birth, without investing more in egg size at fertilization.
The negative correlation between the proportion of maternal body fat and fecundity may
reflect a trade-off between offspring size and number; the production of large offspring
may necessarily entail the production of fewer offspring owing to the limited size of the
female body cavity (Stearns, 1992). The potential mechanisms behind the increased post-
fertilization maternal provisioning by larger and better-conditioned females, however, is
unclear (Hagmayer et al., 2018). By contrast, maternal fecundity is proposed to increase
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with female size, as a consequence of more space available in the female’s body cav-
ity (Shine, 1992). The physical constraint of the body cavity is also displayed by the
populations where P. retropinna co-occur with P. dovii as the only predator species. In-
dependently of the proportion of maternal body fat and standard length, these females
produce very large offspring at birth (Fig. 3.2), but carry significantly fewer broods at
different developmental stages (i.e. superfetation; Fig. 3.2). These females were mainly
collected from a single stream (Rio Sucio) with exceptional high nitrogen loading (NH;
concentration measured in 2017 2.71x larger than average), and probably nutrient-rich
water. As a result, the females are very large (Fig. S.3.6), contain a large amount of body
fat (Fig. S.3.6), and invest more in offspring size at birth (Fig. 3.2). Here, we additionally
show that the degree of superfetation does not correlate with the proportion of maternal
body fat or size in P. retropinna (Fig. S.3.2).
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Fig. S.3.1. Association of the ‘raw’ Matrotrophy Indices (MI's) (upper panels) and ‘adjusted’
MI's (lower panels) estimated in the model described in Equation S.3.1 with maternal standard
length (mm) (left panels) and proportion of maternal body fat (right panels). The ‘raw’ Ml's are
predicted for a given population in a specific year and for the observed values of maternal standard
length and body fat, and hence, are not independent of these traits. As it was shown in Hagmayer
et al. (2018), the Ml is positively associated with maternal body fat, but does not correlate with
maternal standard length. By contrast, the ‘adjusted’ Ml's are predicted for a given population
in a specific year and for a female of overall average standard length and proportion of body fat.
Since the ‘adjusted’ Ml’s are predicted for a female of the same length and body fat, the resulting
Ml's are independent of these traits. P-value is given at the top.
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Fig. S.3.2. Life-history characteristics of Poeciliopsis retropinna in relation to maternal body fat
and size. a Egg dry mass at fertilization (i.e. developmental stage 2) (n = 129), b offspring dry
mass at birth (i.e. developmental stage 45) (n = 190), c proportion of egg fat at fertilization (i.e.
developmental stage 2) (n = 117), d proportion of offspring fat at birth (i.e. developmental stage
45) (n = 190), e brood size (n = 943), f maternal fecundity (i.e. number embryos) (n = 411), g
degree of superfetation (n = 449), and h abortion incidence (n = 463) (£ 95% Cl) as a function
of the proportion of maternal body fat (left panels) and standard length (right panels). The
model predictions are based on a high predation female and account for maternal standard length
(left panels) and the proportion of maternal body fat (right panels), which are kept constant at
the overall population mean (i.e. Tpody fat = 0-16, Fstandard length = 93 mm). In f and g, the
developmental stage of the most-developed brood carried by the female is kept constant at the
overall median (i.e. developmental stage 42.5). Data points correspond to the river-specific raw
data. P-value is given at the top.
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Fig. S.3.3. a Frequency distribution of the posterior estimates of the Matrotrophy Indices (MI's)
estimated in the model described in Equation S.3.2. The Ml's are predicted for a given predation
regime (HP: piscivorous predator species present; LP: piscivorous predator species absent) and for
a female of overall average standard length (i.e. Usiandard length = 53 mm) and proportion of body
fat (i.e. Ypody fat = 0-16). b Frequency distribution of the posterior estimates of the inverse MI's
(i.e. calculated by dividing egg dry mass at fertilization by offspring mass at birth) to show that
all MCMC samples are < 1.

63



Predation drives placental evolution

2 600 F b c
P =0.063 08 I P =0.639 0 b P =0.254
11 17 9 10 11 17
50 F O o O
o 06 -
o O 200 00
400 = )
&) ¢ z © £ o @ @
Z o b S o4 f @ . 0 ®
R e 0 E
3]
v o200 + 9 5 _.—% QOO
o0 % W £ 100 - 5
(@) o = 02| O
100 | o (0] O
N é) s O o o
O O (@)
oI 00 @) @
1 1 1 1 1 1
d € o030 F e F
P =0.089 P =0.495 P =0.555
9 10 9 10 8 10
008 [ o o5 L o o o
— 60 [
S (@]
) - o020 [ s o O
5 006 [ ) o o &
£ £ g e O o
‘ 015 5
-+:-E<r w(vsr D g S
Z om Q- 2 1) o
010 - 1o o Q‘Q 20 k (0)
O
O
002 | 0.05 = @O 00 o
0 -
Low High Low High Low High
Predation Predation Predation

Fig. S.3.4. Water quality parameters as a function of high and low predation risk (i.e. piscivorous
predator species present or absent). a Salinity, b mean water velocity, ¢ hardness, d ammonium
concentration (NHJ), e phosphate concentration (PO3~), and f dissolved oxygen (& 95% Cl).
Data points (red: high predation; blue: low predation) correspond to the ‘jittered’ raw data.
Sample size and P-value are given at the top. These data tentatively suggest that there are no
obviously large differences in water quality parameters between study locations with and without
predators. However, these results should be interpreted with care, because salinity and dissolved
oxygen were measured only 1-3 times at each location, and hardness, ammonium concentration,
and phosphate concentration were measured even only once. Water quality parameters are likely
to vary during the day and throughout the year. A single or only a few measurements per location
taken at different times during the day, on different days, and even in different years are therefore
unlikely to accurately reflect the yearly mean local abiotic conditions experienced by the fish in

each population.
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Fig. S.3.5. Standardized partial regression coefficients (3*) (+ se) for the measured environmental
variables on the population-specific Matrotrophy Indices (Ml's) estimated in the model described
in Equation S.3.8. The population-specific Matrotrophy Indices (MI's) were estimated in the
model described in Equation S.3.1. The environmental variables include predation risk (HP: high
predation, i.e. piscivorous predator species present), salinity (S), hardness (hard), mean water
velocity (vel), ammonium concentration (NHJ), phosphate concentration (PO37), and dissolved
oxygen (O2). The *'s are equivalent to standardized effect sizes that take values between —1
and 1 (Schielzeth, 2010). Please note that salinity and dissolved oxygen were measured only 1-
3 times at each location, and hardness, ammonium concentration, and phosphate concentration
were measured even only once. The water quality parameters are likely to vary during the day and
throughout the year. A single or only a few measurements per location taken at different times
during the day, on different days, and even in different years are therefore unlikely to accurately
reflect the yearly mean local abiotic conditions experienced by the fish in each population. Thus,
care must be taken when interpreting the relationship between the MI and the water quality
parameters. Still, these data show that independently of the measured water quality parameters,
we still predict a higher degree of placentation in high predation populations.
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Fig. S.3.6. a Maternal standard length and b proportion of maternal body fat (+ 95% Cl) as
a function of predation risk. The model predictions account for the proportion of maternal body
fat in a and maternal standard length in b that are kept constant at the overall population mean
(i-e. Upody fat = 0-16, Ustandard length = 93 mm). left panels: high and low predation risk (i.e.
piscivorous predator species present or absent); right panels: predator community. G: Gobiomorus
maculatus; E: Eleotris picta; P: Parachromis dovii. Data points (red: high predation; blue: low
predation) correspond to the ‘jittered’ raw data. Sample size and P-value are given at the top.
Significant codes: P < 0.001***, < 0.01**, < 0.05%, > 0.05 n.s.
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Fig. S.3.7. a Embryo dry mass [mg] and b In-transformed embryo dry mass as a function of
the developmental stage of embryos (2-50) estimated in the model described in Equation S.3.9.
The model prediction (red) accounts for maternal dry mass that is kept constant at the overall
population mean (i.e. Y,y mass = 0.982 g). Data points (dark grey) correspond to the ‘jittered’
raw data. Please note that embryo dry mass decreases until developmental stage 13. The placenta
might not be fully functional during early embryo development. Thus, the mass loss as a result
of metabolic processes may outweigh the mass gain as a result of placental provisioning early in
pregnancy.
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Fig. S.3.8. a In-transformed absolute wet reproductive allotment as a function of time and
high (red) and low (blue) predation risk (i.e. piscivorous predator species present or absent) in P.
retropinna. Data points correspond to the ‘jittered’ raw data. The developmental stage of the most
developed brood was used to define the time from fertilization to parturition of the first brood (thick
solid line). Continuous brood production (i.e. superfetation) subsequently leads to a repetitive
pattern of frequent parturition (thin dotted line). Note that high predation females produce smaller
eggs at fertilization, which contributes to the decreased wet reproductive allotment at fertilization.
Despite producing the same size and number of offspring, superfetation prevents the difference
in reproductive allotment at fertilization from becoming zero towards the end of gestation. The
difference in reproductive allotment between high and low predation populations is largest before
the parturition of a brood (dotted grey lines). b Predicted difference in maximum escape velocity
(SL-s7; solid line) and survival probability (dotted line) between high and low predation females
based on Poeciliopsis turneri (Fleuren et al., 2019), and Poecilia reticulata (Walker et al., 2005),
respectively. i Female early in pregnancy carrying a single brood at developmental stage 2 (i.e.
eggs at fertilization); ii female fertilizes a second brood; most-developed brood at developmental
stage 18; iii female fertilizes a third brood; intermediate-developed brood at developmental stage
18; most-developed brood at developmental stage 34; iv least-developed brood at developmental
stage 18; intermediate-developed brood at developmental stage 34; most-developed brood ready
to get born (i.e. stage 50); v female fertilizes a third brood; intermediate-developed brood at
developmental stage 18; most-developed brood at developmental stage 34.
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Table S.3.1. Sampling locations (plus coordinates), sampling dates, predation risk (HP: pisciv-

orous predator species present; LP: piscivorous predator species absent), number of collected (n)

and pregnant (npyeg) females at each location, and population-specific Matrotrophy Indices (Ml'’s).

The MI's are estimated using the Bayesian programming environment JAGS (Plummer, 2003) and

are predicted for a given population in a specific year and for a female of overall average standard

length and proportion of body fat. The Ml,,y's are predicted for the observed, rather than the

average maternal body fat and standard length.

Location River Predation Coordinates Sampling date n Npreg Ml Ml aw
Canaza Rio Canaza HP N 08° 39', W 83° 11" 29.03.2013 15 2 22.80 22.70
Ceibo downstream Rio Ceibo HP N 09° 09', W 83° 22" 26.03.2013 24 8 24.02 21.52
Coloradito downstream  Rio Coloradito HP N 08° 36', W 82° 54’ 28.03.2013 26 24 28.10 27.42
Incendio Rio Incendio HP N 08° 27', W 82° 60" 29.03.2013 27 17 24.17 20.07
Lagarto Rio Lagarto HP N 08° 41" W 83° 05" 30.03.2013 25 23 32.34 27.43
Pacuar Rio Pacuar HP N 09° 21", W 83° 44’ 25.03.2013 20 3 21.41 25.82
Pedregoso Rio Pedregoso LP N 09° 21", W 83° 43’ 25.03.2013 30 0 NA NA
Sucio Rio Sucio HP N 08° 49', W 82° 55’ 27.03.2013 24 23 25.78 31.36
Copal Rio Sucio LP N 08° 48', W 82° 55’ 27.03.2013 10 6 27.95 31.61
Coloradito middle Rio Coloradito LP N 08° 40', W 82° 53" 28.03.2013 28 23 14.87 16.52
Canaza Rio Canaza HP N 08° 38", W 83° 10’ 08.03.2017 10 10 19.43 19.10
Caracol Rio Caracol HP N 08° 39', W 83° 00" 09.03.2017 25 25 23.83 21.73
Claro Rio Coto Colorado HP N 08° 41', W 83° 06’ 09.03.2017 23 23 23.33 21.75
Conte Rio Conte HP N 08° 26', W 83° 02" 07.03.2017 10 10 25.45 26.52
Palmar Norte Rio Balsar HP N 08° 59, W 83° 31" 11.03.2017 32 31 2226 22.43
Seco Rio Seco HP N 08° 39", W 82° 56’ 06.03.2017 25 23 24.75 28.79
Coloradito middle Rio Coloradito HP N 08° 35", W 82° 52" 05.03.2017 37 36 2521 26.22
Porto Grande Rio Guineal LP N 09° 01', W 83° 09' 01.03.2017 11 11 21.05 16.71
Ceibo upstream Rio Ceibo LP N 09° 12', W 83° 18" 27.02.2017 22 21 22.92 21.45
Bonito Rio Bonito HP N 08° 43", W 83° 12" 25.03.2018 15 14 17.57 17.59
Esquinas Rio Esquinas HP N 08° 44’, W 83° 10" 24.03.2018 20 17 19.44 2241
Sabalo Rio Sabalo HP N 08° 52', W 83° 19" 26.03.2018 15 15 16.09 13.37
Abrojo Rio Abrojo LP N 08° 37, W 82° 52" 23.03.2018 12 12 23.84 26.61
Corredor Rio Corredor LP N 08° 40', W 82° 54" 23.03.2018 20 20 19.25 19.43
Jaballo Quebrada Jaballo LP N 08° 57, W 83° 06’ 16.03.2018 5 5 18.68 17.88
Pavon Rio Balsar LP N 09° 00, W 83° 31" 26.03.2018 17 17 16.54 15.79
Singri Rio Singri LP N 08° 59', W 83° 06’ 15.03.2018 6 6 18.48 17.28
Tinoco Rio Tinoco LP N 08° 54, W 83° 22" 26.03.2018 18 18 21.39 18.97
Coloradito upstream Rio Coloradito LP N 08° 35", W 82° 51' 25.03.2018 20 20 25.83 22.83
Total 572 463
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Microhabitat selection by sympatric live-bearing fish

Abstract

A pregnancy imposes a heavy reproductive burden on females. Some live-bearing species
have evolved reproductive adaptations to reduce this burden, which may influence their
ability to utilize specific microhabitats. We investigate whether two such reproductive
adaptations, placentation (embryo provisioning via a placenta) and superfetation (the
ability to carry multiple broods at various developmental stages), influence microhabi-
tat selection by five sympatric Costa Rican live-bearing fish species (family Poeciliidae).
Theory predicts that placentation and superfetation should both reduce the reproduc-
tive burden of females during pregnancy, improve their body streamlining, and swimming
performance, and consequently allow them to utilize ‘more performance-demanding’ mi-
crohabitats. Here we apply underwater visual fish surveys to test a key prediction of this
hypothesis, which is that the presence of these two reproductive adaptations is correlated
with the utilization of microhabitats in the river that are characterized by a higher-flow
velocity. Consistent with our predictions, we observed significant interspecific differences
in daytime microhabitat use: species that had both placentation and superfetation were
found in deeper and faster-flowing parts of the river, species that lacked both adaptations
were confined to shallow slow-flowing areas, and species with one adaptation (i.e. only
superfetation) inhabited intermediate areas. This interspecific daytime microhabitat use
was strongest in reproductive adults, intermediate in immatures, and absent in juveniles
(the latter of which were all found in shallow low-velocity zones), suggesting that on-
togeny influences species-specific microhabitat use. Finally, at night, all fishes, regardless
of the species or age-class, congregated in shallow slow-flowing waters to rest (sleep) on
the river bottom. Taken together, our results suggest that placentation and superfetation
may be hitherto unrecognized reproductive features that help to understand differences
in ontogenetic and diurnal microhabitat preferences between sympatric live-bearing fish
species living in environments characterized by large flow variation.

Keywords: habitat selection, matrotrophy, placenta, Poeciliidae, superfetation

4.1 Introduction

Microhabitat selection affects community assembly and structure in response to a variety
of biotic and abiotic gradients (e.g. competition, predation risk, parasites, resource avail-
ability) (Rosenzweig, 1991; Morris, 2003). It enables the use of a different set of local
resources by different species, minimizing competition with co-occurring species (Bolnick
et al., 2003, 2007). Microhabitat selection results from optimization processes involving
individual fitness costs and benefits (Sibly & McFarland, 1976). For instance, in envi-
ronments where patches vary in food availability, optimal foraging theory predicts that
individuals should prefer habitats with high food density (MacArthur & Pianka, 1966).
However, when these patches are simultaneously subject to high predation risk, individu-
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als must balance the conflicting demands of food acquisition and predator avoidance (Sih,
1980). Different species may balance these conflicting demands (feeding versus predator
avoidance) in different ways, resulting in species-specific differences in microhabitat se-
lection and affecting the spatial and temporal dynamics of species interactions (Morris,
2003). Microhabitat selection is therefore an important mechanism that allows for the
competitive coexistence of species (Rosenzweig, 1981).

Microhabitat selection not only differs among species but can also vary within species. For
instance, microhabitat use can change throughout an individual’s life depending on their
age, size or developmental stage (i.e. ontogenetic microhabitat shifts). Size-dependent
predation risk was shown to account for differences in habitat use between bluegill sunfish
size classes (Lepomis macrochirus), with large bluegills preferring open-water habitats
with high foraging returns and small bluegills choosing less profitable habitats close to
vegetation to avoid predation (Mittelbach, 1981; Werner & Hall, 1988). Likewise, ar-
mored catfish (Loricariidae) display size-specific spatial distributions, with small catfish
preferring shallow water to reduce predation risk by piscivorous predators while large
catfish avoid shallow water where they are vulnerable to avian predators (Power, 1984).
In coastal lagoons, many fish species display size-related shifts from settlement habitats
(larvae) to nursery areas (juveniles) and subsequently to nearby coral reefs (adults). Here
ontogenetic shifts in (micro)habitat use may be related to ontogenetic changes in dietary
preferences or susceptibility to predation (Werner, 1984; Cocheret de la Moriniere et al.,
2002, 2003a,b; Pollux et al., 2007).

Many species furthermore display pronounced day-night shifts in habitat use (diurnal mi-
crohabitat shifts). Well-known examples include the diurnal vertical migration of fresh-
water and marine pelagic invertebrates from deeper water during the day to avoid visually
orienting predators, to shallower surface waters at night to feed (Bollens & Frost, 1989;
Bollens et al., 1992; Kaartvedt et al., 2007; Sainmont et al., 2013). Juvenile Atlantic
salmon (Salmo salar L.) furthermore show a temperature-dependent shift in diel activity
and habitat use, which is likely the result of maximizing feeding efficiency in summer, and
reducing predation risk in winter (Fraser et al., 1993). The Eurasian lynx (Lynz lynz)
selects open habitats at night where prey is more abundant and shifts to dense understory
cover and rugged terrain during the day to avoid human activity (Filla et al., 2017). Such
diel differences in activity and microhabitat use are often the result of a complex trade-off
between feeding and avoiding predators (Metcalfe et al., 1999; Fraser et al., 2004; van der
Vinne et al., 2019).

Finally, microhabitat selection can also change in individuals depending on their reproduc-
tive state (reproductive microhabitat shifts). Gravid and pregnant females, for example,
may temporarily select ‘low performance-demanding’ microhabitats: e.g. areas where they
are less prone to predation or, in stream ecosystems, where they are less exposed to strong
currents. The reason is that gravidity and pregnancy may negatively affect the locomo-
tor performance of females (Seigel et al., 1987; Plaut, 2002; Noren et al., 2011; Fleuren
et al., 2019), increasing their susceptibility to predation (Pollux et al., 2009; Pires et al.,

75



Microhabitat selection by sympatric live-bearing fish

2011). This risk is compounded by the fact that predators often prefer gravid or pregnant
females (Trexler et al., 1994), because they are large and (due to the presence of eggs or
embryos) represent a high-quality resource that is rich in energy and nutrition. Pregnant
Bighorn Sheep (Ouvis canadensis), for instance, spend less time in optimal feeding areas
where the mortality risk is highest, compared to females that recently gave birth (Berger,
1991). Moreover, gravid three-spined stickle-back (Gasterosteus aculeatus) remain closer
to refuges when inhabiting lakes with predators than their non-gravid counterparts (Rode-
wald & Foster, 1998). Similarly, the Trinidadian guppy (Poecilia reticulata) uses habitats
with lower water velocity late in pregnancy to offset some of the performance-related costs
of pregnancy (Banet et al., 2016). Thus, when gravidity or pregnancy are associated with
increased vulnerability to high performance-demanding conditions, this is likely to induce
a shift in habitat use to less performance-demanding microhabitats.

Here, we study microhabitat selection (Allee et al., 1949) by five different live-bearing
fish species belonging to the family Poeciliidae (Poeciliopsis retropinna, P. paucimacu-
lata, P. turrubarensis, Poecilia gillii, and Brachyrhaphis roseni) that co-occur in rivers
and streams in Costa Rica. We quantify differences in diurnal, ontogenetic, and repro-
ductive microhabitat use among these species and their piscivorous predator (Gobiomorus
maculatus). These five co-occurring poeciliid fish species are of similar size and gener-
ally prefer similar environmental conditions (Bussing, 2002; Meyer, 2015). However, they
differ in the absence/presence of two reproductive adaptations (Table 4.1). The first
reproductive adaptation is the placenta: P. turrubarensis, P. gillii, and B. roseni are
lecithotrophic (or ‘yolk-feeding’), committing all nutrients required for development dur-
ing pregnancy to the eggs prior to fertilization, while P. retropinna and P. paucimaculata
are placentotrophic (i.e. ‘mother-feeding’) provisioning nutrients to the developing em-
bryos throughout pregnancy via a placenta (Pollux et al., 2014; Furness et al., 2019). The
second reproductive adaptation is superfetation: P retropinna, P. paucimaculata, and P.
turrubarensis have superfetation, which means that they are able to carry multiple broods
at different developmental stages, while P. gillii and B. roseni lack superfetation (Pollux
et al., 2009).

Theory predicts that (different combinations of) these two reproductive adaptations may
be associated with differences in microhabitat use. The reason is that the presence of the
placenta and superfetation are both thought to reduce a female’s reproductive burden
during pregnancy (Reznick et al., 2007; Pollux et al., 2009; Bassar et al., 2014; Hag-
mayer et al., 2020c). A reduced reproductive burden has further been associated with
an enhanced body streamlining and improved locomotor performance of females during
pregnancy (Thibault & Schultz, 1978; Pollux et al., 2009; Zuniga-Vega et al., 2010; Pires
et al., 2011; Fleuren et al., 2018, 2019; Quicazan-Rubio et al., 2019), potentially allowing
the utilization of different stream (micro)habitats (Banet et al., 2016). Here, we test a
key prediction of this hypothesis, namely that the two reproductive adaptations should
be associated with a species’ microhabitat utilization. Specifically, (i) we predict that
reproductive adults of species with a placenta and/or superfetation will inhabit relatively

76



Material and methods

deeper, faster-flowing sections in the middle of the river compared to species that lack
both reproductive adaptations. (ii) Furthermore, we know from preliminary nocturnal
observations (Hagmayer, Furness & Pollux, personal observations) that poeciliid species
become inactive at night and tend to move to the shallows to rest. We therefore predict
that if adults of placental species with superfetation indeed inhabit deeper, faster-flowing
parts of the river during the day (see prediction (i)), then they should show a far more
pronounced diurnal shift at dusk towards shallower, slow-flowing microhabitats compared
to species that lack both reproductive adaptations. (iii) Finally, we expect that juve-
niles and immatures of all five species tend to avoid the faster-flowing sections of the
river, because their swimming abilities are still limited (Dial et al., 2016; Lankheet et al.,
2016). If true, then these younger ontogenetic stages (juveniles and to a lesser extent
immatures) should display a similar habitat selection regardless of the species, with all
preferring shallow, slow-velocity areas near the riverbank. By comparing microhabitat use
of these five sympatric live-bearing fish species, our study provides new insights into the
potential effects of reproductive adaptations on microhabitat selection and local diurnal
and ontogenetic migration.

4.2 Material and methods

4.2.1 Study species

P. retropinna, P. paucimaculata, P. turrubarensis, P. gillii, and B. roseni all inhabit
freshwater streams in the Rio Terraba and Rio Coto drainages in the province of Puntare-
nas, Costa Rica (Bussing, 2002). With the exception of Brachyrhaphis sp., which mainly
feed on ants and tiny dipterans (Pichler & Schiemer, 2008), all study species browse
on detritus, ooze, and algae (Bussing, 2002). However, the study species differ in the
absence/presence (or degree) of two reproductive adaptations: placentation and superfe-
tation (Table 4.1). The degree of placentation is quantified as the ratio of offspring mass at
birth to egg mass at fertilization, also referred to as the Matrotrophy Index (MI) (Reznick
et al., 2002; Pollux et al., 2014). Some live-bearing species, known as lecithotrophs (yolk-
feeding), allocate all resources to eggs prior to fertilization in the form of large fully-yolked
eggs. Embryos subsequently lose dry mass over the course of gestation due to metabolic
processes. Such species have an MI less than 1. Other live-bearing species, known as ma-
trotrophs (mother-feeding), allocate nutrients to the developing offspring post-fertilization
throughout pregnancy. Such species have an MI greater than 1, indicating embryos gain
dry mass during pregnancy. Placentotrophy represents one specific type of matrotro-
phy that is achieved through a follicular placenta, roughly an analog to the mammalian
placenta (Pollux et al., 2009). The degree of superfetation is the number of broods at
various developmental stages that are carried by a female (Turner, 1937). Females with
superfetation tend to produce smaller broods, but do so more often (Reznick & Miles,
1989).
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P. retropinna and P. paucimaculata are both characterized by superfetation and post-
fertilization maternal provisioning (i.e. matrotrophy). P. retropinna females carry up to
four broods at various developmental stages and offspring increase in dry mass more than
100-fold during pregnancy (MI = 117) (Reznick et al., 2002). P. paucimaculata females
carry up to two broods at different stages and the embryos increase approximately 10-fold
in dry mass during gestation (MI = 7.8) (Reznick et al., 2002). P. turrubarensis exhibits
superfetation, carrying up to four different broods (Zuniga-Vega et al., 2007), but does
not provide nutrients to the embryos after fertilization (i.e. MI < 1). In contrast, P. gillii
and B. roseni are both non-placental species and carry embryos of only a single brood (i.e.
no superfetation) (Pollux et al., 2009, 2014). All five live-bearing fish species commonly
co-occur with G. maculatus, a benthic piscivorous predator found on the Pacific versant
of Costa Rica (Bussing, 2002).

Table 4.1. Summary of the reproductive modes among the study species.

Species Placentation Matrotrophy Superfetation Degree of Reference

Index superfetation
Poeciliopsis v 117 v 4 Reznick et al. 2002;
retropinna Hagmayer et al. 2018
Poeciliopsis v 7.8 v 2 Reznick et al. 2002
paucimaculata
Poeciliopsis X <1 v 4 Ziniga-Vega et al. 2007
turrubarensis
Poecilia gillii X <1 X 1 Pollux et al. 2009
Brachyrhaphis X <1 X Pollux et al. 2009

roseni

4.2.2 Underwater visual census

In February and March (i.e. end of dry season) 2017-2019, we selected ten sites in the
province of Puntarenas in Costa Rica. The average monthly precipitation at the study
sites in February and March is low (~80 mm; Fick & Hijmans 2017), and thus, variation
in water depth and velocity can be expected to be relatively small. At each site, 7-17
transects of 4-24 m were placed using two 5 mm ropes separated by 1 m (Fig. S.4.1).
Each transect was divided in quadrats of 1 m, which results in 1406 total quadrats of 1
m x 1 m, an average of 141 quadrats per site (Table 4.2, 4.3). Underwater visibility was
high at all study sites. We recorded the occupancy (i.e. presence or absence) of juveniles,
immatures, and adults of all study species including G. maculatus during daytime in each
quadrat of each transect. Specifically, fish occurring in deep-water transects in the middle
of the river were identified by means of underwater visual census while snorkeling (Pollux
et al., 2007). Specifically, the snorkeler began at the downstream end of the transect and
slowly worked his way upstream, meter by meter, while recording the occupancy (i.e.
presence or absence) of each species and size class after completing each meter mark (Fig.
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S.4.1). In very shallow transects (too shallow to snorkel), fish were instead identified from
above while standing or sitting on the shore. Poeciliid fish can be closely approached by
a snorkeler without being disturbed (e.g. without scaring them away or altering feeding
behavior). All individuals were classified into three categories based on their ontogenetic
stage: Adults (A), defined as large (potentially pregnant) females and mature males (fully
developed gonopodium present); immatures (I), defined as small (non-pregnant) females
and males that did not have fully developed gonopodia; and juveniles (J), defined as fish
< 2 cm.

Table 4.2.  Study locations (plus coordinates), study species present (PR: Poeciliopsis
retropinna; PP: Poeciliopsis paucimaculata; PT: Poeciliopsis turrubarensis;, PG: Poecilia gillii;
BR: Brachyrhaphis roseni; GM: Gobiomorus maculatus), census dates, and number of transects
(nt) at each site.

River Species Coordinates Census date  ny
Rio Pedregoso PR, PP N 09° 21', W 83° 43" 12.03.2017 7

Rio Balsar PR, PG, GM N 08° 59’, W 83° 31' 27.03.2018 11
Rio Tinoco PR, PG, BR N 08° 54', W 83° 22" 27.03.2018 9

Rio Corredor PR, BR N 08° 40', W 82° 54’  28.03.2018 14
Rio Esquinas PR, PP N 08° 44', W 83° 10" 29.03.2018 15
Rio Union (downstream) PR, PP, PG N 09° 15', W 83° 34’ 09.02.2019 17
Rio Nuevo PT, GM N 08° 31", W 83° 21" 12.02.2019 16
Rio Agujas PR, PT, PG, BR, GM N 08° 34', W 83° 23" 13.02.2019 17
Rio Union (upstream) PP, PG N 09° 17, W 83° 32" 14.02.2019 16
Rio Pacuar PR, PP, PG N 09° 21", W 83° 44’ 15.02.2019 15
Rio Corredor PR, BR N 08° 40', W 82° 54’ 19.02.2019 6

Total 143

Immediately following the daytime census, we measured the (i) water depth to the nearest
cm by using an aluminum meter stick and (ii) water velocity to the nearest 0.01 m-s~! with
a Hontzsch Vane Wheel FA current meter (type ZS30 GFE md20 T/100-2/p10, Hontzsch
Instruments, Waiblingen, Germany) three times separately in the center of each 1x1 m
quadrat. In quadrats where the water depth exceeded 60 cm, the water velocity was
calculated as the average between the velocities measured at 0.2 times the water depth
and 0.8 times the water depth in the center of the quadrat (Hauer & Lamberti, 2007).
This ultimately yielded a mean water velocity for each 1x1 m quadrat, calculated as the
average of the three (or six if water depth exceeded 60 cm) repeated measurements in its
center.

Finally, to quantify diurnal (day-night) shifts in microhabitat use, each transect was
censused a second time that same night (as described above) (Fig. S.4.1). For this, we
used a 2000 Lumen ThorFire S1 underwater lamp to identify fish occurring in deep-water
transects while snorkeling and headlamps for identifying fish in the shallow shore transects.
To ensure the same transect positions between day and night census, the transects placed
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during the day were left in place until we returned the same night.

Table 4.3. Study locations, mean and range of water depth (m) and velocity (m-s~!), number of
quadrats (n4), and percentage of occupied quadrats at day and night at each site.

River mean depth mean velocity ng % occupied % occupied
[min, max] [min, max] day night

Rio Pedregoso 0.26 [0.04, 0.60] 0.23 [0.00, 1.28] 98 20 44
Rio Balsar 0.37 [0.05, 1.20] 0.10 [0.00, 0.78] 110 48 40
Rio Tinoco 0.26 [0.05, 0.55]  0.05 [0.00, 0.37] 73 95 88
Rio Corredor 0.20 [0.05, 0.60] 0.20 [0.00, 1.03] 133 89 62
Rio Esquinas 0.29 [0.01, 0.80] 0.37 [0.00, 1.35] 132 40 31
Rio Union (downstream) 0.38 [0.05, 0.80] 0.16 [0.00, 0.95] 169 75 31
Rio Nuevo 0.28 [0.05, 0.95] 0.21 [0.01, 0.76] 160 61 26
Rio Agujas 0.24 [0.05, 0.65] 0.22 [0.00, 0.89] 168 61 40
Rio Union (upstream) 0.29 [0.05, 0.85] 0.21 [0.00, 0.78] 158 65 44
Rio Pacuar 0.20 [0.01, 0.55] 0.11 [0.00, 0.58] 150 79 64
Rio Corredor 0.23 [0.05, 0.80] 0.11 [0.00, 0.42] 55 03 75
Total 1406

4.2.3 Data analysis

The habitat preference by the different species was quantified using the Bayesian pro-
gramming environment JAGS (Plummer, 2003) in R v 3.5 (R Core Team, 2020).

For this, we quantified (i) the occupancy probability of a given age-class of a species as a
function of water depth and velocity, as well as (ii) the preferred mean water depth and
velocity for a given age-class of a species.

For (i), the occupancy (i.e. presence or absence) of a given age-class of a species per
quadrat was fitted in a Bernoulli generalized linear mixed model as a function of the
three-way interaction between water depth, age, and day-night cycle, and the three-way
interaction between water velocity, age, and day-night cycle. Additional variables in-
cluded the second order polynomials of water depth and velocity. The model estimates
species-specific slopes on each of the parameters and quadrat-, transect-, and site-specific
random intercepts to account for pseudo-replication and between-transect/site variation,
respectively. In the case of G. maculatus, information about ‘age’ is not available. Thus,
occupancy per quadrat was fitted as a function of the two-way interaction between water
depth and day-night cycle, and the two-way interaction between water velocity and day-
night cycle. The quadrat-, transect-, and site identity were fitted as additional intercepts
(see above), and the second order polynomials of water depth and velocity as additional
slopes.

For (ii), the water depth and velocity of the occupied quadrats only (i.e. quadrats with
occupancy = 1) were fitted as a function of the three-way interaction between age, day-
night cycle, and species in a bivariate Gaussian model allowing for the covariance between
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the residuals of both responses. In the case of G. maculatus, the water depth and velocity
of the occupied quadrats were fitted in a bivariate Gaussian model as a function of the
day-night cycle only.

Convergence was assessed by visual examination of the traces and by checking that
R < 1.01. The model fits were assessed using posterior predictive checks on the model
predictions. The priors, number of MCMC chains, iterations, burnin, and thinning is
given in the Supplementary Methods S.4.1.1.

4.3 Results

4.3.1 Ontogenetic microhabitat use during daytime

During the day, adults of all species occupied deeper, faster-flowing water than immatures,
and immatures occupied deeper, faster-flowing water than juveniles (Table S.4.1; Fig. 4.1:
left panels, Fig. 4.2). This ontogenetic habitat use was most pronounced in P. retropinna
and P. paucimaculata, intermediate in P. turrubarensis, and least obvious in P. gillit and
B. roseni (Table S.4.2, S.4.3; Fig. 4.1: left panels). In other words, adults of species that
have a placenta and superfetation (P. retropinna and P. paucimaculata) tend to inhabit
deeper, faster-flowing parts in the middle of the river compared to adults of species that
lack both reproductive adaptations (P. gillii and B. roseni). P. turrubarensis which
has superfetation but lacks a placenta inhabits intermediate water depth and velocity.
Moreover, juveniles (and to a lesser extent immatures) display a similar habitat selection
regardless of the species. Specifically, they prefer shallow, slow-velocity areas near the
riverbank (Table S.4.1; Fig. 4.1: left panels).
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Fig. 4.1. (a) Mean water depth and (b) velocity (+ 95% posterior density Cl) occupied by a given

age-class of a species during day and night. Dotted line corresponds to a linear fit throughout the

posterior samples of a given species at day or night, respectively. J: juvenile, |: immature, A: adult.

Blue: placental species with superfetation; brown: non-placental species with superfetation; red:

non-placental species without superfetation.
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Microhabitat selection by sympatric live-bearing fish

Fig. 4.2. Occupancy probability (£ 95% posterior density Cl) of a given age-class of a species as a
function of water depth (water velocity kept constant at zero), velocity (water depth kept constant
at mean, i.e. 0.29 m), and day-night cycle (left panels: day; right panels: night). red: juvenile,
brown: immature, blue: adult. (a) Poeciliopsis retropinna, (b) Poeciliopsis paucimaculata, (c)
Poeciliopsis turrubarensis, (d) Poecilia gillii, and (e) Brachyrhaphis roseni. Data points correspond
to the raw data (i.e. whether a quadrat is occupied by a given age-class of a species or not).

4.3.2 Ontogenetic microhabitat use disappears at night

At night, the ontogenetic microhabitat use observed during daytime disappears. At night
fall, all age-classes, regardless of the species, either remain in or move towards the shallow
river shore where they congregate in the slow-flowing waters presumably to sleep (Table
S.4.1; Fig. 4.1: right panels, Fig. 4.2). As a result, adults of species that have a placenta
and superfetation (P. retropinna and P. paucimaculata) show a far more pronounced
diurnal (day-night) migration towards shallower, slow-flowing microhabitats compared
to species that lack both reproductive adaptations (P. gillii and B. roseni). P. tur-
rubarensis which has superfetation but lacks a placenta displays an intermediate diurnal
microhabitat shift (Table S.4.2, S.4.3; Fig. 4.1). Interestingly, the piscivorous ambush
predator Gobiomorus maculatus likewise moves to the slower-flowing and shallower areas
at night (depth: Bpostmean = 0.111, 95% CI = 0.046-0.175, Pycmc = 0.002; velocity:
Bpost.mean = 0.063, 95% CI = 0.005-0.118, Pyicme = 0.035; Fig. 4.3, 4.4).
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Fig. 4.3. (a) Mean water depth and (b) velocity (+ 95% posterior density Cl) occupied by
the predator species Gobiomorus maculatus during day (yellow) and night (grey). Dotted line
corresponds to a linear fit throughout the posterior samples of the day-night cycle.
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Fig. 4.4. Occupancy probability (&= 95% posterior density Cl) of the piscivorous predator fish
Gobiomorus maculatus as a function of water depth (left panel; water velocity kept constant at
zero), velocity (water depth kept constant at mean, i.e. 0.28 m; right panel), and day-night cycle
(yellow: day; grey: night). Data points correspond to the raw data (i.e. whether a quadrat is
occupied by a given age-class of a species or not). Photo: Fredy Nugra.

4.4 Discussion

4.4.1 Ontogenetic (age-related) microhabitat use during daytime

We found that adults generally tend to prefer faster-flowing and deeper water during the
day than immatures, and that immatures prefer faster-flowing and deeper water than
juveniles. This is most likely due to the positive association between fish size (and thus,
indirectly, age or ontogenetic stage; Reznick et al. 1996a) and swimming capability in
Teleost fish (Gibb et al., 2006). Newborn poeciliid fish have relatively poor swimming
abilities (Dial et al., 2016; Lankheet et al., 2016). They are physically incapable of main-
taining their position in fast-flowing water and thus seek refuge in low-velocity areas of
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the river near the shore. An added benefit for these small juveniles is that here they can
inhabit very shallow water (sometimes less than 1 cm deep) where they are out of reach
of piscivorous predators. The subsequent growth of fish is associated with physical ability
and better control of the locomotor system (Fuiman & Higgs, 1997; Gibb et al., 2006;
Lankheet et al., 2016), leading to an increase in swimming ability with increasing body
length (Gibb et al., 2006). This allows larger and physically stronger adults to inhabit
the relatively faster-flowing parts of the river.

The above may explain why only adult individuals are physically able to swim in the fast
flow. However, it does not explain why some would want to mowve to the fast-flowing parts
of the river in the first place, considering that there they are exposed to high drag forces
(Quicazan-Rubio et al., 2019) making it energetically expensive for them to swim. We
tentatively propose that some adults may move to deeper water to avoid avian predation.
Together with various other piscivorous birds (e.g. herons), the southern Pacific region
of Costa Rica is inhabited by four species of kingfisher (Garrigues & Dean, 2014), which
mainly feed on fish (Fry et al., 1999). Piscivorous birds are very effective predators in
shallow shore water or close to the surface (Whitfield & Cyrus, 1978; Kramer et al., 1983),
where they show a preference for larger fish (Power, 1984; Trexler et al., 1994). This means
that large adult poeciliids are more vulnerable to avian predation in shallow water than
small juveniles. At the same time, piscivorous fish are presumably feeding in deeper water
to prevent avian predation (Power, 1984). Indeed, we found that the piscivorous predator
G. maculatus inhabits relatively deeper water during the day (i.e. when most piscivorous
birds are active in the shallows). It has furthermore been shown that larger prey fish
are able to perform faster escape responses, making them less vulnerable to predation by
piscivorous fish (Gibb et al., 2006). Thus, one could argue that the mortality risk of live-
bearing fish during daytime is highest for adults in shallow habitats from piscivorous birds,
and highest for juveniles in deep habitats from piscivorous fish (Power, 1984; Schlosser,
1988). If true, then it would be advantageous for juveniles to inhabit shallow waters near
the shore, while it would be beneficial for larger adults to move to deeper water as they
outgrow the vulnerability to piscivorous fish (Power, 1984). Collectively, these findings
suggest that the observed ontogenetic microhabitat preference in live-bearing fish during
daytime may be an adaptive response to predation risk.

4.4.2  Diurnal (day-night) shifts in microhabitat use

Many fish exhibit diurnal shifts in microhabitat use (Lowe-McConnell, 1975; Helfman,
1986), which have been attributed to shifts in foraging activity (Piet & Guruge, 1997),
the use of shallow water as refuge from predation (Copp & Jurajda, 1993; Arrington &
Winemiller, 2003) or the use of slow-flowing areas to reduce energy expenditure while
resting at night (Matheney IV & Rabeni, 1995; Sempeski & Gaudin, 1995). In our study,
we found that at dusk all fish, regardless of their ontogenetic stage (juvenile, immature or
adult), tend to move to shallow waters near the shore, where they sleep lying on the bottom
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in low-velocity areas. Occasionally, large adult individuals (particularly P. retropinna and
P. paucimaculata) can be found sleeping while wedged into crevices or behind stones in
deeper and faster flowing stretches of the river. Interestingly, G. maculatus, the most
common piscivorous fish species in our study sites, is primarily a nocturnal sit-and-wait
bottom predator (Swing, 1992). The finding that this piscivorous predator also moves
towards shallow water at night, suggests that the observed diurnal microhabitat shifts in
poeciliid fish towards shallow water are not related to predator avoidance. Instead, it is
more likely that the day-night shifts are driven by a preference for low-velocity areas in
the river to avoid being washed away while resting at night.

4.4.3 Differences in diurnal and ontogenetic microhabitat use among poeciliid species with
different reproductive adaptations

All five studied poeciliid species occur sympatrically in freshwater streams in Costa Rica
(Bussing, 2002), yet show remarkable differences in ontogenetic and diurnal microhabitat
use. This appears to be correlated with the absence/presence of the two reproductive
adaptations. During daytime, adult P. retropinna and P. paucimaculata (which both
have a placenta and superfetation) can be found in very fast-flowing water (of up to 1.3
m-s~!), while adult P. gillii and B. roseni (which both lack a placenta and superfetation)
are confined to shallow and slow-flowing areas. Adult P. turrubarensis (which lacks a
placenta but has superfetation) notably prefers an intermediate habitat. At night these
differences in ontogenetic microhabitat segregation among species disappear when all
ontogenetic stages (juveniles, immatures, and adults) of all five species move towards
shallow waters presumably to sleep in low-velocity areas.

This raises the question why the adults of P. retropinna and P. paucimaculata, and to a
somewhat lesser extent of P. turrubarensis are found in fast-flowing water during daytime?
It has been argued that the evolution of placentation and superfetation both reduce a fe-
male’s reproductive burden during pregnancy, yet achieve this in fundamentally different
ways (Thibault & Schultz, 1978; Pollux et al., 2009; Pires et al., 2011). The evolution of
the placenta is associated with a shift in the timing of maternal provisioning from pre- to
post-fertilization. Non-placental live-bearers (e.g. P. gillii, B. roseni, and P. turrubaren-
sis) typically produce large fully-yolked eggs, committing all the nutrients required for
embryo development to the egg prior to fertilization. Placental species (P. retropinna
and P. turrubarensis), by contrast, produce relatively small eggs and instead provide
most nutrients to their offspring throughout pregnancy via a placenta (Wourms, 1981;
Pollux et al., 2009). The shift in the timing of maternal provisioning from pre- to post-
fertilization reduces a female’s reproductive burden (Reznick et al., 2007; Bassar et al.,
2014; Fleuren et al., 2018). The evolution of superfetation furthermore correlates with
the more frequent production of smaller broods (Reznick & Miles, 1989). By spreading
reproduction more evenly over time, superfetation is thought to reduce a female’s peak re-
productive allotment during gestation without reducing maternal fecundity (Pollux et al.,
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2009). Thus, placentation and superfetation are both thought to reduce a female’s repro-
ductive burden during pregnancy (Thibault & Schultz, 1978; Reznick et al., 2007; Pollux
et al., 2009; Pires et al., 2011; Bassar et al., 2014; Hagmayer et al., 2020c). This is likely
to cause a more slender body shape (Zuniga-Vega et al., 2007; Fleuren et al., 2018, 2019),
reduced body drag (Quicazan-Rubio et al., 2019), as well as improved sustained swim-
ming performance (Plaut, 2002) and fast-start escape response (Ghalambor et al., 2004;
Fleuren et al., 2019). Thus, one might argue that placentation and superfetation are
reproductive adaptations that facilitate the utilization of high ‘performance-demanding’
microhabitats (e.g. high-flow areas) in the river. Our study provides the first empirical
evidence in support of one aspect of this hypothesis, namely the idea that placentation
and superfetation are reproductive adaptations that can drive differences in ontogenetic,
diurnal, and reproductive microhabitat use between sympatric live-bearing species.

4.5 Conclusion

We report large differences in adult microhabitat use between five sympatric poeciliid
species during daytime (but not nighttime). We argue that it may be selectively advan-
tageous for large adults to move to deeper and faster-flowing water, because here the
risk of avian predation (Whitfield & Cyrus, 1978) and interspecific resource competition
with other poeciliid species (Lanza, 1983) is reduced. Previous studies suggest that both
placentation and superfetation improve body streamlining and hence swimming ability
(Fleuren et al., 2018, 2019; Quicazan-Rubio et al., 2019). This may explain, at least in
part, why adult P. retropinna and P. paucimaculata, and to a lesser extent P. turrubaren-
sis, inhabit deeper, faster-flowing areas during daytime, while B. roseni and P. gillii are
more confined to the shallow waters near the shore. The finding that, at night, all fish (re-
gardless of species or age-class) move to shallow, low-velocity areas to rest, lends additional
support to this idea. Collectively our results suggest that a female’s reproductive strategy
(e.g. placentation and superfetation) may be a hitherto unrecognized biological feature
that may help to understand microhabitat preferences between sympatric live-bearing
fish species. Our study can be seen as a first step on which future, ideally experimental,
studies can build upon to assess the costs of locomotion as a function of reproductive
mode and pregnancy state. Future studies should focus on comparing microhabitat use
in more live-bearing fish (e.g. from the family Poeciliidae, Anablepidae, Goodeidae or
Zenarchopteridae), but also other aquatic live-bearing animals (e.g. amphibians, reptiles,
and mammals), to assess the generality of these findings.
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S.4 Supplementary Information

5.4.1 Supplementary Methods

S.4.1.1 Data analysis

The habitat preference by the different species was quantified using the Bayesian pro-
gramming environment JAGS (Plummer, 2003). For this, we modeled (1) the occupancy
(i.e. presence or absence) of a given age-class of a species per quadrat in a Bernoulli gen-
eralized linear mixed model, and (2) water depth and velocity of the occupied quadrats
only (i.e. quadrats with occupancy = 1) in a bivariate Gaussian model allowing for the
covariance between the residuals of both responses. In the case of Gobiomorus macula-
tus, information about ‘age’ is not available. Thus, each model was fitted separately to
poeciliid fish (la and 2a) and G. maculatus (1b and 2b).

For (1la), we used N(0,5%) priors for all fixed effects. The priors for the second or-
der polynomials of water depth and velocity were furthermore restricted to be nega-
tive. For quadrat identity, we used a N(0,0?) prior with the common variance o? ~
Inv-Gamma(0.01,0.01), parameterized with shape and rate parameters. The transect-
and site-specific intercepts were estimated using N (ju, 0?) priors, with the common mean
p ~ N(0,1%) and the common standard deviation o ~ Student-f(g (0, 1%,1), parame-
terized with mean, variance, and degrees of freedom. Three MCMC chains were run for
75,000 iterations, with a burnin of 25,000 and a thinning of 50. Convergence was assessed
by visual examination of the traces and by checking that R < 1.01.

For (1b), we used N(0,5%) priors for all fixed effects. The priors for the second or-
der polynomials of water depth and velocity were furthermore restricted to be neg-
ative. For quadrat identity, we used a N(0,0%) prior with the common variance
0% ~ Inv-Gamma(0.1, 0.1), parameterized with shape and rate parameters. The transect-
and site-specific intercepts were estimated using N(u, o?) priors, with the common mean
p ~ N(0,1%) and the common standard deviation o ~ Student-f(g (0, 1%,1), parame-
terized with mean, variance, and degrees of freedom. Three MCMC chains were run for
1,500,000 iterations, with a burnin of 500,000 and a thinning of 1000. Convergence was
assessed by visual examination of the traces and by checking that R <1.01.

For (2a and 2b), we used N (0, 5%) priors for all fixed effects. For the residual (co)variances
we used Student-t g ) (0, 12,1) priors, parameterized with mean, variance, and degrees of
freedom. Finally, we used a N(_1,1)(0, 12) prior for the residual correlation between water
depth and velocity. Three MCMC chains were run for 1,500,000 iterations, with a burnin
of 500,000 and a thinning of 1000. Convergence was assessed by visual examination of
the traces and by checking that R < 1.01.

89



Microhabitat selection by sympatric live-bearing fish

5.4.2 Supplementary Results

Fig. S.4.1. a Example of two transects at Rio Corredor. Each transect is 4-24 m long and is build
with two 5 mm ropes separated by 1 m. b Fish occurring in deep-water transects in the middle
of the river were identified by means of underwater visual census while snorkeling. Specifically,
the snorkeler began at the downstream end of the transect and slowly worked his way upstream,
meter by meter, while counting the number of individuals of each species and size class to the
data recorder after completing each meter mark. c and d night-snorkeling to quantify diurnal
(day-night) shifts in microhabitat use. A 2000 Lumen ThorFire S1 underwater lamp was used to
identify fish occurring in deep-water transects while snorkeling. e Adult Poeciliopsis retropinna
female and its piscivorous predator Gobiomorus maculatus lying on the bottom in low-velocity
areas at shore at night.
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Table S.4.1. Mean water depth and velocity (+ 95% posterior density Cl) occupied by a given
age-class of a species during day and night. The species are summarized by their reproductive
adaptation (i.e. placental species with superfetation, non-placental species with superfetation, and
non-placental species without superfetation).

Water depth [m] Water velocity [m/s]
group mean 2.5% Cl 97.5% Cl mean 25% Cl 97.5% Cl
J Day P_SF 0.142  0.117 0.173 0.048 0.008 0.079
| Day P_SF 0.306  0.267 0.356 0.180 0.156 0.203
A Day P_SF 0.431 0.395 0.471 0.276  0.254 0.295
J Night P_SF 0.110  0.086 0.135 0.038 0.014 0.060
| Night P_SF 0.138  0.103 0.162 0.051 0.016 0.074

A Night P_SF 0.263  0.237 0.301 0.099 0.065 0.123
J Day NP_SF 0.118  0.085 0.150 0.055  0.025 0.084
| Day NP_SF 0.181  0.149 0.214 0.075  0.049 0.103
A Day NP_SF 0.300 0.277 0.323 0.202 0.182 0.222
J Night NP_SF 0.118  0.086 0.149 0.078  0.050 0.106
I Night NP_SF 0.108 0.078 0.139 0.074  0.046 0.103
A Night NP_SF 0.095 0.056 0.133 0.047 0.011 0.082
J Day NP_wSF 0.129  0.105 0.151 0.021  0.002 0.040
| Day NP_wSF 0.173  0.142 0.207 0.033 0.010 0.059
A Day NP_wSF 0.224  0.200 0.247 0.049 0.023 0.070
J Night NP_wSF  0.121  0.097 0.144 0.017 -0.004 0.038
| Night NP_wSF ~ 0.142  0.108 0.178 0.023  0.004 0.043
A Night NP_wSF 0.191  0.159 0.218 0.019 -0.005 0.041

J: juvenile; I: immature; A: adult; P_SF: placental species with superfeta-
tion (i.e. Poeciliopsis retropinna and Poeciliopsis paucimaculata); NP_SF:
non-placental species with superfetation (i.e. Poeciliopsis turrubarensis);
NP_wSF: non-placental species without superfetation (i.e. Poecilia gillii
and Brachyrhaphis roseni).
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Life-history consequences of parasite infestation

Abstract

Parasites can negatively affect the reproductive success of hosts. Placental species may be
particularly susceptible, because parasite-induced stress during pregnancy could poten-
tially influence embryo development. Here, we examine the consequences of a trematode
infestation (black spot disease, BSD) for fetal development and adult behavior in 19 nat-
ural populations of the placental live-bearing fish species Poeciliopsis retropinna (Poecili-
idae) in Costa Rica. First, we observed substantial variation in parasite infestation among
populations which correlated with a number of local environmental conditions (elevation,
river width, depth, and flow velocity). Furthermore, we observed substantial variation in
parasite infestation among females within populations associated with maternal age and
size. We found that the infestation rate significantly influenced embryonic development,
with more heavily parasitized females producing smaller and worse-conditioned offspring
at birth, possibly, because a costly immune response during pregnancy limits, either di-
rectly or indirectly, nourishment to developing embryos. Finally, a behavioral experiment
in the field showed that the infestation rate did not affect an individual’s boldness. Our
study indicates that in placental live-bearing fish parasite infestation leads to reduced
embryo provisioning during pregnancy, resulting in a smaller offspring size and quality at
birth potentially with negative implications for offspring fitness.

Keywords: matrotrophy, parasites, placenta, Poeciliidae, Poeciliopsis retropinna

5.1 Introduction

The life history of individuals describes how resources are allocated to different functions
such as maintenance, somatic growth and reproduction (Roff, 1992; Stearns, 1992). In-
dividuals have limited resources that must be competitively allocated to these different
functions. This leads to trade-offs and a limiting set of possible life-history strategies
(Braendle et al., 2011). Parasites, which are ubiquitous in natural populations (Bush
et al., 2001), can act on these trade-offs and induce shifts in the optimum of life-history
traits (Michalakis & Hochberg, 1994; Sheldon & Verhulst, 1996; Richner, 1998). Therefore,
studying the causes and consequences of parasite infestation is crucial for understanding
the evolution of life histories.

Parasites can negatively affect the fitness of their host by directly or indirectly influencing
their survival and/or reproductive success (Bush et al., 2001). Effects on survival can be
the direct result of parasite-induced mortality. Soay sheep (Ovis aries) that are highly
parasitized by gastrointestinal nematodes are less likely to survive the winter during pe-
riods of high overwinter mortality (Coltman et al., 1999). Moreover, lactating bighorn
ewes (Ouis canadensis) were shown to be more heavily infested by lungworms compared
to non-lactating ewes, and ewes that started to reproduce early in life suffered greater
mortality from disease (Festa-Bianchet, 1989). Lactation (Prentice & Prentice, 1988) and
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parasite defense both impose energetic costs on the host (Sheldon & Verhulst, 1996),
suggesting that lactating bighorn ewes are more susceptible to parasites because of the
conflicting energetic demands of milk production and parasite resistance (Festa-Bianchet,
1989). Survival can also be indirectly impacted, for example by increasing the vulner-
ability to predators. Guppies (Poecilia reticulata) experimentally infected with a small
number of cercariae of the digenean trematode Diplostomum spathaceum have been shown
to be more susceptible to predation by brook trout (Salvelinus fontinalis) (Brassard et al.,
1982). The increased susceptibility to predation was correlated with decreased swimming
activity (measured as distance travelled per unit of time) of infected fish. Likewise, para-
sites can reduce the overall fecundity of hosts, either directly by affecting the nutritional
status of hosts (e.g. Hurd 2001; Decaestecker et al. 2005; Tobler et al. 2005) or indirectly
(e.g. by increasing offspring mortality; Brown & Bomberger Brown 1986; Mgller 1990).
If parasites reduce the host’s fitness, this can have profound implications for population
dynamics of both hosts and parasites (Gulland, 1995).

Hosts may modify their behavior in response to a parasite infestation (Barber et al., 2000).
Boldness is one of the major personality axes in animals that may be affected by parasite
infestation (Barber & Dingemanse, 2010). Boldness, defined as the propensity of an an-
imal to engage in risky behavior, has direct implications for fecundity and survival (Sih
et al., 2004). For instance, increased boldness allows individuals to forage at higher rates,
leading to increased growth and/or fecundity (Sih et al., 2004). However, increased bold-
ness also increases the mortality risk from predators, and thus, individuals must balance
the conflicting demands of feeding and predator avoidance (Sih, 1980). Given that para-
sites can negatively affect an individual’s fecundity and survival, high levels of boldness
might be favored, if the compensation of the fitness costs due to predation and parasitism
is efficient (Kortet et al., 2010). For instance, in sticklebacks (Gasterosteus aculeatus),
individuals parasitized by cestode larvae showed increased foraging activity and recov-
ered more quickly following an attack with a heron model (Giles, 1983). This increased
activity and boldness was argued to compensate for the extra nutritional requirements
caused by the parasite (Giles, 1983). Thus, parasitism may play an important role in
shaping aspects of animal personalities, such as exploration, activity, or boldness (Barber
& Dingemanse, 2010).

Black spot disease (BSD) is caused by a trematode parasite (Uvulifer sp.) that is com-
monly found in freshwater fish (Lane & Morris, 2010). This trematode uses aquatic snails
and fish as intermediate hosts, and piscivorous birds as the final host (Hoffman & Putz,
1965; Lane & Morris, 2010). The sexually mature trematode produces eggs in the intes-
tine of the bird. The eggs develop into miracidia that are released by the bird through its
feces. The miracidia invade snails where they reproduce asexually and develop into free-
swimming cercariae. The cercariae penetrate the skin of fish and become encapsulated by
the host’s tissue where they remain dormant until the fish is consumed by a piscivorous
bird (Hoffman & Putz, 1965; Tobler et al., 2007; Lane & Morris, 2010). The penetration
of the fish skin induces a melanic secretion by the host around the parasite, which forms
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externally visible black spots that are easily countable (Lively et al., 1990). Moreover, the
penetration of the fish skin causes mechanical damage and hemorrhage, and the host’s in-
duction of melanocysts that enclose the parasite is expected to be energetically expensive
(Lane & Morris, 2010; Cureton et al., 2011). In line with this, BSD was shown to reduce
the body condition of smallmouth bass (Micropterus dolomieui) (Hunter & Hunter, 1938)
and juvenile bluegill sunfish (Lepomis macrochiris) (Lemly & Esch, 1984). Likewise, in-
fected females of the live-bearing mosquitofish (Gambusia affinis) avoided shoaling with
infected individuals (Tobler & Schlupp, 2008), and females of the amazon molly (Poecilia
formosa) avoided infected males (Tobler et al., 2006), which suggests some costs of as-
sociating with infected conspecifics (but see Poecilia latipinna and Poecilia mezxicana in
Tobler et al. 2006). Notably, however, these studies were done on egg-laying (oviparous)
or egg-carrying live-bearing (lecithotrophic viviparous) fish species. The potential impli-
cations of BSD for behavior, embryo development, and quality of offspring in placental
live-bearing fish remain poorly understood.

Here, we study the consequences of BSD for life-history variation and boldness in a live-
bearing fish species, Poeciliopsis retropinna (family Poeciliidae, Regan 1908), from Costa
Rica. In this species, females transfer nutrients to their developing embryos via a ‘follic-
ular placenta’; a structure that is analogous to the mammalian placenta (Pollux et al.,
2009). Placentas form a physical interface between mother and fetus, allowing for inti-
mate maternal-fetal interactions (e.g. respiration, nutrition, removal of waste products)
that are crucial for normal (healthy) embryonic development. However, this intimate
link also poses a risk, because maternal exposure to adverse environmental conditions
(e.g. malnutrition, parasite infestation) may have unfavorable consequences for fetal de-
velopment. For example, maternal parasite infestation can affect fetal growth in two
non-mutually exclusive ways: (i) directly, through infestation of the developing fetus by
parasites that can cross the placental barrier; and (ii) indirectly, through the modifica-
tion of maternal physiology or metabolism to such an extent that it interferes with fetal
development. The influence of parasite infestation on embryo development has primarily
been studied in mammals (e.g. Andrews & Lanzer 2002; Torrico et al. 2004; Gibney et al.
2008). However, placentas have evolved many times throughout the animal kingdom (e.g.
Wourms 1981; Blackburn 2015; Wake 2015), including in the family Poeciliidae (Reznick
et al., 2002; Pollux et al., 2014; Furness et al., 2019), yet the consequences of parasite
infestation for offspring development, life-history traits, and behavior in non-mammalian
placental lineages are currently insufficiently understood. P. retropinna has a particularly
well-developed placenta (i.e. embryos can undergo an over 100-fold weight gain during
gestation; Reznick et al. 2002) and is often found in well-defined populations (Hagmayer
et al., 2020c) making it an ideal system to study the consequences of parasitism in natural
populations.

To study the causes and consequences of BSD in P. retropinna, we (i) quantify the in-
tensity of parasite infestation by scoring the number of black spots on preserved adult
female P. retropinna, (ii) examine potential environmental predictors of parasite infesta-
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tion among populations, (iii) identify potential maternal predictors of parasite load within
populations, and (iv) relate parasite load within populations to maternal life-history traits
(egg mass at fertilization, offspring mass at birth, proportion of egg and offspring fat, re-
productive allotment, average brood size, fecundity, superfetation, and abortion incidence)
to evaluate potential costs of parasitism. Finally, we (iv) explore whether these costs in-
fluence an individual’s behavior by assessing its boldness (boldness score and hesitancy)
in a field experiment. In doing so, our study sheds light on the importance of host-parasite
interactions in shaping life histories and behavior in placental live-bearing fish.

5.2 Material and methods

5.2.1 Study species and collection sites

Poeciliopsis retropinna, a live-bearing fish species in the family Poeciliidae, reaches a
maximum standard length of approximately 80 mm. This species is found in freshwater
streams of varying water velocity in Costa Rica and Panama (Bussing, 2002). During
gestation, P. retropinna females transfer nutrients to developing embryos via a placenta
(Pollux et al., 2009). The degree of post-fertilization maternal provisioning in this species
is extensive, with offspring increasing in dry mass more than 100-fold during gestation
(MI = 117) (Reznick et al., 2002). Moreover, P. retropinna has superfetation, the ability
to carry several broods at different developmental stages (Hagmayer et al., 2020¢).
During February and March 2017 and 2018, P. retropinna were collected at 19 different
locations in the Rio Terraba and Rio Coto drainages in the province of Puntarenas, Costa
Rica (Table S.5.1). Each location was characterized by measuring (i) elevation above
sea level, (ii) mean river width, (iii) mean river depth, and (iv) mean water velocity
(Supplementary Methods S.5.1.1). At each location, 5-37 adult females were collected
using seine and cast nets, euthanized with an overdose of MS-222, and preserved in 5%
formaldehyde.

5.2.2 Laboratory measurements

Maternal standard length and the proportion of body fat were measured using estab-
lished protocols (Supplementary Methods S.5.1.2). The intensity of parasite infestation
was quantified by counting the number of black spots on each preserved female. The
ovaries were subsequently dissected to count the total number of embryos (i.e. fecundity),
regressors (i.e. aborted embryos), broods at different developmental stages (i.e. superfe-
tation), embryos in a given brood (i.e. brood size), and to determine the developmental
stage and average dry mass of the embryos in a brood (Table 5.1). The developmental
stages are based on morphological criteria described in Haynes (1995) and range from 0
(eggs at fertilization, no development) to 45 (fully developed embryos). Fecundity was
calculated by excluding stage 0 eggs, since it was difficult to assess if they were fertilized.
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Instead, to ensure that all eggs in our study were fertilized, embryos at developmental
stage 2, rather than 0, were defined as ‘eggs at fertilization’.

Table 5.1. Summary of maternal life-history traits.

Maternal life-history traits

Egg mass at fertilization Dry mass of eggs at fertilization (i.e. developmental stage 2)
Offspring mass at birth  Dry mass of fully-developed embryos (i.e. developmental stage 45)

Proportion egg fat Egg fat at fertilization divided by dry mass of eggs at fertilization

Proportion offspring fat  Offspring fat at birth divided by offspring dry mass at birth

Absolute reproductive Total dry mass allocated to reproduction (i.e. embryo dry mass, regres-

allotment sor dry mass, and placental dry mass)

Average brood size Average number of embryos in a brood for a given mother

Fecundity Number of embryos carried by a female counted across all broods ex-
cluding stage 0 embryos

Superfetation Number of broods at different developmental stages

Abortion incidence Number of regressors (i.e. aborted embryos) divided by the sum of the

number of regressors and embryos

5.2.3 Behavioral trials

Boldness was assessed on the 27th and 28th of February 2020 between 11:00 and 16:00 in a
single population of Poeciliopsis retropinna from Rio Tinoco, Costa Rica. In the morning
of each day, 32-35 P. retropinna were collected from closely located pools using a seine
net and stored in a 120-L plastic bucket covered with a lid. The sample consisted of
adults, defined as large (potentially pregnant) females and mature males (fully developed
gonopodium present); immatures, defined as small (non-pregnant) females and males that
did not have fully developed gonopodia; and juveniles, defined as fish < 2 ecm. Pregnancy
in this species is indicated by a dark gravid spot in the belly area. For the statistical
analysis, however, we only used individuals that could be sexed (i.e. 40 adults and 21
immatures). To prevent the same individuals from being caught on different days, the
same pools were not sampled twice. Prior to the behavioral trial, an individual was
randomly selected from the bucket and placed into a glass container (30x20x2 cm) that
minimizes bending movement of the fish. The fish was photographed from both sides and
the top to (i) determine sex, (ii) quantify parasite load, and (iii) measure standard length
using the image analysis software ImageJ (Abramoff et al., 2004).

The experimental set-up to quantify boldness consisted of a dark plastic box (17x12x11.5
cm) with a non-transparent lid placed on the top and a trapdoor (7.5 cm wide and 9.5
cm high) in the front (Brown et al., 2005). A metal ring was placed underneath the box
to form a D in a radius of 8 cm in front of the box (Fig. S.5.1). The box was positioned in
approximately 15 cm of water at the edge of the pool from which the fish were collected on
day 1. As a result, all fish were provided with the same experimental conditions, except
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that the fish collected at day 1 were released into an environment with which they were
more familiar than the fish collected on day 2. We statistically accounted for variation in
behavior between different days. Each fish was gently poured into the dark plastic box
and allowed to acclimate for 2 min. A single fish was measured at a time. After the
acclimation period, the trapdoor in the front of the box was opened and the fish was free
to emerge and to swim into the pool. For each fish, both the time taken to emerge from
the box after opening the trapdoor and the time to cross the metal ring was recorded.
If the fish had not emerged from the box and crossed the metal ring after 10 min, we
terminated the trial. Boldness was then defined as (i) the time taken for the fish’s snout
to emerge from the box (boldness score), and (ii) the time the fish took to cross the metal
ring minus the time it took to emerge from the box (hesitancy) (Brown et al., 2005).

5.2.4 Statistical analysis

All analyses were carried out in R v 3.6.3 (R Core Team, 2020): mixed models were fitted
in a Bayesian framework using the MCMCglmm package (Hadfield, 2010). Convergence was
assessed by visual examination of the traces and the autocorrelations of the parameter
chain was checked to be less than 0.1. The priors, number of MCMC chains, iterations,
burnin, and thinning are given in the Supplementary Information. Negative binomial
models were fitted using the glmmTMB package (Brooks et al., 2017).

To identify site-specific environmental sources of variation in black spot infestation, we
modeled the proportion of parasitized individuals per sampling location in a series of
generalized linear models using Maximum Likelihood and a logit link for the binomial-
distributed response (Table S.5.2). Fixed effects in the full model included the elevation
of the sampling location, mean river width and depth, as well as mean water velocity
(all z-standardized). The models were ranked on the basis of Akaike’s information cri-
terion adjusted for small sample sizes (AICc) (Burnham & Anderson, 2002). However,
collinearity among the environmental variables (Table S.5.3) causes difficulties in choosing
the ‘best’ model, as several models each containing different (but correlated) predictors
may provide similar fits (Freckleton, 2011). Rather than selecting the ‘best’ model ac-
cording to the AICc, we computed model-averaged parameters based on the models with
AAICc < 2 (Grueber et al., 2011). Specifically, each parameter estimate was averaged
over the models in which that predictor appears and was weighted by the summed weights
of these models (Burnham & Anderson, 2002). For the subsequent statistical analyses,
we only used the data from locations where black spot disease (BSD) was found (at 16
out of 19 sampling locations; Table S.5.1).

To quantify individual sources of variation in black spot infestation, we fitted parasite
load (number of black spots per female) as a function of the proportion of maternal body
fat and standard length in a generalized linear mixed model using Maximum Likelihood
and a log link for the negative binomial-distributed response. The negative binomial
model accounts for over-dispersion arising from individual heterogeneity in parasite load.
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Sampling location (i.e. population) was fitted as random intercept accounting for spatial
non-independence of observations.

The potential life-history consequences of black spot infestation were evaluated by fitting
the maternal life-history traits (egg mass at fertilization, offspring mass at birth, pro-
portion of egg and offspring fat, reproductive allotment, average brood size, fecundity,
superfetation, and abortion incidence) as a function of parasite load (number of black
spots per female) in a multivariate (generalized) linear mixed effects model allowing for
the covariance between the residuals of all responses. Additional fixed effects included
the proportion of maternal body fat, which is believed to be a good indicator of fish con-
dition (Leips et al., 2013), and maternal standard length (Hagmayer et al., 2018). In the
case of reproductive allotment, fecundity and superfetation, the developmental stage of
the most-developed brood was fitted as an additional fixed effect to account for females
early in the reproductive cycle. Sampling location (i.e. population) was fitted as random
intercept accounting for spatial non-independence of observations.

To optimize normality and homoscedasticity of model residuals, reproductive allotment
was In-transformed, and abortion incidence, proportion of egg and offspring fat, and
maternal body fat were arcsin square-root transformed. Fecundity and superfetation were
fitted in generalized linear mixed effects models using a log link for the Poisson-distributed
responses.

Behavioral responses to black spot infestation were evaluated by first modelling the prob-
ability of a fish emerging from the box and crossing the metal ring. For this, a binary
variable indicting whether an individual emerged from the box and crossed the metal ring
was fitted as a function of parasite load (number of black spots), sex, day, and standard
length in a generalized linear model using Maximum Likelihood and a logit link for the
binomial-distributed response. An additional predictor was the time difference (s) be-
tween the behavioural trial and capture (z-standardized). However, this effect was not
significant (x12 = 0.560, P = 0.454) and thus excluded from any further analysis. Second,
both the boldness score (the time taken to emerge from the box) and hesitancy (the time
the fish took to cross the metal ring minus the time it took to emerge from the box)
were each fitted as a function of parasite load (number of black spots), sex, day, and
standard length in generalized linear models using Maximum Likelihood and a log link
for the quasipoisson-distributed responses. In both cases, the time difference (s) between
the behavioural trial and capture (z-standardized) was not significant (boldness score:
F; = 0.788, P = 0.379; hesitancy: F; = 0.035, P = 0.853) and thus excluded from any
further analysis.

To compare the strength of individual relationships, all regression coefficients (/) were
standardized by multiplying with the phenotypic standard deviation of the predictor
variable and dividing by the phenotypic standard deviation of the response variable
(Schielzeth, 2010). In the case of non-Gaussian distributed responses, the phenotypic
standard deviation of the response variable was indirectly estimated according to Menard
(2011). The resulting effect sizes (5*) take values between —1 and 1.
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5.3 Results

5.3.1 Environmental sources of variation in black spot infestation among populations

We found substantial variation in black spot infestation among and within the populations
of Poeciliopsis retropinna (Fig. 5.1). Particularly, the proportion of parasitized individuals
was negatively correlated with elevation of the sampling location (* = —0.317, z = 2.068,
P = 0.039; Table S.5.4; Fig. 5.2a), mean river width (f* = —0.378, z = 2.475, P = 0.013;
Table S.5.4; Fig. 5.2a), and mean river depth (5* = —0.337, z = 2.351, P = 0.019; Table
S.5.4; Fig. 5.2a). Moreover, the proportion of parasitized individuals tended to negatively
correlate with mean water velocity (5* = —0.250, z = 1.580, P = 0.114; Table S.5.4; Fig.
5.2a).
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Fig. 5.1. (a) Immature and (b) adult female Poeciliopis retropinna with low and high parasite
load (number of black spots), respectively. (c) Boxplot showing variation in parasite load among
and within sampling locations (i.e. populations).
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5.3.2 Maternal sources of variation in black spot infestation within populations

Individual parasite load (number of black spots per female) was positively associated
with maternal standard length (5* = 0.302, z = 3.708, P < 0.001; Table S.5.5; Fig.
5.2b) and tended to decrease with increasing proportion of maternal body fat, though not
significantly (8* = —0.186, z = —1.709, P = 0.087; Table S.5.5; Fig. 5.2¢c).

027 (a) 12 | ® P =0.00021 | (e) P =0.087

£ 00 10 L
]

=
]
N o
» N s L i
- =
O G 02— i
e O o
O ®
- & 2 5L |
g %
S © 04 o
< O ©
® B o
2 g T i
29
5 06

2 F |
-0.8- ok ___——-’// | \

N
'\OQ '8& S .© 1 1 1 1 1 1 1 1 1 1 1 1
&S
S & 42 48 54 60 66 72 0 0.1 0.2 0.3 0.4 0.5

SN
é‘f Standard length (mm) Proportion body fat

Fig. 5.2. (a) Standardized effect size (£ 95% Cl) of the environmental variables (elevation of the
sampling location, mean river width, mean river depth, mean water velocity) on the proportion
of parasitized Poeciliopsis retropinna females within a sampling population. The effect sizes are
calculated based on the model-averaged parameters given in Table S5.5.4 and take values between
—1 and 1. Significant relationships are indicated with an asterisk (*). (b) Individual parasite
load (number of black spots per female) as a function of maternal standard length (n = 302).
(c) Individual parasite load as a function of proportion of maternal body fat (n = 302). The
relationships in (b) and (c) were estimated in the generalized linear mixed effects model described
in Table S.5.5. The model predictions account for the proportion of maternal body fat in (b) and
maternal standard length in (c) that are kept constant at the overall mean (i.e. body fat = 0.15,
standard length = 55 mm). Data points correspond to the ‘jittered’ raw data. P-value is given at
the top.
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Fig. 5.3. Life-history characteristics of Poeciliopsis retropinna in relation to black spot infestation.
(a) Offspring dry mass at birth (developmental stage 45) (n = 132), (b) proportion offspring
fat at birth (n = 132), (c) egg dry mass at fertilization (developmental stage 2) (n = 109), (d)
proportion egg fat at fertilization (n = 99), (e) absolute dry reproductive allotment (n = 287), (f)
average brood size (n = 282), (g) maternal fecundity (number embryos in all broods combined)
(n = 282), (h) degree of superfetation (n = 288), and (i) abortion incidence (n = 288) (£ 95%
Cl) as a function of parasite load (number of black spots per female) estimated in the models
described in Table S.5.6. All model predictions account for the proportion of maternal body fat
and maternal standard length, which are kept constant at the overall population mean (i.e. body
fat = 0.15, standard length = 55 mm). In (e) and (g)—(h), the developmental stage of the most-
developed brood carried by the female is kept constant at the overall median (i.e. developmental
stage 42.5). Data points correspond to the population-specific raw data. Pyicnmc-value is given
at the top of each panel.
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Fig. 5.4. Standardized effect size (£ 95% Cl) of parasite load (number of black spots per female)
on maternal life-history traits (offspring dry mass at birth, proportion offspring fat at birth, egg
dry mass at fertilization, proportion egg fat at fertilization, absolute dry reproductive allotment,
average brood size, fecundity, superfetation, abortion incidence). The effect sizes take values
between —1 and 1. Significant relationships are indicated with an asterisk (*).
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5.3.3 Life-history consequences of black spot infestation

Independent of maternal standard length and body fat, heavily parasitized female P.
retropinna produced smaller offspring at birth (55 mean = —0.240, 95% CI = —0.407- —
0.058, Pycmce = 0.014; Table S.5.6a; Fig. 5.3a, 5.4) that tended to have a lower pro-
portion of body fat (8%, mean = —0.180, 95% CI = —0.398-0.042, Pycmc = 0.110;
Table S.5.6b; Fig. 5.3b, 5.4). In contrast, parasite load did not correlate with egg
mass (Bostmean = —0.026, 95% CI = —0.223-0.180, Pycmc = 0.818; Table S.5.6¢;

Fig. 5.3c, 5.4) or the proportion of egg fat at fertilization (8}, nean = —0.056, 95%

CI = —0.303-0.193, Pycme = 0.658; Table S.5.6d; Fig. 5.3d, 5.4). Likewise, parasite

load was not associated with absolute dry reproductive allotment (37, mean = —0.050,

95% CI = —0.130-0.027, Pycmc = 0.198; Table S.5.6e; Fig. 5.3e, 5.4), average brood
size (B0 smean = —0.046, 95% CI = —0.129-0.043, Pyome = 0.288; Table S.5.6f; Fig.
5.3f, 5.4), fecundity (B7ostmean = —0.022, 95% CI = —0.101-0.051, Pycmc = 0.560; Ta-
ble S.5.6g; Fig. 5.3g, 5.4), superfetation (87 mean = 0-001, 95% CI = —0.106-0.105,
Pucenve = 0.936; Table S.5.6h; Fig. 5.3h, 5.4), or abortion incidence (37 = 0.012,

post.mean
95% CI = —0.136-0.165, Pycume = 0.892; Table S.5.6i; Fig. 5.3, 5.4).

5.3.4 Boldness responses to black spot infestation

The probability of emerging from the box and crossing the metal ring tended to decrease
with increasing standard length, though not significantly (5* = —0.732, z = —1.715,
P = 0.086; Table S.5.7; Fig. 5.5a). This decrease was similar in females and males
(B* =0.228, z = 0.663, P = 0.507; Table S.5.7; Fig. 5.5a). In contrast, the probability of
emerging from the box and crossing the metal ring did not correlate with parasite load
(number of black spots) (8* = 0.084, z = 0.254, P = 0.800; Table S.5.7; Fig. 5.5a), but
tended to correlate with measurement day (* = —0.443, z = —1.761, P = 0.078; Table
S.5.7).

The boldness score (the time taken to emerge from the box) did not correlate with stan-
dard length (5* = 0.082, ¢t = 0.448, P = 0.656; Table S.5.8; Fig. 5.5b), sex (8* = 0.080,
t = 0.606, P = 0.547; Table S.5.8; Fig. 5.5b), and parasite load (8* = —0.070, t = —0.372,
P = 0.712; Table S.5.8; Fig. 5.5b). However, fish measured on day 2 took longer to
emerge from the box than fish measured on day 1 (5* = 0.435, t = 3.232, P = 0.002;
Table S.5.8).

Finally, hesitancy (the time the fish took to cross the metal ring minus the time it took
to emerge from the box) tended to increase with increasing standard length, though not
significantly (* = 0.375, t = 1.824, P = 0.075; Table S.5.9; Fig. 5.5¢). Moreover, males
tended to be more hesitant than females (f* = 0.249, t = 1.853, P = 0.071; Table S.5.9;
Fig. 5.5¢). In contrast, hesitancy was not associated with parasite load (5* = —0.055,
t = —0.325, P = 0.747; Table S.5.9; Fig. 5.5¢) or measurement day (5* = 0.198, t = 1.650,
P =0.107; Table S.5.9).
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Fig. 5.5. Boldness responses of Poeciliopsis retropinna to black spot infestation assessed in the
field. (@) Probability of emerging from the box and crossing the metal ring (n = 60), (b) boldness
score (time taken to emerge from the box) (n = 56), and (c) hesitancy (the time the fish took
to cross the metal ring minus the time it took to emerge from the box) (n = 46) as a function of
sex (black line: females; grey line: males), standard length (left panels) and parasite load (number
of black spots; right panels) estimated in the models described in Table S.5.7-S.5.9. All model
predictions account for the number of parasites (left panels) and standard length (right panels),
which are kept constant at the sex-specific population mean (i.e. number parasitesy = 29, number
parasitesy = 10, standard lengthy = 44, standard lengthy = 36 mm). Measurement day is kept
constant at day 1. Data points (black: females; grey: males) correspond to the raw data; ‘jittered’
in (@). P-value for the effect of standard length (left panels) and parasite load (right panels) are
given in each panel. 108
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5.4 Discussion

Parasites can affect the survival and reproductive success of their hosts (Bush et al., 2001).
In order to reduce these fitness costs of parasitism, hosts can respond on a physiological,
morphological or behavioral level (Richner, 1998). Here we examined the importance
of black spot disease (BSD) in shaping life history and behavior in the placental live-
bearing fish species Poeciliopsis retropinna. We found substantial variation in black spot
infestation among and within the study populations. The proportion of parasitized indi-
viduals in a population was negatively correlated with elevation of the sampling location,
mean river width, mean river depth, and tended to negatively correlate with mean water
velocity. Within populations, individual parasite load (i.e. the number of black spots
per female) was positively associated with maternal standard length, but tended to de-
crease with increasing proportion of maternal body fat. Parasite load did not correlate
with other maternal life-history traits, such as fecundity, reproductive allotment, super-
fetation, or abortion incidence. However, heavily parasitized females produced smaller
offspring at birth that tended to have a smaller proportion of body fat, while the size
and quality of eggs at fertilization remained unaffected. Finally, independently of body
size, parasite load was not associated with an individual’s boldness (boldness score and
hesitancy).

5.4.1 Environmental sources of variation in black spot infestation among populations

The trematode that is causing BSD relies on water snails and fish as intermediate, and
piscivorous birds as final, hosts during its life-cycle (Lane & Morris, 2010). Environmental
variables are thereby likely to affect the relative abundance of hosts and the probability
of free-living parasite life stages successfully invading the hosts. Relating parasitism to
environmental variables may, therefore, shed light on the abiotic conditions that favor the
chance of the parasite completing its life-cycle.

For example, we found that the proportion of parasitized individuals increases with de-
creasing elevation of the sampling location. In other words, the probability of BSD is
higher in coastal rivers near the ocean compared to high-altitude inland rivers. In Costa
Rica, inland rivers are typically enclosed by dense canopy and drain from steep mountain
environments, whereas lowland rivers are often free of vegetation. Piscivorous birds are
visually oriented predators and shade due to increased vegetation cover decreases their
foraging success (Trexler et al., 1994; Penaluna et al., 2016). Bird predation is thus likely
higher for fish in the open canopy lowland rivers compared to the closed canopy inland
rivers. Because piscivorous birds are obligatory final hosts, open canopy areas may in-
crease the chance of the parasite completing its life-cycle, thereby partly explaining the
higher proportion of infested females in lowland regions. A decrease in elevation is fur-
thermore associated with an increase in water temperature. The production of cercariae
in intermediate snail hosts has been shown to be profoundly influenced by increasing
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temperature, which causes an increase in cercarial output and hence a greater number of
cercarial infective stages in aquatic habitats (Poulin, 2006). Thus, the increasing propor-
tion of infected individuals with decreasing elevation may be the result of both warmer
water and open canopies, which facilitate parasite reproduction in their intermediate and
final hosts, respectively.

We further found that the proportion of parasitized individuals decreases with increasing
river width and depth. In other words, the probability of BSD is higher in smaller (i.e.
narrower and shallower) compared to larger (i.e. wider and deeper) rivers. The density of
the parasite’s intermediate hosts (i.e. the number of water snails and fish per unit volume
of water) is likely to be inversely related to river size. As a result, the chance of the parasite
finding a host may decrease with increasing river size. Moreover, piscivorous birds are
more effective predators in shallow near-shore water (Whitfield & Cyrus, 1978; Kramer
et al., 1983). This means that the higher observed proportion of infested individuals with
decreasing river width and depth might be related to both a higher parasite density and
higher probability of parasitized fish getting eaten by their final hosts thereby completing
the parasite life-cycle.

The probability of BSD further tended to decrease with increasing water velocity, being
higher in slow flowing or stagnant rivers compared to fast flowing rivers. This may be
related to the locomotor ability of the miracidia and cercariae that infect water snails and
fish, respectively. Both of these life stages are relatively small (< 1 mm) and although they
are motile free-living stages (Hoffman & Putz, 1965), they have very limited swimming
capabilities (Koehler et al., 2012). The chance that free-swimming miracidia and cercariae
find and successfully invade intermediate snail or fish hosts might therefore decrease with
increasing flow velocities, because they may get washed away before successfully invading
a host (Marcogliese, 2016).

Nevertheless, the observed correlations with parasite load should be interpreted with care,
as we only measured a limited set of environmental variables. The exclusion of variables
that are potentially important for parasite ecology could lead to spurious correlations.
Therefore, future studies focusing on parasite ecology should include a broader set of
local environmental variables (e.g. density of snails and piscivorous birds).

5.4.2 Maternal sources of variation in black spot infestation within populations

We found that individual parasite load (number of black spots per female) is positively
correlated with maternal standard length: larger fish carry more parasites. This is likely
due to two non-mutually exclusive effects: a time (age) effect and a fish size effect. First,
the fibrous capsule and melanocyst wall surrounding the parasite prevent parasites from
easily being exocytosed from the host (Cureton et al., 2011). This means that parasites
will remain embedded in the skin until the fish dies (or gets eaten by the parasite’s
final host) and that the number of parasites on an individual will (independent of fish
size) increase over time due to continued exposure to the parasites. Second, larger fish
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are simply able to carry more parasites, because growth is associated with an increase
in skin surface area to which parasites can attach. Therefore, the observed relationship
between parasite infestation and standard length may be the result of (i) an accumulation
of parasite infection over time (with age), and (ii) increase in skin surface area to which
parasites can attach during body growth.

Independent of standard length, parasite load tended to be higher for females with low
proportion of body fat, though not significantly. The proportion of maternal body fat is
believed to be a good indicator of fish condition (Leips et al., 2013) and may thus affect,
or be affected by, parasitism. Specifically, a poor body condition might be expected to be
associated with a high parasite load, either because worse-conditioned individuals are more
susceptible to the parasite (less energy for immune function), or the host’s response to the
parasite encapsulation is energetically expensive (Lane & Morris, 2010; Cureton et al.,
2011). For instance, BSD was shown to reduce the body condition of smallmouth bass
(Micropterus dolomieui) (Hunter & Hunter, 1938) and juvenile bluegill sunfish (Lepomis
macrochiris) (Lemly & Esch, 1984). However, there was no evidence for a reduced body
condition in infected females of the poeciliid fish Gambusia affinis (Cureton et al., 2011).
Likewise, there was no clear association of parasite load with body condition in our study,
and thus, BSD may not invoke an energetic demand strong enough to reduce maternal
fat reserves in P. retropinna.

5.4.3 Life-history consequences of black spot infestation

Parasites can change the allocation of resources to different functions such as growth,
reproduction, survival, and maintenance by inducing shifts in the optimum of life-history
traits (Michalakis & Hochberg, 1994; Sheldon & Verhulst, 1996; Richner, 1998).

We found that BSD does not correlate with maternal fecundity, reproductive allotment,
superfetation, or abortion incidence. However, independent of maternal body fat and
size, heavily parasitized females produce smaller and worse-conditioned offspring at birth,
while egg size and quality at fertilization remain unaffected. Specifically, an increase
in maternal parasite load by five black spots, decreases the mass of offspring at birth
by 8.73% and the proportion of offspring body fat by 2.57%. In placental live-bearing
fish, resource allocation to offspring takes place during two distinct periods (Wourms,
1981). Part of the nutrients are supplied pre-fertilization during oogenesis and stored
as high-energy yolk (Wallace & Selman, 1981). The rest of the nutrients are transferred
post-fertilization to the developing embryos throughout gestation (Wourms, 1981). The
latter is achieved through a follicular placenta, roughly an analog to the mammalian
placenta (Turner, 1940). In general, the amount of resources a female can transfer to
her developing offspring per unit of time is the result of a balance between maternal
energy uptake (via feeding), her own caloric utilization (maintenance) and the amount of
excess energy that is subsequently available for reproduction (Stearns, 1992). In parasitic
environments, hosts may allocate an increased amount of resources to parasite defense
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that might otherwise have been used for different functions (Sheldon & Verhulst, 1996).
It is thus possible that parasitized females simply have less energy available that can
be used to invest in developing embryos, which results in the production of smaller and
worse-conditioned offspring at birth.

Furthermore, the degree of post-fertilization maternal provisioning has been shown to be
positively correlated with the elaboration of the structures that form the interface between
the mother and offspring, and hence to reflect the complexity of placental morphology
(Kwan et al., 2015; Olivera-Tlahuel et al., 2019). Producing such a highly elaborate
tissue is presumably energetically costly. In mice, maternal malnutrition was shown to
impact placental morphology, which consequently leads to impaired placental functioning
and insufficient nutrient provisioning to embryos (Connor et al., 2020). In placental
poeciliid fish, maternal malnutrition is known to lead to smaller offspring at birth (Reznick
et al., 1996b; Banet et al., 2010; Pollux & Reznick, 2011). Smaller offspring have lower
competitive abilities (Bashey, 2006) and lower swimming capabilities (e.g. Dial et al. 2016;
Lankheet et al. 2016), and thus, presumably lower fitness in adverse resource environments
(Reznick et al., 1996b; Banet et al., 2010; Pollux & Reznick, 2011). However, to what
extent parasitism might potentially negatively impact placental functioning in poeciliid
fish, either directly or indirectly by shifting the energy investment required to form an
elaborate placental structure more towards other functions, is currently unknown and
requires further investigation.

5.4.4 Boldness responses to black spot infestation

Parasitism plays a potentially important role in shaping aspects of animal personalities,
such as exploration, activity or boldness (Barber & Dingemanse, 2010). We found that
parasite load does not correlate with our measurement of boldness (boldness score and
hesitancy) in P. retropinna, suggesting that potential parasite-induced behavioral modi-
fications are not reflected by an individual’s boldness in this species. Bolder individuals
typically engage in more risky behavior to obtain food (Chapman et al., 2010). This
increases resource-intake rates, but also their vulnerability to predators (Godin & Smith,
1988). The adaptive significance of risk taking, therefore, depends on the cost/benefit
ratio of being bold in different situations (Sih et al., 2004). Specifically, parasitism may
favor high levels of boldness, when the compensation of the parasite-induced fitness costs
is efficient (Kortet et al., 2010). For instance, increased boldness may enable parasitized
individuals to effectively compensate for the extra nutritional requirements caused by the
parasite (Giles, 1983). Alternatively, parasitism may favor low levels of boldness, when
individuals have little or no means of compensating for the costs (Kortet et al., 2010). In
P. retropinna, therefore, BSD may not invoke fitness costs large enough to favor either
increased or decreased levels of boldness. This is in line with our findings showing that
BSD is only weakly associated with a reduced maternal body condition (body fat reserves)
or fecundity.
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In contrast, we found that the probability of emerging from the box and crossing the metal
ring tends to decrease with increasing standard length in males and females. Moreover, if
an individual emerges from the box and crosses the metal ring, larger fish take longer to
do so. In other words, larger fish tend to be more hesitant. However, although the effect
sizes for both relationships were moderate to large (55 opapitity = —0-732; Bhesitancy = 0-375)
neither were significant, which is likely the result of the small sample size and hence low
statistical power. The negative relationship between boldness and body size was best
explained by the so-called metabolic hypothesis in other poeciliids (Brown & Braithwaite,
2004; Brown et al., 2005). Specifically, smaller individuals have lower body fat reserves
and faster metabolic rates, and may thus be compelled to leave a secure shelter sooner to

maximize feeding opportunities (Krause et al., 1998; Skalski & Gilliam, 2002).

5.5 Conclusion

Parasites can change the allocation of resources to different functions such as growth,
reproduction, survival, and maintenance by inducing shifts in the optimum of life-history
traits (Michalakis & Hochberg, 1994; Sheldon & Verhulst, 1996; Richner, 1998). Placen-
tal live-bearing fish transfer nutrients to their developing embryos throughout pregnancy
via a placenta (Wourms, 1981). Parasite infestation of females during pregnancy could
potentially influence embryo development at different gestational stages. We show that
BSD is associated with a reduction in post-fertilization maternal provisioning resulting
in the production of smaller and worse-conditioned offspring at birth. These parasitized
females may be physiologically unable to produce larger offspring, either because of less
resources available to invest in developing embryos or because of placental malfunction-
ing. Our study herewith identified an important potential cost of trematode infestation
in placental live-bearing fish, which is a reduced maternal nutrient provisioning to em-
bryos, resulting in smaller size and quality, and potentially lower fitness, of offspring at
birth.

S.5 Supplementary Information

5.5.1 Supplementary Methods

S.5.1.1 Measurements of water parameters

The water velocity was measured at each location to the nearest 0.01 m-s~! with a
Hontzsch Vane Wheel FA current meter (type ZS30 GFE md20 T/100-2/p10, Héntzsch
Instruments, Waiblingen, Germany). Depending on the uniformity of the flow, the water
velocity was taken at 9-17 incremental observation points across a transect of the stream.
At each observation point, the mean water velocity was defined as the average of three

repeated measurements at a height above the stream bed equal to 0.4 times the depth
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at that location. When the water depth exceeded 60 cm, the mean water velocity was
calculated as the average between the velocities measured at 0.2 times the water depth
and 0.8 times the water depth (Hauer & Lamberti, 2007).

S.5.1.2 Laboratory measurements

The standard length of preserved specimens was measured to the nearest mm from the
tip of the upper jaw to the outer margin of the hypural plate, using a caliper. Female
dry mass was measured to the nearest 0.01 mg on a Mettler Toledo XP205 delta range
(Mettler Instruments Corp., Hightstown, New Jersey, USA) after removing the ovary and
air-drying the female overnight at 60°C in a drying oven. Female lean mass was measured
by extracting the fat twice with anhydrous diethyl ether (Fisher Scientific) to remove
triglycerides, and by subsequently air-drying and re-weighting the female (see above).
The proportion of maternal body fat was then calculated by subtracting maternal lean
mass from maternal dry mass divided by maternal dry mass. The embryo dry mass for
a given brood was calculated as the dry mass of the brood, measured to the nearest 0.01
mg after air-drying overnight at 60°C (see above), divided by the number of embryos in
the brood (Pollux & Reznick, 2011).

Fig. S.5.1. Schematic illustration of the plas-
tic box (17x12x11.5 cm) used to assess an
individual's boldness in the field. The box was
positioned in approximately 15 cm of water on

the edge of the pool. A metal ring was placed
underneath the box to form a D in a radius
of 8 cm in front of the box. A single fish was
placed at a time in the box with a lid on the
top. After an acclimation period of 2 min, a
trapdoor (7.5 cm wide and 9.5 cm high) in
the front of the box was opened and the fish

was free to emerge and to swim into the pool.
Individual fish were observed from above until
they crossed the metal ring.

114



Supplementary Information

Table S.5.1. Sampling locations (plus coordinates), sampling dates, parasitism (i.e. proportion of

parasitized females), and number of collected (n) and pregnant (npcq) females at each location.

Location River Parasitism  Coordinates Sampling date n Npreg
Canaza Rio Canaza 1.00 N 08° 38', W 83° 10" 08.03.2017 10 10
Caracol Rio Caracol 0.16 N 08° 39', W 83° 00" 09.03.2017 25 25
Claro Rio Coto Colorado 0.00 N 08° 41', W 83° 06’ 09.03.2017 15 15
Conte Rio Conte 0.00 N 08° 26, W 83° 02" 07.03.2017 7 7
Palmar Norte Rio Balsar 0.25 N 08° 59, W 83° 31" 11.03.2017 32 31
Seco Rio Seco 0.08 N 08° 39', W 82° 56’ 06.03.2017 25 23
Coloradito middle Rio Coloradito 0.27 N 08° 35", W 82° 52" 05.03.2017 37 36
Porto Grande Rio Guineal 0.20 N 09° 01', W 83° 09’ 01.03.2017 10 10
Ceibo upstream Rio Ceibo 0.05 N 09° 12', W 83° 18" 27.02.2017 22 21
Bonito Rio Bonito 0.87 N 08° 43', W 83° 12" 25.03.2018 15 14
Esquinas Rio Esquinas 0.10 N 08° 44', W 83° 10" 24.03.2018 20 17
Sabalo Rio Sabalo 1.00 N 08° 52", W 83° 19" 26.03.2018 15 15
Abrojo Rio Abrojo 0.25 N 08° 37", W 82° 52" 23.03.2018 12 12
Corredor Rio Corredor 0.30 N 08° 40', W 82° 54’ 23.03.2018 20 20
Jaballo Quebrada Jaballo  0.80 N 08° 57", W 83° 06" 16.03.2018 5 5
Pavon Rio Balsar 0.29 N 09° 00', W 83° 31" 26.03.2018 17 17
Singri Rio Singri 0.00 N 08° 59', W 83° 06’ 15.03.2018 6 6
Tinoco Rio Tinoco 1.00 N 08° 54', W 83° 22" 26.03.2018 18 18
Coloradito upstream Rio Coloradito 0.35 N 08° 35', W 82° 51" 25.03.2018 20 20
Total 331 322
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Table S.5.3. Pairwise Pearson correlation between the measured environmental variables at each
sampling location.

water velocity river depth river width elevation

water velocity 1.000 0.217 0.298 0.410
river depth 0.217 1.000 0.821 0.225
river width 0.298 0.821 1.000 0.163

elevation 0.410 0.225 0.163 1.000

Table S.5.4. Model-averaged parameters predicting variation in the probability of black spot
infestation. The probability of black spot infestation was modeled as the proportion of parasitized
individuals per sampling location using Maximum Likelihood and a logit link for the binomial-
distributed response. Particularly, each parameter estimate is averaged over the models in the
‘top model set’ (AAICc < 2; Table S.5.2) in which that predictor appears and is weighted by the
summed weights of these models (Burnham & Anderson, 2002).

Estimates
B SE  adj. SE z P Sig.
intercept —0.835 0.139 0.150 5.566 0.000 ***
elevation* —0.413 0.185 0.199 2.068 0.039 *
river width* —0.492 0.186 0.199 2475 0.013 *
river depth* —0.439 0.176 0.187 2351 0.019 *
water velocity* —0.325 0.192 0.206 1580 0.114 ns.

*z-standardized; (3: regression coefficient; significant codes:
P < 0.001"*, < 0.01*, <0.05%, > 0.05 n.s.

Table S.5.5. Fixed and random effects in explaining variation in parasite load (number of black
spots per female) estimated in a generalized linear mixed model using Maximum Likelihood and
a log link for the negative binomial-distributed response. The model was fitted using the package
glmmTMB (Brooks et al., 2017).

Fixed effects
I53 SE z P Sig.
intercept —3.339 1.584 -—-2.109 0.035 *
proportion maternal body fat* —3.041 1.780 —1.709 0.087 n.s.
maternal standard length  0.078 0.021 3.708 0.000 ***

Random effects

Variance 2.5% confidence level 97.5% confidence level
population  0.1478 0.0004 0.6588

*arcsin square-root transformed; (: regression coefficient; signifi-
cant codes: P < 0.001"**, < 0.01**, < 0.05*, > 0.05 n.s.
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Table S.5.6. Fixed and random effects in explaining variation in maternal life history. (a) Offspring
dry mass at birth (developmental stage 45), (b) proportion offspring fat at birth, (c) egg dry mass
at fertilization (developmental stage 2), (d) proportion egg fat at fertilization, (e) absolute dry
reproductive allotment, (f) average brood size, (g) maternal fecundity (number embryos in all
broods combined), (h) degree of superfetation, and (i) abortion incidence estimated using the
MCMCglmm package (Hadfield, 2010). All traits were fitted in a multivariate (generalized) linear
mixed effects model allowing for the covariance between the residuals of all responses. The default
normal priors were used for the fixed effects with the expected value of 0 and variance 10'2.
Inverse-Wishart priors were used for the residual variances with the expected value of 1 and degree
of belief of 0.02. The number of iterations was 5,500,000, with a burnin of 500,000 and a thinning
of 5000.

(a) Offspring dry mass at birth
Fixed effects
5post.mean 25% Cl 975% Cl eff.samp PMCMC Sig.

intercept 0.717 —4.129 5.755 1181.800 0.754 n.s.
parasite load* —0.125 —0.212 —0.029 1073.222 0.014 *
maternal standard length 0.062 —0.012 0.137 1000.000 0.100 n.s.

proportion maternal body fatf 9.392 3.697 15.395 1000.000 0.001  ***

Random effects
2 25% Cl 97.5% Cl  eff.samp

Jpost .mean

population identity ~ 0.6397 0.0048 1.8228  1000.0000

(b) Proportion offspring fat at birth
Fixed effects
Bpost.mean  2.5% CI 97.5% Cl  eff.samp Pycmc  Sig.
intercept 0.398 0.291 0.495 1129.907  0.001  ***
parasite load®*  —0.001 —0.003 0.000 1000.000 0.110 ns.
maternal standard length 0.001 —0.001 0.002 1000.000 0.216  n.s.
proportion maternal body fatf 0.263 0.136 0.365 1000.000 0.001  ***

Random effects
2 25% Cl 97.5% Cl  eff.samp

Upost .mean

population identity ~ 0.0026 0.0011 0.0050  1000.0000

118



Supplementary Information

(c) Egg dry mass at fertilization

Fixed effects

5post.mean 25% Cl 975% Cl eff.samp PMCMC Sig.
intercept 0.154 0.037 0.279 1000.000  0.014 *
parasite load* —0.000 —0.003 0.002 612.852 0.818 ns.
maternal standard length 0.003 0.002 0.005 1000.000  0.001  ***
proportion maternal body fatt ~ —0.026 —0.182 0.103 1000.000 0.722 n.s.
Random effects
02 ostmean  2:5% Cl 97.5% Cl  eff.samp
population identity ~ 0.0037 0.0016 0.0069  1000.0000
(d) Proportion egg fat at fertilization
Fixed effects
Bpost.mean  2.5% ClI 97.5% Cl  effsamp Pycmc  Sig.
intercept —0.028 —0.346 0.228 1000.000 0.852 n.s.
parasite load®*  —0.001 —0.005 0.004 1201.242  0.658 n.s.
maternal standard length 0.003 —0.001 0.007 1000.000 0.248 n.s.
proportion maternal body fat! 0.244 —0.090 0.535 1000.000 0.124 n.s.
Random effects
02ostmean 2:5% Cl 97.5% Cl  eff.samp
population identity ~ 0.0047 0.0013 0.0093  1000.0000
(e) Absolute dry reproductive allotment
Fixed effects

ﬁpost‘mean 2.5% Cl 97.5% Cl eff.samp PMCMC Sig.
intercept  —7.020 —7.812  —6.239 1000.000 0.001  ***
parasite load®*  —0.009 —0.021 0.006 1000.000 0.198 n.s.
maternal standard length 0.069 0.057 0.080 1000.000 0.001  ***
proportion maternal body fatf —0.164 —0.988 0.719 1000.000 0.722 ns.
latest stage? 0.091 0.078 0.103 887.257 0.001  ***
latest stage?® 0.141 0.101 0.180 1000.000 0.001  ***
parasite load* x latest stage?  —0.000 —0.001 0.001 1000.000 0.648 n.s.

Random effects
o2 2.5% CI 97.5% Cl  eff.samp

post.mean

population identity 0.0806 0.0234 0.1661  909.5209
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(f) Average brood size

Fixed effects

5post.mean 25% Cl 975% Cl efF.samp PMCMC Sig.
intercept —10.298 —13.282 —7.187 1000.000 0.001  ***
parasite load* —0.025 —0.073 0.021 1101.574  0.288 n.s.
maternal standard length 0.316 0.275 0.359 1000.000 0.001  ***
proportion maternal body fatt ~ —5.020 —7.949  —1.567 1000.000 0.004 *x
Random effects
02 ostmean  2:5% Cl 97.5% Cl  eff.samp
population identity 2.7812 1.0072 5.2264  1000.0000
(g) Maternal fecundity
Fixed effects
Bpost.mean  2.5% ClI 97.5% Cl  effsamp Pycmc  Sig.
intercept —1.489  —2.187 —0.616 1000.000 0.001  ***
parasite load*  —0.003 —0.016 0.007 1108.687 0.560 n.s.
maternal standard length 0.053 0.043 0.064 1000.000 0.001  ***
proportion maternal body fatt  —0.666 —1.478 0.085 1000.000 0.096 n.s.
proportion maternal body fat?l  —0.021 ~ —0.067  0.026  818.957 0.434 ns.
latest stage¥ 0.031 0.024 0.039 897.857 0.001  *x*
Random effects
02 ostmean 2-5% Cl97.5% Cl  eff.samp
population identity  0.0832 0.0270 0.1640  1435.8285
(h) Degree of superfetation
Fixed effects
Bpost.mean  2.5% ClI 97.5% Cl  effsamp Pycmc  Sig.
intercept  —0.000 —0.837 0.840 1000.000 0.994 ns.
parasite load* 0.000 —0.015 0.016 1062.766  0.936 n.s.
maternal standard length 0.004 —0.009 0.016 896.360 0.574 ns.
proportion maternal body fatf 0.003 —0.891 0.883 1000.000 0.966 ns.
latest stage’ 0.020 0.009 0.029 680.016 ~ 0.001  ***
Random effects
02 ostmean  25% Cl 97.5% CI eff.samp
population identity ~ 0.0086 0.0014 0.0189  1000.0000

120



Supplementary Information

(i) Abortion incidence
Fixed effects
Bpost.mean  2.5% ClI 97.5% Cl  effsamp Pycmc  Sig.
intercept 0.172 —0.199 0.604 1000.000 0.388 n.s.
parasite load* 0.001 —0.006 0.008 1000.000 0.892 n.s.
maternal standard length ~ —0.002 —0.007 0.004 1000.000 0.546 n.s.
proportion maternal body fatf 0.465 0.028 0.878 1000.000 0.034 *

Random effects
02 ostmean 2:5% Cl 97.5% Cl  eff.samp
population identity 0.0156 0.0031 0.0305 1000.0000

*number of black spots per female; farcsin square-root transformed; fmedian-centered
developmental stage of the most developed brood; $quadratic z-standardized develop-
mental stage of the most developed brood; !lquadratic z-standardized arcsin square-root
transformed proportion of maternal body fat; Ydevelopmental stage of the most devel-
oped brood; [Bpost.mean: POSterior mean of regression coefficient; Cl: confidence interval;
eff.samp: effective sample size; Pyomc: posterior bayesian p-value; significant codes:
Pycme < 0.0017, < 0.01**, < 0.05%, > 0.05 n.s.

Table S.5.7. Parameter estimates of the generalized linear model predicting variation in the
probability of emerging from the box and crossing the metal ring. Whether an individual emerged
from the box and crossed the metal ring was fitted as a binary variable (yes or no) using Maximum
Likelihood and a logit link for the binomial-distributed response.

Estimates
15} SE z P Sig.
intercept 8511 3.714 2292 0.022 *
standard length —0.153 0.089 —1.715 0.086 n.s.
males 0.806 1.216 0.663 0.507 n.s.
parasite load*  0.004 0.015 0.254 0.800 n.s.
day2 —-1.361 0.773 —-1.761 0.078 n.s.

*number of black spots per female; [3: regression co-
efficient; significant codes: P < 0.001***, < 0.01**,
< 0.05*, > 0.05 n.s.
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Table S.5.8. Parameter estimates of the generalized linear model predicting variation in the
boldness score (i.e. time taken to emerge from the box) (s) fitted using Maximum Likelihood and
a log link for the quasipoisson-distributed response.

Estimates
15} SE t P Sig.
intercept  3.153 1.120 2.814 0.007 **
standard length  0.013 0.028 0.448 0.656 n.s.
males 0.201 0.332 0.606 0.547 n.s.
day2 0970 0.300 3.232 0.002 **
parasite load* —0.002 0.006 —0.372 0.712 n.s.

*number of black spots per female; [3: regression co-
efficient; significant codes: P < 0.001***, < 0.01**,
< 0.05*, > 0.05 n.s.

Table S.5.9. Parameter estimates of the generalized linear model predicting variation in hesitancy
(s) fitted using Maximum Likelihood and a log link for the quasipoisson-distributed response.

Estimates
153 SE t P Sig.
intercept  2.198 1.293 1.699 0.097 n.s.
standard length  0.059 0.032 1.824 0.075 n.s.
males 0584 0315 1.8563 0.071 ns.
parasite load* —0.002 0.006 —0.325 0.747 n.s.
day 2 0.434 0.263 1.650 0.107 n.s.

“number of black spots per female; [3: regression co-
efficient; significant codes: P < 0.001**, < 0.01**,
< 0.05*, > 0.05 n.s.
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Abstract

The pattern of how mothers allocate resources to different functions such as mainte-
nance, somatic growth, and reproduction can have profound implications for early life
development and survival of subsequent generations. Here we examined to what extent
maternal food limitation during pregnancy affects offspring size and quality at birth, as
well as growth and locomotor performance after birth in the matrotrophic live-bearing fish
species Phalloptychus januarius (Poeciliidae). We fed females either with a ‘low-food’ or
‘high-food’ ration during seven weeks and measured size and body fat of their F;-offspring
at birth, at one week after birth, and as adults (nine months after birth). In addition,
we measured fast-start escape performance of Fi-offspring on the day of birth, as well
as the swimming kinematics during feeding at zero, two, and seven days after birth. Fi-
nally, we quantified the size of Fy-offspring during the first week after birth. We show
that maternal food restriction resulted in a decrease in maternal wet mass throughout
the experiment, leading to a reduced resource allocation to Fy-offspring size and body fat,
which was compensated only in the long-term (i.e. when adult). Although food restriction
did not impact the fast-start escape performance of Fi-offspring immediately after birth,
it negatively affected postnatal development of locomotor performance during feeding,
and thus, body condition and presumably fitness after birth. Maternal food restriction
had a negative effect on offspring size at birth in the Fy-generation, but the effect disap-
peared one week after birth. Our study suggests that matrotrophy in poeciliids is likely
a maladaptive strategy in fluctuating resource environments, because sudden reductions
in maternal food availability during pregnancy result in smaller offspring with a lower
locomotor performance during early life.

Keywords: life-history, live-bearing, matrotrophy, placenta, placentotrophy, Poeciliidae,
superfetation, viviparity

6.1 Introduction

How individuals allocate resources to different functions such as maintenance, somatic
growth, and reproduction is crucial for their life-history (Stearns, 1992). Different allo-
cations compete for limited resources, leading to trade-offs and a limited set of possible
life-history strategies (Braendle et al., 2011).

Besides intrinsic trade-offs and constraints, resource allocation and hence life-histories are
influenced by environmental factors, such as food availability (Boggs, 1992). Increased
maternal food availability enables a higher energy uptake, which can be allocated to
any function (van Noordwijk & de Jong, 1986). However, when food is scarce specific
functions may be prioritized over others. In lecithotrophic (i.e. yolk-feeding) live-bearing
fish, adverse food conditions may reduce maternal growth, fat reserves, and fecundity,
yet also increase the relative investment in offspring size (Reznick et al., 1996b; Bashey,
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2008). In this example, mothers adaptively modified offspring phenotype in preparation
for predicted, adverse environmental conditions (low food availability). This response is
presumably advantageous, as under competitive adverse food conditions, mothers gain
fitness benefits by producing larger offspring (Parker & Begon, 1986; Leips et al., 2013).
However, as optimal offspring size is given by the offspring size-performance relationship
that depends on the environment, the advantage of producing larger offspring at birth
diminishes or disappears in favorable environments (Parker & Begon, 1986; Bashey, 2008;
Leips et al., 2013), and the predicted optimal strategy for the mother is to produce more
numerous but smaller offspring (Jorgensen et al., 2011). If the maternal environment
reliably predicts future environmental conditions, females may evolve the ability to adap-
tively adjust offspring phenotype at birth, based on environmental cues (Mousseau & Fox,
1998b).

The modulation and timing of nutrient acquisition and allocation also affect life-histories
(Zera & Harshman, 2001). In matrotrophic live-bearing fish, experimental manipulations
of food availability can impact the pattern of resource allocation to offspring. Instead of
allocating all resources to the eggs prior to fertilization (i.e. lecithotrophy), matrotrophic
species transfer nutrients to their embryos throughout gestation via a placenta (Wourms,
1981; Reznick et al., 2002; Pollux et al., 2014). Because matrotrophic species continu-
ously supply embryos with resources, determination of brood size (i.e. number of embryos
per brood) and offspring size are decoupled (Pollux & Reznick, 2011). When resource
conditions during pregnancy suddenly deteriorate, matrotrophic species may not be able
to optimally provision their embryos. Because females cannot abort embryos in response
to food shortage and maternal fat reserves do not fully buffer females during gestation
(Reznick et al., 1996b; Banet & Reznick, 2008; Banet et al., 2010; Pollux & Reznick, 2011),
sudden resource declines inevitably result in smaller, worse-conditioned offspring at birth.
Small offspring size in low food conditions is associated with a lower survival. Therefore,
matrotrophy has been argued to be maladaptive in fluctuating resource environments
(Reznick et al., 1996b; Trexler & DeAngelis, 2003; Pollux & Reznick, 2011).

Differential resource allocation to offspring size at birth can impact postnatal develop-
ment and survival (Mousseau & Fox, 1998a). In fish, body size is linked to locomotor
performance (Gibb et al., 2006). Smaller offspring perform worse on fast-start escapes
(Dial et al., 2016), presumably decreasing survival probability in environments with high
predation risks. Prey-capture abilities immediately after birth also heavily depend on
swimming performance. New-born live-bearing fish are super-precocial, having func-
tional prey-capture abilities at birth and relying on active exogenous feeding after birth
(Lankheet et al., 2016). Moreover, they rapidly develop the visuo-motor skills required
for prey-capture during the first days after birth and effectively improve their success
rate, promoting food uptake and survival (Lankheet et al., 2016). Offspring size thus
affects locomotor performance and prey-capturing abilities after birth. However, it is still
unknown to what extent restricted maternal food availability during pregnancy affects off-
spring swimming performance in fast-start escapes and in prey-capture after birth.
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Because offspring size and performance influence fitness, selection might favor mechanisms
that mitigate negative effects of poor nutrition during early development. Compensatory
growth or the ability to increase growth rate above ‘routine’ rates, may be an adaptive
strategy to fully or even overcompensate body size in response to increased food avail-
ability following a period of growth restriction (Metcalfe & Monaghan, 2001). This was
shown in juvenile guppies (Poecilia reticulata) that could ‘catch-up’ their body size by in-
creasing growth rate after a food-restriction period (Auer, 2010). Compensatory growth is
thus a potential adaptive mechanism that may enhance the resilience of placental species
against the negative fitness consequences of being born small when maternal resources
are scarce. However, empirical evidence for compensatory mechanisms after birth and
the consequences for offspring performance in placental species is still lacking.

Here, we examine to what extent maternal food limitation during pregnancy affects growth
and locomotor performance of Fi-offspring after birth in the matrotrophic fish species
Phalloptychus januarius (family Poeciliidae; Hensel, 1868). Specifically, we measured: (i)
size and body fat of the Fy-offspring at different ages (i.e. 0 days, 7 days, and 9 months old),
(ii) fast-start escape performance at birth, and (iii) swimming kinematics while feeding
during the first week after birth, to quantify immediate and lasting effects of food limita-
tion during pregnancy on offspring size, quality, and locomotor performance. As a proxy
for locomotor performance, we focused on mean and maximum speed and acceleration of
fast-starts and feeding actions. Finally, we measured (iv) the size of Fa-offspring during
their first week after birth to reveal possible persistent effects in subsequent generations.
By combining the different measurements, we reveal consequences of maternal food lim-
itation for life-history variation, potential compensatory mechanisms against insufficient
maternal resource provisioning, and its implications for the quality and performance of
subsequent generations in a placental species.

6.2 Material and methods

6.2.1 Maternal food treatment during gestation

We conducted a 7-week experiment to study the effects of maternal resource limitation
during pregnancy by subjecting females to either a ‘low-food” (LF) or ‘high-food’” (HF)
ration, starting after week 1 (Fig. 6.1a). Prior to the experiment, we set up 50 8-L aquaria,
each containing one mature male and female P. januarius. The fish were fed ad libitum
until the start of the experiment, at which time the males were removed. Females were
re-mated once overnight, after three weeks, to ensure a sufficient supply of sperm. There
was a fourfold difference in food quantity between the LF and HF treatments, consisting
of either 25 pl (LF) or 100 pl (HF) liver paste in the morning and 25 pl or 100 pl of newly-
hatched brine shrimp (Artemia salina) in the afternoon. Previous experiments indicated
that the LF rations were sufficient to sustain reproduction while the HF rations were close
to ad libitum feeding (Pollux & Reznick, 2011). We measured female body length (to the
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nearest mm) and wet mass (to the nearest 0.1 mg) at the beginning of the food treatment
(i.e. after week 1) and at the end of the experiment (i.e. after week 7; Fig. 6.1a).

a ‘ Maternal food treatment ‘ Measurement of F -offspring ‘ e ‘ Measurement of F,-offspring ‘
b Offspring are born throughout the 7-week food treatment. Each week F -offspring that were reared to maturity
offspring were collected for various measurements at birth: were allowed to randomly mate. The

produced F,-offspring were collected and

£ ) held in the laboratory for one week for
c High food D Offspring for mass and body fat measuring body size after birth:

>

E Offspring for fast-start escape response

= ) o ) ] Measurement day 0 day2 day7
c l:‘ Offspring for swimming kinematics Cross-sectional v v v
% during feeding body area

=

Low food C Offspring used to measure swimming kinematics during feeding were held

in the laboratory for one week for various measurements after birth:

Note: due to ethical restrictions, the
— 1 1 T 1 T T T mass and body fat of F -offspring could

01 2 3 4 5 6 7 Measurement day0 day2 day7? not be measured. Instead, body size was
T Weeks T Mass and body fat X X v quantified as the average cross-sectional
Feeding kinematics v v 4 body area measured from the dorsal side

Start End in live animals in the experimental set-up

d Additional offspring born during week 7 were collected and reared to used to quantify swimming kinematics.

maturity for measuring adult mass and body fat.

Fig. 6.1. Overview of the experimental design. a 7-week maternal food treatment with a timeline
of the various measurements on Fi-offspring b at birth, ¢ during their first week after birth, and
d nine months after birth. e Timeline of the measurements on Fa-offspring during their first week
after birth.

6.2.2 Collection of F,-offspring for various measurements

Experimental tanks were checked daily for the presence of new-born offspring. These were
subsequently used for various experimental procedures (Fig. 6.1): one randomly selected
subset of offspring was used to measure dry mass and body fat (day 0 and 7) using estab-
lished protocols (Supplementary Methods S.6.1.1). A second subset was used to quantify
the fast-start escape performance (on day 0) and swimming kinematics during feeding (on
day 0, 2, and 7) (see below for more details; Fig. 6.1b,c). A third subset was collected
during week 7 and reared from birth to sexual maturity (in 40-L stock tanks under ad
libitum food). They were allowed to freely breed within their own treatment group to
produce Fsy-offspring. After 9 months, the Fi-adults were euthanized and preserved to
measure dry mass and body fat (Fig. 6.1d). Due to ethical restrictions, the dry mass
and body fat of Fy-offspring could not be measured. Instead, growth was quantified as
the average projected body area measured from the dorsal side (Supplementary Methods
S.6.1.2, 5.6.1.3; Fig. 6.1e).

6.2.3 Locomotor performance of Fi-offspring

Individual fish were isolated in Petri dishes (@ 55 mm) and stored in an incubator at
24°C. The fish were subsequently transferred to an experimental set-up to record either
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the (i) fast-start escape performance on day 0, or (ii) swimming kinematics during feeding
on day 0, 2, and 7. The fish were filmed from the dorsal side against an array of LEDs be-
hind a white, translucent plate using a high-speed video camera (Supplementary Methods
S.6.1.2). The water level was kept at 5 mm to minimize vertical movements of the fish
(average body length of new-born offspring: ~7 mm). Following the performance mea-
surements, the fish were euthanized and preserved to measure dry mass and fat content
(Supplementary Methods S.6.1.1).
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Fig. 6.2. a Experimental set-up to record either (i) swimming kinematics during feeding, or
(i) fast-start escape performance. Fish were high-speed filmed from the dorsal side. For (i), a
maximum of nine Petri dishes, each with a single fish, were placed on pre-defined positions on
the plate (arranged in a 3x3 pattern). For (ii), a maximum of five dishes were placed on the
plate (arranged in a 1x5 pattern). Fast-start escapes were initiated by dropping a weight on the
plate (x). b Speed profiles of all fast-start escapes. Dashed vertical line indicates the time at
which the weight is released to trigger an escape maneuver. Solid black curve shows the overall
mean speed. Mean and maximum performance parameters were extracted from a period that
was sufficiently long to perform a fast-start (light red rectangle). Fish were considered as having
‘responded’ if their speed during a 7 frame window around the maximum of the overall mean
speed (thick red line) exceeded the threshold of 60 mm-s~! (thin red line). ¢ Histogram of all
instant fast-start speeds observed in the light red rectangle shown in b. The histogram shows two
peaks, which correspond to individuals that have either responded to the stimulus or not. The
response threshold for a fast-start (thin red line in b and c) was defined as the speed observed at
the minimum frequency in between the two peaks (60 mm-s~!). d Example time trace of speed
during an individual measurement of swimming kinematics while feeding. Mean and maximum
locomotor performance parameters were extracted from the 5 min control period (grey line; no
food available), and 5 minutes with available food (red line). The period during which food was
supplied (grey rectangle) was filtered out to remove disturbances due to the experimenter. e
Histogram of all instant speeds observed during the measurements of swimming kinematics while
feeding. Grey: 5 min control period (no food present); red: 5 min feeding period. Solid lines
correspond to the (i) overall mean speed and (ii) mean of speeds above 95% quantile.

6.2.3.1 Fast-start escape response

Throughout the experiment up to 15 offspring were collected each Monday and Thursday
(if available) to measure escape performance at birth (Fig. 6.1b). For this, the fish were
transferred to smaller Petri dishes (@ 35 mm). A maximum of five dishes, each containing
a single fish, were simultaneously filmed. The fast-start escape maneuver was initiated
after a 5 min acclimation period by dropping a weight on the plate. Fish were allowed to
recover for 5 min, before initiating a second and third fast-start.

6.2.3.2 Swimming kinematics during feeding

Throughout the experiment up to 18 offspring were collected each Tuesday and Wednesday
(if available) to measure swimming kinematics during feeding (Fig. 6.1b). The fish were
held in the incubator at a 12L:12D cycle for one week and fed daily ad libitum with
newly-hatched Artemia. Swimming kinematics during feeding were measured at day 0,
2, and 7 (Fig. 6.1c). A maximum of nine dishes, each containing a single fish, were
simultaneously filmed (Fig. 6.2a). After an initial 5 min acclimation period, the swimming
kinematics were first recorded for 5 min without food present (control). Subsequently,
~30 newly-hatched Artemia were added to each Petri dish to trigger feeding responses.
The swimming kinematics were recorded for another 5 min. The resolution in our videos
was too low to track individual Artemia, therefore we lack information about prey-capture
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success of individual fish.

6.2.3.3 Video analysis

We used an in-house developed Python program to track the fish’s silhouette in real-time
and to automatically extract the location of the center of mass through time. Using
the fish’s position, we calculated swimming speed and linear acceleration (Supplementary
Methods S.6.1.4). As a proxy for locomotor performance, we extracted the mean and
maximum speed and acceleration for each fast-start and food response. For fast-starts,
we used a period after releasing the weight, which was sufficiently long to capture the
response (0-0.157 s; Fig. 6.2b). Response intervals thus included a baseline during the
time it took for the weight to hit the plate. Speed profiles were considered as fast-start
responses if the speed during a 7 frame (0.103-0.120 s) window around the maximum
of the overall mean speed exceeded the threshold of 60 mm-s~' (Fig. 6.2b,c). For food
responses, we used the 5 min control period (no Artemia present), as well as the 5 min
feeding period (Fig. 6.2d). Because extreme values for speed and acceleration are relatively
sensitive to measurement noise, we defined the maximum speed and acceleration as the
mean of the values above the 95% quantile, rather than the actual maximum values (Fig.
6.2¢).

6.2.4 Statistical analysis

All estimations were carried out in a Bayesian framework using the MCMCglmm package
(Hadfield, 2010) in R v 3.5 (R Core Team, 2020). Multivariate models allowed for the
covariance between the residuals of all responses. Convergence was assessed by visual
examination of the traces and the autocorrelations of the parameter chain was checked to
be less than 0.1.

To identify potential effects of maternal food limitation on maternal wet mass and stan-
dard length, both traits were fitted in a bivariate LMM. Fixed effects included treatment
(LF or HF), experimental day (9 or 51), as well as treatment xday. Maternal identity was
fitted as random intercept to correct for maternal variance sources not accounted for by
the fixed effects. Females that were not pregnant at the end of the experiment (n = 2)
or that died before (n = 3), were excluded from the analysis. In addition, maternal
fecundity was fitted in a GLMM using a log link for the Poisson-distributed response.
Fixed effects included treatment, experimental week (1-7), as well as treatment x week.
Maternal identity was fitted as random intercept (see above).

The effects of maternal food limitation on (i) Fy-offspring and (ii) Fi-adult phenotypic
traits (dry mass, lean mass, and body fat) were analyzed by fitting all traits in a mul-
tivariate L(M)M as a function of treatment (LF or HF). For (i), additional fixed ef-
fects included experimental day (day), day?, age (0 or 7 days), treatmentxday, and
treatment xage. Another fixed effect specified whether the offspring were found alive
or dead. The probability of finding alive offspring significantly decreased throughout the
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experiment (Bpost.mean = —0.065, Pyeme = 0.001), but did not differ between food treat-
ments (Bpost.mean = 0.008, Pyemc = 0.732; Table S.6.1). The causes of the increasing
frequency of dead offspring is unclear and warrants further research. Maternal identity
was fitted as random intercept (see above). For (ii), additional fixed effects were sex
(female or male), as well as treatment xsex. To optimize normality and homoscedasticity
of the model residuals, body fat was square-root transformed.

For fast-start escapes we first analyzed the probability of an individual to ‘respond’,
which is used as a proxy for the behavioral propensity to react to the startle stimulus. To
model the potential effects of treatment, the individual’s response (yes or no) was fitted
as a function of treatment (LF or HF), experimental day, as well as treatment xday in
a GLMM using a logit link for the binomial-distributed response. Secondly, the mean
and maximum speed and acceleration (all In-transformed) of identified responses were
fitted in a multivariate LMM. Fixed effects were treatment, experimental day, as well as
treatment xday. In both models, maternal identity and Petri dish position were fitted
as random intercepts. The latter accounts for potential effects of the Petri dish position
relative to the camera and stimulus (i.e. location of weight drop). Moreover, offspring and
replicate trial identity were fitted as random intercepts to account for pseudo-replication
and for variation through habituation to the stimulus, respectively.

Likewise, the effects of maternal food restriction on swimming kinematics during feed-
ing were analyzed by fitting the mean and maximum speed and acceleration (all In-
transformed) in a multivariate LMM. To specifically quantify the effect of food supply,
the model was fitted to the locomotor performance parameter extracted during the (i)
5 min control period (no food supply) and (ii) 5 min feeding period. To reduce model
complexity, data from the two periods were analyzed in separate models. Fixed effects
included treatment (LF or HF), experimental day, age (0, 2, or 7 days), treatment xday,
and treatment xage. Maternal and offspring identity, as well as Petri dish position were
fitted as random intercepts (see above).

Finally, to quantify the implications of maternal food restriction for Fs-offspring size, the
cross-sectional body area of Fy-offspring was fitted in a LMM as a function of treatment
(LF or HF), age (0, 2, or 7 days), and treatmentxage. Offspring identity was fitted as
random intercept to account for pseudo-replication.

6.3 Results

6.3.1 Maternal length, wet mass, and fecundity

At the beginning of the food treatment, maternal standard length (SL) and wet mass
did not significantly differ between LF and HF females (SL: Bpostmean = —0.630,
PMCMC = 0270, wet mass: Bpost.mean = —0003, PMCMC = 0918, Table S62, Flg 63)
LF and HF females both showed an increase in SL and a decrease in wet mass through-
out the experiment (Fig. 6.3a,b). LF females lost relatively more mass compared to HF
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females (0.05 vs. 0.01 g; Fig. 6.3b), however, the interaction between food treatment
and experimental day was not significant (Spost.mean = —0.042, Pyomce = 0.344; Table
S.6.2). Finally, maternal fecundity did not significantly change throughout the experi-
ment (Bpost.mean = 0.021, Pyemce = 0.374; Table S.6.3), and did not differ between food
treatments (Bpost.mean = 0.006, Pyenvc = 0.882; Table S.6.3; Fig. S.6.1).
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Fig. 6.3. a Maternal standard length (SL) and b wet mass (+ 95% CI) at the start of the food
treatment (after week 1) and at the end of the experiment (after week 7) estimated in the model
described in Table S.6.2 (nLr = 22, ngr = 23). Blue: low food; red: high food. Dashed lines
correspond to linear fits throughout the posterior samples of a given food treatment.

6.3.2 Fi-offspring size and body composition at birth

The dry mass and lean mass of Fi-offspring at birth significantly decreased throughout
the 7-week food treatment in both LF (dry mass: Spost.mean = —0.010, Pyceme < 0.001;
lean mass: Spost.mean = —0.008, Pyenve < 0.001) and HF females (dry mass: Bpost.mean =
—0.003, Pyemce = 0.012; lean mass: Spost.mean = —0.002, Pyeome = 0.038), however, this
decrease was stronger in LF females (Table S.6.4; Fig. 6.4a,b). As a result, the Fy-offspring
born at the end of the experiment (i.e. experimental week 7) were significantly lighter and
leaner for LF than HF females (dry mass: Spost.mean = —0.251, Pycome < 0.001; lean
mass: Fpost.mean = —0.228, Pyemce < 0.001; Fig. 6.4a,b). Offspring body fat significantly
decreased throughout the experiment (Spost.mean = —0.001, Pyome = 0.010; S.6.4; Fig.
6.4c), but did not differ between LF and HF females (Spost.mean = —0.001, Pyome = 0.110;
Table S.6.4).
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6.3.3 Fy-offspring size and body composition seven days after birth

Fish held in the laboratory for one week to measure swimming kinematics during feeding,
were additionally used to study growth after birth. The difference in dry mass, lean
mass, and body fat at birth observed at the end of the experiment persisted during the
first week after birth (Fig. 6.4d—f). The body fat of offspring from HF females slightly
increased during the first week after birth relative to offspring from LF females, resulting
in a significantly different body fat of one-week-old offspring (Spost.mean = 4.1 x 1072
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Fig. 6.4. a—f Dry mass, lean dry mass, and body fat (£ 95% Cl) of Fi-offspring estimated in the
model described in Table S.6.4 (npr = 300, ngr = 287). a—c Dry mass, lean dry mass, and body
fat at birth of offspring born during the 7-week maternal food treatment from LF (blue) and HF
(red) females. Dashed vertical line corresponds to the start of the food treatment. Pyicmc-values
for the interaction between experimental day and treatment are given at the top. d—f Increase
in offspring dry mass, lean dry mass, and body fat during the first week after birth, predicted for
offspring that were born at the end of the 7-week experiment for both food treatments. Estimates
are based on fish that were held in the laboratory for one week to measure swimming kinematics
during feeding. Dashed lines represent linear fits throughout the posterior samples of a given food
treatment. Significant codes: Pyicmce < 0.0017*, < 0.01**, < 0.05*, > 0.05 n.s. g Dry mass, h
lean dry mass, and i body fat (£ 95% CI) of adult (9 months after birth) F;-offspring born at the
end of the experiment, as a function of sex (female or male) and food treatment estimated in the
model described in Table 5.6.5 (nLp = 19, ngr = 20).

6.3.4 Fy-adult size and body composition

Whereas, as expected, adult size and body composition differed significantly between
Fi-males and Fi-females (dry mass: SBpostmean = 0.076, Pycvc < 0.001; lean mass:
Bpost.mean = 0.046, Pycme < 0.001; body fat: Spost.mean = 0.029, Pycme < 0.001),
the differences in dry mass, lean mass, and body fat at birth observed at the end of
the experiment between food treatments had disappeared in the adult stage for both

males and females (dry massy: Spostmean = 4 X 1073, Pycmc = 0.496; lean masse:
Bpost.mean = 0.2 X 1073, Pucmc = 0.964; body fato: Bpost.mean = 3.9 X 1073, Pycemc = 0.388;
dry massgs: Bpost.mean = 0.5 X 10~*, Pyiemce = 0.980; lean massy: Bpost.mean = — 7.2 X 1074,

Pucve = 0.828; body fats: Bpostmean = 5.6 X 107%, Pycme = 0.714; Table S.6.5; Fig.
6.4g-1).

6.3.5 Fi-offspring fast-start escape response at birth

The probability of offspring to respond to the stimulus tended to increase throughout the
7-week food treatment, though not significantly (Spest.mean = 0.044, Pyienvc = 0.056; Table
S.6.6). This increase was similar in both food treatments (Spost.mean = —0.010, Pycme =
0.796; Table S.6.6; Fig. 6.5a). Likewise, the mean and maximum speed and acceleration
during the fast-start did not significantly change throughout the experiment, nor did it
significantly differ between both food treatments (Table S.6.7; Fig. 6.5b—e).
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Fig. 6.5. a Probability of new-born offspring to respond to the stimulus during fast-start trials (4
95% Cl) estimated in the model described in Table S.6.6 (npp = 94, ngr = 113). The respon-
siveness is predicted for both food treatments (blue: low food; red: high food) and throughout
the experiment. Dashed vertical line corresponds to the start of the food treatment. Pycomc-
value for the interaction between experimental day and food treatment is given at the top. b—e
Swimming performance of new-born offspring during fast-start escape response estimated in the
model described in Table S.6.7 (nprp = 24, ngrp = 31). New-borns were collected weekly to assess
the fast-start escape response throughout the 7-week maternal food treatment (see Fig. 6.1b). b
Mean speed, ¢ maximum speed, d mean acceleration, and e maximum acceleration (£ 95% Cl) at
birth are predicted for both food treatments (blue: low food; red: high food) and throughout the
experiment. Dashed vertical line corresponds to the start of the food treatment. Pycomc-values
for the interaction between experimental day and treatment are given at the top.
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Fig. 6.6. Swimming kinematics during feeding estimated in the model described in Table S.6.8
(nLp = 183, nyrp = 135). New-borns were collected weekly to assess swimming kinematics
throughout the 7-week maternal food treatment (see Fig. 6.1b,c). a Mean speed, b maximum
speed, ¢ mean acceleration, and d maximum acceleration (£ 95% Cl) are predicted throughout
the experiment for both food treatments (blue: low food; red: high food), as well as a function of
age (left panels: 0 days old; middle panels: 2 days old; right panels: 7 days old). Dashed vertical
line corresponds to the start of the food treatment. Significance codes are given at the top for the
difference between both food treatments at the start of the food treatment and at the end of the
experiment. Significant codes: Pyiovc < 0.0017*, < 0.01**, < 0.05%, > 0.05 n.s.

6.3.6 Fi-offspring swimming kinematics while feeding in the first week after birth

Prior to the start of the food treatment (i.e. left of the dashed lines in Fig. 6.6), HF
offspring showed a lower mean and maximum speed and acceleration at birth compared
to LF offspring (Fig. 6.6a—d). As food availability was not yet manipulated, this indicates
a random bias in maternal, and hence offspring, phenotypes at the beginning of the
experiment. This difference in swimming kinematics during feeding at birth diminished
during the experiment. Maternal food limitation during pregnancy, therefore, had a
significant effect on swimming kinematics during feeding. Specifically, the mean and
maximum speed and acceleration did not significantly change throughout the experiment

in LF Oﬁspring (Umean: Bpost.mean = —0.2 x 10_37 PMCMC = 0948, VUmax- Bpost.mean -
—1.0 x 1073, PMCMC = 05847 (Amean- Bpost.mean = —13 x 1073; PMCMC = 05767 Gmax:
Bpost.mean = —0.8 X 1073, Pyomc = 0.686), yet significantly increased throughout the

experiment in HF offspring (vmean: Bpost.mean = 0.012, Pycme < 0.001; vmax: Bpost.mean =
0.007, Pycmc = 0.002; amean: Bpost.mean = 0.008, Pyenvic = 0.0105 @max: Bpost.mean = 0.005,
PMCMC = 0034, Table 868)

Furthermore, there was a clear ontogenetic effect on the swimming kinematics while feed-
ing during the first week after birth, with two- (Fig. 6.6a—d, middle panels) and seven-day-
old (Fig. 6.6a—d, right panels) Fy-offspring of both food treatments showing increasingly
higher speeds and accelerations than new-born offspring (Fig. 6.6a—d, left panels). This
ontogenetic effect was further influenced by maternal food availability during pregnancy,
with the locomotor performance of HF offspring improving relative to that of LF offspring.
This resulted in significant differences in most, but not all, kinematic parameters between
both food treatments in one-week-old offspring born at the end of the experiment (vmean:
Bpostmean = 1.414, Pyevic = 0.028; Umax: Bpostmean = 1.951, Pucmce = 0.020; @mean:
Bpost.mean = 0.340, Pyemc = 0.0345 amax: Bpost.mean = 0.646, Pyonvc = 0.058; Fig. 6.6a-d
right panels). Interestingly, the segregation in locomotor performance between LF and
HF offspring throughout the experiment and during the first week after birth was only
apparent when food was supplied: during the 5 min control period (i.e. before food was
supplied), LF and HF offspring showed similar mean and maximum speed and accelera-
tion (Table S.6.9; Fig. S.6.2). This suggests that maternal food limitation likely affects
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the feeding capabilities of offspring.

6.3.7 Fs-offspring size at birth and growth

Finally, the effect of maternal food restriction was still noticeable in the Fs-generation
at birth (Fig. 6.7). Specifically, the cross-sectional body area of Fo-offspring at birth was
on average 0.16 mm? smaller in the LF than HF treatment. However, this difference at
birth was not significant (Pyomc = 0.228) and had furthermore completely disappeared
in one-week old Fa-offspring (Spost.mean = —0.008, Pyene = 0.986; Fig. 6.7).
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6.4 Discussion

We examined to what extent maternal food limitation during pregnancy affects size,
quality, and performance of offspring in the matrotrophic live-bearing fish species Phal-
loptychus januarius. We found that females fed with a ‘low-food” (LF) ration during
gestation produced significantly smaller offspring at birth compared to females fed with a
‘high-food” (HF) ration. The difference in mass persisted during the first week after birth,
but had disappeared at adulthood of the offspring. Surprisingly, maternal food limitation
during pregnancy did not impact the fast-start escape performance of offspring at birth,
however, it did negatively influence several swimming kinematic parameters while feeding
during their first week after birth.
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6.4.1 Effects of food limitation on maternal and offspring phenotype

Females of both food treatments showed an increase in standard length during the experi-
ment. As expected, LF females tended to lose mass throughout the experiment. Whereas
one might expect an increase in mass for HF females fed ad libitum in P. januarius (Pol-
lux & Reznick, 2011), it did not change. This suggests that both treatments may have
been food restricted, albeit differentially, towards the end of the experiment. As food
rations remained constant, the HF ration may have caused an unintended mild food re-
striction. Together with other potential stressors (e.g. individual housing, checking tanks
for offspring), this may also explain the slight decline in offspring mass at birth in the
HF treatment (Banet & Reznick, 2008). Despite a smaller difference in food regime than
intended, we still see differences in maternal phenotype.

Our food manipulation in P. januarius also successfully induced diverging offspring phe-
notype at birth between both treatments: LF offspring were born lighter and leaner at
the end of the experiment compared to HF offspring. As small offspring size at birth in a
resource-limited environment is generally considered to be a disadvantage (Parker & Be-
gon, 1986), matrotrophy is a maladaptive strategy when resources fluctuate unpredictably
(Reznick et al., 1996b; Pollux & Reznick, 2011).

6.4.2 Short- and long-term compensatory growth mechanisms

Compensatory growth can be an adaptive strategy to fully or even overcompensate body
size in response to increased food availability following a period of growth restriction
(Metcalfe & Monaghan, 2001). In guppies (Poecilia reticulata), juvenile compensatory
growth began immediately after a period of growth restriction and continued until ma-
turity (Auer et al., 2010) after which they grew at the same rate as control fish, leading
to only partial compensation in mass (Auer et al. 2010; but see Auer 2010). Although
LF and HF offspring were fed ad libitum, we observed no compensatory growth for LF
offspring in P. januarius during the first week after birth. Presumably, the poorer swim-
ming performance during feeding of LF offspring compared to HF offspring, makes it
difficult for the smaller LF offspring to catch up in mass during the first week after birth.
However, the difference in body mass between both food treatments had disappeared at
offspring maturity, indicating that in the long-term LF offspring can fully compensate for
their poor nutrition during gestation. This compensatory growth may buffer offspring
against long-term fitness consequences of poor nutrition early in life.

Compensatory growth can be achieved by shifting energy investment towards growth
at the expense of other functions (Sogard & Olla, 2002). Such an increased growth rate
above ‘routine’ rate is likely associated with costs. For instance, compensatory growth was
shown to negatively affect fecundity in guppies, but not offspring size and quality at birth
(Auer et al., 2010). We have not measured fecundity of Fi-offspring, but as adults, LF
Fy-offspring still tended to give birth to smaller Fa-offspring compared to HF' Fy-offspring.
This difference, however, had disappeared in one-week old Fa-offspring. It remains to be
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tested whether the reduction in Fa-offspring size at birth is due to compensatory growth in
the Fi-generation or due to a long-term negative consequence of maternal food restriction
in the Fy-generation that is transmitted via transgenerational phenotypic plasticity.

6.4.3 Effects of maternal food limitation on offspring fast-start escape performance at
birth

The probability of offspring to respond to a startle stimulus tended to increase over the
course of the experiment, for both treatments. Fish may vary their neural threshold
for triggering a fast-start response (Wakeling, 2006) depending on stress levels or health
condition (Chick & Van Den Avyle, 2000). Fast escapes are energetically expensive and
cannot be repeated at a high rate (Frith, 1990). The observed increase in response rate
might thus reflect the modulation of a neuronal threshold, presumably in the Mauthner
neurons that mediate the response, or in neurons that stimulate the Mauthner neurons.
The increase was, however, observed for both treatment groups and therefore likely results
from some change common to both treatments, e.g. both groups probably experienced
some degree of food restriction, which may have sufficed to induce the effect.

In studying the fast-start escape behavior, we have at least partially accounted for a change
in motivation or threshold by selecting only trials with a clear response to the stimulus.
This is important because differences in motivation can introduce noise and variability
in the response parameters (Losos et al., 2002). In general, the fast-start escape per-
formance depends on physiological and mechanical muscle properties, as well as muscle
activation and body form parameters (Wakeling, 2006; Fleuren et al., 2019). Larger fish
typically achieve higher maximum velocities during fast-starts due to larger muscle mass,
body length, and production of higher bending moments (Gibb et al., 2006; Wakeling,
2006; Dial et al., 2016; Voesenek et al., 2020). Since LF offspring are born significantly
lighter and leaner at the end of the experiment compared to HF offspring, it is surprising
that we do not find an effect on their fast-start escape performance. This may be due
to a low statistical power to detect significant differences, because our response selection
removed about 67% of the data (Fig. 6.2b). Although additional analyses with differ-
ent response thresholds indicate that these findings are relatively robust (Supplementary
Methods S.6.1.5; Fig. S.6.3-S.6.5), we have to be cautious when concluding that maternal
food limitation does not impact fast-start escapes at birth. Future studies should try to
maximize sample sizes to yield extended measurements of locomotor performance.

0.4.4 Effects of maternal food limitation on offspring swimming kinematics during feed-
ing

New-born poeciliid fish are super-precocial, having functional prey-capture abilities at
birth and relying on active exogenous feeding after birth (e.g. Girardinus metallicus;
Lankheet et al. 2016). Their prey-capturing ability undergoes a rapid integrated devel-
opment of the visuo-motor system during the first days after birth. Swimming speed
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and acceleration are key parameters determining prey-capture success rate (Lankheet
et al., 2016). In P. januarius, these parameters improve rapidly after birth: one-week-
old offspring showed higher mean and maximum speeds and accelerations than new-born
offspring. This postnatal improvement of locomotor performance was present in both
the absence and presence of food, and is thus likely the direct result of an ontogenetic
development of external body morphology, as well as maturation of internal physiology
(Gibb et al., 2006).

We further found that the Fi-offspring swimming kinematics during feeding develop differ-
ently after birth depending on maternal food availability during pregnancy. The locomotor
performance during feeding improved significantly faster in HF offspring compared to that
of LF offspring, during the first week after birth. This difference cannot be explained by
differences in ontogenetic growth between HF and LF offspring: although HF offspring
were larger at birth than LF offspring, they showed similar increases in size during the
first week after birth. Moreover, the segregation in locomotor performance between LF
and HF offspring was only apparent when food was supplied, and thus, may at least partly
be related to differently developing feeding capabilities after birth.

Rather than only being born smaller, LF offspring also tended to have less body fat at
birth and may have differed in other morphological and physiological features that can
influence the postnatal development of locomotor performance during feeding. For in-
stance, smaller guppy offspring were shown to have a lower degree of skeletal ossification
at birth, which is considered a proxy for internal maturity (Dial et al., 2016). Skeletal
ossification can directly affect swimming performance (Dial et al., 2016), and may also
influence postnatal development of locomotor performance. In addition, locomotor per-
formance depends on muscle fiber type (Rome et al., 1988) that undergoes a distinct shift
in composition after birth (Veggetti et al., 1993). Similarly, maximum body curvature
during prey-capture was shown to change after birth (Lankheet et al., 2016). Particu-
larly, an increase in muscle mass-specific power output induces a higher body curvature
(Wakeling, 2006), and consequently improves prey-capture success rate if the motion con-
trol is sufficiently matured (Lankheet et al., 2016). Better prey-capturing success enables
uptake of more energy (via feeding) per unit of time, which can be allocated to either
growth or quality (e.g. body fat). It is thus possible that LF and HF offspring differ in
various morphological or behavioral parameters at birth (e.g. degree of skeletal ossifica-
tion, composition of muscle fiber type, or body curvature) that, furthermore, differently
develop between both food treatments after birth. The improved prey-capture success
and increased efficiency of resource acquisition in HF offspring compared to LF offspring
may also explain why HF offspring gained body fat during the first week after birth, but
LF offspring did not.

Overall, our findings suggest that differential resource allocation of mothers to offspring
may not only cause LF offspring to be born smaller than HF offspring, but also ‘worse-
conditioned’, which consequently is likely to negatively impact the postnatal maturation
of tissues associated with locomotion, and hence feeding efficiency, body condition, and
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likely fitness during early life. Despite ad [libitum feeding after birth, LF offspring fall
further behind rather than compensating for their smaller size at birth. These initial
differences however disappear towards adulthood.

6.5 Conclusion

Our study suggests that matrotrophy in poeciliids is likely a maladaptive strategy in fluc-
tuating resource environments, because sudden reductions in maternal food availability
during pregnancy result in smaller offspring with a lower locomotor performance during
early life. Future studies should try to explicitly quantify the consequences of maternal
food limitation on prey-capture success rate of offspring to better understand the role of
postnatal maturation of tissues associated with locomotion in shaping offspring growth
and hence fitness.

S.6 Supplementary Information

5.6.1 Supplementary Methods

S.6.1.1 Measurements of dry mass and body fat

Dry mass and body fat was measured after euthanizing the fish with an overdose of MS-
222 and preserving in 4% formaldehyde. Dry mass was measured to the nearest 0.01 mg
on a Mettler Toledo AE163 Microbalance (Mettler Instruments Corp., Hightstown, New
Jersey, USA) after air-drying overnight at 60°C in a drying oven. Lean mass was measured
by extracting the fat twice with anhydrous diethyl ether to remove triglycerides, and by
subsequently air-drying and re-weighting the fish. The proportion of body fat was then
calculated by subtracting lean mass from dry mass divided by dry mass.

S5.6.1.2 Image analysis

Images were recorded at 75 Hz (feeding experiments) or 350 Hz (fast-start experiments)
with exposure times of 600 us and at a spatial resolution of 5 pix-mm™'. The sensitivity
of the camera (Basler Ace 2040 90um NIR USB3) was increased by a factor of four, by
binning pixels both horizontally and vertically by a factor of two. This reduced image
size to 1024x 1024 pixels. Camera images were analyzed on the fly while conducting the
experiments, using Python and OpenCV. Noise was removed from images by applying a
median filter (3 pixels). After subtraction of a background image (without fish present)
we applied a fixed threshold to detect the silhouette of the fish. Difference images were
again subjected to a median filter (3 pixels) to remove noise. Fish were then distinguished
from false hits by applying lower and upper limits to the size of the object, and lower and
upper limits to the length-width ratio. We used Kalman filters to track the individual
fish and estimate their path of motion, based on the location of the center of mass of
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the fish silhouette. To accelerate the analyses and thus to be able to track multiple fish
simultaneously at high frame rates, we alternated between full analysis of the total image,
as described above, and analyzing only those parts in which fish were previously detected.
For the latter we used the Kalman prediction to select an area of 200x 200 pixels centered
on the predicted, new location. For each frame and each fish detected we saved the
location estimated by the Kalman filter, together with the full contour of the silhouette.
Exact timing of events defining control and feeding intervals, as well as the timing of the
startle stimulus were also automatically saved to file.

S5.6.1.3 Fs-offspring body size

Due to ethical restrictions, the dry mass and body fat of Fs-offspring could not be mea-
sured. Instead, body size of Fs-offspring was quantified as the average cross-sectional
body area measured from the dorsal side in live animals in the experimental set-up used
to record the swimming kinematics. A maximum of nine Petri dishes with each containing
a single fish were simultaneously placed on pre-defined positions on the translucent plate
(arranged in a 3x3 pattern) and filmed from the dorsal side with the high-speed camera
(Fig. 6.2). For each frame, we subsequently calculated the surface area of the fish based
on its silhouette (see previous section). The cross-sectional body area was then defined
as the average surface area among all frames.

S.6.1.4 Local polynomial regression smoothing

We used an in-house developed Python program to track the fish’s silhouette in real-
time and to automatically extract the location (i.e. X- and Y-position) of the center
of mass through time. Swimming speed was calculated by numerically differentiating
the fish’s position, and linear acceleration was calculated by differentiating the resulting
swimming speed. We performed local polynomial regression smoothing as a function of
frame number before each differentiation step using the function loess in R v 3.5 (R Core
Team, 2020). This procedure removed high-frequency noise in the data. The order of the
polynomial was 2, and the proportion of the data that was considered to be neighbouring
x (i.e. the degree of smoothing, o) was 0.015 for the swimming kinematics during feeding,
and ranged between 0.025 and 0.12 for the fast-start escape responses. The reason for a
varying « in the latter case was a larger variation in the number of frames (i.e. available
data) among individual fast-starts. Rather than having a constant a for all fast-starts,
we therefore calculated a for each individual fast-start as:

0.025 - Frnax
o = D max. (S.6.1)

n;

where F .« is the maximum number of frames recorded during the fast-starts, and n; the
available number of frames during the ¢th fast-start.
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S.6.1.5 Defining the response threshold during the fast-start escape response

When plotting a histogram of all instant fast-start speeds observed in the light red rect-
angle shown in Figure 6.2b (i.e. the period from which the locomotor performance param-
eters were extracted), the histogram shows two peaks (Fig. S.6.3). These correspond to
individuals that have either responded to the stimulus (i.e. by dropping a weight on the
plate) or not. We considered fish as having ‘responded’ to the stimulus if their speed dur-
ing a narrow time window around the maximum of the overall mean speed (% 3 frames)
exceeded 60 mm-s~!. This response threshold was defined as the speed observed at the
minimum frequency in between the two peaks of the histogram (Fig. S.6.3).

The potential effects of maternal food limitation on offspring performance during the fast-
start escape response were then analyzed by fitting the mean and maximum speed and
acceleration in a multivariate LMM. Here, only individuals that have ‘responded’ to the
stimulus were included in the model. Fixed effects included treatment (low food or high
food), experimental day, as well as treatment x day.

Defining a response threshold is important because differences in motivation can intro-
duce noise and variability in the response parameters (Losos et al., 2002). However, it
can also be biased, as the sample size depends on the threshold: the larger the value, the
more fish are considered to have not responded to the stimulus, and thus, more data is
removed.

To quantify the sensitivity of our results to different thresholds, we defined five additional
threshold values in between the two peaks of the histogram (d = 20, 40, 80, 100, and 120
mm-s~1; Fig. S.6.3). For each d, we subsequently extracted the corresponding locomotor
performance parameters (i.e. mean and maximum speed and acceleration) and applied the
LMM (as described above) to the resulting data sets. To compare the strength of indi-
vidual relationships, the slopes (/3) were standardized by multiplying with the phenotypic
standard deviation of the predictor variable (i.e. experimental day) and dividing by the
phenotypic standard deviation of the response variable (i.e. mean and maximum speed
and acceleration) (Schielzeth, 2010). The resulting effect sizes (5*) take values between
—1 and 1.

The results show that the interaction between treatment and experimental day is not sig-
nificant for all threshold values and locomotor performance traits. Moreover, the slopes
are relatively robust to threshold values between 40 and 100 mm-s~' (Fig. S.6.4, S.6.5).
The effect sizes (i.e. standardized slopes) of experimental day on the locomotor perfor-
mance parameters show a relatively small range for the low food (vyean = —0.03-0.10;
Umax = —0.12-0.02; @yean = —0.08=—0.02; appax = —0.28——0.19) and high food treatment
(Vmean = —0.02-0.19; vyax = —0.03-0.24; amean = —0.20— — 0.08; apax = —0.22— — 0.04).

By contrast, the output is relatively sensitive to threshold values closer to the two peaks of
the histogram (i.e. d = 20 and 120) (Fig. S.6.4). This is not surprising, as a low threshold
causes more noise and variability in the response parameters. The opposite is true for a
high threshold. A threshold of d = 120 includes much less noise, but also removes more
data (dia9 = 73% versus dyg = 60% data loss).
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To balance the conflict between maximizing sample size and minimizing noise, we there-
fore chose a threshold in the middle of two peaks of the histogram. Specifically, we defined
the threshold at 60 mm-s~!, which is the speed observed at the minimum frequency in
between the two peaks of the histogram.

5.6.2 Supplementary Results
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Fig. S.6.2. Swimming kinematics during feeding trials without food supply (i.e. control) estimated
in the model described in Table S.6.9 (npr = 190, nyyp = 144). New-borns were collected weekly
to assess swimming kinematics throughout the 7-week maternal food treatment (see Fig. 6.1b,c).
a Mean speed, b maximum speed, ¢ mean acceleration, and d maximum acceleration (+ 95%
Cl) are predicted throughout the experiment for both food treatments (blue: low food; red: high
food), as well as a function of age (left panels: 0 days old; middle panels: 2 days old; right panels:
7 days old). Dashed vertical line corresponds to the start of the food treatment. Significance
codes are given at the top for the difference between both food treatments at the start of the food
treatment and at the end of the experiment. Significant codes: Pyomce < 0.001%%*, < 0.01**,
< 0.05%, > 0.05 n.s.
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Fig. S.6.3. Histogram of all instant fast-start speeds observed in the light red rectangle shown
in Figure 6.2b. The histogram shows two peaks, which correspond to individuals that have either
responded to the stimulus or not. To quantify the sensitivity of our results to different response
thresholds, we defined six threshold values in between the two peaks of the histogram (d = 20, 40,
60, 80, 100, and 120 mm-s~!; red vertical lines). We finally defined the threshold at 60 mm-s~1
(thick red vertical line), which is the speed observed at the minimum frequency in between the
two peaks of the histogram.
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Fig. S.6.4. a—d Swimming performance of new-born offspring during the fast-start escape response
depending on different response thresholds (d = 20, 40, 60, 80, 100, and 120 mm‘s_l). New-
borns were collected weekly to assess the fast-start escape response throughout the 7-week maternal
food treatment (see Fig. 6.1b). a Mean speed, b maximum speed, ¢ mean acceleration, and d
maximum acceleration at birth are predicted for both food treatments (blue: low food; red: high
food) and throughout the experiment. Vertical dotted grey line corresponds to the start of the
food treatment. We finally defined the threshold at 60 mm-s~! (thicker lines), which is the speed

observed at the minimum frequency in between the two peaks of the histogram shown in Figure
S.6.3.
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Fig. S.6.5. Standardized effect size (+ sd) of experimental day on the locomotor performance
parameters (i.e. mean and maximum speed and acceleration) during the fast-start escape responses.
The effect sizes are averaged over the results of four different response thresholds (d = 40, 60,
80, and 100 mm-s~1, i.e. excluding the two extremes d = 20 and 120 mm-s_l) and plotted as a
function of treatment (blue: low food; red: high food). The effect sizes take values between —1
and 1.
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Table S.6.1. Fixed and random effects in explaining variation in offspring survival (i.e. whether
offspring was found dead or alive) estimated in a generalized linear mixed effects model using the
MCMCglmm package (Hadfield, 2010). A logit link was used for the Bernoulli-distributed response.
The default normal priors were used for the fixed effects with the expected value of 0 and variance
10'2. Inverse-Wishart priors were used for the variances with the expected value of 1 and degree
of belief of 0.002. As with binary models the residual variance is not identified, it was fixed at 1.
The number of iterations was 1,500,000, with a burnin of 500,000 and a thinning of 1000.

Offspring survival

Fixed effects

ﬁpost.mean 2.5% Cl 97.5% Cl efF.samp PMCMC Sig.
intercept 3.396 2.148 4.637 1000.000  0.001  ***

LF treatment 0.174 —1.691 1.874 1000.000 0.830 ns.
experimental day  —0.065 —0.100 —0.034 1000.000 0.001  **x*
LF treatmentxexperimental day 0.008 —0.035 0.063 1000.000 0.732 n.s.

Random effects
02 ostmean  2:5% Cl 97.5% ClI eff.samp
mother identity 3.1769 1.1863 5.6963 1000.0000

Bpost.mean: POSterior mean of regression coefficient; Cl: con-
fidence interval; eff.samp: effective sample size; Pycumc:
posterior bayesian p-value; LF: low food; significant codes:
PMCMC < 0.001**, < 0.01**, < 0.05*, > 0.05 n.s.
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Table S.6.2. Fixed and random effects in explaining variation in maternal (a) wet mass (g) and (b)
standard length (mm) estimated using the MCMCglmm package (Hadfield, 2010). Both traits were
fitted in a bivariate linear mixed effects model allowing for the covariance between the residuals of
both responses. The default normal priors were used for the fixed effects with the expected value
of 0 and variance 10'2. Inverse-Wishart priors were used for the variances with the expected value
of 1-107% and degree of belief of k+1, where k is the dimension of the covariance matrix. The

number of iterations was 5,500,000, with a burnin of 500,000 and a thinning of 5000.

(a) Maternal wet mass

Fixed effects

Bpost.mean 2.5% Cl 97.5% Cl eff.samp PMCMC Sig.

intercept 0.457 0.420 0.500 1000.000  0.001  ***

LF treatment  —0.003 —0.063 0.056 1000.000 0.918 ns.
experimental day  —0.011 —0.069 0.046 1000.000 0.732 ns.
LFxexperimental day 51 ~ —0.042 —0.128 0.045 1000.000 0.344 ns.

Random effects

02 st mean 2.5% Cl 97.5% ClI eff.samp
mother identity 0.0041x1073 0.0002x1073 0.0089x10~3 1000.0000
O et mass,wet mass 0.0112 0.0083 0.0145 1000.0000
Ouwet mass standard length 0.1939 0.1390 0.2525 1000.0000

(b) Maternal standard length

Fixed effects

Bpost.mean  2.5% ClI 97.5% Cl  eff.samp  Pyowmc
intercept 26.847 26.098 27.601 1000.000  0.001
LF treatment  —0.630 —1.709 0.402 1000.000 0.270
experimental day 51 0.427 —0.594 1.466 1000.000  0.456
LF treatmentxexperimental day 51 0.046 —1.487 1.701 1000.000  0.958

Sig.
*xk
n.s.
n.s.
n.s.

Random effects

02 st mean 2.5% Cl 97.5% ClI eff.samp
mother identity 0.0032x1073  0.0002x1073 0.0082x10~3 1000.0000
Ostandard length standard length 3.9308 2.8323 5.0524 1000.0000
Ouwet mass standard length 0.1939 0.1390 0.2525 1000.0000

Bpost.mean:  POsterior mean of regression coefficient; Cl: confidence interval;
eff.samp: effective sample size; Pyicvic: posterior bayesian p-value; LF: low food;
0: residual (co)variance between two responses; significant codes: Pycue <
0.001**, < 0.01**, < 0.05%, > 0.05 n.s.
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Table S.6.3. Fixed and random effects in explaining variation in maternal fecundity (i.e. number
of embryos) estimated in a generalized linear mixed effects model using the MCMCglmm package
(Hadfield, 2010). A log link was used for the Poisson-distributed response. The default normal
priors were used for the fixed effects with the expected value of 0 and variance 10'2. Inverse-

Wishart priors were used for the variances with the expected value of 1 and degree of belief of
0.002. The number of iterations was 1,500,000, with a burnin of 500,000 and a thinning of 1000.

Maternal fecundity

Fixed effects

Bpost.mean  2.5% ClI - 97.5% Cl  eff.samp

intercept 0.699 0.398 0.932 893.084

LF treatment  —0.040 —0.425 0.318 827.383

experimental week 0.021 —0.029 0.069 802.007

LF treatmentxexperimental week 0.006 —0.059 0.078 844.761

Pyvicmce
0.001

0.818
0.374
0.882

Sig.
Kk
n.s.
n.s.
n.s.

Random effects

02 ostmean 2-5% Cl 97.5% Cl  eff.samp

mother identity ~ 0.1210 0.0518 0.2109  607.1644
residual 0.0058 0.0002 0.0187  696.9852

Bpost.mean: PoOSterior mean of regression coefficient; Cl:
confidence interval, eff.samp: effective sample size;

Pyicmc:  posterior bayesian p-value; LF: low food; sig-

nificant codes: Pyiome < 0.001*, < 0.01**, < 0.05%,
> 0.05 n.s.
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Table S.6.4. Fixed and random effects in explaining variation in F1-offspring (a) dry mass (mg), (b)
lean mass (mg), and (c) square-root transformed body fat estimated using the MCMCglmm package
(Hadfield, 2010). All traits were fitted in a multivariate linear mixed effects model allowing for the
covariance between the residuals of all responses. The default normal priors were used for the fixed
effects with the expected value of 0 and variance 10'2. Inverse-Wishart priors were used for the
variances with the expected value of 1-107°% and degree of belief of k-1, where k is the dimension
of the covariance matrix. The number of iterations was 5,500,000, with a burnin of 500,000 and
a thinning of 5000.

(a) Fi-offspring dry mass

Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  eff.samp Pycmc  Sig.
intercept 1.139 1.051 1.239 1097.891  0.001  ***
LF treatment 0.103 0.003 0.199 1000.000  0.038 *
experimental day  —0.003 —0.006 —0.001 1000.000 0.012 *
day 7 after birth 0.340 0.238 0.425 1105.901  0.001  ***
experimental day?  —0.026 —0.052  —0.000 1000.000 0.048 *
alive 0.270 0.211 0.335 1000.000 0.001  ***
LF treatmentxexperimental day =~ —0.007  —0.010 —0.003 1000.000 0.001  ***
LF treatmentxday 7 after birth  —0.071 —0.182 0.059 1000.000 0.264 n.s.

Random effects

Upost.mean 25% Cl 975% Cl efF.samp
mother identity  0.0032x1073 0.0002x1073 0.0131x1073 1118.8416
fdry mass,dry mass 0.0888 0.0794 0.0990 1000.0000
Odry mass lean mass 0.0733 0.0655 0.0826 1000.0000
Odry mass,body fat 0.0203 0.0168 0.0234 959.0282
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(b) Fi-offspring lean mass

Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  effsamp Pycmc Sig.
intercept 0.965 0.889 1.050 1000.000 0.001  ***
LF treatment 0.091 —0.000 0.169 1000.000  0.032 *
experimental day  —0.002 —0.004 —0.000 1000.000 0.038 *
day 7 after birth 0.328 0.246 0.402 1114.867  0.001  ***
experimental day?  —0.022 —0.044 0.000 1000.000  0.042 *
alive 0.245 0.186 0.292 1000.000 0.001  ***
LF treatmentxexperimental day = —0.006  —0.009 —0.003 1000.000 0.001  ***
LF treatmentxday 7 after birth  —0.052 —0.158 0.053 1000.000 0.330 n.s
Random effects
02 st mean 2.5% Cl 97.5% ClI eff.samp
mother identity 0.0044x10~3 0.0002x1073 0.0186x10~3 1000.0000
Blcan mass,lean mass 0.0650 0.0578 0.0730 1000.0000
Glean mass,dry mass 0.0733 0.0655 0.0826 1000.0000
Blean mass,body fat 0.0108 0.0082 0.0132 1107.0572
(c) Fi-offspring body fat
Fixed effects
Bpost.mean  2.5% CI 97.5% Cl  eff.samp Pucmc  Sig.
intercept 0.402 0.364 0.440 1000.000 0.001  ***
LF treatment 0.019 —0.018 0.058 1000.000 0.356  ns.
experimental day  —0.001 —0.002 —-0.000 1000.000 0.010 *x
day 7 after birth 0.019 —0.018 0.058 1000.000 0.322 ns.
experimental day>  —0.006 —0.016 0.004 1000.000 0.218 n.s.
alive 0.034 0.008 0.059 1000.000  0.006 ok
LF treatmentxexperimental day = —0.001 —0.002 0.000 1000.000 0.110 ns.
LF treatmentxday 7 after birth  —0.022 —0.070 0.028 1000.000 0.378 n.s.
Random effects
O ost.mean 2.5% CI 97.5% ClI eff.samp
mother identity 0.0019x1073 0.0002x10~3 0.0054x10~3  718.8426
Obody fat,body fat 0.0136 0.0120 0.0154 841.9908
Obody fat,dry mass 0.0203 0.0168 0.0234 959.0282
Obody fat,lean mass 0.0108 0.0082 0.0132 1107.0572

Bpost.mean: POsterior mean of regression coefficient; Cl: confidence inter-
val; eff.samp: effective sample size; Pyicmc: posterior bayesian p-value;
LF: low food; 0: residual (co)variance between two responses; significant
codes: Pycmc < 0.001%**, < 0.01**, < 0.05*, > 0.05 n.s.
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Table S.6.5. Fixed effects in explaining variation in Fi-adult (a) dry mass (g), (b) lean mass

(g), and (c) square-root transformed body fat estimated using the MCMCglmm package (Hadfield,

2010). All traits were fitted in a multivariate linear model allowing for the covariance between

the residuals of all responses. The default normal priors were used for the fixed effects with the

expected value of 0 and variance 102, Inverse-Wishart priors were used for the variances with the
expected value of 1-107% and degree of belief of k41, where k is the dimension of the covariance
matrix. The number of iterations was 5,500,000, with a burnin of 500,000 and a thinning of 5000.

(a) Fi-adult dry mass

Fixed effects

Bpost.mean 2.5% Cl 97.5% Cl eff.samp PMCMC Sig.
intercept 0.100 0.092 0.108 1000.000  0.001  ***
LF treatment 0.004 —0.007 0.016 1000.000 0.496 n.s.
male sex —0.074  —0.086 —0.061 1000.000 0.001  ***
LF treatmentxmale sex = —0.004 —0.019 0.014 1000.000 0.626 n.s.
Residual (co)variances
O'gost‘mean 25% Cl 97.5% Cl  eff.samp
Odry mass,dry mass 0.0002 0.0001 0.0003  1000.0000
Odry mass,lean mass ~ 0.0001 0.0000 0.0001  1000.0000
dry mass,body fat 0.0003 0.0002  0.0004  1000.0000
(b) Fi-adult lean mass
Fixed effects
Bpost.mean  2.5% ClI 97.5% Cl  effsamp Pycmc  Sig.
intercept 0.068 0.063 0.072 085.017  0.001  ***
LF treatment 0.000 —0.006 0.008 900.715 0.964 n.s.
male sex  —0.046 —0.053 —0.039 1000.000  0.001  ***
LF treatmentxmale sex  —0.001 —0.011 0.008 1000.000 0.780 ns.
Residual (co)variances
02 ostmean  2:5% Cl 97.5% Cl  eff.samp
O1ean mass,lean mass ~ 0.0001 0.0000 0.0001  1000.0000
Blean mass,dry mass 0.0001 0.0000 0.0001  1000.0000
1can mass,body fat 0.0001 0.0000 0.0002  1000.0000

157



Early-life consequences of maternal malnutrition

(c) Fi-adult body fat

Fixed effects

Bpost.mean  2.5% ClI 97.5% Cl  effsamp Pycmc  Sig.
intercept 0.177 0.163 0.194 852.729  0.001  ***
LF treatment 0.010 —0.010 0.033 1169.723  0.388 n.s.
male sex —0.114  —0.136 —0.091 1000.000 0.001  ***
LF treatmentxmale sex  —0.006 —0.039 0.024 1000.000 0.716 ns.
Residual (co)variances
02 ostmean 2:5% Cl 97.5% Cl  eff.samp
Obody fat,body fat 0.0006 0.0004 0.0009 1000.0000
Obody fat,dry mass 0.0003 0.0002 0.0004 1000.0000
Obody fat,lean mass ~ 0-0001 0.0000 0.0002  1000.0000

Bpost.mean: POSterior mean of regression coefficient; Cl: con-
fidence interval; eff.samp: effective sample size; Pyicmc:

posterior bayesian p-value;

LF: low food; 6:

residual

(co)variance between two responses; significant codes:
Pyvicve < 0.00177, < 0.01%*, < 0.05%, > 0.05 n.s.
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Table S.6.6. Fixed and random effects in explaining variation in the probability of offspring to
respond to the stimulus during the fast-start trials estimated in a generalized linear mixed effects
model using the MCMCglmm package (Hadfield, 2010). A logit link was used for the Bernoulli-
distributed response. The default normal priors were used for the fixed effects with the expected
value of 0 and variance 10'2. Inverse-Wishart priors were used for the variances with the expected
value of 1 and degree of belief of 0.002. As with binary models the residual variance is not
identified, it was fixed at 1. The number of iterations was 1,500,000, with a burnin of 500,000
and a thinning of 1000.

Probability to respond during the fast-start trial

Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  eff.samp Pycmc  Sig.
intercept  —1.533 —3.278  —0.098 1000.000  0.042 *
LF treatment  —0.171 —2.524 1.770 805.119 0.820 ns.
experimental day 0.044 —0.004 0.089 1108.585 0.056 n.s.
LF treatmentxexperimental day = —0.010 —0.080 0.061 860.301 0.796 n.s.

Random effects
2.5% CI 97.5% ClI  eff.samp

2
Upost .mean

mother identity 0.5714 0.0003 2.1054  1000.0000
Petri dish position 0.2482 0.0003 0.8414  1000.0000
offspring identity 1.8027 0.0003 5.3037 904.7566

replicate trial identity ~ 0.3994 0.0003 0.9664 736.6719

Bpost.mean: POsterior mean of regression coefficient; Cl: confi-
dence interval; eff.samp: effective sample size; Pyicmc: poste-
rior bayesian p-value; LF: low food; significant codes: Pycme <
0.001***, < 0.01**, < 0.05*, > 0.05 n.s.
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Table S.6.7. Fixed and random effects in explaining variation in Fq-offspring (a) In-transformed
mean speed, (b) In-transformed maximum speed, (c) In-transformed mean acceleration, and (d) In-
transformed maximum acceleration during fast-start escape response estimated using the MCMCglmm
package (Hadfield, 2010). All traits were fitted in a multivariate linear mixed effects model allowing
for the covariance between the residuals of all responses. The default normal priors were used for
the fixed effects with the expected value of 0 and variance 10'2. Inverse-Wishart priors were used
for the variances with the expected value of 1-107% and degree of belief of k41, where k is the
dimension of the covariance matrix. The number of iterations was 5,500,000, with a burnin of

500,000 and a thinning of 5000.

(a) Fi-mean speed

Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  eff.samp Pycmc  Sig.

intercept  —3.339 —3.488 —3.163 1000.000 0.001  ***

LF treatment 0.187 —0.124 0.488 1000.000 0.224 ns.

experimental day 0.003 —0.003 0.009 1000.000 0.336  ns.

LF treatmentxexperimental day = —0.003 —0.014 0.007 1000.000 0.546 n.s.

Random effects

02 st mean 2.5% Cl 97.5% ClI eff.samp
mother identity 0.0017x1073 0.0003x1073 0.0044x10~3 1000.0000
Petri dish position 0.0016x1073 0.0003x1073 0.0045x10~3 1000.0000
offspring identity 0.0017x1073 0.0003x1073 0.0045x10~3 1000.0000
replicate trial identity 0.0016x1073 0.0003x1073 0.0043x1073  734.9100
@mean speed,mean speed 0.0842 0.0551 0.1210 906.6952
Omean speed,maximum speed 0.0790 0.0500 0.1146 1000.0000
Omean speed,mean acceleration 0.0931 0.0558 0.1405 1000.0000
Omean speed,maximum acceleration 0.0883 0.0515 0.1343 1000.0000
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(b) Fi-maximum speed

Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  effsamp Pycmc Sig.
intercept —1.858  —2.035 —1.678 1000.000 0.001  ***

LF treatment 0.145 —0.184 0.473 1000.000  0.348 n.s.

experimental day 0.003 —0.003 0.010 1000.000 0.312 n.s.

LF treatmentxexperimental day = —0.005 —0.016 0.006 1000.000 0.368 n.s.

Random effects

O ost. mean 2.5% Cl 97.5% ClI eff.samp

mother identity 0.0017x10~3 0.0002x10~3 0.0049x10~3 915.8391
Petri dish position 0.0018x10~3* 0.0003x10~3 0.0048x10~3 1000.0000
offspring identity 0.0016x1073 0.0002x1073 0.0043x10~3 1000.0000
replicate trial identity 0.0017x1073 0.0003x1073 0.0045x10~3 1000.0000
O maximum speed,maximum speed 0.0942 0.0599 0.1330 1000.0000
Omaximum speed,mean speed 0.0790 0.0500 0.1146 1000.0000
O maximum speed,mean acceleration 0.1146 0.0689 0.1661 1000.0000
O maximum speed,maximum acceleration 0.1177 0.0748 0.1693 1000.0000

(c) F1-mean acceleration
Fixed effects
Bpost.mean  2.5% CI 97.5% Cl  eff.samp Pycmc  Sig.
intercept 0.733 0.475 0.975 1000.000 0.001  ***
LF treatment  —0.026 —0.475 0.436 1000.000  0.904 n.s.
experimental day  —0.003 —0.012 0.005 1000.000  0.464 n.s.
LF treatmentxexperimental day 0.002 —0.014 0.016 1000.000 0.838 n.s.
Random effects

O ost mean 2.5% CI 97.5% ClI eff.samp

mother identity 0.0017x1073 0.0002x1073 0.0047x1073  633.6177
Petri dish position 0.0017x1073 0.0003x10~3 0.0046x10~2 1000.0000
offspring identity 0.0017x1073 0.0002x1073 0.0042x1073  914.0502
replicate trial identity 0.0017x10~32 0.0003x10~3 0.0044x10~3 1000.0000
emean acceleration,mean acceleration 0.1839 0.1173 0.2605 1000.0000
Omean acceleration,mean speed 0.0931 0.0558 0.1405 1000.0000
Omean acceleration,maximum speed 0.1146 0.0689 0.1661 1000.0000
emean acceleration,maximum acceleration 0.1686 0.1047 0.2384 1000.0000
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(d) Fi-maximum acceleration

Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  effsamp Pycmc Sig.
intercept 2.124 1.910 2.391 975.217  0.001  ***
LF treatment 0.163 —0.281 0.616 1000.000  0.482 n.s.
experimental day  —0.003 —0.012 0.005 860.262 0.492 n.s.
LF treatmentxexperimental day  —0.004 —0.019 0.011 1000.000 0.656 n.s.
Random effects
O ost. mean 2.5% Cl 97.5% ClI eff.samp
mother identity 0.0016x10~3 0.0002x1073 0.0044x10~3  831.3166
Petri dish position 0.0017x10~3 0.0003x10~3 0.0045x10~3 1000.0000
offspring identity 0.0016x1073 0.0003x10~3 0.0041x10~3 1000.0000
replicate trial identity 0.0017x1073 0.0003x1073 0.0047x10~3 1000.0000
emaximum acceleration,maximum acceleration 0.1745 0.1089 0.2402 1000.0000
Omaximum acceleration,mean speed 0.0883 0.0515 0.1343 1000.0000
Omaximum acceleration,maximum speed 0.1177 0.0748 0.1693 1000.0000
Omaximum acceleration,mean acceleration 0.1686 0.1047 0.2384 1000.0000

Bpost.mean: POSterior mean of regression coefficient; Cl: confidence interval; eff.samp: effective

sample size; Pycomc: posterior bayesian p-value; LF: low food; 6: residual (co)variance
between two responses; significant codes: Pyicve < 0.0017**, < 0.01**, < 0.05%, > 0.05

n.s.
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Table S.6.8. Fixed and random effects in explaining variation in Fq-offspring (a) In-transformed
mean speed, (b) In-transformed maximum speed, (c) In-transformed mean acceleration, and (d)
In-transformed maximum acceleration during food supply estimated using the MCMCglmm package
(Hadfield, 2010). All traits were fitted in a multivariate linear mixed effects model allowing for the
covariance between the residuals of all responses. The default normal priors were used for the fixed
effects with the expected value of 0 and variance 10'2. Inverse-Wishart priors were used for the
variances with the expected value of 1-107°% and degree of belief of k-1, where k is the dimension
of the covariance matrix. The number of iterations was 5,500,000, with a burnin of 500,000 and
a thinning of 5000.

(a) Fi-mean speed

Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  eff.samp Pycmc  Sig.

intercept —7.271  —7.508 —7.056 1096.112 0.001  ***

LF treatment 0.604 0.304 0.906 1099.085  0.001 ok

experimental day 0.012 0.005 0.019 039.113  0.001  ***

day 2 after birth 1.044 0.819 1.261 1000.000 0.001  ***

day 7 after birth 1.374 1.180 1.615 1000.000  0.001  **x*
LF treatmentxexperimental day = —0.012 —0.021  —0.003 1153.552  0.014 *
LF treatmentxday 2 after birth  —0.339 —0.624  —0.043 1000.000 0.018 *
LF treatmentxday 7 after birth  —0.377  —0.650 —0.067 1000.000 0.012 *

Random effects

02 st mean 2.5% Cl 97.5% ClI eff.samp
mother identity 0.0016x1073 0.0003x1073 0.0043x10~3 1000.0000
Petri dish position 0.0018x10~3 0.0002x10~3 0.0048x10~2 1000.0000
offspring identity 0.0017x1073 0.0002x1073 0.0045x10~3 1000.0000
Omean speed mean speed 0.3007 0.2540 0.3465 1000.0000
Omean speed,maximum speed 0.1600 0.1322 0.1862 1000.0000
Omean speed mean acceleration 0.2337 0.1973 0.2703 1000.0000
Omean speed maximum acceleration 0.1362 0.1115 0.1627 1000.0000
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(b) Fi-maximum speed

Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  effsamp Pycmc Sig.
intercept —5.682  —5.820 —5.540 1000.000 0.001  ***
LF treatment 0.318 0.115 0.508 1000.000  0.004 ok
experimental day 0.007 0.003 0.011 1182.131  0.002 *x
day 2 after birth 0.518 0.371 0.650 1000.000  0.001  ***
day 7 after birth 0.759 0.626 0.896 1000.000  0.001  ***
LF treatmentxexperimental day = —0.008 —0.014 —0.002 1385.756  0.012 *
LF treatmentxday 2 after birth  —0.174 —0.353 0.021 1000.000 0.070  ns.
LF treatmentxday 7 after birth  —0.184 —0.362 0.002 1000.000 0.056 n.s.
Random effects
02 st mean 2.5% CI 97.5% ClI eff.samp
mother identity 0.0017x1073 0.0003x1073 0.0050x10~3 1000.0000
Petri dish position 0.0017x10~3 0.0003x1073 0.0046x10~3 1000.0000
offspring identity 0.0016x1073 0.0003x10~% 0.0042x1073  721.8976
O maximum speed, maximum speed 0.1183 0.1008 0.1365 1000.0000
Bmaximum speed,mean speed 0.1600 0.1322 0.1862 1000.0000
@ maximum speed,mean acceleration 0.1409 0.1186 0.1643 1000.0000
O maximum speed,maximum acceleration 0.1100 0.0933 0.1280 1000.0000
(c) Fi-mean acceleration
Fixed effects
Bpost.mean  2.5% Cl 97.5% Cl  effsamp Pycmc Sig.
intercept —7.980  —8.165 —7.795 1226.138  0.001  ***
LF treatment 0.423 0.158 0.675 1180.552  0.006 *x
experimental day 0.008 0.002 0.014 990.127 0.010 *
day 2 after birth 0.800 0.617 0.994 1201.528  0.001  ***
day 7 after birth 1.059 0.893 1.250 1251.870  0.001  ***
LF treatmentxexperimental day = —0.009 —0.017 —0.002 1265.511 0.018 *
LF treatmentxday 2 after birth  —0.246 —0.529  —0.037  1000.000  0.050 *
LF treatmentxday 7 after birth  —0.273 —0.511  —-0.017 1000.000 0.034 *
Random effects
02 st mean 2.5% CI 97.5% ClI eff.samp
mother identity 0.0017x1073 0.0002x1073 0.0044x1073  948.6556
Petri dish position 0.0017x1073 0.0003x1073 0.0044x10~3 1000.0000
offspring identity 0.0017x1073 0.0003x10™3 0.0049x10~3 1000.0000
Qmean acceleration,mean acceleration 0.2045 0.1733 0.2362 1000.0000
@mean acceleration,mean speed 0.2337 0.1973 0.2703 1000.0000
@mean acceleration, maximum speed 0.1409 0.1186 0.1643 1000.0000
emean acceleration,maximum acceleration 0.1328 0.1075 0.1533 1000.0000
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(d) Fi-maximum acceleration

Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  effsamp Pycmc Sig.
intercept —6.337  —6.482  —6.205 1000.000 0.001  ***
LF treatment 0.241 0.036 0.432 1092.713  0.022 *
experimental day 0.005 0.001 0.009 1208.733  0.034 *
day 2 after birth 0.430 0.300 0.584 1000.000 0.001  ***
day 7 after birth 0.603 0.469 0.738 1000.000 0.001  ***
LF treatmentxexperimental day  —0.006 —0.011 —0.000 1332997 0.052 ns.
LF treatmentxday 2 after birth  —0.166 —0.339 0.029 1000.000 0.078 n.s.
LF treatmentxday 7 after birth  —0.147 —0.326 0.035 1000.000 0.100 n.s.

Random effects

02 st mean 2.5% Cl 97.5% ClI eff.samp
mother identity 0.0017x1073 0.0003x1073 0.0049x10~3  721.9755
Petri dish position 0.0016x1073 0.0002x1073 0.0044x10~3 1093.6333
offspring identity 0.0017x1073 0.0003x1073 0.0045x1072  855.2492
emaximum acceleration,maximum acceleration 0.1158 0.0966 0.1330 1000.0000
Omaximum acceleration,mean speed 0.1362 0.1115 0.1627 1000.0000
Omaximum acceleration,maximum speed 0.1100 0.0933 0.1280 1000.0000
emaximum acceleration,mean acceleration 0.1328 0.1075 0.1533 1000.0000

Bpost.mean: POSterior mean of regression coefficient; Cl: confidence interval; eff.samp: effective
sample size; Pycmc: posterior bayesian p-value; LF: low food; 6: residual (co)variance
between two responses; significant codes: Pycne < 0.001%%*, < 0.01**, < 0.05*, > 0.05
n.s.
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Table S.6.9. Fixed and random effects in explaining variation in Fq-offspring (a) In-transformed
mean speed, (b) In-transformed maximum speed, (c) In-transformed mean acceleration, and (d)
In-transformed maximum acceleration during the 5 min control period (no food supply) estimated
using the MCMCglmm package (Hadfield, 2010). All traits were fitted in a multivariate linear mixed
effects model allowing for the covariance between the residuals of all responses. The default normal
priors were used for the fixed effects with the expected value of 0 and variance 10'2. Inverse-Wishart
priors were used for the variances with the expected value of 1-107% and degree of belief of k+1,
where k is the dimension of the covariance matrix. The number of iterations was 5,500,000, with
a burnin of 500,000 and a thinning of 5000.

(a) Fi-mean speed

Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  eff.samp Pycmc  Sig.

intercept  —7.130 —7.457 —6.841 1044230 0.001  ***

LF treatment 0.227 —0.193 0.629 1000.000 0.244  ns.

experimental day 0.004 —0.005 0.013 1000.000 0.356  n.s.

day 2 after birth 1.144 0.846 1.456 838.250  0.001  ***

day 7 after birth 1.542 1.255 1.880 1100.634  0.001  ***

LF treatment xexperimental day 0.000 —0.012 0.012 1000.000 0.966 n.s.

LF treatmentxday 2 after birth  —0.234 —0.659 0.159 1000.000 0.252 ns.

LF treatmentxday 7 after birth  —0.297 —0.695 0.106 1167.894 0.156 n.s.

Random effects

O post.mean 2.5% CI 97.5% ClI eff.samp
mother identity 0.0016x1073 0.0003x1073 0.0047x10~3 1000.0000
Petri dish position 0.0017x10~3 0.0002x10~32 0.0045x10~2 1000.0000
offspring identity 0.0016x1073 0.0002x1073 0.0041x10-3 881.8610
Omean speed,mean speed 0.5953 0.5072 0.6991 1862.0378
Omean speed,maximum speed 0.3393 0.2886 0.4029 1538.1364
Omean speed,mean acceleration 0.5003 0.4239 0.5877 1000.0000
Omean speed,maximum acceleration 0.3068 0.2608 0.3682 1000.0000
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(b) Fi-maximum speed

Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  effsamp Pycmc Sig.
intercept —5.646  —5.836 —5.460 1056.531 0.001  ***
LF treatment 0.081 —0.154 0.354 1000.000 0.522 n.s.
experimental day 0.003 —0.003 0.008 735.624 0.364 n.s.
day 2 after birth 0.600 0.405 0.792 872.418 0.001  ***
day 7 after birth 0.868 0.667 1.062 1000.000  0.001  ***
LF treatmentxexperimental day = —0.001 —0.008 0.007 1000.000 0.912 n.s.
LF treatmentxday 2 after birth  —0.128 —0.394 0.113 1000.000 0.350 ns.
LF treatmentxday 7 after birth  —0.114 —0.398 0.125 1121951 0.394 ns.
Random effects
02 st mean 2.5% CI 97.5% ClI eff.samp

mother identity 0.0017x10~3 0.0003x1073 0.0047x10~3 1000.0000
Petri dish position 0.0017x1073 0.0003x1073 0.0045x10~3 1000.0000
offspring identity 0.0016x1073 0.0003x107% 0.0044x10~3 1000.0000
O maximum speed, maximum speed 0.2344 0.1990 0.2728 1000.0000
Omaximum speed,mean speed 0.3393 0.2886 0.4029 1538.1364
@ maximum speed,mean acceleration 0.3006 0.2566 0.3577 1000.0000
O maximum speed,maximum acceleration 0.2184 0.1870 0.2576 1000.0000

(c) Fi-mean acceleration

Fixed effects
Bpost.mean  2.5% Cl 97.5% Cl  effsamp Pycmc Sig.
intercept —7.998  —8.267 —7.733 1082.359  0.001  ***
LF treatment 0.134 —0.204 0.491 1000.000 0.442 ns.
experimental day 0.004 —0.004 0.011 1000.000 0.344 n.s.
day 2 after birth 0.933 0.678 1.213 906.856 0.001  ***
day 7 after birth 1.294 1.014 1.568 1099.627  0.001  ***
LF treatmentxexperimental day = —0.000 —0.010 0.010 1000.000 1.000 n.s.
LF treatmentxday 2 after birth  —0.157 —0.497 0.185 1000.000 0.386 n.s.
LF treatmentxday 7 after birth  —0.199 —0.540 0.152 1070.329 0.266 n.s.
Random effects

02 st mean 2.5% CI 97.5% ClI eff.samp
mother identity 0.0017x10~3 0.0002x10~3 0.0044x10~3 1000.0000
Petri dish position 0.0017x1073 0.0003x1073 0.0042x10~3 1000.0000
offspring identity 0.0016x1073 0.0003x1073 0.0044x10~3  887.9253
Qmean acceleration,mean acceleration 0.4454 0.3834 0.5279 1000.0000
@mean acceleration,mean speed 0.5003 0.4239 0.5877 1000.0000
@mean acceleration, maximum speed 0.3006 0.2566 0.3577 1000.0000
emean acceleration,maximum acceleration 0.2846 0.2421 0.3380 1000.0000
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(d) Fi-maximum acceleration
Fixed effects

Bpostmean  2.5% Cl 97.5% Cl  effsamp Pycmc Sig.
intercept —6.415  —6.602 —6.236 1109.278  0.001  ***
LF treatment 0.039 —0.197 0.280 1000.000 0.754 ns.
experimental day 0.002 —0.003 0.008 953.635 0.392 n.s.
day 2 after birth 0.571 0.370 0.741 940.379 0.001  **x
day 7 after birth 0.822 0.630 1.015 1000.000  0.001  ***
LF treatmentxexperimental day =~ —0.000 —0.007 0.007 1000.000 0.990 n.s.
LF treatmentxday 2 after birth  —0.104 —0.359 0.112 1000.000 0.398 ns.
LF treatmentxday 7 after birth  —0.074 —0.333 0.172 1096.224  0.554 n.s.

Random effects

02 st mean 2.5% Cl 97.5% ClI eff.samp
mother identity 0.0017x10~3 0.0003x10~3 0.0042x10~3 1000.0000
Petri dish position 0.0017x1073 0.0002x1073 0.0047x10~3 1000.0000
offspring identity 0.0017x1073 0.0003x1073 0.0042x10~3 1000.0000
emaximum acceleration,maximum acceleration 0.2164 0.1831 0.2523 1000.0000
Omaximum acceleration,mean speed 0.3068 0.2608 0.3682 1000.0000
Omaximum acceleration,maximum speed 0.2184 0.1870 0.2576 1000.0000
emaximum acceleration,mean acceleration 0.2846 0.2421 0.3380 1000.0000

Bpost.mean: POSterior mean of regression coefficient; Cl: confidence interval; eff.samp: effective
sample size; Pycmc: posterior bayesian p-value; LF: low food; 6: residual (co)variance
between two responses; significant codes: Pycne < 0.001%%*, < 0.01**, < 0.05*, > 0.05
n.s.
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Table 5.6.10. Fixed and random effects in explaining variation in Fo-offspring cross-sectional body
area (mm?) estimated using the MCMCglmm package (Hadfield, 2010). The default normal priors
were used for the fixed effects with the expected value of 0 and variance 10'2. Inverse-Wishart
priors were used for the variances with the expected value of 1 and degree of belief of 0.002. The
number of iterations was 1,500,000, with a burnin of 500,000 and a thinning of 1000.

F,-offspring cross-sectional body area
Fixed effects

Bpost.mean  2.5% ClI 97.5% Cl  effsamp Pycmc  Sig.
intercept 4.417 4.224 4572 1000.000 0.001  ***
LF treatment  —0.156 —0.394 0.087 1000.000 0.228 ns.
day 2 after birth 0.315 0.110 0.486 1413.887  0.001  ***
day 7 after birth 0.333 0.137 0.539 1233.689  0.001  ***
LF treatmentxday 2 after birth  —0.094 —0.361 0.184 1289.874 0.482 n.s.
LF treatmentxday 7 after birth 0.164 —0.132 0.432 1000.000 0.268 n.s.

Random effects
02 ostmean  2:5% Cl 97.5% Cl  eff.samp
offspring identity 0.2926 0.1882 0.4028  1000.0000
residual 0.1288 0.0932 0.1653  1000.0000

Bpost.mean: POsterior mean of regression coefficient; Cl: con-
fidence interval; eff.samp: effective sample size; Pyicumc:
posterior bayesian p-value; LF: low food; significant codes:
Pyvieve < 0.0017%*, < 0.01%, < 0.05*, > 0.05 n.s.
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7 General discussion

Understanding the origin and elaboration of complex traits is of fundamental interest to
scientists and non-scientists alike. The placenta is an excellent example of a complex life-
history trait that has evolved repeatedly —and continues to evolve to date — throughout the
animal kingdom in live-bearing fish (Wourms, 1981), sharks (Hamlett et al., 1993), reptiles
(Blackburn, 2015), amphibians (Wake, 2015), mammals (Wooding & Burton, 2008), and
a variety of invertebrates (Ostrovsky et al., 2016). This repeated evolution and ongoing
elaboration appears to point towards an adaptive advantage to specific environmental
conditions; however, this potential benefit is currently insufficiently understood.

In this thesis, I attempt to contribute to a better understanding of the causes and con-
sequences of placental evolution by drawing on insights from the live-bearing fish family
Poeciliidae. Specifically, I aim to shed light on the obscure origin of the placenta. Fur-
thermore, I examine the impacts of environmental stressors during pregnancy on early
life development of offspring, as well as the consequences of acquiring a placenta for a
species’ ecology.

For this, I first quantified biologically relevant sources of variation in placentation to
identify potential selective agents that ultimately drive the evolution of the placenta.
Specifically, I studied natural populations of the highly placental live-bearing fish species
Poeciliopsis retropinna from Costa Rica to examine maternal condition-, size- and/or age-
related offspring provisioning, and hence maternal sources of placental variation (Chapter
2), as well as to detect ecological drivers that underlie the ongoing evolution of pla-
centas (Chapter 3). In the latter, I related inter-population variation in the degree of
placentation to predation risk in streams to test a key prediction of the locomotor cost
hypothesis, which is that placentation evolves in ‘performance-demanding’ (high preda-
tion) environments by reducing the reproductive burden of females during pregnancy,
and hence, improving swimming performance. If true, I additionally predicted placental
species to inhabit higher ‘performance-demanding’ (micro)habitats (e.g. high-flow veloc-
ity) compared to closely related non-placental species. I empirically tested this idea in
five sympatric live-bearing fish species (family Poeciliidae) in Costa Rica that differ in
the absence/presence of placentation (Chapter 4). In Chapter 5 and 6, I examined the
potential risks of the intimate link the placenta forms between the mother and fetus when
exposed to adverse environmental conditions (Chapter 5: maternal parasite infestation in
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P. retropinna; Chapter 6: maternal malnutrition in Phalloptychus januarius).

In the following discussion, I put the findings of my PhD research into a wider context.
First, I restate the different hypotheses for the evolution of the placenta together with
the currently available evidence for each (Section 7.1). Second, because superfetation is
commonly found in Poeciliidae and thought to co-evolve with the evolution of the placenta,
I developed an R-package to simulate and graphically illustrate the potential advantages
of having superfetation, as well as both, superfetation and placentation (Section 7.2,
Supplementary Methods S.7.1.1). The simulation can be seen as a first step on which
future, empirical studies can build upon to assess the costs of locomotion as a function of
superfetation and placentation. The R-package and instructions for the installation can be
found here: https://github.com/andreshagmayer/ReproductiveBurden.git. Third,
I discuss the potential disadvantages of having a placenta in response to various adverse
environmental conditions (Section 7.3). Fourth, I address the key questions arising from
this thesis, and discuss the steps that are required to answer these questions, as well as
the challenges in doing so (Section 7.4). Finally, I end with the concluding remarks from
this thesis (Section 7.5).

7.1 What drives the evolution of the placenta?

To date, two adaptive hypotheses (termed the resource allocation and locomotor cost hy-
potheses) provide potential explanations for why the placenta evolves. Both hypotheses
treat the placenta as a life-history adaptation that evolves in response to ecological selec-
tion pressures (Thibault & Schultz, 1978; Trexler & DeAngelis, 2003). Furthermore, both
hypotheses posit that the ancestral state is for all nutrients to be prepackaged in the form
of egg yolk (lecithotrophy) and that the derived state is for nutrients to be supplied to em-
bryos throughout pregnancy via a placenta (placentotrophy). This is presumably achieved
via a gradual shift in the timing of nutrient provisioning from pre- to post-fertilization.
If true, then the evolution of the placenta should coincide with a reduction in egg mass
at fertilization without affecting the size and quality of offspring at birth (Reznick et al.,
2002; Trexler & DeAngelis, 2003; Pollux et al., 2009).

7.1.1 Locomotor cost hypothesis

The locomotor cost hypothesis (Thibault & Schultz, 1978; Pollux et al., 2009; Pires et al.,
2011) postulates that the placenta evolves to offset some of the locomotor costs associated
with a live-bearing mode of reproduction. The physical and physiological burden of
pregnancy negatively affects a female’s locomotor performance in a broad range of live-
bearing animals (Seigel et al., 1987; Plaut, 2002; Noren et al., 2011; Fleuren et al., 2019).
The evolution of the placenta should allow females to attain higher fitness, because the
production of smaller eggs at fertilization reduces a female’s reproductive burden during
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pregnancy. This improves body streamlining and locomotor performance, notably without
sacrificing reproductive output. The presumed benefit of a higher degree of placentation
is that the improved swimming performance offers a selective advantage to females in
‘performance-demanding’ (e.g. high-flow velocity or high-predation) environments because
it enhances survival probability (Pollux et al., 2009; Pires et al., 2011).

The findings from Chapter 3 support this idea. Specifically, we used the Matrotrophy In-
dex (MI), calculated as the ratio of offspring mass at birth to egg mass at fertilization, to
quantify the degree of placentation among 28 natural populations of the highly placental
Poeciliopsis retropinna. Comparisons of the degree of placentation among natural popu-
lations are of particular interest, because they may provide insights into the evolutionary
processes that drive the elaboration of placentas at a macro-evolutionary level (Hansen
& Martins, 1996; Arnold et al., 2001; Reznick & Ricklefs, 2009; Rolland et al., 2018). We
showed a more than two-fold range in the estimated degree of placentation among the
populations, which was correlated with predation risk in streams. Particularly, we found
that female P. retropinna that co-occur with piscivorous predator species produce smaller
eggs at fertilization, while giving birth to an equal number, size, and quality of offspring.
The life-history adjustments lead to a significantly higher degree of placentation and a
lower reproductive allotment in females that have to cope with high predation risk. To
date, only few other studies have evaluated inter-population variation in the degree of
placentation (e.g. Schrader & Travis 2005; Pires et al. 2007; Gorini-Pacheco et al. 2017).
However, these did not examine (or used insufficient replicates to make reliable inferences
about) the ecological factors that may have driven differences in the degree of placentation
among populations.

A number of other recent studies lend additional compelling credence to the findings from
Chapter 3 by showing that a lower reproductive allotment can indeed convey a benefit to
females by improving their locomotor performance during pregnancy. Fleuren et al. (2018)
showed that placental species are more slender at the beginning of pregnancy compared
to non-placental ones and that, consistent with the locomotor cost hypothesis (Pollux
et al., 2009), this morphological advantage of the placenta diminishes over the course of
gestation. A lower reproductive allotment and streamlined body shape are associated
with a reduced drag on the female body (Quicazan-Rubio et al., 2019), higher sustained
swimming performance (Plaut, 2002), improved fast-start escape response (Ghalambor
et al., 2004; Fleuren et al., 2019), and enhanced survival probability (Walker et al., 2005;
Plath et al., 2011; Laidlaw et al., 2014). The observed increased degree of placentation
and associated decreased reproductive allotment in high predation populations may thus
lead to an enhanced predator escape performance. In conclusion, our results provide the
first compelling evidence in support of the locomotor cost hypothesis by showing that an
increase in the degree of placentation can offer a selective advantage in high ‘performance-
demanding’ (i.e. high predation) environments (Hagmayer et al., 2020c).
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7.1.2 Resource allocation hypothesis

The resource allocation hypothesis predicts placentas will enhance fecundity in stable,
high-resource environments (Trexler & DeAngelis, 2003). Placental females produce
smaller, less expensive eggs, and transfer nutrients to the developing embryos throughout
gestation (Wourms, 1981). By reducing the initial cost of eggs, placental females of equal
size and body condition have the potential to fertilize more eggs and gestate more em-
bryos. If sufficient nutrients are available to provision all developing embryos, placental
provisioning may increase maternal fecundity (Trexler & DeAngelis, 2003). If food is
scarce or fluctuating, females can provision young with stored maternal fat reserves or
abort and resorb them and provision only as many as they can fully nourish (Trexler,
1997; Trexler & DeAngelis, 2003). However, if placental females are unable to abort em-
bryos and recycle the invested energy, the benefits of placentation are greatly reduced.
Trexler & DeAngelis (2003) therefore argued that the ability to selectively abort embryos
and recycle this investment, should resource conditions suddenly deteriorate, is a crucial
preadaptation for the evolution of placentation.

Several findings appear to tentatively argue against the resource allocation hypothesis.
First, prior studies in four independent placental lineages have not shown that poeciliid
fish are able to abort embryos in response to sudden adverse resource conditions (Reznick
et al., 1996b; Banet & Reznick, 2008; Banet et al., 2010; Pollux & Reznick, 2011). Sec-
ond, available evidence suggests that maternal body fat might not fully buffer placental
females against unfavorable environmental conditions (Pollux & Reznick, 2011). The
placental fish species Heterandria formosa, Poeciliopsis turneri, P. prolifica, and Phal-
loptychus januarius all responded to low food conditions under laboratory conditions by
producing smaller offspring at birth with less fat reserves (Reznick et al., 1996b; Pollux
& Reznick, 2011). In concurrence with these laboratory studies, we showed in Chapter
2, under natural conditions in field-collected specimens of Poeciliopsis retropinna, that
decreasing maternal body condition (i.e. proportion body fat) is negatively associated
with offspring size and body condition at birth. Finally, if female fat storage would serve
to buffer placental species from fluctuating resource conditions, then abortion incidence
should increase when food conditions become unfavorable and maternal fat reserves insuf-
ficient to fully buffer females during gestation. In other words, better-conditioned females
(those carrying larger fat reserves) should be less likely to abort embryos. Contrary to this
expectation, we found in Chapter 3 an increase in the abortion incidence with a higher
proportion of maternal body fat: better-conditioned females were more likely to abort em-
bryos. The mechanisms behind this higher rate of embryo abortion in better-conditioned
female P. retropinna are currently unclear and require further investigation.

7.1.3 Other drivers of placental evolution: conflict hypothesis

Both the resource allocation and locomotor cost hypothesis provide potential adaptive
explanations for why the placenta evolves. In contrast to these adaptive hypotheses,
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the conflict hypothesis posits that the placenta evolves as a non-adaptive by-product of a
self-reinforcing arms race between mothers and gestating offspring over control of resource
transfer (Haig, 1993; Zeh & Zeh, 2000; Crespi & Semeniuk, 2004; Pollux et al., 2009).
Specifically, the prolonged physical contact between mother and offspring in live-bearing
species creates the opportunity for embryos to influence maternal nutrient provisioning
(Crespi & Semeniuk, 2004). A conflict of interest between parents and offspring will arise
when they are not genetically identical and when both can actively influence the transfer
of resources (Trivers, 1974). A mother who has an equal degree of relatedness to any of her
offspring (r = %), will benefit most by providing sufficient nutrients to as many offspring as
possible to ensure their survival. By contrast, an offspring will demand more than merely
sufficient resources, as any given offspring is more closely related to itself (r = 1) than to
its full- (r = 3) or half-siblings (r = ) (Trivers, 1974). This conflict of interest between
mother and developing offspring over the degree of maternal provisioning is hypothesized
to give rise to antagonistic co-evolution, driving the evolution of more complex placentas
(Haig, 1993; Crespi & Semeniuk, 2004).

A current study provides tentative support for the conflict hypothesis. Using an extensive
data set consisting of 9,432 individuals belonging to 160 poeciliid species, Furness et al.
(sub) failed to find an association between the degree of placentation and climate/habi-
tat variables, which would have been indicative of an adaptation to ecological selection
pressures (i.e. adaptive hypotheses). Though, they emphasize the limitations of the used
climate variables as proxies of the selective environment (Furness et al., sub). In addition,
other studies on eutherian and metatherian mammals support the idea that many fea-
tures of the placenta have evolved as antagonistic co-evolution between maternal and fetal
tissues struggling over resources (Haig, 1993; Crespi & Semeniuk, 2004; Elliot & Crespi,
2006).

7.1.4 Conclusion

The three main hypotheses for the evolution of the placenta outlined in this chapter are
not mutually exclusive. Each is likely to have played a role at different stages of the
evolutionary process. Whereas its initial evolution might have been driven by ecological
selection pressures, its subsequent rapid diversification may have been accelerated by
conflict-driven antagonistic co-evolution (Pollux et al., 2009).

7.2 Interplay between placentation and superfetation

Superfetation is the ability to carry several broods at different developmental stages
(Turner, 1937). This reproductive adaptation is commonly found in Poeciliidae and
thought to co-evolve with the evolution of the placenta (Thibault & Schultz, 1978; Reznick
& Miles, 1989; Reznick et al., 2007; Pollux et al., 2009). The presence of the placenta
and superfetation are both thought to reduce the reproductive burden, enhance body
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streamlining, and thus improve the locomotor performance of females during pregnancy
(Thibault & Schultz, 1978; Pollux et al., 2009; Zuniga-Vega et al., 2010; Pires et al., 2011;
Fleuren et al., 2018, 2019). Therefore, placentation and superfetation are likely to inter-
act in shaping the reproductive burden, and hence integrating the effects of superfetation
is fundamental for studying the evolution of the placenta. However, a numerical quan-
tification of the effects of superfetation, as well as the interaction between superfetation
and placentation on the reproductive burden is still lacking in literature. Therefore, I
developed an R-package to simulate and graphically illustrate the potential advantages
of having superfetation, as well as both, superfetation and placentation. The simulation
can be seen as a first step on which future, empirical studies can build upon to assess the
costs of locomotion as a function of superfetation and placentation.

7.2.1 Simulating reproductive allotment

I used the reproductive allotment (i.e. the mass allocated to developing offspring) as a
proxy for a female’s reproductive burden during pregnancy. A female’s reproductive allot-
ment can be simulated through time by using the estimates of several individual maternal
life-history traits (i.e. degree of superfetation, brood size, egg mass at fertilization, and
offspring mass at birth). The reproductive allotment can be defined as:

Ty = ; bi,t = ; ei,tli,ta (7-1)

where r; corresponds to the reproductive allotment of a hypothetical female at time ¢, s to
the degree of superfetation (i.e. the number of broods at different developmental stages),

ZS: b;+ to the sum of all brood masses (b) within the female at time ¢ and Xs: eitlis to the
i=1 i=1
sum of the product between the mean embryo mass (e) and brood size (I) of all broods

within the female at time ¢. The mean embryo mass (e) is estimated as the exponential
relationship between embryo mass and the developmental stage of embryos (d) at time ¢
in the following linear model (Chapter 2):

10g<ei,t) = o+ Bdi,h (72)
where

log(o) —log(f)
gestation time

a=log(f) and fg= (7.3)
‘Gestation time’ corresponds to n developmental stages, and f and o to egg mass at
fertilization and offspring mass at birth, respectively. Consequently, in the simulation I
assume that the degree of superfetation, brood size, egg mass at fertilization, and off-
spring mass at birth are all constant for a given female. Note that because the exact
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relationship between the embryo developmental stage and time is unknown, the simula-
tion predicts the reproductive allotment as a function of ‘developmental stage’ as a proxy
for time. The simulation can then be used to predict the expected reproductive allotment
of a hypothetical female at time t (Fig. 7.1). Moreover, the simulation can be used to
shed light on the consequences of adjusting individual maternal life-history traits for the
reproductive allotment of a female during gestation. In other words, we can examine
the interactive effect of superfetation and placentation in shaping a female’s reproductive
allotment.
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