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Oikos Habitat fragmentation, the conversion of landscapes into patchy habitats separated
129: 158-169, 2020 by unsuitable environments, is expected to reduce dispersal among patches. However,
doi: 10.1111/0ik.06857 its effects on dispersal should depend on dispersal syndromes, i.e. how dispersal cova-

ries with phenotypic traits, because these syndromes can drastically alter dispersal and
Subject Editor: Dustin Marshall subsequent ecological and evolutionary dynamics. Our comprehension of whether
Editor-in-Chief: Pedro Perez-Neto environmental factors such as habitat fragmentation generate and/or modify dispersal
Accepted 29 September 2019 syndromes (i.e. conditional dispersal syndromes) is therefore key for biodiversity fore-

casting. Here we tested whether habitat fragmentation modulates dispersal syndromes
by experimentally manipulating matrix harshness, a critical feature of habitat frag-
mentation, in ciliate microcosms. We found evidence for dispersal syndromes involv-
ing multiple traits linked to morphology (elongation and size), movement (velocity
and linearity) and demography (growth rate and maximal population density). More
importantly, these syndromes were modified by matrix harshness, with increased dif-
ferences between residents and dispersers in morphology and movement traits, and
decreased differences in growth rate as the matrix became increasingly harsh. Our
findings thus reveal that habitat fragmentation can mediate the intensity and form of
dispersal syndromes, a context-dependence that could have important consequences
for ecological and evolutionary dynamics under environmental changes.
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Introduction

Habitat loss and fragmentation caused by human activities are considered major threats
to biodiversity (Fahrig 2003, Haddad et al. 2015, Newbold et al. 2015). In addition
to reducing the overall quantity of habitat, the conversion of natural ecosystems into
agricultural or urban areas turns landscapes into increasingly patchy habitats sepa-
rated by unsuitable environment (Fahrig 2003, Cote et al. 2017). As a consequence,
habitat fragmentation is expected to increase the costs of dispersal and reduce move-
ments among patches (Travis and Dytham 1999, Schtickzelle and Baguette 2003,
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Fahrig 2007, Delgado et al. 2014, Haddad et al. 2015,
Cote et al. 2017). Since dispersal plays a major role in ecolog-
ical and evolutionary dynamics (Hanski 1998, Lenormand
2002, Bowler and Benton 2005, Ronce 2007, Abbot et al.
2011, Clobert et al. 2012, Jacob et al. 2017), our ability to
forecast population and species responses to environmen-
tal changes crucially depends on our understanding of how
habitat fragmentation affects dispersal (Olivieri et al. 1990,
McPeek and Holt 1992, Travis 2001, Duputié and Massol
2013, Cote et al. 2017).

Increasing empirical evidence for extensive within popula-
tion variability in dispersal is causing a re-evaluation of the
simplifying assumptions of uniform dispersal in current dis-
persal theory (reviewed by Bowler and Benton 2005, Ronce
2007, Edelaar et al. 2008, Clobert et al. 2012, Travis and
Dytham 2012, Travis et al. 2012, Jacob et al. 2015a). Indeed,
dispersal often depends on a variety of internal factors (i.e.
phenotype-dependent dispersal) and environmental condi-
tions (i.e. context-dependent dispersal; Holt 1987, Bowler
and Benton 2005, Cote and Clobert 2007, Clobert et al.
2009, Cote et al. 2010, 2017, Schtickzelle et al. 2012,
Stevens et al. 2014). This dependence of dispersal to multiple
factors can lead to dispersal syndromes, defined as the covari-
ation of dispersal with other phenotypic traits (Cote and
Clobert 2007, Fjerdingstad et al. 2007, Clobert et al. 2009,
Cote et al. 2010, 2017). Such covariation might result from
genetic correlations or parallel selective responses to environ-
mental factors between dispersal and phenotypic traits, which
both lead to more dispersive individuals having different
phenotypic traits compared to residents (Ronce and Clobert
2012, Stevens et al. 2014). Traits associated with dispersal
might otherwise change in a labile way according to the envi-
ronmental conditions encountered (i.e. phenotypic plasticity;
Clobert et al. 2001, Bowler and Benton 2005, Benard and
McCauley 2008, Cote et al. 2017). Labile changes might,
for instance, occur through adaptive phenotypic plasticity
where individuals change their phenotype when dispersing in
order to increase the success of dispersal. Dispersal syndromes
can have an important impact on evolution through spatial
selection (Stevens et al. 2014, Cote et al. 2017). For instance,
newly colonized habitats after local extinction or during range
expansion will mostly be occupied by dispersive individuals
which may have specific dispersal syndromes (Haag et al.
2005, Phillips et al. 2006, Niitep6ld et al. 2009, Shine et al.
2011). This process that can speed up species range shifts and
expansions (Thomas et al. 2001, Phillips et al. 2006, 2010,
Shine et al. 2011, Lombaert et al. 2014, Cote et al. 2017).
Furthermore, dispersal syndromes have been suggested to
increase metapopulation size and persistence (Shima et al.
2015). More recently, Jacob et al. (2019a) demonstrated
that variability in dispersal syndromes can be as important
for metapopulation dynamics as spatiotemporal variability in
environmental conditions.

Theoretical and empirical studies have pointed out that
such multi-dependency of dispersal can change the predic-
tions of dispersal consequences for ecological and evolutionary

dynamics. For instance, dispersal syndromes can affect the
dynamics of species range shifts (Phillips et al. 2006, 2010,
Duckworth and Badyaev 2007, Shine et al. 2011), popu-
lation genetic structure (Edelaar et al. 2008, Jacob et al.
2015a, 2017, Nicolaus and Edelaar 2018), evolution of eco-
logical specialization (Holt 1987, Holt and Barfield 2015,
Jacob et al. 2017) or metapopulation responses to habitat
fragmentation (Hanski 1999, Hanski and Gaggiotti 2004,
Clobert et al. 2009, Bonte et al. 2012, Cote et al. 2017). This
makes our comprehension of the causes and consequences
of variability in dispersal syndromes critical for biodiversity
forecasting, especially in light of the increasing fragmenta-
tion of habitats (Travis and Dytham 2012, Travis et al. 2012,
Haddad et al. 2015, Santini et al. 2016, Cote et al. 2017).
Habitat fragmentation should indeed modify the selective
pressures acting on dispersal and dispersal-related traits and
therefore might generate variability in dispersal syndromes
(Cote et al. 2017). For instance, Shima and Swearer (2009)
found that the size and growth rate of dispersing marine reef
larvae depended on the conditions experienced during dis-
persal between reefs. At the proximate level, such variabil-
ity in dispersal syndromes might result from fragmentation
changing the patterns of spatial selection on dispersal pheno-
types, for instance increasing the costs of dispersal and there-
fore filtering out the non-specialized dispersers (Cote et al.
2017). In addition, fragmentation might also drive the form
and intensity of phenotypic plasticity seen before, during or
after dispersal, therefore modifying the patterns of covaria-
tion between dispersal and other phenotypic traits. Are dis-
persal syndromes conditional such that they vary depending
on the environment? What are the mechanisms underlying
such context-dependency? These are important questions
to answer to improve our understanding of the drivers of
variability in dispersal syndromes.

Here, we tested whether habitat fragmentation modu-
lates dispersal syndromes by manipulating the harshness of
the matrix separating habitats patches, a fundamental but
overlooked component of habitat fragmentation that medi-
ates functional connectivity (Bestion et al. 2019, Fahrig
2003, Haddad et al. 2015). Matrix harshness should raise the
costs of dispersal and might consequently modulate dispersal
syndromes. Since the causes and consequences of dispersal
syndromes might differ depending on their underlying mech-
anisms, we quantified the effects of fragmentation on disper-
sal syndromes both in the presence and absence of genetic
variability (i.e. genetically diverse versus isogenic clonal pop-
ulations; see below). In the absence of genetic variability, only
phenotypic plasticity (whether adaptive or not) could gener-
ate dispersal syndromes since all individuals bear the same
genotype. In the presence of genetic variability, differences in
dispersal propensity between phenotypically different geno-
types may generate dispersal syndromes by phenotypic seg-
regation, in addition to the effects of phenotypic plasticity.

We used microcosms of the ciliate protist Zezrahymena ther-
mophila as a model system to experimentally test the above-
mentioned predictions (Jessup etal. 2004, Benton et al. 2007,
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Altermatt et al. 2015, Jacob et al. 2017, 2018). Dispersal
syndromes have been previously documented in this spe-
cies, involving traits related to morphology, movement and
demography (Fjerdingstad et al. 2007, Pennckamp et al.
2014, 2018, Jacob et al. 2016, 2018, 2019). We quantified
dispersal syndromes as the difference between residents and
dispersers in morphology (cell size and elongation), move-
ment (velocity and linearity) and demography (growth rate
and maximal population density), and compared these syn-
dromes between two treatments: a control matrix versus a
harsh matrix (i.e. no resources). The availability of several
clonally reproducing strains of this species (hereafter called
‘genotypes’) allows us to contrast patterns of dispersal syn-
dromes in both the absence and presence of genetic variabil-
ity, by using either isogenic clonal genotypes kept isolated or
mixing several genotypes. First, to test the importance of phe-
notypic plasticity in generating dispersal syndromes and how
fragmentation modifies these plastic syndromes, we quanti-
fied the differences between residents and dispersers in the
absence of genetic variability (i.e. genotypes kept separated
in isogenic cultures making dispersers and residents to share
identical genetic background). Second, to test for the impor-
tance of genetically-based phenotypic segregation in addition
to phenotypic plasticity, we measured these same dispersal
syndromes in the presence of genetic variability by perform-
ing the same experiment but with the five genotypes mixed in
the same dispersal systems.

Methods

Culture conditions and genotypes

Tetrahymena thermophila is a 30-50 pm unicellular eukary-
ote, a ciliated protozoon naturally living in freshwater ponds
and streams in North America (Collins 2012, Doerder and
Brunk 2012). We used five genotypes, originally sampled
from different locations in North America (D3, D4, D6,
D13 and D17; Zufall et al. 2013, Pennekamp et al. 2014),
which reproduce clonally in our culture conditions (Elliott
and Hayes 1953, Bruns and Brussard 1974). Cells were main-
tained in axenic rich liquid growth media (0.6% Difco prote-
ose peptone, 0.06% yeast extract) at 23°C (Schrickzelle et al.
2009, Chaine et al. 2010, Altermatt et al. 2015). All manipu-
lations were performed in sterile conditions under a laminar

flow hood.

Dispersal experiment

To allow dispersal and then quantify phenotypic traits
of residents and dispersers, we used standard two-patch
microcosms consisting of two habitat patches (1.5ml stan-
dard microtubes) connected by a corridor (4mm internal
diameter silicon tube, 2.5cm long) and filled with growth
medium (Fjerdingstad et al. 2007, Schtickzelle et al. 2009,
Chaine et al. 2010, Pennekamp et al. 2014, Jacob et al.
2015b, 2016). We manipulated matrix harshness by filling
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corridors with either nutrients (i.e. control matrix) or water
without resources (harsh matrix), as used in a previous study
(Fronhofer et al. 2018). To do so, all two-patch systems were
initially filled with water (in patches and corridor), and nutri-
ents were added in each patch while keeping corridors closed
to avoid diffusion of nutrients in the corridors. For the con-
trol matrix treatment, corridors were then opened and the
two-patch systems homogenized in order to let nutrients dif-
fuse in the corridors. In the harsh matrix treatment, corri-
dors were opened, but systems were not homogenized, which
allowed us to maintain a low concentration of resources in
the corridors for more than four hours (Supplementary mate-
rial Appendix 1 Fig. Al).

We performed this dispersal experiment both in the pres-
ence and absence of genetic variability. We used each of the
five genotypes kept isolated to quantify dispersal syndromes
in the absence of genetic variability, and used a freshly mixed
culture of the five genotypes at equal density to gener-
ate genetic diversity. We performed five replicates for each
experimental condition (five genotypes alone plus a mixed
culture, each tested under two matrix harshness treatments).
Cells were placed on one side of the two-patch systems (i.e.
‘start patch’; standard density of inoculated cells=40 000
cellsml™) and corridors were opened for four hours to allow
dispersal towards the initially empty neighbour patch. After
four hours of potential dispersal, the corridors were closed to
separate residents (cells remaining in the start patch) from
dispersers (cells that actively moved to the target patch). We
chose to let cells disperse for four hours in order to guaran-
tee limited population growth during the experiment. This
species indeed shows a latency time before growth initiates
after transfer in a new tube (latency time in this experi-
ment: mean + SE=33.04+4.04h), meaning that population
growth is negligible during four hours and thus does not
affect quantifications of dispersal rates and phenotypic traits
(Pennekamp et al. 2014, Jacob et al. 2018).

Quantification of phenotypic traits and growth of
residents and dispersers

Immediately after the four hours dispersal period, we used a
standardized procedure to measure cell density and pheno-
typic traits in residents and dispersers. From each culture, we
pipetted five samples (10 pl each) into chambers of a multi-
chambered counting slide (Kima precision cell 301890), and
immediately took digital pictures under dark-field micros-
copy (Schtickzelle et al. 2009, Pennekamp and Schrickzelle
2013, Pennekamp 2014). Population density and cell phe-
notypic traits in cultures were measured based on an auto-
matic analysis of pictures (Pennekamp and Schtickzelle
2013) using IMAGE] software (ver. 1.47; Schneider et al.
2012). We also took a 20s video from each patch under
dark-field microscopy to measure cell movement character-
istics using BEMOVI R-package (Pennekamp et al. 2015).
This package tracks moving particles in the videos through
an image processing workflow involving IMAGE] software
(Pennekamp et al. 2015).



We quantified dispersal rate as the proportion of cells pres-
ent in the target patch (i.e. N, /(N +N,. ). From pic-
tures, we quantified two morphologic traits of residents and
dispersers: cell size (cell surface area on pictures) and elonga-
tion (ratio of cell major/minor axis; Fjerdingstad et al. 2007,
Jacob et al. 2016). From videos, we quantified the velocity
and linearity of cell movement trajectories. Cell velocity is
defined as the total distance travelled by cells divided by the
duration of the trajectory, and linearity is the ratio between
the net distance travelled (Euclidian distance between start
and end positions) and the total distance effectively moved
through a more or less tortuous way such that higher val-
ues indicate straighter trajectories. This index is sometimes
referred as NGDR (net to gross distance ratio) or straightness
index. It may be biased by large location errors and/or when
very long movements are recorded (Almeida et al. 2010), but
none of these issues occur in the system we used.

Finally, we quantified growth rate and maximal popula-
tion density of residents and dispersers as demographic traits
characterizing reproductive strategies. To do so, we trans-
ferred 10pl of resident or disperser cells (100 cells) from
each patch into 96-well plates (250pl wells) filled with
growth medium, with five replicates for each resident and
disperser patch. Population growth was quantified through
absorbance measurements at 550nm recorded every three
hours for two weeks using a microplate reader. Absorbance,
as classically used in cell culture research, is significantly and
linearly correlated with cell density within the range of den-
sities observed under our culture conditions (Pennekamp
2014, Jacob et al. 2017). To avoid any bias due to slight vari-
ability in absorbance measures, and thus allow the predicted
logistic growth curves to accurately match the observed
data, we smoothed the absorbance data using general addi-
tive model (gam package; Hastie 2018), a non-parametric
method that does not require any assumption regarding the
shape of the curve. We then used the grofit package (gcfic
function; Kahm et al. 2010) to fit a spline-based growth
curve and compute the growth rate as the maximum slope of
population growth through time, and the maximal popula-
tion density as the density reached at the plateau (Jacob et al.
2017, 2018).

Statistical analyses

We quantified dispersal syndromes by computing the dif-
ference of trait values between dispersers and residents
(Traity, ... — Trait, 4., for each of the six traits measured
(i.e. cell size, elongation, velocity, linearity, growth rate and
maximal population density; centred and scaled with respect
to the full dataset to provide comparable metric scale among
phenotypic traits; base package, scale function; <www.1-
project.org>). This led to one value of resident-disperser
phenotypic difference for each trait and each two-patch
dispersal system.

We then tested for the effect of matrix harshness on dis-
persal rate and dispersal syndromes. First, when all cells
bore the same genotype (i.e. isolated genotypes), we tested

whether resident-disperser differences can occur and whether
these syndromes depend on matrix harshness. We used each
phenotypic difference as the dependent variable in separate
ANOVA models (stats package; Im function; <www.r-proj-
ect.org>). Matrix harshness treatment, genotype and their
interaction were used as explanatory factors. Second, we
tested whether these resident-disperser differences changed
depending on the presence or absence of genetic variability
and on matrix harshness. To do so, we performed an ANOVA
with each phenotypic difference as the dependent variable,
and ‘genetic variability’ (i.e. isogenic versus mixed culture),
matrix harshness and their interaction as explanatory fac-
tors. Note that using traits as dependent variables instead of
disperser-resident differences, with dispersal status, matrix
harshness and their interaction as fixed factors, and geno-
type as a random factor, lead to qualitatively similar conclu-
sions (results not shown). In addition to the phenotypic and
growth traits, we performed the same analyses as presented
above for dispersal rate.

Finally, we drew the architecture of dispersal syndromes
involving all six traits quantified in this study using a prin-
cipal component analysis (ade4 package; dudi.pca function;
<www.r-project.org>). We tested whether matrix harshness
affects the syndromes of multiple dispersal-related traits by
using an ANOVA with principal component scores as depen-
dent variables and matrix harshness, dispersal status (i.e.
resident  versus disperser) and their interaction as
explanatory factors.

With the exception of dispersal rate that were logit trans-
formed, in all cases models followed assumptions of normal-
ity of residuals and homoscedasticity. Estimation of variance
attributed to each explanatory factor was performed through
variance partitioning analysis (relaimpo package; calc.
relimp function with the Img metric; Lindeman et al. 1980,
Groemping 2006). Interactions were removed from the mod-
els when non-significant (p>0.05).

Results

Dispersal rate and matrix harshness

As expected, matrix harshness generally reduced dispersal rate
(Fig. 1a, Table 1), and we found intraspecific variability in the
magnitude of this effect (genotype by matrix harshness inter-
action; Table 1), with three out of the five genotypes showing
a decrease of dispersal rate in the presence of a harsh matrix
(Supplementary material Appendix 1 Fig. A2). Dispersal
rate decreased similarly in the harsh matrix treatment in the
presence of genetic variability (i.e. mix of genotypes; Fig. 1a,

Table 2).

Intraspecific variability and plastic dispersal
syndromes

In the absence of genetic variability, i.e. in isogenic cul-
tures where only phenotypic plasticity can lead to dispersal
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Figure 1. Effects of matrix harshness on dispersal rate and dispersal syndromes. (a) Matrix harshness effects on dispersal rate and disperser-
resident differences in the absence of genetic variability (‘isogenic’, i.e. mean value over the five genotypes, each measured in isogenic cul-
ture; details in Supplementary material Appendix 1 Fig. A2) and presence of genetic variability (‘genetic variability’, i.e. mix of cells from
the five genotypes; ‘genetic variability’). Grey dots represent the control matrix, black dots represent the harsh matrix. Mean + SE are shown;
see statistics in Table 1, 2. Supplementary material Appendix 1 Fig. A2 for traits for each individual genotype. (b) Organisation of morpho-
logical, movement and demographic traits in principal components. Grey arrows show the contribution of traits to each axis of the principal
component analysis. (c) Differences between residents and dispersers in the multiple-trait space depending on matrix harshness in the
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Table 1. Intraspecific variability and context-dependency of plastic dispersal syndromes, quantified separately for each of the five genotypes
kept isolated. Statistics and variance partitioning of genotype (i.e. among genotypes differences), matrix harshness treatment and their inter-
action are shown for each response variable (dispersal rate and the six morphologic, mobility and growth syndromes). Significant effects are
highlighted in bold, and adjusted p-values after Bonferroni correction (n=7) are provided.

Sum Sq df F p p.adjust R?
Dispersal rate
Genotype 17.304 4,40 15.803 <0.001 <0.001 0.43
Matrix harshness 0.536 1,40 2.447 0.124 0.870 0.14
Matrix x Genotype 4.674 4,40 4.269 0.003 0.019 0.10
Morphology
Cell size
Genotype 0.884 4,44 0.8152 0.522 1 0.07
Matrix harshness 0.642 1,44 2.3682 0.131 0.917 0.05
Matrix x Genotype
Cell elongation
Genotype 13.726 4,44 6.564 <0.001 0.002 0.33
Matrix harshness 4.273 1,44 8.173 0.006 0.045 0.10
Matrix x Genotype
Movement
Velocity
Genotype 2.838 4,44 0.994 0.421 1 0.06
Matrix harshness 10.153 1,44 14.215 <0.001 0.003 0.23
Matrix x Genotype
Linearity
Genotype 15.550 4,44 3.463 0.015 0.106 0.237
Matrix harshness 0.806 1,44 0.718 0.401 1 0.012
Matrix x Genotype
Demography
Growth rate
Genotype 1.953 4,44 2.572 0.051 0.356 0.17
Matrix harshness 0.905 1,44 4.769 0.034 0.241 0.08
Matrix x Genotype
Carrying capacity
Genotype 2.403 4,44 2.580 0.050 0.352 0.18
Matrix harshness 0.707 1,44 3.036 0.088 0.619 0.05

Matrix x Genotype

syndromes (Fig. 2a), we found that dispersers were more
elongated than residents, moved faster and tended to show
straighter movement (elongation, velocity and linearity
respectively; Fig. la, Supplementary material Appendix 1
Table A1), but did not differ significantly in their size, growth
rate and maximal population density. We furthermore found
that the degree of difference between residents and dispers-
ers in cell elongation and linearity differed between geno-
types (genotype effects in Table 1, Supplementary material
Appendix 1 Fig. A2).

These morphological and movement differences between
residents and dispersers depended on matrix harshness: the
differences between residents and dispersers in elongation and
velocity were greater in the harsh matrix than in the control
matrix treatment (matrix harshness effect in Table 1, Fig. 1a,
Supplementary material Appendix 1 Table Al). Phenotypic
traits in residents did not significantly change depending
on matrix harshness (all p>0.1; Fig. 1b—d), meaning that
a change in dispersal syndromes between matrix treatments
in all cases resulted from phenotypic changes in dispersers.
Finally, genotypes did not significantly differ in how resi-
dent-disperser phenotypic differences changed with matrix

harshness (non-significant genotype by matrix interactions;
Table 1), showing that there is no significant intraspecific
variability in how dispersal syndromes change with fragmen-
tation within the set of genotypes we used here.

The effect of matrix harshness on phenotypic differences
between residents and dispersers resulted in context-depen-
dent dispersal syndromes (Fig. 2b). A principal component
analysis revealed that the six traits quantified in this study
organise along three orthogonal dimensions. A first dimen-
sion comprised of reproductive traits (growth rate and maxi-
mal population density), a second comprised of phenotypic
elongation and movement (cell shape, velocity and linear-
ity), and the third component including cell size (Fig. 1b;
total variance explained =77.1%; PCl1: 31.6%, PC2: 28.7%
and PC3: 16.9%). We found a significant disperser status by
matrix harshness interaction on scores on the second principal
component (estimate+SE=1.32+0.40; t=3.30; p=0.001;
Fig. 1c—d), but not on PCI and 3 (respectively 0.52+0.53;
t=0.97; p=0.33 and 0.04 + 0.40; t=0.10; p=0.92).

Interestingly, although phenotypic traits in residents did
not significantly differ between control and harsh matrix
treatments, matrix harshness had a significant effect on PC2
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Table 2. Occurrence and context-dependency of dispersal syndromes in the presence of genetic variability. Statistics and variance partition-
ing of genetic variability (i.e. presence versus absence of genetic variability), matrix harshness treatment and their interaction are shown for
each morphologic, mobility and growth trait. Significant contributions to dispersal syndromes are highlighted in bold, and adjusted p-values
after Bonferroni correction (n=7) are provided.

Sum Sq df F p p.adjust R?
Dispersal rate
Genetic variability 0.039 1,57 0.077 0.783 1 0.001
Matrix harshness 3.389 1,57 6.593 0.013 0.089 0.10
Matrix x Gen.var.
Morphology
Cell size
Genetic variability 2.018 1,57 7.030 0.010 0.073 0.10
Matrix harshness 1.602 1,57 5.581 0.022 0.151 0.08
Matrix x Gen.var.
Cell elongation
Genetic variability 0.045 1,5 0.058 0.810 1 0.001
Matrix harshness 2.804 1,57 3.612 0.062 0.437 0.06
Matrix x Gen.var.
Movement
Velocity
Genetic variability 0.442 1,57 0.699 0.407 1 0.001
Matrix harshness 11.261 1,57 17.814 <0.001 0.001 0.24
Matrix x Gen.var.
Linearity
Genetic variability 0.194 1,5 0.160 0.691 1 0.003
Matrix harshness 1.923 1,57 1.59 0.213 1 0.03
Matrix x Gen.var.
Demography
Growth rate
Genetic variability 7.139 1,56 29.886 <0.001 <0.001 0.28
Matrix harshness 0.905 1,56 3.789 0.057 0.396 0.01
Matrix x Gen.var. 1.765 1,56 7.3887 0.009 0.061 0.08
Carrying capacity
Genetic variability 1.623 1,57 6.472 0.014 0.096 0.10
Matrix harshness 0.568 1,57 2.264 0.138 0.965 0.03
Matrix x Gen.var.
(a) Possible proximal causes (b) Traits Matrix harshness
of dispersal syndromes involved effects on syndromes
Isogenic .
Elongation +
P> L) Phenotypic plasticity Velocity +
= @ Linearity +
Residents Dispersers
. - Elongation +
Genetic variability Phenotypic plasticity Velocity +
Linearity +
g 0 * Size +
Residents Dispersers Sp atial segregation Gro_Wth vae . B
Carrying capacity

Figure 2. (a) Schematic illustration of the dispersal systems in the absence of genetic variability (inoculated either with isogenic cultures
where all cells bear the same genotype) or in the presence of genetic variability (mix of cells from the five different genotypes) and possible
proximal causes of dispersal syndromes (five replicates for each experimental condition). (b) Results of the experiments for the different
dispersal-related traits and how these syndromes were affected by matrix harshness (+ for an increased difference between residents and
dispersers, — for a decrease, blank when not significant).
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scores in residents (0.76+0.29; t=2.66; p=0.01). This sug-
gests that negligible context-dependence of dispersal-related
traits taken individually might still result in context-depen-
dent syndromes of multiple traits.

Genetic variability and dispersal syndromes

The differences between residents and dispersers found in the
absence of genetic variability (cell elongation, velocity and
linearity; Fig. 2) did not increase nor decrease significantly
when quantified in the presence of genetic variability (genetic
variability effect in Table 2). However, additional phenotypic
differences between residents and dispersers not seen in the
absence of genetic diversity were revealed in the presence of
genetic variability. Specifically, dispersers were bigger and
showed slower growth rate and lower maximal population
density than residents in the presence of genetic variability
(genetic variability effect in Table 2, Fig. 1).

Matrix harshness led to an increase of the resident-dis-
perser differences in cell size, a decrease in the differences of
growth rate, and did not significantly affect maximal popula-
tion density differences in the presence of genetic variabil-
ity (Table 2, Fig. 1). Interestingly, additional analyses on
the phenotypic traits in residents revealed that while matrix
harshness did not significantly affect phenotypic traits of
residents in the absence of genetic variability, cell linearity
and growth rate in residents tended to decrease when facing
a harsh matrix in the presence of genetic variability (linearity:
estimate + SE=—0.73+0.30, t=2.47, p=0.040; growth rate:
—0.80+0.36, t=2.24, p=0.055; all other p>0.1; Fig. 2b).

The corridors in the two-patch systems used here contains
~300 pl (4 mm internal diameter, 2.5 cm long), meaning that
homogenization of nutrients in the corridors in the control
matrix treatment lead to a dilution of the patches resource
concentration by a factor 1.1. The expected effect of such
1.1 dilution would be of 0.41 +0.30% for dispersal rate, of
3.39+1.92% for growth rate and of 4.24+1.99% for carry-
ing capacity (data from Jacob et al. in press). Furthermore,
we found that matrix harshness did not significantly affect
phenotypic traits of residents in isogenic cultures, as would
be expected if matrix harshness effects resulted from a dilu-
tion of local patch quality instead of matrix harshness itself.
Altogether, we can therefore confidently argue that such
small dilution factor cannot explain the effects found in the
present study.

Discussion

In this study, we experimentally manipulated the harshness
of the matrix separating habitats in microcosms of the cili-
ate Tetrahymena thermophila to test whether and how habitat
fragmentation modulates dispersal syndromes. In line with
previous studies (Fjerdingstad et al. 2007, Pennekamp et al.
2014, 2018, Jacob et al. 2016, 2019), we provided evidence
for dispersal syndromes involving multiple traits linked to
morphology (elongation and size), movement (velocity and

linearity) and demography (growth rate and maximal popu-
lation density). The evidence for such multi-dimensional
dispersal syndromes echoes numerous previous studies that
define dispersal as a combination of multiple traits, beyond a
simple tendency to disperse (Clobert et al. 2009, Stevens et al.
2014, Cote et al. 2017, Beckman et al. 2018, Jacob et al.
2019a). Interestingly, differences between residents and dis-
persers in cell elongation and movement occur even when
residents and dispersers share identical genetic background,
meaning that dispersal syndromes might result from pheno-
typic plasticity. Furthermore, we found matrix harshness to
decrease dispersal rate, as expected since habitat fragmenta-
tion is expected to raise the costs of dispersal (Schtickzelle and
Baguette 2003, Fahrig 2007, Bonte et al. 2012, Haddad et al.
2015, Cote et al. 2017). Most importantly, we demonstrated
that dispersal syndromes are context-dependent, with phe-
notypic differences between residents and dispersers that
changed depending on matrix harshness (Fig. 2).

Proximate causes of dispersal syndromes

In the absence of genetic variability, meaning that all cells
in a dispersal system have the same genotype, we found that
dispersers were more elongated, moved faster and tended to
show a straighter movement than residents. These three traits
are classically associated with dispersal in this species: elon-
gated cells of 77 thermophila indeed show greater swim speed
and straighter movements, and are thought to be more effi-
cient dispersers because of reduced resistance during move-
ments (Stein and Bronner 1989, Fjerdingstad et al. 2007,
Schtickzelle et al. 2009, Pennekamp et al. 2014, Jacob et al.
2016). Importantly, these phenotypic differences occurred in
the absence of genetic variability: isogenic cultures where resi-
dents and dispersers share identical genetic background. This
finding shows that these dispersal-related traits (i.e. cell elon-
gation, velocity and linearity) resulted from plastic changes in
cell phenotypic traits that might occur before, during or after
dispersal, and not from spatial segregation during dispersal of
genotypes differing in their phenotypic traits. Interestingly,
such plastic dispersal syndromes might modify the direc-
tion or distance of dispersal movements or alleviate dispersal
costs. Consequently, they might greatly affect metapopula-
tion dynamics and response to environmental changes, for
instance by increasing recolonization rates and thus the
stability of metapopulations, or fastening range expansions
(Clobert et al. 2009, Lande 2015, Cote et al. 2017).
Whether such plastic dispersal syndromes result from
adaptive phenotypic plasticity (the induction of a specific
dispersal phenotype to increase dispersal success) or non-
adaptive changes triggered by costs experienced during
dispersal (Bonte et al. 2012, Cote et al. 2017) is an open
question. Here we found that dispersers were more elon-
gated and move more linearly and faster than residents, traits
that are thought in this species and others to increase dis-
persal success (Phillips et al. 2006, 2010, Shine et al. 2011,
Pennekamp et al. 2014, Jacob et al. 2016, Cote et al. 2017).
Further investigation should test whether this potentially
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adaptive phenotypic plasticity occurs 1) before dispersal,
with specialized phenotypes produced through plasticity that
disperse preferentially, 2) during dispersal, with phenotypic
plasticity mediating the filtering effect of matrix harshness or
3) after dispersal, where phenotypic changes result from the
process of colonizing a new environment.

Interestingly, in the presence of genetic variability (i.e. mix
of genotypes), dispersers differed from residents not only in
their elongation, velocity and linearity, but also in their size,
growth rate and maximal population density. These addi-
tional traits are often found linked to dispersal. Body size is
considered one of the main traits linked to dispersal in meta-
population and metacommunity theory (Cohen et al. 2003,
Stevens et al. 2014, Dahirel et al. 2015). Furthermore, dis-
persal is often expected to tradeoff against competitive abil-
ity and thus related to reproductive characteristics (Hastings
1980, Leibold et al. 2004, Travis et al. 2012, Bonte and
Dabhirel 2017). The rise of these additional resident-disperser
differences in the presence of genetic variability might be
explained by a spatial segregation of genetically-based phe-
notypic traits: that is when the most dispersive genotypes
carry different and heritable phenotypic traits compared to
less dispersive individuals. Genotypes in this species have
indeed repeatedly been found to differ regarding to mul-
tiple phenotypic traits (Supplementary material Appendix 1
Fig. A3; Fjerdingstad et al. 2007, Schrickzelle et al. 2009,
Chaine et al. 2010, Jacob et al. 2015b, 2016, 2018). In such
a case, dispersal syndromes based on body size and reproduc-
tive characteristics could lead to evolution by spatial selection,
for instance leading to increased fecundity at range margins
or during range expansions (Phillips et al. 2006, Shine et al.
2011, Fronhofer and Altermatt 2015). Alternatively, differ-
ences between residents and dispersers occurring only in the
presence of genetic variability might result from phenotypic
plasticity if this plasticity differ among genotypes or depends
on e.g. kinship (Cote et al. 2007, Chaine et al. 2010, Cote
and Clobert 2010, Jacob et al. 2016). Quantifying the level
of heritability of phenotypic traits involved in dispersal syn-
dromes and the (epi)genetic and transgenerational mecha-
nisms underlying their variability is needed to improve our
understanding of the evolution and eco-evolutionary conse-
quences of dispersal.

Conditional dispersal syndromes

Further than providing evidence for multiple traits involved
in dispersal syndromes, we showed that these syndromes
depend on matrix harshness, one fundamental dimension
of habitat fragmentation (Bestion et al. 2019, Fahrig 2003,
Cote et al. 2017, Legrand et al. 2017). First, we found that
matrix harshness can strengthen dispersal syndromes: the dif-
ference between residents and dispersers in cell size, elonga-
tion, velocity and linearity increased when dispersers had to
cross a harsh matrix. This suggests that habitat fragmenta-
tion might increase plastic change of phenotypic traits toward
more specialized dispersive phenotypes, and intensify the
sorting of phenotypic variability during dispersal. Second, we
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found that matrix harshness decreased the difference between
residents and dispersers in growth rate. Together, these results
illustrate the diversity of effects that environmental changes
can have on dispersal, and thus the importance of our under-
standing of dispersal drivers for the accuracy of ecological
and evolutionary forecasting (Travis and Dytham 2012,
Travis et al. 2012, Santini et al. 2016, Cote et al. 2017).

The consequences of context-dependent dispersal syn-
dromes for ecological and evolutionary dynamics should
differ depending on the proximal causes underlying these
syndromes. For example, an increased investment in plas-
tic dispersal traits might increase dispersal success and thus
buffer against increased costs of dispersal induced by habi-
tat fragmentation (Cote et al. 2017). Plastic dispersal syn-
dromes might therefore favour metapopulation persistence
under habitat fragmentation, and help maintain functional
connectivity in fragmented landscapes. Conversely, when the
difference between residents and dispersers result from the
spatial segregation of genetically determined traits, dispersal
syndromes might also increase metapopulation persistence
facing habitat fragmentation if individuals with special-
ized dispersal phenotypes engage preferentially in dispersal
(Cote et al. 2017). When dispersal syndromes result from
the spatial segregation of genetically determined traits, envi-
ronmental changes such as fragmentation and the resulting
selective pressures acting on dispersal-related traits (McPeek
and Holt 1992, Olivieri et al. 1995, Travis 2001, Duputié
and Massol 2013) could generate a diversity of local dispersal
syndromes throughout a landscape (Cote et al. 2017).

Conclusions

The role of dispersal and dispersal syndromes in population
and species response to environmental changes and in turn
the effects of these environmental changes on the evolution
of dispersal have been the focus of considerable research effort
in the past decades (Olivieri et al. 1990, McPeek and Holt
1992, Travis 2001, Travis and Dytham 2012, Duputié and
Massol 2013, Travis et al. 2013, Bonte and Dahirel 2017,
Cote et al. 2017). Dispersal is increasingly recognized as a
complex process, a complexity that can affect both the evo-
lution of dispersal and its consequences for ecological and
evolutionary dynamics (Bowler and Benton 2005, Ronce
2007, Edelaar et al. 2008, Clobert et al. 2012, Travis and
Dytham 2012, Travis et al. 2012, Jacob et al. 2015a, 2017).
For instance, a recent study using microcosms of 7. thermoph-
ila experimentally demonstrated that variability in dispersal
syndromes can be as important for metapopulation dynam-
ics as spatiotemporal variability of environmental conditions
(Jacob et al. 2019a). Such evidence points out we need to
further explore intraspecific variability in both dispersal and
its underlying mechanisms. Here we experimentally demon-
strated that the intensity and nature of dispersal syndromes
can be driven by habitat fragmentation. Investigating the
consequences of dispersal syndromes that vary depending
on habitat fragmentation for gene flow in metapopulations,
species range shifts or eco-evolutionary feedbacks under



environmental changes remain key questions for future
investigation.

Experimental or semi-natural systems such as the micro-
cosms used in this study, provide an unique opportunity to
answer the above-mentioned questions (Jessup et al. 2004,
Benton et al. 2007, Legrand et al. 2012, Altermatt et al.
2015, Jacob et al. 2017). These systems are by nature
simplified and their utility is in deciphering the mecha-
nisms and causality underlying natural processes in highly
controlled and replicated experimental conditions, which
would be otherwise impossible under natural conditions
(Jessup et al. 2004, Srivastava et al. 2004, Benton et al.
2007). Ciliates are organisms usually covered with cilia
that provide them high mobility to catch food and
move from one location to another. Many species are
able to orient in their environment through for instance
taxic responses (reviewed by Fenchel 1987), including
1. thermophila that is able to adjust dispersal decisions
relative to kinship (Chaine et al. 2010), population den-
sity (Pennekamp et al. 2014, Jacob et al. 2016), resources
(Jacob et al. 2019a) and temperature (Jacob et al. 2017,
2018). In the microcosms used in this study, patches are
separated by 2.5 cm corridors, or over 1000 times the size
of a T thermophila cell, and each patch is of sufficient size
and contains ample resources to allow populations to fol-
low classical logistic population growth and end-up with
very large population sizes (up to ~500 000 cells per patch).
Furthermore, residents and dispersers in these microcosms
differ in their phenotype, with for instance dispersers being
more elongated, moving faster and in a more linear way
(Pennekamp et al. 2014, 2018, Jacob et al. 2016, 2019).
Finally, we previously demonstrated that these dispersal
movements influence local adaptation by generating gene
flow among patches and affecting population differentia-
tion (Jacob et al. 2017). The movements we quantify in
these microcosms therefore match the classical definition
of dispersal movements: movements between populations
than can lead to gene flow (Clobert et al. 2004, 2012,
Ronce 2007).

This experimental study using microcosms shows that
habitat fragmentation can modify dispersal syndromes
through both spatial selection and phenotypic plasticity.
These results suggest we need to integrate the mechanisms
and variability of dispersal syndromes into ecological and
evolutionary theory. Future investigation should now
explore the generality of the patterns we found and whether
the relative importance of plasticity and spatial selection
for variability in dispersal syndromes differs depending on
species life history strategies. For instance, whether ter-
restrial, freshwater and marine organisms show common
patterns of context-dependent dispersal syndromes or
in contrast differ in this regard represent promising ave-
nues to improve our understanding of how biodiversity
will respond to environmental changes (Berg et al. 2010,
Travis et al. 2013, Urban et al. 2016, Cote et al. 2017,
Legrand et al. 2017).

Data availability statement

Data are available from the Dryad Digital Repository: <http://
dx.doi.org/10.5061/dryad.d2547d728> (Jacob et al. 2019b).

Acknowledgements — We thank Julien Cote and Alexis Chaine for
very helpful comments on the manuscript.

Funding— This study was supported by the ER.S.-FNRS (equipment
grant U.N035.16) and UCL-FSR. SJ and TM] were supported by
Move-In-Louvain Marie Curie Action postdoctoral fellowships.
NS is Senior Research Associate of the ER.S.-FNRS. This work
beneficiated from the scientific environment of the Laboratoire
d’Excellence entitled TULIP (ANR-10-LABX-41). This work is
contribution BRC 356 of the Biodiversity Research Centre at UCL.
Confflicts of interest — The authors declare no conflict of interest.
Author contributions — S] designed the project, with inputs from
NS. §J and EL performed the experiments, with the help of TMJ.
SJ analysed the data and wrote the manuscript. NS contributed to
revisions and all authors approved its final version.

References

Abbot, P et al. 2011. Inclusive fitness theory and eusociality.
— Nature 471: E1-E4.

Almeida, P. et al. 2010. Indices of movement behaviour: conceptual
background, effects of scale and location errors. — Zoologia 27:
674-680.

Altermatt, F et al. 2015. Big answers from small worlds: a user’s
guide for protist microcosms as a model system in ecology and
evolution. — Methods Ecol. Evol. 6: 218-231.

Beckman, N. et al. 2018. High dispersal ability is related to fast
life-history strategies. — J. Ecol. 106: 1349-1362.

Benard, M. E and McCauley, S. J. 2008. Integrating across life-
history stages: consequences of natal habitat effects on dispersal.
— Am. Nat. 171: 553-567.

Benton, T. G. et al. 2007. Microcosm experiments can inform
global ecological problems. — Trends Ecol. Evol. 22: 516-521.

Berg, M. P. et al. 2010. Adapt or disperse: understanding species
persistence in a changing world. — Global Change Biol. 16:
587-598.

Bestion, E. et al. 2019. Habitat fragmentation experiments on
arthropods: what to do next? — Curr. Opin. Insect Sci. 35:
117-122.

Bonte, D. and Dahirel, M. 2017. Dispersal: a central and independ-
ent trait in life history. — Oikos 126: 472-479.

Bonte, D. et al. 2012. Costs of dispersal. — Biol. Rev. 87: 290-312.

Bowler, D. E. and Benton, T. G. 2005. Causes and consequences
of animal dispersal strategies: relating individual behaviour to
spatial dynamics. — Biol. Rev. 80: 205-225.

Bruns, P. J. and Brussard, T. B. 1974. Pair formation in Zezrahymena
pyriformis, an inducible developmental system. — J. Exp. Zool.
188: 337-344.

Chaine, A. S. et al. 2010. Kin-based recognition and social aggrega-
tion in a ciliate. — Evolution 54: 1290-1300.

Clobert, J. et al. 2001. Dispersal. — Oxford Univ. Press.

Clobert, J. et al. 2004. Causes, mechanisms and consequences of
dispersal. — In: Hanski, I. and Gagiotti, O. E. (eds), Ecology,
genetics and evolution of metapopulations, pp. 307-335. Else-
vier Academic Press.

167



Clobert, J. et al. 2009. Informed dispersal, heterogeneity in animal
dispersal syndromes and the dynamics of spatially structured
populations. — Ecol. Lett. 12: 197-209.

Clobert, J. et al. 2012. Dispersal ecology and evolution. — Oxford
Univ. Press.

Cohen, J. et al. 2003. Ecological community description using the
food web, species abundance, and body size. — Proc. Natl Acad.
Sci. USA 100: 1781-1786.

Collins, K. 2012. Tetrahymena thermophila. Methods in cell biology
(Vol. 109). — Elsevier.

Cote, J. and Clobert, J. 2007. Social personalities influence natal
dispersal in a lizard. — Proc. R. Soc. B 274: 383-390.

Cote, J. and Clobert, J. 2010. Risky dispersal: avoiding kin com-
petition despite uncertainty. — Ecology 91: 1485-1493.

Cote, ]. et al. 2007. Mother—offspring competition promotes colo-
nization success. — Proc. Natl Acad. Sci. USA 104: 9703-9708.

Cote, J. et al. 2010. Personality-dependent dispersal: characteriza-
tion, ontogeny and consequences for spatially structured popu-
lations. — Phil. Trans. R. Soc. B 365: 4065-4076.

Cote, J. et al. 2017. Evolution of dispersal strategies and dispersal
syndromes in fragmented landscapes. — Ecography 40: 56-73.

Dahirel, M. et al. 2015. Movement propensity and ability correlate
with ecological specialization in European land snails: com-
parative analysis of a dispersal syndrome. — J. Anim. Ecol. 84:
228-238.

Delgado, M. M. et al. 2014. Prospecting and dispersal: their eco-
evolutionary dynamics and implications for population pat-
terns. — Proc. R. Soc. B 281: 20132851.

Doerder, E. and Brunk, C. 2012. Natural populations and inbred
strains of Zetrahymena. — In: Tetrahymena thermophila, Methods
in cell biology (Vol. 109), pp. 277-300. Elsevier.

Duckworth, R. A. and Badyaev, A. V. 2007. Coupling of dispersal
and aggression facilitates the rapid range expansion of a pas-
serine bird. — Proc. Natl Acad. Sci. USA 104: 15017-15022.

Duputié, A. and Massol, E 2013. An empiricist’s guide to theo-
retical predictions on the evolution of dispersal. — Interface
Focus 3: 20130028.

Edelaar, P. et al. 2008. Matching habitat choice causes directed gene
flow: a neglected dimension in evolution and ecology. — Evolu-
tion 62: 2462-2472.

Elliott, A. M. and Hayes, R. E. 1953. Mating types in Tezrahymena.
— Biol. Bull. 105: 269.

Fahrig, L. 2003. Effects of habitat fragmentation on biodiversity.
— Annu. Rev. Ecol. Evol. Syst. 34: 487-515.

Fahrig, L. 2007. Landscape heterogeneity and metapopulation
dynamics. — In: Wu, J. and Hobbs, R. (eds), Key topics and
perspectives in landscape ecology. Cambridge Univ. Press, pp.
78-89.

Fenchel, T. 1987. Ecology of protozoa: the biology of free-living
phagotrophic protists. Brock Spinger Series in Contemporary
Biosience. — Springer.

Fjerdingstad, E. J. et al. 2007. Evolution of dispersal and life history
strategies — Tetrahymena ciliates. — BMC Evol. Biol. 7: 133.
Fronhofer, E. A. and Altermatt, E 2015. Eco-evolutionary feed-
backs during experimental range expansions. — Nat. Commun.

6: 6844.

Fronhofer, E. A. et al. 2018. Bottom—up and top—down control of
dispersal across major organismal groups: a coordinated distrib-
uted experiment. — Nat. Ecol. Evol. 2: 1859.

Groemping, U. 2006. Relative importance for linear regression in
R: the package relaimpo. — J. Stat. Softw. 17:1-27.

168

Haag, C. R. et al. 2005. A candidate locus for variation in disper-
sal rate in a butterfly metapopulation. — Proc. R. Soc. B 272:
2449-2456.

Haddad, N. M. et al. 2015. Habitat fragmentation and its lasting
impact on Earth’s ecosystems. — Sci. Adv. 1: ¢1500052.

Hanski, I. 1998. Metapopulation dynamics. — Nature 396: 41-49.

Hanski, I. 1999. Habitat connectivity, habitat continuity, and
metapopulations in dynamic landscapes. — Oikos 87: 209.

Hanski, I. and Gaggiotti, O. 2004. Ecology, genetics and evolution
of metapopulations. — Elsevier Academic Press.

Hastie, T. 2018. gam: generalized additive models. — R package ver.
1.16.

Hastings, A. 1980. Disturbance, coexistence, history, and competi-
tion for space. — Theor. Popul. Biol. 18: 363-373.

Holt, R. D. 1987. Population dynamics and evolutionary processes:
the manifold roles of habitat selection. — Evol. Ecol. 1: 331-347.

Holt, R. and Barfield, M. 2015. The influence of imperfect match-
ing habitat choice on evolution in source-sink environments.
— Evol. Ecol. 29: 887-904.

Jacob, S. et al. 2015a. Habitat matching and spatial heterogeneity
of phenotypes: implications for metapopulation and metacom-
munity functioning. — Evol. Ecol. 29: 851-871.

Jacob, S. et al. 2015b. Social information from immigrants: multi-
ple immigrant-based sources of information for dispersal deci-
sions in a ciliate. — J. Anim. Ecol. 84: 1373-1383.

Jacob, S. et al. 2016. Cooperation-mediated plasticity in dispersal
and colonization. — Evolution 70: 2336-2345.

Jacob, S. et al. 2017. Gene flow favours local adaptation under
habitat choice in ciliate microcosms. — Nat. Ecol. Evol. 1:
1407-1410.

Jacob, S. et al. 2018. Habitat choice meets thermal specialization:
competition with specialists may drive sub-optimal habitat pref-
erences in generalists. — Proc. Natl Acad. Sci. USA 115:
11988-11993.

Jacob, S. et al. 2019a. Variability in dispersal syndromes is a key
driver of metapopulation dynamics in experimental micro-
cosms. — Am. Nat. 194: 613-626.

Jacob, S. et al. 2019b. Data from: fragmentation and the context-
dependence of dispersal syndromes: matrix harshness modifies
resident-disperser  phenotypic  differences in  microcosms.
— Dryad Digital Repository, <http://dx.doi.org/10.5061/dryad.
d2547d728>.

Jessup, C. M. et al. 2004. Big questions, small worlds:
microbial model systems in ecology. — Trends Ecol.
Evol. 19: 189-197.

Kahm, M. et al. 2010. grofit: fitting biological growth curves with
R. —J. Stat. Softw. 33: 1-21.

Lande, R. 2015. Evolution of phenotypic plasticity in colonizing
species. — Mol. Ecol. 24: 2038-2045.

Legrand, D. et al. 2012. The Metatron: an experimental system to
study dispersal and metaecosystems for terrestrial organisms.
— Nat. Methods 9: 828-833.

Legrand, D. et al. 2017. Eco-evolutionary dynamics in fragmented
landscapes. — Ecography 40: 9-25.

Leibold, M. A. et al. 2004. The metacommunity concept: a frame-
work for multi-scale community ecology: the metacommunity
concept. — Ecol. Lett. 7: 601-613.

Lenormand, T. 2002. Gene flow and the limits to natural selection.
— Trends Ecol. Evol. 17: 183-189.

Lindeman, R. et al. 1980. Introduction to bivariate and multivari-
ate analysis. — Scott, Foresman, Glenview.



Lombaert, E. et al. 2014. Rapid increase in dispersal during range
expansion in the invasive ladybird Harmonia axyridis. - J. Evol.
Biol. 27: 508-517.

McPeek, M. and Holt, R. 1992. The evolution of dispersal in spa-
tially and temporally varying environments. — Am. Nat. 140:
1010-1027.

Newbold, T. et al. 2015. Global effects of land use on local ter-
restrial biodiversity. — Nature 520: 45-50.

Nicolaus, M. and Edelaar, P. 2018. Comparing the consequences
of natural selection, adaptive phenotypic plasticity, and match-
ing habitat choice for phenotype-environment matching, pop-
ulation genetic structure, and reproductive isolation in meta-
populations. — Ecol. Evol. 8: 3815-3827.

Niitepold, K. et al. 2009. Flight metabolic rate and Pgi genotype
influence butterfly dispersal rate in the field. — Ecology 90:
2223-2232.

Olivieri, I. et al. 1990. The genetics of transient populations: research
at the metapopulation level. — Trends Ecol. Evol. 5: 207-210.

Olivieri, I. et al. 1995. Metapopulation genetics and the evolution
of dispersal. — Am. Nat. 146: 202-228.

Pennekamp, E 2014. Swiming with ciliates — dispersal and move-
ment ecology of Tetrahymena thermophila. — Univ. Catholique
de Louvain, Louvain-la-Neuve, Belgium.

Pennekamp, E and Schtickzelle, N. 2013. Implementing image
analysis in laboratory-based experimental systems for ecology
and evolution: a hands-on guide. — Methods Ecol. Evol. 4:
483-492.

Pennekamp, F. et al. 2014. Dispersal propensity in Zetrahymena
thermophila ciliates — a reaction norm perspective. — Evolution
68: 2319-2330.

Pennekamp, E et al. 2015. BEMOVI, software for extracting
behavior and morphology from videos, illustrated with analyses
of microbes. — Ecol. Evol. 5: 2584-2595.

Pennekamp, E et al. 2018. The interplay between movement, dis-
persal and morphology in 7errahymena ciliates. — Peer] Preprints
6: €26540v1.

Phillips, B. et al. 2006. Invasion and the evolution of speed in toads.
— Nature 439: 803.

Phillips, B. L. et al. 2010. Life-history evolution in range-shifting
populations. — Ecology 91: 1617-1627.

Ronce, O. 2007. How does it feel to be like a rolling stone? Ten
questions about dispersal evolution. — Annu. Rev. Ecol. Evol.
Syst. 38: 231-253.

Ronce, O. and Clobert, J. 2012. Dispersal syndromes. dispersal ecol-
ogy and evolution. Clobert, J. et al. (eds). — Oxford Univ. Press.

Santini, L. et al. 2016. A trait-based approach for predicting species
responses to environmental change from sparse data: how well
might terrestrial mammals track climate change? — Global
Change Biol. 22: 2415-2424.

Supplementary material (available online as Appendix oik-
06857 at <www.oikosjournal.org/appendix/oik.06857>).
Appendix 1.

Schneider, C. et al. 2012. NIH image to Image]: 25 years of imzge
analysis. — Nat. Methods 9: 671-675.

Schtickzelle, N. and Baguette, M. 2003. Behavioural responses to
habitat patch boundaries restrict dispersal and generate emigra-
tion-patch area relationships in fragmented landscapes. — J.
Anim. Ecol. 72: 533-545.

Schrickzelle, N. et al. 2009. Cooperative social clusters are not
destroyed by dispersal in a ciliate. — BMC Evol. Biol. 9: 251.

Schtickzelle, N. et al. 2012. Temporal variation in dispersal kernels
of the bog fritillary butterfly (Boloria eunomia). — In: Clobert,
J. et al. (eds), Dispersal ecology and evolution. Oxford Univ.
Press, pp. 231-239.

Shima, J. etal. 2015. Consequences of variable larval dispersal path-
ways and resulting phenotypic mixtures to the dynamics of
marine metapopulations. — Biol. Lett. 11: 20140778.

Shima, ]. and Swearer, S. 2009. Larval quality is shaped by matrix
effects: implications for connectivity in a marine metapopula-
tion. — Ecology 90: 1255-1267.

Shine, R. et al. 2011. An evolutionary process that assembles phe-
notypes through space rather than through time. — Proc. Natl
Acad. Sci. USA 108: 5708-5711.

Srivastava, D. S. et al. 2004. Are natural microcosms useful model
systems for ecology? — Trends Ecol. Evol. 19: 379-384.

Stein, W. D. and Bronner, E 1989. Cell shape: determinants, regu-
lation and regulatory role. — Academic Press.

Stevens, V. M. et al. 2014. A comparative analysis of dispersal syn-
dromes in terrestrial and semi-terrestrial animals. — Ecol. Lett.
17: 1039-1052.

Thomas, C. et al. 2001. Ecological and evolutionary processes at
expanding range margins. — Nature 411: 577-581.

Travis, J. 2001. The color of noise and the evolution of dispersal.
— Ecol. Res. 16: 157-163.

Travis, J. and Dytham, C. 1999. Habitat persistence, habitat avail-
ability and the evolution of dispersal. — Proc. R. Soc. B 266:
723-728.

Travis, ]. and Dytham, C. 2012. Dispersal and climate change: a
review of theory. — In: Clobert, J. et al. (eds), Dispersal ecology
and evolution. Oxford Univ. Press, pp. 337-348.

Travis, J. et al. 2012. Modelling dispersal: an eco-evolutionary
framework incorporating emigration, movement, settlement
behaviour and the multiple costs involved: modelling dispersal.
— Methods Ecol. Evol. 3: 628-641.

Travis, J. et al. 2013. Dispersal and species’ responses to climate
change. — Oikos 122: 1532-1540.

Urban, M. C. et al. 2016. Improving the forecast for biodiversity
under climate change. — Science 353: aad8466.

Zufall, R. A. et al. 2013. Restricted distribution and limited gene
flow in the model ciliate Zetrahymena thermophila. — Mol. Ecol.
22:1081-1091.

169



