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Abstract

Body size and reproductive rates are key characteristics of any organism. Size and
reproduction are strongly in�uenced by environmental conditions, but individuals
also in�uences their environment. The resulting feedback loop can generate ecological
and evolutionary dynamics. In this thesis, I explore the causes and consequences
of intraspeci�c variation in size and reproduction. Trinidadian guppies (Poecilia
reticulata) are an ideal system for this purpose. Natural populations of guppies
have evolved two distinct ecotypes that di�er in terms of the sizes at which they
are born and reach maturity, and in their reproductive rates. These ecotypes are
adapted to di�erent environments that vary in the intensity of predation risk, and
in the availability of food. In this thesis, I use a combination of genetic, phenotypic,
and environmental data from natural populations, experimental introductions,
and controlled laboratory experiments. To better understand the causes and
consequences of variation in body size and reproduction, I apply and test methods
from three distinct approaches: quantitative genetics, dynamic energy budget
theory, and life history theory. I quantify evolutionary change in a wild populations,
and show that phenotypic change is masked by environmental degradation. I
demonstrate why predictions of evolution can fail when environments change over
time. I show how size and reproduction are linked through energetic assimilation,
and demonstrate that smaller guppies are resource-limited in the wild. Using
dynamic energy budget theory, I identify consistent di�erences in energetic allocation
strategies between guppy ecotypes. Finally, I construct evolutionarily-explicit
population simulations, where ecological and evolutionary dynamics are emergent
properties of individual rates of growth, survival, and reproduction. I show that
size-dependent competitive ability determines the outcome of life-history evolution
in these simulations. My thesis presents solutions to problems relevant to many
studies of the eco-evolutionary dynamics of wild populations.
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1.1 Introduction

A female brown kiwi (Apteryx australis) lays a single egg, weighing around a �fth

of her body weight (Calder, 1979). Because the chick hatches at such a large size,

adults and chicks di�er in mass only by a factor of six or seven. In contrast, the

ocean sun�sh (Mola mola) can produce 300 million eggs in one spawning event:

juveniles that survive to adulthood grow at an astonishing rate, increasing in mass

by a factor of 60 million (Pope et al., 2010).

Kiwis and sun�sh illustrate the extraordinary range of variation in body size

that can occur within species, and also the diversity in reproductive rates that

occur across species. Body size and reproductive rates are key characteristics of

any animal. Both are products of life histories � that is, the strategies generated

by natural selection to optimise the conversion of energy into reproductive success

(Stearns, 2000). Both are also sensitive to environmental conditions, such as resource

availability. Furthermore, animals have a direct impact on their environment, for

example by consuming food and depleting resource levels. The impact an individual

has on its environment, and also on other members of the population, often depend

on its size, and in the longer term, on its reproductive rate. As such, variation

in body size and reproductive rates are both generated by and contribute to

ecological and evolutionary dynamics.

In this thesis, I aim to disentangle the eco-evolutionary causes and consequences

of intraspeci�c variation in size and reproduction. My thesis focuses on a classic
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model system in evolutionary ecology � the Trinidadian guppy (Poecilia reticulata).

In the following sections, I describe the core concepts that motivate the questions

I pose, I introduce the study system with which I address my questions, and

�nally I provide an outline of my thesis, in which I brie�y summarise the main

�ndings of each chapter.

1.2 Core concepts and motivation

Predictions of evolution frequently fail for wild populations

Evolutionary change is often rapid. It is now accepted that evolutionary change

can be concurrent to ecological change, rather than happening at the imperceptibly

slow rate envisioned by Darwin (Carroll et al., 2007; Pelletier et al., 2009; Bassar

et al., 2021; Grosklos and Cortez, 2021). Rapid evolutionary change has been

documented in many natural systems (reviewed in Hendry and Kinnison 1999;

Reznick et al. 2001a; Gienapp et al. 2008). This raises the possibility of studying the

processes driving contemporary evolutionary change in the wild: understanding how

natural populations evolve has been a long-standing goal of evolutionary biology

(Lynch and Walsh, 1998). Describing how and why complex traits such as body

size and reproductive rates evolve has traditionally been the domain of quantitative

genetics (Lynch and Walsh, 1998). Quantitative genetics arose from the Modern

Synthesis in the early 20th century, and was quickly and successfully employed and

developed by animal breeders to predict responses to arti�cial selection (e.g. Lush

1940). Quantitative genetics is concerned with the variances of continuous traits,

and aims to decompose phenotypic variation into contributions from genetic (i.e.

heritable) and environmental (i.e. non-heritable) causes (Lynch and Walsh, 1998).

A central assumption is that quantitative traits are controlled by a large, technically

in�nite, number of unlinked loci of small e�ect (Fisher, 1930). This is known

as the in�nitesimal model. One consequence of this assumption is that genetic

variance underlying traits can be described without directly observing the genotype,

provided that the relationship among individuals within a population is known.

By considering unobserved genotypes, quantitative genetics has been described as
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being "freed... from the tyranny of detail" (Queller, 2017), which has allowed for

the development of elegant and general theorems of evolution. With the advent of

molecular tools, it has become easier to determine the relatedness of individuals in

wild populations, and as such, to apply the quantitative genetic framework to studies

of evolution in natural systems. Research has typically focused on long-studied

populations of birds (e.g. collared �ycatchers (Sheldon et al., 2003) and great tits

(Garant et al., 2004)) and large mammals (e.g. Soay sheep (Milner et al., 2000) and

red deer (Kruuk et al., 2002)), although more recent studies of small mammals (e.g.

voles (Bonnet et al., 2017) and squirrels (Lane et al., 2018)), lizards (Noble et al.,

2014), and �sh (Thériault et al., 2007) have broadened the scope of taxa covered.

A striking �nding of this application to wild populations is that the re�ned

models of quantitative genetics typically predict evolutionary change when none is

observed in the study system (Merilä et al., 2001b; Gienapp et al., 2008). A review

of 30 such studies found that thedirection of evolutionary response predicted from

quantitative genetic parameters matched the observed change in only 40% of cases

(Gienapp et al., 2008): in this meta-analysis, quantitative genetic predictions of

the direction of evolution in the wild were worse than predictions based on a coin

toss. The absence of evolution despite evidence of selection and additive genetic

variance has been termed the paradox of stasis, and remains an unresolved problem

in our understanding of microevolutionary change in wild populations (Merilä et al.,

2001b; Pujol et al., 2018). Several explanations for stasis have been proposed,

which can broadly be classi�ed as statistical failings or biological mechanisms

(Pujol et al., 2018). Statistical failings include oversimpli�cation of the genetic

contributions to the phenotype (i.e. ignoring dominance and epistasic e�ects, which

are di�cult to quantify in unbalanced datasets typical of wild populations (Wilson

et al., 2010)), assumptions of Gaussian distributions of traits (de Villemereuil, 2018),

low precision of parameters as a consequence of the statistical power constraints

when analysing limited datasets (Pujol et al., 2018), and not accounting for

environmental covariance between traits and �tness (Rausher, 1992; Morrissey

et al., 2012). Biological explanations include phenotypic plasticity (Alatalo et al.,
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1990; Conover and Schultz, 1995; Merilä et al., 2001a), genetic correlations among

traits that constrain evolutionary responses(Lande and Arnold, 1983; Morrissey

et al., 2012), and �uctuating selection (Price et al., 1984; Hairston and Dillon,

1990; Grant and Grant, 2002; Siepielski et al., 2009).

Whilst these statistical and biological mechanisms provide explanations for

speci�c instances of stasis, it is useful to consider why these explanations are

required from a more general perspective. Most of these issues stem from the

application of a body of theory � developed in the context of animal breeding in

controlled environments � to wild populations. A key di�erence between captive-bred

animals and wild populations is that of the degree of environmental variability. Wild

populations are subject to greater variation in terms of environmental conditions �

such as resource availability, predation risk, and exposure � relative to populations

reared in captivity. Animals reared in captivity are typically provided with

adequate resources and protection from harm: they experience a relatively stable,

favourable environment, both within and across generations. By contrast, wild

animals are subject to short- and long-term variation in environmental conditions,

meaning that individuals may experience very di�erent environmental e�ects,

in�uencing both the expression of their traits and �tness. Although the quantitative

genetic framework allows for the partitioning of environmental contributions to

the phenotype, the implicit assumption is that environmental e�ects are constant

within and across generations; that is, each generation experiences the same level of

environmental variation (Lande and Arnold, 1983). In my �rst chapter, I investigate

the consequences of this assumption for quantitative genetic predictions of the

evolution of body size in a wild population.

Is the relationship between size and reproduction causal or
correlative?

Body size and reproduction are inherently linked. The relationship between these

traits poses challenges for both theoretical models of growth and quantitative genetic

models of evolutionary change. For example, most theoretical models of growth
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assume that reproduction scales proportionately with body size (e.g. Ro�, 1983; West

et al., 2001; Lester et al., 2004; Kooijman, 2010). However, in wild populations, larger

individuals produce disproportionately more o�spring than smaller conspeci�cs

(Barneche et al., 2018; Marshall and White, 2019). This observation termed

reproductive hyperllometry and seen in 95% of 342 species studied has prompted

calls for new theoretical models of growth, in which allocation of energy to

reproduction increases with body size (Barneche et al., 2018; Marshall and White,

2019). Similarly, body size is routinely found to be under positive selection � nearly

80% of studies identi�ed selection for increased size (Kingsolver and Pfennig, 2004).

The main question then is if larger individuals have disproportionately higher rates

of reproduction and �tness, why isn't everything evolving larger body sizes?

Body size and reproductive rates are inherently plastic, food-dependant traits: in

general, somatic growth and reproduction will both be reduced or stop entirely under

conditions of starvation, and both will increase with increasing food availability. As

such, individuals may be larger and have higher reproductive rates because they

have been better able to acquire food, rather than through body size having a

direct causal e�ect on �tness. The argument here is that individuals with optimal

resource accrual traits will grow faster and have higher reproductive rates than

those individuals with sub-optimal traits values (Coulson, 2020). If the value of

the resource accrual trait is too low or too high, body size is reduced. For example,

consider an individual searching for food: if its foraging rate is too low, individuals

will not �nd su�cient food to grow to a large size; if foraging rate is too high,

individuals will ine�ciently expend energy searching for food, and so will have less

energy to use for growth and reproduction. Individuals with the optimal foraging

rate will have both the largest body size and the highest �tness. In this case,

larger body size is always associated with higher reproduction and �tness, but

the cause of both actually depends on foraging rate, which is under stabilising

selection (Coulson, 2020). The absence of a causal e�ect of size on �tness could

explain the evolutionary stasis often observed despite strong apparent selection for

increased body size (e.g. Kingsolver and Pfennig, 2004). However, large individuals



1. General Introduction 7

often do have a size-dependent advantage in competitive interactions (Mittelbach,

1981; Post et al., 1999; Ward and Krause, 2001; Potter et al., 2019; Gri�ths et al.,

2020), meaning that body size may in fact have a causal impact on �tness, via

increasing rates of energetic assimilation. When larger individuals are stronger

competitors, this feedback would increase body size (and reproductive rates), and

so further enhance the individual's competitive ability.

Food-dependent plasticity of traits and �tness presents an inherent problem to

quantitative genetic methods applied to wild populations. When the same genotype

� expressed under di�erent environmental conditions � results in di�erent phenotypes,

the continuous relationship between the phenotype and environmental conditions is

called a reaction norm (Stearns, 1989, provides an historical overview of the concept

of reaction norms). If all individuals experience the same average environmental

conditions, then quantitative genetic studies are justi�ed in their focus on phenotypic

traits. However, if individuals experience di�erent conditions � as is almost certain

to be the case in wild populations, where individuals di�er in competitive ability

� evolutionary studies should focus on reaction norms instead. Dobzhansky made

this point early on when he wrote: "...what is inherited in a living being is not this

or that morphological character, but a de�nite norm of reaction to environmental

stimuli" (Dobzhansky, 1937). Nevertheless, identifying how individuals di�er with

respect to the environmental stimuli they experience � a crucial step for quantifying

reaction norms � is challenging in wild populations. In my second chapter, I

investigate how environmental e�ects of food availability in�uence the relationship

between body size and reproduction, and assess support for two theoretical models

that explain reproductive hyperallometry: one that predicts that larger individuals

allocate a greater fraction of energy towards reproduction, and one that predicts that

reproductive hyperallometry is due to di�erences among individuals in assimilation

rates, i.e. that individuals that di�er in size and reproduction experience di�erent

environmental stimuli, and so are at di�erent points on the reaction norm.
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Traits linked to energy budgets underpin size and reproduc-
tion

Body size and reproductive rates can be considered emergent properties of an

animals ability to acquire and utilise resources (Coulson, 2020). As such, for

evolutionary analyses it may be useful to focus instead on those traits that underpin

this ability. Dynamic Energy Budget (DEB) theory is rooted in the concept of the

acquisition and utilisation of resources. DEB theory provides a single framework to

describe an animals development, growth, maintenance, reproduction, and ageing,

by calculating the rates of assimilation and utilisation of energy for biological

processes under varying environmental conditions (Nisbet et al., 2000; Kooijman,

2001, 2010). The �ux of energy allocated to these processes describes an individuals

life history in the context of its environment (Nisbet et al., 2000). The modelling

framework is developed from �rst principles of physical and chemical laws, and

can be parameterised using experimental data on feeding, growth, reproduction,

and lifespan, measured at varying levels of food density (Kooijman et al., 2008;

Kooijman, 2010). Individuals are de�ned by the parameter values of the model.

DEB parameters are theoretically assumed to be constant over life, their values

are independent of environmental conditions, yet they interact with environmental

conditions to generate the full phenotype of the organism (Kooijman, 2010; Lika

et al., 2011): in e�ect, the parameters of the DEB model describe the reaction norms

of body size and reproductive rates, with respect to variation in food availability

and temperature. As such, DEB parameters potentially provide an alternative

set of traits for use in evolutionary models.

Although DEB models theoretically describe individuals, in practice, parameters

are estimated at the level of the species. DEB parameters have been estimated for

over 2500 species (AmP, 2020), and patterns of interspeci�c variation in parameter

values have been used to describe broad patterns in life histories across the tree

of life (Marques et al., 2018; Lika et al., 2019; Augustine et al., 2019). However,

intraspeci�c variation in DEB parameters � a fundamental requirement if DEB

theory can be of use in evolutionary models � has been little explored. In my third
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chapter, I test whether dynamic energy budget theory can characterise intraspeci�c

life history variation, and asses whether the DEB model could contribute to a

framework for accurately predicting evolutionary change in wild populations.

Individuals impact their environment and each other

Individuals are not just passive recipients of environmental e�ects: they actively

modify the environment that they and others experience through ecological inter-

actions. One example of this is through density dependence (discussed in depth

in Bassar et al., 2010; Travis et al., 2013). Density dependence occurs when

population sizes decline when large, and increase when small. Higher population

sizes may result in, for example, increased risks of predation or disease, or reduced

levels of food availability. By de�nition, density dependence in�uences ecological

dynamics, but it can also in�uence evolutionary dynamics. When the rank order

of genotypes, with respect to �tness, changes with increases in population density,

density-dependent selection occurs (Travis et al., 2013). Many ecological forces

can generate density dependence, including predation, disease, and parasitism.

In my fourth chapter, however, I focus on the e�ects of density dependent food

limitation on the evolution of life histories.

Because all biological processes require energy, realised life histories are density

dependent through resource limitation. Density dependence may act to suppress

somatic growth and reproductive rates, delay maturation, or decrease survival

probabilities (Mylius and Diekmann, 1995). How these e�ects in�uence life history

evolution will depend on the stage or age class upon which the e�ects of density are

most strongly felt (Charlesworth, 1994). A complicating factor is that population

sizes �uctuate over time, meaning that the strength of density dependence also

�uctuates (Lande et al., 2009; Engen et al., 2013; Sæther and Engen, 2015). In

some cases, these dynamics may lead to balancing selection on life histories

(Sæther et al., 2016).

Ultimately, density dependence through resource limitation occurs through the

impact of individuals on local food availability. However, individuals are not equal
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in terms of their impact on local food availability: some are better competitors

than others, and some may produce more o�spring, further increasing density-

dependent e�ects on resource availability. When competitive ability depends on

some aspect of the phenotype, competition is said to be asymmetric (Persson,

1985). The outcome of competition frequently depends on body size (Mittelbach,

1981; Persson, 1985; Ward et al., 2006). Larger individuals are often stronger

competitors because they have higher feeding rates, have broader niches, and are

better able to defend and monopolise resource patches (Mittelbach, 1981; Webster

and Hixon, 2000; Scharf et al., 2000). In some cases, smaller individuals may have

a competitive advantage: they have lower per capita energetic costs, and are better

able to tolerate periods of reduced food availability (Persson, 1985), and they may

be more e�cient feeders on resources that are less accessible to larger individuals

(Marshall and Keough, 1994; Byström et al., 2004). However, the higher food

requirements of larger individuals mean that they will have a greater per-capita

impact on food availability than smaller individuals.

Whether competitive asymmetry favours large or small individuals can have

profound e�ects on the dynamics and structure of populations, and can modify

vital rates such as development time, reproduction, and size-dependent survival

probabilities (De Roos et al., 2003; Bassar et al., 2016). In my �nal chapter, I

investigate how competitive asymmetry modi�es the e�ects of density dependence,

and how this in�uences life history evolution in �uctuating environments.

1.3 General aims of the thesis

In this thesis, I explore the causes and consequences of intraspeci�c variation in

size and reproduction, in terms of their e�ect on life histories and their evolution.

Here, I outline four general questions which I address in the chapters of my thesis:

1. How do changing environmental conditions in�uence quantitative genetic

predictions of the evolution of body size?
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2. How does the relationship between size and reproduction change as a conse-

quence of food availability?

3. Can dynamic energy budget theory be used to quantify intraspeci�c variation

in life histories?

4. How does the relationship between size and competitive ability modify life

history evolution in density-regulated populations?

1.4 Trinidadian guppies as a model system

I address the general questions in my thesis with a classic model system in

evolutionary ecology: natural populations of the Trinidadian guppy (Poecilia

reticulata). Guppies are small, live-bearing, freshwater �sh, that are native to

montane streams and lowland rivers of Trinidad and Venezuela (Magurran, 2005).

Natural guppy populations di�er in the intensity of predation risk that they

experience. In downstream stretches of streams and rivers, guppies are the smallest

species in a rich community of �shes (Gilliam et al., 1993). In these so-called "high-

predation" habitats, guppies su�er high levels of mortality due to predation (Reznick

et al., 1996a), in particular by the wolf �sh (Hoplias malabaricus) and the pike cichlid

(Crenicichla alta). Further upstream, barrier waterfalls restrict the movement of

larger �sh species. This leads to successively simpler �sh communities along the

transition from lowland to montane streams, and a gradient of decreasing predation

risk for guppies (Deacon et al., 2018). In the simplest communities ("low-predation"),

guppies coexist with one other �sh species, Haart's killi�sh (Rivulus hartii ). Killi�sh

compete with guppies for food, and both species are occasional predators of the

juveniles of the other (Fraser and Lamphere, 2013). The mortality risk of guppies

due to predation is substantially lower in these habitats (Reznick et al., 1996a).

This pattern of successions of �sh communities (and gradients in predation-risk for

guppies) is replicated across several river systems in Trinidad (Gilliam et al., 1993).

Trinidadian guppies are of particular interest to evolutionary ecologists, because

they display locally adapted ecotypes that ultimately depend on the degree of
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Measurement Di�erence Refer-
ences

Life history Size of o�spring Larger 1,2,3
Number of o�spring Fewer 1,2,3
Reproductive frequency Slower 1,2
Reproductive allotment Lower 1
Size/age at maturity Larger/older 1,2,3

Physiology Male colouration Brighter 4,5
Standard metabolic rate Lower 6
Rate of senescence Higher 7,8
Swimming speed and accelerationSlower 9

Behaviour Shoaling More dispersive 10,11
Response to predator cues Reduced 10,11
Male courtship display Higher rate of display 12

Population Absolute density Higher 1
Biomass density Higher 13
Mean body size Larger 13
Size structure Fewer small individuals,

more even distribution
13

Monthly mortality rate Much lower 14
Regulation Density dependent 15,16

Table 1.1: Examples of di�erences in the low-predation guppy ecotype, relative to the
high-predation ecotype. References: 1. Reznick and Endler 1982; 2. Reznick 1982; 3.
Reznick and Bryga 1987; 4. Endler 1980; 5. Gordon et al. 2015; 6. Auer et al. 2018; 7.
Reznick et al. 2004; 8. Reznick et al. 2005; 9. Ghalambor et al. 2004; 10. Magurran et al.
1992; 11. Huizinga et al. 2009; 12. Seghers and Magurran 1990; 13. Reznick et al. 2001a;
14. Reznick et al. 1996b; 15. Reznick et al. 2012; 16. Bassar et al. 2013.

predation risk that they experience (Reznick and Endler, 1982; Reznick, 1982;

Reznick and Bryga, 1987). Note that although di�erent guppy populations exist

along a continuum of predation risk (Deacon et al., 2018), in my thesis I focus

on di�erences between populations at the extreme ends of this continuum, and so

consider a dichotomy between high- and low-predation ecotypes. High-predation

and low-predation guppy ecotypes display distinct life histories, physiological and

behavioural di�erences, and di�er in population demographics (Table 1.1). Increased

predation rates in downstream localities leads to reduced densities of guppies

compared to upstream locations: the absolute density of guppies in low-predation
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habitats is approximately twice that of high-predation habitats (Reznick and Endler,

1982), whilst di�erences in population size structure mean that the biomass density

of guppies in low-predation habitats is four-fold higher than in high-predation

habitats (Reznick et al., 2001a). The lack of predators in low-predation locations

shifts the nature of population regulation between these populations from top-down,

via predation (as in high-predation) to bottom-up regulation through resource

competition (as in low-predation) (Torres-Dowdall et al., 2012; Bassar et al., 2013).

Guppies of both ecotypes are omnivorous, consuming invertebrates, detritus, and

algae, however low-predation habitats have lower resource availability (Reznick

et al., 2001a) and lower resource quality, i.e. fewer invertebrate prey available

as food for guppies (Zandonà et al., 2011).

These changes in the predation risk and population densities ultimately drive

di�erences in the life histories of these two ecotypes. Low-predation guppies are

larger at maturity, commit fewer resources to reproduction, have lower reproductive

frequency, and produce a smaller number of larger o�spring per litter than high-

predation guppies (Reznick and Endler, 1982). These di�erences have a genetic basis

(Reznick, 1982; Reznick and Bryga, 1996) and are consistent across independent

river watersheds (Reznick et al., 1996b). Genetic and genomic analyses support

the parallel, independent evolution of the low-predation ecotype following invasion

of guppies from ancestral high-predation habitats across multiple river watersheds

in Trinidad (Alexander et al., 2006; Whiting et al., 2021): the life-histories of

guppies in low-predation habitats have consistently, repeatedly, and independently

diverged from those of the ancestral high-predation guppies. Furthermore, when

high-predation guppies are introduced to low predation risk habitats, they rapidly

evolve traits characteristic of the low-predation ecotype (Reznick and Bryga, 1987;

Reznick et al., 1990; Travis et al., 2014; Reznick et al., 2019).

Changes in predation risk alone cannot explain the di�erence in life-histories

between guppy ecotypes. Life-history evolution driven by predation requires a

change in the pattern of mortality risk across age/size classes (Charlesworth, 1994).

However, mark-recapture studies in natural high- and low-predation streams has
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shown that whilst mortality risks are substantially higher for high-predation guppies,

the di�erence is consistent across size/age classes, i.e. there is no di�erence in the

pattern of mortality risk across size/age classes. However, it is worth noting that

mortality rates of neonates and the smallest size classes of guppies could not be

determined from these studies. Nevertheless, direct e�ects of predation cannot

account for the di�erences in life-histories seen between high- and low-predation

guppies (Reznick and Bryga, 1996). Instead, in low-predation guppies the increased

population densities and strong density regulation of natural populations support the

argument that limited resource availability drives the evolution of the low-predation

life-history (Reznick and Bryga, 1996; Reznick et al., 2001b, 2012; Bassar et al.,

2013; Reznick et al., 2019). Furthermore, low-predation guppies are less sensitive to

increases in population density than high-predation guppies (Bassar et al., 2016), and

life history di�erences such as larger o�spring size confer a competitive advantage

at high population densities (Bashey, 2008). Thus, the weight of evidence suggests

that low-predation guppies are adapted to resource limitation. However, the exact

mechanism through which the low-predation ecotype evolves remains unclear.

To summarise, guppies have repeatedly evolved distinct ecotypes, di�ering in

a suite of life history traits, with natural populations characterised by di�erences

in structure, density, and food availability (Table 1.1). In my thesis, I use mark-

recapture data from a long-term introduction experiment (described in Travis

et al., 2014; Reznick et al., 2019), as well as data on both ecotypes from free-living

guppies, and those reared in common garden experiments. In short, Trinidadian

guppies provide an excellent system for disentangling the relationships between

size, reproduction, life histories, and their evolution.

1.5 Outline of thesis chapters

Chapter 2: Quantifying rapid evolution of body size in a
wild population

Using quantitative genetic methods and data from a long-term experimental intro-

duction, I show that male guppies evolved larger sizes at maturity following increases
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in population density. Crucially, I veri�ed predictions against observations from

common garden experiments, allowing me to assess limitations to the application of

quantitative genetic approaches in wild populations. I show that the evolutionary

increase in male size was masked by a decrease in the plastic component of this

trait. This is an example of cryptic evolution. This happened because as population

densities increased, food levels decreased, meaning that male guppies could not

grow to their full potential. More generally, I demonstrated that environmental

drivers of selection (in this case population density) can inhibit our ability to

detect the evolutionary change that they cause. This is likely to be problematic

in any quantitative genetic studies of populations subject to long-term changes in

environmental conditions. I show that models that do not account for changing

environmental conditions can result in predictions of evolutionary change that are

in the opposite direction to those observed. I describe the cause of this problem,

and identify a simple solution: including environmental factors as �xed e�ects

in the statistical models used to quantify additive genetic variance corrects for

dissimilarity among relatives due to di�erences in the environment they experience.

This reduces bias when estimating additive genetic variances and covariances,

improving predictions of evolution in wild populations.

Chapter 3: Ecological causes of variation in body size and
reproduction

In this chapter, I analysed the relationship between body size and reproductive

output, using data from (i) wild guppies, sampled from 19 populations during

both the wet and rainy season; and (ii) guppies from four populations reared in

the lab under controlled levels of food availability. I found that reproduction was

hyperallometric in the wild, and that this e�ect was strongest during the rainy

season, when the e�ects of competition are more intense. I show that reproduction

scales hyperallometrically when calculated across food treatments in the lab, but

not when calculated within food treatments. I found no evidence that large guppies

allocate a greater fraction of energy towards reproduction. My results suggest that
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di�erences in size and reproductive output re�ect di�erences among individuals in

their feeding rates: individuals that attain larger sizes and produce more o�spring

do so because they have consumed more food. I conclude that the widespread

phenomenon of reproductive hyperallometry in �shes may simply re�ect that, in

general, small individuals are more resource limited than large individuals in natural

populations. This is consistent with research �nding that larger individuals are

generally stronger competitors in most �sh species studied (Ward et al., 2006).

Chapter 4: Intraspeci�c variation in energy budgets: a com-
parative study of guppy populations

Dynamic energy budget (DEB) theory provides a framework for calculating how

individuals allocate energy to di�erent biological processes, such as growth, devel-

opment, and reproduction. Di�erences between species in the parameter values

of the DEB model are often used to quantify evolved life history di�erences. In

this chapter, I investigated whether DEB theory could characterise intraspeci�c life

history di�erences between guppy ecotypes. I calculated the DEB parameters for

16 populations of guppy, identifying consistent di�erences in patterns of energetic

allocation between ecotypes. However, I found that using di�erent combinations of

data resulted in very di�erent parameter sets for the same populations. Despite

these di�erences, the alternative parameter sets reproduced the same life-history

patterns � an example of getting the right answer for the wrong reasons. This

artefact of parameter estimation appeared to be systematic: the type and amount of

data used to �t the models a�ected di�erent populations in a similar way. My results

suggest that broad-scale comparisons of populations or species by di�erences in their

DEB parameters may be invalid when models are �t with di�erent types of data.

Chapter 5: Simulating life-history evolution: under what
conditions can the low-predation ecotype evolve?

In my �nal data chapter, I combined elements from the three preceding chapters to

investigate how size-dependent resource availability in�uences density-dependent

life history evolution. I constructed individual-based models of guppy populations,
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in which individuals were de�ned by DEB parameters. I made my simulations

evolutionarily explicit by including heritable variation in a key DEB parameter, � ,

which describes the fraction of energy allocated to somatic growth and maintenance

over reproduction. In these simulations, ecological and evolutionary dynamics were

emergent properties of the growth, reproduction, and survival of individuals compet-

ing for food. As such, my simulations recreate the establishment of populations of

guppies in predator-free environments, much like the colonization of low-predation

habitats by high-predation guppies that has occurred repeatedly in the wild and in

introduction experiments. I show that when small individuals are resource limited,

populations evolve slower life histories � similar to the evolution of low-predation

ecotype guppies from high-predation ecotype ancestors � but the opposite is true

when large individuals are resource limited. I show that changes in the way that

competitive ability relates to body size alters the way that density dependence

operates on the population. Speci�cally, �tness trade-o�s emerge between juvenile

survival and adult reproduction, but the balance favours enhanced juvenile survival

when large individuals are stronger competitors. My results suggest that genetic

variation in juvenile survival probability is likely to play a key role in the evolution

of the low-predation ecotype in the wild.
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Abstract

Detecting contemporary evolution requires demonstrating that genetic change has
occurred. Mixed-e�ects models allow estimation of quantitative genetic parameters
and are widely used to study evolution in wild populations. However, predictions
of evolution based on these parameters frequently fail to match observations. Here,
we applied three commonly used quantitative genetic approaches to predict the
evolution of size at maturity in a wild population of Trinidadian guppies. Crucially,
we tested our predictions against evolutionary change observed in common garden
experiments performed on samples from the same population. We show that
standard quantitative genetic models underestimated or failed to detect the cryptic
evolution of this trait as demonstrated by the common garden experiments. The
models failed because: 1) size at maturity and �tness both decreased with increases
in population density, 2) o�spring experienced higher population densities than
their parents, and 3) selection on size was strongest at high densities. When we
accounted for environmental change, predictions better matched observations in
the common garden experiments, although substantial uncertainty remained. Our
results demonstrate that predictions of evolution are unreliable if environmental
change is not appropriately captured in models.
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2.1 Introduction

Predictions of evolution based on quantitative genetic theory frequently fail to

match observations of change (or lack thereof) in wild populations (Merilä et al.,

2001; Gienapp et al., 2008; Pujol et al., 2018; Walsh and Lynch, 2018), Detecting

contemporary evolution in natural populations is challenging enough (Merilä et al.,

2001; Kruuk, 2004; Kruuk et al., 2008; Pemberton, 2010); understanding why

predictions about evolution often fail creates a much larger, more important challenge

(Pujol et al., 2018). There are three widely used quantitative genetic approaches

for modelling contemporary evolution: 1) the Breeders equation, 2) the secondary

theorem of selection, and 3) the change in estimated breeding values. The univariate

Breeders equation (Lush, 1937) predicts the change in the population mean trait

value due to selection and is formalized as:

� z = h2S (2.1)

where� z is the response to selection (i.e. change in mean breeding value per

generation),h2 is the (narrow-sense) heritability of the trait, andS is the selection

di�erential. The heritability is the proportion of population-level variation in a

trait that can be explained by genetic di�erences among individuals, given by the

ratio of the additive genetic varianceVA (z) to the total phenotypic varianceVP (z).

The selection di�erential describes the relationship between the trait and �tness,

which is given by their phenotypic covariancecovP (z; w). The Breeders equation in
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its multivariate form allows predictions of responses to selection for any number

of genetically correlated traits (Lande and Arnold, 1983). By accounting for the

genetic covariance among multiple traits and their relationship to relative �tness,

the multivariate Breeders equation should accurately predict evolutionary change

� provided that (i) all correlated traits that in�uence �tness are included in the

model, (ii) selection on the phenotype is equal to selection on the genotype, and (iii)

that genetic and environmental determinants of variation are independent (i.e. no

genotype by environment interactions) (Lande and Arnold, 1983). An alternative

approach to describing evolutionary change was developed by Robertson (1966)

and independently formalized by Price ((1970) shortly afterwards. The secondary

theorem of natural selection (also known as the Robertson-Price identity) states

that the expected change in mean trait value per generation,� z, is equal to the

additive genetic covariancecovA of the trait z and relative �tness w:

� z = covA (z; w) (2.2)

The secondary theorem of selection considers only the genetic component of

the relationship between a trait and relative �tness. As such, it considers the

net association between the additive genetic components underlying the trait and

relative �tness. Unlike the Breeder's equation, because the secondary theorem of

selection makes no inference with regards to selection on the phenotype, it does not

require all traits that in�uence �tness to be included in the model, nor does it assume

that selection on the phenotype is equal to selection on the genotype (Morrissey

et al., 2010, 2012). If the latter two conditions are met, then predictions from both

models are equivalent (Morrissey et al., 2010). However, if these conditions are

not met, predictions based on the breeder's equation and the secondary theorem of

selection will di�er, with the latter considered the more robust model of evolutionary

change (Morrissey et al., 2010, 2012; Bonnet et al., 2017).

A third method of quantifying contemporary evolution is to describe the change

in estimated breeding values over time. An individuals breeding value is the sum of

the additive genetic e�ects on its phenotype (Lynch and Walsh, 1998). Whilst a
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change in true breeding values over time is synonymous with evolutionary change,

care is required when interpreting changes in estimated breeding values (Postma,

2006; Had�eld, 2008; Had�eld et al., 2010). Many applications of this approach in

studies of wild populations have generated biased and anticonservative estimates

of evolutionary change (reviewed and discussed in Had�eld et al., 2010). However,

with appropriate modelling frameworks, contemporary evolution can be quanti�ed

by the temporal change in the population mean predicted breeding value.

All of these approaches rely on accurate decomposition of phenotypic variances

and covariances into additive genetic and environmental components. The statistical

foundation for this decomposition is the so-called animal model. Animal models are

mixed-e�ects models for the phenotype that are structured with a relatedness matrix

(Henderson, 1950; Lynch and Walsh, 1998; Kruuk, 2004). The basic animal model

assumes an additive genotype-phenotype map, where an individuals phenotypeP

(with respect to the population mean value) is given by the sum of the breeding

value G and the environmental componentE, i.e. P = G + E. Animal models

estimate G by assessing phenotypic similarity among all pairs of relatives, whilst

E is described by the residual (Lynch and Walsh, 1998). As such,E is broadly

de�ned, and captures not only the e�ect of environmental factors on the expression

of traits (i.e. phenotypic plasticity), but also those of non-additive genetic e�ects

(i.e. dominance and epistasis) (Lynch and Walsh, 1998). Animal models maximize

the information on relatedness obtained from natural pedigrees and are robust

to (randomly) missing and unbalanced data, and so are considered well-suited to

inferring quantitative genetic parameters in natural systems (Lynch and Walsh,

1998; Kruuk, 2004; Wilson et al., 2010). Animal models are frequently used to

quantify evolution in the wild, by estimating breeding values and parameters for

the Breeders equation and the secondary theorem of selection (Merilä et al., 2001;

Grant and Grant, 2002; Kruuk et al., 2008; Charmantier et al., 2014). However,

the use of animal models in wild populations has revealed that despite the presence

of heritable genetic variance and selection, there is frequently no observable change
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in the mean phenotype, a phenomenon termed the paradox of stasis (Merilä et al.,

2001; Gienapp et al., 2008; Pujol et al., 2018; Walsh and Lynch, 2018).

The crux of the paradox of stasis is that quantitative genetic approaches can

accurately describe the response to selection in captive-bred organisms, but not

in wild populations. A logical �rst step in resolving this paradox is to identify

fundamental di�erences between arti�cial and natural selection. The main di�erence,

undoubtedly, is that breeders target selection on speci�c traits, whereas natural

selection acts on the full phenotype of the organism. The multivariate breeders

equation addresses this issue to a degree by accounting for indirect selection through

genetically correlated traits (Lynch and Walsh, 1998). The estimation of breeding

values is also sensitive to the omission of correlated traits that are under selection;

bias in estimation of breeding values is reduced when correlated traits are included

in the animal model (Pollak et al., 1984). The secondary theorem of selection

bypasses this problem by only considering selection at the genetic level, and

making no inference about selection at the phenotypic level (Robertson, 1966;

Price, 1970; Morrissey et al., 2012).

Another critical di�erence between arti�cial and natural selection is that of

environmental variability (Walsh and Lynch, 2018, Chapter 20). Animal and

plant breeders purposefully reduce environmental variation among individuals by

making rearing conditions as similar as possible and providing nutrition, shelter, and

protection from disease. In contrast, environmental factors in the wild may change

substantially over time and space, generating considerable variation in phenotype

and �tness within the population. In addition, dynamic environments may result in

�uctuations in the target, magnitude, and direction of selection (e.g. Price et al.,

1984; Hairston and Dillon, 1990; Grant and Grant, 2002); ignoring such e�ects

could lead to erroneous predictions of evolution in the wild.

Not only does environmental variability have a direct in�uence on evolution

in wild populations, it can also a�ect the results of statistical approaches we

use to quantify evolutionary change. Here we consider how subgroup e�ects �

environmental sources of phenotypic variation that di�er in magnitude between
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subgroups of a population � can bias estimates of quantitative genetic parameters

from animal models. Subgroup e�ects vary spatiotemporally, such that there are

broad-scale di�erences in the environmental conditions experienced among groups of

individuals within the population as a whole. If subgroup e�ects are not explicitly

accounted for, two distinct problems may arise: First, when relatives experience

di�erent subgroup e�ects, estimation of additive genetic (co)variances will be biased.

This e�ect can occur within a generation between siblings or cousins or between

generations between parents and o�spring. Second, subgroup e�ects can lead to

the regression model not capturing the causal relationship of traits on �tness, i.e.

how variation in traits determines variation in �tness. Both of these problems may

lead to misestimation of the evolutionary trajectory.

Regarding the �rst problem, if relatives consistently experience di�erent subgroup

e�ects the genotype-phenotype map is no longer strictly additive, becauseG and E

are not independent. Estimation ofVA assumes that phenotypic similarity among

relatives is due to shared genetic elements of additive e�ect on the phenotype (Lynch

and Walsh, 1998). Non-genetic sources of similarity among relatives are routinely

taken into consideration when estimatingVA using animal models (e.g. maternal

e�ects (Wilson et al., 2010), birth year (Kruuk and Had�eld, 2007), common rearing

environment (Kruuk et al., 2001), spatial autocorrelation (Stopher et al., 2012)).

Doing so prevents upward bias when estimatingVA .

Non-genetic causes of dissimilarity (rather than similarity) among relatives are

less often accounted for. If parents and o�spring experience di�erent environments

their phenotypes and �tness will be less similar than if they had experienced

the same conditions. For example, in a population growing towards carrying

capacity, parents will experience higher per-capita resource availability then their

o�spring, i.e. there is a di�erence in subgroup e�ects between parents and o�spring

with respect to resource availability. This environmentally-induced dissimilarity

among relatives could result in underestimation ofVA and misestimation of genetic

covariances and breeding values.
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When subgroup e�ects vary over time, a special case of the �rst problem occurs

when estimating the change in breeding values. Estimation of breeding values in a

simple animal model assumes that the environment is constant in time and space

across the whole population (Mrode and Thompson, 2005; Postma, 2006). Under

this assumption, estimated breeding values will partially re�ect the environmental

component of the phenotype (Postma, 2006). As such, when subgroup e�ects are

not modelled, a change in estimated breeding values may re�ect phenotypic rather

than true genetic change (Postma, 2006; Had�eld et al., 2010).

Even when relatives experience the same subgroup e�ects, the second problem �

of regression models capturing non-causal associations between traits and �tness

� can arise when selection is estimated across the entire population, as is typical

in studies of wild populations using animal models. Environmental factors that

in�uence both traits and �tness can bias estimates of selection gradients (Rausher,

1992; Stinchcombe et al., 2002). For example, consider two adjacent plots of land,

both sown with the same seeds. One plot receives fertiliser, while the other remains

unfertilised. Plants on the fertilised plot will grow taller and produce more seed

than plants on the unfertilised plot. Even if we found that there was no relationship

between plant height and number of seeds within each plot, when this relationship

is estimated across both plots, we will detect a positive covariance between plant

height and �tness (i.e. number of seeds). This would suggest selection for increased

plant height, even though no such selection pressure exists. In this case, the

regression model captures a non-causal association between plant height and �tness;

the phenotypic selection gradient is entirely dependent on environmental factors,

rather than any real e�ect of the trait on �tness.

These statistical problems are likely inherent to studies of wild populations. A

potential solution is to include subgroup-speci�c measurements of environmental

factors as covariates in the animal model, to correct phenotypes and �tness prior

to estimating breeding values, additive genetic variances, and selection. Including

subgroup e�ects as covariates changes the mean part of the animal model. Instead

of having a single population mean value around whichG and E are estimated, the
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model �ts subgroup-speci�c mean values, accounting for subgroup-speci�c di�erences

in environmental factors. This reduces the problems of non-independence ofG

and E, and of non-causal associations between traits and �tness as described

in the previous paragraphs. However, for wild populations it can be di�cult

to identify and quantify the relevant environmental factors (Walsh and Lynch

2018). Nevertheless, not accounting for subgroup-e�ects may give rise to incorrect

estimates of quantitative genetic parameters in wild populations, precluding accurate

estimation of evolutionary change.

Regardless of which model is used to predict phenotypic change, quantitative ge-

netic predictions and phenotypic observations from �eld data are rarely corroborated

with independent data characterising evolutionary change of the same population

(although see Van Asch et al., 2013 and Geerts et al., 2015) (although see Van Asch

et al., 2013; Geerts et al., 2015). Common garden experiments, in which population

samples from before and after selection are reared under identical environmental

conditions, can determine if a change in the mean phenotype is due to evolution

(Kawecki and Ebert, 2004; Pemberton, 2010). Common garden experiments remove

the in�uence of subgroup e�ects on the phenotype, and thereby overcome the

challenges posed by spatiotemporal environmental variation to quantitative genetic

predictions of evolution. A di�erence in the phenotypic mean between ancestral and

derived populations reared under common garden conditions is strong evidence for

evolution, and thus, is considered the gold standard for demonstrating evolutionary

change in natural populations (Pemberton, 2010; Walsh and Lynch, 2018). Although,

by themselves, common garden experiments do not demonstrate the causes of

evolutionary change (they do not distinguish changes caused by selection from

those caused by drift or gene �ow), they are, in principle, the standard against

which model-based predictions of evolutionary change and �eld observations of

changes in mean phenotype can be calibrated. Here we explore the problem of

accurately predicting evolution under changing environmental conditions. We used

animal models based on three years of mark-recapture data for a pedigreed, wild

experimental population of Trinidadian guppies (Poecilia reticulata) to generate
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predictions of evolutionary change based on the Breeders equation, the secondary

theorem of selection, and the change in estimated breeding values. We then

compared these predictions to observations of phenotypic change made in common

garden experiments, as well as to the phenotypic change observed in the �eld

data over the course of the study. The match was, in general, poor. However,

when we accounted for environmental change when estimating quantitative genetic

parameters, predictions based on the secondary theorem of selection and the change

in estimated breeding values better matched observation of change derived from the

common garden experiment. We discuss our results in the context of the challenges

imposed by systematic environmental change when quantifying evolution.

2.2 Methods

Overview of Experimental Design

Our two objectives in this study were to assess 1) how well quantitative genetic

predictions match observations of evolutionary change in a wild population, and 2)

whether explicitly modelling subgroup e�ects improves the accuracy of predictions.

Our study population is an experimentally-introduced, wild population of Trinida-

dian guppies. To generate predictions, we �t animal models with mark-recapture

data from our study population, then parameterised quantitative genetic models of

evolutionary change. We �t animal models both with and without subgroup e�ects

as covariates. To observe evolutionary change, we performed annual common garden

experiments comparing traits between the introduced and ancestral populations.

If quantitative genetic parameters can be accurately estimated, predictions of

evolution should match the changes observed in common garden experiments where

environmental e�ects are controlled.

We used three quantitative genetic approaches to predict evolutionary change

over a three-year period: the univariate Breeders equation, the secondary theorem

of selection, and the change in estimated breeding values. We considered a single

trait � male size at maturity � and used relative lifetime reproductive success as

our measure of �tness. Using bivariate animal models, we estimated individual
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breeding values and additive genetic and phenotypic variances and covariances

among size at maturity and �tness. We �t animal models both with and without

subgroup-speci�c environmental factors as covariates, to determine how changes in

environmental conditions over the course of the study in�uenced the expression of

traits and the estimation of quantitative genetic parameters and breeding values.

To describe the temporal dynamics of evolutionary change, we used piecewise

linear regression of the change in estimated breeding values with time, allowing

di�erent slopes in each year. Finally, we calculated the expected change in trait

values according to our three quantitative genetic approaches, and compared these

predictions to the observed change in trait values seen in (i) the study population

�eld data (i.e. without correction of subgroup e�ects), and (ii) guppies reared

under common garden conditions (i.e. corrected for subgroup e�ects). All analyses

were conducted in R (R Core Team, 2018). Data and code underlying the analyses

and �gures in this manuscript are deposited in the Dryad Digital Repository:

https://doi.org/10.5061/dryad.jm63xsj7k.

Study population

Trinidadian guppies are small live-bearing �sh native to freshwater streams in

Trinidad. Guppies display two distinct ecotypes that are de�ned by the intensity

of local predation pressure. These ecotypes di�er in a number of morphological,

life-history, behavioural, and physiological traits. For example, the low-predation

ecotype matures at larger sizes, has fewer, larger o�spring per litter, and has lower

reproductive rates than the high-predation ecotype (Reznick and Endler, 1982;

Reznick, 1982b; Reznick and Bryga, 1987). These di�erences have a genetic basis,

and have independently evolved in several di�erent streams throughout Trinidad

(Reznick, 1982a; Alexander et al., 2006). The evolution of the low-predation ecotype

is driven by increased population density, rather than directly as a result of reduced

predation pressure (Bassar et al., 2013; Reznick et al., 2019). Our study population is

located in the Lower Lalaja, a tributary to the Guanapo river in the Northern Range

mountains of Trinidad. This population is part of a long-standing introduction
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experiment, described in detail elsewhere (Travis et al., 2014; Reznick et al., 2019).

Brie�y, high-predation ecotype guppies were introduced to a closed section of

a previously guppy-free, low-predation-risk stream. This introduction replicates

the upstream invasion of guppies, which has occurred naturally multiple times.

The introduced population has since been censused monthly. Each founder and

subsequent recruits received a unique identifying mark and two scales were removed

from the caudal peduncle to sample for DNA. The mean monthly probability of

capturing an individual in a census (given that it is alive) is 0.9 ((Reznick et al.,

2019). At each census, standard length was recorded as the distance from the tip of

the snout to the hypural plate, recorded to the nearest 0.1mm; mass was recorded

to the nearest milligram; and the stage of sexual maturity in males was classi�ed

as either juvenile or mature, based on the development of the intromittent organ.

Unfortunately, we do not have a similar metric for characterising maturity status

in wild-caught females, so our study is limited to considering males only.

Mark-recapture and pedigree data

Our study focussed on the �rst three years of the experimental introduction, starting

in March 2008. Because we were interested in male size at maturity, our dataset

was restricted to those males caught and measured whilst in the juvenile stage (� 14

mm standard length), and then caught and measured a month later and determined

to have reached maturity. We recorded size at maturity as the standard length of

males when �rst recorded as having reached maturity after having been observed

to be immature in the preceding month. Using the individual DNA samples, we

constructed a microsatellite-based pedigree for the introduced population. We

used this pedigree to structure the animal models, and to calculate individual

lifetime reproductive success. Full details on genotyping, pedigree construction,

and estimation of lifetime reproductive success are provided in the supplementary

material. Our �nal phenotypic dataset included 851 individuals, for which accurate

estimates of lifetime reproductive success and size at maturity were available. We

trimmed our pedigree to exclude lineages for which we had no phenotypic data.
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Our �nal pedigree contained relatedness data for 1506 individuals (male and female)

over three years, with a maximum depth of 7 generations. We estimated monthly

population density as the number of individuals captured in a given months census,

adjusted for capture probability, divided by the total area of the stream.

Common garden experiments

Juvenile guppies (� 12mm standard length) from the introduced and ancestral

populations were collected at yearly intervals following the introduction, from 2009

to 2011. To account for maternal and environmental e�ects, guppies were reared

for two generations under controlled environmental conditions. Fish were reared

with a crossing design that sustained the genetic diversity of the founders, and

avoided inadvertent selection by equally representing each line in each generation

(Torres-Dowdall et al., 2012; Handelsman et al., 2013; Ruell et al., 2013; Reznick

et al., 2019). In the common garden experiments, guppies were reared at either

high or low food levels. Because there was no e�ect of any interaction between food

level and population (ancestral or introduced) on size at maturity (Reznick et al.,

2019), we pooled data across food treatments to increase sample sizes. Male size

at maturity was recorded for second-generation lab-born guppies.

Observations of phenotypic change

We had two sources for observations of phenotypic change: the common garden

data allowed us to quantify change between ancestral and introduced populations

when subgroup e�ects were controlled, and the mark-recapture data (which were

used to �t the animal models) provided measures of the phenotype in the wild,

without any correction for subgroup e�ects. To calculate observations of change in

the common garden data, we tested for phenotypic divergence between ancestral

and derived populations with Bayesian generalized linear mixed e�ects models using

MCMCglmm (Had�eld, 2010). Full details of the model �tting process are given in

the supplementary material. We analyzed each year separately, including population

(ancestral or derived) as a �xed e�ect. We accounted for relatedness among

individuals within populations by �tting full-sibling family identity as a random
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e�ect. Sample sizes from the ancestral (NA ) and introduced (N I ) populations

in each year were: 2009,NA =68, N I =45; 2010, NA =52, N I =29; 2011, NA =41,

N I =40. The di�erence in the mean trait in the introduced population, relative

to the ancestral, is given by the coe�cient for population.

For the mark-recapture data, we usedMCMCglmm (Had�eld, 2010) to �t a

piecewise linear regression of size at maturity against time (months since intro-

duction), allowing di�erent slopes in each year of the study. The intercept of the

model provides the mean initial size at maturity, and estimates of mean size at

maturity can be obtained for any month during the study.

Estimating quantitative genetic parameters

Using the �eld data (N=851) and pedigree, we �t bivariate animal models in the form:

[z; W] = bX + D 1a + D 2m + Ie (2.3)

in which size at maturity (z) and lifetime reproductive success (�tness) (W) are

estimated as functions of a matrix of �xed e�ects (b) and random e�ects of breeding

value (a) and maternal identity (m) which account for variation due to additive

genetic and maternal e�ects, respectively. Breeding values were estimated based

on a covariance matrix structured by pair-wise relatedness of all individuals in the

pedigree (Lynch and Walsh, 1998). Maternal identity was included to account for

phenotypic similarity among siblings arising from their shared maternal environment.

X , D 1, and D 2 are design matrices linking trait and �tness observations to the

�xed and random e�ects. The residual environmental variation in traits and �tness

is captured in e, which is linked to individual observations by the incidence matrix

(I ). Animal models were �t using MCMCglmm (Had�eld, 2010), generating 8000

samples of the posterior distribution. Full details and code for the model �tting

process are given in the supplementary material.

By �tting bivariate models, we estimated the variance-covariance matrices

among size at maturity and relative �tness due to additive genetic (G), maternal
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environment (M ), and residual environmental e�ects (E). For example, theG-

matrix is given by:

G =

"
VA (z) covA (z; W)

covA (W; z) VA (W)

#

(2.4)

whereVA and covA are the additive genetic variances and covariances, respec-

tively, of z and W. The same structure is used forM and E, and the total

phenotypic variance-covariance matrix (P) is given by P = G + M + E. This

bivariate decomposition allowed us to estimate breeding values and parameters for

the Breeders equation and the secondary theorem of selection in the same model. To

estimate the per-generation response predicted by the Breeders equation (Eqn. 1),

we multiplied VA (z) by the selection gradient, which we calculated as the phenotypic

covariance between the trait and �tness, divided by the total phenotypic variance, i.e.

�z =
covA (z; W) + covM (z; W) + covE (z; W)

VA (z) + VM (z) + VE (z)
(2.5)

Note that because we used a log-link function to transform absolute lifetime

reproductive success (W), estimates on the latent scale are converted from absolute

to relative lifetime reproductive success (w): this is because the log-link function

essentially divides values of absolute �tness by the mean of absolute �tness (Smouse

et al., 1999; Firth et al., 2015; Bonnet and Postma, 2018; Bonnet et al., 2019),

meaning that our estimates of�z are equivalent to selection gradients as described

by Lande and Arnold (1983). For the same reason, the additive genetic covariance

between trait and �tness converts from absolute (covA (z; W) to relative �tness

(covA (z; w)) on the latent scale. For the secondary theorem of selection (Eqn. 2),

the per-generation response is given bycovA (z; w).

Temporal dynamics in breeding values and drift

To assess the temporal dynamics of the evolution of size at maturity, we modelled

the change in estimated breeding values over time. Using the estimated breeding

values from our animal models, we �t piecewise linear regressions of estimated

breeding values by monthly cohort. We chose this approach to allow the direction



2. Environmental change, if unaccounted, prevents detection of cryptic evolution in
a wild population 41

and rate of genetic change (i.e. the slopes of the model) to di�er in each year of

the study, because oura priori expectation is of a delay in the onset of evolution

of size at maturity (Reznick et al., 2019). We �t these models across all Bayesian

posterior samples to account for uncertainty in estimated breeding values and the

correlational structure of error terms (Had�eld et al., 2010), generating a posterior

distribution of the monthly change in mean breeding value for each year (i.e. we

used a piecewise linear regression modi�cation of the approach used in e.g. Pigeon

et al., 2016; Bonnet et al., 2019). To illustrate non-linear temporal dynamics of

estimated breeding values, we also �t a general additive model with a smoothing

function to each iteration of the Monte Carlo Markov chain used to sample from

the posterior, as above, using the R-packagemgcv (Wood, 2017).

A change in breeding values may arise from genetic drift. We simulated genetic

drift by generating 8000 sets of random breeding values, based on the posterior

distribution of VA (z) and the pedigree (Had�eld et al., 2010). We then �t the

piecewise linear regression model described above using these random breeding

values, to simulate the change in estimated breeding values that could be explained

by genetic drift. We calculated the posterior probability that changes in mean

estimated breeding values (� eBV) were greater than expected due to genetic drift

(� eBVd) as the proportion of posterior samples of� eBV that were greater than

the equivalent posterior samples of� eBVd (e.g. as in Had�eld et al., 2010).

Including subgroup e�ects as covariates

Because we wanted to test how subgroup e�ects can in�uence estimation of

quantitative genetic parameters, we ran two types of model. In the �rst, the

only �xed e�ects were the population mean values for each response variable. Our

predictions for the non-corrected Breeders equation, secondary theorem of selection,

and change in estimated breeding values were derived from this model. In the second,

we also included subgroup-speci�c measures of environmental variables as �xed

e�ects. This allowed us to test how the expression of traits and �tness are in�uenced

by known environmental variables, and to determine how correcting phenotypes



2. Environmental change, if unaccounted, prevents detection of cryptic evolution in
a wild population 42

for subgroup e�ects in�uenced estimation of breeding values and quantitative

genetic parameters. We de�ned a subgroup of guppies as those that attained

maturity in the same month, allowing us to account for broad-scale temporal

changes in environmental factors in�uencing the population. Our subgroup-speci�c

environmental factors were population density, season (rainy or dry), and their

interaction, which we included as �xed e�ects in the animal model. We expect

that population density and season a�ect resource availability, which in turn is

likely to in�uence the means and variances of traits and �tness. Trinidad has a

pronounced rainy season from June to December, during which �ooding scours the

streams of invertebrates and algae, reducing the availability of food for guppies.

Population density is also likely to a�ect resource density, but we expect the

relationship between population density and resource availability to change as the

carrying capacity changes between seasons. A potential issue with correcting our

measure of �tness for population density is that population density is a function of

mean �tness: over a single time-step, population growth rate and mean absolute

�tness are equivalent (Engen et al., 2009). However, our measure of population

density applies to the month in which male guppies attained maturity, which is,

by de�nition, before those individuals have contributed to population growth with

their own o�spring. This decouples individual lifetime reproductive success from

the population density measure applied to that individual. We tested whether

subgroup e�ects di�ered between generations by calculating the mean di�erence

in population density experienced at maturity between sires and their o�spring.

We did this by �tting a linear model of population density with relation (o�spring

or sire) as a �xed e�ect, and included sire-o�spring pair as a grouping factor

(i.e. random e�ect). The intercept of the model is the mean population density

experienced by o�spring, and the slope gives the mean di�erence in population

density experienced by sires. A negative value of the slope indicates that sires

experienced lower population densities than their o�spring. We �t this model using

MCMCglmm (Had�eld, 2010), using default settings and priors.
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Covariance between a trait and �tness may arise due to a.) a causal e�ect

of the trait on �tness; b.) selection on a correlated (unmeasured) trait; and/or

c.) environmental covariance between the trait and �tness (Walsh and Lynch,

2018). When the covariance is generated by b.) and/or c.) the estimate of the

causal e�ect of the trait on �tness (i.e. the phenotypic selection gradient) will

be biased. Bias can be detected by decomposition of the phenotypic selection

gradient � P into additive genetic (� A = covA (z; w)=VA (z)) and environmental

(� E = covE (z; w)=VE (z)) selection gradients: selection is biased when� A 6= � E

(Rausher, 1992; Stinchcombe et al., 2002; Had�eld, 2008). If the focal trait is

the sole determinant of variation in �tness (i.e. the true target of selection),

then � P = � A , and predictions from the Breeders equation and the secondary

theorem of selection will be equivalent (Morrissey et al., 2010, 2012; Walsh and

Lynch, 2018). We assessed the bias in our estimates of selection by calculating the

posterior probabilities that � E > � A and � P > � A . By �tting an animal model

with subgroup e�ects as covariates, we estimated� P conditional on the subgroup

e�ects, thus removing the e�ect of c.) due to changes in population density and

season. Remaining bias would indicate that unmeasured correlated traits (or other

environmental factors) also in�uence variation in �tness.

Comparing predictions and observations

We assume that the di�erence in trait values between ancestral and introduced

guppies in the common garden experiments re�ects the true genetic change. To

compare predictions of change with observations of change in the �eld and the

common garden experiments, we multiplied the per-generation predictions from

the Breeders equation and the secondary theorem of selection by the mean number

of generations elapsed after 3 years (mean generation time was 7.90 months

(N=1457, SD = 3.15); see the supplementary material for details on this calculation).

Because the common garden data and the �eld data used to �t the animal models

are independent, we could directly calculate the posterior distribution of the

di�erences between predictions and observations. For example, the di�erence
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between predictionA and observationB was obtained by subtracting the posterior

distribution of B from that of A. The resultant distribution of the di�erence, jA � B j,

captures the magnitude and uncertainty of the di�erence between estimates. Note

that due to slight skew in posterior distributions, the mode ofjA � B j may not

be equal to the mode ofA minus the mode ofB . We de�ne a di�erence (e.g.

jA � B j) as statistically clear when the 95% credible intervals of the distribution

do not include zero.

2.3 Results

Observations of phenotypic and environmental change

Parameter estimates provided in the following sections are the modes of the posterior

distributions of estimates, with 95% credible intervals given in parentheses.

Male size at maturity as measured in the �eld was highly variable (Fig. 1A). At

the onset of the experiment, mean size at maturity (�z) was 17.66 mm (17.17; 18.07);

�z declined after two years (after 1 year,�z = 17.62 mm (17.47; 17.78); after 2 years,�z

= 16.29 mm (16.18; 16.43)), before increasing to slightly less than the initial size in

the third year (after 3 years, �z = 17.41 mm (17.21; 17.61)). Mean total population

density increased each year following the introduction (Fig. 1B, year 1: mean=0.56

N m� 2, SD=0.25 N m� 2, N=11; year 2: mean=1.69 N m� 2, SD=0.38 N m� 2,

N=12; year 3: mean=2.55 N m-2, SD=0.36 N m� 2, N=12). In the common garden

experiments, mean size at maturity relative to the ancestral population increased

slightly in the �rst year of the study, then decreased slightly in the second, followed

by a clear increase in the third year (i.e. 95% credible intervals of the change do not

overlap zero, Fig. 2). By contrast, mean size at maturity as measured in the �eld

was only clearly lower in the second year of the experiment (Fig. 2). Observations of

change in size at maturity clearly di�ered between the �eld and the common garden

in years 2 and 3 (j� zCG2 � � zF 2j = 1.00 mm (0.36; 1.70);j� zCG3 � � zF 3j = 0.70 mm

(0.07; 1.31)), but not in year 1 (j� zCG1 � � zF 1j = 0.34 mm (0.33; 1.03)) (Fig. 2).



2. Environmental change, if unaccounted, prevents detection of cryptic evolution in
a wild population 45

Figure 1: Raw data showing changes in (A) male size at maturity and (B) population
density over time. Data are shown on a monthly basis for the �rst 3 years of the
introduction experiment. Data points in (A) are jittered on the x-axis to facilitate
visualisation of similar values. Vertical dashed lines highlight changes in year of study.
Observations in the dry season are given in yellow, observations in the rainy season are in
blue.

Environmental in�uence on size at maturity and �tness

The environmental subgroup e�ects that we measured population density and season

strongly in�uenced the expression of both size at maturity and �tness. The size at

which male guppies attained maturity decreased as population density increased

(� pop = � 0.66 mm per N m� 2, (� 0.80;� 0.51)). Guppies tended to mature at smaller

sizes during the rainy season (� rainy = � 0.72 mm, (� 1.09; � 0.37)). There was an

interaction between population density and season, such that the negative e�ect of
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Figure 2: Annual observations of mean change size at maturity in the common garden
experiments (blue) and in the mark-recapture �eld data (red). Changes in the common
garden are based on comparisons between the grand-o�spring of individuals sampled from
the ancestral and experimental populations each year, reared under common conditions.
Observations of change in the �eld data are of size at maturity, as measured in the
experimental population, and �t with a piecewise linear model, allowing for di�erent
slopes in each year.

increasing population density on size at maturity was around 1.7 times greater during

the dry season than in the rainy season (� rainy :pop = 0.33 mm per N m� 2, (0.15; 0.51)).

The relative lifetime reproductive success of male guppies was in�uenced by the

environmental conditions they experienced in the month prior to maturity. Guppies

had lower �tness w if they attained maturity at times of increased population

density (� pop = � 0.59 per N m� 2, (� 0.85; � 0.33)), and tended to have lower

�tness if they attained maturity during the rainy season (� rainy = � 0.67, (� 1.30;

� 0.03)). Again, there was an interaction between these factors, meaning that the

decrease inw with increasing population density was strongest during the dry

season (� rainy :pop = 0.33 per N m� 2, (0.01; 0.65)).

Subgroup e�ects di�ered across generations: on average, the population densities

experienced by o�spring were� 40% greater than those experienced by their sires

(mean di�erence in population density at maturity of sire relative to that of o�spring

= � 0.59 N m� 2 (� 0.63; � 0.55); Fig. S3).

The impact of subgroup e�ects on estimation of quantitative genetic pa-
rameters

We ran two animal models which di�ered in whether subgroup e�ects were included

as covariates. In both models, we detected signi�cant additive genetic variance (VA )
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Table 1: Components of variances and covariance from animal models �t with and
without subgroup e�ects SG as covariates. Posterior modes and 95% credible intervals (in
parentheses) are provided for estimates of variancesV and covariancescov relating to size
at maturity z and relative �tness w. We used lifetime reproductive success as our measure
of �tness. Subscripts A, M , and E denote, respectively, the additive genetic, maternal
environment, and residual environmental components of the total phenotypic varianceP.
Note that calculations of VP and cov(z; w) were performed on the posterior distributions
of their components; the sum of the modes of components does not necessarily equal the
mode of VP . Estimates for which 95% credible intervals do not overlap zero are given in
bold.

Trait Parameter Estimates
Without SG Including SG

Size at maturity (z) VA 0.36 (0.21; 0.56) 0.32 (0.17; 0.47)
VM 0.10 (0.05; 0.20) 0.09 (0.04; 0.16)
VE 0.51 (0.39; 0.66) 0.46 (0.35; 0.60)
VP 1.01 (0.91; 1.13) 0.89 (0.81; 0.99)

Relative �tness (w) VA 0.47 (0.18; 0.84) 0.73 (0.36; 1.31)
VM 0.12 (0.04; 0.29) 0.10 (0.04; 0.27)
VE 1.24 (0.90; 1.63) 0.97 (0.60; 1.38)
VP 1.89 (1.61; 2.28) 1.92 (1.62; 2.29)

cov(z; w) covA (z; w) 0.09 (0.25; 0.08) 0.11 (0.07; 0.28)
covE (z; w) 0.20 (0.05; 0.35) 0.02 (0.18; 0.13)
covP (z; w) 0.17 (0.04; 0.28) 0.11 (0.01; 0.22)

for size at maturity z and relative �tness w (Table 1). Maternal e�ects accounted

for small but signi�cant proportions of the total phenotypic variance (VP ) in both

z and w (Table 1). Residual environmental variance explained the majority of

VP in both size at maturity and relative �tness (Table 1). If relatives experience

di�erent subgroup e�ects, estimation of additive genetic (co)variances and breeding

values may be biased when subgroup e�ects are not modelled (i.e. the �rst problem

outlined in the Introduction). We found little di�erence between estimates of

VA (z) between models �t with and without subgroup e�ects, but VA (w) was around

50% greater when subgroup e�ects were included in the animal model (Table 1).

Accounting for subgroup e�ects had a pronounced e�ect on the estimation of the

additive genetic covariance between size at maturity and relative �tnesscovA (z; w):
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when subgroup e�ects were included, the sign ofcovA (z; w) changed from negative

to positive (Table 1). Accordingly, when subgroup e�ects were not modelled, the

secondary theorem of selection predicted a per-generation decrease in mean size at

maturity of 0.09 mm (� 0.07; 0.25), but predicted an increase of 0.11 mm (� 0.07;

0.27) per generation when subgroup e�ects were accounted for. Note that while

the credible intervals for both of these estimates span zero, the former indicates

an 85.2% posterior probability thatz will decrease, while the latter indicates an

86.6% posterior probability that z will increase.

When unmodeled subgroup e�ects vary over time, changes in estimated breeding

values may re�ect phenotypic, rather than genetic change. For both models, the

change in estimated breeding values over the duration of the study was non-linear,

but could be approximated as linear on an annual basis (Fig. 3). Without modelling

subgroup e�ects, the change in estimated breeding values resembled the phenotypic

change seen in the �eld data: there was no clear change in mean breeding value

in the �rst year ( � BV 1 = 0.01 mm month� 1 (0.00; 0.02)), a decrease in the

second year (� BV 2 = � 0.03 mm month� 1 (� 0.05; � 0.01)), and an increase in the

third year ( � BV 3 = 0.05 mm month� 1 (0.02; 0.07)) (Fig. 3A, c.f. Fig. 2). By

contrast, when we modelled subgroup e�ects, the pattern in the breeding values

resembled that in the common garden experiments: there was no clear change in

the �rst two years ( � BV 1 = 0.00 mm month� 1 (� 0.01; 0.01);� BV 2 = � 0.01 mm

month� 1 (� 0.03; 0.01)), but there was a clear increase in the third year (� BV 3

= 0.03 mm month� 1 (0.01; 0.05)) (Fig. 3B, c.f. Fig. 2). After three years, the

posterior probability that the increase in estimated breeding values was greater

than expected due to genetic drift was 98.0%.

If subgroup e�ects are present, but not modelled, the phenotypic selection

gradient may capture a non-causal association between the trait and �tness (i.e. the

second problem outlined in the Introduction). Without modelling subgroup e�ects,

we found that male guppies that matured at a larger size had higher relative �tness,

indicating positive phenotypic selection for this trait (� P =0.16 mm� 1, (0.05; 0.28),

Fig. S2); for comparison with other studies, the standardized selection gradient
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