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Chapter 1

Nothing in life is to be feared, it is only to be understood. Now is the time to understand
more, so that we may fear less.
-Marie Curie

1

Animal personality, defined as consistent individual differences in behavioural tendencies, is a ubiquitous phenomenon, occurring in most taxa. Animal personality research
and more generally, ‘personality-thinking’ has shifted the focus of behavioural studies from viewing behaviours as independent entities to a more integrated view of behavioural structure or behavioural organisation. Thus individual variation is being
considered more and more as an important factor for understanding behaviour rather
than noise. In this thesis, I am broadly concerned with how movement, be it long
distance migration or small-scale foraging movements, is related to personality differences. Differences in movement tendencies are seen within and between populations
and are often associated with whole suites of behavioural traits. In my thesis, I take an
integrative approach, combining ecological (‘eco’), evolutionary (‘evo’), and developmental (‘devo’) perspectives, to study the link between movement and personality. To
this end, I use a combination of empirical (using three-spined sticklebacks, Gasterosteus aculeatus) and theoretical modelling studies. Here, I first introduce the concept
of ‘animal personality’, sketching the history of the concept and its link to human personality. Second, I briefly review various approaches to animal personalities (eco, evo,
devo) and the need for an integrative approach. Third, I focus on the causes and consequences of movement-related personality differences that form the core of my thesis.
Finally, I briefly outline the various chapters of my thesis.

Why study individual variation?
What can we hope to achieve by probing the why’s and how’s of individual differences?
Consider the following (adapted) analogy from John and Robins (2022). If Martians
were to come to Earth and observe the nature of how transportation systems, particularly cars, in human societies work, they would be looking at two similar yet profoundly
different questions. First, they would set out to unravel what characteristics comprise
the general essence and nature of a car (presence of wheels, engine that makes the
wheels rotate, a seat for a human etc.). Second, they would need to find a way to
describe the variation we see in cars (to determine if there is an optimal car) including
but not limited to whether these variation change in some way the aspect of transportation (functional) or not (noise, unrelated to transportation). However, knowing
that the facets of variation can be immense - colour, size, weight, colour of internal
wiring, the fuel requirement, the speed, to name a few, it is important to classify and
meaningfully understand the nature of such variation, according to the interest of the
researcher. Variation in speed and colour need not be correlated but speed and type
of fuel are necessarily correlated, and perhaps also connected to the shape of the car.
For example, racing cars may come in a variety of colours while tractors do not. Is this
variation interesting? Perhaps, but it may not be related directly to its functioning.
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However, the shape of a racing car is designed to be light, aerodynamic, to fit one
person and to move at immense speeds whilst that of a tractor is to handle heavy
loads and be robust, not necessarily to move at high speeds. It is of some importance
to understand that a perfect car, moving at great speeds and being robust to heavy
loads, cannot be achieved (in case of organisms, such perfect organisms, freed from all
trade-offs and constrains, are called ‘Darwinian demons’). This information is integral
to understanding the functioning of cars, especially in revealing the non-independence
of parts and how they function with the overall environment that they are used in.
As outlined above, structured variation is the raw material for uncovering links and
underlying architectures, which are essential for a complete understanding of car transportation. It would be a mistake to consider such structured variation as ‘noise’, at it
is the very thing that gives us extra information about the system and the trade-offs in
a top-down approach. An alternative (bottom-up) approach to understand the structure and functioning of a car would be to disrupt certain components and observe the
implications of such a disruption. Such an approach is, for example, used in Molecular
Genetics, where genes are systematically knocked out to reveal their function (‘lossof-function’ mutations). In the behavioural sciences, where information on the system
under scrutiny is much more coarse-grained and complex, a corresponding bottom-up
approach does not seem realistic. The essence of ‘personality thinking’ lies in making
use of the information embedded in structured ‘noise’ and understanding behaviours
as integrated and co-adapted traits. With this, I hope to have sufficiently convinced
the reader of the importance of delving into the intricacies of individual differences and
the interesting puzzle it both creates and solves.

A brief history of animal personality
Individual phenotypic differences within animal populations are a widespread phenomenon that has been observed and studied for a long time. Famously, Darwin acknowledged the importance of phenotypic variation and considered it as valuable raw
material for natural selection to act upon. Phenotypic variation not only comprises
morphological but also behavioural variation. However, since behaviour was almost
always considered more flexible than morphological traits, differences in behaviours
did not attract extensive studies. Although biologists were always aware of individual
variation in behaviour, it was for long considered as ‘noise’ around a population’s ‘true’
mean. Only in the last decades, it is being realised that individuals exhibit consistent
behavioural differences even in the absence of other obvious differences such as sex,
size, morphology etc. This raised questions about its causes and adaptive value (e.g.
in physiology, Bennett 1987; ecology and evolution, Bolnick et al. 2003, Réale et al.
2007; epidemiology, Lloyd-Smith et al. 2005, Breckling et al. 2006).
Systematic consideration of individual behavioural differences started with human psychology research, wherein the term personality was used to describe behavioural aspects that were consistently different between individuals. In human psychology, the
currently widely accepted model describing the structure of behavioural variation and
personality differences is the five-factor model (Costa et al. 2001; Gosling 2001). Human
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subjects are classified along five ‘independent and orthogonal’ axes (McAdams 1992),
that are named extraversion, agreeableness, conscientiousness, neuroticism and openness. These axes comprise a large number of subtle individual traits themselves, but
the idea behind the five-factor model is to distil these unique differences into broader
categories. These classifications are then used to either ask how these traits came to
exist (development and stability of personalities), or to predict, for example, individual
differences in socio-economic status or susceptibility to a certain illness.
More recently, the concept of personality has been extrapolated to animals (Gosling
and John 1999), upon repeatedly finding that individuals within a population differ
consistently and systematically from each other in their behavioural tendencies. ‘Animal personality’ is often defined as individual differences in behavioural tendencies that
are consistent over time and contexts (or a variation of that definition, Dall et al. 2004;
Stamps and Groothuis 2010a; Sih et al. 2015; Kaiser and Müller 2021). Correlations
between functionally different behavioural tendencies, such as ‘aggressiveness’ (the tendency to show agonistic behaviour toward conspecifics) and ‘boldness’ (the tendency
to exhibit risk-prone behaviour in a potentially dangerous situation), are referred to as
‘behavioural syndromes’ (sensu Sih et al. 2004) or ‘coping styles’ (Koolhaas et al. 1999).
The concept and the methodology used in ‘animal personality’, is markedly different
from those used in human personality studies. Although some have classified animal
personalities into five axes (exploration, activity, aggressiveness, sociability, and boldness), such a classification is completely different from the five-factor model of human
personality. Moreover, there are many more ’animal personality traits’ than the five
listed above, including responsiveness to environmental change, and the tendency to
move to another environment (Réale et al. 2007).

Implications of animal personality
Personality differences may be underpinned by genetic variation, (Van Oers et al. 2010);
developmental plasticity (Stamps and Groothuis 2010b); physiological and metabolic
states (Careau et al. 2008); via social environment (Bergmüller and Taborsky 2010;
Fischer et al. 2017); parental effects (Potticary and Duckworth 2020), and so on. Irrespective of these different underlying mechanisms leading to personality differences,
there is accumulating evidence these differences are linked to variation in survival and
reproductive success in many cases (e.g. Cote and Clobert 2007; Boon et al. 2008;
Nicolaus et al. 2012; Mouchet et al. 2021). These can have potential implications at
the population, up to the ecosystem levels (Wolf and Weissing 2012).
Not only do animal personalities affect population dynamics, for example, by increasing
carrying capacity due to specialisation and competition avoidance, animal personality
can also affect intra- and interspecific interactions via non-random distribution of personality types over space (an extensive account of ecological and evolutionary consequences is reviewed in Wolf and Weissing 2012). In many cases, these may be cascading
effects, due to complex feedback from individual to population to community level dynamics. Therefore, animal personalities, that are ubiquitous in nature have widespread
consequences extending to populations and ecosystems (Svanback and Bolnick 2007;
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Dall et al. 2012; Wolf and Weissing 2012).

An integrative approach to studying animal personality
My PhD project was based on a research proposal that was entitled ‘Eco-evo-devo of
migration syndromes’. The aim was to study personality differences related to migration from an ecological, evolutionary, and developmental perspective, and to also
consider links between these perspectives. Such links are important, because the environment (eco) can play a selective (evo) and an inductive role (devo) for phenotypic
variation and the three components need to be studied on equal footing to understand
the complex feedback among them.
Evolutionary theory predicts that consistent individual variation and its development
reflect the signature of the environment. Indeed, environment (eco) is the driver of
genotypic and phenotypic variation and covariation, while development (devo) acts
as a regulator by orchestrating various genetic components and physiological modules
leading to systematic phenotypic variation, thereby mediating interactions between
genes and environment. Individual variation can correspond to fitness differences leading to selection on phenotypes (evo) that are particularly suited to the environment.
Eco-evo-devo as a field recognises that organisms are continually subjected to changing
environment and development plays a mediating role in the interaction of genes and
ecology, thus feeds back on ecosystem level and these themselves may be subject to
evolution, thus necessitating an integrative approach (Beldade et al. 2011; Abouheif
et al. 2014). Combining this with our knowledge potential implication of personalities
(mentioned above), it seems necessary to take such an integrated approach in studying
animal personalities.

Links between movement and personality
Animal movement takes vastly different forms; from the scales of movement (local
foraging to trans-oceanic migrations), to medium of migrations (land, water or air);
either solitary or in social groups of hundreds and spanning different periods of times.
An interesting aspect of movement is that individuals within a population commonly
vary in their movement tendencies. Individuals differ consistently from one another
in various aspects, including speed and duration of movement, and the nature and
amount of local information used for movement decisions (Shaw 2020).
There are a several good reasons to think that movement and personality are intimately
related: (1) Even if the local conditions are favourable over longer duration, it is
often selectively advantageous to produce not only philopatric offspring, but also some
offspring that move on to other habitats. The production of mixed movement types
may be viewed as a ‘bet-hedging strategy’, which prevents that all descendants are
lost if the current conditions change or if the current location is struck by disaster.
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This general principle explains why different movement types coexist throughout the
animal kingdom and why such differences can even be found among siblings or in clonal
organisms. (2) Individuals differing in movement strategies are exposed to very different
challenges and to different environments. From an adaptive perspective, it is therefore
to be expected that differences in movement are associated with many other phenotypic
differences, including differences in morphology (e.g. body size, movement apparatus,
armament), physiology (e.g. metabolic rate), and behaviour (e.g. responsiveness to
environmental cues, exploration tendency, boldness).
Indeed, it has been recognised that different movement tendencies co-vary with several
morphological (e.g. body size, muscle density) and behavioural traits (e.g. aggressiveness, exploratory tendency, neophilia), thus forming a syndrome in many cases. In the
context of dispersal or migration, moving individuals differ from residents in suites of
traits that either make movement more effective and efficient or reduce the costs associated with movement. The functional integration between movement tendencies and
other phenotypic traits is termed ‘dispersal syndrome’ or ‘migration syndrome’ (Dingle
2006). One well-studied example of ‘dispersal syndromes’ is the case of western bluebirds (Sialia mexicana), where more aggressive males are more successful in dispersing
to and colonizing new habitats and out-competing heterospecifics. Therefore, mean aggression level is typically high in newly established populations and rapidly decreases
across generations through negative density-dependent selection on aggression (Duckworth and Badyaev 2007; Duckworth et al. 2015). Even when movement takes place in
the context of foraging or mating, variation in movement tendencies can also be associated with personality variation. For example, in a foraging context, whenever there are
spatiotemporally varying resources, animals employ different movement strategies to
deal with environmental changes - whilst some are responsive to environmental change
and track the resource peaks, others are unresponsive and benefit mostly from the
movement of responsive individuals (in mallard ducks, Harper 1982; in pigs, Bolhuis
et al. 2004). These differences can be maintained by frequency-dependent selection
on responsiveness in a changing environment (Wolf et al. 2008). Furthermore, these
differences can be associated with different sensory and movement abilities to track
environmental change, metabolic needs and stress response to changes, thus forming a
link to also proactive-reactive personality types (Koolhaas et al. 2010).

Implications of individual variation in movement tendencies
Movement forms a link between an organism and its environment, thus having consequences for meta-population dynamics, spatial distribution, and range expansion. It is
integral for species persistence in many cases (e.g. presence of dispersers and philopatric
individuals is necessary for meta-population persistence in the western bluebirds, Duckworth and Badyaev 2007). These personality-dependent movements can result in different clustering of behavioural types in heterogeneous habitats (Spiegel et al. 2017).
Small variations in movement and space use can create a positive feedback between
ecological conditions and evolution of individual differences in movement strategies
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themselves. For example, variation in dispersal and movement tendencies can lead
to spatial sorting of dispersers at the range front, which in turn increases variation
leading to a positive feedback loop (Shine et al. 2011). Movement is thus affected by
several ecological processes and has far-reaching effects on population dynamics and
spatial distribution of organisms. This subsequently affects inter-specific interaction
and ecosystem dynamics themselves and has the potential to create eco-evolutionary
feedback (Shaw 2020). Thus, it is imperative to take an integrative approach, as mentioned above, to study movement tendencies and personality.

Outline of this thesis
In this thesis, I have taken a two-pronged approach (empirical studies and theoretical
modelling) to study movement and personality in an integrative manner.
I used the three-spined stickleback system of migratory and resident populations to
investigate the following:
1. Do individual movement tendencies (migration tendencies) co-vary with other
behavioural traits forming a migration syndrome? (eco of movement and personality; descriptive study in Chapter 2)
2. What mechanisms underlie the behavioural divergence observed between resident
and migratory populations? (devo of movement and personality; common garden
experiment in the lab in Chapter 3)
3. How stable are individual- and population-level behavioural differences across social and ecological contexts? (eco-evo of movement and personality; experiments
in a semi-natural mesocosm in Chapters 4, 5)
In addition to empirical work, I participated in two modelling studies that aim to
answer the questions,
1. When and how do spatio-temporal fluctuations of the environment lead to the
evolutionary emergence of individual differences in resource competition strategies? (eco-evo of movement and personality, Chapter 6)

Empirical study system
All empirical work reported in this thesis has been conducted with three-spined sticklebacks. For this thesis, we used sticklebacks because: (1) They form populations
of migrants and residents in the same region, thus allowing comparison of movement
types and related differences and drawing conclusions regarding the impact of humaninduced habitat fragmentation over short times (also see below); (2) They have been
shown to have different personality types and syndromes within and between populations (e.g. Bell and Stamps 2004; Dingemanse et al. 2007) thus having a foundation for
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Figure 1.1 – The waterways of Groningen, in the north of the Netherlands.
The river inlets are shown. Sticklebacks migrate from the sea from the Ems-Dollard
estuary into freshwater river systems in spring to breed and return to the sea for autumn (Green arrows). Most or all of the side arms and smaller channels of the river
are blocked off from the main river and hence connection to the sea is lost, creating
several replicate populations of land-locked sticklebacks that spend their whole life cycle
in freshwater (red). This field system is also equipped with large PIT (Passive integrative transponder) stations, to monitor tagged fish as they pass through the rivers (seen
as blue dots). Picture credits: Mavromatika.
hypotheses on movement related personality differences; (3) Multiple mechanisms underlie personality variation in this system, including genetics (Greenwood et al. 2016),
developmental plasticity (Dingemanse et al. 2009; Langenhof and Komdeur 2018) and
parental effects (Stein et al. 2018).
Field studies – migrant and resident sticklebacks
In the last 50 years in the Netherlands, man-made barriers (such as pumping stations
and sluices) have been extensively built in rivers to maintain water levels below sealevel, with the consequence that some of the side water drainages are cut-off from
the main river channel. This created an unintended natural field experiment, wherein
several populations of anadromous three-spined sticklebacks (‘migrants’) have become
land-locked (‘residents’) in some of these replicate side-arms of the river. Over contemporary timescales, we expect resident populations of sticklebacks to have experienced
very different selection pressures by completing their life-cycle entirely in freshwater
as opposed to the ancestral migrants, that spend a significant part of juvenile growth
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Figure 1.2 – Migrant and resident stickleback with scale. Adult residents are,
on average, almost half the size of adult migrants in the wild populations. Photo credit:
Ben Kawam

at the sea, during winter. We used this field system to study whether resident and
migrant stickleback populations exhibit consistent phenotypic differences (morphology
and personality), as a result of this recent human-driven change. To establish the diversity in behavioural types, we conducted extensive field work around the year along
different drainages in the province of Groningen, the Netherlands. Wild sticklebacks
of migratory origin were caught at the mouth of the rivers while resident sticklebacks
were caught from land-locked river inlets (Fig. 1.1).
The migrant and marine populations of sticklebacks have a wide geographic distribution and show near uniform morphologies throughout the Northern Hemisphere
(Walker and Bell 2000). These stickleback populations have changed very little over
the past 7 – 12 million years (Bell and Foster 1994). This is partly due to high levels
of inter-connectedness between oceanic populations, leading to gene flow (Taylor and
Donald McPhail 2000), suggesting that little genetic drift is likely to have occurred in
them over the last few decades. Hence, they can be considered ‘true’ ancestors to infer
phenotypic divergence in resident sticklebacks.
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Figure 1.3 – Studying behaviours in the lab. Lab behavioural assays are conducted
in standardized setup and most importantly tested focal individuals in isolation, giving
fine-scaled resolution into behaviours of individuals. Here we show the system of boxes
fitted with light and camera to record behaviours across trials. Different setups are used
for testing different behaviours in the lab.
Lab studies – personality tests
In the lab, we conducted fine-scale monitoring of behaviour of individuals under controlled conditions for a thorough analysis and understanding of differences in migration
syndrome between the land locked and migrating populations. These include exploration and boldness in a novel environment, anti-predator strategies against predatory
fish and social behaviour with conspecifics (aggression, shoaling). These behaviours
are functionally different and are crucial during the whole life cycle of individuals.
In Chapter 2, I ask if there are differences in phenotypes – morphology and behaviour,
in residents compared to migrants after ∼ 50 years of isolation in freshwater due to
barriers to migration (size differences shown in Fig. 1.2). To this end, I repeatedly
sampled and characterised the phenotypic traits of individual resident and migrant
sticklebacks over two study years in lab-based assays.
In Chapter 3, continuing on the results from Chapter 2, I investigated whether
the phenotypic differences between residents and migrants were underlined by genetic
differentiation using a common-garden study design. This was carried out by systematically comparing F1 juveniles of various crosses raised in a controlled lab environment in
freshwater. Using this study design, we were able to address if the divergence caused by
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Figure 1.4 – The mesocosm system at the University of Groningen. The
mesocosm system, a set of connected semi-natural ponds, was established to overcome
some of the drawbacks of lab-based testing of sticklebacks. These enable us to monitor
tagged stickleback remotely, in groups, over large distances and longer durations of
time. Picture credit: Mavromatika
∼50 generations of isolation was enough to also elicit underlying genetic differentiation.
These lab-based behavioural assays were performed in highly standardized and controlled environments, including testing in small tanks in isolation (Fig 1.3). Although
these were very useful in reducing the influence of unwanted external variables, we
often found counter-intuitive results regarding the differences between migrants and
residents, particularly in movement-related behaviours.
Mesocosm studies – experiments under semi-natural conditions
To bridge the gap between the situation in the lab and in the field, we set up a seminatural mesocosm system that mimics the natural environment as closely as possible
while still allowing to follow individuals for extended periods of time. The mesocosm
system consists of a modular system of ponds and corridors that can be assembled
in different ways, depending on the requirements of the experiments (Fig. 1.4). The
mesocosm system is supplied with water from an adjacent natural freshwater ditch, with
a possibility of creating a flow with a pump, thus mimicking the situation in the wild.
These provide a semi-natural environment for fish, along with some control over the
configuration of ponds, spatial scales by connecting more ponds, addition of enrichment
/ predator cue in specific ponds, etc. The other aspect of the mesocosm system is
the remote monitoring of fish using Radio Frequency Identification (RFID) system in
their natural social groups, over longer time periods, which is almost impossible to
obtain in the lab. Individual fish are injected with a Passive Integrative Transponder
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(PIT tag) encoded with a unique identity code and the system is fitted with antennas
which detect and record the presence of tagged fish in their vicinity. This technique is
an effective well-proven tracking system without the need of recapture and handling.
By making use of different types of antennas in different orientations (e.g. circular
antennas across corridors to track movement between ponds; flat-bed antennas fitted
with a shelter placed within a pond to assess time duration of sheltering), we created an
unique facility to gather fine-scale data on individual differences in movement strategies,
habitat preference, territory takeovers etc.
In Chapter 4, we asked whether the residents and migrants in our system exhibited
differences in movement tendencies in the predicted direction (i.e., residents moving less
than migrants) and at two spatial scales (within vs. between-ponds). We also tested if
population differences were maintained across manipulated ecological and social contexts. In order to answer these questions, we used a linear setup of the mesocosm with
five connected ponds, spanning a distance of ∼ 15 m and tested individual migrants
and residents in their own social groups (with varying group sizes and flow conditions).
In sticklebacks, shoals are highly dynamic and individuals may need to alter their
behaviours in order to perform optimally in the shoal. Furthermore, conservation
efforts are currently underway to reconnect migratory and resident populations. Hence,
in Chapter 5, we investigated if and how individual migratory tendencies were affected
by the social environment. We thus manipulated group compositions (proportion of
migrants or residents in mixed groups) to test whether individual sticklebacks modulate
their movement tendencies in response to changes in their social groups and whether
social modulation is stronger in residents or migrants.

Theoretical studies
Theoretical modelling studies have been very important in ecology and evolution, especially in the field of animal personality to lay a conceptual foundation and for creating
testable predictions (e.g. Wolf et al. 2007, 2008). Individual-based models (IBMs)
especially are well-suited for studying the implications of personality differences and
the spatial distribution of individuals. A unique feature of individual-based modelling
is that it operates at the smallest level of individuals, incorporating structure-function
relationship that are obtained in ecological studies and not on higher abstraction levels,
thus making it highly attractive to study emergent properties. The disadvantages of an
individual-based approach (e.g. that analytical solutions cannot be derived) are more
than compensated by the possibility of making realistic assumptions on individual-level
behaviour. Individual based models are highly informative for mimicking biological
processes because, we can let selection act on the level of individual phenotype, leading
to changes in the genotype frequencies and keep track of these genotype frequencies
within and across generations easily (DeAngelis and Mooij 2005). IBMs incorporate
survival and reproduction in a natural way, without the necessity of deriving a fitness
function and to make assumptions on how fitness differences translate into evolutionary change. Moreover, IBMs reveal non-equilibrium dynamics as well as equilibrium
outcomes (e.g. Baldauf et al. 2014). Last, but not least, they reveal the evolutionary
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emergence of polymorphisms, while many other methods (such as selection gradient
techniques) assume from the start that individual differences are not relevant.
Modelling the implications of variation in movement strategies
A recent theoretical study by DiNuzzo and Griffen (2020) investigates the implications
of personality differences on the spatial distribution of animals. In an intermezzo
chapter, we first point out some serious shortcomings of that study and ways to model
the interplay of personality and movement in a more coherent manner. Chapter 6
shows how individual-based modelling can shed new light on the role of individual
differences in the context of foraging. From an evolutionary perspective, it is hard
to explain the persistence of individual differences in foraging behaviour because it
is expected that an optimal foraging strategy, with associated traits such as optimal
competitiveness exists, which would lead to a monomorphic population. In the simplest
case, ecological models use ‘ideal free distribution’ (IFD) to model the distribution of
foragers and assume that all individuals are identical. The next set of ecological models
incorporating individual differences assume that they are maintained by other factors
that are indirectly related to foraging. However, if movement and related behaviours
affect intakes, they would be under selection, in a foraging context. This requires a
systematic analysis of conditions favouring polymorphisms in a foraging context. Thus,
in Chapter 6, we ask if the dynamics of patch-choice in a spatiotemporally varying
environment can itself drive the evolution of personality types and what underlying
mechanism drives the emergence and maintenance of polymorphisms in competitive
abilities of foragers, in an eco-evolutionary individual-based simulation.
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