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Chapter 1 | General Introduction

Viviparity, a live-bearing mode of reproduction, has evolved independently 
over 200 times in the animal kingdom [1,2]. However, giving birth to live 
young confers a large burden to carrying mothers: during the internal devel-
opment of the offspring, the female’s ability to run, jump, fly or swim fast is 
often impaired [e.g. 3–7]. As a consequence, pregnant animals might be less 
adept in catching food, in migrating through harsh environments or in es-
caping predators [8]. To reduce these disadvantageous effects of pregnancy 
on locomotion, reproductive adaptations could have evolved, independent-
ly, in separate lineages of viviparous animals. 

In this thesis, I combine the field of evolutionary biology with a biomechan-
ics approach. Currently, the field of biomechanics is rapidly changing. High-
speed videos are now able to record at high frame rates and in high reso-
lution while being relatively affordable. Automated tracking allows for the 
analysis of large databases of high-speed video sequences [9]. Furthermore, 
the field is rapidly moving forward into the world of three-dimensional 
motion [9–11]; something that was not possible previously due to difficul-
ties with measurement and analysis. With these methodological advances 
in biomechanics, I want to answer an evolutionary question. I aim to show 
how pregnancy affects morphology and three-dimensional swimming per-
formance in the live-bearing fish family Poeciliidae, and how this relates to 
two hypothesised reproductive adaptations: matrotrophy (provisioning of 
nutrients to the embryo post-fertilization) and superfetation (the simultane-
ous presence of multiple broods of different developmental stages).

Viviparity: a reproductive mode not exclusive to mammals

Reproductive modes are classified using a dichotomous system, with vivi-
parity on one side and oviparity, egg-laying, on the other. In the oviparous 
reproductive pattern, females deposit fertilized or unfertilized eggs with in-
tact egg shells or jelly coats, while viviparous animals retain developing eggs 
inside their reproductive tract, giving birth to fully-developed or pre-met-
amorphic young that are able to behaviourally interact with their environ-
ment [12]. The classification of reproductive modes is, however, not as di-
chotomous as described by these definitions due to prolonged egg retention 
in, for instance, reptiles and fishes [13–16]. 

Historically, research on non-mammalian viviparity has suffered from an-
thropocentric views on reproduction, considering human (and mammalian) 
reproduction to be unique: live-bearing reproduction in non-mammalian 
species was considered a ‘simple pattern’ in which fertilized eggs developed 
and hatched inside the female [17,18]. Animals that lack ‘true placentas’, 
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like those of mammals, were classified ‘ovoviviparous’ [1,12], and therefore 
unlikely to provide any insights relevant for the evolution of viviparity in 
(Eutherian) mammals. This view gradually changed in the 1970’s and 1980’s 
following influential work on the reproductive modes of fishes [19,20], am-
phibians [21,22], reptiles [23,24], and marsupials [25,26], as well as the emer-
gence and application of novel life-history theories [23,27]. Currently, the 
convergent evolution of physiological and developmental similarities in re-
productive modes among a wide range of vertebrate and invertebrate clades 
is widely acknowledged, providing insights into the processes that drive the 
evolution and establishment of a live-bearing mode of reproduction and into 
the reproductive adaptations that have evolved in these clades [2,28].

Oviparity is generally considered to be the ancestral mode of reproduction 
from which viviparity evolved. Most research on the transition from ovi-
parity to viviparity has been done in squamate reptiles (lizards and snakes). 
The frequent independent evolution of viviparity in this group, at least 115 
times [1,12,29], often at sub-generic level [30], make this an excellent model 
system for this transition [31]. Reversals from viviparity to oviparity are rare, 
but have occurred [32–36]. The major driving force for the evolution of vivi-
parity in squamate reptiles is likely maternal thermoregulatory behaviour, 
which allows retained embryos to develop under high and/or stable tem-
peratures at the cost of a bigger and/or longer physical burden to the female 
and (often) a reduced fecundity [37–39].

The evolution of viviparity has recurrently been followed by a rapid specia-
tion event [32,36,40,41]. With the evolution of a viviparous mode of repro-
duction, animals were able to colonize novel geographical ranges or ecologi-
cal niches that were previously unsuitable for colonization [23,42]. Viviparity 
might simplify range expansion: only one pregnant female is needed to start 
a small novel population. Furthermore, it is not necessary to migrate to nest-
ing grounds that provide the proper environmental conditions to develop 
and hatch eggs. As a consequence, the evolution of viviparity is often as-
sumed to precede the colonization of marine habitats by extinct reptiles and 
extant sea snakes [40,43–45].

Poeciliidae: a model family of live-bearing fishes

The Poeciliidae family consists of 220 species in 28 genera [46, Figure 1-1]. 
The original geographic range of this family spans parts of the Americas 
and Africa, but due to aquarium trade and introductions to prevent the dis-
persal of malaria-mosquitos, populations of certain species have established 
themselves throughout the world [47–50]. The Poeciliidae family represents 
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one of twelve evolutionary origins of live-bearing in ray-finned fishes (Acti-
nopterygii) [1]. Viviparous animals form a minority in this class, with only 
about 2.5% of all documented species of ray-finned fishes giving birth to 
live-young. This is especially little compared to the other major clade of 
fishes, cartilaginous fishes, as over half of the recorded species of rays and 
sharks are viviparous [1]. Despite the low number of live-bearing species, 
the origins of viviparity are widely distributed between the major taxonom-
ic clades of ray-finned fishes, with no to only a few documented reversals 
from viviparity to oviparity including one possible reversal in the Poecilii-
dae [51–54]. 

Poeciliid fishes have grown as a model system in ecology and evolutionary 
biology. This family includes established study systems like the Trinidadian 
guppy (Poecilia reticulata), mosquitofish (Gambusia spp.), mollies (Mollienie-
sa spp.) and swordtails (Xiphophorus spp.). One particular feature of their 
reproductive biology makes this family very persistent: female Poeciliidae 
have the possibility to store sperm, and, once fertilized, do not require the 
presence of males to produce new offspring [55,56]. As a consequence, fe-
male livebearers are almost always pregnant, although the number and size 
of the offspring can vary throughout the year [57,58], while males can con-
ceive females up to at least ten months after their death [56]. But the most 
appealing characteristics of the Poeciliidae are their relative ease to keep and 
reproduce in laboratory or common-garden settings, their short generation 
times (it typically takes ± 3 months for a female to reach reproductive age), 
and the staggering range of reproductive adaptations they possess [59]. 

The Trinidadian guppy is used in a wide range of natural- and transplanta-
tion experiments in which the evolutionary response to high- and low-pre-
dation levels are studied [3,60,61]. Populations of guppies are separated by 
waterfalls, acting as natural occurring barriers that are impenetrable to (pi-
scine) predators: downstream populations co-occur with several piscivorous 
species (e.g. the pike-cichlid, Crenicichla alta, and predatory gobies Eleotris 
spp. and Gobiomorus spp.), while upstream populations generally co-occur 
just with only other guppies and the killifish Rivulus hartii (which only pre-
dates on juvenile guppies) [3]. As a result, these populations show persistent 

Figure 1-1. (next page) Phylogeny of the Poeciliidae indicating the level of ma-
trotrophy and the presence of superfetation. Names depicted in bold indicate 
species used in this thesis. Boxes at the terminal ends indicate the presence (grey) 
or absence (white) of superfetation. Branch colour indicates a maximum likelihood 
reconstruction of maternal provisioning for natural log-transformed matrotrophy in-
dices (MI), lnMI. Arrow indicates an MI of 1. The single egg-layer in the Poeciliidae 
family, Tomeurus gracilis, was excluded from this analysis. Adapted with permission 
from [67].
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differences in individual and group behaviour, colour patterns and life his-
tory that can all be contributed to the presence or absence of predators [7,62–
64]. Natural selection experiments in the field and in the laboratory, as well 
as human selection experiments, repeatedly showed that guppy populations 
that suffered high mortality rapidly evolved earlier maturity, increased fe-
cundity, increased reproductive allocation and shorter interbrood intervals 
than communities that experienced less predation [60,61,65].

The (increased) presence of predators makes natural selection act in two 
different directions: 1), selection acts on females to produce more offspring 
quickly (the life history traits mentioned above), a life history generally re-
ferred to as the ‘live fast – die young’-pattern [66]; while 2), selection acts 
on survival of predatory strikes. These two selection forces seem to be a 
functional trade-off: selection for more offspring causes larger abdominal 
distention, which should result in reduced swimming performance and re-
duced odds of surviving a predatory strike. However, they might not be: 
Ghalambor and colleagues [3] found that, at the beginning of the pregnancy, 
female guppies from high-predation populations attain higher accelerations, 
velocities and a larger distance travelled during fast-start swimming trials 
than females from low-predation localities. As pregnancy progressed, the 
swimming performance declined more rapidly in females from high-preda-
tion populations. These findings indicate the high level of integration of dif-
ferent aspects of the phenotype (swimming performance, life history), and 
highlight the complexity of adaptation at the whole-organism level.

The complex trade-off between reproduction and survival can be dealt with 
in several ways. Ideally, both fecundity and survival rate would be high to 
maximize fitness. However, it would already be beneficial to improve the 
performance in one without affecting the other. This is the hypothesised ef-
fect of two (linked) reproductive adaptations: matrotrophy and superfeta-
tion.

Matrotrophy: post-fertilization nutrient provisioning

Developing embryos of oviparous animals feed on yolk that is supplied by 
the mother before fertilization of the oocyte. With egg-laying being the an-
cestral condition viviparity has evolved from, yolk-feeding (lecithotrophy) 
is arguably the ancestral mode of nutrient provisioning in live-bearing ani-
mals. In the derived state, substantial amounts of nutrients are supplied by 
the mother during development of the embryo, i.e. after fertilization of the 
oocyte. This mode is called matrotrophy, feeding from the mother.
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Six different categories of matrotrophic nutrient provisioning are recognized, 
which differ in the way the nutrients are provisioned by the mother and how 
these are taken up by the embryos [1]. Four of these categories include the 
oral ingestion of nutrients by the embryo: ‘oophagy’ in which the embryo 
ingests sibling (unfertilized) oocytes, ‘embryophagy’ in which the embryo 
ingests developing sibling embryos, ‘histophagy’ in which the embryos in-
gest maternal secretions (often liquid nutrients), and ‘matrophagy’ in which 
the embryo ingests maternal tissues. The other two categories include ab-
sorption of nutrients through absorptive sites on the embryo: ‘histotrophy’ 
in which nutrients diffuse across tissues and/or space to absorptive sites on 
the embryo, for instance gill epithelium or the skin, and ‘placentotrophy’, in 
which nutrients are provided through a placenta. 

Placentas are generally defined following the definition of Mossman [68] as 
an “intimate apposition or fusion of the foetal organs to the maternal (or pa-
ternal) tissues for physiological exchange”. With this definition, the close as-
sociation between embryonic tissues (in Poeciliidae often a large expansion 
of the pericardial sac) and the ovarian lining fits the definition for placentot-
rophy [14,69]. Matrotrophy in Poeciliid fishes also coincides with increased 
blood flow to the ovarian vesicle and extensive folding of the follicular epi-
thelium [70, Figure 1-2A].

Lecithotrophy and matrotrophy form two ends of a continuum: at one end, 
the only nutrients the embryos consume is the yolk supplied pre-fertilization 
of the oocyte while at the other (theoretical) end, no yolk is present at fertil-
ization of the oocyte and all nutrients are supplied during development. The 
level of matrotrophy is indicated by the matrotrophy index (MI), the ratio 
between the dry mass of the neonate at birth and the dry mass of the unfer-
tilized egg [14,71,72]. In Poeciliidae, this continuum also exists [28, Figure 
1-2B]: species with an MI of < 1 are classified as lecithotrophic [67, Figure 
1-1], although some others use a threshold of MI < 0.7 as embryos lose dry 
weight during development due to metabolism [14,28,73]. Species that have 
some matrotrophic provisioning are classified as “incipient” or “limited” 
matrotrophs, while species that have an MI >> 1 are classified as “extensive” 
matrotrophs. Because it’s a truely continuous scale, objective borders that 
define modes of nutrient provisioning do not exist.

Hypotheses that explain the frequent evolution of matrotrophy in Poecilii-
dae (at least 7 times independently [67, Figure 1-1]) can be divided into two 
categories. The first category only contains one hypothesis: the viviparity 
driven-conflict hypothesis [74–76]. As both mother and offspring influence 
the amount of nutrients that are provisioned, the evolution of matrotrophy 
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could give rise to prenatal parent-offspring conflicts [77,78]: an overall high 
fitness for the whole brood is best from a maternal perspective, an advantage 
over their siblings (especially in broods with multiple paternity) is best from 
the perspective of individual offspring. This conflict is thought to accelerate 
the evolution of post-zygotic reproductive isolation in matrotrophic Poecili-
idae [76].

The second category contains three hypotheses that infer an adaptive benefit 
to the placenta: the resource availability hypothesis, the life history facilita-
tion hypothesis, and the locomotor costs hypothesis. The resource availabil-
ity hypothesis suggests that matrotrophy offers the ability to increase the 
fecundity when resources availability is high [72,79]. Matrotrophic females 
could fertilize more ova, as the costs of provisioning these with yolk is lower 
than in lecithotrophic fishes that supply more yolk per egg. If food availabil-
ity is low, the resources could be restricted to only the number of embryos 
that could be sustained to full development, leading to abortion and/or re-
sorption of the others. However, recent work on several species of Poecili-
idae has shown that mothers are not able to abort offspring, meaning that 
this hypothesis only holds when food abundance is high and stable [80–83]. 
The life history facilitation hypothesis states that matrotrophy facilitates the 
evolution of other life history traits, most notably the ability of fish to mature 
at an earlier age, and the ability to produce more and/or larger offspring 
[42,72,84,85]. Correlation studies within live-bearing fishes, mostly within 
the Poeciliid genus Poeciliopsis, have revealed no consistent relationship be-
tween life history traits and the evolution of matrotrophy, however, indicat-

Figure 1-2. Overview of matrotrophy. A: Detail of an ovary of Phalloptychus jan-
uarius displaying matrotrophy. Arrowhead: maternal blood supply to a late-stage 
embryo. B: Frequency distribution of different levels of matrotrophy in Poeciliidae. 
Adapted from [28]. Inset: schematic overview of early- and late-stage embryos in 
lecithotrophic and matrotrophic species. C: The locomotor costs hypothesis predicts 
that the smaller oocytes at fertilization in matrotrophic fishes (B, inset) lead to a lower 
reproductive burden throughout pregnancy; the difference between the lecithotro-
phic and matrotrophic mode diminishes as pregnancy progresses.
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ing that the evolution of matrotrophy does not lead to directed changes in 
life history traits [86–88].

The third adaptive hypothesis, the locomotor costs hypothesis, states that 
matrotrophy might have evolved to reduce the locomotor costs associated 
with pregnancy [28]. Selection could act on swimming performance through 
the ability to acquire food sources or survival of predatory strikes. However, 
pregnancy progressively increases wet reproductive allotment, with embry-
os increasing in wet mass and volume over time: this lowers the swimming 
performance over the course of gestation [3,89]. Swimming performance and 
the odds of surviving a predatory strike are correlated, suggesting that preg-
nant females become more vulnerable to predation [8]. The adaptive bene-
fit of matrotrophy could lie in the lower volume of (un)fertilized eggs and 
early-stage embryos: due to the lower amount of yolk, the total volume and 
mass of a litter should be smaller than in lecithotrophic fishes (Figure 1-2C). 
This hypothesis has one important assumption: the fecundity (offspring 
number and size at birth) should be equal between reproductive modes. In 
support of the locomotor cost hypothesis, it has recently been found that the 
matrotrophy index of high-predation populations of Phalloceros harpagos is 
higher than that of low-predation populations [90], but experimental evi-
dence that matrotrophy indeed provides an adaptive benefit to morphology 
and swimming performance during pregnancy is currently still lacking.

Figure 1-3. Overview of superfetation. A: Image of an ovary of Phalloptychus jan-
uarius that clearly displays superfetation: embryos of multiple developmental stages 
can be discriminated. B: Frequency distribution of different levels of superfetation 
in Poeciliidae. Inset: schematic overview of the effect of superfetation at different 
developmental stages of a single brood. Data from [28,67,82,87,103–108]. C: The 
locomotor costs hypothesis predicts that superfetation leads to a reduction in the 
amplitude of the changes in reproductive burden (number of simultaneous broods, 
orange: 1; red: 3).
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Superfetation: an optimal packing strategy?

The second hypothesised reproductive adaptation to live-bearing in Poecili-
id fishes is superfetation: the simultaneous presence of broods of embryos at 
different developmental stages [55,91, Figure 1-3A]. This reproductive trait 
is especially common in the live-bearing fish families Poeciliidae, Clinidae 
and Zenarchopteridae (halfbeaks), but it is also found in a couple of mam-
malian species [92,93]. In Poeciliidae, the evolution of superfetation is closely 
correlated with the evolution of matrotrophy [67]: species with matrotrophy 
are very likely to have some degree of superfetation. Similar to matrotrophy, 
superfetation occurs at different levels: from no superfetation (i.e. offspring 
of only one stage of development), to more than seven different develop-
mental stages (Figure 1-3B). Over the past decades, five different hypotheses 
have been developed that could explain the frequent evolution of superfeta-
tion in Poeciliid fishes [94]. These hypotheses can be classified into a facilita-
tive hypothesis, demographic hypotheses and adaptive hypotheses.

The facilitative hypothesis argues that superfetation improves female mate 
choice, increasing the female’s control over paternity of the offspring [95], 
sprouting from pre-existing ideas about sexual conflicts in Poeciliid fishes 
(see the viviparity-driven conflict hypothesis for matrotrophy). Increased 
levels of matrotrophy are associated with reduced coloration in males and 
an increase in sneak copulation or coercive mating, reducing the potential 
for female pre-copulatory sexual selection [67]. Superfetation is thought to 
increase the levels of polyandry through the formation of smaller, temporal-
ly overlapping litters increasing the chances of offspring from high-quality 
males. However, it has not yet been shown whether superfetation indeed 
facilitates polyandry.

The two demographic hypotheses state that superfetation either is beneficial 
for offspring survival, or could increase the rate of offspring production. In 
situations where offspring mortality is unpredictable in space or time, super-
fetation could provide a bet-hedging strategy [96]. By spreading the litters 
over time, the risk of losing all offspring at once is reduced: this should result 
in higher juvenile survival and a selective advantage over single large broods 
[97]. To my knowledge, no empirical studies (e.g. mark-recapture studies in 
populations with stochastically varying juvenile survival rates) have been 
performed to test this prediction. The second demographic hypothesis links 
superfetation to an increase in offspring production. Using clutch overlap, it 
could for instance be possible to produce two litters of two offspring, while 
there might be insufficient energy or time, due to seasonality of reproduc-
tion or due to adult mortality, to produce multiple larger litters (of three 
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offspring) [98]. In such a scenario, superfetation would be beneficial in en-
vironments with high food abundance. Work by Travis and colleagues [99] 
provides some evidence for this hypothesis, finding that superfetation level 
in Heterandria formosa increases with higher food availability.

Finally, the adaptive hypotheses state that superfetation could reduce the 
costs of reproduction, either energetically, morphologically, and/or with re-
gard to adult survival. The common ground between these hypotheses is 
the difference in size of embryos of different developmental stages. Smaller 
embryos are thought to have lower energetic demands than embryos close 
to parturition. One single brood would thus cause large fluctuations in re-
productive investments over the cycle of pregnancy, while these investments 
are spread out over time with multiple broods [100]. This would mean that 
superfetation could provide an adaptive benefit in environments with low 
and/or unpredictable environments: with superfetation the chances that fe-
males are able to allocate sufficient amounts of energy to their broods are 
larger. However, experiments with H. formosa on different levels of food 
availability show the opposite: superfetation level was increased with higher 
levels of food availability [100].

The final hypothesis overlaps with the locomotor costs hypothesis for ma-
trotrophy [28,71]: superfetation could reduce the morphological changes 
during pregnancy, leading to a more slender body shape, better locomotor 
performance and higher adult survival. At equal levels of fecundity (i.e. sim-
ilar number of offspring on the long-term and similar offspring size at birth), 
the difference in volume between recently fertilized and full-term embry-
os should lead to a smaller total volume of embryo mass in species with 
superfetation. Superfetation should thus result in a reduced amplitude of 
morphological changes during pregnancy, and lead to a body shape that 
is more slender than that of near-parturition females without superfetation 
(Figure 1-3C). Slender body shapes are advantageous in environments with 
high-predation pressures or in fast-flowing rivers [3,101,102], indicating that 
in such environments superfetation could provide an adaptive advantage. 

The effect of different levels of superfetation on body shape changes and 
swimming performance have not yet been measured directly. There is how-
ever, a small body of work that provides circumstantial evidence through 
the comparison of superfetation levels of populations that differed in wa-
ter flow velocity and predation pressure. First, Zúñiga-Vega and colleagues 
[103] showed that superfetation level is higher in Poeciliopsis turrubarensis 
from the fast-flowing inland streams in Costa Rica, and that these fish have a 
more fusiform body shape (defined as less deep bodies with shorter caudal 
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peduncles) than populations that inhabit the lower-gradient rivers near the 
coast. However, in a follow-up study, Frías-Alvares and Zuñíga-Vega [104] 
found no correlation between water flow, the level of superfetation and body 
shape in two other species of Poeciliid fishes, Poeciliopsis gracilis and Poecil-
iopsis infans. Lastly, superfetation level was indeed higher in populations of 
Phalloceros harpagos that co-occured with piscine predators [90]. Although 
they did not measure body shape to provide a mechanistic link, their finding 
does provide circumstantial evidence for the locomotor costs hypothesis. 

The inconclusiveness of these studies, and the large number of hypotheses 
that aim to explain the evolution of superfetation, highlight the complexity 
of explaining (adaptive) evolution. To examine whether superfetation has 
beneficial effects on morphology and swimming performance, an experi-
mental approach is necessary. However, even if the outcome would be pos-
itive, this does not yet explain the adaptive benefit of superfetation for all 
evolutionary origins.

Swimming performance: a selective agent

It has long been known that locomotor performance influences the fitness of 
an individual. One important determinant of performance is the morpholo-
gy of an animal: different morphologies are suited better or worse for certain 
tasks. This paradigm is captured in Arnold’s morphology → performance → 
fitness framework [109]. Ideally, to understand why one individual or pop-
ulation has a higher fitness than another, the complete relationship between 
morphology, performance and fitness needs to be understood. However, 
with knowing one or two of these three, predictions about the other(s) can 
be made.

As mentioned in the above paragraphs: swimming performance can be a 
selective agent. This goes as far as evolving different body shapes, but could 
also affect different aspects of an animal’s biology: the locomotor costs hy-
pothesis predicts that matrotrophy and superfetation each lead to a body 
shape that enhances swimming performance in live-bearing fishes [28].

Focussing on swimming, there are generally two types of locomotion that 
each have their own morphological and physiological demands: continuous 
swimming (here assumed to include cyclic and burst and coast-swimming 
styles) and fast-start swimming. The former mode is mainly of importance 
for long migrations, long chases (e.g. how tuna hunt) and swimming in 
fast-flowing streams. Fish that predominantly exhibit this type of swimming 
have a high proportion of aerobic (red) muscle to supply force for a long 
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period of time, and have a fusiform body shape that minimizes the friction 
drag of the water [110]. In live-bearing fishes, effects of fast-flowing rivers on 
body shape and superfetation are seen in Poeciliopsis turrubarensis [103], but 
not in Poeciliopsis gracilis nor Poeciliopsis infans [104].

For the second mode of swimming, fast-start swimming, the morphological 
and physiological demands are different for those required for continuous 
swimming: these two modes present a trade-off to some extent. Fast-start 
swimming requires only shorts bouts of energy, which are supplied by the 
strong anaerobic muscles [111]. Furthermore, for fast acceleration, it is ben-
eficial to have a high caudal peduncle with a large tail blade [112]. Indeed, 
in Gambusia affinis, populations that co-occur with piscine predators have 
evolved relatively smaller heads and larger caudal regions [102].

Fast-start swimming is mainly executed to escape predatory strikes and in-
volves rapid propulsion and, often, a large reorientation of the body [112–
115]. The behaviour is initiated by the Mauthner-neurons, a pair of giant 
interneurons that are located in the hindbrain with axons running through 
the spinal cord [115,116]. Following stimulation (either tactile, vibrational or 
visual) one of the pair of Mauthner-neurons fires and causes a lateral con-
traction of the muscle on one side of the body. As a result, the fish bends into 
a C-shape. This is followed by contraction of the contralateral muscles, driv-
ing the fish forwards in a direction often different from its initial orientation 
[117,118]. Another type of fast-start, the ‘S-start’ in which the fish curves in 
an S-shape, is mainly exhibited by predatory fish to perform a strike [119].

Fast-start manoeuvres have traditionally been described as manoeuvres 
strictly in a 2D (horizontal) plane [113]. However, recent technological ad-
vances, mainly high-resolution 3D high-speed video and automated analysis 
software [e.g. 9], have revealed that, at least in larval zebrafish (Danio rerio), 
these manoeuvres can contain significant vertical components that can be 
related to the direction of predator approach [11,120].

Aim and outline of the thesis

With this project, I attempt a cross-pollination between two different field of 
biology, which together, are well suited in finding answers to evolutionary 
questions [121]. The specific aim of this thesis is to determine if, and to what 
extent, matrotrophy and superfetation function as reproductive adaptations 
to reduce the locomotor costs associated with viviparity in the live-bearing 
fish family Poeciliidae. 
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Figure 1-4. Schematic overview of the thesis chapters. Chapter 2 reviews how 
pregnancy and reproductive adaptations affect morphology, performance and fitness 
throughout the animal kingdom. Chapter 3 describes the effect of matrotrophy on 
the morphological changes during pregnancy. In chapter 4, the three-dimensional 
nature of fast-start performance manoeuvres is examined. Chapter 5 describes how 
the morphological changes during pregnancy affect fast-start performance and how 
superfetation affects morphology. Lastly, in chapter 6 (not depicted in this picture), 
the results of the previous chapters will be placed into a wider context with a per-
spective for future work.

The relationship between morphological traits and fitness is often described 
through Arnold’s morphology-performance-fitness-diagram [109]. In this 
thesis, I try to unravel parts of the relationship between pregnancy and its 
adaptations, morphology, performance and fitness [Figure 1-4]. 

In Chapter 2, we provide an overview of literature on the effects of preg-
nancy on morphology, performance and fitness. The biomechanics of loco-
motion differs between swimming, walking and flying; so how pregnancy 
affects these different types of locomotor arguably differs. We aim to identify 
how pregnancy affects the biomechanics of locomotion for each type of loco-
motion. A second aim of this chapter is to document the possible adaptations 
to viviparity and determine which part of the morphology-performance-fit-
ness-diagram they affect. Overall, we aim to find and explain patterns in the 
evolution of viviparity and adaptations to this reproductive mode.

In Chapter 3, we zoom in on one of the hypothesised reproductive adapta-
tions in Poeciliidae: matrotrophy. This reproductive adaptation is expected 
to lead to a more slender body shape during the early stages of pregnancy, 
but evidence for this hypothesis is lacking. By comparing the morpholog-
ical changes between a lecithotrophic livebearer, Poeciliopsis gracilis, and a 
matrotrophic sister species, Poeciliopsis turneri, we aim to provide the first 
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empirical test of this hypothesis. We examined these changes with a novel 
non-invasive method, that provides accurate measurements on three-dimen-
sional body shape.

Fast-start performance is important in determining the odds of survival in 
predator attacks. In Chapter 4, we took a step back from the reproductive 
adaptations to analyse how fast-start manoeuvres are performed in three-di-
mensional space in adult fish (Heterandria formosa). Fast starts have mostly 
been reduced to a two-dimensional manoeuvre, and here we aim to show 
that there is a three-dimensional component to this behaviour. Variation in 
escape angle, not only in the horizontal plane but also in the vertical direc-
tion, could increase the unpredictability of prey.

The results of Chapter 4 are elaborated in Chapter 5, in which we describe 
how pregnancy affects morphology and three-dimensional fast-start perfor-
mance in three species of Poeciliidae that differ in their level of superfeta-
tion: Poeciliopsis turneri, Heterandria formosa and Phalloptychus januarius. We 
aim to show that superfetation is a reproductive adaptation as it leads to 
a reduction in morphological changes during pregnancy. Furthermore, we 
aim to show to what extent changes in body shape, particularly a thickening 
abdomen full of offspring, negatively affects the three-dimensional fast-start 
manoeuvre.

In the last chapter, Chapter 6, I discuss and integrate the results of the pre-
vious chapters. The results are placed in perspective of life history evolution 
and in the light of the other hypotheses regarding the evolution of matrotro-
phy and superfetation. Furthermore, I elaborate on the methodological dif-
ficulties we experienced gathering enormous datasets of high-speed video 
movies and how to improve this in future work. This work could contribute 
to the understanding of the evolution of viviparity and associated reproduc-
tive adaptations also in other groups of animals. 
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Abstract

Viviparity (live-bearing) evolved over a hundred times in the animal king-
dom, and is found in a wide range of taxa and ecologies. For this trait to 
evolve or persist, the advantages of viviparity should outweigh the disad-
vantages, all compared to an ancestral oviparous (egg-laying) mode of re-
production. As viviparity could decrease locomotor performance during 
pregnancy, it is expected that animals evolved adaptations to alleviate the 
locomotor costs during gestation. Here, we present an overview of the ef-
fects of pregnancy on locomotor performance for the three main modes of 
locomotion (aquatic, terrestrial and aerial) and explain differences between 
them from a biomechanical point of view. Furthermore, we identify three 
broad types of adaptations to live-bearing: (i) anatomical adaptations that 
reduce the morphological effects of pregnancy, (ii) behavioural adaptations 
that reduce the dependency on (maximum) locomotor performance and (iii) 
life history adaptations. We found that pregnancy tends to have negative 
consequences for locomotor performance in all three locomotor modes, but 
there is still insufficient basis to verify biomechanical hypotheses regarding 
the differences between the three modes, nor to extrapolate expected loco-
motor declines to other evolutionary origins of viviparity. With the available 
data, phylogenetic comparisons of the performance effects of pregnancy be-
tween taxa are hampered by differences in experimental setup and quanti-
fied performance parameters, lack of reliable controls, large variation in the 
number and timing of measurements, and the often undocumented presence 
of adaptations to live-bearing among studies. To overcome these problems, 
we propose a standardized experimental approach to facilitate comparisons 
among future studies and highlight areas for future research. Studying the 
effects of pregnancy on the biomechanics of locomotion is crucial for acquir-
ing an understanding of the causes of the expected and often measured de-
clines, and if and how adaptations could reduce these locomotor costs. De-
spite an observed trend towards a performance decline during pregnancy in 
several lineages, quantitative data are still lacking for most evolutionary or-
igins of viviparity. This inhibits a direct comparison of reproductive modes 
and/or adaptations in a broad general framework. 
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I.	 Introduction

Reproduction is one of the most impactful activities in an animal’s life. It is 
the time when animals pass on their genes to future generations, but it is also 
a time that may be particularly demanding on the parent(s), because of high 
investments into the offspring. These demands are likely to be more pro-
nounced in viviparous (live-bearing) than oviparous (egg-laying) animals 
because of the longer period of internal development. 

(1)	 Definitions

The literature contains various definitions for oviparity and viviparity. Here, 
we employ the dichotomous definitions proposed by Blackburn [1–3]. Ovi-
parity refers to females that deposit (un)fertilized ova covered by an egg-
shell or jelly coat into the external environment, while viviparity refers to 
females that retain their young and give birth to offspring that are able to 
interact with their environment. These definitions uncouple the location of 
development from the method and timing (pre- or post-fertilization) of nu-
trient allocation to the embryos, eliminating potentially confusing terms like 
‘ovoviviparity’ [3].

(2)	 Evolutionary origins of viviparity

Viviparity is found in over 300 families of invertebrate animals, covering 
20 of the 34 invertebrate phyla (e.g. Arthropoda, Cnidaria, Echinodermata, 
Mollusca, Nematoda, Platyhelminthes and Porifera), many of which repre-
sent independent evolutionary origins [4]. In vertebrates, viviparity evolved 
in more than 150 lineages, including Placoderm fishes (1), cartilaginous fish-
es (9), bony fishes (13), amphibians (8), extinct prehistoric reptiles (6), squa-
mate reptiles (115) and mammals (1) [3]. 

(3)	 Advantages of viviparity

The repeated evolution of viviparity throughout the animal kingdom points 
to an adaptive advantage of this reproductive mode, but the selective forces 
that drive its evolution are not fully understood. Three adaptive hypotheses 
have been proposed for the evolution of viviparity in squamate reptiles, but 
to what extent these are applicable to the evolution of viviparity in other taxa 
is currently unclear.

The “safe harbour hypothesis” [5] predicts that natural selection should 
maximize the duration developing organisms spend in the safest stages of 
development and minimize time spent in those stages where instantaneous 
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rate of mortality is highest. In this case, higher mortality rate of eggs and 
small larvae compared to those of internally developing embryos and large 
neonates drives the evolution of prolonged intra-uterine development and, 
ultimately, viviparity [5–10]. 

The “cold-climate hypothesis” [11–13] states that prolonged uterine reten-
tion of eggs evolved in ectothermic animals that live in cold climates, because 
eggs develop more rapidly at maternal body temperatures than at lower soil 
temperatures, allowing for faster development and increased offspring fit-
ness [14,15]. The "maternal manipulation hypothesis" [16] instead predicts 
that it is the more constant, not necessarily higher, temperatures provided in 
utero that conveys an adaptive advantage to the offspring. This hypothesis 
includes an adaptive advantage for the evolutionary benefit of viviparity in 
warmer environments [17–19]. The latter two hypotheses specifically pertain 
to squamate reptiles [11–15,17,19–26]; similar patterns have not (yet) been 
found for other ectotherm animal lineages (e.g. in fishes, [27]).

Finally, studies show that the evolution of viviparity is often followed by 
accelerated speciation rates [22,28–30], suggesting that viviparity, once ac-
quired, could facilitate radiation into novel geographical areas or even eco-
logical niches [14,31]. For example, viviparous snakes colonized marine 
habitats following the evolution of a live-bearing mode of reproduction in 
terrestrial ancestors [29,32,33].

(4)	 Disadvantages of viviparity

Viviparity is hypothesized to have three main disadvantages, which could 
differ between taxa in presence and/or magnitude. Thus far, the presence 
and the extent of these disadvantages, and whether they differ among taxa 
or ecology, have received little attention. 

First, a live-bearing mode of reproduction is often correlated with the pro-
duction of fewer offspring per litter [34,35], and the longer retention of em-
bryos may cause the period between successive broods to become longer 
[34]. A shift towards fewer high quality offspring, however, might result in 
a higher probability of offspring survival, hence favouring the evolution of 
livebearing.

Second, viviparity increases metabolic costs for the mother both in duration 
and magnitude compared to oviparous mothers, as developing offspring 
need to be provisioned with water, oxygen, and in some species nutrients; 
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and waste products need to be disposed of [36–40]. These metabolic costs 
must be covered by reserves, (somatic) tissue degeneration or an increase in 
uptake. 

Lastly, viviparity can be detrimental to the locomotor performance of the 
mother during the period of internal development: the developing offspring 
increases load in the abdomen, reducing the mothers ability to swim, walk 
or fly [41]. This locomotor performance decline may affect a female’s ability 
to gather food or evade predators, potentially leading to a reduced maternal 
survival rate [42]. 

(5)	 Adaptations to viviparity

For viviparity to evolve, the advantages of viviparity should outweigh the 
costs. Compensation for these costs could have come in part from adapta-
tions that preceded the evolution of viviparity (exaptation; [43]) or from 
adaptations that co-evolved with viviparity. The importance of distinguish-
ing between exaptation and adaptation is that the former suggests that the 
evolution of livebearing may be facilitated in some lineages by pre-existing 
traits. The latter represents traits that evolve with livebearing, perhaps to 
directly enable livebearing or perhaps to indirectly facilitate the evolution 
of livebearing by alleviating some of the costs associated with this mode of 
reproduction. It is currently not well-documented which traits may act as 
adaptations to live-bearing, or to what extent these may compensate for the 
disadvantages associated with viviparity (e.g. how a trait compensates for 

Figure 2-1. Schematic overview of how pregnancy and adaptations to live-bear-
ing influence Arnold’s morphology → performance → fitness framework [44]. 
The effect of pregnancy on morphology, performance and fitness are discussed in 
Section II. Adaptations to pregnancy are discussed in Section III, and are subdivided 
into three classes: adaptations that reduce the performance costs by affecting the 
morphology of the animal, adaptations that avoid the performance cost by changing 
the performance → fitness-link and adaptations to life-history that directly influence 
fitness.



40

2

Chapter 2 | Locomotor costs of live-bearing and adaptations to reduce them

the added costs of locomotion during pregnancy). The reason is that organ-
isms are ‘package deals’, meaning that viviparity and presumed adaptations 
that compensate for the costs of viviparity are inherently confounded with 
one another. We must find a way of separating them to perceive their adap-
tive significance, either via experiments or comparative studies of intra- and 
interspecific variation in reproduction.

(6)	 The scope of this review

In this review, we discuss the effects of a live-bearing mode of reproduction, 
following Arnolds’s “morphology → performance → fitness framework” 
[44] (Figure 2-1). In Section II, we review the effects of pregnancy on mor-
phology, locomotor performance and survival. Here we discriminate be-
tween aquatic, terrestrial and aerial locomotion, as pregnancy has distinctly 
different biomechanical consequences for each of these locomotor modes. 
Prerequisite for inclusion in Section II (and the overview in Table 2-1) is the 
documentation of the effects of pregnancy on performance variable(s) or sur-
vival rate. In Section III, we list and discuss potential adaptations to reduce 
or avoid the locomotor costs during pregnancy. We divided the adaptations 
in three classes, as they each work on a different part of the morphology → 
performance → fitness framework (Figure 2-1). In Section IV we discuss the 
aforementioned paragraphs and suggest improvements for future compara-
tive work on the locomotor costs of viviparity.

II.	 The effect of viviparity on locomotor performance

Animals move through the environment to collect food, migrate to other 
areas, find a mate or avoid predation. The medium against which they exert 
the forces to propel themselves forward largely determines the biomechan-
ical stressors that act on the animal’s locomotor performance. Therefore, to 
understand the effects of pregnancy on locomotion, it is necessary to con-
sider the animal’s environment. We reviewed the available literature that 
compared performance during pregnancy with that of unburdened animals, 
and reported the relative performance change (‘costs’) in Table 2-1. In the 
upcoming paragraphs, we explain measured and hypothesized effects of 
pregnancy on locomotion using biomechanical principles, in a way that is 
understandable to a broad readership.
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(1)	 Aquatic locomotion

Two main types of aquatic locomotion exist within vertebrates: (1) undula-
tion of the axial skeleton or (2) delivering thrust by moving the appendages. 
The species listed in Table 2-1 either exclusively use the first mode during 
locomotion, or use a combination of the two modes.

In aquatic and semi-aquatic animals, pregnancy is correlated with an increase 
in body mass (Table 2-1), ranging from 26 % in the lizard Oligosoma smithi 
Gray (1845) [45] to 47–82 % in three species of semi-aquatic snake [46–48]. 
The acceleration (a) of a body is directly proportional to the magnitude of 
the net forward force (F) and inversely proportional to body mass (m). Thus, 
an increase in female body mass during gestation should, if the net forward 
force remains unchanged, result in a proportional decline in maximal accel-
eration performance (a = F/m). Reductions in escape or sprint performance 
and endurance over the course of a pregnancy have been observed in most 
live-bearing fishes [49–51], snakes [48,52] and dolphins [53], with reductions 
ranging between 30–59 %. Winne and Hopkins [48] report a trade-off be-
tween mass increase and locomotor impairment in the semi-aquatic snake 
Seminatrix pygaea Cope (1871), with individuals that had a larger reproduc-
tive allotment showing a greater reduction in swimming performance.

Pregnancy can also lead to an increase in body volume and frontal surface 
area (i.e. the area of the animal projected into the plane perpendicular to the 
direction of motion) (Table 2-1). The live-bearing fish species Gambusia affinis 
Baird & Girard (1853) and the common bottlenose dolphin Tursiops trunca-
tus Montagu (1821) show a > 50 % increase in frontal surface area during 
pregnancy [53,54]. An increase in frontal surface area (A) increases the drag 
(FD) on the fema le, which acts opposite to the swimming direction and fur-
ther depends on fluid properties (ρ), shape (CD) and speed (u) of the female 
(FD = ½∙ρ∙u2∙CD∙A). When frontal surface area and all other determinants of 
drag force are known, one can in principle derive the effect of pregnancy 
on the drag coefficient (e.g. dolphins, [53]). However, because undulatory 
swimming causes the body to deform continuously, the pressure and shear 
stress applied to the body change constantly, making the relationship be-
tween surface area, body shape and drag during undulatory swimming 
complex [55,56]. The formula for drag force thus is only truly valid when 
the moving body is straight and stiff (for instance during gliding), but at 
least gives a comparable indication of the effect of shape. Drag enlargement 
increases the metabolic cost of sustained locomotion. Pregnancy-related de-
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clines in sustained swimming performance have been reported in livebear-
ing fishes (in [54,57] but not in [58]), semi-aquatic lizards [59] and dolphins 
[53], with declines ranging from 20 to 62 % (Table 2-1).

The additional embryonic mass in the abdomen and associated stretching of 
the locomotor muscles in this region could prevent the vertebral column to 
bend normally. It could either require more force to make the same motion 
(increasing the metabolic costs of swimming), or reduce maximal bending, 
limiting the envelope of possible swimming gaits. An increase in flexural 
stiffness could be the cause of the measured decline in tail beat amplitude 
in pregnant dolphins [53], but experimental evidence for this mechanism is 
still lacking.

Another way in which pregnancy could influence aquatic locomotion is 
through effects on body density. Due to the presence of lipid-rich eggs or 
developing embryos, these changes could occur specifically in the abdom-
inal region [60], but could also be distributed along the body, for example 
due to changes in blubber composition (e.g. in the common bottlenose dol-
phin, T. truncatus; [61]) or increased lipid stores during the pregnancy (e.g. 
in the live-bearing fish Phalloptychus januarius Hensel (1868); [62]). Variation 
in density changes the lift force acting on the body: when a female becomes 
less dense than water she will have a greater tendency to float, whereas if 
she becomes denser than water she will tend to sink [63,64]. Animals with 
a buoyancy organ may counterbalance these lift forces (e.g. bony fishes that 
have a gas-filled swim bladder; [64]). Animals that lack a buoyancy organ 
may compensate for the lift forces in other ways, such as by: (i) tilting the 
body slightly in the direction opposite of the lift force, (ii) supplying thrust 
in the opposite direction, or (iii) altering the position of the (pectoral) fins to 
supply extra lift force [64]. Notably, options (i) and (iii) will result in a de-
crease in the amount of force available for forward motion and increase the 
drag acting on the body [63,64]. To date, no study has examined the effects of 
pregnancy-related changes in body density on the swimming performance 
of aquatic live-bearing animals.

In live-bearing fish, a decrease in locomotor performance is known to ad-
versely affect female survival [65,66] (Table 2-1). Gambusia affinis experience 
a reduction in swimming ability during pregnancy, resulting in an increased 
mortality when exposed to a predatory fish: i.e. late-stage pregnant females 
had a 70 % higher mortality rate compared to early-stage females [67]. Preg-
nant G. affinis females represent a far more profitable prey to predators com-
pared to males, because they are larger (having a 5 – 25 times higher en-
ergy content than males) while having a reduced locomotor performance. 
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Avian predators, such as herons, are found to prey almost exclusively on 
females, rather than males [68]. Pregnant Atlantic mollies (Poecilia mexicana 
Steindachner, 1863) are more vulnerable to predation by giant water bugs 
(Belostoma sp. Latreille, 1807) in hypoxic environments than non-pregnant 
conspecifics, probably due to higher incidence of aquatic surface respiration 
(greater oxygen demands) and reduced flight ability [69]. 

(2)	 Terrestrial locomotion

Terrestrial locomotion can be roughly subdivided into four different types: 
(i) walking or crawling, i.e. forward motion in the same plane as the ground 
surface while being continuously supported by a part of the body; (ii) run-
ning, trotting, galloping or hopping, i.e. natural extension of walking that is 
characterized by higher velocities and recurrent aerial phases during which 
the entire body (including all limbs or appendages) is lifted off the ground; 
(iii) burrowing, digging or ‘sand-swimming’, i.e. underground (fossorial) 
locomotion and (iv) climbing, i.e. mountainous or arboreal locomotion, typ-
ically with traverses over narrow ridges or branches and with a high propor-
tion of vertical movement.

The effect of pregnancy on terrestrial locomotion has only been measured 
in walking, crawling and running animals, with a strong focus on lizards 
and snakes (Table 2-1). An increase in female body mass during pregnan-
cy is reported in all of these studies, ranging from approximately 25 % in 
humans [70] and the scincid lizard Niveoscincus ocellatus Gray (1845) [71] to 
82 % in the semi-aquatic colubrid snake Seminatrix pygaea [48]. An increase 
in mass should reduce acceleration of the body, leading to lower expected 
sprint performance (see Section II.1). Such declines have been reported in a 
number of studies (Table 2-1); e.g. the increase in body mass of 27 % and 82 % 
in N. ocellatus and S. pygaea, respectively, correspond with declines in sprint 
performance of 20 % and 73 % [48,71]. Nevertheless, the link between clutch 
mass and locomotor performance is not always found (Table 2-1), highlight-
ing the need for continued investigations into the causal basis for locomotor 
impairment during gestation.

The internal development and growth of embryos causes an increase in body 
volume during pregnancy, particularly in the abdominal region [35]. In ver-
tebrates, this could reduce the flexibility of the vertebral column and low-
er manoeuvrability, and/or decrease the maximally possible leg amplitude. 
Moreover, changes in abdominal shape may cause a shift in the position of 
the centre of mass causing instability [72]. In humans, women opt for a more 
stable gait to compensate for this loss of stability, at the cost of speed [73,74]. 
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Sustained locomotor performance is also often found to decline during preg-
nancy (Table 2-1), though it is difficult to attribute the declines in endurance 
to a single causal factor (increased body mass, shape change and associated 
shifts in the centre of mass, decreased amount of energy and oxygen; [75,76]).

Pregnant terrestrial animals are known to suffer an increased vulnerability 
to predation and reduced survival [77,78]. Female roe deer (Capreolus capre-
olus Linnaeus, 1758) and chamois (Rupicapra rupicapra Linnaeus, 1758), for 
example, have a higher chance of being killed by Eurasian lynx during their 
gestational period [78], while in South Africa's Kruger National Park females 
of several ungulate species are more likely to be killed by lions during late 
gestation [79]. In the viviparous fossorial lizard Concinnia brachyosoma Lönn-
berg & Andersson (1915), which relies heavily on crevices and other narrow 
hiding spaces, the increased girth of pregnancy severely limits the number 
of available retreats. This adversely affects survival probability, because the 
remaining crevices are more easily accessible to predators [80].

(3)	 Aerial locomotion

Aerial locomotion can be subdivided in two different types: (i) gliding or 
soaring, i.e. unpowered locomotion, and (ii) powered flight. There are spe-
cies of livebearers exhibiting both types of locomotion.

Flight is a rare trait in viviparous animals – or vice versa, viviparity is a 
rare reproductive mode in flying animals. It has been argued that the low 
incidence of viviparity in aerial animals is associated with the increased 
wing loading during gestation, which makes flight exceedingly difficult 
[81]. Because wing area generally does not change during gestation, wing 
load (mass divided by the area of the wing) increases proportionally with 
the increase in mass during pregnancy [82]. Consequently, the minimum 
power needed to get and stay airborne increases, making flight a very costly 
mode of transport during pregnancy. Furthermore, an increase in body mass 
decreases manoeuvrability and results in an increase in minimum required 
flight speed and cost of transportation [83]: i.e. not only is it more difficult for 
heavier animals to fly, they also have to fly faster in order to optimize flight 
efficiency. Despite these apparent difficulties, aerial locomotion did evolve 
in a number of viviparous animal lineages (e.g. bats, flying squirrels, insects) 
but unfortunately direct experimental research on the effect of pregnancy in 
flying or gliding performance is extremely scarce (Table 2-1). 
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In theory, flying animals can (partly) compensate for the effects of pregnancy 
by increasing wing beat amplitude and/or frequency to supply more power, 
increasing metabolic costs. Pregnant bats are found to increase wing beat fre-
quency, but not amplitude, to provide the additionally required power [84].

Finally, increases in abdominal volume or changes in body shape are likely 
to occur during pregnancy in flying animals, but have not yet been studied 
in relation to performance. The morphological alterations that occur during 
pregnancy would probably result in a ‘less aerodynamic’ shape, an increase 
in drag and, without compensatory kinematics, a lower locomotor perfor-
mance.

III.	 Adaptations to viviparity

The locomotor costs of pregnancy, and their effects on fitness, may be com-
pensated for by a diverse array of adaptations. These can be categorized 
into three broad categories (Table 2-2, see also Figure 2-1): 1) adaptations 
that reduce the reproductive burden during pregnancy (Section III.1), 2) be-
havioural or physiological modifications that circumvent performance-de-
manding situations (Section III.2), and 3) the co-evolution of other compo-
nents of the life-history (Section III.3). 

(1)	 Adaptations to reduce the locomotor costs during gestation

One way to reduce locomotor costs during gestation is to reduce reproduc-
tive allocation. Three different adaptations can be discriminated within this 
category: 1) reduction or repositioning of reproductive organs, 2) matrotro-
phy, and 3) superfetation.

a.	 Reduction or repositioning of reproductive organs

Reproductive organs of Squamate reptiles are often paired, but many species 
display a distinct asymmetry with the right ovary and oviduct extending an-
teriorly from the left [85]. In extreme cases, the left oviduct is reduced com-
pletely. This reduction has occurred independently at least 10 times [85,86], 
in a group of (predominantly viviparous) scincid lizards, occupying a wide 
range of habitats, and in fossorial squamate reptiles that have burrowing or 
digging lifestyles. 

Asymmetry or loss of one of the reproductive organs reduces extension of 
the abdomen (girth) in the lateral direction. This reduces the frictional sur-
face that comes into contact with the surrounding substrate, allowing for 
(easier) access to previously dug burrows and underground passageways 
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[86]. Furthermore, it allows positioning of the ova or developing embryos 
closer to the body axis, which helps minimize the adverse effects on leg mo-
tion and flexibility. Changes to the reproductive organ could be regarded as 
a partial exaptation to viviparity, as some of these changes also seem to be 
present in oviparous ancestors [85].

Ovarian asymmetry further arose during the evolutionary transition from 
a terrestrial to an arboreal life style in pythonid and boid snakes [87]. The 
reduced body distention during pregnancy (but also during vitellogenesis 
or retention of eggs) allowed these snakes to maintain a more laterally com-
pressed body shape during pregnancy, which is beneficial for their climbing 
performance and/or camouflage [87,88]. 

The transition from terrestrial to aquatic habitats in (viviparous) snakes is 
also associated with an anterior-directed repositioning of the reproductive 
organs, together with a reduction in clutch mass [89]. In aquatic snakes, the 
posterior part of the body is most important for propulsion through water. 
This form of locomotion is most efficient with a laterally compressed body 
shape, which would be impaired by a posterior-placed clutch.

Finally, repositioning of reproductive organs often leads to a reduction in 
fecundity. However this is not always the case, as shown in a variety of liz-
ard taxa, where it could also come at the cost of reduced space for other 
abdominal organs [90]. This could place an additional trade-off on the an-
imal, because such a reduction in abdominal space could for instance lead 
to inability to eat adequate amounts of food or to a reduced maximal rate of 
respiration.

b.	 Matrotrophy

The ancestral mode of nutrient provisioning in live-bearing lineages is lecith-
otrophy, in which yolk-reserves are the sole nutrient source for the embry-
os. These nutrients are supplied to the ova pre-fertilization, i.e. the eggs are 
packaged with yolk (vitellogenesis) before they are fertilized. Alternatively, 
resources can also be supplied by the mother after fertilization, a derived 
mode of nutrient provisioning called matrotrophy [36,91]. Matrotrophy has 
evolved at least 140 times in invertebrates [4] and 36 times in vertebrates 
[3,92,93]. Matrotrophy is thought to reduce the mother’s reproductive bur-
den during the early stages of pregnancy, because the eggs are initially very 
small (they carry only minimal amounts of yolk). Instead, nutrients are trans-
ferred to the mother post-fertilization, i.e. during the pregnancy [3,94,95]
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Matrotrophy can potentially enhance a female’s locomotor performance 
during pregnancy by reducing the average burden during the full term of 
pregnancy since offspring are smaller and lighter early in development. 
However, matrotrophy requires a continuously supply of nutrients to the 
embryo during development, increasing the need of the mother to feed, pos-
sibly exposing herself to predation. Furthermore, investments are required 
for the generation of placental structures, and for modifications to physio-
logical, endocrine and immunological systems that allow closer contact be-
tween maternal and embryonic tissues [96,97].

c.	 Superfetation

Embryos increase in (wet) mass and volume during development due to 
the uptake of water and/or nutrients, causing late-stage embryos to be sig-
nificantly larger than recently fertilized ova. In the lecithotrophic Trinida-
dian guppy Poecilia reticulata Peters (1859) for instance, embryos experience 
a threefold increase in wet mass due to the uptake of water [49]. The size 
difference between early- and late-stage embryos could be averaged out by 
carrying multiple (smaller) overlapping broods of different developmental 
stages. This interesting reproductive phenomenon, called superfetation, has 
evolved in a number of viviparous fish lineages (e.g. Poeciliidae, Clinidae 
and Zenarchopteridae; [36,91,94,95,98–101]) and in a few mammals [102].

Superfetation results in an increased frequency of litter production and a re-
duction of maternal wet mass fluctuation during the pregnancy, while main-
taining equal levels of fecundity [94,100]. The level of superfetation varies 
between species; some carry only two litters at a time, while others can carry 
up to eight simultaneously developing broods [62]. Notably, the predicted 
effect of superfetation on mass, volume and performance should be larger in 
animals with matrotrophic nutrient provisioning, because the difference in 
wet mass between early- and late-stage embryos are larger [94].

Direct experimental studies on the effect of superfetation on locomotor per-
formance are still lacking. Field studies have revealed intra-specific variation 
in the level of superfetation in Poeciliid species [103–105]; this might (in part) 
reflect an adaptation to performance-demanding environments (i.e. higher 
flow velocities demand more ‘streamlined’ bodies, and thus higher levels of 
superfetation), but could also be related to other environmental pressures 
[106–109].
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(2)	 Adaptations to avoid high-performance demanding situations

A second way to cope with the locomotor costs of pregnancy is by avoiding 
situations in which maximum performance is demanded. Contrary to the 
previously mentioned adaptations, these reduce the dependency on (max-
imum) locomotor performance instead of their decline. We identified five 
adaptations that could circumvent the need for maximum locomotor perfor-
mance in viviparous animals: 1) crypsis, 2) aggressive behaviour, 3) habitat 
shift, 4) diet shift, and 5) reduced activity and torpor.

a.	 Crypsis

During a predator encounter, prey species can elicit three types of responses: 
flight, fight or freeze [reviewed in 110]. If flight ability is impaired due to 
pregnancy, fight or freeze may be better options. Animals can try to avoid 
detection by a predator by staying motionless (freezing) and by relying on 
camouflage, a strategy called crypsis. In several species of squamate reptiles, 
for example, a reduced flight performance is behaviourally compensated for 
by such a shift [111–114].

The positive effect of crypsis on survival rate during pregnancy is confirmed 
in field studies. Increased levels of crypsis, staying motionless in hiding for 
longer, make pregnant Zootoca vivipara Lichtenstein (1823) lizards less con-
spicuous to human observers, resulting in reduced capture rates [111]. Fur-
thermore, despite a reduced maximum locomotor performance, pregnant 
Eulamprus tympanum Lönnberg and Andersson (1915) skinks have similar 
survival rates as non-pregnant females or males when exposed to natural 
predators, due to a change to increased cryptic behaviour [112]. A potential 
disadvantage of cryptic behaviour is that it could conflict with other (neces-
sary) activities, e.g. feeding or basking.

b.	 Aggression

Some animals switch to a “fight” response, rather than switching to a “freeze” 
response, during pregnancy. An increase in aggressive behaviour during 
pregnancy is seen in ground squirrels. The animals establish maternal ter-
ritories during gestation, which females vigorously defend by showing in-
tensified aggressive behaviour towards predators and conspecifics during 
pregnancy and lactation periods [115].
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c.	 Habitat shift

Rather than changing behaviour when detecting a predator, females can dis-
play adaptive anti-predator behaviour [116,117] and try to avoid predators 
during periods in which reduced flight capability increases vulnerability. 
Pregnant bighorn sheep (Ovis canadensis Shaw, 1804) migrate from low-el-
evation feeding grounds to less-accessible higher elevations [116]. A com-
parable habitat shift occurs in Trinidadian guppies (P. reticulata): pregnant 
females from ‘high-predation’ populations were restricted to shallow pools 
and slow-flowing margins that were inaccessible to piscivorous predators 
[51]. In another species of live-bearing fish (Gambusia affinis), however, no ev-
idence has been found for a habitat shift (i.e. increased use of refuges) during 
pregnancy [67]. Females may face a feeding/predation-risk trade-off when 
undertaking these habitat shifts, because areas with low predation pressure 
sometimes correlate with low food quality or abundance [67,116,117].

d.	 Diet shift

A reduced locomotor performance might also make it harder, or even im-
possible, to acquire certain resources. Consequently, in some animals a shift 
to more easily obtainable food sources is observed during pregnancy. Preg-
nant wolverines (Gulo gulo Linnaeus, 1758) for instance, switch from preying 
on moose to easier to catch prey in Canada [118], and from consumption of 
self-captured prey to carrion in Finland [119].

Similar examples can be found in aquatic and flying animals. Dolphins 
switch from a diet of fast-swimming pelagic fish to a diet of squid and slow-
er benthic fish [120,121]. In bats, the increase in body mass during pregnan-
cy decreases flight manoeuvrability, reducing their ability to capture high-
ly manoeuvrable nutrient-rich prey insects [83]. As a consequence, a more 
opportunistic foraging strategy is often observed, in which pregnant bats 
instead feed on the most abundant and readily available prey [122].

e.	 Reduced activity and torpor

Pregnancy is an energetically demanding period and conservation of energy 
can be important. One way to achieve this is by reducing locomotor activity, 
a strategy observed throughout many major lineages of viviparous animals 
and all locomotor modes, including insects [123–128], snakes [129,130], bats 
[131,132] and primates [133–135]. A reduction in activity is also reflected in 
smaller home ranges, e.g. in sex-role-reversed seahorses [136] and in wol-
verines (G. gulo) [119]. In contrast, total active (foraging) time was found to 
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be increased in pregnant bats (Myotis daubentoni Kuhl, 1817) compared to 
males, probably to accommodate the increased metabolic demand of preg-
nancy [137].

In situations where resources are scarce, or when environmental conditions 
are demanding, the increased locomotor cost of pregnancy could result in a 
net energy loss during food collection. To circumvent this, some mammals 
can delay parturition until more favourable conditions occur by lowering 
physiological activity, metabolic rate and body temperature: a state called 
torpor [138,139]. A strategy of deep torpor during pregnancy has been ob-
served in a number of marsupial and bat species [138,140–142], implying an 
adaptive advantage of this physiological state. However, less frequent and/
or shorter periods of torpor during pregnancy have been observed in related 
species, indicating that a reduced or delayed foetal development may also 
pose a risk to reproductive success [143–148].

(3)	 Life history adaptations

A third type of adaptations consists of changes in life history strategy (Ta-
ble 2-2, Figure 2-1). These strategies could also have a secondary effect in 
a change in morphology (reducing fecundity), or in a change in behaviour 
(delayed breeding).

a.	 Reduced clutch mass

An intuitive way to reduce the morphological changes during pregnancy is 
by directly lowering the mass and volume of the brood. This can be achieved 
by reducing the number of offspring in a brood and/or the mass of individu-
al offspring. This could be a relevant adaptation for all locomotor modes, but 
especially for flying animals as they suffer the largest increase in locomotor 
costs due to added mass.

Indeed, compared to terrestrial (25 – 82 %) and aquatic (26 – 82 %) animals, 
flying animals seem to experience the least body mass increase during preg-
nancy, ranging from only 13 % in Myotis daubentoni [137] and 17% in Pipis-
trellus pipistrellus Schreber (1774) [84] to 30 % in Myotis yumanenesis Allen 
(1864) [83]. Gliding squirrels, however, are found to have a relatively large 
relative clutch mass compared to non-gliding (terrestrial) relatives [82]. In-
terestingly, females with higher non-reproductive wing loading were found 
to have a higher litter mass [149], indicating offspring weight might also be 
influenced by other ecological factors.
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b.	 Delayed breeding

Under temporally varying predation intensity, females are hypothesized to 
adjust their reproductive behaviour to optimize reproductive fitness. Under 
short periods of high predation risk, the trade-off between female survival 
and reproduction might favour delayed breeding (predator-induced breed-
ing suppression), given that the breeding season is long enough to accom-
modate the delay [150]. Field experiments on house mice indeed show that 
females exposed to predators delay breeding [151]. When small mustelid 
predator occurrence was reduced for two species of vole, the proportion of 
pregnant females in the population increased; but whether this reflects a true 
adaptive strategy, or that the predators had a preference for preying upon 
pregnant females, is not known [152]. 

c.	  “Live fast – die young”-life history

In the face of an unyielding risk of predation and associated high mortality 
rates, species are predicted to evolve a set of life history traits that are char-
acterized by early maturity and reproduction and increased reproductive 
investment [153]. As pregnancy reduces locomotor performance and mater-
nal survival more than oviparous reproduction, viviparous animals could 
have evolved a “live fast – die young”-life history faster or to a more extreme 
extent.

“Live fast – die young”-life histories are extensively characterized in com-
parative studies of interspecific life history patterns in diverse organisms 
[154,155] and particularly well described in a few focal species. For exam-
ple, natural populations of Trinidadian guppies (Poecilia reticulata) from the 
Northern Range Mountains of Trinidad co-occur with a diversity of fish 
predators in downstream localities, but progressively fewer predators up-
stream because natural barriers exclude predators but not guppies [156,157]. 
Mark-recapture studies have shown that guppy populations that co-occur 
with predators have higher mortality rates than those found further upstream 
without predators [158]. Female guppies from ‘high-predation’ populations 
mature earlier and begin to reproduce when they are younger, devote more 
resources to each litter of babies and produce litters more often [158–161].

Devoting more resources to each litter, and hence increasing the reproduc-
tive burden during gestation, may seem a counter-productive strategy since 
it will further increase the locomotor costs during pregnancy. However, 
‘high-predation’ guppies partly compensate for this by evolving faster es-
cape responses and higher accelerations, albeit the exact mechanism how 
they attain this performance increase is unknown [49]. Their better perfor-
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mance is sufficient to significantly increase their odds of survival in encoun-
ters with predators during early pregnancy [66]. These studies thus show 
that the evolution of increased locomotor performance (through unknown 
processes) can partly compensate the higher cost associated with the evolu-
tion of increased reproductive investment.

Direct comparisons of life history strategies between oviparous and vivipa-
rous species or populations are rare, but these reproductive modes are gen-
erally characterized by distinct life history patterns. Oviparous squamate liz-
ards mature early and produce frequent clutches, while viviparous lizards 
mature late and produce larger clutches [20]. In snakes, three main repro-
ductive modes were characterized: single-brood oviparous species, and an-
nual and biennial-breeding viviparous species [162], albeit these life history 
characteristics are also strongly correlated with body size and phylogenet-
ic relationship [163–165]. The tendency for viviparity to be associated with 
larger clutches is surprising as it significantly increases locomotor costs. Fur-
thermore, comparison of demography and survival rate of oviparous and 
viviparous populations in the bimodal lizard species Zootoca vivipara did not 
reveal any clear-cut differences related to reproductive mode other than a 
lower number of annual clutches in the viviparous populations [166]. More 
comparative work on the link between reproductive mode and life history is 
necessary to show if, and how, species (further) adapt their life history to the 
evolution of viviparity. 

IV.	 Discussion

(1)	 Trends in locomotor decline during pregnancy

Our literature review shows that the locomotor performance of females 
tends to decline during pregnancy (Table 2-1). This trend occurs is all three 
modes of locomotion (aquatic, terrestrial or aerial locomotion). However, it 
remains difficult to infer reliable relationships between morphology, perfor-
mance and fitness for the three different locomotor modes separately, for a 
number of reasons:

a.	 Taxonomic bias

There is a strong taxonomic bias in the literature. First, most studies are done 
on terrestrial animals. Within this group there is a very strong focus on squa-
mate reptiles. Within the aquatic animals there is an overrepresentation of 
fishes. In both of these groups, it is remarkable that there are hardly any 
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comparative performance studies on pregnant vs. non-pregnant mammals, 
perhaps due to the lack of an oviparous close relative. Only a few quantita-
tive performance studies exist for flying animals, limited to bats. 

Secondly, invertebrates are severely underrepresented, despite having the 
largest number of viviparous lineages [4], being found in all environments 
and displaying all locomotor modes (flying, swimming, running). This 
group thus offers interesting opportunities to study the effects of live-bear-
ing on locomotion as all locomotor modes are present, in addition to a broad 
range of different ecologies and life histories.

b.	 Methodological differences

It is difficult to compare the effect of pregnancy on locomotor performance 
between independent studies (Table 2-1) because of differences among stud-
ies in the performance parameters quantified and in how they are quanti-
fied. In fish, anaerobic (burst) performance is often measured as velocity or 
acceleration during the fast start escape response, a stereotypical behaviour 
used to escape predators [167,168], while critical swimming speed is used 
as a measure of aerobic performance. The studies on swimming reptiles and 
mammals used different measures of performance, more alike those used 
for terrestrial animals. Here, animals are often chased through a race track 
and the fastest (sub)section is taken as a measure of anaerobic (sprint) per-
formance. A similar design was used to test flight speed in bats [84]. Longer 
race tracks are used for endurance measurements, while other studies use 
‘self-chosen locomotor speed’: two parameters that represent ecologically 
relevant but incomparable aspects of aerobic locomotion. 

c.	 The use of control groups

Some studies performed repeated measurements, while others did not. If 
repeated measures are employed, then there must also be a control group to 
enable the investigator to correct for habituation. This also means multiple 
stimuli, sometimes in fairly short succession, which could elicit habituation 
to the stimulus and thus a measured decline in performance unrelated to 
pregnancy. Comparing the performance decline between studies of repeat-
ed measured is difficult, however, as the used control groups often differ. 
Virgin females (preferably siblings of the pregnant females) would be the 
best possible control to monitor the effects of pregnancy as they most closely 
resemble the pregnant animals in genetics, age, size, morphology and physi-
ology. Furthermore, they are expected to be morphologically and physiolog-
ically stable over time. 



59

2

Locomotor costs of live-bearing and adaptations to reduce them | Chapter 2

d.	 Timing of measurements

Studies differ in the timing of measurements. Most studies try to capture the 
moment of the biggest expected effect, i.e. close to parturition, using repeat-
ed measures of the same individual over time. Possible performance effects 
at the beginning of pregnancy, often assumed to be small(er), could then be 
overlooked. However, a number of studies on fish [e.g. 49,51,58], only take 
one measurement per female and extrapolate the effects of pregnancy from 
staging the developing embryos and calculating the relative reproductive 
mass. Such an approach requires larger sample sizes than a repeated mea-
sures-approach. Although there is inherently nothing wrong with this study 
design, it is difficult to compare studies employing this method, because 
there is no species-specific baseline offered by non-pregnant controls. The 
magnitude of measured performance might be due to unstandardized dif-
ferences between the compared species or populations. Postpartum females 
are not a desirable control, due to possible long-term physiological effects of 
pregnancy [169].

e.	 Presence or absence of adaptations

Despite the fact that all species listed in Table 2-1 are live-bearing, they gen-
erally do not share the same adaptations to viviparity and/or authors did not 
evaluate the same spectrum of adaptations. While some studies documented 
animal behaviour during performance trials, most do not mention possible 
anatomical or behavioural changes. This severely complicates a comparison 
between studies and quantification of the ‘raw’ locomotor costs of pregnan-
cy per locomotor mode. 

(2)	 Recommendations for future research

To improve comparison between studies, we propose a number of recom-
mendations to arrive at a more standardized approach to study the effect of 
pregnancy on locomotor performance in future studies (Figure 2-2).

a.	 Standardized study design

To measure the effects of viviparity or specific adaptations on locomotor per-
formance, a comparative approach between species that differ in their repro-
ductive mode is preferred (Figure 2-2). The compared species should differ 
in the trait of interest but should otherwise be as similar to the target species 
as possible,  plus share a recent common ancestor with the target species. 
Closely shared ancestry will minimize the risk of interspecific differences be-
ing the product of variation other than the reproductive mode or adaptation 
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of interest. It follows that a well-resolved phylogeny is essential if one is to 
minimize confounding in paired comparisons among taxa. Furthermore, it 
becomes possible to formally incorporate phylogeny into analyses if studies 
include multiple species from within a clade [170,171]. One must also in-
clude performance measures on control animals in all species to account for 
between-species differences in performance unrelated to pregnancy [172]. 
Measures on kinematics can help standardizing the results for differences in 
motivation [173].

Figure 2-2. Suggested multi-level experimental approach for between-species 
comparison of performance. A population of virgin animals, preferably siblings, 
are split into a virgin control group and a pregnant group. When pregnancy pro-
gresses, multiple performance measurements are taken from pairs of control and 
pregnant animals, until after parturition. Every pregnant female is paired (linked) 
with a control female, as to have equal numbers of equally-spaced measurements 
under equal environmental conditions. The effects of pregnancy within one species 
can be determined from the pregnant versus control comparison, while differences 
between species can be determined from the pregnant versus pregnant compari-
son. An interspecies comparison of control versus control allows one to standardize 
for adaptations.
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b.	 Providing biomechanical explanations

To understand how viviparity affects locomotor performance, and how ad-
aptations can reduce these effects, reporting differences in performance is 
not enough. We must also study the affected morphological and kinemat-
ic parameters if we are to understand the mechanisms that determine the 
costs of viviparity and hence improve our understanding on why this repro-
ductive mode evolved. Current literature largely lacks this biomechanical 
substantiation of the measured performance declines: most studies link a 
performance decline with increase in female or clutch mass, or with develop-
mental stage of embryos, but do not consider other parameters. Depending 
on the mode of locomotion, surface area, volume and changes in shape and 
tissue density all could play a role in determining locomotor performance, 
while effects of pregnancy on kinematics could limit the range of motions an 
animal is able to exhibit.

Over the past decades, novel techniques have been developed that not only 
make it possible to execute large-scale performance and biomechanics re-
search, but also simplify the acquisition of large datasets. Morphological 
changes can be recorded using minimally invasive modelling approaches 
[174]. Automated tracking software significantly shortens analysis times 
for high-speed video recordings, allowing 3D characterization of both per-
formance and kinematics [175–178]. Lastly, position trackers have become 
increasingly less invasive and more accurate [179–181] and could provide 
additional insights in behavioural adaptations to viviparity, for instance ac-
tivity and motion patterns [181,182].

c.	 Stability and manoeuvrability

The effect of pregnancy on two other performance parameters has been left 
virtually untouched. Stability and manoeuvrability are linked parameters: 
stability is important in keeping position, orientation and torque control, 
while manoeuvrability represents a form of controlled instability in a dy-
namic context [183]. 

Stability is considered in a number of studies on the effect of pregnancy on 
locomotion in humans: the walking gait of pregnant women shifts towards 
a more stable pattern to reduce the chance of falling [70,184]. But pregnancy 
is expected to change stability in other animals as well: in aquatic organ-
isms for instance, differences in the position of the centre of mass and cen-
tre of buoyancy could result in rolling or pitching torques when the centre 
of buoyancy and centre of mass are not aligned [185]. As the reproductive 
mass is often located in the ventral region and due to differences in density 
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between maternal and embryonic tissue, it is likely that pregnancy affects 
stability if animals do not compensate for these changes regardless of mode 
of locomotion. 

Manoeuvrability is important in both prey capture and predator escape 
[66,186,187], but also to correct for sudden disturbances in air or water flow 
and to quickly navigate through an obstacle-ridden terrain. Manoeuvrability 
can be tested by measuring the ability of an animal to turn during free move-
ment [e.g. 188], by measuring the ability to make obligatory turns while 
running [e.g. 186], or by measuring performance in an obstacle course [e.g. 
189]. Manoeuvrability could be reduced during pregnancy due to changes in 
flexural stiffness (it could locally cost more force to move the extra abdom-
inal mass), or, in undulating aquatic animals like fish, by an increase in the 
inertial resistance to yawing motions when the centre of mass is shifted to a 
more anterior position [190].

(3)	 The broader picture

With this review, we tried to answer a small part of a large evolutionary 
question: how does the evolution of viviparity affect locomotor perfor-
mance, and how have species adapted to these costs. Understanding the 
evolution of viviparity requires knowledge on all possible advantages and 
disadvantages of this reproductive mode and of the ancestral state of ovipar-
ity. These (dis)advantages, as well as the listed adaptations to live-bearing 
(Section III), span a wide range of scientific fields including, but not limited 
to, physiology, morphology, biomechanics, ecology and evolutionary biolo-
gy: interdisciplinary cooperative work is needed to tackle such broad prob-
lems [191–193]. Our understanding of how and why viviparity, along with 
adaptations to this reproductive mode, has evolved will be facilitated by the 
use of a standardized comparative approach, embedded in biomechanical 
theory, for the quantification of the locomotor costs of pregnancy for each 
locomotor mode.

V.	 Conclusions

1)	 For viviparity to evolve, its advantages for mother and future offspring 
should outweigh its disadvantages. One of the most important disadvan-
tages of viviparity, the prolonged locomotor performance decline, is often 
assumed but rarely quantified. 
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2)	 The locomotor performance decline likely varies between locomotor 
modes, as the biomechanics of locomotion for aquatic, terrestrial and aerial 
modes of locomotion are affected differently. The existing literature does not 
reveal a clear relationship between locomotor mode and performance, large-
ly due to lack of comparable data.

3)	 Animals have evolved a diverse array of adaptations to reduce or avoid 
the locomotor costs of pregnancy. Mechanisms of cost reduction include 
morphological or physiological changes, e.g. changes to the reproductive 
organs, or adaptations to the reproductive biology like matrotrophy or su-
perfetation. Mechanisms of cost avoidance also include diverse behavioural 
adaptations, such as shifts in habitat or diet, or a change in escape behaviour 
from flight to crypsis. A live-bearing mode of reproduction might lead to fur-
ther life history changes, for instance the earlier adoption of a ‘life fast – die 
young”-strategy. This large range of adaptations severely reduces our ability 
to compare the locomotor costs of pregnancy between studies/species.

4)	 Currently, quantifying the existing literature on the locomotor perfor-
mance decline during pregnancy is difficult due to taxonomic bias, differ-
ences in timing of measurements and methodology, the use of different (or 
no) control groups, and differences in the presence of adaptations and poor 
documentation of these traits. 

5)	 We propose a standardized repeated-measures design using virgin fe-
males as a control for habituation and species-specific differences in perfor-
mance, with a strong emphasis on the biomechanics of locomotion to explain 
any measured differences between pregnant and virgin females and between 
species. Such an approach eases future comparison between studies, but also 
provides scientific arguments for hypotheses regarding other species and 
suspected adaptations to viviparity.

6)	 To answer the question why viviparity evolved (so often), an interdisci-
plinary approach is necessary. That approach must contain a balanced as-
sessment of the costs and benefits of livebearing. Large-scale comparative 
studies are necessary to characterize the correlated costs (e.g. reduced fe-
cundity, locomotor costs and increased adult mortality) and benefits (e.g. 
increased juvenile survivorship). 
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Abstract

Live-bearing is a reproductive strategy that can confer large morphological 
changes to the mother. The evolution of the placenta in swimming animals 
is hypothesized to be an adaptation that reduces body volume early during 
pregnancy, because it involves a shift of reproductive allocation from pre- to 
post-fertilization. We tested this hypothesis by quantifying three-dimension-
al shape and volume changes during pregnancy and in full-grown virgin 
controls of two species within the live-bearing fish family Poeciliidae: Poecil-
iopsis gracilis (non-placental) and Poeciliopsis turneri (placental). We show that 
P. turneri is more slender than P. gracilis at the beginning of the interbrood 
interval and in virgins, and that these differences diminish towards the end 
of pregnancy. This study provides the first evidence for an adaptive mor-
phological advantage of the placenta in live-bearing fish. A similar morpho-
logical benefit could drive the evolution of placentas in other live-bearing 
(swimming) animal lineages.
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Introduction

The placenta, defined as an intimate apposition or fusion of maternal and 
foetal tissues for physiological exchange [1], evolved many times inde-
pendently throughout the animal kingdom (e.g. in invertebrates, fish, am-
phibians, reptiles and mammals; [2–6]), including at least eight times within 
the live-bearing fish family Poeciliidae [7–10]. Despite the repeated emer-
gence of placentas among widely diverged animal lineages, it is still unclear 
what selective forces drive their evolution. Three non-mutually exclusive 
adaptive hypotheses have been proposed to explain why the placenta may 
have evolved in Poeciliid fish: the resource availability hypothesis, the life 
history facilitation hypothesis and the locomotor cost hypothesis. 

The resource availability hypothesis suggests that the evolution of the pla-
centa and associated reduction in egg size at fertilization might allow females 
to attain a higher fitness through increased litter sizes. A critical assumption 
of this hypothesis is that females must be able to abort embryos when facing 
adverse food conditions [11]. Recent empirical studies in Poeciliidae, how-
ever, show that they are not able to do this, suggesting that the conditions 
under which the placenta might be favoured by natural selection are, at least 
in this taxonomic group, restricted to environments characterized by high 
and stable resource conditions [12–15]. 

The life history facilitation hypothesis states that the placenta might evolve 
to facilitate the evolution of other life history traits, for example to enable 
organisms to mature at an earlier age or to produce more or larger offspring 
that have a higher early-life survivorship [16–21]. However, recent studies in 
Poeciliidae show that there are no consistent associations between placenta-
tion and life history traits, arguing against this hypothesis as a likely expla-
nation for the evolution of the placenta in this taxonomic group [22–24]. 

Finally, the locomotor cost hypothesis argues that the placenta might evolve 
to offset some of the locomotor cost associated with a live-bearing mode of re-
production. The physical and physiological burden of a pregnancy negative-
ly affects a female’s locomotor performance in a broad range of live-bearing 
animals (e.g. scorpions, [25]; fishes, [26–29]; reptiles, [30,31]; and mammals, 
[32,33]). In aquatic animals an increase in abdominal volume may locally 
limit axial bending and, furthermore, enlarge frontal surface area thereby 
increasing the drag forces on the body [26,33–35]. An increase in body mass 
during pregnancy could reduce the ability to rapidly accelerate [27]. The lo-
comotor cost hypothesis proposes that the evolution of a placenta reduces a 
female’s reproductive allocation (the proportion of female wet mass allocat-



84

3

Chapter 3 | First evidence for the morphological advantage of matrotrophy

Figure 3-1.Predicted change in fe-
male body volume during pregnan-
cy in lecithotrophic and placental 
live-bearing fish species. (1) the 
placental species (dash-dot line) will 
have a smaller volume during its en-
tire pregnancy than the lecithotrophic 
species (dashed line) and (2) the re-
lationship for the placental species 
will show a steeper slope than for the 
lecithotrophic species, indicating that 
the difference in body volume will 
be greatest at the beginning of the 
pregnancy and gradually diminish to-
wards zero at end of the interbrood 
interval (redrawn after [9]). Similar 
plots could be constructed for frontal 
or wetted surface area. For heuristic 
purposes the temporal patterns are 
assumed linear, because the exact 
shape of the relationship between 
female volume and time is currently 
unknown [20].

ed to developing offspring) and thus to-
tal wet mass, volume and frontal surface 
area early during the pregnancy, because 
it causes a shift of maternal investment 
from pre- to post-fertilization (Figure 
3-1; [9,36,37]). This may improve her lo-
comotor performance (e.g. predator eva-
sion ability; [27]) and hence survival [38] 
without sacrificing reproductive output 
[9,36,37]. While it is known that Poecili-
idae increase in body mass and frontal 
surface area during pregnancy [26], it is 
still unclear if, when, and to what extent, 
the evolution of a placenta alleviates this 
reproductive burden during pregnancy 
(Figure 3-1).

Here, we set out to test the morphologi-
cal predictions of the locomotor perfor-
mance hypothesis by comparing body 
shape changes during gestation in two 
closely-related sister species within the 
live-bearing fish genus Poeciliopsis (Fam-
ily Poeciliidae). These species differ 
markedly in the way they provision their 
developing embryos: Poeciliopsis gracilis 
lacks a placenta and instead allocates all 
resources necessary for embryo devel-
opment to the eggs before fertilization 
(lecithotrophic), while Poeciliopsis turneri 
has a well-developed placenta (placen-

totrophic; [7,10]). Specifically, we test whether, compared to P. gracilis, the 
placental species P. turneri has (1) a lower body volume and frontal surface 
area at the beginning of the interbrood interval and in virgin controls, and 
(2) a stronger increase in volume and frontal surface area (i.e. have a steeper 
slope) when pregnancy progresses, indicating that the potentially beneficial 
reduction in body volume associated with placentation will be greatest at the 
beginning of the pregnancy and will gradually diminish towards the end of 
the interbrood interval (Figure 3-1).
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Material & Methods

A detailed description of the species, fish rearing protocols and (pre-)exper-
imental husbandry is provided in the Supporting Information S1. All pro-
cedures were approved by the Animal Ethics Committee of Wageningen 
University & Research (permit number 2013103). All efforts were made to 
minimize suffering.

Time schedule and sample size. 

We studied changes in body shape during the pregnancy of Poeciliopsis grac-
ilis (lecithotrophic) and Poeciliopsis turneri (placentotrophic) by creating a se-
ries of 3D body reconstructions. For each female, these models were created 
at evenly spaced time points (every second and every fourth day for P. tur-
neri and P. gracilis respectively) during one interbrood interval (IB), defined 
as the period between two parturitions starting the day after a female gave 
birth (hereafter referred to as IB = 0) and lasting until the next parturition (IB 
= 1). To avoid an effect of feeding on body shape (i.e. abdominal extension), 
the feeding schedules of both species included a 16–24 h food deprivation 
period prior to the measurements (see S1 for further information regarding 
feeding). Our final dataset comprised 246 three-dimensional body models 
for 10 pregnant (plus 10 virgin control) P. gracilis and 14 pregnant (plus 14 
virgin control) P. turneri. Of these 246 body models, six P. turneri models 
were omitted preceding analysis because these females were fed shortly be-
fore imaging.

Creation of three-dimensional body models. 

To create a single body model, a fish was first transferred to a small tank (8 × 
8 × 8 cm) with scale bars for image calibration on all walls. Orientation of the 
female was limited by a separate movable divider. Three photos were taken 
simultaneously with three Nikon D3200 DSLR cameras (Nikon, Tokyo, Ja-
pan; sensor resolution 24 Mpix, equipped with Micro-Nikkor f=55mm lens-
es), synchronized with a remote trigger (JinJiaCheng Photography Equip-
ment Co., Ltd., Shenzhen, China) and with LED lights behind glass fibre 
cloths opposite to the cameras providing diffuse back lighting. The three or-
thogonally placed cameras yielded a lateral, ventral and rostral/caudal view 
of the fish. Multiple sets of photos were taken during one measurement ses-
sion, for further analysis a set of three synchronized pictures was selected in 
which the fish was in a straight and minimally rotated position. 
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Figure 3-2. Morphological measurement and 3D model construction. A. Lateral 
and ventral photographs in which the trunk (green), abdomen (orange) and eyes 
(red) are outlined by manually indicated polygons. The longitudinal axis is depicted 
by white lines. B. At 251 equidistant points along the longitudinal axis, the width 
and height of the polygons are converted into ellipse-like cross-sections; in the ab-
dominal area, the vertical position of the horizontal axis is shifted. C. Stitching the 
cross-sections of trunk and eyes results in a 3D model from which volume, wetted 
surface area and frontal surface area (projection at the right) can be calculated. For 
illustrative purposes these examples only consist of one-fourth of the number of 
cross-sections.
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These photos were subsequently processed with an in-house developed pro-
gram in MATLAB 2013a (MathWorks, Natick, MA, United States), adapted 
from a program previously described by [39]. The longitudinal axis of the 
fish was defined by a straight line between the most anterior point of the 
snout and the most posterior part of the caudal peduncle (Standard Length, 
LSL; white lines in Figure 3-2A). The longitudinal axis of the fish consisted 
of on average 3122 (SE ± 14) pixels and 3193 (± 15) pixels in the lateral and 
ventral views respectively. Outlines of trunk and eyes were manually dig-
itized (Figure 3-2A, blue and red lines respectively) as was the position of 
the abdomen of the fish (lateral view only; delimited by the dorsal edge of 
the vertebral column, swim bladder and the bottom of the abdomen; Figure 
3-2A, orange line). After cubic spline interpolation of the outlines, the posi-
tion of the outlines with respect to the longitudinal axis was measured at 251 
equidistant points along the longitudinal axis. Using cubic spline interpo-
lation, these points were subsequently converted into ellipse-like cross-sec-
tions, that differed in shape depending on whether the section was located 
in the abdominal region (Figure 3-2B). In the abdominal region, the minor 
axis is shifted to half-way the abdominal polygon at that section (default at 
centre of major axis). Cubic spline interpolations were also used to create a 
3D-model of the eyes (with a cubic spline resembling a super-ellipse), which 
was then stitched to the trunk to create a full 3D-model (Figure 3-2C).

From these 3D models maximum height, maximum width, frontal surface 
area (area of frontal view projection, Figure 3-2C), wetted surface area (to-
tal body surface area), and volume were calculated. Maximum height was 
determined for the whole body, while maximum width was determined for 
the abdominal region only as the level of opercular distention (the moment 
in the breathing cycle) caused the position of the widest point to fluctuate 
in the slender-most fish. These fluctuations only had a minimal effect on the 
measured total body volume (on average 0.53 % with respect to the instance 
with the least distention). To correct for the effect of intra- and interspecies 
differences in body size, maximum values of all one-dimensional parameters 
were normalized by dividing the values by LSL, surface areas by dividing by 
LSL2 and volume was normalized by dividing by LSL3. 

Litter wet mass. 

To get an estimate of the partial reproductive allotment at IB = 1, all new-
borns from the litter were caught on the day of delivery and euthanized with 
a lethal dose of MS-222 (Tricaine-S; Western Chemical Inc., Ferndale, WA, 
United States). Total litter wet mass was measured after carefully removing 
excess liquid with a paper towel on a Mettler AE200 analytic balance (scale 
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accuracy 0.0001 g; Mettler-Toledo B.V., Tiel, The Netherlands). Litter wet 
mass provides a better approximation of reproductive burden than litter dry 
mass, because the water content of the embryos contributes to the total vol-
ume of the brood. Not all P. gracilis litters could be weighed; however, since 
offspring size did not differ between females (Mixed model, F9,19 = 1.31, p = 
0.2953) total litter wet mass was instead estimated using a linear fit between 
offspring number and measured litter wet mass (wet mass (g) = 0.0078 ∙ Nnew-

borns; R² = 0.9469). 

Statistical analysis 

The change in morphological parameters was modelled as a two-level lon-
gitudinal growth model [40], using the Mixed procedure (proc mixed) in SAS 
version 9.3 (SAS Institute, Cary, NC, United States) under restricted maxi-
mum likelihood (REML). This multi-level modelling (MLM) method com-
pares individual growth trajectories between species, allows time to be pro-
cessed as a continuous variable and is able to handle unbalanced and missing 
data [40,41]. The model exists of two levels, the level-one model (Equation 
3-1) that represents individual change trajectories, and the level-two model 
(Equation 3-2, 3-3) that provides intercept and slope term for the sample 
average. For each individual (i) and time point (j), the measured parameter 
is a function of the individual intercept (αi), the individual growth trajectory 
(βi∙Tj) and a random error term for that specific individual and time point 
(εij). Litter wet mass (wi) at IB = 1 was added as a covariate in the level-two 
model for slope (Equation 3-3), as arguably larger broods result in increas-
ingly larger morphological parameters due to a higher growth rate. This also 
allows comparison of the morphologies without the effect of offspring wet 
mass. The common intercept (γ11), linear slope (γ21) an covariate (γ23) terms 
in equations 2 and 3 represent the values for P. gracilis while the γ12, γ22 and 
γ24 terms represent the added difference for P. turneri for intercept, linear 
slope and covariate values respectively; ζ1i and ζ2i factor individual random 
error terms. ‘Variance components’ was used as covariance structure (de-
fault in SAS proc mixed), denominator degrees of freedom were calculated 
with Kenward-Roger and significance level alpha was set to 0.05 (default in 
SAS proc mixed). To compare model parameter estimates, post-hoc tests were 
performed using contrast and lsmeans statements. Virgin data was analysed 
using a similar MLM method, albeit with a simpler model. Because we did 
not expect any time-dependent effects, and the virgin controls did not have 
litter wet mass to use as a covariate, the model consisted solely of an effect 
of species.
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Transformation of the data occasionally resulted in slightly better fits as in-
dicated by marginally higher R²-values from linear fits (using Proc GLM in 
SAS version 9.3), but using transformed data did not change the outcomes of 
the previously mentioned statistical models. Furthermore, we did not have 
any a priori expectations for the curve of the line. Therefore, we opted to use 
the original untransformed data and a linear depiction of change.

Yij	 = 	 αi+ βi∙Tj + εij                	 (Eq. 3-1) 
 
αi	 = 	 γ11+ γ12∙Si + ζ1i              	 (Eq. 3-2)  
 
βi	 = 	 (γ21+ γ22∙Si) + (γ23 + γ24∙Si) ∙wi + ζ2i             	(Eq. 3-3) 

 Results

Type 3 tests for Fixed Effects for both the pregnant and the virgin MLM 
model can be found in Table 3-S3. All fixed effects in the model were signifi-
cant, for all measured morphological parameters. 

Morphological changes during pregnancy 

At the beginning of the interbrood interval (IB = 0), Poeciliopsis gracilis females 
have an overall larger normalized body size than females of Poeciliopsis tur-
neri. Except for maximum width (MLM contrast of intercepts: F1,21.2 = 2.52, p 
= 0.1275; Figure 3-3A), females of P. gracilis have a higher maximum height 
(F1,21.4 = 15.46, p = 0.0007; Figure 3-3B), frontal surface area (F1,21.6= 12.49, p = 
0.0019; Figure 3-3C), wetted surface area (F1,24.8 = 18.17, p = 0.0003; Figure 
3-3D) and volume (F1,24.3 = 12.10, p = 0.0019; Figure 3-3E) than females of P. 
turneri. 

We found that P. turneri increases in body size faster than females of P. grac-
ilis, as indicated by the steeper slopes of the former species in maximum 
width (MLM contrast of slopes: F1,23 = 11.42, p = 0.0026; Figure 3-3A), maxi-
mum height (F1,17.9 = 13.01, p = 0.0020; Figure 3-3B), frontal surface area (F1,21.6 
= 11.84, p = 0.0024; Figure 3-3C), wetted surface area (F1,21.1 = 6.76, p = 0.0167; 
Figure 3-3D) and volume (F1,22.2 = 5.92, p = 0.0235; Figure 3-3E). As a conse-
quence, the measured differences at IB = 0 diminished towards the end of 
pregnancy (IB = 1) (post hoc comparison, maximum height: p = 0.6531; fron-
tal surface area: p = 0.0866; wetted surface area: p = 0.9541; volume: p = 0.4696; 
Figure 3-3 B – E respectively), while at this point in time females of P. turneri 
have a larger maximum width (p = 0.0127; Figure 3-3A).
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Figure 3-3. Shape parameters of pregnant P. turneri (with placenta) and P. grac-
ilis (without placenta) from N = 122 three-dimensional models. The multi-level 
longitudinal growth models (MLM) indicate changes in normalized maximum width 
(A), maximum height (B), frontal surface area (C), wetted surface area (D) and vol-
ume (E) during one interbrood interval for pregnant P. turneri (red, N = 14) and P. 
gracilis (blue, N = 10). To account for individual variation in body size, one-dimen-
sional parameters (A and B) were normalized by dividing the values by standard 
length (LSL), the surface areas (C and D) by dividing by LSL

2 and volume (E) by divid-
ing by LSL

3. Connected circles represent individual female growth trajectories, solid 
lines are plotted from the MLM estimates for intercept and slope with equal litter wet 
mass (NS = p > 0.05, * = 0.01 < p < 0.05, ** = 0.001 < p < 0.01, *** = p < 0.001). Pro-
jections show examples of the respective model projections (A – C) or the complete 
model (D,E).
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Morphological differences between virgins 

In line with the measured differences at IB=0 for their pregnant conspecifics, 
virgin fish of P. gracilis (P.g.) have a larger overall normalized body size than 
virgins of P. turneri (P.t.). We found significant effects of species on maxi-
mum width (MLM contrast: F1,20.9 = 39.62, p < 0.0001; MLM estimate ± SE: 
P.g. 0.1800 ± 0.0021, P.t. 0.1624 ± 0.0018), maximum height (F1,21.2 = 84.02, p < 
0.0001; P.g. 0.2652 ± 0.0025, P.t. 0.2354 ± 0.0021), frontal surface area (F1,20.6 = 
77.98, p < 0.0001; P.g. 0.0367 ± 0.0006, P.t. 0.0298 ± 0.0005), wetted surface area 
(F1,19.5 = 35.28, p < 0.0001; P.g. 0.4972 ± 0.0032, P.t. 0.4726 ± 0.0027), and volume 
(F1,19.3  = 32.62, p < 0.0001; P.g. 0.0191 ± 0.0003, P.t. 0.0171 ± 0.0002).  

Discussion

A key aspect of this study is that we compare two different reproductive 
states (pregnant and virgin fish) in two closely related ‘sister’ species that 
differ in the way that they provision their embryos [7]: Poeciliopsis gracilis is 
a lecithotrophic species that lacks a placenta, while Poeciliopsis turneri rep-
resents one of three independent origins of extensive placentation in the ge-
nus Poeciliopsis [7,10]. Poeciliopsis gracilis and P. turneri have moderate levels 
of a second reproductive adaptation called superfetation, which is the ability 
of a female to carry simultaneous litters that are each at a different stage 
of development [23,36]. Due to smaller litters per parturition, higher levels 
of superfetation could result in reduced litter wet mass (Table 3-S4). Since 
the level of superfetation also affects the length of the interbrood interval 
[9,23,42], time was normalized in our MLM models to account for variation 
in interbrood interval both within and between species. In absolute terms, 
the difference in growth rate between the two species would be even more 
pronounced than is currently shown by our results. Finally, we measured 
the morphology of virgin controls, because they offer a morphological ‘base-
line’ similar to the start of the first pregnancy: all virgin females carried un-
fertilized, fully yolk-provisioned eggs but were not yet affected by having 
to carry overlapping broods (superfetation). We showed that virgins of P. 
turneri have a more slender body shape than those of P. gracilis, in line with 
the observed differences at the beginning of the interbrood interval of preg-
nant females. Together these findings provide the first evidence in support 
of two key predictions of the locomotor cost hypothesis that the evolution 
of post-fertilization maternal provisioning by means of a placenta leads to 
a more slender body shape at the beginning of the pregnancy, and that this 
‘morphological benefit’ diminishes over the course of the pregnancy (Figure 
3-1; [9,36,37]). Our results further show that maximum width is higher in fe-



92

3

Chapter 3 | First evidence for the morphological advantage of matrotrophy

males of P. turneri during late pregnancy which could lead to a reduction in 
abdominal flexibility during this period, more than experienced by P. grac-
ilis. 

Whether, and to what extent, the measured morphological differences trans-
late directly into differences in swimming performance requires further 
investigation, as other parameters that determine performance (e.g. physi-
ology, flexural stiffness) could also be affected by pregnancy. Body shape, 
however, is known to affect the drag forces a fish experiences during swim-
ming, such that more slender animals have a better continuous swimming 
performance and lower metabolic costs of swimming (e.g. [43–47]). There are 
two main types of drag that act on swimming fish of this size: pressure drag 
and friction drag; the former is related to the frontal surface area and the lat-
ter to the wetted surface area [48,49]. In P. turneri, both surface areas are low-
er at the beginning of pregnancy, and increase more rapidly over time than 
in P. gracilis (Figure 3-3 C – D), implying an absolute benefit during the early 
stages and a mean benefit over the whole interbrood interval. During undu-
latory swimming, the experienced drag is highly complex due to the chang-
ing pressure and shear stress distribution on the deforming body [50]. It is, 
however, apparent that the survival value of optimizing swimming speed 
and cost of transport (and thus reducing drag forces on the body) could be a 
driving force behind the evolution of fish morphology [51].

To study female morphology in three dimensions, we used a novel method 
for collecting longitudinal data, adapted from an in-house developed pro-
gram originally designed to create 3D-models for zebrafish (Danio rerio) lar-
vae [39]. Our method offers two advantages over conventional two-dimen-
sional geometric morphometric approaches. First, we took pictures while the 
female is in the water, thereby avoiding the need to kill, anesthetize and/or 
handle the fish with a paintbrush or tweezers [26,52–56]. Minimizing stress, 
potential physical damage and risk of death is particularly important in lon-
gitudinal studies where a single individual is measured repeatedly over a 
period of time. Second, we use information from 251 equidistant cross-sec-
tions and two orthogonal planes to reconstruct 3D body models. Even in a 
single 2D-plane (e.g. lateral view), our method produces a more accurate 
approximation of female body shape than landmark-based geometric mor-
phometric approaches, which are often based on a limited number of (semi-)
landmarks (typically between 12 to 17) and are hampered by a lack of clear 
landmarks in the abdominal region of pregnant females [52–56]. Perhaps 
more importantly, we show that different planes can yield different patterns 
of shape change through time (e.g. compare the effects in maximum width 
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and height; Figure 3-3 A, B), suggesting that information from one plane 
cannot be readily used to make inferences about temporal changes during 
the pregnancy in the other planes nor overall streamlining (e.g. volume or 
frontal surface area).

We studied only one of eight independent origins of the evolution of the 
placenta in the family Poeciliidae [8,10]. To test the generality of our results, 
a wider comparative survey is required that includes other independent 
evolutionary origins of the placenta. Recent studies in the family Poecilii-
dae have revealed three independent origins of placentation in the genus 
Poeciliopsis (of which this study examined one; [7]) and two independent 
origins of placentation in the genus Poecilia (in the subgenera Micropoecilia 
and Pamphorichthys, respectively; [57,58]). These (sub)genera contain closely 
related species that differ in whether they have a placenta and are eminently 
suitable for further comparative experimental studies [13,14,23,24,37] to test 
whether the morphological benefits we found in this study are repeated in 
other placental lineages. 

Moreover, it is possible that drag reduction is one of the driving forces be-
hind the evolution of a placenta in other families of live-bearing bony fish 
(e.g. Goodeidae) [59–61] and of a placenta or other ways of post-fertiliza-
tion nutrient allocation (matrotrophy) in live-bearing cartilaginous fishes 
[5,62,63]. Furthermore, it could be worthwhile to study the effects of a pla-
centa on morphology and relevant performance parameters in animals that 
otherwise try to maximize slenderness, for instance live-bearing Squamate 
reptiles with a predominantly burrowing or ‘sand-swimming’ mode of loco-
motion (e.g. viviparous skinks) [64] or animals that are girth-restricted, for 
instance by the crevices they inhabit [65].

To conclude, in this study we compared changes in volume and frontal sur-
face area during gestation between a lecithotrophic and a placental fish spe-
cies using a new 3D-modelling approach. Consistent with the locomotor cost 
hypothesis, our results provide first evidence that the evolution of a placenta 
can lead to a more slender body shape at the start of the pregnancy and that 
this effect disappears towards the end of the pregnancy (Figure 3-1, Figure 
3-3). To test the generality of our findings, future research should focus on 
additional independent placental lineages. The biomechanical importance 
of drag reduction for locomotion, however, suggests that the locomotor cost 
hypothesis could potentially be applicable to the evolution of placentas in 
other swimming live-bearing lineages.
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Supporting Material S1. Fish rearing, feeding and husbandry

Study species

Poeciliopsis gracilis originated from a small tributary of Rio Motagua, near 
the village Jones in Zacapa (Guatemala), and Poeciliopsis turneri were collect-
ed in Rio Purificacion, near Casimiro Castillo, Jalisco (Mexico). These fish 
stocks were originally housed at the Reznick lab (University of California 
Riverside, USA). The fish used in the experiments were bred from labora-
tory stocks that originate from the Reznick lab and are currently held at the 
CARUS Aquatic Research Facilities at Wageningen University & Research 
(the Netherlands).

Poeciliopsis gracilis and P. turneri are closely-related ‘sister’-species that differ 
markedly in when and how they provision their developing embryos [7]. 
The matrotrophy index (MI), a dimensionless number defined as the dry 
mass of the neonate at birth divided by the dry mass of the egg at fertiliza-
tion, can be used as a proxy for the level of post-fertilization maternal provi-
sioning: P. gracilis has an MI of 0.69 (lecithotrophic) and P. turneri an MI of 
41.4 (placentotrophic, [7]). Both exhibit a moderate degree of superfetation, 
the presence of multiple broods that differ in the developmental stage of the 
embryos [24,42], the differences in degree of superfetation are reflected in 
interbrood interval (mean (± SE) P. gracilis 18.3 (± 0.26) days vs. P. turneri 11.9 
(± 0.90) days; Table 3-S4). 

Fish rearing & pre-experimental husbandry

Breeding stocks were kept in 40 L tanks. From these tanks, new-born juve-
niles were moved to other stock tanks based on age cohort (age differences 
within cohorts spanning 2–4 weeks). Sexual maturity was monitored dai-
ly and males were removed when sexual characteristics started to develop. 
Female fish were allowed to grow to a length of approximately 4 cm (± 4–6 
months after parturition), after which they were isolated in 9 L isolation 
tanks (Tecniplast, Bugugiatte, Italy) enriched with gravel and a plastic plant. 
The water in the isolation tanks was maintained at 24–25 °C and refreshed 
(~18 l·h-1). To ensure homogenisation of water quality among the isolation 
tanks, all tanks were supplied with water coming from the same biological 
filtering system. A juvenile conspecific was added to the tanks with virgin 
P. gracilis to reduce potential stress of isolation. The fish were randomly as-
signed to either a pregnant- or a virgin-treatment group, with one individ-
ual of each combined into a ‘measurement block’. One to three males were 
added to tanks of the pregnant group, and switched around regularly. All 
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companion fish were removed before the start of the experiments. Before the 
experiments started, the pregnant fish were allowed to go through at least 
three parturition events, as the first pregnancies are often smaller in brood 
size and number (Pollux & Reznick, unpublished data). Tanks were checked 
for new-borns at least once a day and parturition history was meticulously 
documented. Because of an initial high mortality in the isolated P. turneri, 7 
additional pregnant females were randomly taken from the stock tanks and 
included in our study.

Fish feeding protocol

Stock fish were fed recently hatched brine shrimp (Artemia nauplii) in the 
morning (around 8 AM), and either flake paste (TetraMin; Tetra GmbH, 
Melle, Germany; on Tuesday, Thursday, Saturday and Sunday) or liver paste 
(Monday, Wednesday and Friday) in the afternoon (around 4 PM). The diet 
of isolated females consisted of flake- and liver paste during both the morn-
ings and afternoons (days similar to stock), except  during the weekend when 
the females received Artemia nauplii. In addition, at the end of each day each 
isolated female was fed adult brine shrimp. Sixteen to 24 hours prior to the 
measurements, females were deprived of food to avoid an effect of feeding 
on body shape (i.e. abdominal extension).
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Table 3-S3. Multi-level Modelling output for fixed effects in the pregnant and 
virgin control models, for all measured morphological parameters. LWM: Litter 
wet mass

Type 3 Test  
of Fixed Effects Species Species × Time Species × Time × LWM

Pregnant model

Maximum width F2,21.3 = 11879.6, 	p < 0.0001 F2,23.3 = 94.60,  p < 0.0001 F2,19.5 = 10.11,  	 p = 0.0010

Maximum height F2,21.5 = 12600.0,  p < 0.0001 F2,18.0 = 95.08,  p < 0.0001 F2,17.5 = 9.95,	 p = 0.001

Frontal surface area F2,21.7 = 3978.58,  p < 0.0001 F2,21.9 = 99.70,  p < 0.0001 F2,19.7 = 12.44, 	 p = 0.0003

Wetted surface area F2,25.0 = 44623.4,  p < 0.0001 F2,21.4 = 59.97,  p < 0.0001 F2,18.3 = 6.45,   	 p = 0.0076

Volume F2,24.5 = 8327.83,  p < 0.0001 F2,22.5 = 60.12,  p < 0.0001 F2,18.3 = 7.76,   	 p = 0.0036

Virgin model	

Maximum width F2,20.9 = 7554.59,  p < 0.0001

Maximum height F2,21.3 = 11952.4,  p < 0.0001

Frontal surface area F2,20.6 = 3620.88,  p < 0.0001

Wetted surface area F2,19.5 = 28014.9,  p < 0.0001

Volume F2,19.3 = 5224.14,  p < 0.0001

Table 3-S4. General and reproductive parameters of the experimental fish used 
in this study.

Mean (± SE)

Species Treatment Nfemale LSL (m) IB Interval (days) Nmodels per individual Litter Wet Mass (g)

P. gracilis Pregnant 10 0.047 (0.001) 18.3 (0.03) 4.9 (0.2) 0.1794 (0.0143)

Virgin 10 0.048 (0.001)

P. turneri Pregnant 14 0.047 (0.001) 11.9 (0.9) 5.6 (0.4) 0.1073 (0.0090)

Virgin 14 0.048 (0.001)
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Abstract

Fish make C-starts to evade predator strikes. This manoeuvre consists of 
three stages: stage 1, in which the fish rapidly bends into a C-shape; stage 2, in 
which the fish bends in the opposite direction; and a variable stage 3 in which 
the fish either continues swimming, coasts or brakes. Despite fish moving in 
3D space, fast-start responses of adult fish have mainly been studied in a 
horizontal plane. Using automated 3D tracking of multi-camera high-speed 
video sequences, we show that fast-starts of adult female least killifish (Het-
erandria formosa) contain a significant vertical velocity component, as well as 
large changes in pitch (up to 43°) and roll (up to 77°) angles. Upwards and 
downwards elevation changes are correlated with changes in pitch angle of 
the head, motion direction in the horizontal plane is correlated with changes 
in yaw angle of the head. With respect to the stimulus, escape heading cor-
relates with the elevation of the fish at the onset of motion. Irrespective of 
the initial orientation, fish can escape in any horizontal direction. In a large 
number of fast-starts, the mean effective acceleration of the centre of mass is 
significant during stage 1, showing that propulsion can already occur in this 
phase. This suggests that the often used term ‘preparatory phase’ for stage 1 
has to be reconsidered. Our findings highlight the importance of 3D analy-
ses of fast-start manoeuvres of adult fish in uncovering the versatility of fish 
escape repertoire. 
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Introduction

Fast-start responses are a pivotal manoeuvre in predator-prey interactions 
of fish: prey exhibit this behaviour to propel themselves away from danger, 
while predators use it to lunge themselves towards prey [1]. Similar kine-
matic patterns have also been observed during other behaviours, including 
social interactions [2], following food capture [3–6] and following air-surface 
interactions [7]. 

Fast-start responses can be divided in two types based on their muscle ac-
tivation and contraction pattern: location-shifted bilateral contraction of the 
axial muscles results in ‘S-starts’, named after the S-shaped body bend [8–
10], and ‘C-starts’ that initially follow unilateral muscle contraction, named 
after the C-shaped body bend [1,11,12]. C-starts are typically described fol-
lowing three distinct stages [13]. During ‘stage 1’ the fish bends into the char-
acteristic C-shape, while during ‘stage 2’ a contralateral movement of the tail 
propels the fish away from its original position. The last ‘stage 3’ is highly 
variable and can consist of a wide range of motions from continued swim-
ming to gliding or braking with the pectoral fins. Hereafter, we will use the 
term fast-start as a synonym for C-starts.

Over the past decade, the hypothesized roles of the different stages have 
gradually been changing. Traditionally, stage 1 and stage 2 of the fast-start 
have been described as the ‘preparatory phase’ and ‘propulsive phase’, re-
spectively [13]. Indicative of the presumed preparatory nature of the first 
stage, is that the reorientation of the head during stage 1 is an important 
determinant for heading of the escape during subsequent stages [14], while 
forward motion of the head is limited. However, during the C-bend one of 
the jets propelling the fish in the subsequent stage is formed, but not yet 
contributing to propulsion [15], and some studies describe significant move-
ment and acceleration of the centre of mass (CoM) during this stage [13,16]. 
Arguably, the term ‘preparatory phase’ is too narrow and both stages of the 
fast-start could contribute to forward propulsion.

Multiple methods have been developed to determine the end of stage 1 and 
the beginning of stage 2. Physiologically, it can be determined from the 
onset of the contralateral electromyography (EMG) signal [e.g. 17,18], but 
EMG signals during free-swimming are generally not available in kinemat-
ics studies. From a biomechanical and/or kinematics perspective, different 
parameters have been used to describe the transition from stage 1 to stage 2: 
the onset of forward propulsion [e.g. 19], the change in turning direction of 
the head or anterior body midline [e.g. 9,11,20–22], or the onset of the return 
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tailbeat [e.g. 23]. Although the differences between these methods seem triv-
ial, these definitions will result in observed differences in the timing of the 
several stages and, because of this, in differences in measured parameters at 
stage-related time points.

Although fish swim in a three-dimensional space and use the water column 
as such, fast-starts are often simplified as a two-dimensional manoeuvre 
with motions parallel to the horizontal plane [1]. Recently, it was shown 
that escape responses of larval zebrafish (Danio rerio) contain a considerable 
three-dimensional component: pitch angle changes of the head correlates 
with changes in elevation [24,25]. In two instances, three-dimensional fast-
start manoeuvres were reported for adult fish, namely in knifefish (Ptero-
phyllum eimekei) and hatchetfish (Carnegiella strigata) [12,21], but fast-starts 
of adult fish are generally reduced to two-dimensional manoeuvres in the 
literature [1].

The increasing knowledge of the three-dimensional components of fast-start 
responses follows from recent methodological developments. Within the 
field of fish swimming biomechanics, high-speed video imaging is shifting 
from two-dimensional to three-dimensional recording with multiple syn-
chronized cameras, and simultaneous advances in automated image analysis 
allow for processing of large sets of movies [e.g. 26]. Most previous work on 
fast-start responses records movement solely in the horizontal plane, with a 
setup in which vertical displacement is restricted, and/or discarding movies 
in which the fish swims out of focus [e.g. 20,23,27], while three-dimensional 
descriptions remained anecdotal [12,21]. Currently, three-dimensional im-
aging and analysis is becoming the standard to study swimming kinematics 
[25,26,28].

A second methodological development is the switch from the usage of a 
fixed point on the body as an estimate for CoM [e.g. 9,25,29], to a dynam-
ic CoM that shifts position relative to the body during swimming (2D ap-
proach: [16,30] , 3D approach [26]). This actual position of the CoM is calcu-
lated from the mass distribution along the body, and can lie outside of the 
fish’s body for large body curvatures. 

Combining these recent advances from the fields of swimming kinematics 
and biomechanics, we explore in this study the three-dimensional kinemat-
ics of the fast-start escape response of adult least killifish, Heterandria formo-
sa. We hypothesize that, similar to the three-dimensional kinematics of the 
C-start of the larval zebrafish [25], yawing and pitching motions of the head 
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are associated with changes in azimuth and elevation, respectively. In addi-
tion, we revisit the function of stage 1 in the fast-start, and analyse the 3D 
escape trajectory relative to the direction of the stimulus source.

Material and methods

Experimental animals

Experiments were performed with adult females of least killifish (Heteran-
dria formosa Girard [1859]), a species of the live-bearing fish family Poecilii-
dae that naturally populates a diversity of habitats in south-eastern United 
States, including small freshwater lakes, streams, and marshes [31]. New 
born fish from the same age cohort (2 – 3 weeks) were raised together. Males 
were removed from these cohorts as soon as secondary sex characteristics 
started to develop, resulting in all-virgin laboratory populations. Average 
standard length (LSL) of the experimental animals (N = 14) was: 27.57 ± 0.35 
mm [mean ± SE]. Starting one to two months preceding the experiments, 
the fish were housed individually at 24 °C in 9 L tanks (Tecniplast, Bugu-
giatte, Italy), enriched with a plastic plant, and fed fixed quantities of flake 
paste and liver paste (0.05 ml) and approximately 5 adult brine shrimp in 
the afternoon after experiments. The experimental subjects were subjected 
to escape response measurements daily: on average, females were subjected 
to 8.5 measurement days (range: 5 – 12 days). All procedures described were 
approved by the Animal Ethics Committee of Wageningen University & Re-
search (permit number 2013103).

Escape response measurements

Escape responses were recorded in a 0.23 × 0.23 × 0.30 m (l × w × h) aquarium 
with the water level at 0.23 m (Figure 4-1A). Water (23.8 ± 0.3 °C; Mean ± SD) 
was refreshed before introduction of each individual. The central area of the 
aquarium (field of view approximately 0.10 × 0.10 × 0.10 m) was filmed using 
Mikroton EoSens CL MC1362 high-speed video cameras (Mikrotron GmbH, 
Unterschleissheim, Germany; resolution 1040 × 1020 pixels; 1/1000 s shutter 
speed) equipped with Voigtländer Ultron f=40mm 1:2 Aspherical compact 
pancake lenses (RINGFOTO GmbH, Fürth, Germany) and Epix PIXCI E8 
frame grabbers (EPIX Inc., Buffalo Grove, IL, United States). A Quantum 
Composers 9214 digital delay pulse generator (Quantum Composers Inc., 
Bozeman, MT, United States) was used to synchronise the three cameras. 
Fast-start responses that were in the field of view of the three cameras were 
recorded with 470 frames per second. The used field of view resulted in a 
virtually unrestricted environment for the fish to move in, as the closest wall 
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was at least 2 LSL away. Cameras were calibrated with direct linear transfor-
mation (DLT, method by [32]) by indicating the position of 72 points on a 
custom-designed 3D-printed frame (printed by Shapeways BV, Eindhoven, 
The Netherlands) for all cameras.

To elicit an escape response, a 103 g weight was dropped from the top of the 
aquarium using a manual electric switch when the fish was in the field of 
view, preferably in a still, steady and straight position. The stimulus was lo-
cated in a fixed corner of the aquarium, 1 cm from the walls. The swimming 
arena was lit uniformly from the top using a LED panel. Similar panels on 
the side switched on when the stimulus was dropped, with a delay of a few 
milliseconds. 

Before the first test, fish were allowed to acclimatise ten minutes in the dark 
and five minutes with the top light turned on. Between stimuli, the fish were 
allowed a rest-period of at least 5 minutes. A maximum of 5 escape respons-
es were recorded per individual per day. 

Figure 4-1. Overview of the measurement setup, 3D angles and orientations. 
A: The swimming arena allowed free swimming in all directions. The field of view 
(blue dashes) was located in the centre of the arena, and recorded with three orthog-
onal cameras. The stimulus was given by dropping a weighted in at a fixed location 
in the corner of the tank. B: Definition of the Tait-Bryan angles (pitch, yaw, and roll) 
of the head. C: Azimuth and elevation angles of the body angle.
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Tracking and initial analysis

A total of 437 escape response sequences were recorded. Following tracking 
and initial analysis (see below), six movies were discarded due to inadequate 
tracking (bad model fit). We omitted 25 movies because the fish was not still 
at the detected onset of motion, 54 movies were excluded because no onset 
of motion was detected and 29 movies were removed from further analysis 
as the fish did not exhibit a stage 1 bend according to our criteria (see below).

For each movie, fish position, orientation, and curvature were tracked in 3D 
and analysed using a branch of the Fishtracker program [26] for MATLAB 
2013a (MathWorks, Natick, MA, United States). To allow accurate tracking, 
individual- and day-specific three-dimensional models were created of the 
fish excluding the fins, as by Voesenek et al. [26], from ventral and lateral pic-
tures created with Nikon D3200 DSLR cameras (Nikon, Tokyo, Japan; sensor 
resolution 24 Mpix, equipped with Micro-Nikkor f=55mm lenses), synchro-
nized with a remote trigger (JinJiaCheng Photography Equipment Co., Ltd., 
Shenzhen, China). 

The raw tracked positions of the fish were smoothened by a Whittaker 
smoothing (settings: λ = 4, order = 0; [33]). The use of a three-dimensional 
body model allows calculation of moments of inertia (I) and the actual po-
sition of the centre of mass of the fish, under the assumption of a uniform 
tissue density of 1 g cm-3.

Curvature at the posterior end of the body was hard-coded to return to 0. Be-
cause our body model does not include the caudal fin, this assumption might 
not hold. Therefore, we greyed out the posterior 5 % of all curvature plots.

Onset of motion & stage transitions

The transition between the different stages of the fast-start was determined 
from the moment of inertia in the yaw-plane (Iyaw), as this accurately rep-
resents the effect of whole-body curvature. Intermediate values of Iyaw were 
approximated by cubic spline interpolation, allowing sub-framerate estima-
tion of starting point of each stage. The transition moments between subse-
quent stages (1 → 2, and 2 → 3, respectively) were determined by locating 
the minima of Iyaw, using the findpeaks function from the MATLAB Signal 
Processing Toolbox version 2013a (-Iyaw for the negative peaks), using thresh-
olds to filter out noise and starts that do not contain certain stages; threshold 
stage 1: 0.97 ∙ max(Iyaw); first peak stage 2: 1.1 ∙ Iyaw, stage1; second (end) stage 2 
peak: 0.99 ∙ Iyaw, first peak stage 2. As Iyaw is insensitive to the initial head motion, we 
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determined the beginning of stage 1 of the fast-start manoeuvre from the 
change in yaw angle of the head; i.e. the last change of sign of the derivative 
of the yaw angle preceding the end of stage 1.

Head and body angles, orientation changes

The head orientation was defined as the Tait-Bryan angles pitch, yaw and 
roll (Figure 4-1B), calculated from the angle between the first two centreline 
segments of the head (see [26] for a more detailed description). Yaw-angles 
were recalculated from the tracked rotation matrix, to prevent artefacts when 
these angles surpass 90°. The body angle in the yaw-plane was derived from 
the yaw-angle of each individual model segment, weighted by the contribu-
tion of each segment to the moment of inertia, and subsequently converted 
to world coordinates comparable to the head angle using the rotation matrix. 
Orientation of the fish was expressed in azimuth and elevation of the body 
angle axis (Figure 4-1C). 

Mean effective acceleration

To determine whether the CoM contributes to propulsion, specifically in the 
direction of the final escape, we calculated the mean effective acceleration of 
the CoM. This was calculated by taking the dot-product of the mean accel-
eration of each stage and the velocity unit vector of the CoM at the end of 
stage 2.

Statistics

Linear mixed models were used to determine relationships between angles 
and orientations using proc mixed for SAS 9.3 (SAS Institute, Cary, NC, Unit-
ed States). This statistical method accounts for repeated measures within in-
dividuals [34]. Differences between effective acceleration of stage 1 and 2 
were determined using proc univariate for SAS 9.3. Correlations between ori-
entation of the fish and heading were calculated with the circular correlation 
function from the circular macro [35] in SAS 9.3. Differences were considered 
significant if p < 0.05. All the above analyses are performed on events with 
both stage 1 and stage 2 defined.
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Table 4-1. Mixed model outputs for correlations between Tait-Bryan angles 
pitch, yaw and roll of the head and position changes of the centre of mass 
(CoM) in the world coordinate system (azimuth [Azi] and elevation [Elev]) as plot-
ted in Figures 6, 7.
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Results

Example of a 3D fast-start

The analysed fast-start manoeuvres of Heterandria formosa are characterized 
by a ‘C-bend’ in stage 1, followed by forward propulsion in stage 2 and a 
variable third stage (example in Figure 4-2): changes in three-dimensional 
orientation can occur during all three stages. The end of stage 1 and stage 2 
is determined from minima in the moment of inertia in the yaw-plane (Iyaw) 
(Figure 4-3A). Iyaw is insensitive to the motion of the head that indicates onset 
of motion, therefore the beginning of the manoeuvre is determined from the 
yaw angle of the head (Figure 4-3B). The body angle is phase shifted with 
respect to the angle of the head, and has a smaller amplitude: overall body 
orientation is changing less rapidly than the orientation of the head (Figure 
4-3B). Changing pitch and roll angles of the head reflect the three-dimen-
sional nature of the fast-start manoeuvre (Figure 4-3C). The pitch angle of 
the head increases during both stage 1 and 2, while in this example the roll 
angle remains almost constant during stage 1 but increases in stage 2 to 35° 
(Figure 4-3C). 

The speed of the snout increases rapidly after the onset of motion (Figure 
4-3D), linked to the rotation and displacement of the head. The speed of the 
centre of mass (CoM) lags, but is already considerable at the end of stage 1 
(Figure 4-3D). The pattern of the speed-curves differs between head and 
CoM-based systems: the absolute speed of the snout shows two character-
istic peaks in both stage 1 and stage 2 that reflect the lateral velocity (Figure 
4-3E), while the speed of the CoM increases almost steadily and reaches its 
peak 4.5 ms before the end of stage 2 (Figure 4-3D). The speed drops af-
ter stage 2; in other cases stage 2 can be followed by further tail beats in 
stage 3 and a concomitant rise in velocity. The vertical velocity of the snout 
increases during stage 1 and levels off during stage 2 during this particular 
manoeuvre (Figure 4-3E). The CoM displaces very little in the vertical direc-
tion during stage one, but vertical velocity increases steadily during stage 2 
(Figure 4-3E). The body curves heavily in different directions during stage 1 
and stage 2, with curvature traveling along the body as a wave (Figure 4-3F), 
similar to previous observations [e.g. 16,25,27].

Single-bend and double-bend fast-starts

The recorded fast-start sequences could be divided into two groups: starts 
in which the fish did not exhibit the contralateral tailbeat characteristic of 
stage 2 (single-bend fast starts (SB), [20]), and events in which the fish made 
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double-bend (DB) fast-starts (example: Figure 4-2, Figure 4-3). In 196 out of 
329 analysed manoeuvres, we did not detect a second minimum in Iyaw, in-
dicating a lack of the contralateral bend (Figure 4-4A). In these starts, the 
fish slowly straightens its tail after the initial C-bend. This difference in ki-
nematics is also reflected in the plots of body curvature (Figure 4-4B), where 
the SB start is characterized by one large curvature wave, whereas the DB 
start shows two traveling curvature waves along the body during the first 
two stages of the fast-start. For the subsequent results, we only analysed DB 
starts.

Variation in fast-start kinematics

During the first two stages of the fast-start, the snout and the CoM exhibit 
different patterns in angles and speeds. The snout undergoes large displace-
ments during both stage 1 and stage 2, while the displacement of the CoM 
is much larger in stage 2 than in stage 1 (Figure 4-5A). These differences are 
reflected in the horizontal speed during the different stages: the horizontal 
speed of the snout is mostly larger in stage 1 than in stage 2, as indicated 
by their position below the isoline, while the CoM attains higher velocities 
during stage 2 (Figure 4-5B). A similar pattern is visible for the vertical ve-
locity: the snout attains larger vertical velocities than the CoM during stage 1 
(Figure 4-5C), but overall the magnitude is lower than for horizontal speed.

The CoM accelerates during both stage 1 and stage 2 (Figure 4-5D). Howev-
er, this acceleration is not always in the direction of the final escape, as de-
termined from the velocity vector of the CoM at the end of stage 2: in a large 
fraction of the manoeuvres, the CoM had a negative mean effective acceler-
ation during stage 1 (Figure 4-5E). During stage 2, the CoM generally has a 
positive mean effective acceleration. On average, the mean effective acceler-
ation of the CoM is larger than 0 during both stage 1 (mean ± SE: 3.47 ± 0.61 
m s-2, t-test: p < 0.001, N = 133) and stage 2 (mean ± SE: 15.86 ± 1.10 m s-2, t-test: 
p < 0.001, N = 133), but stage 2 has a larger mean effective acceleration than 
stage 1 (difference of means: 12.39 m s-2; Wilcoxon signed-rank test: p < 0.001, 
N = 133; Figure 4-5F).

The snout moves laterally in stage 1, followed by a contralateral motion in 
stage 2. This is reflected by the observed pattern in yaw angle of the head: the 
yaw angle of stage 2 generally has the inverse sign of the yaw angle of stage 
1 (Table 4-1, Figure 4-6A; range of yaw angle change stage 1: -178° – 169°; 
stage 2: -110° – 115°). The yaw angle of the body however, has the same sign 
at the end of stage 1 and stage 2, as the orientation of the body changes more 
slowly and eventually converges with the head angle at the end of stage 2 
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(see for example Figure 4-3B). There is a negative correlation between the 
change in pitch angle in stage 1 and stage 2 (range of pitch angle change 
stage 1: -43° – 37°; stage 2: -25° – 43°), but the change in roll angle of the head 
during the two stages of the fast-start are uncorrelated (Table 4-1, Figure 
4-6B,C; range of roll angle change stage 1: -52° – 45°; stage 2: -78° – 58°). 

Changes in 3D Orientation and heading

Yaw, pitch and roll of the head during the different stages of the fast-start, 
correlate differently with the attained escape directions. The azimuth change 
during the fast-start manoeuvre correlates positively with the change in yaw 
angle of the head during stage 1 and the change in yaw angle of stage 1 and 2 
combined, but negatively with the change in yaw angle during stage 2 alone 
(Table 4-1, Figure 4-7). During stage 2, the head moves in the opposite (yaw) 

Figure 4-2. Overview of a typical three-dimensional fast-start manoeuvre with 
an upwards pitch. A: Raw movie images from the three orthogonally oriented cam-
eras. The top two rows show horizontal views, the third row displays images from 
the bottom view. Images are cropped to capture only the region of motion. B: The 
same frames with an overlay of the body model fit (red) and centreline (green) for 
the respective cameras. C: Three-dimensional body representations for the above 
image frames; centrelines (black) and position of the centre of mass (red dot) are 
displaced vertically for visibility.
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Figure 4-3. Kinematic variables from the fast-start manoeuvre displayed in Fig-
ure 4-2. A: the moment of inertia in the yaw plane (Iyaw) during the manoeuvre. The 
negative peaks in Iyaw are used to determine the end of stage 1 (second black dotted 
line) and the end of stage 2 (third black dotted line); hereafter the manoeuvre contin-
ues with a variable stage 3, in this example a glide. The black line represents a cubic 
spline fit of the data (represented by the open circles). A bottom view of the body of 
every second frame is depicted at the top of the figure; displacement of the body is 
not shown. B: Change in yaw angle of the head and body over time. C: Change in 
pitch and roll angles of the head during the fast-start manoeuvre. D: Absolute speed 
measured at the snout and at the centre of mass. E: Velocity split up into horizontal 
and vertical components for the snout (red) and centre of mass (CoM, black) respec-
tively. F: Curvature along the body over time.
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direction from stage 1 (Figure 4-6A). Neither azimuth nor elevation change 
correlate with changes of the roll angle of the head (Table 4-1, Figure 4-7). 
Elevation change is positively correlated with changes in pitch angle of the 
head during stage 2 and during the whole start (Table 4-1, Figure 4-7).

Escape heading is described in azimuth and elevation coordinates deter-
mined from the velocity vector at the end of stage 2 (Figure 4-8A). Initial 
orientation of the fish with respect to the stimulus does not limit the range of 
azimuth directions the fish escapes in (Figure 4-8B, non-parametric circular 
correlation coefficient ρ: 0.00378, p = 0.600, 5000 permutations). There is an 
effect of initial elevation with respect to the stimulus and elevation of final 
heading, indicating that fish that have a negative initial elevation towards 
the stimulus are more likely to aim their escape directions (further) down-
wards (Figure 4-8C, ρ: 0.06121, p = < 0.001, 5000 permutations).

Figure 4-4. Example of the differences between single-bend (SB) and dou-
ble-bend (DB) fast starts. A: Plots of the in-plane moment of inertia (Iyaw) over time, 
normalized by maximum Iyaw for comparison, for an example of a single-bend fast-
start (left) and a double-bend fast-start (right). B: Curvature plots of the sequences 
corresponding with A. A–B: Dashed vertical lines represent the beginning and end 
of the stages of the fast-start (onset at Time = 0 ms).
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Figure 4-5. Displacement, mean speed, mean velocity, and mean acceleration 
during stage 1 and stage 2. A: Displacement of the snout (red) and centre of mass 
(CoM; black) during stage 1 and stage 2 of the fast-start. B: Mean horizontal speed 
of the snout (red) and CoM (black) during stage 1 and stage 2 of the fast-start. C: 
Mean vertical velocity of the snout (red) and centre of mass (black) during stage 1 
and stage 2 of the fast-start. D: Mean acceleration of the CoM during stage 1 and 
stage 2 of the fast start. E: Mean effective acceleration of the CoM during stage 1 
and stage 2 of the fast-start. F: Boxplot of the mean effective acceleration of the CoM 
during stage 1 and stage 2 of the fast-start. Bottom and top edges of the box indicate 
the 25th and 75th percentile of the data respectively; middle line indicates the medi-
an; whiskers indicate ≈ 99 % of the data. Crosses mark individual outlier data points. 
A–E: dotted line represents x=y isoline.

Figure 4-6.Tait-Bryan angle changes during the two stages of the fast-start. 
Mixed model estimates for the correlations are displayed in Table 4-1. A: Yaw-angle 
changes of the head (red) and body (black) show different correlations between 
stage 1 and stage 2. B: Pitch angle change of the head during stage 1 and stage 2. 
C: Roll angle change of the head during the two stages of the fast-start manoeuvre.
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Figure 4-7. Relationship between head angle change during the different stag-
es of the fast-start and change in orientation of the body between the onset 
of motion and the end of stage 2. Mixed model estimates for the correlations are 
displayed in Table 4-1; significant correlations are plotted in black, non-significant 
correlations are plotted in grey; p-values are displayed in the bottom-right corners. 
Top two rows: change in azimuth of the body is correlated with changes in yaw angle 
of the head during stage 1, stage 2 and stage 1+2. Change in azimuth is not cor-
related with changes in roll angle of the head. Bottom two rows: change in elevation 
of the body during the fast start is positively correlated with changes in pitch angle of 
the head during stage 2 and stage 1+2, but not with stage 1. Changes in elevation 
are not correlated with changes in roll of the head.
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Discussion

Adult Heterandria formosa vary the direction of their fast-start escape manoeu-
vre in three-dimensions, adding variety to their achieved escape directions. 
Our data show that the three-dimensional nature of fast-start responses is 
not exclusive to larval fish. The adult fish used in this study are one order 
of magnitude larger than the larval zebrafish used by Nair et al. [25], but the 
three-dimensional kinematics are similar. Extrapolating, it is likely that in 
natural predator-prey encounters, prey fish vary escape orientation in both 
horizontal and vertical planes.

Figure 4-8. Correlation between initial orientation of the fish with respect to 
the stimulus, and escape heading at the end of stage 2. Significant correlations 
are plotted in black, non-significant correlations are plotted in grey; p-values are 
displayed in the bottom-right corners. A: Explanation of escape heading; azimuth 
and elevation are 0° when the velocity vector of the centre of mass (CoM) faces the 
stimulus, and (-)180° when it faces directly opposite. B: The azimuth heading at the 
end of the fast-start is not correlated with the orientation of the fish at the onset of 
motion. C: The elevation heading at the end of the fast-start is positively correlated 
with the orientation of the fish at the onset of motion.
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Variation in 3D escape orientation and heading

We used a statically positioned stimulus, always exciting the fish from 
above. The fish responded with a variety of escape angles, with azimuth 
angle changes of the body spanning from -216 – 168 ° and elevation changes 
of the body ranging from -41° – 85° (Figure 4-7). For the changes in azimuth, 
this is likely due to natural variation in escape angle: the escape heading is 
unrelated to the initial orientation of the fish with respect to the stimulus 
(Figure 4-8B). The elevation of the heading of the fish at the end of stage 2 
is correlated with elevation of the fish at the onset (Figure 4-8C): with the 
stimulus coming from the top, the fish are likely to escape (further) down. 
This result matches findings in larval zebrafish: they respond with a down-
wards oriented escape direction when positioned to the ventral side of an 
approaching predator [24]. Larvae that were positioned at the dorsal side 
respond with an escape in the horizontal plane; whether such a distinction 
holds for adult fish is still unconfirmed. Our dataset contains multiple up-
wards directed fast-start responses, indicating that there is no kinematic re-
striction for upwards directed escape responses.

In natural situations, predators can approach a prey from any orientation 
in three-dimensional space, with some predators generally attacking from 
above (e.g. birds) while others attack mostly from below (e.g. bottom-dwell-
ing fish). How prey fish respond to different strike-orientations in 3D space 
is to our knowledge still unknown, despite its ecological relevance. Previous 
studies on the kinematics of fast-start responses in adult fish have largely 
neglected vertical escape directions, as the fast-start was considered a planar 
motion [1]. This was reflected in experimental designs, with the respons-
es studied in shallow water in which vertical motion was restricted, and/
or with video recordings from a dorsoventral perspective that do not allow 
quantification of changes in elevation. However, our data show considerable 
variation in three-dimensional escape headings that could affect the outcome 
of predator-prey interactions.

Is stage 1 a preparatory or a propulsive phase?

Stage 1 of the fast-start manoeuvre plays an important role in the reorien-
tation of the body, both in azimuth and elevation directions (Figure 4-7) 
and provides initial conditions of body curvature and tailfin orientation for 
stage 2 that favour propulsion in the subsequent tail beat. For this reason, 
this stage has often been described as preparatory [e.g. 1,13]. However, oth-
ers have reported significant forces and accelerations of the centre of mass 
(CoM) during stage 1 (reviewed by Wakeling, [36]), or the generation of a 
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jet that helps to propel the fish during stage 2 [15]. During the fast-start of 
adult H. formosa, the mean effective acceleration of the CoM during stage 1 is 
significantly larger than 0: on average there is movement of the CoM in the 
final heading of the escape (Figure 4-5). This indicates that on average there 
is already a propulsive component of stage 1, albeit much smaller on aver-
age than the propulsive component of stage 2 (mean effective acceleration, 
stage 1: 3.47 m s-2, stage 2: 15.86 m s-2). Considerable differences occur within 
this overall pattern, as there is large variation among the analysed fast-starts: 
many have a negative effective acceleration (Figure 4-5). In the latter starts, 
stage 1 has an almost exclusively preparatory role. Overall, our results in-
dicate that stage 1 is neither a purely preparatory nor a purely propulsive 
stage.

Fast-starts are three-dimensional manoeuvres; implications for  
related fields

Our observations on the three-dimensional nature of the fast-start could aid 
the understanding of other aspects of the fast-start response. The fast-start 
response has so far been studied from many different perspectives, includ-
ing fluid mechanics [e.g. 37–39], neurobiology [e.g. 8,40], muscle physiolo-
gy [e.g. 17,22], performance-related survival [41], and variability of the be-
haviour [e.g. 42,43]. However, three-dimensional motions of the body have 
rarely been considered.

To produce 3D motion, 3D forces and moments need to be produced. This 
is interesting from both a motor control and fluid mechanics point of view, 
as it requires breaking of dorsoventral symmetry. One mechanism to reach 
this, is by dorsoventrally asymmetric muscle excitation: Nair et al. [25] pos-
tulated that the pitching motion that drives a diving fast-start could be the 
result of inhibition of the motor neurons controlling the epaxial muscles, 
and excitation of those controlling the hypaxial muscles. This neural signal 
could span both stage 1 and stage 2, explaining the observed sustained pitch-
ing motion of the body during these stages [25]. In this study we however 
find a negative correlation between pitch angle change of the head in stage 1 
and 2, indicating that, often, such a neuronal motor signal would not persist 
throughout both stages in adult fish.

A second mechanism to reach dorsoventral asymmetry in forces and mo-
ments could incur the use of either set of paired fins. Both pectoral and pel-
vic fins are known to play a role in changing pitch angles of the body and 
reducing pitch and yaw instabilities during slow swimming [44,45]. Their 
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role, if any, in fast 3D turning is not yet understood, however. Abduction of 
the pectoral fin on the inside of the turn could help function as an ‘anchor 
point’, and a non-zero angle of attack could induce dorsoventral asymmetry. 

Furthermore, the relative vertical displacement during the fast-start could 
change the fluid-dynamic effectiveness of the manoeuvre. Pitching motions, 
for instance, could change how zebrafish larvae interact with their own wake 
during sharp ‘C-bends’ [37]. A pitching motion of the head, either upwards 
or downwards, would alter the ‘collision’ of the head with the vortex, alter-
ing the attained final escape orientation. Simulations need to be performed 
for a range of naturally occurring body elevations to see if these fast-starts 
are equally effective as fast-starts performed in a horizontal plane.

In conclusion, the fast-start escape response is a complex three-dimensional 
manoeuvre in both larval and adult fish, indicating that the nature of this 
motion pattern might have been oversimplified in previous studies. This 
is especially relevant for studies focusing on ecological (survival) parame-
ters of the fast-start, as they might be different for planar (horizontal) and 
three-dimensional motions. 
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Abstract

The internal development of embryos unavoidably affects the morphology 
of pregnant live-bearing animals. Pregnancy-induced body-shape chang-
es are thought to negatively affect swimming performance in live-bearing 
fish: pregnant fish cannot swim as fast as more slender non-pregnant in-
dividuals. Maintaining a relatively slender body shape during pregnancy 
could be advantageous, as it reduces the negative impact of reproduction 
on swimming performance and survival. Superfetation, the simultaneous 
presence of broods of different developmental stages, is a reproductive trait 
that is hypothesised to provide this benefit. Using a non-invasive method, 
we measured 3D morphological changes during pregnancy in three species 
of live-bearing fish (Poeciliidae) that differ in their degree of superfetation: 
Poeciliopsis turneri, Heterandria formosa and Phalloptychus januarius. We show 
that the amplitude of morphological changes during pregnancy is reduced 
with an increasing level of superfetation. Furthermore, we measured the ef-
fect of pregnancy on fast-start performance in a three-dimensional space. We 
show that pregnancy reduces swimming performance: maximum swimming 
speed and maximum rate of change of body curvature in the abdominal re-
gion are reduced in fish with a larger belly. Pregnancy negatively affects the 
curvature in the abdomen at the end of the initial ‘C-bend’ of the fast start, 
which leads to a smaller re-orientation in the yaw-plane. In general, the ef-
fects of pregnancy are largest in the horizontal plane. Whether superfetation 
leads to a better fast-start performance depends on the level of reproductive 
investment. Our results indicate that superfetation could provide an adap-
tive benefit to live-bearing fish in performance-demanding environments.
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Introduction

A live-bearing mode of reproduction has evolved over 100 times inde-
pendently in vertebrates [1]. However, the evolution of this reproductive 
mode concurs with large effects on the swimming abilities of live-bearing 
fish (Poeciliidae) during pregnancy. Pregnancy can alter locomotor perfor-
mance in a number of different ways, e.g. through changes in metabolism 
due to aerobic and metabolic demands of the developing embryos [2], and 
through changes in morphology due to an increase in mass and volume of 
the embryos [3, Chapter 3]. A pregnancy-induced reduction in swimming 
performance is expected to lower female survival, and is therefore consid-
ered an important factor in life-history evolution in the Poeciliidae [4–7]. The 
effect of pregnancy on swimming performance has so far been quantified in 
two different types of swimming modes: sustained swimming and fast-start 
swimming. The former group of experiments focused on critical swimming 
speed, in which the speed is increased at fixed times intervals and with fixed 
speed increments until the fish is unable to maintain its position [8,9]. Criti-
cal swimming speed was reduced by 20 % at the end of pregnancy in Gambu-
sia affinis [3], but critical swimming speed tests on Poecilia reticulata revealed 
no effect of gestational stage on performance [10].

Other studies have focused on the effects of pregnancy on fast starts. Here, 
performance is generally determined from one or several parameters of the 
fast-start escape response, a manoeuvre that fish employ to quickly reorient 
themselves and propel away to escape predatory strikes [11–14]. Re-orienta-
tion can contain a strong three-dimensional component [15, Chapter 4]. The 
fast-start manoeuvre consists of two stages with a fixed kinematic pattern, 
and a variable third stage [12,16]. During stage 1, the fish curves into a char-
acteristic C-shape. During stage 2, a contralateral tail bend propels the fish 
away from its original position. During stage 3, the fish may continue swim-
ming, coast, or brake using pectoral fins. Selection on fast-start performance 
occurs in populations with a high enough predation pressure. In the Trin-
idadian guppy (Poecilia reticulata), pregnant females from high-predation 
populations are faster at the beginning of an interbrood interval (the period 
between two parturition events), but the difference between the populations 
disappears when pregnancy progresses. Further evidence for selection on 
fast-start performance is found by comparing body shape of populations of 
fish from low- and high-predation populations: males from high-predation 
populations have evolved body shapes that are more beneficial for fast-start 
performance than those of the low-predation populations [17–19]. Arguably, 
females will have evolved similar changes to their body shape.
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Walker and colleagues [4] determined which specific parameters of the fast-
start performance (positively or negatively) affected the odds of surviving 
a predatory strike. Many of these parameters are linked to the swimming 
performance of the prey: higher peak performance is for instance charac-
terized by higher velocities, accelerations and larger net distances travelled, 
and higher angular velocities of the fish during stage 1. An increase in any 
or all of these parameters improves the odds of escaping a predatory strike. 
Arguably, these performance parameters will be affected by pregnancy.

So far, the effects of pregnancy on fast-start performance have been studied 
in a 2D framework, in which vertical motion of the fish was restricted by 
using shallow water levels [20,21]. However, the natural environment of fish 
is essentially 3D, and both predator approaches and prey evasions may con-
tain large vertical components [Chapter 4]. During fast-start manoeuvres, 
fish can change the body orientation in both yaw, pitch and roll angles [15, 
Chapter 4]. Only recently, biomechanicists have started to describe this be-
haviour in a three-dimensional context [15,23,Chapter 4] and how pregnan-
cy affects the vertical components of fast-start manoeuvres, and whether this 
affects the odds of survival are, to our knowledge, currently unknown.

Two (non-exclusive) reproductive modes have been hypothesised to pro-
vide an adaptive benefit to locomotor performance during pregnancy, as 
they could reduce the adverse effects of pregnancy on slenderness [23,24]. 
The first reproductive adaptation is matrotrophy, i.e. post-fertilization nu-
trient allocation, often through a placental structure [1,23,25–28]. Matrotro-
phy could be considered as a reproductive adaptation because the amount 
nutrients provisioned pre-fertilization (yolk) is reduced, resulting in small-
er eggs and a smaller embryo mass throughout development [29–32] and a 
more slender body shape in pregnant females [Chapter 3]. The second hy-
pothesised reproductive adaptation is superfetation, the simultaneous oc-
currence of broods of different developmental stages [23,24,33–36]. This trait 
exploits the difference in size between early- and late-stage embryos, lead-
ing to a reduction of the amplitude of the volume and slenderness changes 
during pregnancy (Figure 5-1). Perhaps because of the larger size differences 
between early- and late-stage embryos in matrotrophic species, there is a 
strong correlation between the evolution of matrotrophy and superfetation 
in Poeciliidae [23,26].

Here, we aim to show how pregnancy-induced changes in morpholo-
gy affect the fast-start escape response in livebearing fish. We adopt novel 
three-dimensional approaches to examine (i) changes in 3D morphology and 
(ii) locomotor performance in a 3D environment. We do this for three matro-
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trophic species of live-bearing fish (Poeciliidae) that differ in their level of su-
perfetation. We hypothesise that (i) pregnancy causes 3D changes in external 
body shape of fish, and expect the amplitude of these morphological chang-
es in time to decrease with increasing levels of superfetation (Figure 5-1). 
Furthermore, we expect that (ii) fast-start performance is negatively affected 
by pregnancy in various aspects: kinematics, i.e. curvature in the abdomen 
and orientation change, and performance, i.e. curvature rate and maximum 
speed. Finally, we expect that increasing levels of superfetation lead to a bet-
ter fast-start escape performance owing to a more slender and less variable 
morphology during pregnancy. 

Material and methods

Fish keeping & husbandry

We compared the morphology and fast-start performance during pregnancy 
of three different species of Poeciliidae: Poeciliopsis turneri Miller, 1975 (ab-
breviated Pt), Heterandria formosa Girard 1859 (Hf) and Phalloptychus januari-
us Hensel, 1868 (Pj). All species differ in their level of superfetation [23,37,38] 
and are all matrotrophic [26]. Laboratory stock populations of these fish are 
kept at the CARUS Aquatic Research Facilities of Wageningen University, 
The Netherlands. From these stock populations, new-borns were removed 

Figure 5-1. The hypothesised effect of superfetation on morphological param-
eters. A superfetation of 2 (2 simultaneous broods of different developmental stages) 
corresponds roughly with Poeciliopsis turneri, a superfetation of 4 with Heterandria 
formosa and a superfetation of 8 with Phalloptychus januarius. This results in subse-
quently shorter interbrood intervals (the period between parturitions indicated by the 
dotted lines), and, theoretically, in a smaller amplitude of the morphological changes.
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at 2 – 4 week intervals and kept in age cohorts in 40 L tanks. Males were re-
moved from these cohorts as soon as secondary sexual characteristics could 
be visually discerned. All procedures described were approved by the Ani-
mal Ethics Committee of Wageningen University & Research (permit num-
ber 2013103).

After reaching sexual maturity (approximately 4 – 6 months after birth), vir-
gin females were moved to 9 L isolation tanks (Tecniplast, Bugugiatte, Italy), 
kept at a mean temperature of 24° C, and enriched with a plastic plant. To 
reduce isolation stress, the bottom of the tanks of individually-housed P. tur-
neri were covered with a layer of gravel. Virgin fish were randomly assigned 
to either a virgin control group (N = 14 per species), or a pregnant treatment 
group (N = 14 per species); females from the latter group were accompanied 
by 1 – 3 males of the same species that were regularly switched around be-
tween females. The fish were supplied with fixed quantities of flake paste 
and liver paste during the morning and afternoon, as well as 5 – 10 mature 
Artemia sp. (brine shrimp) during the afternoon. Before the start of the actu-
al experiments, pregnant females were randomly assigned a virgin control, 
which together formed an experimental batch that performed experiments 
subsequently and on the same days. On measurement days, fish were only 
fed in the afternoons (post-measurement) to minimize the effect of food in-
take on swimming performance while providing sufficient food quantities 
for normal embryonic development (Pt: flake 0.25 ml, liver 0.30 ml; Hf: flake 
0.04 ml, liver 0.06 ml; Pj: flake 0.08 ml, liver 0.12 ml; All: 5–10 Artemia sp. 
adult brine shrimp). 

Litter wet mass

On a daily basis, all isolation tanks were checked for new-born fish in the 
mornings and the afternoons. Most new-borns were delivered in the morn-
ing. In rare occasions, neonates were born during experiments or in between 
fast start and morphological measurements. When caught, the new-borns 
were euthanized with a lethal dose of MS-222 (Tricaine-S; Western Chemical 
Inc., Ferndale, WA, United States), carefully paper dried with a gauze on a 
paper towel to remove excess water and weighed on a Mettler AE200 analytic 
balance (scale accuracy 0.0001 g; Mettler-Toledo B.V., Tiel, The Netherlands).

Experimental procedure

To measure fast-start performance, fish were placed in a cubic swimming 
arena (0.23 × 0.23 × 0.30 m; water level at 0.23 m). Before introduction of the 
fish, water was refreshed (23.9 ± 0.5 °C [Mean ± SD]); after introduction the 
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fish were allowed to acclimatize for 10 minutes in the dark and for 5 min-
utes with the top LED panel switched on. Fast-start sequences were record-
ed with three orthogonally-placed Mikroton EoSens CL MC1362 high-speed 
video cameras (Mikrotron GmbH, Unterschleissheim, Germany; resolution 
1040 × 1020 pixels; 1/1000 s shutter speed; 470 frames per second), calibrat-
ed with the direct linear transformation algorithm (DLT, method by [39]), 
synchronized with a Quantum Composers 9214 digital delay pulse genera-
tor (Quantum Composers Inc., Bozeman, MT, United States) and equipped 
with Epix PIXCI E8 frame grabbers (EPIX Inc., Buffalo Grove, IL, United 
States) and Nikkor f = 28 mm, 1:3.5 lenses (Nikon, Tokyo, Japan) for P. turn-
eri or Voigtländer Ultron f = 40 mm, 1:2. Aspherical compact pancake lenses 
(RINGFOTO GmbH, Fürth, Germany) for H. formosa and P. januarius. The 
two types of lenses changed the dimensions of the field of view in the swim-
ming arena: approximately 15 × 15 × 15 cm for P. turneri and 10 × 10 × 10 cm 
for the other two species. These sizes resulted in the required resolution to 
automatically track the location, orientation and shape of the fish with suffi-
cient accuracy, while providing ample space for fish to escape in any desired 
direction.

Following the fast-start experiments, the fish were individually placed in 
a small tank (dimensions: 8 × 8 × 8 cm for P. turneri and 5 × 5 × 5 cm for H. 
formosa and P. januarius respectively) to record its morphology. Scale grids 
(1 mm resolution) were placed on all walls of the aquarium used for correct 
scaling at the location of the fish. Movement of the fish was limited by a 
displaceable wall and shallow water depth, but care was taken that the fish 
did not touch the walls. Simultaneous pictures were taken with three or-
thogonally-placed Nikon D3200 DSLR cameras (Nikon, Tokyo, Japan; sensor 
resolution 24 Mpix, equipped with Micro-Nikkor f = 55 mm lenses), syn-
chronized with a remote trigger (JinJiaCheng Photography Equipment Co., 
Ltd., Shenzhen, China). LED lights behind glass fibre cloths opposite to the 
cameras provided diffuse back lighting.

Data analysis and statistical analysis

In total, we recorded high-speed video sequences of 814 fast-start manoeu-
vres of P. turneri, 919 manoeuvres of H. formosa, and 428 manoeuvres of P. 
januarius. Fast-start movies were analysed with the Fishtracker program [22] 
for MATLAB 2013a (MathWorks, Natick, MA, United States). See Chapter 4 
for an elaborate description of the analysis procedure. All performance pa-
rameters were normalized for standard length (LSL). After analysis of these 
raw movies, we excluded movies for which the tracking algorithm failed to 
find a sufficiently accurate fit and those without a detectable onset of motion. 
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We performed statistical analysis (see below) on the following number of 
movies: P. turneri pregnant – stage 1: 438 manoeuvres, stage 2: 219 manoeu-
vres; P. turneri virgin – stage 1: 316 manoeuvres, stage 2: 160 manoeuvres; 
H. formosa pregnant – stage 1: 392 manoeuvres, stage 2: 138 manoeuvres; H. 
formosa virgin – stage 1: 354 manoeuvres, stage 2: 153 manoeuvres; P. januar-
ius pregnant – stage 1: 182 manoeuvres, stage 2: 91 manoeuvres; P. januarius 
virgin – stage 1: 161 manoeuvres, stage 2: 99 manoeuvres.

From the morphology images, one set of three pictures per female per day 
was selected for further analysis. Selection criteria consisted of minimal mo-
tion blur, minimal dorsoventral curvature of the caudal peduncle, and min-
imal rotation in pitch, yaw and roll directions. Six P. turneri measurements 
were omitted preceding analysis because these females were mistakenly fed 
shortly before imaging. These pictures were subsequently processed with an 
in-house developed MATLAB (version 2013a) program [23, Chapter 3], with 
which the pictures were converted into three-dimensional models. 

From the 3D models, multiple morphological parameters were derived: 
width and height of the abdomen and caudal peduncle, maximum width 
and height in the abdominal region and from the fish as a whole, as well as 
frontal surface area, wetted surface area and total body volume. For mea-
surements on the effects of width on performance, and correlates from the 
caudal peduncle, we consequently used the 20th segment of the 51 ellipse 
body model (corresponding to 0.39 LSL) as a fixed point on the abdomen, and 
the 40th segment of the 51 ellipse body model (corresponding to 0.78 LSL) as 
a fixed point on the caudal peduncle. To correct for differences is size within 
and between species, all longitudinal parameters were normalized by divid-
ing by LSL, the two area parameters were normalized by dividing by LSL2 and 
volume was normalized by dividing by LSL3. 

Relationships between fast-start parameters and morphology were tested 
for significance with linear mixed models using proc mixed [40] in SAS v9.3 
(SAS Institute, Cary, NC, United States). All models correlated performance 
or kinematic variables with width in the abdomen and a curvature-related 
parameter of the tail (Table 5-1, Table 5-2). Two-levels of repeated measures 
were covered by the model: the repeated measures within individuals per 
day and between days. The yaw angle at the onset of motion (the orientation 
of the fish in the yaw plane) was included as a random effect in all mod-
els. The pitch angle at the onset of motion (the orientation of the fish in the 
pitch plane) was included as a random effect in the models for pitch change. 
Differences between litter wet mass and interbrood interval between spe-
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cies were calculated by two-sample t-tests using the ttest2 function from the 
Statistics and Machine Learning Toolbox (v2013a) in MATLAB. Differences 
from all statistical tests were considered significant when p < 0.05.

Results

Pregnancy and 3D morphology

The interbrood interval length, an indication of the level of superfetation 
[23,37,38], differed between the three species. Poeciliopsis turneri had the lon-
gest interbrood interval (mean ± SE: 9.0 ± 0.8 days), followed by Heterandria 
formosa (5.0 ± 0.6 days) and Phalloptychus januarius (2.3 ± 0.3 days). Mean 
interval differed significantly between P. turneri and H. formosa (two-sample 
t-test, t32: 4.1669, p = 0.0002), P. turneri and P. januarius (t33: 9.6468, p < 0.0001), 
and between H. formosa and P. januarius (t39: 4.0229, p = 0.0003). 

Figure 5-2. The effect of pregnancy on normalized volume. A: Raw data of 
normalized volume changes over time for Poeciliopsis turneri (orange), Heteran-
dria formosa (red) and Phalloptychus januarius (purple). B: (left) Representation of 
mixed model estimates with fixed mean interbrood intervals for each species (co-
lours consistent with A), pregnant (thick lines) and virgin (thin lines). (middle) Differ-
ence between pregnant and virgin fish of each species. (right) Normalized volume 
change estimates for each species. Exact values and statistical significance from the 
multi-level mixed modelling output can be found in Table 5-1 & Table 5-2.
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The differences in superfetation levels are reflected in the measured changes 
in volume (Table 5-1 & Table 5-2; Figure 5-2). In a stepwise fashion, the raw 
morphological data (Figure 5-2A) are converted to volume change for one in-
terbrood interval for each species (Figure 5-2B). All morphological parame-
ters were calculated from three-dimensional body models (Figure 5-3A) and 
observed growth changes were similar for volume (Figure 5-2B), frontal sur-
face area (Figure 5-3B), wetted surface area (Figure 5-3C), maximum height 
(Figure 5-3D), and abdominal width (Figure 5-3E). All parameters show 
almost no change in P. januarius, the species with the most superfetation. 
Growth rates are similar in H. formosa and P. turneri, but the morphological 
fluctuations are smaller in the former species due to the shorter interbrood 
interval (Table 5-1 & Table 5-2). No significant morphological changes are 
observed in the width of the caudal peduncle (Table 5-1 & Table 5-2) and 
standard length (Figure 5-3F). 

Lastly, the species also differed in the mean wet mass of the litter:  P. turneri 
has the largest mean wet mass per brood (total wet mass per brood: mean ± 
SE: 0.136 ± 0.015 g), followed by H. formosa (0.045 ± 0.014 g), and P. januarius 
(0.009 ± 0.001 g). Differences in litter wet mass between species were signifi-
cant (P. turneri vs. H. formosa, two-sample t-test, t32: 4.2323, p = 0.0002; P. turn-

Figure 5-3. The effect of pregnancy on morphology. A: Three-dimensional body 
models, oblique view (top) and frontal projection (bottom). Normalized morphological 
change estimates for each species for wetted surface area (B), frontal surface area 
(C), maximum height (D), width in the abdomen (E) and standard length (F). Colours 
indicate Poeciliopsis turneri (orange), Heterandria formosa (red) and Phalloptychus 
januarius (purple). Exact values and statistical significance from the multi-level mixed 
modelling output can be found in Table 5-1 & Table 5-2.
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eri vs. P. januarius, t33: 10.1258, p < 0.0001; H. formosa vs. P. januarius, t39: 2.5159, 
p = 0.0161), but standardization for LSL (by dividing by LSL3) removed the dif-
ferences between P. turneri and H. formosa (P. turneri: mean ± SE: 1.387∙10-3 
± 1.747∙10-4; H. formosa: mean ± SE: 2.520∙10-3 ± 9.037∙10-4; P. januarius: mean 
± SE: 4.231∙10-4 ± 5.056∙10-5; difference P. turneri vs. H. formosa, two-sample 
t-test, t32: -1.0349, p = 0.3085; difference P. turneri vs. P. januarius, t33: 6.2339, p 
< 0.0001; difference H. formosa vs. P. januarius, t39: 2.3751, p = 0.0226).

Pregnancy and 3D fast-start kinematics

Pregnancy-induced morphological changes in the abdomen correlate with 
a decline in fast-start performance and the ability to curve in the abdominal 
region (Table 5-3—Table 5-5; Figure 5-4 & Figure 5-5) and reorient to a novel 
escape direction (Table 5-3 & Table 5-5; Figure 5-6). The abdominal curvature 

Figure 5-4. Explanatory figure showing how curvature changes during a fast-
start, and how curvature in the abdomen relates to the increase in abdominal 
width. A: Normalized curvature plot of the body of the fish over time, for a typical 
fast-start manoeuvre of fish. The beginning of motion (set at Time = 0) and the ends 
of the two stages of the fast-start, named end 1 and end 2 respectively, are indicated 
by thick black lines. In the statistical models, curvature in the abdomen and caudal 
peduncle are measured at fixed points along the fish (grey arrows, dashed lines). B: 
Graphical representation of the fixed effect estimates of a mixed model. The surface 
plot indicates that for increasing abdominal width and equal curvature in the caudal 
peduncle, the curvature in the abdomen at the end of stage 1 decreases (black dot 
to white open circle); or that for increasing abdominal width and equal curvature in 
the abdomen, the curvature of the caudal peduncle at the end of stage 1 increases 
(black dot to black open circle).
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Figure 5-5.The effect of morphology on body curvature. A: The relationship be-
tween width of the abdomen, curvature in the caudal peduncle at the end of stage 
1, and curvature in the abdomen at the end of stage 1 for each species. B: The 
relationship between width of the abdomen, curvature in the caudal peduncle at the 
end of stage 2, and curvature in the abdomen at the end of stage 2 for each species. 
Exact values and statistical significance from the multi-level mixed modelling output 
can be found in Table 5-3 & Table 5-4. N.S.: p > 0.05, *: 0.05 > p > 0.01, **: 0.01 > p 
> 0.0001, ***: p < 0.0001.
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Figure 5-6. The effect of morphology on fast-start re-orientation. A: The rela-
tionship between width of the abdomen, curvature in the caudal peduncle at the end 
of stage 1, and the change in yaw angle of the head between the onset of motion 
and the end of stage 1 (left) and between the onset of motion and the end of stage 
2 (right), for all species pooled. B: The relationship between width of the abdomen, 
curvature in the caudal peduncle at the end of stage 1, and the change in pitch angle 
of the head between the onset of motion and the end of stage 1 (left) and between 
the onset of motion and the end of stage 2 (right), for all species pooled. Exact 
values and statistical significance from the multi-level mixed modelling output can 
be found in Table 5-3 & Table 5-5. N.S.: p > 0.05, *: 0.05 > p > 0.01, **: 0.01 > p > 
0.0001, ***: p < 0.0001.
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Figure 5-7. The effect of morphology on maximum speed for each of the three 
species. A: The relationship between width of the abdomen, maximum curvature 
rate in the caudal peduncle in stage 2, and maximum speed in the horizontal plane. 
B: The relationship between width of the abdomen, maximum curvature rate in the 
caudal peduncle in stage 2, and maximum vertical velocity. Exact values and statisti-
cal significance from the multi-level mixed modelling output can be found in Table 5-3 
& Table 5-4. N.S.: p > 0.05, *: 0.05 > p > 0.01, **: 0.01 > p > 0.0001, ***: p < 0.0001.
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Figure 5-8. The effect of morphology on curvature rate for each of the three 
species. A: The relationship between width of the abdomen, maximum curvature 
rate in the caudal peduncle in stage 1, and maximum curvature rate in the abdomen 
in stage 1. B: The relationship between width of the abdomen, maximum curvature 
rate in the caudal peduncle in stage 2, and maximum curvature rate in the abdomen 
in stage 2. Exact values and statistical significance from the multi-level mixed mod-
elling output can be found in Table 5-3 & Table 5-4. N.S.: p > 0.05, *: 0.05 > p > 0.01, 
**: 0.01 > p > 0.0001, ***: p < 0.0001. 
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during stage 1 of the fast start was negatively affected by the width increase 
in this part of the body: fish with thicker abdomens curved less in all three 
species (Table 5-4, Figure 5-5A). A similar trend was observed during stage 2 
(Table 5-4, Figure 5-5B). The correlation between curvature in the abdomen 
and in the caudal peduncle was significant in both stages and for all species: 
higher abdominal curvatures corresponded to higher curvature in the cau-
dal peduncle (Table 5-4, Figure 5-5).

The measured effect of abdominal width on local curvature is reflected in 
the yaw changes of the head: both the yaw change during stage 1 and the 
yaw change during stage 1 and 2 combined (the whole fast-start manoeu-
vre) were negatively correlated with an increase in abdominal width (Table 
5-5, Figure 5-6A). The pitch-angle changes during these stages were not sig-
nificantly correlated with an increase in abdominal width (Table 5-5, Figure 
5-6B). These results indicate a link between pregnancy, morphology and a 
reduction in variation of preferred reorientation directions.

Pregnancy and 3D fast-start performance

The relationship between morphology and fast-start performance differed 
between species (Table 5-3 & Table 5-4; Figure 5-7 & Figure 5-8): in P. turn-
eri, abdominal width did not correlate with any of the performance param-
eters (maximal speed in horizontal and vertical planes, maximum curvature 
rate in the abdomen), while in H. formosa there was a significant negative 
correlation between abdominal width and all performance parameters. In 
this species, plump fish performed worse at equal curvature rates of the tail. 
Phalloptychus januarius showed an intermediate of the other two species as 
horizontal speed and maximum abdominal curvature rate were negatively 
correlated with abdominal width, but vertical speed and maximum abdom-
inal curvature rate in stage 1 were not. In all species, the tested curvature 
rates (maximum curvature rate in the caudal peduncle during stage 1 in Fig-
ure 5-8A, and stage 2 in Figure 5-7A, Figure 5-7B and Figure 5-8B respective-
ly) were significantly correlated with both swimming speed and maximum 
abdominal curvature rate.
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Discussion

Here we discuss to what extent the results support the proposed hypotheses 
in the Introduction.

Does superfetation reduce body shape variation during pregnancy?

The difference in size between early- and late stage embryos forms the basis 
of the locomotor costs hypothesis: combining early- and late stage embryos 
should, assuming equal numbers, result in a less variable morphological pat-
tern [23,24]. Because fewer embryos are in the fast growth phase (dry mass 
increases exponentially during development in matrotrophic fish; [32,41]), 
this should lead to smaller changes in maternal morphology over time. Our 
data clearly reflect this pattern (Figure 5-2 & Figure 5-3): Poeciliopsis turneri 
and Heterandria formosa show significant size changes before and after par-
turition (i.e. significant increase in size during an interbrood interval) while 
Phalloptychus januarius does not. 

Despite the reduced amplitude of morphological changes, superfetation 
does not by definition lead to a more slender body shape. Pregnant females 
of H. formosa are generally much less slender (e.g. bigger volume, frontal 
area) than virgin conspecifics (Figure 5-2), and also compared to late-stage 
pregnant P. turneri. This could be an effect of higher reproductive allocation: 
relative to body size, broods of H. formosa have equal relative wet litter mass 
to P. turneri, despite significantly shorter interbrood intervals (difference p = 
0.3085; see Results). Because H. formosa gives birth more often than P. turneri 
(difference p = 0.0003; see Results), the long-term reproductive investment in 
the former species is higher. Instead of causing a more slender body shape, 
superfetation causes a less variable body shape; whether this body shape is 
more slender depends on the reproductive investment.

Does pregnancy reduce three-dimensional fast-start performance?

Pregnancy causes a decline in fast-start performance in live-bearing fish, but 
mainly affects this manoeuvre in the horizontal plane: in two out of three 
species the maximal horizontal speed decreases with increasing abdominal 
width (Figure 5-7A), while only H. formosa shows a significant negative rela-
tionship between increasing abdominal width and maximal vertical velocity 
(Figure 5-7B). Fast-start performance is further reduced by a significant neg-
ative relationship between abdominal width increase and changes in yaw 
angle, both in stage 1 and over the whole fast start (Figure 5-6A). This could 
make the motion of the fish more predictable for predators [42]. The relation-
ship between abdominal width increase and pitch-angle change is not signif-
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icant (Figure 5-6B), but the relationship between abdominal width increase 
and pitch-angle change over the whole fast start does show a positive trend 
(p = 0.0817), however, indicating that there is a tendency for thicker females 
towards less downwards oriented, or more upwards oriented, responses. 
Further work, in which the orientation of the fish with respect to the stimu-
lus and their escape headings are the subject of the research, could provide 
additional support for this hypothesis.

Because the 3D biomechanics of fast-start manoeuvres is a novel area, it is 
not yet known how the morphology of certain body regions affects changes 
in pitch and roll angles. A large part of steering for these angles could come 
from asymmetries in the caudal fin and from changes in the angle of attack 
of either or both of the pectoral fins. Due to limitations in lighting condi-
tions, resolution and framerate in our setup, we were however not able to 
track changes in fin position from the present dataset. Fin-controlled steer-
ing makes it less likely that the ability to change orientation in pitch and 
roll is affected by pregnancy (compared to the ability to change orientation 
in the yaw direction, which is heavily affected by the ability to curve the 
abdomen). However, there are a few ways through which pregnancy could 
influence the orientation change in pitch (and perhaps also roll) during the 
fast-start manoeuvre. First, the ovary is placed on the ventral side of the 
dorsal column, leading to larger distention in the hypaxial muscles than in 
the epaxial muscles. As a result, the contraction of the epaxial muscles could 
be stronger, causing a bending in the dorsoventral plane and an upwards 
pitching moment of the cranial part of the body. This, however, is under the 
assumption that the number of sarcomeres within the hypaxial muscle fibres 
does not change during pregnancy. Experimental data on how pregnancy 
affects muscle strain in live-bearing fish could help to clarify the biomechan-
ical effects of pregnancy on swimming performance, but, to our knowledge, 
such data are still unavailable.

The within-individual variation in fast-start performance was large, both be-
tween and within measurement days. To correct for this, we included curva-
ture (rate) of the caudal peduncle into the statistical models. The curvature 
(rate) of the caudal peduncle is correlated with motivation to respond to the 
stimulus: large curvatures or high curvature rates in the caudal peduncle 
arguably indicate a stronger response of the subject to swim and/or turn 
away from the approaching danger. The morphology of the tail is not af-
fected by pregnancy (Table 5-1 & Table 5-2) and we assume that the non-lin-
ear feedback of the structure-fluid interactions have a relatively small effect 
on the mechanical behaviour of the caudal peduncle. Furthermore, it helps 
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to discriminate between starts with a small re-orientation and starts with a 
large re-orientation component. Despite our measures to control this varia-
tion, it was still considerable. Especially in P. turneri, the variation was large 
and arguably one of the main causes of the absence of an effect of width 
on maximal attained speeds (Figure 5-7A,B). Previous reports arguing that 
(two-dimensional) fast-start performances are highly repeatable within in-
dividuals [19,43], seem to be inapplicable to either our setup, or to fast-start 
performance measurements in a 3D compared to a 2D framework.

Is superfetation an adaptation that improves fast-start performance?

Our data reveals a strong negative effect of abdominal width increase on 
fast-start performance, at least in the horizontal plane. This indicates that 
traits that could reduce the increase in abdominal width during pregnan-
cy, while maintaining equal levels of fecundity, provide an adaptive benefit. 
One of the traits to offer such a benefit, is superfetation [23,44]. Our study 
examined fast-start performance of species of fish that differed in their lev-
el of superfetation. Statements regarding the adaptive benefit of superfeta-
tion should however take into account three interactions: the relationship 
between morphology and performance, the relationship between superfeta-
tion and morphology (both described above) and the relationship between 
superfetation and reproductive allocation.

The measured changes in intra-species and interspecies morphology should 
be reflected in differences in locomotor performance, here measured as fast-
start escape performance. However, due to the differences in reproductive 
investment between species, i.e. specifically the higher reproductive allo-
cation in H. formosa, the effects of level of superfetation and reproductive 
investment are heavily intertwined in our dataset. Therefore, a direct test 
of the hypothesis is not possible. Further testing on species that are more 
closely related, maybe even intra-species populations that differ in their lev-
el of superfetation, but not in their level of reproductive investment, could 
provide the answer. 

Our data does, however, show how fast-start performance correlated with 
pregnancy-induced morphological changes in three dimensional space and 
that three species of live-bearing fish with different levels of superfetation 
experience varying morphological changes during pregnancy. This adds to a 
body of existing literature on the hypothesised morphological benefit of su-
perfetation. In Poeciliopsis turrubarensis, the level of superfetation appears to 
be higher in populations that occupy faster-flowing streams and rivers than 
populations that live in standing or slow-flowing water [35]. The higher level 
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of superfetation corresponded with a more slender body shape that likely 
reduced the energetic requirements of navigating in fast-flowing streams. 
However, this trend was not detected in populations of Poeciliopsis gracilis 
and Poeciliopsis infans that inhabited streams with different flow velocities 
[45]. Lastly, high-predation populations of Phalloceros harpagos displayed 
higher levels of superfetation than populations from regions with low pre-
dation pressure [46]. Work on natural populations is impeded by spatial and 
temporal differences in the level of superfetation, as the level of superfetation 
can differ unpredictably on a month-by-month basis [47]. We assumed that 
the superfetation level in our lab-reared animals were stable over time, due 
to a regular light regime, constant water flow rate, and fixed food quantities.

Additional benefits of superfetation

The locomotor cost hypothesis is only one of many hypotheses on the (adap-
tive) benefit of superfetation [44]. For instance, this trait could also function 
to increase the mean reproductive investment, through practically the same 
mechanism. Instead of a focus on minimizing the morphological effects of 
pregnancy, an animal could also focus on maximizing fecundity [48,49]. 
Such a strategy could be of interest when swimming performance is not a 
strong selective driver (i.e. in standing pools or in areas with low predation 
pressure), or to deal with intense or unpredictable adult mortality [48,49].

Experimental work on superfetation levels in H. formosa under varying food 
conditions have found a positive relationship between food abundance and 
the level of superfetation: females from medium and high food abundance 
treatments had significantly more superfetation than food-deprived females 
[37]. Reznick and colleagues [29] report a decrease in interbrood interval 
length when H. formosa is subjected to high food abundance and an increase 
in interbrood interval length when they are subjected to low food quantities, 
likely a consequence of increasing and decreasing levels of superfetation re-
spectively. A study on P. januarius in fluctuating food environments did not 
reveal an effect of food treatment on the level of superfetation, albeit that was 
not the purpose of the study [38]. When superfetation levels increase under 
high food conditions, this could be an indication of maximizing reproduc-
tive allocation.

Concluding remarks

The ability to escape predators, requiring a good fast-start performance, is 
an important parameter in the survival of an individual [4]. Reducing the 
adverse effects of pregnancy on swimming performance, while maintain-
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ing a high fecundity, therefore could provide a significant fitness advantage; 
something superfetation is hypothesised to bring [23,24]. Here, we have 
shown that superfetation indeed reduces the amplitude of morphological 
changes during pregnancy, but whether this indeed results in a more slender 
body shape (and an expected better fast-start performance) depends on the 
amount of reproductive investment. 

Furthermore, we show that pregnancy negatively affects swimming perfor-
mance as abdominal width increases. The biggest effects are observed in the 
horizontal plane: maximal horizontal velocity decreases with increasing ab-
dominal width in two out of three examined species (Figure 5-7) and, for the 
three species combined, re-orientation in the yaw-plane is reduced (Figure 
5-6). Performance in the vertical plane was reduced less, only in H. formosa 
did we find a negative effect of pregnancy, and also the pitch-angle change 
did not change significantly over pregnancy. The different effects in the hor-
izontal and vertical plane merit further research on the mechanisms behind 
these differences, and whether pregnant live-bearing fish adjust their fast-
start manoeuvres to partly compensate the performance decline.

Our findings provide additional evidence for the locomotor costs hypothe-
sis [23] and the adaptive benefit of superfetation in performance-demand-
ing environments (e.g. high predator abundance or fast-flowing streams). 
This hypothesis however assumes equal reproductive investment, which the 
three species used here did not provide. Further research, with species or 
populations that differ less in their reproductive investment, could help to 
elucidate the possible locomotor performance benefit of superfetation.
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Table 5-1. Multi-level modelling output of fixed effects of the mixed linear 
growth models for body morphology changes.

Type 3 Test of 
Fixed Effects Species Species × Time Species × Parturition

Pregnant fish

Volume F3,45 = 1243.3,    p < .0001 F3,262 = 30.4, p < .0001 F3,267 = 69.4,   p < .0001

Wetted Area F3,44.4 = 7191.7,  p < .0001 F3,261 = 29.3, p < .0001 F3,266 = 68.3,   p < .0001

Frontal Area F3,45.3 = 549.1,    p < .0001 F3,263 = 47.6, p < .0001 F3,269 = 100.1, p < .0001

Maximum Height F3,45.3 = 3653.8,  p < .0001 F3,263 = 44.6, p < .0001 F3,268 = 106.8, p < .0001

Abdominal Width F3,46.5 = 1583.2,  p < .0001 F3,265 = 44.9, p < .0001 F3,271 = 95.2,   p < .0001

Caudal Peduncle Width F3,56.6 = 3448.2,  p < .0001 F3,275 = 2.1,   p = 0.1075 F3,281 = 1.1,     p = 0.3537

Standard Length (LSL) F3,40.5 = 2912.7,  p < .0001 F3,254 = 0.6,   p = 0.5907 F3,256 = 1.5,     p = 0.2050

Virgin fish

Volume F3,45.7 = 2395.9,   p < .0001 F3,251 = 4.2,   p = 0.0067

Wetted Area F3,44.5 = 11437.3, p < .0001 F3,225 = 4.3,   p = 0.0057

Frontal Area F3,44.4 = 2143.1,   p < .0001 F3,251 = 10.0, p < .0001

Maximum Height F3,41.3 = 8079.4,   p < .0001 F3,250 = 27.0, p < .0001

Abdominal Width F3,45.9 = 4608.8,   p < .0001 F3,251 = 10.9, p < .0001

Caudal Peduncle Width F3,62.7 = 2634.0,   p < .0001 F3,257 = 0.4,   p = 0.7744

Standard Length (LSL) F3,39.9 = 1526.0,   p < .0001 F3,249 = 0.5,   p = 0.6742 
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Table 5-2. Multi-level modelling estimates of fixed effects of the mixed linear 
growth models for changes in body morphology. α: intercept, β: slope of abdom-
inal width, γ: slope of curvature correlate, Pt: Poeciliopsis turneri, Hf: Heterandria 
formosa, Pj: Phalloptychus januarius. Table continuous on the next page.

Type 3 Test of 
Fixed Effects Species × Time Species × Time Species × Parturition

Pregnant fish

Volume

Pt α: 0.018, t45.5: 31.6, p <.0001 β: 1.88e-4, t252: 7.2, p <.0001 γ:-2.75e-3, t254:-10.1, p < .0001

Hf α: 0.021, t43.2: 37.4, p <.0001 β: 2.30e-4, t260: 6.3, p <.0001 γ:-1.66e-3, t263:-9.8, p < .0001

Pj α: 0.021, t46.5: 36.5, p <.0001 β: -2e-5, t274:-0.3, p = 0.7762 γ:-7.2e-4, t283:-3.2, p = 0.0017

Wetted Area

Pt α: 0.485, t44.8: 81.4, p <.0001 β: 1.87e-3, t252: 7.4, p < .0001 γ:-2.74e-2, t254:-10.5, p < .0001

Hf α: 0.510, t42.8: 86.5, p <.0001 β: 2.03e-4, t259: 5.8, p < .0001 γ:-1.52e-2, t263:-9.3, p < .0001

Pj α: 0.518, t45.6: 86.4, p <.0001 β:-3.6e-4, t272:-0.4, p = 0.7762 γ:-6.8e-3, t283:-3.1, p = 0.0023

Frontal Area

Pt α: 0.035, t45.8: 19.0, p <.0001 β: 7.49e-4, t252: 8.7, p < .0001 γ:-1.06e-2, t254:-12.0, p < .0001

Hf α: 0.046, t43.2: 25.7, p <.0001 β: 9.78e-4, t261: 8.2, p < .0001 γ:-6.58e-3, t264:-11.9, p < .0001

Pj α: 0.046, t46.9: 25.0, p <.0001 β: 1.38e-4, t276:0.5, p = 0.6171 γ:-3.07e-3, t285:-4.1, p < .0001

Maximum 
Height

Pt α: 0.253, t45.9: 55.3, p <.0001 β: 1.95e-3, t252: 9.1, p < .0001 γ:-2.96e-2, t254:-13.5, p < .0001

Hf α: 0.281, t43.4: 62.5, p <.0001 β: 2.01e-3, t261: 7.0, p < .0001 γ:-1.52e-2, t264:-11.1, p < .0001

Pj α: 0.290, t46.9: 63.2, p <.0001 β: 5.65e-4, t275:0.8, p = 0.4066 γ:-7.16e-3, t284:-3.9, p = 0.0001

Abdominal 
Width

Pt α: 0.178, t47.2: 35.9, p <.0001 β: 2.24e-3, t252: 8.7, p < .0001 γ:-3.26e-2, t254:-12.3, p < .0001

Hf α: 0.212, t44: 43.4,   p <.0001 β: 2.75e-3, t263: 7.7, p < .0001 γ:-1.81e-2, t267:-11.0, p < .0001

Pj α: 0.199, t48.5: 39.8, p <.0001 β: 3.9e-6, t279:-0.0, p = 0.9962 γ:-8.32e-3, t288:-3.8, p = 0.0002

Caudal Pedun-
cle Width

Pt α: 0.085, t58.4: 56.0, p <.0001 β: -1.7e-4, t253: -1.5, p = 0.128 γ: 1.89e-3, t259: 1.7, p = 0.0928

Hf α: 0.093, t50.7: 63.2, p <.0001 β:-1.3e-4, t275:-0.9, p = 0.3721 γ:-5.61e-7, t281:-0.0, p = 0.9994

Pj α: 0.087, t61.5: 56.7, p <.0001 β:-5.8e-4, t290:-1.7, p = 0.0834 γ: 5.76e-4, t278: 0.7, p = 0.5148

Standard 
Length (LSL)

Pt α: 0.046, t40.6: 71.8, p <.0001 β: 1.5e-5, t251: 1.0, p = 0.3238 γ: -3.2e-4, t252: -2.1, p = 0.0354

Hf α: 0.026, t40.1: 40.7, p <.0001 β: -2e-5, t253: -0.9, p = 0.3856 γ: 3.0e-5, t254: 0.3, p = 0.7562

Pj α: 0.028, t40.8: 43.8, p <.0001 β: 2.1e-5, t258: 0.4, p = 0.6687 γ: -3e-5, t261: -0.2, p = 0.8303
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Type 3 Test of 
Fixed Effects Species × Time Species × Time Species × Parturition

Virgin fish

Volume

Pt α: 0.017, t46: 47.0,   p <.0001 β: -2e-5, t251: -1.4, p = 0.1668

Hf α: 0.017, t43.6: 47.2, p <.0001 β: -1e-5, t254: -0.7, p = 0.5047

Pj α: 0.020, t47.7: 52.5, p <.0001 β: -1e-4, t249: -3.2, p = 0.0017

Wetted Area

Pt α: 0.475, t44.7: 105,  p <.0001 β: -2e-4, t250: -1.3, p = 0.1964

Hf α: 0.465, t42.7: 104,  p <.0001 β: -1e-4, t253: -0.6, p = 0.5712

Pj α: 0.504, t46.1: 111,   p <.0001 β: -1e-3, t249: -3.3, p = 0.0011

Frontal Area

Pt α: 0.030, t44.6: 41.6, p <.0001 β: -6e-5, t250: -2.6, p = 0.0112

Hf α: 0.032, t42.7: 44.3, p <.0001 β: -8e-5, t253: -2.6, p = 0.0109

Pj α: 0.038, t46: 52.2,  p <.0001 β: -3e-4, t249: -4.1, p < .0001

Maximum 
Height

Pt α: 0.238, t41.4: 85.8, p <.0001 β: -3e-4, t250: -5.1, p < .0001

Hf α: 0.235, t40.6: 85.5, p <.0001 β: -2e-4, t251: -3.0, p = 0.0031

Pj α: 0.272, t42: 97.8,   p <.0001 β: -1e-3, t249: -6.8, p < .0001

Abdominal 
Width

Pt α: 0.162, t46.2: 65.9, p <.0001 β: -3e-4, t251: -3.2, p = 0.0014

Hf α: 0.171, t43.7: 70.3, p <.0001 β: -3e-4, t254: -2.3, p = 0.0227

Pj α: 0.167, t47.9: 67.4, p <.0001 β: -9e-4, t249: -4.1, p < .0001

Caudal Pedun-
cle Width

Pt α: 0.086, t64: 44.5,   p <.0001 β: 4e-5, t256: 0.4,   p = 0.6728

Hf α: 0.091, t55.2: 54.2, p <.0001 β: 2e-5, t264: 0.1,   p = 0.8993

Pj α: 0.090, t70.6: 50.2, p <.0001 β: -2e-4, t250: -1.0, p = 0.3394

Standard 
Length (LSL)

Pt α: 0.048, t39.9: 51.4, p <.0001 β: -1e-5, t249: -1.2, p = 0.2490

Hf α: 0.028, t39.6: 29.7, p <.0001 β: -7e-6, t250: -0.5, p = 0.6554

Pj α: 0.030, t40.1: 32.5, p <.0001 β: 1e-6, t249: 0.05, p = 0.9612

Table 5-2. Table continues from previous page. 
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Table 5-3.Multi-level modelling output of fixed effects of the mixed linear 
growth models for fast-start performance and kinematics. Abd: abdomen.

Type 3 Test  
of Fixed Effects Species Species × Widthabdomen Species × Curvature correlate*

vmax, xy F3,133 = 24.40, p < .0001 F3,126 = 12.59, p < .0001 F3,404 = 149.41, p < .0001 (1)

vmax, z F3,79.4 = 4.74, p = 0.0043 F3,47.5 = 2.73,  p = 0.0541 F3,394 = 48.18,   p < .0001 (1)

Max curvature rateStage 1, abd. F3,181 = 30.14, p < .0001 F3,103 = 9.47,   p < .0001 F3,549 = 247.77, p < .0001 (2)

Max curvature rateStage 2, abd. F3,152 = 39.69, p < .0001 F3,105 = 13.41, p < .0001 F3,358 = 119.17, p < .0001 (1)

CurvatureStage 1, abdomen F3,179 = 5.97,  p = 0.0007 F3,114 = 19.99, p < .0001 F3,815 = 336.46, p < .0001 (3)

CurvatureStage 2, abdomen F3,115 = 29.40, p < .0001 F3,86.3 = 10.38, p < .0001 F3,455 = 7.79,     p < .0001 (4)

Yaw changeStage 1 F1,285 = 102.39, p < .0001 F1,596 = 746.44, p < .0001 (3)

Yaw changeStage 1 + 2 F1,489 = 8.44,   p = 0.0038 F1,349 = 111.77, p < .0001 (3)

Pitch changeStage 1 F1,355 = 0.18,   p = 0.6686 F1,617 = 0.60,p = 0.4400    (3)

Pitch changeStage 1 + 2 F1,399 = 3.05,   p = 0.081 F1,272 = 4.12,p = 0.0435    (3)

* Curvature correlates: (1) maximum curvature rate during stage 2 in the caudal peduncle; (2) maximum cur-

vature rate during stage 1 in the caudal peduncle; (3) curvature at the end of stage 1 in the caudal peduncle; 

(4) curvature at the end of stage 2 in the caudal peduncle.
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Table 5-4. Multi-level modelling estimates of fixed effects of the mixed linear 
growth models for fast-start performance and kinematics. α: intercept, β: slope 
of abdominal width, γ: slope of curvature correlate, Pt: Poeciliopsis turneri, Hf: Het-
erandria formosa, Pj: Phalloptychus januarius.

Type 3 Test of 
Fixed Effects Species Species × Widthabdomen

Species × Curvature cor-
relate*

vmax,xy

Pt α: 11.97, t124: 3.0, p = 0.0038 β: -40.0, t139:-1.7, p = 0.0884 γ: 2.3e-2, t325: 11.8, p < .0001 (1)

Hf α: 24.78, t106: 6.1, p < .0001 β: -98.7, t101:-4.8, p < .0001 γ: 2.7e-2, t347: 13.8, p < .0001 (1)

Pj α: 26.31, t163: 5.2, p < .0001 β: -92.0, t128:-3.4, p = 0.0009 γ: 3.0e-2, t594: 11.0, p < .0001 (1)

vmax,z

Pt α: 1.15, t124: 0.3, p = 0.7904 β: -6.44, t84.3:-0.3, p = 0.7967 γ: 1.5e-2, t309: 7.8, p < .0001 (1)

Hf α: 12.94, t42.3: 3.1, p = 0.0037 β: -46.58, t25.9:-2.2, p = 0.0382 γ: 1.3e-2, t350: 6.5, p < .0001 (1)

Pj α: 11.32, t111: 2.2, p = 0.0313 β: -50.11, t60.2:-1.8, p = 0.0708 γ: 1.8e-2, t582: 6.4, p < .0001 (1)

Max curvature 
rateStage 1, abdomen

Pt α: 400.7, t339: 5.8, p < .0001 β: -729.5, t248:-1.9, p = 0.0541 γ: 0.20, t810: 6.0, p < .0001    (2)

Hf α: 413.3, t84.9: 7.4, p < .0001 β: -1392.8, t45.7:-5.0, p < .0001 γ: 0.51, t363: 24.0, p < .0001  (2)

Pj α: 130.2, t254: 1.6, p = 0.1078 β: -27.4, t142:-0.1, p = 0.9471 γ: 0.49, t587: 11.5,p < .0001   (2)

Max curvature 
rateStage 2, abdomen

Pt α: 250.9, t176: 3.9, p = 0.0002 β: -514.6, t150:-1.4, p = 0.1689 γ: 0.31, t287: 10.8, p < .0001  (1)

Hf α: 497.4, t98.3: 8.0, p < .0001 β: -1653.1, t66.8:-5.3, p < .0001 γ: 0.42, t335: 14.1, p < .0001  (1)

Pj α: 482.0, t186: 6.3, p < .0001 β:-1289.0, t112:-3.3, p= 0.0014 γ: 0.28, t488: 6.5, p < .0001    (1)

CurvatureStage 1, 

abdomen

Pt α: 0.73, t507: 1.8, p = 0.0774 β: -8.47, t283: -3.8, p = 0.0002 γ: 0.66, t839: 17.0, p < .0001  (3)

Hf α: 1.06, t96.1: 3.0, p = 0.0034 β: -10.76, t58.9: -6.0, p < .0001 γ: 0.73, t538: 24.6, p < .0001  (3)

Pj α: 1.18, t171: 2.4, p = 0.0173 β: -8.36, t125: -3.2, p = 0.0017 γ: 0.56, t1272: 10.7, p < .0001 (3)

CurvatureStage 2, 

abdomen

		

Pt α: 1.61, t142: 4.7, p < .0001 β: -5.92, t132: -3.0, p = 0.0034 γ: 0.16, t340: 4.2, p < .0001(4)

Hf α: 1.71, t61.5: 5.9, p < .0001 β: -4.45, t44.9: -3.0, p = 0.0046 γ: 0.09, t452: 2.1, p = 0.0359(4)

Pj α: 2.17, t187: 5.6, p < .0001 β: -7.27, t122: -3.7, p = 0.0004 γ: 0.06, t625: 1.1, p = 0.2890(4)

* Curvature correlates: (1) maximum curvature rate during stage 2 in the caudal peduncle; (2) maximum cur-

vature rate during stage 1 in the caudal peduncle; (3) curvature at the end of stage 1 in the caudal peduncle; 

(4) curvature at the end of stage 2 in the caudal peduncle.
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Table 5-5. Multi-level modelling estimates of fixed effects of the mixed linear 
growth models for changes in yaw and pitch during stage 1 and stage 1 + 2. β: 
slope of abdominal width, γ: slope of curvature correlate. 

Type 3 Test of Fixed Effects Widthabdomen CurvatureStage 1,peduncle

Yaw changeStage 1 β: -4.24, t285: -10.1, p < .0001 γ: 0.49, t596: 27.3, p < .0001

Yaw changeStage 2 β: -2.47, t489: -2.9, p = 0.0038 γ: 0.39, t349: 10.6, p < .0001

Pitch changeStage1 β: -3.19, t355: -0.4, p = 0.6686 γ: -0.26, t617: -0.8, p = 0.4400

Pitch changeStage 2 β: 0.43, t399: 1.8, p = 0.0817 γ: -0.02, t272: -2.0, p = 0.0435
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Viviparity has evolved many times independently throughout the animal 
kingdom, in both vertebrate and invertebrate animals, in predators and in 
prey, and in sedentary, swimming, walking and flying animals [1,2, Chap-
ter  2]. In Chapter 2, we outlined the biomechanical consequences of a 
live-bearing mode of reproduction, but for a more detailed description of 
these effects we focused on one particular family of livebearers for the re-
mainder of this thesis: the Poeciliidae. Furthermore, we only focused on two 
of the (reproductive) adaptations that we described in Chapter 2: we report-
ed the effects of matrotrophy on body shape in Chapter 3 and we exam-
ined the effects of superfetation on body shape and fast-start performance in 
Chapter 5. In this chapter, I will discuss the existing caveats: (i) do superfeta-
tion and matrotrophy provide the same benefit to non-Poeciliid live-bearing 
animals, (ii) could superfetation and matrotrophy provide other benefits to 
Poeciliidae than the locomotor benefits described in Chapter 3, 5, and (iii) do 
other (reproductive) adaptations exist within the Poeciliidae. Furthermore, 
I attempted to answer an evolutionary question using state-of-the-art tech-
niques from biomechanics, including 3D high-speed video and automated 
tracking [Chapter 4,5]. These novel approaches caused some problems on 
their own: I will discuss (iv) the interaction between behaviour and per-
formance in relation to our experimental setup, and (v) the difficulties of 
cross-disciplinary research. With the lessons learned from these latter two 
paragraphs, I will (vi) provide an outlook for future research. 

The adaptive benefit of superfetation and matrotrophy in non-Poeciliid animals

In this thesis, we focus on one particular family of live-bearing animals, the 
Poeciliidae, and the possible adaptive benefit of superfetation and matrot-
rophy in these fishes. These traits have evolved independently in different 
lineages of animals, widely varying in locomotor mode, life history and 
ecology. Arguably, the adaptive benefit of superfetation and matrotrophy 
is different for many of these independent evolution events. Knowledge of 
these traits in the Poeciliidae might help identify knowledge gaps in other 
taxonomic groups.

Superfetation is a fairly unique strategy to two families of Teleost fishes: the 
Poeciliidae, Zenarchopteridae and Clinidae [3–5]. These are the only verte-
brate families in which this trait occurs (in varying degrees) in a large per-
centage of the species [6–8]. The hypothesised adaptive benefit of superfeta-
tion may be similar between these families. Anecdotally, superfetation-like 
reproduction is documented in humans, livestock and rodents, and in the 
European brown hare (Lepus europaeus) the existence of superfetation is con-
troversial (reviewed by Roellig et al. [3]). Within mammals, superfetation is 
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a confirmed reproductive strategy in the American mink (Neovison (Mustela) 
vison) and in the European badger (Meles meles). In both these groups, su-
perfetation is likely used as a method to disguise paternity and reduce in-
fanticide [3], and thus unrelated to a locomotor performance decline during 
pregnancy.

Matrotrophy has evolved independently at least 33 times in vertebrate an-
imal lineages; the majority of these origins (26) occurred in fishes and am-
phibians [1]. In invertebrate animals, matrotrophic viviparity has evolved 
in 20 different phyla, including Porifera, Cnidaria, Annelida, Mollusca, Ar-
thropoda, Nematoda and Echinodermata [2]. This frequent evolution likely 
indicates an adaptive advantage of post-fertilization nutrient allocation, but 
comparative work on the effects of gestation in species with and without 
matrotrophy (like I present for Poeciliid fishes in Chapter 3) is, to my knowl-
edge, currently non-existent.

For matrotrophy to provide an adaptive advantage to locomotor perfor-
mance during pregnancy, there is one important prerequisite to the lifestyle 
of the animal: it should be fairly active [Chapter 2]. This criterion excludes all 
slow-moving and sedentary animals that have evolved matrotrophic nutri-
ent provisioning: pregnancy has little effect on their locomotor performance 
and matrotrophy thus can have little adaptive benefit in improving this as-
pect. Matrotrophy could, however, provide an adaptive benefit in certain 
insects, for instance in viviparous Blattodea (cockroaches) [9] and Diptera 
(true flies) [10]. During the last few days of gestation, female cockroaches 
and tsetse flies are observed to be inactive [11–16]. If this inactivity is linked 
to the metabolic demands of the offspring (i.e. there are insufficient resourc-
es to explore/forage and provision offspring), or is linked to the weight of 
the clutch reducing locomotor performance, matrotrophy could provide an 
adaptive benefit: due to the lower oocyte mass at fertilization, the costs of 
pregnancy would be lower during initial development of a litter, reducing 
the need for inactivity.

Despite evolution of viviparity and matrotrophy in all three major clades of 
Amphibians (Salientia, frogs and toads; Caudata, salamanders and newts; 
Gymnophiona, limbless caecilians) [1], the effects of pregnancy on locomo-
tion have, to my knowledge, not been studied in this class [Chapter 2]. As a 
result, no comparative data on the effects of the evolution of matrotrophy in 
these groups exist. From these groups, it is most likely that morphological 
constraints on locomotion were a factor in the evolution of matrotrophy in 
Caudata and Gymnophiona. The former group use a form of undulatory 
swimming [17] and as such are hindered by reduced flexibility in the ab-
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domen due to pregnancy (similar to fishes, Chapter 5). The latter group are 
fossorial amphibians for which abdominal distention would cause increased 
resistance while burrowing.

In reptiles, viviparity has evolved over 115 times independently [18], yet 
matrotrophy evolved independently only in six clades of Scincid lizards 
[1,18,19]. As a consequence, research in the Squamate clade (lizards and 
snakes) focused on the evolution of viviparity, and not on the evolution of 
viviparity-associated reproductive traits. Only four of the six evolutionary 
origins of matrotrophy in skinks involve a switch to high levels of matr-
otrophy, while in the other two evolutionary lineages the post-fertilization 
maternal provisioning is modest [1]. Evidence for incipient matrotrophy is 
found in phrynosomatid lizards [20] and thamnophine snakes [21]. Wheth-
er placentation in these species correlates with certain ecological traits, and 
whether it improves locomotor performance during pregnancy, is currently 
still unknown.

Mammals have only one evolutionary origin of viviparity and matrotrophy 
[1]. This makes direct comparative work on the adaptive evolution of this 
trait impossible in this family, as all extant Eutherian mammals possess these 
traits and there are no extant species with moderate levels of matrotrophy 
[1]. As such, only comparative work on other evolutionary events of the pla-
centa could help reveal the adaptive benefit the placenta had for early mam-
mals. Perhaps the closest to the early eutherian mammals in both size, repro-
ductive physiology (both Amniota) and ecology (adapted to climbing, [22]) 
that have evolved a placenta, are the Scincid lizards. Comparative work on 
the effects of placentation on locomotion and habitat use during pregnancy 
might shed light on whether locomotor costs were a driver of the evolution 
of the placenta in the earliest known eutherian mammals. Although not di-
rectly applicable to the evolution of placentation in mammals, the evolution 
of the placenta in Poeciliidae can prove useful in studying the evolution of 
complex organs [7]. The independent evolution of placentas and the contin-
uous scale of levels of matrotrophy [8] and associated intricacy of placental 
structures in this family [23] can act as a model system for the evolution of 
complexity.

Other possible benefits of matrotrophy and superfetation in Poeciliidae

In this thesis, I explored whether matrotrophy and superfetation reduce the 
locomotor performance decline during pregnancy in Poeciliid fishes. How-
ever, evolution can act on more levels than one and traits can have multiple 
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(dis)advantages: what other benefits could matrotrophy and superfetation 
provide to Poeciliid fishes?

Gorini-Pacheco and colleagues [24] found that fecundity, matrotrophy and 
superfetation were increased in populations with higher predator density: 
the matrotrophy index (MI) was almost twice as high in the high-predation 
population (no predation MI: 2.5, low-predation MI: 3.5, and high-preda-
tion MI: 4.0) and the relative occurrence of superfetation, here the pres-
ence of two simultaneous broods, was significantly higher in high-preda-
tion populations (relative occurrence of superfetation under no predation: 
7.5 %, low-predation: 8.1 %, and high-predation: 44.4 %). This indicates that 
there may be a role for matrotrophy and superfetation in increasing fecun-
dity [7,25–27]. If so, matrotrophy and superfetation could facilitate the ‘live 
fast – die young’-strategy often observed in high-predation populations of 
live-bearing fishes [28,29]. Because early-stage matrotrophic embryos are 
smaller than those of lecithotrophic species, and superfetation reduces the 
number of late-stage embryos present at any time, the maximum number 
of offspring that could possibly fit the abdominal cavity is higher with these 
traits. As a result, when resources are not limiting, levels of superfetation 
[30] and matrotrophy could be increased (through phenotypic plasticity or 
genetic selection) to increase fecundity. The level of superfetation is found 
to vary year-round in Poeciliopsis gracilis and Poeciliopsis infans [31], although 
the changes did not follow a conspicuous temporal pattern. These findings 
indicate that, at least for the level of superfetation, there is a certain degree of 
phenotypic plasticity that fish can utilize. To my knowledge, it is unknown 
whether matrotrophy can display similar plasticity.

Morphology is affected by pregnancy in a temporal manner: pregnant fe-
males have similar (abdominal) sizes as virgin conspecifics or are slightly 
larger depending on the levels of matrotrophy and superfetation, but the 
difference in morphology between pregnant and virgin fish increases when 
pregnancy progresses [Chapter 3,5]. A similar temporal pattern is to be 
expected for resource allocation and metabolism: early stage embryos re-
quire fairly little resources while close to parturition embryos are thought 
to require more oxygen (and metabolites in matrotrophic fish) to maintain 
metabolism and growth [32]. Currently, hardly any evidence exists for this 
hypothesis. Only Downhower and colleagues [33] provide data from field 
populations of Gambusia hubbsi that imply that superfetation reduces the cost 
of reproduction, but they did not directly measure this. 
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Other reproductive adaptations in Poeciliidae

In Chapter 2, we discussed three different ways in which species could cope 
with the increased locomotor costs during pregnancy: adaptations that re-
duce the effects of pregnancy on locomotor performance, adaptations that 
avoid (maximum) locomotor performance during pregnancy, and adapta-
tions to the life history of an animal. From the first category, ‘adaptations 
to reduce the locomotor costs during gestation’, we already discussed the 
effects of matrotrophy and superfetation in Chapter 3 and Chapter 5 respec-
tively, and I added further remarks in this chapter. There is however a third 
adaptation from this category that was not yet covered for Poeciliid fishes: 
reduction or repositioning of the reproductive organs.

In the mosquitofish Gambusia affinis, the paired ovaries are fused after a few 
days of development to form one, centrally-located reproductive organ; a 
similar process occurs in males for the testes [34]. Similar fusion of the paired 
reproductive tracts appear to occur during development in other species of 
Poeciliidae [34], and in viviparous Goodeidae [35]. A larger scale morpho-
logical examination of Teleost fishes of Mexico revealed that in most fish 
species, the ovaries are either completely separated or fused at the most pos-
terior end [36]. Extreme fusion of the ovaries was found in a large number 
of oviparous and viviparous species from the Cyprinodontiformes like the 
Poeciliidae and Goodeidae. This extreme fusion of these paired organs could 
be an exaptation to the evolution of viviparity [37–39]: the paired nature 
and central location allow for a bilaterally symmetrical increase in volume 
[Chapter 2]. However, in another evolutionary origin of viviparity in Teleost 
fishes, within the Scorpaeniformes, the ovaries are still a paired structure in 
which the two ovaries are divided by a central lamella [40–44]. The evolu-
tion of viviparity in this lineage indicates that, in Teleost fishes, fusion of the 
ovaries is no prerequisite for evolving a live-bearing mode of reproduction.

In the census of reproductive tract morphology of Mexican fishes [36], reduc-
tion of a single ovary is found in elongated fish species (the marbled swamp 
eel Synbranchus marmoratus and the Atlantic needlefish Strongylura marina), 
while strong asymmetry between left and right ovaries was observed in the 
common anchovy Anchoa mitchilli. These asymmetries are likely the effect 
of functional constraints, but are not related to the evolution of viviparity 
in fishes. These adaptations to the reproductive tract provide an example of 
convergent evolution with the functionally-driven adaptations to the repro-
ductive tracts in squamate reptiles [Chapter 2]. 
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The second category of adaptations, ‘adaptations to avoid high-performance 
demanding situations’, are mainly of a behavioural nature. In Poeciliidae, 
there are some indications of a habitat shift during pregnancy: pregnant Poe-
cilia reticulata from high-predation populations were found to only dwell in 
shallow pools and slow-flowing margins of rivers [45]. They benefit from 
this in two different ways: these pools are not or less accessible to predators, 
and they spend less energy swimming against the flow. A similar effect was 
found in another study where “large” P. reticulata tended to avoid parts of 
pools where Hoplias, a piscine predator, was present [46]. In controlled tank 
experiments using lab-populations of Gambusia affinis as prey species and 
wild-caught small-mouth bass (Micropterus dolomieui) as predators, the pres-
ence of a refuge indeed increased survival rate [47]. However, the use of the 
refuge did not differ between female G. affinis of different stages of pregnan-
cy, indicating that other factors (e.g. resource availability) could limit the use 
of shelters in certain situations. In wild populations, a shift in micro-habitat 
during late-pregnancy could coincide with a shift in diet. However, to my 
knowledge no studies have looked at this effect of pregnancy in Poeciliidae.

Behavioural responses could also include changes in the ‘fight, flight or 
freeze’ behaviour. Although it could be possible to measure the effects of 
pregnancy on fast-start latency, the time between when the stimulus hits the 
water and the first movement, our setup was not equipped to do this accu-
rately. The duration between the moment of release and when the stimulus 
hit the water differed ± 10 ms each time, and it is difficult to discern the exact 
frame where the impact occurs from only a ventral view (the stimulus is not 
visible in the lateral views). Furthermore, there are complicating factors in 
that the stimulus is not falling through a tube (the fish can possibly see the 
movement before the impact), and the side-lights are turned on before the 
stimulus hits the water. These measures were taken to maximize responsive-
ness and the number of successful movie captures – a trade-off we had de-
cide in favour of our main research question, we decided that the acquisition 
of a sufficient number of fast-start high-speed video sequences was more 
important.

For the last category of reproductive adaptations, ‘life history adaptations’, 
there is a larger body of Poeciliidae literature available. These have already 
been extensively discussed in Chapter 2: in response to a higher mortality 
rate in high-predation populations [48], P. reticulata evolve a life history that 
maximizes short-term offspring production. These fish reach reproductive 
age sooner, devote more resources per litter and produce litters more fre-
quently than fish from low-predation populations [48–51]. At the same time, 
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fish from high-predation populations evolve a noticeably better fast-start 
performance during the early stages of pregnancy [52], although the authors 
do not provide a morphological or physiological reason for this performance 
increase. At the late stages of pregnancy, this performance advantage disap-
pears, likely due to increased resource allotment. High-predation popula-
tions of Phalloceros harpagos show a similar trend in reproductive allotment: 
greater reproductive allotment, a higher fecundity and a smaller size at ma-
turity [24]. 

Behaviour and performance, a complex relationship

Arnold’s morphology → performance → fitness paradigm [53], which links 
morphology of an individual to its performance and subsequently fitness, is 
a simplification of all the factors that influence an individual’s fitness. Many 
studies have commented and expanded on Arnold’s paradigm, highlighting 
the importance of, for instance, life history traits, behaviour and external 
selective agents [54–57]. In our review of the effect of pregnancy on perfor-
mance and fitness [Chapter 2], these other factors are included in the re-
productive adaptations as they either are adaptations themselves, or affect 
the evolution of adaptive traits. However, there is also a direct relationship 
between an individual’s behaviour and its performance.

When measuring performance, as we did in Chapter 4,5, behaviour can ob-
scure the effect of morphology on performance. In virgin Poeciliopsis turn-
eri, for instance, there was a strong negative effect of time on performance: 
in subsequent days, the population of experimental animals performed less 
well. Because the morphology of these virgins hardly changes over time 
[Chapter 3,5], the basis for this performance decline must be behavioural: 
the fish got habituated to the stimulus. Habituation to the stimulus was one 
of the main reasons for taking the virgin control fish along in the experi-
ments [Chapter 2]. However, when habituation in the virgin control group 
leads to a decline similar to, or sometimes even larger than, the decline in the 
pregnant treatment group, it becomes difficult to relate these time-depen-
dent effects to the morphological changes of pregnancy or to habituation to 
the stimulus. We solved this by removing time as a fixed factor from our sta-
tistical models, replacing it with morphological variables (abdominal width 
in Chapter 5) while keeping the repeated measures as a random factor.

Previous reports of repeated fast-start performance studies in fishes show a 
high repeatability between fast starts at the within-day, between-day and be-
tween-week levels [58–62]. Our data, however, shows large variation in fast-
start performance within individuals, both within days and between days. 
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The likely cause for this large variation is the complexity of our fast-start 
setup (three dimensional measurements against two-dimensional measure-
ments and much simpler analysis in the aforementioned studies) and the 
minimal available space for a strong stimulus. Together with my colleague 
Elsa Quicazan-Rubio, I tested a range of different stimuli that elicit both 
a strong response and are repeatable in strength over time. Especially the 
first factor, stimulus strength, was difficult to achieve. The swimming arena 
was surrounded by three large LED screens, which were used to provide 
back-lighting to the cameras. This meant that the utilizable distance between 
the LED-panel at the top of the tank and the water surface was minimal: we 
only had ± 10 cm to drop the stimulus, while Oufiero and colleagues [62], for 
instance, dropped a stimulus from 85 cm above the water surface. Further-
more, the distance between the fish, which is located somewhere in the field 
of view at the centre of our swimming arena, and the stimulus in one of the 
corners, was fairly large in our setup: at least 10 cm. In comparison, the work 
of Langerhans et al. [58] included a stimulus located at most 3 cm away from 
the fish. As a stronger (closer) stimulus is more likely to reach the threshold 
required to initiate the fast-start response through the Mauthner neurons 
[63–65], a stronger (closer) stimulus could also lead to higher repeatability.

A second behaviour that could have interfered with our performance mea-
surements, is stress-related: when introduced to the swimming arena, fish 
are introduced to a novel environment or an environment in which they 
were startled in preceding days. Furthermore, the swimming arena is a fairly 
large open space without any cover or hiding places: an environment where 
these fish arguably do not feel comfortable. Despite a total acclimation pe-
riod of 15 minutes, many fish frantically kept swimming along the edges of 
the aquarium; behaviour similar to that described for Gambusia affinis when 
introduced to an aquarium without any cover [47]. In our experiments, this 
stress-related behaviour resulted in fairly low passages of the field of view of 
the swimming arena. In extreme situations, fish completely freaked out and 
laid on the bottom of the swimming arena reluctant of going up, rendering 
the fish useless for further measurements that day and, often, also for sub-
sequent days.

In this thesis, I have not focussed on direct effects of pregnancy on be-
havioural characteristics. It could for instance be that pregnancy affects the 
latency during fast-start response, or that pregnant fish are less likely to ha-
bituate to a stimulus. Equal habituation to a stimulus between virgin con-
trol fish and pregnant treatment fish is an assumption in our experimental 
setup with a virgin control group. To test the validity of the assumption, a 
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large scale behavioural experiment should be performed. It could also be 
that pregnant fish are less likely to “give up” when swimming upstream. 
Behaviour and motivation play an important and often undervalued role 
in performance measurements, however, it is difficult to standardize these 
between treatment groups [66]. We attempted to standardize for behaviour 
by correlating performance with kinematic parameters, i.e. curvature and 
curvature rate in the analysis of fast-start performance [Chapter 5].

For our performance experiments, we have used laboratory-raised animals 
and measured these in a laboratory setting. By extrapolating our findings 
to a broader ecological and evolutionary context, we make an important as-
sumptions: how animals perform in a laboratory context is similar to how 
animals perform in an ecological context, and this performance is related to 
their fitness [67,68]. This assumption might not always hold, as reviewed by 
Irschick [68]. Research in this field mainly focused on lizards; whether this 
assumption holds for our populations of live-bearing fishes requires future 
work comparing wild-caught individuals of the used species with the per-
formance obtained in the laboratory [Chapter 5]. This work should not only 
focus on what animals can maximally achieve, but also compare values that 
animals actually operate at in nature: this might not always be maximal per-
formance [69]. If animals generally do not use their maximum performance 
in a natural setting, the direct link between maximum performance and fit-
ness fades. 

The drawbacks of the applied cross-disciplinary research

With this thesis, I tried to answer evolutionary questions with state-of-the-
art biomechanical methods. Although I am convinced that in essence this 
is a good way to find answers in a scientifically solid way, the combination 
of two unrelated fields can create tensions. One example where these two 
fields encounter tension is the trade-off between quantity and quality. We 
wanted to describe fast-start manoeuvres in three-dimensional space, pro-
viding the first quantitative evidence for significant pitch and roll angles in 
this manoeuvre in adult fish [Chapter 4]. To do this in the best possible de-
scriptive way (e.g. including tracking of fin motions), you would need a high 
resolution and a high frame-rate of the cameras: the first requires a small 
field of view which reduces the number of times fish will swim though that 
region of the aquarium, while the second requires very high light intensities 
(to minimize exposure times) that could induce unnatural and stress-related 
behaviour in the experimental animals. Both of these requirements, howev-
er, interfered with the quantitative objectives of the evolutionary question: 
comparing fast-start performance in three different species, over the course 
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of pregnancy, and for both pregnant and virgin control fish. The initially de-
sired level of biomechanical accuracy required a workload that was impos-
sible to combine with the evolutionary questions. Because the evolutionary 
question was the main goal of this thesis, we compromised a little on the 
biomechanical details: although this partially reduced our ability to explain 
how fast starts work in three-dimensional space (and how pregnancy influ-
ences this), our work still is, both from a biomechanical and evolutionary 
perspective, novel and unprecedented in adult fish.

A second point that can be raised is whether it is absolutely necessary to use 
sophisticated biomechanical methods to answer our evolutionary questions 
regarding the adaptive benefit of matrotrophy and superfetation. Wouldn’t 
it have sufficed to use a simple two-dimensional method to answer this ques-
tion? I think that, in line with the results from Chapter 4,5, the answer to 
this question is no: we have shown that fast-start manoeuvres have a large 
three-dimensional component and restricting these manoeuvres to a hori-
zontal plane would not be as informative. to accurately track whole-body 
deformations and measure body curvature and curvature rate (fast-start per-
formance parameters that we found to be affected by pregnancy [Chapter 
5]), one needs information on the pitch and roll angles of the body. With-
out information on the pitch and roll changes of the body, curvature would 
be measured incorrectly in fast-start manoeuvres in which the fish exhibits 
pitch and/or roll. And although restricting our performance experiments to a 
two-dimensional space could have allowed us to test more individuals and/
or more species, but we would not have shown that pregnancy affects the 
horizontal and vertical components of the fast start differently [Chapter 5]. 
This finding could have implications for the escape tactics (e.g. more up-
wards or downwards oriented responses) pregnant fish employ to escape 
predators, an interesting question for follow-up research that could have 
ramifications for an individual’s survival and fitness.

Lastly, there is some discrepancy between the fields in the used terms. In the 
field of evolutionary biology for instance, it is quite common to see terms as 
‘fusiform body shape’ and ‘streamlined phenotype’ as descriptions of (often 
2D) shape profiles of fish, and they are often used interchangeably [e.g. 69 
uses both terms]. However, in biomechanics these terms are very strictly de-
fined, e.g. fusiform corresponds to a three-dimensional shape and therefore 
could never be used to classify a two-dimensional body profile as informa-
tion from the third dimension is missing. These mismatches in terminology 
and vocabulary may hinder cooperation between researchers of the different 
fields.
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Perspectives for further work

In this thesis we focused on the effects of pregnancy and reproductive ad-
aptations on the fast-start performance. For the first time in adult fish, we 
presented quantitative evidence for strong pitching and rolling motions of 
which the first also correlates with changes in elevation [Chapter 4,5]. How-
ever, there are still a lot of questions remaining regarding the exact biome-
chanics underlying these three-dimensional fast-starts, and how these are 
affected by pregnancy. In their paper describing three-dimensional fast-start 
manoeuvres in larval zebrafish, Nair et al. [71] hypothesise that changes in 
elevation could be induced by differences in neural signal intensity between 
the motor neurons that innervate the epaxial (dorsal to the horizontal sep-
tum) and hypaxial (ventral to the horizontal septum) musculature. This in 
turn should then result in differences in strength of contraction between 
epaxial and hypaxial muscles, creating the dorsoventral excursion they ob-
served. Due to limitations to the range of possible curvatures in our auto-
mated tracking software, we were not able to confirm whether dorsoventral 
excursion also precedes changes in elevation in fast-starts of adult Poeciliid 
fish. Whether dorsoventral excursion is indeed caused by differences in sig-
nal intensities between epaxial and hypaxial motor neurons still needs to be 
determined. Due to their translucency, zebrafish larvae are probably better 
suited for such experiments than (adult) Poeciliidae.

However, there are other ways to create up- or downwards oriented pitch 
torques that both Nair et al. [71] and we did not yet analyse: use of the fins. In 
larval zebrafish, the pectoral fins are thought to play no role during propul-
sion in slow swimming [72], but they are used to brake succeeding prey cap-
ture [73]; neonate and adult Poeciliidae, however, do use their fins during 
(slow) swimming and succeeding prey capture [74,75]. The role of the pec-
toral fins (but also the pelvic fins) in fast-start manoeuvres is not yet under-
stood, but it is possible that the fin on the inner turn is extended to some 
extend and used as an ‘anchor point’. Variations in the angle of attack of the 
pectoral fins could in turn result in upwards or downwards oriented pitch 
and roll torques. In my opinion, the next step in describing the three-dimen-
sional fast-start manoeuvre, and how fish can create changes in elevation 
during this rapid manoeuvre, would be a qualitative analysis of pectoral 
(and pelvic) fin use. If these fins are indeed used to generate pitch torques, 
this raises new questions regarding the rapid neuronal activation of the fin 
motion.

In pregnant fish, pitch torques could also be the result of the increased dor-
soventral asymmetry in the abdomen. The ventral location of the ovaries 
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causes the distention to be directed laterally and ventrally; dorsal distention 
is largely inhibited by the presence of the stiff vertebral column. This could 
result in destabilizing differences in flow (and pressure) between the dor-
sal and ventral side of the body, resulting in a pitch torque. A similar effect 
could be caused by changes in local density, i.e. when the density of the 
ovaries is different from the rest of the body and this cannot be compensated 
for by the swim bladder [Chapter 2]. Furthermore, the distention of the ab-
domen could result in differences in the strain a muscle can exert: the mus-
cles of the abdomen are stretched, and, at equal number of sarcomeres, they 
could generate less force [Chapter 5]. Whether the number of sarcomeres 
and other muscle properties change during pregnancy, is not known. Molec-
ular muscle properties are known to change over relatively short intervals 
following exercise training [76–78]. Preliminary work on caudal peduncle 
muscles revealed no differences in gene expression between pregnant and 
virgin fish, further work should reveal whether this is also true for muscle 
from the abdominal region in which the actual distention occurs. 

When the mechanisms of pitch torque generation are qualitatively described 
in ‘normal’ (slender) fish, it could be worth it to do further qualitative anal-
yses of the effects of a thick abdomen on these pitch changes, and whether 
these would reinforce or weaken certain mechanisms for elevation change. 
For this end, experimental high-speed video imaging could be supplement-
ed with particle image velocimetry (PIV) to measure water flow around 
pregnant fish and computational fluid dynamics (CFD).

In this thesis, I only examined the effects of pregnancy on fast-start swim-
ming. However, when navigating streams and search for food, fish exhib-
it continuous swimming. Arguably, the morphological and physiological 
changes that occur during pregnancy also affect this type of locomotion [79]. 
We examined the effect of pregnancy (including whether superfetation pro-
vides an adaptive benefit) on continuous swimming by measuring critical 
swimming speed [80], and on basal metabolic rate by measuring respiration 
at rest. The total dataset comprises over 2000 high-speed video movies of 
swimming kinematics, and over 500 3D body models, but analysis of these 
data has not been finished yet. Our hypothesis are, however, similar to the 
hypotheses for fast-start performance: we expect pregnancy to increase basal 
metabolic rate and lower the critical swimming speed, while superfetation is 
expected to reduce these negative effects of pregnancy.

From an evolutionary biology perspective, it will be important to supple-
ment the experiments performed in this thesis [Chapter 3–5] with data 
from wild-caught fish. Preferably, this includes the complete spectrum of 
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Arnold’s morphology → performance → fitness paradigm [53], but this is 
a lot of work. It might be worth it to focus on specific areas that still require 
attention or are necessary to validate our findings in a natural context. One 
focus should be to test whether wild fish perform in a similar way as our 
laboratory-kept fish [67,68]. Furthermore, it is important to test whether fish 
with better fast-start performance indeed have a higher survival; this could 
be tested with mark-recapture studies following fast-start performance mea-
surements. Pedigree analyses on subsequent generations could be used to 
determine whether faster fish also have more (successful) offspring, and 
thus a higher fitness. These experiments require a lot of (manual) labour, but 
are important to validate some of the existing assumptions underlying the 
research presented in this thesis.

Concluding remarks

In this thesis, I have shown that pregnancy causes large changes in body 
morphology in live-bearing fishes (Poeciliidae). Matrotrophy and superfeta-
tion each are traits that reduce these effects of pregnancy, but each in differ-
ent ways. Matrotrophy lowers the reproductive burden at the beginning of 
pregnancy, which causes a more slender body shape throughout [Chapter 3]. 
Superfetation reduces the amplitude of morphological changes during preg-
nancy, in principle leading to a more slender body shape. However, whether 
this actually results in a more slender body shape within a family-wide con-
text will also depend on other confounding, species-specific or environmen-
tally dependent variables (e.g. reproductive investment, Chapter 4). There is 
a negative correlation between the pregnancy-induced increase in body size 
and fast-start performance, which is a rapid three-dimensional manoeuvre 
[Chapter 4,5]. Matrotrophy, during the early stages of pregnancy, and su-
perfetation thus have the potential to provide an adaptive benefit to swim-
ming performance and survival of female viviparous fishes. 
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Summary

Viviparity, a live-bearing mode of reproduction, has evolved over 100 times 
independently in vertebrate animals. Despite its frequent evolution, vivipar-
ity has a number of hypothesised disadvantages compared to the ancestral 
mode of reproduction, oviparity (egg-laying). One of these disadvantages is 
a reduction in locomotor performance during pregnancy, the period of in-
ternal development of the embryos. Adaptations to a live-bearing reproduc-
tive mode could have evolved to reduce these locomotor costs. In this thesis, 
I aim to find whether matrotrophy, post-fertilization nutrient provisioning 
(e.g. through a placental structure), and superfetation, the presence of mul-
tiple broods of different developmental stages, reduce the locomotor perfor-
mance decline during pregnancy in the Poeciliidae, live-bearing fishes.

In Chapter 2, we review the literature on the effects of pregnancy on mor-
phology, performance and fitness. The biomechanics of each mode of loco-
motion (walking, swimming or flying) are distinct, and are affected differ-
ently by the added mass and volume of pregnancy. Furthermore, we list 
the possible adaptations that have evolved to reduce the locomotor costs of 
pregnancy, and divide them into three different categories: adaptations that 
reduce the locomotor costs of live-bearing, adaptations with which the loco-
motor costs of live-bearing are avoided, and adaptations to the life history 
of the animal. Lastly, we discuss hiatuses in the literature and experimental 
procedures to quantify the hypothesised benefit of adaptations. 

In Chapter 3, we compare the morphological changes during pregnancy in 
two closely-related species of live-bearing fish: Poeciliopsis turneri and Poe-
ciliopsis gracilis. These species mainly differ in their mode of nutrient provi-
sioning: P. gracilis is lecithotrophic and P. turneri is an extensive matrotroph. 
We tracked the morphological changes in 3D using a non-invasive method 
that creates three-dimensional body models. We find that P. turneri is more 
slender during the early stages of pregnancy, but increase in size more rap-
idly. This is in line with the locomotor costs hypothesis, which predicts that 
matrotrophic fish are more slender during the early stages of pregnancy, but 
that the difference between the body shapes of lecithotrophic and matro-
trophic fish diminishes as pregnancy progresses. Our results indicate that 
matrotrophy could indeed provide a morphological advantage during preg-
nancy.

Fast-start performance, a manoeuvre fish deploy to escape predatory strikes, 
is important for individual survival. In Chapter 4, we use state-of-the-art 
biomechanical methods to, for the first time, quantify this manoeuvre in 
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three-dimensional space in adult fish (Heterandria formosa). We show that 
fish can orient their escapes in up- and downwards direction, and that this 
is correlated with a change in pitch angle of the body. Changes in roll angle 
of the body were not correlated with orientation of the fish. We furthermore 
demonstrate that stage 1 of the fast start, often described as a preparatory 
stage, can already contribute to propulsion. The results from Chapter 4 indi-
cate that three-dimensional measurements of fast-start manoeuvres provide 
novel insights that were often overlooked.

Measuring fast starts in three-dimensional space is relevant in determining 
the adverse effects of pregnancy on locomotor performance. We did this by 
comparing three species of live-bearing fish: P. turneri, H. formosa and Phal-
loptychus januarius. In Chapter 5, we show that pregnancy-induced changes 
in abdominal width are correlated with a reduction in performance in the 
horizontal plane (maximal horizontal speed, change in yaw angle), but less 
so in the vertical plane (maximal vertical speed, change in pitch angle). Fur-
thermore, we demonstrate that an increase in abdominal width is correlated 
with a decrease in abdominal curvature and, for some species, in a decrease 
in maximal curvature rate in the abdomen. Lastly, we show that the preg-
nancy-induced morphological changes depend on the level of superfetation: 
species with a high level of superfetation experience higher frequency, but 
smaller amplitude changes in the shape of the abdomen. Whether superfe-
tation actually results in a more slender body shape, as predicted by the lo-
comotor costs hypothesis, depends on the level of reproductive investment.

In this thesis, I show that pregnancy induces changes in morphology which 
comes with a cost in fast-start performance. Both matrotrophy and super-
fetation affect how body shape changes due to pregnancy, but whether 
the latter provides beneficial changes depends on the level of reproduc-
tive investment. Furthermore, I reveal that fast starts can have a substantial 
three-dimensional component which is relevant both to biomechanicists that 
aim to understand the physical and physiological mechanisms underlying 
this manoeuvre and to evolutionary biologists that strive to answer perfor-
mance-related questions.
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Samenvatting

Levendbarende reproductie (vivipaar), is meer dan honderd keer onafhan-
kelijk geëvolueerd in gewervelde dieren. Ondanks de frequente evolutie van 
deze reproductieve modus, heeft levendbarendheid verschillende veronder-
stelde nadelen vergeleken met de voorouderlijke wijze van voortplanten, 
het leggen van eieren (ovipaar). Een van deze veronderstelde nadelen is een 
vermindering van de prestaties in het (voort)bewegen tijdens de zwanger-
schap, de periode van interne ontwikkeling van de embryo’s. Om de kosten 
van levendbarendheid voor het voortbewegen te verminderen, zouden ver-
schillende aanpassingen aan de voortplanting geëvolueerd kunnen zijn. In 
deze thesis, streef ik uit te vinden of ‘matrotrofie’, de toevoer van voedings-
stoffen naar de embryo na bevruchting van de eicel (bijvoorbeeld door een 
placenta), en ‘superfoetatie’, de gelijktijdige aanwezigheid van verschillende 
broedsels van verschillende ontwikkelingsstadia, de afname in voortbewe-
gingsprestaties tijdens de zwangerschap verminderen in de Poeciliidae, de 
familie van de levendbarende tandkarpers. 

In Hoofdstuk 2 geven wij een overzicht van de al bestaande wetenschappe-
lijke literatuur op het effect van zwangerschap op morfologie, (voort)bewe-
gingsprestaties en ‘fitness’. De biomechanica van elk type beweging (lopen, 
zwemmen of vliegen) zijn zeer verschillend, en worden elk anders beïn-
vloed door de extra massa en volume van een zwangerschap. We vermelden 
verder de mogelijke aanpassingen die geëvolueerd zijn om de effecten van 
zwangerschap op overleving zo klein mogelijk te houden, en verdelen deze 
in drie categorieën: aanpassingen die de voortbewegingskosten van levend-
barendheid verminderen, aanpassingen die de voortbewegingskosten van 
levendbarendheid vermijden, en aanpassingen aan de ‘life history’ van het 
dier. Tot slot bediscussiëren we bestaande hiaten in de literatuur en expe-
rimentele procedures om het veronderstelde voordeel van aanpassingen te 
kwantificeren.

In Hoofdstuk 3 vergelijken wij de morfologische veranderingen tijdens de 
zwangerschap van twee nauwverwante soorten van levendbarende vissen: 
Poeciliopsis gracilis en Poeciliosis turneri. Deze twee soorten verschillen met 
name in hoe zij hun embryo’s van voedingsstoffen voorzien: P. gracilis is ‘le-
cithotroof’ en voorziet haar jongen via de dooier van voeding terwijl P. tur-
neri ‘matrotroof’ is en haar jongen voornamelijk van voedingsstoffen voor-
ziet via een placenta. Van beide soorten hebben we de morfologische (vorm)
veranderingen in 3D gevolgd over tijd met een niet-invasieve methode die 
driedimensionale ‘lichaamsmodellen’ maakt. We vinden dat P. turneri slan-
ker is tijdens de eerste stadia van de zwangerschap, maar sneller in grootte 
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toeneemt. Deze resultaten zijn in liijn met de ‘locomotor costs hypothesis’, 
die veronderstelt dat matrotrofe vissen slanker zijn tijdens de eerste stadia 
van de zwangerschap, maar dat deze verschillen in lichaamsvorm tussen 
lecithotrofe en matrotrofe vissen verdwijnen als de zwangerschap voort-
schrijdt. Onze resultaten geven aan dat matrotrofie inderdaad een morfolo-
gisch voordeel kan zijn tijdens de zwangerschap. 

De prestaties van individuele vis tijdens de ‘fast start’(snelle start), een ma-
noeuvre die vissen gebruiken om aan predatoren te ontsnappen, is belang-
rijk voor de overleving. In Hoofdstuk 4 gebruiken we de nieuwste techno-
logie om, voor het eerst, deze manoeuvre in drie dimensies te kwantificeren 
in volwassen vissen. Hiervoor gebruiken we de dwergtandkarper, Heteran-
dria formosa. We tonen aan dat vissen hun ontsnapping zowel opwaarts als 
neerwaarts kunnen uitvoeren, hetgeen gecorreleerd is aan veranderingen in 
de ‘pitch’-hoek van het lichaam. Veranderingen in de ‘roll’-hoek van het li-
chaam zijn niet gecorreleerd aan veranderingen in de oriëntatie van de vis. 
Bovendien laten we zien dat het eerste stadium van de ‘fast start’, die vaak 
beschreven wordt als een voorbereidend stadium,  ook bij kan dragen aan 
de voortstuwing. De resultaten van Hoofdstuk 4 laten zien dat driedimensi-
onale metingen aan ‘fast-start’ manoeuvres nieuwe inzichten geven die vaak 
over het hoofd zijn gezien.

Driedimensionale metingen aan ‘fast starts’ zijn ook relevant in het bepalen 
van de negatieve effecten van zwangerschap op de prestatie van vissen in 
deze manoeuvre. Wij hebben dit bepaald voor drie soorten levendbarende 
tandkarpers: Poeciliopsis turneri, Heterandria formosa en Phalloptychus janua-
rius. In Hoofdstuk 5 laten we zien dat veranderingen in de breedte van de 
buik, veroorzaakt door zwangerschap, gecorreleerd zijn aan verminderde 
‘fast-start’ prestatie in het horizontale vlak (maximale horizontale snelheid, 
verandering in ‘yaw’-hoek), maar minder in het verticale vlak (maximale 
verticale snelheid, verandering in ‘pitch’-hoek). We laten ook zien dat een 
toename in breedte van de buik is gecorreleerd met een afname van de be-
reikte kromming van de buik en, voor sommige soorten, de snelheid van 
kromming van de buik. Tot slot laten we zien dat de morfologische veran-
deringen tijdens de zwangerschap afhankelijk zijn van het niveau van su-
perfoetatie: soorten met een hoge mate van superfoetatie hebben een lagere 
amplitude van veranderingen in de vorm van de buikregio, maar een hoge-
re frequentie. Of superfoetatie inderdaad leidt to een slanker lichaam, zoals 
verondersteld door de ‘locomotor costs hypothesis’, hangt af van de (relatie-
ve) investering in reproductie.



192

S

Chapter 7 | Samenvatting (Nederlands)

In deze thesis laat ik zien dat zwangerschap veranderingen in de morfologie 
van vissen veroorzaakt, hetgeen leidt tot verminderde prestatie tijdens de 
‘fast start’. Zowel matrotrofie als superfoetatie beïnvloeden de veranderin-
gen in lichaamsvorm tijdens de zwangerschap, maar of superfoetatie ook 
een daadwerkelijk voordeel brengt hangt af van de relatieve investering in 
reproductie. Ik laat ook zien dat ‘fast starts’ een substantiële driedimensi-
onale component hebben die relevant is voor zowel biomechanici die de 
onderliggende fysische en fysiologische mechanismes van deze manoeuvre 
proberen te doorgronden, als voor evolutionair biologen die prestatie-gere-
lateerde vragen proberen te beantwoorden.
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