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Abstract

1. Dispersal is a central life history trait that affects the ecological and evolutionary
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dynamics of populations and communities. The recent use of experimental evolu-
tion for the study of dispersal is a promising avenue for demonstrating valuable
proofs of concept, bringing insight into alternative dispersal strategies and trade-

offs, and testing the repeatability of evolutionary outcomes.

. Practical constraints restrict experimental evolution studies of dispersal to a set

of typically small, short-lived organisms reared in artificial laboratory conditions.
Here, we argue that despite these restrictions, inferences from these studies can
reinforce links between theoretical predictions and empirical observations and

advance our understanding of the eco-evolutionary consequences of dispersal.

. We illustrate how applying an integrative framework of theory, experimental evo-

lution and natural systems can improve our understanding of dispersal evolution
under more complex and realistic biological scenarios, such as the role of biotic

interactions and complex dispersal syndromes.
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1 | INTRODUCTION

Dispersal, generally defined as the movement of an individual from
its place of birth to its place(s) of reproduction, is an integral part of
a species' life history (Ronce, 2007). Dispersal traits often have a
genetic basis (Saastamoinen et al., 2018) and are subject to consid-
erable selection (Lowe & McPeek, 2014) with costs and benefits to
the dispersing individual (Bonte et al., 2012; Bonte & Dahirel, 2017,
Clobert et al., 2012). Dispersal traits not only differ between popu-
lations, but genetic and environmental linkages to other traits (i.e.
joint selection on dispersal and adaptation to local environmental
conditions) also generate heterogeneity within populations (Clobert
et al., 2012). Given the strong impact of dispersal on the ecological
dynamics of spatially structured systems (Bowler & Benton, 2005;
Luo et al., 2022), evolutionary changes in dispersal have the po-
tential to induce strong eco-evolutionary feedbacks. For example,
dispersal evolution may alter metapopulation dynamics (Hanski
et al., 2006; Jacob et al., 2019), population expansion rates (Miller
et al., 2020; Nadeau & Urban, 2019), species interactions (Ngrgaard
et al., 2021; Phillips & Shine, 2006), local adaptation (Moerman
et al., 2020; Tusso et al., 2021), and the evolution of niche width
(Friedenberg, 2003). Yet disentangling the causes and consequences
of dispersal evolution has often proven difficult in natural systems,
due to the spatiotemporal scale of dispersal, the lack of replicability
and the presence of confounding factors.

These limitations may be overcome through well-designed ex-
perimental evolution studies, that allow isolating ecological (e.g.
population dynamics, species interactions, dispersal) and evolu-
tionary (drift, gene flow, selection, mutation) processes in order to
study their effects on the evolution of a given trait of interest (Bailey
& Bataillon, 2016; Chevin, 2011; Kawecki et al., 2012; Schl6tterer
et al., 2015; Van den Bergh et al., 2018). Recently, this approach
has also been applied to dispersal, demonstrating that different dis-
persal traits may evolve, that dispersal behaviour can be altered by
population density and relatedness (Bitume et al., 2013), and that
dispersal evolution can accelerate range expansion (Fronhofer, Gut,
etal., 2017; Mishra et al., 2020; Ochocki & Miller, 2017; Van Petegem
et al., 2018; Weiss-Lehman et al., 2017).

Despite this progress, the potential for experimental evolution
to advance dispersal research is constrained by several challenges.
Here, we outline how to mitigate these constraints by (i) identifying
the possibilities and challenges of using experimental evolution to
study dispersal; (ii) advocating a conceptual framework integrating
experimental evolution, theoretical modelling and studies of natural
systems; and (iii) proposing recommendations for future experimen-

tal evolution studies of dispersal.

2 | HOW (NOT) TO USE EXPERIMENTAL
EVOLUTION TO STUDY DISPERSAL

2.1 | Possibilities

A main benefit of experimental evolution is the possibility to infer
causation by isolating individual factors and processes to study their
effects on evolutionary changes in a systematic and replicated man-
ner. Dispersal evolution experiments include studies investigating
two-patch systems (Friedenberg, 2003; Tung, Mishra, Shreenidhi,
et al., 2018), linear arrays (Fronhofer & Altermatt, 2015; Mortier
et al., 2021; Weiss-Lehman et al., 2017; Williams et al., 2016), meta-
populations (De Roissart et al., 2015; Fronhofer et al., 2014; Masier
& Bonte, 2020), and meta-communities (Ngrgaard et al., 2021); see
also Larsen and Hargreaves (2020) for an overview of experimental
landscapes. In each experimental landscape, the available habitat
(e.g. number of patches), population density, environmental condi-
tions or species interactions can be manipulated to study how mod-
ulators such as landscape fragmentation (De Roissart et al., 2016;
Fronhofer et al., 2014; Masier & Bonte, 2020; Williams et al., 2016)
or environmental gradients (Fronhofer, Nitsche, et al., 2017) affect
dispersal and its eco-evolutionary consequences. Further, by experi-
mentally shuffling individuals, experimental evolution studies can
effectively partition spatial (e.g. spatial sorting of individuals due to
dispersal ability) vs. temporal (e.g. drift, density-dependent selec-
tion) contributors to dispersal evolution (Ochocki & Miller, 2017;
Weiss-Lehman et al., 2017) and control for kinship structure. While
such experiments may not be suitable to answer all questions related
to the evolution of dispersal, they are especially useful in four key
ways (further explored in Box 1 with representative studies):

1. Certain dispersal processes, such as range expansions and
extinction/colonization events are practically infeasible or too
disruptive to experimentally manipulate in nature, making ex-
periments ideal tools for simulating these processes (e.g. Alzate
et al,, 2019).

2. Experimental evolution studies are very effective as ‘proof of con-
cept’ studies to test theoretical predictions related to the evolu-
tion of dispersal (e.g. Friedenberg, 2003; Ochocki & Miller, 2017,
Williams et al., 2016), demonstrating experimentally to which ex-
tent certain eco-evolutionary processes occur and may apply to
real-world systems.

3. Evolution experiments can yield valuable insights about traits
under selection, correlated evolutionary responses, and the
role of trade-offs in governing trait evolution (e.g. De Roissart
et al., 2016; Van Petegem et al., 2018).
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BOX 1 Key advantages of using experimental evolution to study dispersal.

Here we illustrate the four advantages of experimental evolution outlined in Section 2 with example studies.

1. Landscape design and dispersal

Experiments allow for manipulation of landscape fea-
tures and dispersal rates or routes that would be in-
tractable in nature (Larsen & Hargreaves, 2020). For
instance, Alzate et al. (2019) used an island biogeogra-
phy design where spider mites adapted to pea plants
on the ‘mainland’ (stock) dispersed at different rates
(number of females transferred) to islands of different
sizes (number of tomato plants). The study focussed
on the effects on population dynamics (colonization,
extinction) and adaptation to the new host plant, but
could be extended with mite dispersal morphology
and behaviour

2. Providing proof of concept

Experimental evolution has provided ‘proof of concept’
that evolution can accelerate range expansion (Ochocki
& Miller, 2017; Weiss-Lehman et al., 2017; Williams
etal., 2016). For example, Williams et al. (2016) created
replicated experimental mesocosms with Arabidopsis
thaliana, where each generation dispersed into a linear
array of pots. In the nonevolving treatment, a replace-
ment array was created with seeds sown at the same
density and location, but with equal frequencies of the
14 starting genotypes (left panel, different coloured
symbols). By comparing the furthest extent between
the evolving and non-evolving treatments, they could
quantify the extent to which evolution increased the
speed of range expansion (right panel) and character-
ize which traits contributed

3. Unexpected insights into evolution

By allowing dispersal and population dynamics to play
out freely within the landscape, experimental evolu-
tion studies often find emerging insights into selection
on more than just emigration traits but also on other
stages of dispersal and life histories. For instance,
using mite experimental metapopulations, De Roissart
et al. (2016) found metapopulation structure not to
induce the evolution of emigration rates, but to im-
pose complex but adaptive changes in developmental
time, fecundity and sex ratio (Bonte & Bafort, 2019).
Similarly, experimental range expansions showed
spatial sorting of reproductive traits to prevail over
dispersal, but kin competition to overrule any trait
evolution (Van Petegem et al., 2018). Connectivity loss
in experimental metapopulations lead to the evolution
of dispersal costs rather than increased emigration
rates or dispersal distance (Masier & Bonte, 2020)

Experimental design used by Alzate et al. (2019). Mites were transffered at
rate of 0.5, 1, or 2 females per week to ‘islands’ of 1, 2, or 4 tomato plants
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Changing connectivity in experimental spider mite metapopulations did
not lead to the expected evolution of dispersal. Rather, dispersal
costs evolved such that they equalized dispersal across the different
connectivity treatments (from Masier & Bonte, 2020)
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Here we illustrate the four advantages of experimental evolution outlined in Section 2 with example studies.
4. Quantifying variability 9 r
0.90 - : o
Variability among replicates can be studied at both the = F -
. . - . 1 : ;
phenotypic and genomic level, which is particularly §§ 0385 - ! = =
useful due to the large role of drift in range-expanding  §& Y™ 5 i
= X - g
populations (Slatkin & Excoffier, 2012). Weiss-Lehman Sé —i
et al. (2017) used experimental microcosms of red 075 1
flour beetles to test the role of spatial evolution on 0.7 -

variability in expansion outcomes. In one treatment,
beetles within a landscape were spatially randomized
(‘shuffled’) each generation to remove any role of spa-

tial evolution. After 8 generations, the non-shuffled

Left: Variance in distance spread through time of the structured and shuffled
treatments. Right: Pairwise correlation in nucleotide diversity (p,) of key

beetle populations from the experiment (lower values correspond to

landscapes (‘structured’) showed almost twice the
variability in expansion distances of the shuffled land-
scapes. Analysing genomic data from this experiment,
Weiss-Lehman et al. (2019) further demonstrated
increased genomic variability in edge populations of
structured landscapes, mirroring the increased vari-

ability seen in spread rates

4. The replicated experimental design provides the opportu-
nity to study the repeatability of dispersal evolution (direc-
tion, magnitude and rate of change) and to understand why
certain evolutionary outcomes and processes are more pre-
dictable than others (Weiss-Lehman et al., 2019; Williams
et al,, 2019).

2.2 | Challenges

Although experimental evolution may provide exciting opportuni-
ties to study the evolution of dispersal, several challenges should
be considered (see Figure 1 for an overview of strengths and weak-
nesses compared to studying dispersal using theory or natural sys-
tems). First, given the short timescales and small landscape involved,
scaling inference to natural systems is a major challenge (Morales &
Ellner, 2002). Spatial and temporal scales of evolution experiments
should thus be carefully tailored to the focal species and its mode of
dispersal to produce relevant and realistic results. These constraints
of artificial landscapes are clearly reflected in the taxonomic bias
of study species towards small, short-lived organisms (Figure 2).
However, some study systems are better than others for addressing
particular questions: whereas complex dispersal behaviours at the
level of the individual (individual dispersal decisions, body-condition
dependency of dispersal) may be studied more easily in larger or-
ganisms (arthropods and vertebrates), bacteria and protists may be
better suited to study species interactions, population dynamics

and underlying genetic mechanisms. We highlight specific research

greater variability among replicates). Figures reprinted with permission
from Weiss-Lehman et al., 2017 (left), and 2019 (right), respectively

questions that eight different groups of taxa would be suitable for
(algae, arthropods, bacteria, ciliates, fungi, nematodes, plants and
vertebrates) in Figure 2.

Second, regardless of their spatial and temporal scale, experi-
mental evolution studies typically take place in a controlled labo-
ratory or semi-natural environment. Dispersal traits that are under
selection in an artificial environment may not be the same traits se-
lected in nature (e.g. ambulatory vs. aerial dispersal), and dispersal
behaviour is inherently constrained by the spatial limits and con-
ditions of the experimental setting. Trade-offs observed in the lab
could evolve in an unexpected direction (Lustenhouwer et al., 2019)
and key traits impacting or trading off with dispersal in nature could
be missed altogether (Tung, Mishra, Gogna, et al., 2018). If the goal
of an experiment is extrapolation to natural populations, it is there-
fore imperative to proceed with caution and critically evaluate the
extent to which dispersal in the artificial environment reflects real
dispersal. In Section 3, we discuss further approaches to scale infer-
ence to natural systems.

Similar to phenotypic data, identifying the genetic basis of disper-
sal from lab experiments may only be relevant if the same traits (and
genes) are under selection in nature. However, genomic approaches
combined with experimental evolution are well suited to elucidate
more general patterns, such as the repeatability of genetic changes
associated with dispersal evolution, or differences in genetic load
across experimental landscapes (Bosshard et al., 2020). Small effec-
tive population size and founder effects are natural outcomes of dis-
persal dynamics at range margins that will magnify the role of genetic

drift and impact future evolution. An important task when using
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scope of this paper.
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experimental evolution to study the population genetics of disper-
sal is therefore to calibrate or monitor population sizes to ascertain
that observed outcomes can be extrapolated to natural scenarios.
Moreover, a small effective population size in the experiment will
bias studies investigating the genetic basis of dispersal towards de-
tecting loci with large effects. This issue arises due to the combina-
tion of the magnified role of drift in small experimental populations
and the reduced statistical power to infer selection when replicate
lineages adapt via different small effect alleles (Barton, 2022). This
problem can be partly mitigated by genomic sequencing of temporal
samples of evolving lineages, which improves statistical inferences
of selection (Taus et al., 2017). Moreover, when applied to multiple
replicate lineages, temporal sampling and sequencing can detect ge-
netic linkage among outlier loci, further elucidating the targets of
selection and providing insights into the repeatability of evolution
(Barghi et al., 2019).

3 | FURTHER ADVANCING THE FIELD:
LINKING THEORY, EXPERIMENTAL
EVOLUTION AND NATURAL SYSTEMS

Scaling inference from dispersal evolution experiments to natural
systems is arguably the most significant challenge impeding the
critical step from proof-of-concept studies to forecasting the eco-
evolutionary dynamics of dispersal in nature. Here, we highlight in-
terdisciplinary research at the interface of theory, experiments and
natural systems that may help bridge this gap and illustrate how fu-
ture studies could explore dispersal evolution under greater biologi-
cal realism (see Appendix 1 for a full list of suggested approaches).

3.1 | Integrating theory, models and
experimental evolution

We see three main ways to improve integration between conceptual
theory, modelling and evolution experiments. First, modelling and ex-
perimental evolution can be strengthened by mutually informing each
study design—tailored experiments can validate analytical or statis-
tical models, aid in model selection or evaluate predictability (Zilio
et al., 2023; Figure 1, arrow 3 and 4). For example, theory has shown
that high levels of genetic polymorphism in dispersal traits and/or
high mutation rates can accelerate range expansion and alter trade-
offs between reproductive output and movement/dispersal capac-
ity (Elliott & Cornell, 2012; Morris et al., 2019). Experimental designs
using replicate lineages with different starting levels of genetic vari-
ation in dispersal traits could test these predictions. In experiments
with genetically tractable micro-organisms, putative mutations driv-
ing dispersal can even be re-engineered into the ancestor to establish
a mechanistic causality (cfr. Fumasoni & Murray, 2020).

Second, simulation models can be used to tease apart com-
plex dynamics, drivers and consequences of dispersal. Individual
Based Models (IBMs) taking a bottom-up approach while explicitly

considering genetic, ecological, and evolutionary processes, are
a key example here (Bocedi et al., 2014; Rocha et al., 2021; Travis
et al., 2011; Van Petegem et al., 2016; Weiss-Lehman & Shaw, 2022).
Taking patterns observed in the experiments as inputs (e.g. dispersal
between populations, population densities, relatedness, or genetic
diversity), inverse modelling (Figure 1 arrow 1) can infer underlying
eco-evolutionary processes that may be hard to observe or measure
directly (Grindrod & Higham, 2010; Hartig et al., 2011; Soetaert &
Petzoldt, 2010). For example, this approach has been applied to
fit dispersal kernels (Sanchez et al., 2011), or to disentangle eco-
logical and evolutionary drivers of dispersal behaviour (Bonte &
Bafort, 2019).

Third, experimental data can be used to parameterize simulation
models that incorporate larger populations and more complex envi-
ronments, addressing the important challenge of scaling inference
from experimental landscapes to natural systems (Figure 1 arrow
2). For example, metapopulation models could ask whether results
(dispersal evolution, metapopulation dynamics) observed in a small,
laboratory metapopulation will hold in larger, more extensive meta-

populations with greater biological complexity (Kubisch et al., 2014).

3.2 | Extrapolating findings to natural systems

To assess whether patterns of dispersal evolution found in experi-
mental landscapes can be extrapolated to more complex natural
systems, direct comparisons to field data will be essential. Ideally,
experimental results can be compared with documented time series
of trait changes in natural populations (similar to the observed evolu-
tion in natural populations of Darwin finches; Grant, 2017). Barring
such ideal data, observed outcomes of experimental evolution can
be compared with trait changes in museum specimens or across phy-
logenetic transitions (cfr. methods used by Bagchi et al., 2021) and
further linked to biogeographical changes in species distributions
(Freedman et al., 2020; Figure 1 arrow 7). Resurrection experiments
reviving historical populations through efforts such as project base-
line (Etterson et al., 2016) provide another opportunity to validate
results from evolution experiments with past and future evolution-
ary change in natural systems (Goitom et al., 2018).

An effective approach to link findings to natural systems is to
perform evolution experiments in semi-natural systems such as me-
socosms (Legrand et al., 2012; Stokstad, 2012) or even in replicated
natural populations (Cheptou et al., 2008; Donihue et al., 2022;
Hanski et al., 2006; Figure 1 arrow 7). By introducing selection lines
from an evolution experiment (e.g. dispersive versus philopatric
lines, or the leading and trailing edge from range expansion experi-
ments) to a semi-natural system, it is possible to assess how evolu-
tionary changes in dispersal affect population dynamics. De Bona
et al. (2019) applied this approach in wild guppies, where individuals
adapted to high levels of predation were transplanted across barrier
waterfalls where predators are absent. This design mimics natural
occurrences where guppies, but not their predators, have breached
these barriers. The experimental introductions were used to assess
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how density dependent dispersal evolves during a colonization
event (De Bona et al., 2019). Dispersal evolution in this system can
be further investigated with a combination of mark-recapture stud-
ies, mesocosms and common garden experiments examining the

joint evolution of dispersal and life history across natural ecotypes.

3.3 | Integrative approaches addressing
emerging questions

To illustrate how a combination of experimental evolution, theo-
retical predictions, modelling and field experiments may help an-
swer major gaps in our understanding of dispersal evolution, we
highlight hypothetical studies investigating dispersal evolution in
the presence of two currently understudied factors: trade-offs
between dispersal and other life history traits, and interspecific
interactions (Figure 3). First, it is well-known that dispersal traits
are often associated with life history, behavioural or morpho-
logical characteristics, resulting in dispersal syndromes (Clobert

et al., 2012) that affect ecological processes such as population

spread (Lustenhouwer et al., 2017). Consequently, evolutionary
changes in dispersal may leave a legacy on other demographic pa-
rameters of the population (Lustenhouwer et al., 2019). Second,
theory and experimental studies of dispersal evolution in spread-
ing populations almost exclusively focus on a single species.
However, the eco-evolutionary dynamics of dispersal will unfold in
the context of (often strong) species interactions, especially during
climate-mediated range shifts where entire species communities
are reshuffled (Urban et al., 2012).

The potential for trade-offs and species interactions to funda-
mentally alter dispersal evolution is illustrated by a model simulating
range expansion of species into a region occupied by a competitor
(Burton et al., 2010), assuming a trade-off between dispersal ability,
reproductive performance and competitive ability. In the absence
of a competitor, selection favoured greater investment in dispersal
at the expense of competitive ability. However, in the presence of a
competitor, trade-offs constrained the evolution of increased disper-
sal at the expanding front. A second model by Kubisch et al. (2014)
illustrated that the type of interaction occurring between two range

expanding species (e.g. mutualistic vs competitive vs exploitative)

Experimental evolution with and without competitors
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FIGURE 3 Example of a potential integrative approach between experimental evolution, natural systems and theory to study an
imaginary protist species expanding its range along a river. A range of genotypes are sampled in the field, which vary along a trade-off
(high dispersal- yellow genotype, high competitive ability-blue genotype, intermediate genotype- green). The focal species encounters
novel competitors during range expansion, which are sampled downstream and used to set up experimental range expansions with and
without competitors. Spatially explicit IBMs are parameterized with environmental and landscape genetic data from the field landscape,
in combination with the relevant trade-off structure and population dynamics results identified in the evolution experiment. Modelling
examples are from Haller and Messer (2019), Bocedi et al. (2021), Guillaume and Rougemont (2006), and Jabot et al. (Jabot et al., 2013,

EasyABC).
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can substantially change the dynamics and outcome of dispersal
evolution across the expanding range.

Although dispersal evolution during range expansion in a multi-
species context needs to be further explored theoretically, emerging
predictions can already be tested using experiments where inter-
acting species spread in micro- or mesocosms (Figure 3). The exper-
imental tools at our disposal range from experimental communities
of competing species (Matthiessen & Hillebrand, 2006) to complex
meta-foodwebs (Altermatt et al., 2015; Carrara et al., 2012). Such
resources allow us to ask how different types of interspecific inter-
actions affect eco-evolutionary dynamics and whether the presence
of interspecific interactions affects the predictability of evolution-
ary trajectories and demography.

On a final note, interdisciplinary studies are also a promising
approach to examine (evolutionary changes in) dispersal plasticity
under different environmental conditions (Campana et al., 2022).
Meta-population experiments have recently shown that dispersal
plasticity is impacted by top-down and bottom-up effects (Cote
et al., 2022; Fronhofer et al., 2018) including potential consequences
for meta-foodweb stability. Dispersal plasticity may also evolve
along environmental gradients such as those experienced by range-
expanding populations (Fitt et al., 2019). To test this hypothesis,
experiments could be seeded with individuals from different parts
of the range, based on genetic markers that can assess patterns of
connectivity among populations and landscape resistance to dis-
persal (Dudaniec et al., 2022), using software such as Circuitscape
(McRae & Beier, 2007) and Geneclass, (Piry et al., 2004). Individuals
may also be reared under common garden conditions to establish
how environmental variation affects dispersal. To forecast disper-
sal evolution in the context of natural communities, spatially explicit
process-based models can be parameterised with the experimen-
tally estimated vital rates, reaction norms and trade-offs, as well as
with genetic data (e.g. heritability and amount of standing genetic

variation in dispersal) and run under different scenarios (Figure 3).

4 | CONCLUDING REMARKS

Experimental evolution is a powerful tool to study the evolution
of dispersal. Major experimental challenges can be overcome by
addressing scaling issues (e.g. combining experiments with mod-
els to extrapolate results, scaling experimental findings to species
with longer generation times), expanding the taxonomic range (i.e.
use mesocosm or semi-natural experiments to include less well-
represented species that are not suited to a traditional lab set-up),
and carefully considering how population size affects the outcome
of dispersal evolution in experimental and natural populations (see
Appendix 1 for a detailed list of suggested methods and case stud-
ies). We argue the best way to do so is to reinforce links between
experimental evolution, natural systems and theory/modelling, by,
for example, using experimental evolution to validate analytical
models, parameterize genetically explicit IBMs, or test the repli-
cability of evolutionary changes observed in natural populations

(Figure 3 and Appendix 1). Such an integrative framework will
make it possible to design more realistic experimental evolution
studies in the future to answer questions of increasing biological
complexity—how dispersal evolves in the context of species inter-
actions, environmental variation and genetic variation underlying
dispersal in the natural world.

AUTHOR CONTRIBUTIONS

Luca Borger and David Berger conceived the idea for the concepts
manuscript. Nicky Lustenhouwer and Felix Moerman wrote the
manuscript, with input from all co-authors. All authors commented
on and approved of the final version.

CONFLICT OF INTEREST STATEMENT

The authors have no conflict of interest to declare.

DATA AVAILABILITY STATEMENT
No new data was generated/analyzed for this article.

ORCID

Nicky Lustenhouwer "= https://orcid.org/0000-0002-5157-857X

https://orcid.org/0000-0002-5164-0978
https://orcid.org/0000-0002-4831-6958
https://orcid.org/0000-0001-6118-7807

Felix Moerman
Florian Altermatt
Ronald D. Bassar

Greta Bocedi " https://orcid.org/0000-0002-9131-6670
Dries Bonte " https://orcid.org/0000-0002-3320-7505
Sutirth Dey "= https://orcid.org/0000-0001-9210-3055

Emanuel A. Fronhofer " https://orcid.org/0000-0002-2219-784X
https://orcid.org/0000-0003-0485-2967
https://orcid.org/0000-0002-0544-6023
https://orcid.org/0000-0002-3135-4835
https://orcid.org/0000-0001-7009-2527
https://orcid.org/0000-0002-5785-4272

https://orcid.

Erika Garcez da Rocha
Andrea Giometto
Lesley T. Lancaster
Marjo Saastamoinen
Justin M. J. Travis
Christopher Weiss-Lehman
org/0000-0003-1793-235X
Jennifer L. Williams "= https://orcid.org/0000-0002-4497-4961
https://orcid.org/0000-0001-8763-5997
https://orcid.org/0000-0003-0196-6109

Luca Bérger

David Berger

REFERENCES

Altermatt, F., Fronhofer, E. A., Garnier, A., Giometto, A., Hammes, F., Klecka,
J., Legrand, D., Machler, E., Massie, T. M., Pennekamp, F., Plebani, M.,
Pontarp, M., Schtickzelle, N., Thuillier, V., & Petchey, O. L. (2015). Big
answers from small worlds: A user's guide for protist microcosms
as a model system in ecology and evolution. Methods in Ecology and
Evolution, 6(2), 218-231. https://doi.org/10.1111/2041-210X.12312

Alzate, A., Etienne, R. S., & Bonte, D. (2019). Experimental island biogeog-
raphy demonstrates the importance of island size and dispersal for
the adaptation to novel habitats. Global Ecology and Biogeography,
28(2), 238-247. https://doi.org/10.1111/geb.12846

Bagchi, B., Corbel, Q., Khan, I., Payne, E., Banerji, D., Liljestrand-
R6nn, J., Martinossi-Allibert, |., Baur, J., Sayadi, A., Immonen, E.,
Arnqvist, G., Séderhill, I., & Berger, D. (2021). Sexual conflict
drives micro- and macroevolution of sexual dimorphism in im-
munity. BMC Biology, 19(1), 114. https://doi.org/10.1186/s1291
5-021-01049-6

85Us017 SUOWILLIOD 8A1I81D) 3|l [dde au Aq peuienob ae Sspie YO ‘8sn JOSs|n. 10} Aiq1T 8UlUO A8]1M UO (SUORIPUOD-PUR-SWLIBIALID" A 1M ATRIq Ul |UO//SdNY) SUORIPUOD pue SWS | 8y} 88S *[£202/80/70] U0 Afelqiaulluo A8|IM ‘Usepsedy JO AISIBAIUN Ad 0S6ET '9592-GOET/TTTT OT/I0PALI00 A IM ARIq 1 BUI|UO'S [eUIN05aq//:SdNY Wo1) papeolumoq ‘9 ‘€202 ‘9592S9ET


https://orcid.org/0000-0002-5157-857X
https://orcid.org/0000-0002-5157-857X
https://orcid.org/0000-0002-5164-0978
https://orcid.org/0000-0002-5164-0978
https://orcid.org/0000-0002-4831-6958
https://orcid.org/0000-0002-4831-6958
https://orcid.org/0000-0001-6118-7807
https://orcid.org/0000-0001-6118-7807
https://orcid.org/0000-0002-9131-6670
https://orcid.org/0000-0002-9131-6670
https://orcid.org/0000-0002-3320-7505
https://orcid.org/0000-0002-3320-7505
https://orcid.org/0000-0001-9210-3055
https://orcid.org/0000-0001-9210-3055
https://orcid.org/0000-0002-2219-784X
https://orcid.org/0000-0002-2219-784X
https://orcid.org/0000-0003-0485-2967
https://orcid.org/0000-0003-0485-2967
https://orcid.org/0000-0002-0544-6023
https://orcid.org/0000-0002-0544-6023
https://orcid.org/0000-0002-3135-4835
https://orcid.org/0000-0002-3135-4835
https://orcid.org/0000-0001-7009-2527
https://orcid.org/0000-0001-7009-2527
https://orcid.org/0000-0002-5785-4272
https://orcid.org/0000-0002-5785-4272
https://orcid.org/0000-0003-1793-235X
https://orcid.org/0000-0003-1793-235X
https://orcid.org/0000-0003-1793-235X
https://orcid.org/0000-0002-4497-4961
https://orcid.org/0000-0002-4497-4961
https://orcid.org/0000-0001-8763-5997
https://orcid.org/0000-0001-8763-5997
https://orcid.org/0000-0003-0196-6109
https://orcid.org/0000-0003-0196-6109
https://doi.org/10.1111/2041-210X.12312
https://doi.org/10.1111/geb.12846
https://doi.org/10.1186/s12915-021-01049-6
https://doi.org/10.1186/s12915-021-01049-6

LUSTENHOUWER ET AL.

Journal of Animal Ecology 1121

Bailey, S. F., & Bataillon, T. (2016). Can the experimental evolution pro-
gramme help us elucidate the genetic basis of adaptation in na-
ture? Molecular Ecology, 25(1), 203-218. https://doi.org/10.1111/
mec.13378

Barghi, N., Tobler, R., Nolte, V., Jaksi¢, A. M., Mallard, F., Otte, K. A.,
Dolezal, M., Taus, T., Kofler, R., & Schlétterer, C. (2019). Genetic
redundancy fuels polygenic adaptation in Drosophila. PLOS Biology,
17(2), e3000128. https://doi.org/10.1371/journal.pbio.3000128

Barton, N. H. (2022). The “new synthesis.”. Proceedings of the National
Academy of Sciences of the United States of America, 119(30),
€2122147119. https://doi.org/10.1073/pnas.2122147119

Bitume, E. V., Bonte, D., Ronce, O., Bach, F., Flaven, E., Olivieri, I., &
Nieberding, C. M. (2013). Density and genetic relatedness increase
dispersal distance in a subsocial organism. Ecology Letters, 16(4),
430-437. https://doi.org/10.1111/ele.12057

Bocedi, G., Palmer, S. C. F., Malchow, A.-K., Zurell, D., Watts, K., & Travis,
J. M. J. (2021). RangeShifter 2.0: An extended and enhanced plat-
form for modelling spatial eco-evolutionary dynamics and species'
responses to environmental changes. Ecography, 44(10), 1453-
1462. https://doi.org/10.1111/ecog.05687

Bocedi, G., Palmer, S. C. F,, Pe'er, G., Heikkinen, R. K., Matsinos, Y. G.,
Watts, K., & Travis, J. M. J. (2014). RangeShifter: A platform for mod-
elling spatial eco-evolutionary dynamics and species' responses to
environmental changes. Methods in Ecology and Evolution, 5(4), 388-
396. https://doi.org/10.1111/2041-210X.12162

Bonte, D., & Bafort, Q. (2019). The importance and adaptive value of life-
history evolution for metapopulation dynamics. Journal of Animal
Ecology, 88(1), 24-34. https://doi.org/10.1111/1365-2656.12928

Bonte, D., & Dabhirel, M. (2017). Dispersal: A central and independent
trait in life history. Oikos, 126(4), 472-479. https://doi.org/10.1111/
0ik.03801

Bonte, D., Van Dyck, H., Bullock, J. M., Coulon, A., Delgado, M., Gibbs,
M., Lehouck, V., Matthysen, E., Mustin, K., Saastamoinen, M.,
Schtickzelle, N., Stevens, V. M., Vandewoestijne, S., Baguette, M.,
Barton, K., Benton, T. G., Chaput-Bardy, A., Clobert, J., Dytham, C.,
... Travis, J. M. J. (2012). Costs of dispersal. Biological Reviews, 87(2),
290-312. https://doi.org/10.1111/j.1469-185X.2011.00201.x

Bosshard, L., Peischl, S., Ackermann, M., & Excoffier, L. (2020). Dissection
of the mutation accumulation process during bacterial range ex-
pansions. BMC Genomics, 21(1), 253. https://doi.org/10.1186/
$12864-020-6676-z

Bowler, D. E., & Benton, T. G. (2005). Causes and consequences of animal
dispersal strategies: Relating individual behaviour to spatial dynam-
ics. Biological Reviews, 80(2), 205-225. https://doi.org/10.1017/
S$1464793104006645

Burton,O.J.,Phillips,B.L.,&Travis,J.M.J.(2010). Trade-offsand the evolu-
tion of life-histories during range expansion. Ecology Letters, 13(10),
1210-1220. https://doi.org/10.1111/j.1461-0248.2010.01505.x

Campana, J. L. M., Raffard, A., Chaine, A. S., Huet, M., Legrand, D., &
Jacob, S. (2022). Dispersal plasticity driven by variation in fitness
across species and environmental gradients. Ecology Letters, 25(11),
2410-2421. https://doi.org/10.1111/ele.14101

Carrara, F., Altermatt, F., Rodriguez-lturbe, I., & Rinaldo, A. (2012).
Dendritic connectivity controls biodiversity patterns in exper-
imental metacommunities. Proceedings of the National Academy
of Sciences of the United States of America, 109(15), 5761-5766.
https://doi.org/10.1073/pnas.1119651109

Cheptou, P.-O., Carrue, O., Rouifed, S., & Cantarel, A. (2008). Rapid evo-
lution of seed dispersal in an urban environment in the weed Crepis
sancta. Proceedings of the National Academy of Sciences of the United
States of America, 105(10), 3796-3799. https://doi.org/10.1073/
pnas.0708446105

Chevin, L.-M. (2011). On measuring selection in experimental evo-
lution. Biology Letters, 7(2), 210-213. https://doi.org/10.1098/
rsbl.2010.0580

Clobert, J., Baguette, M., Benton, T. G., & Bullock, J. M. (2012). Dispersal
ecology and evolution (1st ed.). Oxford University Press.

Cote, J., Dahirel, M., Schtickzelle, N., Altermatt, F., Ansart, A., Blanchet,
S., Chaine, A. S., De Laender, F., De Raedt, J., Haegeman, B., Jacob,
S., Kaltz, O., Laurent, E., Little, C. J., Madec, L., Manzi, F., Masier,
S., Pellerin, F., Pennekamp, F., ... Legrand, D. (2022). Dispersal
syndromes in challenging environments: A cross-species experi-
ment. Ecology Letters, 25(12), 2675-2687. https://doi.org/10.1111/
ele.14124

De Bona, S., Bruneaux, M., Lee, A. E. G., Reznick, D. N., Bentzen, P., &
Lopez-Sepulcre, A. (2019). Spatio-temporal dynamics of density-
dependent dispersal during a population colonization. Ecology
Letters, 22(4), 634-644. https://doi.org/10.1111/ele.13205

De Roissart, A., Wang, S., & Bonte, D. (2015). Spatial and spatiotemporal
variation in metapopulation structure affects population dynamics
in a passively dispersing arthropod. Journal of Animal Ecology, 84(6),
1565-1574. https://doi.org/10.1111/1365-2656.12400

De Roissart, A., Wybouw, N., Renault, D., Van Leeuwen, T., & Bonte, D.
(2016). Life-history evolution in response to changes in metapop-
ulation structure in an arthropod herbivore. Functional Ecology,
30(8), 1408-1417.

Donihue, C. M., Herrel, A., Foufopoulos, J., & Pafilis, P. (2022). Body
condition and jumping predict initial survival in a replicated island
introduction experiment. Biological Journal of the Linnean Society,
135(3), 490-498. https://doi.org/10.1093/biolinnean/blab172

Dudaniec, R. Y., Carey, A. R, Svensson, E. |., Hansson, B., Yong, C. J., &
Lancaster, L. T. (2022). Latitudinal clines in sexual selection, sexual
size dimorphism and sex-specific genetic dispersal during a pole-
ward range expansion. Journal of Animal Ecology, 91(6), 1104-1118.
https://doi.org/10.1111/1365-2656.13488

Elliott, E. C., & Cornell, S. J. (2012). Dispersal Polymorphism and the
Speed of Biological Invasions. PLoS ONE, 7(7), e40496. https://doi.
org/10.1371/journal.pone.0040496

Etterson, J. R, Franks, S. J., Mazer, S. J., Shaw, R. G., Gorden, N. L. S.,
Schneider, H. E., Weber, J. J., Winkler, K. J., & Weis, A. E. (2016).
Project Baseline: An unprecedented resource to study plant evolu-
tion across space and time. American Journal of Botany, 103(1), 164-
173. https://doi.org/10.3732/ajb.1500313

Fitt, R.N. L., Palmer, S., Hand, C., Travis, J. M. J., & Lancaster, L. T. (2019).
Towards an interactive, process-based approach to understanding
range shifts: Developmental and environmental dependencies mat-
ter. Ecography, 42(1), 201-210. https://doi.org/10.1111/ecog.03975

Freedman, M. G., Jason, C., Ramirez, S. R., & Strauss, S. Y. (2020). Host
plant adaptation during contemporary range expansion in the mon-
arch butterfly. Evolution, 74(2), 377-391. https://doi.org/10.1111/
evo.13914

Friedenberg, N. A. (2003). Experimental evolution of dispersal in spa-
tiotemporally variable microcosms. Ecology Letters, 6(10), 953-959.
https://doi.org/10.1046/j.1461-0248.2003.00524 .x

Fronhofer, E. A., & Altermatt, F. (2015). Eco-evolutionary feedbacks
during experimental range expansions. Nature Communications, 6,
6844. https://doi.org/10.1038/ncomms7844

Fronhofer, E. A., Gut, S., & Altermatt, F. (2017). Evolution of density-
dependent movement during experimental range expansions.
Journal of Evolutionary Biology, 30(12), 2165-2176. https://doi.
org/10.1111/jeb.13182

Fronhofer, E. A, Legrand, D., Altermatt, F., Ansart, A., Blanchet, S., Bonte,
D., Chaine, A., Dahirel, M., De Laender, F., De Raedt, J., di Gesu, L.,
Jacob, S., Kaltz, O., Laurent, E., Little, C. J., Madec, L., Manzi, F,,
Masier, S., Pellerin, F., ... Cote, J. (2018). Bottom-up and top-down
control of dispersal across major organismal groups. Nature Ecology
& Evolution, 2(12), 1859-1863. https://doi.org/10.1038/s4155
9-018-0686-0

Fronhofer, E. A., Nitsche, N., & Altermatt, F. (2017). Information use
shapes the dynamics of range expansions into environmental

85Us017 SUOWILLIOD 8A1I81D) 3|l [dde au Aq peuienob ae Sspie YO ‘8sn JOSs|n. 10} Aiq1T 8UlUO A8]1M UO (SUORIPUOD-PUR-SWLIBIALID" A 1M ATRIq Ul |UO//SdNY) SUORIPUOD pue SWS | 8y} 88S *[£202/80/70] U0 Afelqiaulluo A8|IM ‘Usepsedy JO AISIBAIUN Ad 0S6ET '9592-GOET/TTTT OT/I0PALI00 A IM ARIq 1 BUI|UO'S [eUIN05aq//:SdNY Wo1) papeolumoq ‘9 ‘€202 ‘9592S9ET


https://doi.org/10.1111/mec.13378
https://doi.org/10.1111/mec.13378
https://doi.org/10.1371/journal.pbio.3000128
https://doi.org/10.1073/pnas.2122147119
https://doi.org/10.1111/ele.12057
https://doi.org/10.1111/ecog.05687
https://doi.org/10.1111/2041-210X.12162
https://doi.org/10.1111/1365-2656.12928
https://doi.org/10.1111/oik.03801
https://doi.org/10.1111/oik.03801
https://doi.org/10.1111/j.1469-185X.2011.00201.x
https://doi.org/10.1186/s12864-020-6676-z
https://doi.org/10.1186/s12864-020-6676-z
https://doi.org/10.1017/S1464793104006645
https://doi.org/10.1017/S1464793104006645
https://doi.org/10.1111/j.1461-0248.2010.01505.x
https://doi.org/10.1111/ele.14101
https://doi.org/10.1073/pnas.1119651109
https://doi.org/10.1073/pnas.0708446105
https://doi.org/10.1073/pnas.0708446105
https://doi.org/10.1098/rsbl.2010.0580
https://doi.org/10.1098/rsbl.2010.0580
https://doi.org/10.1111/ele.14124
https://doi.org/10.1111/ele.14124
https://doi.org/10.1111/ele.13205
https://doi.org/10.1111/1365-2656.12400
https://doi.org/10.1093/biolinnean/blab172
https://doi.org/10.1111/1365-2656.13488
https://doi.org/10.1371/journal.pone.0040496
https://doi.org/10.1371/journal.pone.0040496
https://doi.org/10.3732/ajb.1500313
https://doi.org/10.1111/ecog.03975
https://doi.org/10.1111/evo.13914
https://doi.org/10.1111/evo.13914
https://doi.org/10.1046/j.1461-0248.2003.00524.x
https://doi.org/10.1038/ncomms7844
https://doi.org/10.1111/jeb.13182
https://doi.org/10.1111/jeb.13182
https://doi.org/10.1038/s41559-018-0686-0
https://doi.org/10.1038/s41559-018-0686-0

1122 Journal of Animal Ecology

LUSTENHOUWER €T AL.

gradients. Global Ecology and Biogeography, 26(4), 400-411. https://
doi.org/10.1111/geb.12547

Fronhofer, E. A, Stelz, J. M., Lutz, E., Poethke, H. J., & Bonte, D. (2014).
Spatially correlated extinctions select for less emigration but larger
dispersal distances in the spider mite Tetranychus urticae. Evolution,
68(6), 1838-1844. https://doi.org/10.1111/ev0.12339

Fumasoni, M., & Murray, A. W. (2020). The evolutionary plasticity of
chromosome metabolism allows adaptation to constitutive DNA
replication stress. ELife, 9, €51963. https://doi.org/10.7554/
elife.51963

Goitom, E., Kilsdonk, L. J., Brans, K., Jansen, M., Lemmens, P., & De
Meester, L. (2018). Rapid evolution leads to differential popu-
lation dynamics and top-down control in resurrected Daphnia
populations. Evolutionary Applications, 11(1), 96-111. https://doi.
org/10.1111/eva.12567

Grant, P. R. (2017). Ecology and evolution of Darwin's finches (Princeton
Science Library Edition): Princeton Science Library Edition. Princeton
University Press. https://www.degruyter.com/document/
doi/10.1515/9781400886715/html

Grindrod, P., & Higham, D. J. (2010). Evolving graphs: Dynamical models,
inverse problems and propagation. Proceedings of the Royal Society
A: Mathematical, Physical and Engineering Sciences, 466(2115), 753~
770. https://doi.org/10.1098/rspa.2009.0456

Guillaume, F., & Rougemont, J. (2006). Nemo: An evolutionary and pop-
ulation genetics programming framework. Bioinformatics (Oxford,
England), 22(20), 2556-2557. https://doi.org/10.1093/bioinforma
tics/btl415

Haller, B. C., & Messer, P. W. (2019). SLiM 3: Forward genetic simulations
beyond the wright-fisher model. Molecular Biology and Evolution,
36(3), 632-637. https://doi.org/10.1093/molbev/msy228

Hanski, ., Saastamoinen, M., & Ovaskainen, O. (2006). Dispersal-
related life-history trade-offs in a butterfly metapopula-
tion. Journal of Animal Ecology, 75(1), 91-100. https://doi.
org/10.1111/j.1365-2656.2005.01024 .x

Hartig, F., Calabrese, J. M., Reineking, B., Wiegand, T., & Huth, A. (2011).
Statistical inference for stochastic simulation models—Theory
and application. Ecology Letters, 14(8), 816-827. https://doi.
org/10.1111/j.1461-0248.2011.01640.x

Jabot, F., Faure, T., & Dumoulin, N. (2013). EasyABC: Performing effi-
cient approximate Bayesian computation sampling schemes using
R. Methods in Ecology and Evolution, 4(7), 684-687. https://doi.
org/10.1111/2041-210X.12050

Jacob, S., Chaine, A. S., Huet, M., Clobert, J., & Legrand, D. (2019).
Variability in dispersal syndromes is a key driver of metapopula-
tion dynamics in experimental microcosms. The American Naturalist,
194(5), 613-626. https://doi.org/10.1086/705410

Kawecki, T. J., Lenski, R. E., Ebert, D., Hollis, B., Olivieri, ., & Whitlock,
M. C. (2012). Experimental evolution. Trends in Ecology & Evolution,
27(10), 547-560. https://doi.org/10.1016/j.tree.2012.06.001

Kubisch, A., Holt, R. D., Poethke, H.-J., & Fronhofer, E. A. (2014).
Where am | and why? Synthesizing range biology and the eco-
evolutionary dynamics of dispersal. Oikos, 123(1), 5-22. https://doi.
org/10.1111/j.1600-0706.2013.00706.x

Larsen, C. D., & Hargreaves, A. L. (2020). Miniaturizing landscapes to
understand species distributions. Ecography, 43(11), 1625-1638.
https://doi.org/10.1111/ecog.04959

Legrand, D., Guillaume, O., Baguette, M., Cote, J., Trochet, A., Calvez, O.,
Zajitschek, S., Zajitschek, F., Lecomte, J., Bénard, Q., Le Galliard,
J.-F., & Clobert, J. (2012). The Metatron: An experimental sys-
tem to study dispersal and metaecosystems for terrestrial organ-
isms. Nature Methods, 9(8), 828-833. https://doi.org/10.1038/
nmeth.2104

Letunic, 1., & Bork, P. (2021). Interactive Tree Of Life (iTOL) v5: An on-
line tool for phylogenetic tree display and annotation. Nucleic Acids
Research, 49(W1), W293-W296. https://doi.org/10.1093/nar/
gkab301

Lowe, W. H., & McPeek, M. A. (2014). Is dispersal neutral? Trends in
Ecology & Evolution, 29(8), 444-450. https://doi.org/10.1016/].
tree.2014.05.009

Luo, M., Wang, S., Saavedra, S., Ebert, D., & Altermatt, F. (2022).
Multispecies coexistence in fragmented landscapes. Proceedings
of the National Academy of Sciences of the United States of America,
119(37), €2201503119. https://doi.org/10.1073/pnas.22015
03119

Lustenhouwer, N., Moran, E. V., & Levine, J. M. (2017). Trait correlations
equalize spread velocity across plant life histories. Global Ecology
and Biogeography, 26(12), 1398-1407. https://doi.org/10.1111/
geb.12662

Lustenhouwer, N., Williams, J. L., & Levine, J. M. (2019). Evolution
during population spread affects plant performance in stressful
environments. Journal of Ecology, 107(1), 396-406. https://doi.
org/10.1111/1365-2745.13045

Masier, S., & Bonte, D. (2020). Spatial connectedness imposes local-
and metapopulation-level selection on life history through feed-
backs on demography. Ecology Letters, 23(2), 242-253. https://doi.
org/10.1111/ele. 13421

Matthiessen, B., & Hillebrand, H. (2006). Dispersal frequency affects local
biomass production by controlling local diversity. Ecology Letters,
9(6), 652-662. https://doi.org/10.1111/j.1461-0248.2006.00916.x

McRae, B. H., & Beier, P. (2007). Circuit theory predicts gene flow in
plant and animal populations. Proceedings of the National Academy
of Sciences of the United States of America, 104(50), 19885-19890.
https://doi.org/10.1073/pnas.0706568104

Miller, T. E. X., Angert, A. L., Brown, C. D., Lee-Yaw, J. A., Lewis, M.,
Lutscher, F., Marculis, N. G., Melbourne, B. A., Shaw, A. K., Szlcs,
M., Tabares, O., Usui, T., Weiss-Lehman, C., & Williams, J. L. (2020).
Eco-evolutionary dynamics of range expansion. Ecology, 101(10),
e03139. https://doi.org/10.1002/ecy.3139

Mishra, A., Chakraborty, P. P., & Dey, S. (2020). Dispersal evolution di-
minishes the negative density dependence in dispersal. Evolution,
74(9), 2149-2157. https://doi.org/10.1111/evo.14070

Moerman, F., Fronhofer, E. A., Wagner, A., & Altermatt, F. (2020). Gene
swamping alters evolution during range expansions in the protist
Tetrahymena thermophila. Biology Letters, 16(6), 20200244. https://
doi.org/10.1098/rsb1.2020.0244

Morales, J. M., & Ellner, S. P. (2002). Scaling up animal movements
in heterogeneous landscapes: The importance of behaviour.
Ecology, 83(8), 2240-2247. https://doi.org/10.1890/0012-
9658(2002)083[2240:SUAMIH]2.0.CO;2

Morris, A., Borger, L., & Crooks, E. (2019). Individual variability in dis-
persal and invasion speed. Mathematics, 7(9), 795. https://doi.
org/10.3390/math7090795

Mortier, F., Masier, S., & Bonte, D. (2021). Genetically diverse popula-
tions spread faster in benign but not in challenging environments.
Ecology, 102(6), e03345. https://doi.org/10.1002/ecy.3345

Nadeau, C. P, & Urban, M. C. (2019). Eco-evolution on the edge
during climate change. Ecography, 42(7), 1280-1297. https://doi.
org/10.1111/ecog.04404

Ngrgaard, L. S., Zilio, G., Saade, C., Gougat-Barbera, C., Hall, M. D.,
Fronhofer, E. A., & Kaltz, O. (2021). An evolutionary trade-off be-
tween parasite virulence and dispersal at experimental invasion
fronts. Ecology Letters, 24(4), 739-750. https://doi.org/10.1111/
ele. 13692

Ochocki, B. M., & Miller, T. E. X. (2017). Rapid evolution of dispersal
ability makes biological invasions faster and more variable. Nature
Communications, 8(14), 315. https://doi.org/10.1038/ncomm
s14315

Phillips, B. L., & Shine, R. (2006). An invasive species induces rapid
adaptive change in a native predator: Cane toads and black
snakes in Australia. Proceedings of the Royal Society B: Biological
Sciences, 273(1593), 1545-1550. https://doi.org/10.1098/rspb.
2006.3479

85Us017 SUOWILLIOD 8A1I81D) 3|l [dde au Aq peuienob ae Sspie YO ‘8sn JOSs|n. 10} Aiq1T 8UlUO A8]1M UO (SUORIPUOD-PUR-SWLIBIALID" A 1M ATRIq Ul |UO//SdNY) SUORIPUOD pue SWS | 8y} 88S *[£202/80/70] U0 Afelqiaulluo A8|IM ‘Usepsedy JO AISIBAIUN Ad 0S6ET '9592-GOET/TTTT OT/I0PALI00 A IM ARIq 1 BUI|UO'S [eUIN05aq//:SdNY Wo1) papeolumoq ‘9 ‘€202 ‘9592S9ET


https://doi.org/10.1111/geb.12547
https://doi.org/10.1111/geb.12547
https://doi.org/10.1111/evo.12339
https://doi.org/10.7554/eLife.51963
https://doi.org/10.7554/eLife.51963
https://doi.org/10.1111/eva.12567
https://doi.org/10.1111/eva.12567
https://www.degruyter.com/document/doi/10.1515/9781400886715/html
https://www.degruyter.com/document/doi/10.1515/9781400886715/html
https://doi.org/10.1098/rspa.2009.0456
https://doi.org/10.1093/bioinformatics/btl415
https://doi.org/10.1093/bioinformatics/btl415
https://doi.org/10.1093/molbev/msy228
https://doi.org/10.1111/j.1365-2656.2005.01024.x
https://doi.org/10.1111/j.1365-2656.2005.01024.x
https://doi.org/10.1111/j.1461-0248.2011.01640.x
https://doi.org/10.1111/j.1461-0248.2011.01640.x
https://doi.org/10.1111/2041-210X.12050
https://doi.org/10.1111/2041-210X.12050
https://doi.org/10.1086/705410
https://doi.org/10.1016/j.tree.2012.06.001
https://doi.org/10.1111/j.1600-0706.2013.00706.x
https://doi.org/10.1111/j.1600-0706.2013.00706.x
https://doi.org/10.1111/ecog.04959
https://doi.org/10.1038/nmeth.2104
https://doi.org/10.1038/nmeth.2104
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1016/j.tree.2014.05.009
https://doi.org/10.1016/j.tree.2014.05.009
https://doi.org/10.1073/pnas.2201503119
https://doi.org/10.1073/pnas.2201503119
https://doi.org/10.1111/geb.12662
https://doi.org/10.1111/geb.12662
https://doi.org/10.1111/1365-2745.13045
https://doi.org/10.1111/1365-2745.13045
https://doi.org/10.1111/ele.13421
https://doi.org/10.1111/ele.13421
https://doi.org/10.1111/j.1461-0248.2006.00916.x
https://doi.org/10.1073/pnas.0706568104
https://doi.org/10.1002/ecy.3139
https://doi.org/10.1111/evo.14070
https://doi.org/10.1098/rsbl.2020.0244
https://doi.org/10.1098/rsbl.2020.0244
https://doi.org/10.1890/0012-9658(2002)083%5B2240:SUAMIH%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B2240:SUAMIH%5D2.0.CO;2
https://doi.org/10.3390/math7090795
https://doi.org/10.3390/math7090795
https://doi.org/10.1002/ecy.3345
https://doi.org/10.1111/ecog.04404
https://doi.org/10.1111/ecog.04404
https://doi.org/10.1111/ele.13692
https://doi.org/10.1111/ele.13692
https://doi.org/10.1038/ncomms14315
https://doi.org/10.1038/ncomms14315
https://doi.org/10.1098/rspb.2006.3479
https://doi.org/10.1098/rspb.2006.3479

LUSTENHOUWER ET AL.

Journal of Animal Ecology 1123

Piry, S., Alapetite, A., Cornuet, J.-M., Paetkau, D., Baudouin, L., & Estoup,
A. (2004). GENECLASS2: A software for genetic assignment and
first-generation migrant detection. Journal of Heredity, 95(6), 536-
539. https://doi.org/10.1093/jhered/esh074

Rocha, E., Brigatti, E., Niebuhr, B. B., Ribeiro, M. C., & Vieira, M. V. (2021).
Dispersal movement through fragmented landscapes: The role of
stepping stones and perceptual range. Landscape Ecology, 36(11),
3249-3267. https://doi.org/10.1007/s10980-021-01310-x

Ronce, O. (2007). How does it feel to be like a rolling stone? Ten ques-
tions about dispersal evolution. Annual Review of Ecology, Evolution,
and Systematics, 38(1), 231-253. https://doi.org/10.1146/annur
ev.ecolsys.38.091206.095611

Saastamoinen, M., Bocedi, G., Cote, J., Legrand, D., Guillaume, F., Wheat,
C. W,, Fronhofer, E. A., Garcia, C., Henry, R., Husby, A., Baguette,
M., Bonte, D., Coulon, A., Kokko, H., Matthysen, E., Niitepdld, K.,
Nonaka, E., Stevens, V. M., Travis, J. M. J,, ... Delgado, M. d. M.
(2018). Genetics of dispersal. Biological Reviews, 93(1), 574-599.
https://doi.org/10.1111/brv.12356

Sanchez, J. M. C., Greene, D. F,, & Quesada, M. (2011). A field test of in-
verse modelling of seed dispersal. American Journal of Botany, 98(4),
698-703. https://doi.org/10.3732/ajb.1000152

Schlétterer, C., Kofler, R., Versace, E., Tobler, R., & Franssen, S. U. (2015).
Combining experimental evolution with next-generation sequenc-
ing: A powerful tool to study adaptation from standing genetic
variation. Heredity, 114(5), 431-440. https://doi.org/10.1038/
hdy.2014.86

Slatkin, M., & Excoffier, L. (2012). Serial founder effects during range ex-
pansion: A spatial analog of genetic drift. Genetics, 191(1), 171-181.
https://doi.org/10.1534/genetics.112.139022

Soetaert, K., & Petzoldt, T. (2010). Inverse modelling, sensitivity and
Monte Carlo analysis in R using package FME. Journal of Statistical
Software, 33, 1-28. https://doi.org/10.18637/jss.v033.i03

Stokstad, E. (2012). The Metatron: Experimental ecology gets con-
nected. Science, 337(6092), 279. https://doi.org/10.1126/scien
ce.337.6092.279

Taus, T., Futschik, A., & Schlétterer, C. (2017). Quantifying selection with
pool-seq time series data. Molecular Biology and Evolution, 34(11),
3023-3034. https://doi.org/10.1093/molbev/msx225

Travis, J. M. J,, Harris, C. M., Park, K. J., & Bullock, J. M. (2011).
Improving prediction and management of range expansions by
combining analytical and individual-based modelling approaches.
Methods in Ecology and Evolution, 2(5), 477-488. https://doi.
org/10.1111/j.2041-210X.2011.00104.x

Tung, S., Mishra, A., Gogna, N., Sadiq, M. A., Shreenidhi, P. M., Sruti, V. R.
S., Dorai, K., & Dey, S. (2018). Evolution of dispersal syndrome and
its corresponding metabolomic changes. Evolution, 72(9), 1890-
1903. https://doi.org/10.1111/ev0.13560

Tung, S., Mishra, A., Shreenidhi, P. M., Sadiq, M. A., Joshi, S., Sruti, V.R. S.,
& Dey, S. (2018). Simultaneous evolution of multiple dispersal com-
ponents and kernel. Oikos, 127(1), 34-44. https://doi.org/10.1111/
0ik.04618

Tusso, S., Nieuwenhuis, B. P. S., Weissensteiner, B., Immler, S., & Wolf, J.
B. W. (2021). Experimental evolution of adaptive divergence under
varying degrees of gene flow. Nature Ecology & Evolution, 5(3), 338-
349. https://doi.org/10.1038/541559-020-01363-2

Urban, M. C., Tewksbury, J. J., & Sheldon, K. S. (2012). On a collision
course: Competition and dispersal differences create no-analogue
communities and cause extinctions during climate change.
Proceedings of the Royal Society B: Biological Sciences, 279(1735),
2072-2080. https://doi.org/10.1098/rspb.2011.2367

Van den Bergh, B., Swings, T., Fauvart, M., & Michiels, J. (2018).
Experimental design, population dynamics, and diversity in
microbial experimental evolution. Microbiology and Molecular

Biology Reviews, 82(3), e00008-18. https://doi.org/10.1128/MMBR.
00008-18

Van Petegem, K., Moerman, F., Dahirel, M., Fronhofer, E. A.,
Vandegehuchte, M. L., Van Leeuwen, T., Wybouw, N., Stoks, R., &
Bonte, D. (2018). Kin competition accelerates experimental range
expansion in an arthropod herbivore. Ecology Letters, 21(2), 225-
234. https://doi.org/10.1111/ele.12887

Van Petegem, K. H. P,, Boeye, J., Stoks, R., & Bonte, D. (2016). Spatial
selection and local adaptation jointly shape life-history evolution
during range expansion. The American Naturalist, 188(5), 485-498.
https://doi.org/10.1086/688666

Weiss-Lehman, C., Hufbauer, R. A., & Melbourne, B. A. (2017). Rapid
trait evolution drives increased speed and variance in experimental
range expansions. Nature Communications, 8(14), 303. https://doi.
org/10.1038/ncomms14303

Weiss-Lehman, C., & Shaw, A. K. (2022). Understanding the drivers
of dispersal evolution in range expansions and their ecological
consequences. Evolutionary Ecology, 36(2), 181-197. https://doi.
org/10.1007/s10682-022-10166-9

Weiss-Lehman, C., Tittes, S., Kane, N. C., Hufbauer, R. A., & Melbourne,
B. A. (2019). Stochastic processes drive rapid genomic divergence
during experimental range expansions. Proceedings of the Royal
Society B: Biological Sciences, 286(1900), 20190231. https://doi.
org/10.1098/rspb.2019.0231

Williams, J. L., Hufbauer, R. A., & Miller, T. E. X.(2019). How evolution mod-
ifies the variability of range expansion. Trends in Ecology & Evolution,
34(10), 903-913. https://doi.org/10.1016/j.tree.2019.05.012

Williams, J. L., Kendall, B. E., & Levine, J. M. (2016). Rapid evolution
accelerates plant population spread in fragmented experimental
landscapes. Science, 353(6298), 482-485. https://doi.org/10.1126/
science.aaf6268

Zilio, G., Krenek, S., Gougat-Barbera, C., Fronhofer, E. A., & Kaltz, O.
(2023). Predicting evolution in experimental range expansions of
an aquatic model system. Evolution Letters, qrad010. https://doi.
org/10.1093/evlett/qrad010

SUPPORTING INFORMATION

Additional supporting information can be found online in the
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Appendix 1. Suggested methodologies on how experimental
evolution of dispersal can be linked to theoretical and empirical
work, to advance our understanding of dispersal evolution. For each
of the numbered arrows from Figure 1, we list several methodologies

with a brief explanation and relevant studies.
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