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INTRODUCTION

Species and populations consist of phenotypically
variable individuals with potentially different ecologi-
cal functions. This heterogeneity can result from neu-
tral processes and environmental constraints, or from
adaptive processes in response to environmental vari-
ation during life or evolutionary history (Ridley, 2004).
Phenotypic heterogeneity can extend beyond single traits
and manifest as suites of correlated traits in phenotypic
syndromes (Raffard et al., 2017; Sih et al., 2004). This
intraspecific variation shapes individual strategies and
fitness, and is at the nexus of evolutionary and ecologi-
cal dynamics (Hendry, 2017). Indeed, evidence is accu-
mulating on the importance of phenotypic variation for
the functioning and stability of populations, commu-
nities and ecosystems, and their responses to changing
environments (Bolnick et al., 2011; Moran et al., 2016;
Raffard et al., 2019). More phenotypically variable popu-
lations may for example less vulnerable to environmen-
tal changes, better colonise novel environments and are
less prone to extinction. This influence of intraspecific
variation should be further magnified in challenging and
stressful environments (Forsman & Wennersten, 2016;
Héamaéldinen et al., 2021). With ongoing global changes,
it is thus of prime importance to better understand the
expressed variation in functional traits within and across
populations, taxonomic groups and environments.

A particularly relevant intraspecific variation per-
tains to dispersal strategies (e.g. dispersing vs. philopat-
ric, short- vs. long-distance dispersal), because dispersal
determines population dynamics and gene flow through-
out landscapes (Clobert et al., 2012), and thereby
eco-evolutionary dynamics (Bonte & Dabhirel, 2017,
Legrand et al., 2017), species range dynamics (Fronhofer
et al.,, 2017) and local adaptation patterns. Variation
in dispersal strategies often results from covariation
between dispersal and other morphological, physio-
logical and behavioural traits, referred to as dispersal
syndromes (Clobert et al., 2009). These syndromes can
be observed at population and species levels (Comte
& Olden, 2018; Cote, Bestion, et al., 2017; Le Galliard
et al., 2012; Stevens et al., 2014) and can strongly influ-
ence metapopulation dynamics (Jacob et al., 2019) and
community and ecosystem functioning (Cote, Brodin,

Our proof-of-concept metacommunity model further reveals cascading effects of
context-dependent syndromes on the local and regional organisation of functional
diversity. Our study opens new avenues to advance our understanding of the

functioning of spatially structured populations, communities and ecosystems.

context-dependent dispersal, dispersal strategy, distributed experiment, predation risk, resource

et al., 2017; Little et al., 2019). They are determined by
the genetic background, the environmentally induced
plasticity or their combination (Goossens et al., 2020).
Contrary to many theoretical simplifications, dispersal
syndromes are thus not necessarily fixed, but condi-
tional on the environment (Bonte & Dahirel, 2017; Cote,
Bestion, et al., 2017). A more in-depth understanding
of dispersal syndromes and their dependence on con-
trasting environments is hence fundamental to predict
species persistence under global change (Cote, Bestion,
et al., 2017; Raffard et al., 2021; Travis et al., 2013).

The costs and benefits of dispersal are often deter-
mined by the harshness of encountered environments,
and therefore dispersal syndromes may vary in magni-
tude between challenging and benign environments as
supported by a few empirical studies (Bestion et al., 2014;
Byers, 2000; Gilliam & Fraser, 2001; Kim, 2000). Benign
conditions may buffer individual variation in the costs
of philopatry and dispersal while challenging conditions
may amplify that variation. Even though different types
and intensity of stress may result in different filtering
of phenotypes during dispersal, challenging conditions
should generally accentuate the strength of covariation
between dispersal and phenotypic traits compared with
benign situations (Figure 1). Context-dependent dis-
persal syndromes could strongly influence population,
community and ecosystem functioning through non-
random flows and distributions of phenotypes and geno-
types throughout landscapes. It could, for example, lead
to adaptive dispersal, where individuals select habitats
according to their expected fitness. This habitat choice
allows for a match between the phenotype and the local
environment and increases individual fitness as well as
the mean fitness in the landscape. Such adaptive disper-
sal may further reduce spatial variation in fitness and
stabilise metapopulation dynamics (Figure 1). So far,
conditional dispersal syndromes have only been inves-
tigated in a species-by-species approach with a narrow
taxonomic range and focused on a few traits and to a
single dimension of the environment (reviewed in Cote,
Bestion, et al., 2017). Accordingly, the few comparative
studies on dispersal syndromes have demonstrated links
between species-averaged phenotypic traits and disper-
sal propensity across taxa rather than within-species
syndromes and their environmental dependencies
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FIGURE 1 The experimental design testing for cross-species conditional syndromes and an example of potential consequences on

dispersal and metacommunity dynamics. The experimental design (left panel) manipulates the predation risk and resource density for

15 species in multi-patch systems to obtain dispersers and residents which were then characterised for their body size, basal activity and
locomotion morphology. The right panel shows the dispersal dynamics for scenarios where dispersal was random (left column) or dependent
on individual phenotype (here the body size of crickets, right column) and local conditions (here the amount of clover plants in a patch) on top
and theoretical consequences of such dispersal modes for metacommunity dynamics on the bottom. In the random scenario, the dispersal rate
and body size of dispersers do not vary with patch resources; in the conditional dispersal scenario, dispersers are more numerous and bigger
when patch resources are low. Context- and phenotype-dependent dispersal results in the spatial structuring of consumers' population size and
phenotype (body size) where patches with more resources host more and bigger consumers and equalise per capita consumption rate whereas
random dispersal does not. We expect context- and phenotype-dependent dispersal to equalise the resource densities between patches and

stabilise metacommunities.

(Comte & Olden, 2018; Le Galliard et al., 2012; Stevens
et al., 2012, 2014). It is yet to be determined if within-
species dispersal syndromes can be generalised across
taxa and how these syndromes vary with environmental
conditions (e.g. competition and predation risk). General
rules across taxonomic groups would guide efforts of
predictive modelling and biodiversity management.

We performed a meta-experiment investigating the
generality of dispersal syndromes involving three phe-
notypic traits in benign and challenging environments
across 15 species ranging from protists to vertebrates
(Table S1). This experiment extends our previous re-
search on the generality of context-dependent dis-
persal strategies (Fronhofer et al., 2018) by analysing
phenotypic differences between dispersers and residents,
addresses how they vary with local conditions, and ex-
tends their consequences for metacommunity dynamics
(Figure 1). Using experimental systems connecting hab-
itat patches through a hostile matrix, we tested whether
body size, locomotion morphology and basal activity

level, three ubiquitous traits impacting local dynamics,
vary with individuals' dispersal behaviour. We compared
groups of dispersers and residents of each species for
their average phenotype and their correlations between
the three phenotypic traits. Furthermore, we compared
these differences between benign and challenging en-
vironments by manipulating two stressors: predation
risk and local competition for resources. We find cross-
species relationships between intraspecific variation of
dispersal and phenotypic traits, and this trait covaria-
tion depends on local environmental contexts. To illus-
trate how a context-dependent dispersal syndrome could
influence ecological dynamics, we developed a simple
proof-of-concept metacommunity model. We studied
the consumption rate and density of a sessile resource
interacting with a consumer dispersing across a patchy
landscape according to its body size and local resource
availability, following our main empirical results, and
discussed the role of dispersal syndromes on the stability
of this consumer-resource system (Figure 1).
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CONTEXT-DEPENDENT DISPERSAL SYNDROME

MATERIALS AND METHODS
Study organisms

This meta-experiment involves five laboratories across
Europe, initially focusing on dispersal rate in 21 aquatic,
terrestrial and aerially dispersing species of protists,
arthropods, molluscs and vertebrates (Fronhofer
et al., 2018). Here, we expanded the focus to study phe-
notypic differences between dispersers and residents
for a subset of 15 species for which phenotypic traits
could be measured (Table S1). Resources and predators
of these focal species were chosen for their natural co-
occurrences (see SI).

Experimental design

We used the same experimental procedure for all spe-
cies with multi-patch micro- or semi-natural mesocosms
systems (three patches for minnows and two patches for
other species), densities and living conditions adapted to
the studied species to mimic natural conditions (see SI).
Multi-patch systems were characterised by the presence
of a ‘hostile matrix’ connecting patches suitable for the
studied species. It guaranteed that inter-patch relocation
represents dispersal decisions rather than routine forag-
ing movement.

We applied a full factorial design crossing two levels
of resource availability and predation risk. We provided
either ad libitum resources (‘standard’ condition) or lim-
ited resources. Predation risk was represented by the
presence or absence of chemical cues (coupled with au-
ditory and visual cues for damselflies) of a natural pred-
ator of the focal species. The treatments were applied to
the patch of origin while reference conditions (standard
resources, no risk) were applied to the initially empty
‘target’ patch.

After populating the ‘origin’ patch, we allowed an
acclimation phase without dispersal. It lasted approx-
imately a quarter of the subsequent dispersal phase
duration and treatments were applied throughout accli-
mation. The absolute durations of acclimation and dis-
persal phases were adapted to species (see SI). Due to
experimental feasibility, the numbers of replicates per
treatment varied among species, and were 2 (1 species),
4 (1 species), 5 (5 species), 6 (7 species) and 8 (1 species).

Data collection

After the dispersal phase, the number, the body size, the
locomotion morphology and the basal activity level of
residents (individuals that never left their ‘origin’ patch)
and dispersers (individuals that left their ‘origin’ patch
and reached the target patch) for each population (i.e.
replicate) were measured using video analysis or direct

measurements. The exact methods to measure traits
were adjusted to the specific species (see SI). Locomotion
morphology was taken as either the length or weight of
the locomotory apparatus relative to body size (e.g. legs
in lizards and newts, wings in damselflies or foot in
molluscs), and body elongation (e.g. in protists, fish or
woodlice). Basal activity was measured without stressors
in independent assays from dispersal as the swimming
velocity (protists), time spent moving during a given time
(e.g. in fishes or damselflies), or distance moved during
a given time (e.g. in mites or slugs, Noonan et al., 2019).
Activity level was measured alone or in a group (i.e.
dispersers and residents of each population separately)
depending on the species due to methodological con-
straints. We checked that methodological differences for
locomotion morphology and basal activity did not influ-
ence the results (Tables S22-S24).

Statistical analysis

All analyses were done on mean body size, locomotion
morphology and basal activity per population and dis-
persal status (i.e. dispersers or residents within each
replicate). Traits were log-transformed when needed to
achieve normality and standardised to have comparable
metrics across species and analyses insensitive to differ-
ences in variance between species and to species-specific
units (e.g. pixels or centimetres for body size). For a con-
sistent interpretation of locomotion morphology, we
needed positive values of the trait to be associated with
higher predicted moving ability for each species. When
this was not the case, we multiplied it by —1.

Statistical analyses were performed using R version
3.6.1 (R Core Team, 2013). We first analysed effects of
treatments and dispersal status on all species using linear
mixed effects models (Ime4; Bates et al., 2019) on body
size, locomotion morphology and activity level separately
(see Tables S2-S4). Fixed effects included resource avail-
ability, predation risk, dispersal status and the two-way
interaction between dispersal status and each environ-
mental condition. We did not include three-way interac-
tions because of the limited sample size for each species
in each combination. As random intercepts, we included
population identity (replicate) nested within experimental
blocks of replicates within species within taxon (‘protists’,
‘arthropods’, ‘molluscs’ and ‘vertebrates’) to account for
potential phylogenetic non-independence (see Table Sl).
However, we also ran models with only species and popu-
lation as random effects to check that over-parameterised
random structure would not lead to spurious results and
that a simple random structure led to the same results
(Tables S12-S15). To prevent unbalanced effects among
species, we ran analyses at the population (i.e. replicate)
level rather than at the individual level, and the difference
in sample size (i.e. number of populations) among species
was accounted for by adding the inverse of the square root
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of the sample size (i.e. number of populations x dispersal
status) as a weighting parameter. Results were similar
with and without weight (Tables S16—S19). Model selec-
tion using AICc was performed on a set of models includ-
ing dispersal status, resource availability, predation risk,
the interaction between resource availability and disper-
sal status and the interaction between predation risk and
dispersal status to the intercept model (Tables S2-S4).
The top best models (AAICc<2) were used in a model av-
eraging method. We provide conditional average parame-
ter estimates and their statistical tests (z-test for averaged
best models and z-test for single best models) and relative
variable importance in averaged models for each retained
variable.

We confirmed the results observed in Table 1 using a
meta-analysis framework. We first calculated, for each
species, effects sizes and standard errors of the disper-
sal syndrome. We used general linear mixed models with
each phenotypic trait as a dependent variable, popula-
tion identity as a random intercept, and dispersal status,
interactions between dispersal status and environmental
conditions as fixed effects. When a conditional disper-
sal syndrome was identified in best models (Table 1),
we also obtained effect sizes of dispersal syndrome in
each environmental condition (Table 2). We analysed
the variation and the mean of effect sizes using random
effects meta-analyses with a restricted maximum like-
lihood and inverse-variance weights (Metafor package;

Viechtbauer, 2010). We ran this analysis on the effect
sizes for dispersal syndromes over all conditions and on
each condition when a conditional dispersal syndrome
was identified. We report average estimates, confidence
intervals, Wald-type tests and residual heterogeneity I
of effect sizes (Table 2). I can be interpreted as the pro-
portion of the total variation of the effect size among
species and is using the Q statistics to estimate within-
study sampling variance (Higgins & Thompson, 2002).

Finally, we investigated how correlations between
phenotypic traits varied between dispersers and resi-
dents. We used three linear mixed models in which one
of the three phenotypic traits was the dependent vari-
able and fixed effects were one of the remaining two
phenotypic traits, dispersal status, resource availabil-
ity, predation risk and up to three-way interactions
(Tables S5-S11). Random intercepts were population
identity nested within experimental block within spe-
cies within taxon. All models were tested and the top
best models (AAICc<2) were used in a model averaging
method. We provide conditional average parameter esti-
mates and their statistical tests (z-test or ¢-test) and rel-
ative variable importances in averaged models for each
retained variable. We checked that the choice of depen-
dent variable when studying the covariation between two
phenotypic traits did not matter by re-running the anal-
ysis with dependent and explanatory variables switched
(Tables S20-S22).

TABLE 1 Dispersal syndromes

for body size, movement morphology Relative
and basal activity level depending on Dependent variable Parameter Estimate SE p-value importance
environmental contexts Body size Intercept 0.43 010  <0.001 -
RA —-0.28 0.12 0.027 1.00
PRED -0.12 0.08 0.131 1.00
DISP —-0.64 0.11 <0.001 1.00
RA xDISP 0.43 0.16 0.007 1.00
Movement Intercept 0.21 0.10 0.029 —
morphology RA -0.08 008 0321 1.00
PRED 0.18 0.13 0.167 1.00
DISP -0.37 0.12 0.002 1.00
PRED xDISP -0.27 0.15 0.084 0.61
Basal activity level Intercept 0.24 0.09 0.008 —
RA 0.08 0.10 0.429 1.00
PRED -0.07 0.09 0.408 1.00
DISP —-0.45 0.10 <0.001 1.00
RA xDISP 0.08 0.17 0.629 0.28

Notes: Parameter estimates, standard error and relative importance from the best model or from averaged
models (when multiple models with AAIC<2) of dispersal syndromes. Estimates for resource availability
(RA), predation risk (PRED) and dispersal status (DISP, residents vs. dispersers) are given for standard
resources, presence of predation risk and residents respectively. p-values are estimated with z-test for
averaged best model (i.e. morphology and activity) and with z-test for single best models (i.e. body size). The
best models explained 25%, 23% and 25% of the marginal variance and 41%, 50% and 25% of the conditional
variance, respectively, for body size, movement morphology and basal activity level (calculated on the best
model or on the model with the same structure as averaged best models). Random intercepts are population
identity within experimental block within species within taxon, population identity within treatments. See
full model selection in Tables S2—-S4.
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K i i N TABLE 2 Effect sizes from random
Phenotypic trait Parameter Estimate [CI] I |ICI) effects meta-analyses of dispersal
Body size ALL 0.23+0.08 [0.08-0.39], p = 0.003 78.4158.5-90.4] syndromes, that is bias of phenotypic
values for dispersers compared to residents
ABU 0.17+0.11 [-0.04-0.39], p = 0.117 82.3[65.7-92.2]
LOW 0.34+0.09 [0.17-0.51], p = 0.001 70.3 [41.9-86.3]
Locomotion ALL 0.24+0.07 [0.11-0.38], p = 0.004 75.4 [53.1-89.4]
morphology NOPRED 0.25+0.09 [0.07-0.42], p = 0.006 80.9 [59.7-91.3]
PRED 0.31+0.10 [0.12-0.50], p = 0.001 84.2[69.5-93.2]
Activity ALL 0.25+0.10 [0.06-0.43], p = 0.009 88.9[77.0-95.2]

Notes: Only effect sizes with substantial effects in best averaged models (see statistical and results sections
and Table 1) are reported. Estimates and confidence intervals (CI) and heterogeneity index P of effect sizes
among species (%) are given for each phenotypic trait overall environmental conditions (i.e. ALL) or in each
environmental condition (ABU, abundant resources; LOW, low resources; NOPRED, without predation

risk; PRED, with predation risk) depending on averaged models (Table 1).

For all linear mixed models, we checked for the as-
sumptions of general linear model and the robustness of
results to the exclusion of one potential outlier identified
on QQ-plots for activity level (Tables S23—-S24). We also
calculated marginal and conditional R (R2m and RZC,
Nakagawa & Schielzeth, 2013) on the best model or the
model with the same structure as averaged models.

Resource-consumer metacommunity model

We modelled a simple resource-consumer metacom-
munity subject to spatio-temporal environmental vari-
ability. The metacommunity is composed of 10 identical
patches populated by consumers that can disperse be-
tween patches. Individuals can be either a disperser
or a resident from a random draw with a probability
Pp and independently of the parental dispersal status.
Individuals consume resource, so that the amount of
resource available in a patch decreases with the num-
ber of individuals present and with the per capita re-
source consumption. We compared four dispersal
scenarios exploring our main results on body size and
resource-dependent dispersal (Figure 2a). Given the as-
sociation between body size and resource consumption
(Peters, 1986), we factorially explored the consequences
of dependencies of emigration rate to body size, resource
or both on the rate and variability of resource consump-
tion (Figure 1): (1) Dispersers are of similar size, and
therefore consume as much as residents, and leave their
patch regardless of the resource availability in the patch
(random dispersal); (2) Dispersers are of similar size but
emigrate more from their patch when resources are low
(resource-dependent dispersal); (3) Dispersers are larger,
and therefore consume more than residents, and leave
their patch regardless of the resource availability in
the patch (size-dependent dispersal) and (4) Dispersers
are larger and emigrate more from their patch when re-
sources are low (size- and resource-dependent dispersal).
Dispersers choose their new patch uniformly at random.
We compared the different scenarios for a range of dis-
persal probability p,. When comparing scenarios and

when varying p.,, we fixed the mean resource consump-
tion per individual in the metacommunity. We also kept
the variation in consumption rates similar in scenarios
with and without a syndrome.

We subjected the metacommunity to a random series
of local extinctions at a similar rate in all scenarios. After
extinction, the patch is recolonised by dispersers. This
sequence of extinction and recolonisation events deter-
mines the metacommunity dynamics. We compared the
response of the metacommunity to these perturbations
for the four scenarios. Simulations were performed until
reaching a stationary state. We computed the consumer
and resource density per patch and the mean individual
and patch consumption rate and their spatial and tempo-
ral coefficient of variation of the patches. Here, we show
the results of patches consumption rate and resource
density (see SI for a full description, Figure S1). Results
for spatial and temporal variation were similar. We ran
100 simulations per dispersal probability value and used
100 time points per simulation to compute temporal sta-
tistics (see SI for details of the model).

RESULTS

The three traits substantially differed between dispersers
and residents (Tables 1 and 2, Tables S2-S4, Figure 2):
dispersers were overall larger, with a marked locomotion
morphology (e.g. larger wings, longer legs, more elon-
gated cells/bodies) and had higher basal activity levels
than residents. However, we observed marked variation
in these resident-disperser differences among pheno-
typic traits (Table 1), environmental contexts (Table 1)
and species (I, indices of heterogeneity among species,
Table 2, Figures S2-S4). The size difference between
dispersers and residents was larger when resources were
limited in the patch of departure than when resources
were abundant (Tables 1 and 2, Figure 2a). The differ-
ence in locomotion morphology was larger with higher
predation risk in the patch of departure, but this environ-
mental dependency was of much lower magnitude than
the dependency of size difference on resource limitation
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FIGURE 2 Dispersal syndrome conditional to environmental context. (a) Size dispersal syndrome according to resource availability. (b)
Locomotion morphology dispersal syndrome according to predation risk. (c) Activity dispersal syndrome. Horizontal boxplots for dispersers
(light red bars) and residents (light blue bars) are built from the mean traits for each species and the mean trait value (dark red and dark blue
dots) are shown. To isolate the phenotypic differences between dispersers and residents, we used residuals of a model controlling for resource
and predation treatments as fixed effects and population identity nested within experimental block within species within taxon as a random
intercept, but not for dispersal status and its interaction with resources and predation treatments. The colours of protist pictograms represent
different species (black: Colpidium sp., red: Dexiostoma sp., orange: Tetrahymena thermophila, blue: Tetrahymena elliotti, green: Tetrahymena

pyriformis).

(Table 2, Figure 2b). While a dependency on resources
for basal activity appeared in the averaged best models,
this effect was marginal according to the relative impor-
tance and effect sizes (Table 1, Table S4, Figure S5). Aside
from these general patterns, the strength, direction and
environmental dependency of dispersal syndromes var-
ied among species (I” in Table 2, Figures S2-S4).

We then compared correlations among the three traits
between dispersers and residents. The correlation be-
tween body size and locomotion morphology depended

on dispersal status and predation risk (Tables S5 and S6,
Figure 3). In a predation risk context, body size and lo-
comotion morphology were positively correlated in dis-
persers (estimate: 0.26+0.09, Chi’=8.92, p-value =0.003,
Table S7) and negatively correlated in residents (estimate:
—-0.18+0.07, Chi’> = 5.99, p-value = 0.015, Table S7), while
not correlated in the absence of predation risk (Table S7,
Figure 3). The correlation between basal activity and
body size also depended on dispersal status, but not on
environmental conditions (Tables S8 and S9, Figure S6).
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The two traits were positively correlated in dispers-
ers (estimate: 0.22+0.06, Chi* = 11.87, p-value<0.001)
but not in residents (estimate: 0.04+0.06, Chi? = 0.53,
p-value = 0.468). Finally, the correlation between basal
activity and locomotion morphology was independent

from dispersal status but depended on predation risk
(Tables S10 and S11). The two traits were correlated
in presence of predation risk (estimate: 0.18+0.06,
Chi*=1747, p-value =0.006), but not in absence (estimate:
0.001+0.06, Chi” = 0.00, p-value = 0.985).
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Our metacommunity model illustrates the impact on
the spatiotemporal variability of a consumer-resource
metacommunity of one of our empirical results: the
dependencies of dispersal on body size and patch re-
source availability (Figure 2a), assuming that individ-
ual consumption rate was positively related to body
size (Peters, 1986). We compared temporal mean and
coefficient of variation of resource consumption and
population density per patch for four scenarios in which
consumers' dispersal was dependent on body size and/or
local resource availability or not (Figure 4). Differences
among dispersal scenarios emerge for intermediate
probabilities of dispersal. Compared to scenarios where
dispersal was independent of phenotypes and resources,
the dependencies of dispersal on individual body size,
resource availability or both had positive additive effects
on the temporal mean of consumption rate, and conse-
quently negative effects on resource density in patches
(Figure 4a,c). Importantly for metacommunity stability,
the temporal variation in consumption rate and resource
density was strongly decreased by the tested context-
dependent dispersal syndrome (Figure 4b,d).

DISCUSSION

Dispersal influences ecological and evolutionary pro-
cesses on broad temporal, spatial and biological scales
from demography to macroevolution, local dynamics
to species range expansion, and genetic diversity to eco-
system functioning (Clobert et al., 2012). Across major
taxonomic groups, we demonstrated similar covaria-
tions between dispersal strategies (here categorised as
dispersal and philopatry) and three universal phenotypic
traits. Some of these covariations were strengthened
under local resource limitation or predation risk. As a
plastic response to adverse local conditions, dispersal
shapes the dynamics and stability of trophic interactions
and more generally of metacommunities and metaeco-
systems (Haegeman & Loreau, 2014; Massol et al., 2017).
These consequences will likely be modulated by the ob-
served coupling of dispersal with functionally important
traits such as body size or basal activity.

We found a general within-species dispersal syn-
drome across a wide range of species, from protists to
vertebrates. Dispersers were larger with a morphology
better adapted to movements and more active than resi-
dents. These differences are suitable phenotypic special-
isations allowing dispersers to move farther and/or faster
(Bonte et al., 2012), corroborating results obtained from
species-by-species and single trait approaches (reviewed
in Cote, Bestion, et al., 2017). By reducing the costs of
dispersing and opening up a broad range of potential
habitats to settle in, these phenotypic specialisations
should enhance dispersers' fitness (Bonte et al., 2014).
The resulting balanced fitness between dispersers and
residents is expected to maintain the large variation in

dispersal strategies (and associated traits) that is often
reported in wild populations (Clobert et al., 2012). The
dispersal specialisations with respect to body size, and
to a lower extent to locomotion morphology, were accen-
tuated when local conditions were adverse, while the ac-
tivity syndrome was not conditional on local conditions.

Dispersers and residents differed in body size only
when resources were low (‘harsh conditions’). Potential
explanations lie in the size-dependence of competitive
ability, energy availability and energetic needs. It is gen-
erally presumed that only large individuals or individu-
als in good condition may have enough energy reserves
to overcome the costs and risks of dispersal (Bonte
et al., 2012) and disperse over long distances to settle in
better habitats. On the other hand, smaller individuals
are often less competitive and might disperse earlier or
more (Bowler & Benton, 2005). The resulting dispersal
decision will thus depend on how individuals' phenotype,
particularly body size and condition, tip the balance be-
tween dispersal costs and the strength of local compe-
tition. These dispersal decisions can result in positive,
negative, or quadratic relationships between dispersal
and body size or condition (e.g. Le Galliard et al., 2012).
In habitats with limited resources and so with high lev-
els of competition, the weaker competitors, the smaller
individuals, may disperse more. Alternatively only big-
ger individuals with more energy available and larger
energetic needs may be able to search for habitats with
more resources without increasing their mortality risk.
Our results suggest that increasing competition for re-
sources tips the balance towards a positive dispersal-size
syndrome.

Dispersers also had a more locomotion-oriented
morphology than residents (e.g. longer legs, elongated
shape), which should give them better ability to move
farther and faster. This syndrome was slightly stronger
under predation risk. Such a pattern is consistent with
the few previous studies showing that predation risk
modifies the relationship between phenotype and dis-
persal, either reinforcing it (Bestion et al., 2014; Gilliam
& Fraser, 2001) or diminishing it (Cote et al., 2013).
It could be explained by individuals with a more
locomotion-oriented morphology being better able to
escape predators while moving through a landscape of
fear, or more at risk in habitats with higher predation
risk. In contrast, the harshness of environment did not
accentuate the basal activity difference between resi-
dents and dispersers. We expected a positive association
between activity and dispersal in benign environments
because more active individuals should disperse faster
or at lower cost, and a reinforcement of this syndrome
in challenging environments because more active in-
dividuals might have lower expected fitness when re-
sources are limited (i.e. high activity level requires more
energy) and when predation risk is high (i.e. high ac-
tivity level increases encounter rates with predators).
We hypothesize that the independence of syndrome
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to local environments results from a variation in spe-
cies' strategies to mitigate adversity. High activity level
can reduce the impact of limited resources and preda-
tion risk in some species while a low level of activity
might do so in other species. For example, in presence
of predators, a positive association between dispersal
and activity might allow ciliates to escape predation
during dispersal, while snails might rather opt for slow
and understated movements. Alternatively, the context-
independency of activity syndrome could be explained
by differences in metrics. We indeed chose activity and
morphology metrics to match species biology and litera-
ture rather than to force homogeneity of metrics among
species. Locomotion morphology was measured with
organ size (six species) or body elongation (nine species)
and basal activity was measured with distance travelled
per time unit, proportion of time spent moving or speed
(five species each). However, we scaled phenotypic traits
at the species level, and controlling for metrics used did
not change results (Tables S25-S27). We therefore be-
lieve such a methodological artefact is unlikely.

We further show that the correlations between pheno-
typic traits vary with dispersal status and/or environmen-
tal conditions. While dispersal syndromes theoretically
involve a suite of phenotypic specialisations, studies gen-
erally focus on the correlation between one trait and dis-
persal, but surprisingly rarely investigate the correlations
among different traits (e.g. Bonte & Dahirel, 2017; Jacob
et al., 2020) and never investigate changes in trait correla-
tions between dispersers and residents. This is even more
surprising considering the general fitness consequences of
negative and positive correlations among traits (Laughlin
& Messier, 2015). Here, the correlation between basal
activity and body size was stronger in dispersers than
in residents and the correlation between body size and
locomotion morphology was positive in dispersers and
negative in residents in presence of predation risk. This
suggests that, aside from being on average larger, mor-
phologically adapted to movement and more active indi-
viduals, there is still some variation in these traits that
covary positively among dispersers. This means that
dispersers are distributed, at least in presence of preda-
tion risk, along phenotypic axes from more active, larger
and with a more locomotion-oriented morphology to
less active, smaller and with a less locomotion-oriented
morphology. This repertoire of dispersal strategies in a
species may result in immigration to varying patches (e.g.
more or less distant from the departure patch, or with
more or less competitors) and may contribute to global
patch occupancy in a landscape and to metapopulation
persistence. Overall, dispersers cannot be pictured as a
unique kind of individual (Junker et al., 2021), suggesting
the existence of a range of dispersal strategies to move
across adverse environmental conditions.

Consistent with hypotheses on pace-of-life syndromes
(Hamadl4inen et al., 2021), the relationships between dis-
persal status and two phenotypic traits are accentuated

in some harsh and challenging conditions (Figure 1).
Our results on within-species syndromes generally align
with previous comparative studies investigating these
relationships at the species level for body size and, to
a smaller extent, for locomotion apparatus and basal
activity (Comte & Olden, 2018; Le Galliard et al., 2012;
Stevens et al., 2012, 2014). This supports our prediction
of broad and deterministic processes optimising the as-
sociation between dispersal and other traits. These com-
parative studies, however, reported a large variation of
syndromes among species with positive, null and qua-
dratic relationships at the species level between body
size and dispersal propensity among taxonomic groups
(Stevens et al., 2014), and when comparing dispersers and
residents in a few vole species (Le Galliard et al., 2012).
We suggest that this heterogeneity may be explained by
an overall dependency of dispersal syndromes on local
conditions and strong variation among species. Indeed,
we found substantial variation among species in the dis-
persal syndrome and their dependencies on environmen-
tal conditions (heterogeneity of effects sizes I* in Table 2
and Figures S1-S3). This is particularly true for preda-
tion risk, which matches our previous results showing a
larger heterogeneity of dispersal rates between species
according to predation risk than to resource scarcity
(Fronhofer et al., 2018).

Our proof-of-concept model shows potential ef-
fects on metacommunity stability caused by a context-
dependent dispersal syndrome as evidenced for body
size by our meta-experiment. Local resource limita-
tion increased consumer departure rate, particularly
of large consumers. Through the relationships between
body size, energetic needs and consumption rates
(Peters, 1986), this dependence of dispersal on resource
availability and body size may influence consumer—
resource dynamics. Our metacommunity model indeed
shows that the observed dispersal syndromes and their
dependence on local resources increase the spatiotem-
poral variability of consumers' individual consumption
rate (Figure S1) and largely reduce local fluctuations
of patches resource consumption (Figure 4). This con-
ditional dispersal syndromes thus stabilize resource
density over time. Together with previous models fea-
turing context-dependent dispersal rates (Fronhofer
et al., 2018; Quévreux et al., 2021), our results point the
importance of context-dependent dispersal rates and
syndromes in equalising resource consumption among
patches of heterogeneous landscapes and therefore in
stabilising resource metapopulation. The metacom-
munity model in Fronhofer et al. (2018) shows the sta-
bilising effect of context-dependent dispersal rates by
dampening local temporal fluctuations in resources
and consumers population sizes and by desynchronis-
ing fluctuations among patches. We show here addi-
tive effects of the context-dependency of syndromes
(Figure 4, yellow and purple lines) and of dispersal
rate (Figure 4, red lines) on the variation of patches
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consumption rate and resource density with potential
consequences on metacommunity stability that should
be further studied with more complex models inte-
grating the full palette of context-dependent dispersal
syndromes.

Our study shows that the intraspecific variation in
dispersal strategies, resulting from the joint action of
internal and external forces, is widespread and departs
from the neutral assumption. Although broadening
the taxonomic coverage should be considered by add-
ing for example endotherm or bacteria species, the first
principles shaping within-species dispersal syndromes
and its dependence on the environment should apply
to a large proportion of biodiversity. The observed
phenotypic differences between dispersers and resi-
dents may either result from plastic changes induced
by local conditions and/or movement itself, from selec-
tive phenotypic bias during dispersal, or from covari-
ation between pre-dispersal phenotypic variation and
the propensity to disperse from different local environ-
ments (Cote, Bestion, et al., 2017). While these explana-
tions have different evolutionary consequences, which
should be further investigated, they can all cause
changes in phenotypic distribution and functional
biodiversity across landscapes. This may have consid-
erable consequences on demography, food webs and
ecosystem functioning especially in a changing and
more heterogeneous world (Bolnick et al., 2011; Dahirel
et al., 2017; Moran et al., 2016). We advocate for the
inclusion of this variation—the context-dependency
of dispersal syndromes—in theoretical and empirical
studies forecasting biodiversity and the influence of
dispersal on ecological and evolutionary dynamics.
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