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ABSTRACT

Context-dependent dispersal allows organisms to seek and settle in habitats improving their fitness.
Despite the importance of species interactions in determining fitness, a quantitative synthesis of how
they affect dispersal is lacking. We present a meta-analysis asking (1) whether the interaction
experienced and/or perceived by a focal species (detrimental interaction with predators, competitors,
parasites, or beneficial interaction with resources, hosts, mutualists) affects its dispersal, (2) how the
species' ecological and biological background affects the direction and strength of this interaction-
dependent dispersal. After a systematic search focusing on actively dispersing species, we extracted
397 effect sizes from 118 empirical studies encompassing 221 species pairs; arthropods were best
represented, followed by vertebrates, protists and others. Detrimental species interactions increased
the focal species’ dispersal (adjusted effect: 0.33 [0.06,0.60]), while beneficial interactions decreased
it (-0.55 [-0.92,-0.17]). The effect depended on the dispersal phase, with detrimental interactors having
opposite impacts on emigration and transience. Interaction-dependent dispersal was negatively
related to species’ interaction strength, and depended on the global community composition, with
cues of presence having stronger effects than the presence of the interactor, and the ecological
complexity of the community. Our work demonstrates the importance of interspecific interactions on
dispersal plasticity with consequences for metacommunity dynamics.
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INTRODUCTION

The dynamics of local and regional communities result
from the distribution and abundance of interacting
species [1]. At a local scale, the strength and direction
of these interactions affect coexistence and
community dynamics. At a regional scale, local
communities are linked by the dispersal of potentially
interacting species among local habitats [1]. Species
dispersal links local and regional community dynamics
(i.e., metacommunity dynamics) and influences local
population dynamics and community composition [1].
A better understanding of the dispersal process, and its
eco-evolutionary drivers, is therefore crucial for
understanding its influences on community dynamics
at different landscape scales [2,3].

Theoretical and empirical studies have
demonstrated that dispersal depends on the
experienced and anticipated biotic and abiotic
environment, referred to as context-dependent
dispersal [4-6]. Indeed, organisms do not move
randomly through a landscape, the propensity,
direction, and distance moved can be plastically
adjusted to the local abiotic and biotic conditions
encountered before and while moving [4]. Theory
shows that individuals can disperse adaptively as
emigration and immigration could depend on the
expected fitness in the arrival patch available for
colonization relative to the fitness expected in the
departure patch [7]. Theory also predicts that such
context-dependent dispersal can evolve in spatially
and temporally heterogeneous habitats [8]. Further,
the evolution of context-dependent dispersal depends
on the reliability and cost of information acquisition
[9]. Among the many factors theoretically found to
drive the evolution of context-dependent dispersal are
patch size and quality, and fluctuation in population
density or kin competition [8,10,11]. Such context-
dependent dispersal can itself affect eco-evolutionary
dynamics, including source-sink population dynamics
or species ranges, and can further affect
metacommunity functioning and stability through
changes in species abundances and community
composition [12].

The direction and strength of local interactions
are major determinants of fitness and therefore
expected to be among the most important proximal
drivers of dispersal [3]. Bottom-up and top-down
controls of dispersal are now well documented (e.g.,
[13]) and evidence is accumulating for the context-
dependency of dispersal in other types of species
interactions (e.g., interspecific competition, host-
symbiont interactions [14,15]). Further, certain species

can only disperse through other species’” movements,
such as animal-dispersed seeds or symbionts
dispersing through their hosts’ movements [16,17].
Despite the importance of species interactions, it
remains unclear how their nature actually shapes
dispersal plasticity within and among taxonomic
groups. After a systematic review of the existing
literature, we performed a meta-analysis of published
studies investigating species interactions as proximal
drivers of dispersal to discuss the potential
consequences for metacommunity dynamics and
identify important research gaps with respect to the
development of a more mechanistic metacommunity
theory. To do so, we extracted data from 118
observational and experimental studies focusing on
either the emigration stage, the transience stage or the
full dispersal process from emigration to immigration,
excluding studies focusing only on colonisation. We
focused on mobile and actively dispersing species, and
thus excluded studies on sessile or passive dispersing
species (e.g., plants). Our database, which was
taxonomically biased towards animals (essentially
arthropods and vertebrates), encompassed 221
species pairs and six types of interactions experienced
by the focal species, i.e., detrimental interactions with
predators, consumers or parasites, and beneficial
interactions with resources, hosts or mutualists. We
quantified how the presence/absence or the
abundance of an interacting species influenced the
dispersal of a focal species through plastic changes
across interaction types, and identified key moderators
of this context-dependent dispersal (Fig. 1). We
especially addressed the following questions:

Does the impact of interacting species on
dispersal depend on the nature of species
interactions?

Species interactions can be first described through
their general effects on the focal species (Fig. 1).
Beneficial interactors are resources, hosts, and
mutualists that should increase the fitness of the focal
species. Detrimental interactors are predators,
parasites, and competitors that should decrease the
fitness of the focal species. If dispersal depends on
fitness expectations [7], detrimental interactions,
endured or expected, should increase species dispersal
propensity away from local habitats containing the
interactor while the opposite should be true for
beneficial interactions, even if this effect should
depend on species ecological traits (see below).
Evolution of such interaction-dependent dispersal has
been theoretically and empirically shown for predator-
prey, host-parasite, and interspecific competition
interactions [6,14,18], showing for example that
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models of density-dependent dispersal could be
transferred from a single species to a multispecies
context [14].

Beyond their expected effects on fitness, different
species interactions might actually lead to different
dispersal strategies to mitigate fitness effects (Fig. 1).
Some interaction types might not be efficiently
mitigated by species movements or might induce high
dispersal costs. Dispersing away from local habitats
might therefore fail to improve expected fitness. For
example, interspecific competition negatively affects a
competitor’s fitness by reducing acquired energy, thus
increasing the reward to move while reducing the
energy available for movement. Thus, it may result in
more complex - quadratic or threshold-like -
relationships  between the expected fitness
consequences of interactions, the actual strength of
interactions, and emigration propensity. Such
relationships may vary with energy availability,
movement costs and niche overlap between
interacting species. Complex effects of competition
have been found for intraspecific competition, with a
systematic review showing that intraspecific density
could either positively, negatively or non-linearly affect
dispersal [19]. Predation risk on the other hand
intrinsically reduces prey fitness, making movement
out of habitats highly rewarding but also often highly
risky [20], with potentially opposite effects on dispersal
depending on the risk level. Similarly, by diverting their
hosts’ resources, parasites can constrain their dispersal
[21]. However, hosts may increase their dispersal
propensity to escape an infested habitat [15], and
parasites themselves can manipulate their host’s
dispersal to increase contact rate and the transmission
of parasites [21]. We expect the type of interactions to
modulate the dependency of dispersal on interaction
strength (i.e., interaction-dependent dispersal) and
this effect should further depend on a suite of
biological and ecological factors (Fig. 1).

Does the dispersal response depend on the
spatiotemporal dynamics of interacting
species?

Dispersal is not always the best strategy to escape
adverse interactions or to search for beneficial ones. Its
efficiency should depend on temporal synchrony and
spatial overlap of interacting species ([6], Fig. 1). First,
dispersing may not lead to changes in encounters with
an interacting species if that species has a wider spatial
distribution. In such a case, dispersing individuals
would bear more of the energy, time, and opportunity
costs of moving [22] than its benefits. For example,
predators often have larger home and movement
ranges than their prey [23,24], but are also found at

lower densities. Prey species may thus need to disperse
over longer distances to reduce predation risk.
However, transience is a highly vulnerable stage when
prey are exposed to predators [20], which may result
in predators having different impacts on the focal prey
species’ emigration phase or transience depending on
the spatiotemporal dynamics [13] and the asymmetry
in space use between predator and prey. When
dispersal does not efficiently influence the adverse or
beneficial effects of interactions, species may opt for
alternative mitigation strategies, such as switching
their activity period or their microhabitat use. We first
compared studies investigating interaction-dependent
emigration (through emigration rate) and transience
(through dispersal distance) for the different types of
interactions. We expected interacting species to
influence dispersal distances more than emigration
probability when interacting partners differ in their
spatial  distribution  (e.g.,  consumer-resource
interaction). Following the same rationale, we
expected stronger influences of an interaction in
(typically experimental) studies when only the focal
species could disperse compared with cases where
both species could disperse. Furthermore, we
expected the relative home range of interacting
species to affect the dispersal response (Fig. 1).

Second, the temporal dynamics of interacting species
may modulate the efficiency of dispersal in mitigating
species interactions. Interacting species may differin 1)
the daily and seasonal profiles of activity and 2) in the
temporal autocorrelation of their population sizes [13].
For instance, in aphids, the evolution of delayed
predator-induced dispersal, where predator presence
induces the production of winged offspring, depends
on the temporal correlation in predation risk [6]. We
were not able to gather information on the daily and
seasonal profiles of activity, but we investigated this
temporal aspect by comparing studies in which the
encounter with the interacting species and the
dispersal responses occur within the same generation
or across different generations, as well as studying the
impact of the duration of the experiment and of
species’ generation time (Fig. 1).

Do the interaction strength and ecological
complexity affect the dispersal response?
One species’ impact on the dispersal of another
interacting species may depend on their interaction
strength [14], as interaction strengths should affect
fitness expectations. Assessing interaction strength
between species is a non-trivial endeavour, both for
the researcher [25], and possibly for the interacting
organisms, which may rely on several types of cues to
determine it. The interaction strength perceived by a
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Figure 1: The relationships between species interactions and dispersal

The dispersal of a focal species depends upon its biotic context, especially if the presence/abundance of an interacting
species daffects its fitness (grey arrows). In this meta-analysis, we extracted data from the literature to determine how
the presence/abundance of the interacting species affects the dispersal of a focal species (black arrow). The relationship
between interacting species’ presence/abundance and dispersal depends on the nature and strength of the biological
interactors. Detrimental interactors such as predators, parasites or competitors (in red) negatively affect the fitness of
the focal species (red — sign on the grey arrow). Because there is a negative relationship between fitness and dispersal
(black — sign on the grey arrow), they should thus positively affect its dispersal (red + sign on the black arrow). On the
other hand, beneficial interactors such as resources, hosts and mutualists (in blue) should positively affect the fitness
(blue + sign on the grey arrow), and through the negative link between fitness and dispersal (black — sign), negatively
affect dispersal (blue —sign on the black arrow). The effect of these interactions should depend on numerous biological
regulators, related to the spatiotemporal co-dynamics and the ecological complexity, which affect the strength of
interaction between species and thus the strength of interaction-dependent dispersal (green arrows). We translated
these biological regulators into a number of statistical moderators (gold arrows) to explain the dependency of dispersal
to the presence of an interacting species. By testing for these moderator effects on the relationship between the
presence/abundance of the interacting species and dispersal of the focal species (gold and green arrows), we
attempted to make inferences about the way fitness is affected by the interacting species and the way it affects the

dispersal of the focal species (green arrows).

given individual may depend on various moderators
including the abundances of the interacting partners,
the actual presence or the perception of cues, the
niche overlap and generalism of interacting partners,
as well as the overall ecological complexity. For
example, we can expect cues of the presence of
interacting species to elicit a weaker perception of
interaction strength and a weaker dispersal response
than the actual presence of the interactor. Conversely,
the fear of predators has long been considered to have
stronger impacts on prey than their actual presence
and consumption [26]. The effect of an interaction on
species fitness and dispersal may further depend on
community complexity (Fig. 1), i.e., the diversity of
interacting partners within the same and across
interaction types. Multiple host species for a single
parasite may for example decrease the interaction
strength with each host species through a dilution
effect that decreases disease risk [27]. A similar
prediction can be made for any interaction type.

Comparing studies using a two- or a multi-species
network may therefore provide information on the
role of interaction strength, with the prediction that a
design with pairs of species may overestimate the
dependency of dispersal on interaction strength.
Similarly, experimental studies may reduce ecological
complexity, but have better detection of interaction
strength, than observational studies. The strength of
interaction may also depend on the level of generalism
of interacting species, with more specialist interactors
likely having stronger impacts on the focal species and
hence their dispersal. Most of the studies investigating
interaction-dependent dispersal lacked an assessment
of interaction strength between species; however,
several aspects of the environmental context could be
used as a cue of interaction strength. We thus
investigated modulating effects of metrics related to
community complexity, types of manipulation (i.e.,
cues vs. actual presence or abundance of interacting
species), type of studies (observational wvs.
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experimental) and level of generalism of both the focal
and interacting species in dispersal studies. Further, we
used a second literature search to estimate expected
interaction strengths between pairs of species present
in our database, which was possible for a majority of
species pairs but involved a large variation between
the ecological contexts of dispersal and interaction
strength studies.

METHODS

Systematic literature review

We compiled a database of existing studies quantifying
how the presence/absence or the abundance of an
interacting species influences the dispersal of a focal
species. Our database focused on actively dispersing
species to examine the relationship between the
dispersal response and the interaction strength, but
not the numerical and behavioural effects of dispersal
vectors. We defined active dispersal as dispersal in
which the organism either actively moves during the
transience phase, or actively initiates the emigration
phase (e.g., ballooning dispersal in which the wind is
the vector of the transience, but the organism actively
initiates dispersal by its tiptoeing behaviour [28], or
dispersal by a biological vector where the organism
actively climbs on top of the vector [29]). Organisms
that are passively picked up and carried by the wind or
a dispersal vector, such as most cases of seed dispersal,
were thus excluded. In addition, we excluded studies
that focused only on the immigration/colonization
phase of dispersal, because the habitat choices of focal
species depending on local interactors (the purpose of
the present study) could not be distinguished from the
viability of focal species depending on local interactors
(i.e., colonization success). However, immigration
decisions with respect to species interaction are
expected to mirror emigration decisions and so we
expect our conclusions to apply to immigration
decisions as well [5]. In the end, our literature search
included emigration decisions, dispersal distance, the
timing of dispersal, and any type of species interactions
(interspecific competition, consumer-resource
interactions, parasitism, and mutualism). Fig. S1 shows
the process of study identification, selection and the
data extracted from each relevant article. We aimed at
following the preferred reporting items for systematic
reviews and meta-analyses (PRISMA, [30]) as well as its
extension for ecology and evolutionary biology [31].

We conducted the literature search on Web of
Knowledge in October 2021 (timespan: 1975-2021)
including keywords for 1) dispersal in the title (dispers*
OR migrat* OR emigrat* OR immigrat* OR colonis* OR
coloniz* OR nomadi*) and excluding other types of

movements, i.e., seasonal migration (fall, autumn,
spring migration, vertical migration, catadrom¥,
anadrom*), human migrations (i.e., refugees,
international migration, domestic migration, human
migration, asylum, illegal), or particle dispersion, and
2) species interaction in the title and/or subject
(predat* OR resource* OR prey* OR parasit* OR host*
OR compet* OR facilitat* OR mutualis* OR cooperat*
OR phore* OR commensal* OR interspeci* OR
heterospeci* OR context* OR condition* OR
metacommunit* OR  "mutual inhibition" OR
ammensalis* OR symbio*). We focused on the Web of
Science core collection, and filtered results by Web of
Science categories relevant to our broad thematic, see
supplementary Box S1 for a full description of the
keywords and categories. During the search process,
we checked for the inclusion of known relevant articles
in the database to ensure that we did not miss
important articles. The search yielded 21,499 articles.

Inclusion criteria

We examined each title and abstract to determine
whether articles met the criteria for inclusion in our
overview of the literature with the metagear package
v0.7 [32] in R. Criteria for inclusion comprised (a) the
presence, abundance or density of an interacting
species was quantified and varied experimentally or in
observational studies, (b) the rate of emigration or the
dispersal distance or another dispersal metric of a focal
species that was quantified in different contexts of
species interactions, (c) the effect of a single
interacting species on a focal species can be isolated
when more than two species were studied and (d) the
two species were interacting species in natural
environments, excluding artificial biotic elements (e.g.,
unnatural resource or predator species). At times, the
title and abstract were too vague to positively assess
these three criteria of inclusion, and the articles were
kept for further detailed reading of the text; they could
be thus excluded in a second filtering session. All
examiners went through a training process in which
they screened abstracts and titles for a set of 150
articles that were pre-selected by the first author to
contain studies both easy and more difficult to rate as
relevant or irrelevant. We estimated the inter-
examiner accuracy, yielding a Cohen’s Kappa of 0.40,
corresponding to a fair to moderate agreement [33].
This first batch allowed to identify points of
misunderstanding and better explain the criteria to
select an article. Then, all examiners went through 70
new articles that were deemed especially difficult to
rate and we checked for potential discrepancies.
Although the batch was more difficult, inter-examiner
accuracy went up (K = 0.43). This second batch allowed
us to clarify the final difficult points before splitting the
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abstracts between examiners so that each examiner
read and rated ~1100 abstracts. During this second
phase, inter-examiner accuracy was examined again on
20 articles per reviewer, yielding a K of 0.73,
considered a substantial agreement [33]. The filtering
process led to a selection of 1,539 studies from the
original search that fitted the scope of this overview.

Effect size extraction

Selected articles were reviewed in full to determine
whether they fit our inclusion criteria, contained
relevant data, and whether the results were presented
with sufficient clarity to extract effect sizes (Fig S1).
During this step, we excluded (a) studies in which the
focal species dispersed passively and in which there
was no active choice to emigrate, (b) studies focused
on the colonisation process only, keeping studies on
emigration, transience, or the ones monitoring the full
dispersal process, (c) studies in which the second
species did not interact with the focal species, (d)
studies in which the effect of an interacting species on
the dispersal of the focal species was compared to a
control with a second interacting species instead of no
interacting species or different abundances of
interacting species. This step led to the further
exclusion of 1,420 articles from the first search. In the
final set of 119 studies, we extracted 403 effect sizes
and collected information on several moderators to
investigate our questions of interest (See
supplementary reference list). Data to calculate effect
sizes were extracted preferentially from raw data when
available, from figures using the juicr v 0.1 R package,
or directly from the paper (tables or main text). Effect
sizes were calculated with esc v0.5.1 and effectsize
v0.8.5 R packages, and computed as Hedges’ d from
pairs of means (282 effect sizes, es), or converted to
Hedges’ d from contingency tables (41 es), correlations
(15 es), log odds ratios (19 es), from different test
metrics reported in the text (46 es, calculated from 2,
F or t values, non-parametric test values, or partial eta?
from ANOVA-like tables), see references [34-40] and
Table S1 for a list of equations used. Depending on the
study, the sign of the effect sizes had to be reversed to
be comparable among studies (e.g., effect sizes of
remaining rate instead of departure rate, time to
dispersal where increased time suggests decreased
dispersal propensity). When studies presented several
effect sizes for the same dispersal metric, e.g., when
the impact of the interacting species was crossed with
the effect of another biotic or abiotic factor, we
combined groups following [35] when there was no
significant interaction between the effect of species
interaction and the second factor. Several effect sizes
were missing variance information (n = 16), thus we
used an imputation procedure to fill-in back-

transformed variance from the predicted values from a
model of log(variance) by log(study sample size).
Further, several effect sizes had an extremely large
variance (n = 6 es with variance >2) which led to
instability in meta-analysis results, and we decided to
drop these effect sizes, leading to a final sample size of
397 effect sizes from 118 studies (exclusion of one
study).

Aside from the effect sizes, we extracted
several aspects of the experimental design (Table S2).
First, we included the taxonomic identity for the focal
taxon and interacting taxon, i.e., either the species or
the taxonomic level described (e.g., genus, family,
order; for simplicity we will refer to the focal species
and interacting species throughout the text, but higher
taxonomic levels may be used depending on the study,
Table S2). Second, we added the type of interactor, i.e.,
whether the interacting species is a detrimental
interactor such as a predator, resource, competitor, or
a beneficial interactor such as a host, parasite,
mutualist (see the details of each category in Table S2).
Third, we detailed the dispersal phase studied
(emigration, transience, or full dispersal process from
emigration to settlement). Fourth, we included the
type of manipulation (or variation in the case of
observational studies) of the interactor: manipulation
of presence vs. abundance, manipulation of actual
physical presence vs. cues of presence, level of
community complexity (pairs of species, simple
community, complex community), possibility for the
interactor to disperse during the experiment, similarity
of generation for interaction and dispersal (same
generation, or different generation, e.g., next
generation for the effect of predation risk experienced
by parents on offspring dispersal, or previous
generation for the effect of nest predation risk on
parent dispersal). Fifth, we added the type and
characteristics of study: experimental vs. observational
study, laboratory, semi-natural or field study, as well as
the duration of the study in days.

In addition to the information extracted from
the studies, we further searched within the literature
for information on the focal species’ generation time,
the home range of the two interacting species [41-45]
(unfortunately only found for 17 es), the level of
generalism of the two interacting species (rated from 1
to 4 on whether they interact with only one species,
with species from the same genus or family, with
species from the same order, or with species from
different orders), and interaction strengths between
pairs of species (Table S2). These interaction strengths
between pairs of species found in the database are
given as standardized effects of the presence or
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abundance of the interacting species on a fitness-
related trait in the focal species (survival, fecundity,
body condition, body growth, or abundance), found
either directly in the screened articles (166 es) or in a
larger literature search (191 es, interaction strength
was missing for 40 es). A single author (JC) searched for
the strength of interaction and was different from the
author calculating effect sizes for interaction effects on
dispersal (EB) to reduce, without fully preventing,
biases in the estimation of strength and its covariation
with dispersal response. There was also a large
variation in the experimental conditions of dispersal
and fitness-related traits studies, which should result in
a more conservative approach. As we were unable to
extract generation time for two taxa, we imputed the
median generation time of their closest taxa in the
database.

We used taxonomy as a proxy for phylogenetic
relatedness, using the taxize package v0.9.100 to
gather taxonomic information from the NCBI database.
When the taxon considered was absent from the NCBI
database, we used the GBIF or ITIS databases. We then
calculated a taxonomic phylogenetic tree from the
taxonomic data (kingdom-phylum-class-order-family-
genus-species), and used Grafen’s method of
computing branch length [46] with the ape package v
5.1-1 (Fig S2).

Statistical analyses

We studied the impact of interacting species on
dispersal through multilevel mixed effects meta-
analytic models via the rma.mv function of the metafor
v 4.2-0 package [47] in R v4.3.1. We used a model
selection approach to investigate our questions, thus
the global model contains moderators for all questions
of interest.

In a first step, we investigated whether the type of
interactor [i.e., beneficial interactor (resource, host
and mutualist) vs. detrimental interactor (predator,
competitor and parasite)] interacted with our
moderators of interest to drive dispersal response to
interacting species presence or abundance (Fig. 1). To
do so, we ran a full model with:

- all pairwise interaction between the type of interactor
(beneficial/detrimental) and the dispersal phase, the
level of generalism of the focal species, the level of
generalism of the interactor, the type of manipulation
of the interacting species, the level of community
complexity, the possibility for the interacting species to
disperse, the similarity in generation between the
interaction and dispersal phase, the type of study
(observational vs. experimental), the centered log

duration of the experiment, and the centered log
generation time of the focal species as moderators of
interest, and

- the study ID, the focal species ID, the focal species
shared phylogenetic relatedness (branch length from
the taxonomic phylogenetic tree), and the interacting
species ID as random effects (see Box S2 for the full
model equation).

We then used the dredge function from the MuMin v
1.47.5 package to select models with the best fixed
structure, and averaged models within AAICc<2. We
calculated the averaged conditional estimates from
this model with the sum of weights of the metric across
the models (SW, aka relative importance). We further
refitted a model using all of the moderators present in
the averaged best model to assess heterogeneity to
confirm sources of variance across the dataset and
computed the heterogeneity statistics 1% at each level,
corresponding to the ratio of true heterogeneity to
total observed variation. To understand whether there
was publication bias, we visualized effect sizes using
funnel plots of the residuals of this model, and
calculated Rosenberg’s fail-safe number [48], which
estimates the number of missing values averaging a z-
value of zero needed to make effect sizes statistically
insignificant. Third, we ran Egger’s regressions using
the meta-analytic residuals as the response variable,
and the precision (defined as the square root of the
inverse of variance) as the moderator. Intercepts of
this regression that do not overlap zero are evidence of
publication bias [49]. Finally, we analysed temporal
trends in effect sizes that could indicate time-lag bias
[49] by adding the interaction between time and the
consequence of the interaction on fitness to the model
containing all moderators present in the best model.

In a second step, we assessed the effects of
moderators for beneficial and detrimental interactions
separately because the effect sizes of their effects on
dispersal are of opposite signs (i.e., beneficial
interactions reduce dispersal propensity while
detrimental interactions increase it). We divided the
dataset into beneficial and detrimental interactors,
and for each data subset, we fitted a full model with
the same random effects as the above model and the
exact nature of the interaction (i.e., resource, host and
mutualist for the beneficial interactors subset and
predator, parasite and competitor for the detrimental
interactors subset), the dispersal phase, the level of
generalism of the focal species, the level of generalism
of the interactor, the type of manipulation of the
interacting species, the level of community complexity,
the possibility for the interacting species to disperse,
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the similarity in generation between the interaction
and dispersal phase, the type of study (observational
vs experimental), the centered log duration of the
experiment, and the centered log generation time of
the focal species as moderators of interest (Box S2).
We used the same model selection and model
averaging procedure as above to select the best
averaged model. We further refitted models using all
of the moderators present in the averaged best models
to assess heterogeneity, study publication bias, and
finally plot results by moderator. We used the
emmeans package v1.8.8 to calculate the overall
adjusted effects, as well as the estimated marginal
means for different levels of each moderator.

Lastly, because we were unable to gather home range
and interaction strength information for most pairs of
species, we ran two separate analyses for these two
guestions on the subset of studies for which we had
information (7 studies with 17 effect sizes for home
range, 108 studies with 357 effect sizes for interaction
strength). Models used the study ID, focal species ID,
and interactor ID as random effects and either the
centered log ratio of home ranges between the focal
species and the interactor or the interaction strength
as a fixed moderator.

RESULTS

Summary of the dataset

We identified 118 studies that met our inclusion
criteria with 397 effect sizes for 144 focal species and
165 interacting species. Focal species spanned a wide
range of taxa, with Arthropoda being the most
represented (236 effect sizes), followed by Chordata
(70) and Ciliophora (47), and then Nematoda,
Mollusca, Annelida, and Cryptophora (Fig. $S2-S3). As
we restricted our search to actively dispersing species,
plants were excluded. Our database further reflected a
taxonomic bias in dispersal publications, with the
number of effect sizes per taxonomic group
significantly deviating from the frequencies expected
from the diversity of species in the Catalogue of Life
[50,51] through the recorded number of species in
each group (x® = 354, df = 4, p < 2el6, Table S3).
Specifically, Chromista were overrepresented, and
among Animalia, Arthropoda represented 68 % of our
effect sizes but were still underrepresented (83 %
under the null expectation) and Chordata were
overrepresented (20 % of observed effect sizes
compared to 5 % expected, Table S3). Such
overrepresentation of Chordata is common in
ecological studies, and the magnitude of
overrepresentation is much less in our database than
in behavioural studies for instance, where Chordata

represent up to 71% of publications [50]. The database
included 152 effect sizes for interactions with
beneficial interactors including resources (125),
mutualists (21), and hosts (6), and 245 effect sizes for
interactions with detrimental interactors including
predators (116), competitors (73), and parasites (56).
Studies also varied for the dispersal phase considered,
with 275 considering emigration, 48 transience, and 74
monitoring the full dispersal process, as well as for the
method to manipulate the interacting species (actual
presence or absence of interacting species, varying
abundance, or cues of presence; see Fig. S3-S4 and
Table S2 for a further exploration of the moderators).

Description of the models and publication
bias

We first studied how the type of interactor (beneficial
vs. detrimental interactor) and moderators affected
the context-dependency of dispersal on species
interactions using the full dataset. Our averaged best
model included several pairwise interactions between
the type of interactor (beneficial or detrimental) and
the dispersal phase (emigration, transience, or full
dispersal), the type of study, the duration of the study,
and with other moderators having weaker effects
(Table 1). This model found important heterogeneity
among studies (I%way = 63.2 %), as well as some
heterogeneity related to the focal species’ identity
(Pfocal = 8.3 %), phylogeny (%6 = 8.3 %) and
interactor’s identity (I%interactor = 16.8 %), for a total
heterogeneity of 1> = 96.7 %. Such high heterogeneity
is expected in ecology and evolution meta-analyses,
with the mean heterogeneity being 91.7 % [52]. Funnel
plots, Egger’s test and the Rosenberg fail-safe number
showed no significant publication bias; funnel plots did
not reveal significant asymmetry (Fig. S5), Egger’s test
showed an intercept that crossed zero for the residuals
intercept (estimate [95% Cl] =0.13 [-0.03,0.28],t=1.6,
df = 395, p = 0.119), and the Rosenberg fail-safe
number was very high (N = 47,929). Additionally, we
found that the effect size changed over time,
suggesting a time-lag effect that was only present for
beneficial interactors (Table S4).

In a second step, we split the dataset according to the
previously defined beneficial and detrimental
interactor types, replacing these broad types with the
exact nature of the interaction (predators, parasites,
competitors, resources, hosts, or mutualist) as a
moderator on the two data subsets. The two analyses
did not retain the same moderators, suggesting that
the importance of a moderator depended on the broad
type of interaction (Table 2, see below for description).
Both models showed important heterogeneity (I? =
939 vs. 955 % respectively for beneficial vs.
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detrimental interactions), but the distribution of the
heterogeneity varied to a large extend among datasets,
with a more important among-study effect for
beneficial interactions (I%way = 88.0 vs 45.8 %), and a
larger importance of species identity and species
phylogeny for detrimental interactions (1*fcal = 2.6 Vs
13.8 %, 1%ohyio = 2.6 vs 13.8 % and 1%interactor = 0.7 Vs
22.1%). When looking at the publication bias of those
models with funnel plots and Egger’s test, we found
some asymmetry for the detrimental interaction
dataset (Fig. S6, Egger’s test intercept [95% ClI] = 0.30
[0.11,0.48],t = 3.2, df =243, p = 0.002, Rosenberg fail-
safe N = 30,695), suggesting some publication bias, but
not for the beneficial interaction dataset (Fig S6,
Egger’s test intercept [95% Cl] = -0.21 [-0.64, 0.22], t =
-0.98, df = 150, p = 0.33, Rosenberg fail-safe N =
17,746).

Does the impact of interacting species on
dispersal depend on the nature of species
interactions?

Our global model found that the type of interactor and
its interaction with various moderators affected the
dispersal response to interacting species (Table 1).
Overall, the marginal effect size of this global model
crossed zero (-0.029 [-0.267, 0.209] adjusted effect
[95%Cl]), which was explained by the mix of decreasing
and increasing effects on the dispersal of beneficial and
detrimental interactions (Table 1). When we divided
the dataset into beneficial and detrimental interactors,
dispersal propensity indeed decreased (adjusted
effect: -0.55 [-0.92, -0.17]) and increased (adjusted
effect: 0.33 [0.06, 0.59]) respectively when beneficial
interactors and detrimental interactors were present
or more abundant (Fig. 2a).

Table 1: Summary from the averaged best model investigating the effect of moderators on
impacts of interacting species on focal species dispersal

The results are issued from a model selection from a full model described in Box 52, averaging estimates from models
where AAICc<2. The results show the conditional averaged estimates and SE, z and p-values, as well as the sum of

weights of the moderator (SW).

Moderator Level Estimate  SE o p-value SW
value
Intercept -0.36 0.19 1.94 0.053.
Dispersal phase full dispersal 0.03 0.23 0.12 0.902 1.00
transience -1.30 0.36 3.64 <0.001*** 1.00
Centered log duration -0.13 0.04  3.28 0.001%* 1.00
Centered level of generalism focal species 0.23 0.11 2.09 0.037* 1.00
Type of community simple community 0.89 0.24 3.69 <0.001*** 1.00
complex community 0.73 0.29 2.51 0.012% 1.00
Type of interactor beneficial -0.29 0.20 1.46 0.145 1.00
Type of study observation 0.16 0.31 0.53 0.597 1.00
Type of interactor:Dispersal phase beneficial:full dispersal 0.58 0.36 1.61 0.107 1.00
beneficial :transience 1.39 0.42 3.27 0.001** 1.00
Type of interactor:Centered log duration beneficial 0.23 0.06 3.83 <0.001*** 1.00
Type of interactor:Type of study beneficial:observation -1.44 0.52 2.75 0.006%* 1.00
Centered level of generalism interactor -0.21 0.11 2.02 0.044* 0.92
Type of manipulation of interactor abundance -0.14 0.11 1.33 0.185 0.69
cues of presence 0.28 0.18 1.50 0.134 0.69
Centered log generation time 0.06 0.04 1.28 0.200 0.31
;l;r}:ﬁ:e of interactor:Centered log generation beneficial 0.09 0.06 160 0.109 0.20
Similarity generation dispersal-interaction different generation 0.26 0.29 0.90 0.369 0.17
Type of interactor: Centered level of beneficial 0.12 017  0.67 0.505 0.08

generalism focal species
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Figure 2: The effect of interacting species on dispersal of the focal species depends on the type

of interactor

Effect of the (a) type of interactor (red: detrimental interactors, blue: beneficial interactors) and (b) the nature of
interactor (predators, competitors, parasites, resources, hosts, mutualists) on the effect of interacting species on
dispersal (positive Hedges’ d values: increased dispersal in the presence of interactors, negative: decreased dispersal).
Violin plots of raw effect sizes, with point and error bars corresponding to the marginal effect means and 95% Cl from
the two meta-analytic models for the subsets (i.e., beneficial and detrimental interactions, Table 2, Table S5), and labels
corresponding to the number of effect sizes across categorical moderators (k) and the number of studies across

moderators (n).

The exact nature of the beneficial interactor (i.e.,
resources, hosts, or mutualist) had an important effect
on dispersal propensity (SW = 0.83), while the nature
of the detrimental interactor (i.e., predators, parasites
or competitors) had only weak effects (SW = 0.15,
Table 2). While beneficial interactions generally
reduced dispersal propensity, parasites tended to
increase their dispersal propensity when their host was
present or more abundant (Table 2, Table S5, Fig. 2b).
On the contrary, all detrimental interactions had
similar effects on dispersal, with competitors tending
to have a stronger effect (Table 2, Table S5, Fig. 2b).

Does the dispersal response depend on the
spatiotemporal dynamics of interacting
species?

Moderators related to spatiotemporal dynamics
influenced the strength of interaction-dependent
dispersal. In the full dataset, the interactions between
the type of interactors and the dispersal phase had a
strong impact on dispersal (SW = 1, Table 1). This was
confirmed with data subsets on beneficial and
detrimental interactors (SW = 0.91, Table 2). The
presence or abundance of detrimental interactors
increased the rates of emigration and full dispersal
while it decreased dispersal distance (i.e., transience
phase, Fig. 3, Table S5). Beneficial interactions had a
stronger negative effect on dispersal propensity at the

emigration phase than for the transience phase and
the full dispersal process (Fig. 3, Table S5).
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Figure 3: The effect of interactors on focal
species dispersal varies depending on the
dispersal phase considered

Effect of the dispersal phase and the type of interactor
(red:  detrimental interactors, ie. predators,
competitors, parasites, blue: beneficial interactors, i.e.
resources, hosts, mutualists) on the effect of interacting
species on dispersal (positive Hedges’ d values:
increased dispersal in the presence of interactors,
negative: decreased dispersal). Violin plots of raw
effect sizes, with point and error bars corresponding to
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labels corresponding to the number of effect sizes
across categorical moderators (k) and the number of
studies across moderators (n).

the marginal effect means and 95% Cl from the two
meta-analytic models for the subsets (i.e., beneficial
and detrimental interactions, Table 2, Table S5), and

Table 2: Summary from the averaged best model investigating the effect of moderators on
impacts of interacting species on focal species dispersal subsetting the data by type of
interactor

The results are issued from a model selection from a full model, averaging estimates from models where AAICc<2. The

results show the conditional averaged estimates and SE, z and p-values, as well as the sum of weights of the moderator
(SW).

Data subset Moderator Level Estimate  SE Vahff; p-value SwW
Detrimental Intercept -0.12 024  0.51 0.610
Dispersal phase full dispersal 0.06 022  0.28 0.780 1.00
transience -1.18 0.34  3.49 <0.001%** 1.00
Centered log duration -0.12 0.04 2.77 0.006** 1.00
Type of manipulation of interactor abundance -0.17 0.13 1.29 0.196 1.00
cues of 0.58 025 236 0.018* 1.00
presence
Level of community complexity ~ S.0Ple 0.54 026 2.2 0.034* 0.78
community
complex 0.69 028 243 0.015%  0.78
community
Centered level generalism focal 0.27 0.16 1.71 0.087. 0.70
Centered level generalism interactor -0.17 0.11 1.47 0.143 0.39
Type of study observation 0.42 0.30 1.40 0.161 0.25
Centered log generation time 0.06 0.04 1.30 0.194 0.24
Possibility for interactor to disperse  yes 0.31 0.28 1.13  0.256 0.21
S.imilarity in generatipns between differegt 054 0.38 143 0.154 0.20
dispersal and interaction generation
Nature of interactor competitor 0.76 037 2.04 0.041* 0.15
parasite 049 032 1.55 0.121 0.15
Beneficial  Intercept -0.71 0.22  3.29 <0.001***
Dispersal phase full dispersal 045 0.18 247 0.013* 0.91
transience 0.08 0.24 0.34 0.733 0.91
Nature of interactor host 1.73 0.70  2.48 0.013% 0.83
mutualist 0.51 0.82 0.62 0.537 0.83
Centered level generalism interactor -0.46 0.26 1.80 0.072. 0.79
Centered log duration 0.06 0.04 1.60 0.110 0.74
Type of study observation -0.60 0.42 1.40 0.161 0.21
Centered level generalism focal 0.13 0.14 094 0.345 0.10

In addition, longer experiments showed weaker effects
of interactions on dispersal and this attenuation was
stronger for detrimental than for beneficial
interactions (Table 1 & 2, SW =1 vs 0.74, resp., Fig. S7).
The generation time of the focal species further had a
very weak effect for detrimental interactions only, with
a slightly stronger positive effect of detrimental
interactors on dispersal for species with longer
generation times (SW = 0.24, Table 2, Fig. S7).

We found that increasing ratios of home ranges
between the focal species and the interactor tended to
decrease the positive effect of detrimental interactors
on dispersal, although the effects are to be taken with
caution due to the very low sample size (only 7 studies
on detrimental interactions with 17 effect sizes, see
Methods and Table S6).
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Figure 4: For detrimental interactions, the effect of interacting species on focal species
dispersal varies depending on the biotic context

Effect of (a) the type of manipulation of the interactor (i.e. presence, cues of presence or abundance) and (b) the level
of community complexity (pairs of species, simple community, complex community) on the effect of detrimental
interactors on dispersal (positive Hedges’ d values: increased dispersal in the presence of interactors, negative:
decreased dispersal). Violin plots of raw effect sizes, with point and error bars corresponding to the marginal effect
means and 95% Cl from the meta-analytic model for the detrimental interactors data subset (Table 2, Table S5), and

labels corresponding to the number of effect sizes across categorical moderators (k) and the number of studies across
moderators (n).
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Figure 5: The effect of interactors on focal species dispersal varies depending on both species’
level of generalism

Effect of the generalism of (a) the focal species or (b) the interactor and type of interactor (red: detrimental, blue:
beneficial) on the effect of interacting species on dispersal (positive Hedges’ d values: increased dispersal in the
presence of interactors, negative: decreased dispersal). The level of generalism is rated from 1 to 4 on whether species
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interact only with one species (1), with species from the same genus or family (2), with species from the same order
(3), or with species from different orders (4). Points represent the effect sizes, and lines and confidence intervals are
displayed from marginal means and 95 % Cl from the two meta-analytic models calculated at the four levels of

generalism.

Do the interaction strength and ecological
complexity affect the dispersal response?
Moderators related to the perception of interaction
strength by an individual and the ecological complexity
influenced the strength of interaction-dependent
dispersal. The full database showed a marked
importance of the community complexity level (SW =
1) and a weaker importance of the way the interactor
was manipulated (SW = 0.69, Table 1). Subsetting by
interactor types showed that these effects were mainly
found for detrimental interactions (SW = 1 and 0.78
resp. for community complexity level and type of
manipulation, Table 2). More complex systems with
three or more species or natural communities showed
stronger positive effects (Fig. 4, Table S5), while
manipulation of cues of presence showed stronger
positive effects than manipulation of presence (Fig. 4,
Table S5). Whether the study was experimental or
observational was unlikely to have an effect (SW <
0.25, Table 2).

The level of generalism of both species was evidenced
as important (SW >0.92, Table 1). Subsetting beneficial
and detrimental interactions showed that higher levels
of generalism of the focal species led to slightly
stronger positive effect of detrimental interactions on
dispersal (SW =0.70, Table 2, Fig. 5, Table S5) and more
generalist beneficial interactors had slightly stronger
negative effects on dispersal (SW = 0.79, Table 2, Fig.
5, Table S5).

The possibility for the interactor to disperse and the
similarity of generation between interaction and
dispersal were unlikely to have a strong effect on
context-dependent dispersal (SW <0.21, Table 2, Table
S5).

We further gathered a continuous estimate of
interaction strengths between pairs of species present
in our database from the literature (193 pairs of species
and 357 effect sizes). We found a strong negative
relationship between measured interaction strength
and dispersal response to interaction (Table S7, Fig. 6).
While matching the effect of the binary interaction
type (see above), this continuous interaction strength
was a better predictor (Table S7, Fig. 6). When
restricting this analysis to studies measuring
concomitantly the dispersal response to interaction
and the interaction strength (166 effect sizes), the
impact of interaction strength was an even better

predictor (Table S7, Fig. 6).
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Figure 6: The effect of interactors on focal
species dispersal varies on the strength of
interaction between species

Effect of the interaction strength between pair of
species and type of interactor (red: detrimental, blue:
beneficial) on the effect of interacting species on
dispersal (positive Hedges’ d values: increased dispersal
in the presence of interactors, negative: decreased
dispersal), for the 357 effect sizes for which we could
retrieve interaction strength. Coloured points represent
interaction strength as a function of Hedges’d, for
either the subset of data for which interaction strength
was measured concomitantly to dispersal (“strict
database”, triangles, 166 es), for which the interaction
strength was found in the secondary literature (upside-
down triangles, 191 es), or for which the interaction
strength was not found at all and thus is only
categorized as positive or negative (crosses, 40 es).
Lines and ribbons represent the effect of interaction
strength on dispersal from the meta-analytic model,
either on the strict database (dashed line, Table S7), or
on all measures of interaction strength (full line, Table
S7).

DISCUSSION

Species do not move randomly among habitats in a
landscape [53]. On the contrary, a number of external
cues about abiotic and biotic contexts, and internal
cues about physiological states influence individuals’
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decision to leave their habitats, to orient themselves in
a landscape, and to settle in a novel habitat [4].
Context-dependent dispersal is now well-supported by
accumulating empirical evidence and theoretically
bolstered by the adaptive dispersal theory
[5,7,13,19,54-58]. Accordingly, individuals should
leave habitats with adverse conditions and search for
better ones, as long as the energy, time, and risk
barriers to dispersal (i.e., dispersal costs) do not offset
the benefit [22]. Using a systematic review approach,
we investigated the relationship between species
interactions, a key driver of dispersal suffering from an
absence of global synthesis in the literature, and
dispersal plasticity including all types of species
interactions, across diverse taxonomic groups,
focusing on actively dispersing organisms.

Our first main result is that the interaction-dependence
of dispersal matches the expected fitness
consequences of the interaction. The presence or
abundance of detrimental interactors (consumers,
parasites or competitors) increased the dispersal
propensity of a focal species. Conversely, the presence
or abundance of beneficial interactors like resources,
hosts and mutualists, decreased the dispersal
propensity of a focal species. While clearly fitting basic
adaptive dispersal theory, there is a large variation
around this general pattern that is explained by
dependencies on the dispersal phase studied. We
found that the impacts of detrimental interactions
changed from positive to negative depending on
whether the study focused on the emigration or
transience phase, and we found that the dependencies
on the duration of the experiment, on the complexity
of the community studied, and on other moderators
related to ecological complexity, interaction strength,
and spatiotemporal dynamics.

We expected the context-dependency of dispersal to
depend on the exact nature of the interaction, with for
example responses to predators not being the same as
responses to parasites due to e.g., differences in the
efficiency of dispersal to mitigate these detrimental
interactions (see the introduction). This last result was
only partially supported, with only weak differences
between species responses to predators, parasites and
competitors for detrimental interactions and a
difference between responses to hosts and resources
for beneficial interactions. This weak variation is likely
not explained by a potential scarcity of studies
involving predators, as the sample size per interaction
is relatively high (32 studies and 117 effect sizes),
competitors (12 studies and 73 es), and parasites (25
studies and 56 es). Similarly, the difference between
responses to host and resource presence was

unexpected, although the sample size for hosts was
very low. Consumers logically decreased their dispersal
propensity away from places with available resources,
while parasites tended to disperse away from habitats
with more hosts. We posit that this surprising result
may be explained by underlying positive effects of host
occurrence on the population growth and dynamics of
parasites leading to intertwined effects of inter- and
intraspecific interactions. However, the number of
studies investigating both inter- and intraspecific
interactions and the population growth of interacting
species was too limited [59] to test this hypothesis.

Similar to the reported effects of intraspecific density
[19], we showed that the consequence of interspecific
interactors’ presence and abundance led to complex
responses on dispersal. Species have been shown to
respond to intraspecific density through emigration in
diverse ways, with 30 % of the 145 studies reviewed
showing no density-dependent dispersal, 36 %
showing positive density-dependent dispersal, and 25
% negative density-dependent dispersal, with 9%
representing nonlinear responses [19]. Our meta-
analysis similarly showed important heterogeneity in
dispersal responses to interspecific interactions which
is not surprising given the dependency of interaction
strength itself on biotic and abiotic context [60]. The
strength of biotic interactions was shown to
particularly vary along abiotic gradients, with spatial
and temporal gradients showing lower variation, and
to particularly vary in laboratory studies, while
mesocosm and field studies showed lower variation
[60]. Chamberlein and colleagues [60] even reported
changes in the sign of the interaction across contexts
within a study, with an important proportion of
changes among mutualists and competitors. It is thus
possible that context-dependent variation in the
strength of biotic interactions, due to experimental
design, abiotic or biotic variation, would in return lead
to variation in the context-dependency of dispersal.
Overall, our literature search did not yield many
examples of variation in the effect of heterospecifics
on dispersal with other abiotic and biotic context (but
see some studies on the interplay between
intraspecific and interspecific conditions [61-66],
between habitat quality and predation risk [67,68],
between abiotic conditions (e.g.  sunshine,
temperature) and diverse biotic conditions [69,70]).
The interplay between biotic and abiotic
environmental dimensions, phenotype, and dispersal
can further make the relationship between
interspecific interactions and dispersal complicated
[59]. Dispersal is indeed a multi-causal process [71],
responding to multiple internal and external cues that
are themselves intertwined. For example, species
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interactions strongly influence the density of
interacting species. Predation, by decreasing prey
density, would thereby decrease intraspecific
competition [6] and potentially increase inbreeding.
On the other hand, the response to intraspecific
competition itself can vary with predation risk, as is the
case in Notonecta undulata where the intraspecific
density threshold for dispersal was shifted downwards
when fish predator cues were present [61]. The effect
of predation risk can further depend on the structure
of the habitat, such as in hydropsychid larvae where
the use of drift dispersal to avoid predators was
favoured in structurally simple habitats, while habitats
with a dense periphyton mat allowed sufficient
microhabitat refugia from predators to decrease
dispersal [67]. The resulting dispersal responses to this
blend of central dispersal drivers are difficult to
predict. Interestingly, studies manipulating only
detrimental interaction cues led to a greater positive
impact on the focal species’ dispersal than the ones
studying the actual presence of interacting species.
Such stronger effects of cues can be related to the
notion of landscape of fear [26,72], where the mere
presence of predators can have stronger impacts than
actual prey consumption. The type of cues affecting
the dispersal response can vary depending on the
species and their specific biology, such as on Baetis
thermicus larvae where larvae detected the risk of
predation by diurnal foragers such as salmon mainly
through visual cues, increasing drift rate, while
predation of the nocturnal sculpin was mainly detected
through chemical cues [73].

The actual interaction strength between species,
perceived within the actual study conditions, should
therefore better predict the effect of the interactor’s
presence on dispersal [14]. However, only 43% of
studies quantified the interaction strength along with
dispersal responses, and thus we used indirect
measures of interaction strength through the
generalism of interacting partners towards each other
(e.g. single or multiple predator species for a focal prey
species). We found that the level of generalism of
interacting species affected the dispersal outcome.
Counterintuitively, the level of generalism of the focal
species was mainly important for detrimental
interactions, where positive effects of interactor
presence on dispersal were strongest for more
generalist focal species, while the level of generalism
of the interacting species was more important for
beneficial interactions, with a stronger negative impact
for more generalist interactors. We were expecting the
level of interactor generalism to be of stronger
importance for detrimental interactors, as for example
prey might have a higher motivation to escape highly

specialized predators than generalist predators.
Further, we were expecting that more specialized focal
species may pose a broader burden on their resource,
increasing demographic fluctuations and thus
extinction probability of the focal species, leading to a
stronger effect on dispersal [17].

We further screened articles and the broader literature
to gather information about interaction strength
between pairs of species, resulting in variation in the
populations or study condition used (densities and
type of species manipulation) in the studies on
dispersal and interaction strength, a potential source
of discrepancies [60]. Further, the interaction strength
was measured through fitness-related traits that varied
among pairs of interacting species (i.e., survival,
fecundity, body condition and abundance). While this
result should be taken with caution, although the
approach should be conservative, the estimated
strength of interactions between species predicted the
dispersal responses to interaction well, and even
better than using the binary beneficial/detrimental
type of interaction (Table S7). When restricting our
dataset to studies jointly measuring the dispersal
response and interaction strength, we even better
estimated the effect of interaction strength on
dispersal. These results demonstrate the importance of
assessing  interaction  strengths and fitness
consequences concomitantly  with dispersal
dependencies, in single and multiple conditions, to
better understand interaction-dependent dispersal
and why it varies among species, interaction types, and
ecosystems (Fig. 1).

Our results further showed that the effects of
interactors varied with the dispersal phase studied.
Detrimental interactions had stronger positive impacts
on emigration than on full dispersal, and even had
negative impacts on transience. We expected
predators, parasites, and competitors to increase the
dispersal of the focal species to avoid the potential
negative consequences on fitness, and this was the
case for emigration and full dispersal [15,74]. However,
transience is a particularly vulnerable stage where the
risk of predation may be heightened; thus, a decrease
in dispersal distance for instance may be expected.
Similarly, hosts may increase their dispersal behaviour
to escape an infested habitat [15], and parasites
themselves can manipulate their hosts’ dispersal to
increase contact rate and the transmission of parasites
[21]. However, by diverting their hosts’ resources,
parasites can constrain their ability to move [21]. Such
contrasted effects of parasitism can be illustrated by a
study on Notonecta, where parasite infection reduced
Notonecta dispersal ability, but parasitism risk
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increased dispersal distance [75]. We thus expected
factors influencing emigration decisions and dispersal
distance to be fundamentally different, with
emigration decisions varying solely with local
conditions and dispersal distance varying with the
ability to disperse and the spatial scale of the
interaction. The impact of beneficial interactions also
depended on the dispersal phase studied, with strong
negative impacts on emigration, slightly weaker
impacts on transience and no effect on full dispersal.
The difference between effects of beneficial and
detrimental interactors might reflect a dependency on
both the local and the broader spatial context for
detrimental interactors, while the local context was the
main driver of dispersal decisions for beneficial
interactors. Again, a more precise estimate of the scale
and decay of interaction strength through the
landscape and its effects on focal species fitness at
each dispersal phase may help resolve this question.
The information we could gather on species home
range was fairly limited, but we found that the ratio of
home ranges influenced the focal species dispersal,
with a tendency for larger home ranges for focal
species relative to the interactor decreasing the
dependency of dispersal on detrimental interactions.
This larger home range may allow focal species to
escape detrimental interactors through changes in
spatial distribution within their habitat, a likely less
costly strategy than dispersing away. The interplay
between species interaction and dispersal at different
spatial scales should play an important role for
metacommunity dynamics. Indeed, a recent
theoretical study has shown that the spatial scales of
dispersal and species interactions have opposite
effects on ecosystem functioning [76]. A modelling
effort illustrating the impacts of context-dependent
dispersal in simple three-level food chain communities
shows that simultaneous resource- and predator-
dependent emigration reduced local fluctuations of
population dynamics through time, and increased
metacommunity stability [13]. In competitive
communities of two Callosobruchus species,
subdivision of the habitat into patches within a
metacommunity structure allows for new niche
differentiating mechanism through a dispersal-
competition trade off allowing species coexistence
[77]. Further, the dependency of dispersal on spatial
scale should itself depend on the spatiotemporal
autocorrelation of population dynamics between
interacting species across scales [6,13,18], potentially
leading to the co-evolution of dispersal of interacting
species [17].

We were also expecting the impact of the interacting
species to depend on the larger biotic context.

Specifically, we expected that more complex
communities could lead to a “dilution effect” where
the cues and the impact of each interacting species on
the focal species’ dispersal may be weaker when
diluted in a larger number of species interactions. We
observed the opposite effect, with stronger positive
effects of detrimental interactors being observed in
more complex communities than for studies on pairs of
interacting species. This could be explained by
methodological differences between studies on pairs
of interacting species, very often laboratory studies,
and studies on more complex communities, often
corresponding to field studies or semi-natural
mesocosm studies. Oversimplified set-ups may actually
buffer the effects of interaction on dispersal through
acclimation to threats and an overall lower perception
of risk. Because of the inherent nestedness of
community complexity and experimental set-up, we
were not able to put both moderators in the models.
An alternative explanation rests on a confounded
effect of multiple species interactions. As mentioned
above, field studies often lead to difficulties in
disentangling effects on survival from effects on
dispersal and in properly isolating the effect of a single
species. For example, the abundances of a prey species
and its different predator species are often correlated,
leading to difficulties in isolating the effect of each
predator species without intensive monitoring of all
species at play [78]. The same reasoning can be made
for other interacting species like resources for
consumers, as in flying squirrels which depend on
multiple resources (spruce, birch and alder catkin), that
likely covary and can alternatively appear as the main
driver of fitness [79,80], potentially hampering the
estimate of their respective effects on dispersal.

Finally, we showed that the duration of the study
modulates the effects of interactions on the dispersal
of focal species. The longer the study lasted the closer
the effect sizes were to zero for detrimental
interactions, and to a lower extent for beneficial
interactions. This effect may reflect an acclimation to
the interacting species in experimental studies,
reducing the sensitivity of individuals to stressful
interactions and therefore their dispersal propensity to
avoid them. In addition, not all individuals are equally
likely to disperse [4] and/or to respond through
dispersal to adverse abiotic and biotic conditions
[55,81]. Shorter experiments may capture the most
responsive individuals and the longer the study lasts
the weaker the overall response should be. However,
one can alternatively argue that less responsive
individuals would also react and disperse only after
long-lasting experiments. Unfortunately, dispersal
studies are often limited in time or space and might
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therefore misestimate the effect of interaction-
dependent dispersal at the whole population scale.

Our systematic literature review focused only on
actively dispersing species, and thus excluded passively
dispersed taxa such as plants. It yielded a majority of
articles on insects, with other groups like spiders, birds,
nematodes, mammals, or protists being less
represented. While our dataset was taxonomically
biased, it matched the taxonomic coverage of the
systematic review on intraspecific density [19], and
showed much lesser taxonomic bias than behavioural
studies for instance [50]. This highlights the
importance of covering a wide range of taxa across the
phylogenetic tree in dispersal studies to account for
the diversity of dispersal behaviours and species
interactions. Another knowledge gap highlighted by
our literature search is the relative lack of studies on
the interplay between species interaction and dispersal
syndromes (but see [82—86] in our database). Given the
suggested role of dispersal syndromes in fitness-
dispersal relationship and eco-evolutionary dynamics
of metacommunities [55,81], we would suggest that
research groups integrate a more detailed
characterisation of the phenotype and its relationship
to dispersal into their studies. Further, a meta-analysis
focusing on passively dispersing species would help to
understand whether processes influencing interaction-
dependent dispersal are similar to those affecting
active dispersers. Finally, we want to highlight the
following conclusions and ideas to stimulate further
research on dispersal and species interaction:

(1) Methodological issues :

(a) The experimental set-up matters.
Oversimplified set-ups may buffer effects of
interactions on dispersal through acclimation
to threats. On the other hand, field studies
often prevent disentangling effects of biotic
conditions on survival and dispersal. Further,
they can struggle to isolate properly the effect
of each species interaction on the dispersal of
a focal species because interactions among
different interacting species (e.g., interaction
of a prey species with multiple predator
species) often covary in time or space. Those
issues are at the core of discussions on
experimental vs. observational approaches.
Large-scale experiments in more realistic
ecological conditions monitored over time as
well as a more holistic investigation of biotic
and abiotic drivers in the field might improve
our understanding of the relationship between
dispersal and species interactions.

(b)

(c)

(2)
(d)

The duration of the experiment largely
influences the estimated relationship between
dispersal and species interaction. It does not
mean we should run shorter experiments to
increase the likelihood of finding larger effects
because species interactions and dispersal
phases last longer in nature than in an
experiment. However, we should consider the
temporal aspect as an additional factor when
running an experiment manipulating species
interactions on varying time windows and
select appropriate durations relative to
species’ generation time. In addition, natural
contexts often imply the integration of cues on
interacting species over a larger temporal
window within and between generations,
thereby providing a more realistic estimate of
information acquisition in stable and
predictable environments and a poor estimate
of enduring species interaction in changing
environments.

Cues might lead to stronger effects than the
actual presence of an interacting species. A
potential reason to consider is that the actual
presence often mixes direct effects of the
interaction, including numerical effects of it
(i.e., predators consume prey), and species
behavioural responses. For example, prey may
intend to respond to cues about predation risk
by leaving its habitat, but this intent might be
repressed by the immediate lethal costs of
doing so when actual predators are present.
Such impacts of cues can be related to the
landscape of fear, whereby predators have a
disproportionately strong effect on prey
redistribution over the landscape compared to
their direct consumptive effect [26,72]. This
landscape of fear effect also implies that
measuring interaction strength by fitness
effects alone might underestimate its
ecological impact mediated by behaviour.

Ecological aspects of interaction-dependent
dispersal

The numerical effects of species interactions
further influence intraspecific competition
through changes in population density. This
main driver likely influences species fitness and
dispersal propensity in an opposite direction to
species interactions. Beneficial interactions
likely increase population density while
detrimental interactions decrease it [6]. The
resulting consequence for dispersal calls for
study designs testing the respective and
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(e)

(f)

(8)

(3)
(h)

interactive effects in a fully crossed manner
[59].

A clear pattern is the effects of dispersal
phase. It has been pointed out repeatedly [4,5]
that aside from our naive expectation that
emigration and immigration decisions should
mirror each other, the risk and benefits of
species interaction likely vary between initial
habitat, environments crossed during
transience and new habitats to settle in. It
appears important to investigate the fitness
and dispersal consequences of species
interactions through the three movement
phases. A further review should focus on the
consequences of interspecific interactions at
the colonisation stage.

We need to improve our understanding of the
spatiotemporal dynamics of interacting
species. Indeed, dispersing from its current or
natal habitat is a behavioural decision with
large and lasting consequences for individual
life history [87]. Therefore, alternative
responses to a threat might be favoured when
the population dynamics of interacting species
give room to those alternatives (e.g.,
asynchrony in predator and prey population
dynamics). Modelling studies have shown the
importance of spatiotemporal autocorrelation
for dispersal dynamics [6,13,18]

The dispersal response depends on the
interaction strength. We have shown that
beneficial and detrimental interactions lead to
opposite dispersal responses, but the effect
can be modulated by the type of interaction,
the level of specialization between interactors,
and the dilution of the interaction by
community diversity. More studies should aim
at characterising this interaction strength,
from the local community level to higher
spatial scales in a metacommunity context, to
better understand its impacts on dispersal.
Ecological and evolutionary consequences for
metacommunities

Moving from pairs of species to complex
metacommunities may be a difficult task. We
have shown that the importance of context-
dependent dispersal depends on the overall
community context, thus experiments with
pairwise interactions may fail to capture the
complexity of the dispersal response and
studies in natural communities may fail to
tease apart the respective and interactive

effects of multiple interactions. Nevertheless,
modelling studies show that with even simple
three-level communities, context-dependent
dispersal between pairs of species has a strong
impact on metacommunity dynamics [13].

(i) Context-dependent dispersal should shape
metacommunity dynamics. When studying
the consequences of dispersal at the landscape
level, studies often treat dispersal as a
constitutive trait of species and/or landscape
features [76]. Our results evidence a dispersal
plasticity in response to biotic interactions,
particularly in the context of the landscape of
fear [26,72], which should influence the
species distribution and their match to local
ecological conditions within a landscape.

(j) We need to better understand how evolving
landscapes can affect the context-
dependency of dispersal. Eco-evolutionary
dynamics of species interactions should
influence the evolution of both context-
independent [17] and context-dependent
dispersal [6,55], and conversely the eco-
evolutionary dynamics of dispersal should
influence species interactions and
metacommunity dynamics [55]. These two
evidenced assertions hamper the accurate
predictions of metacommunity dynamics in a
greatly and rapidly changing world.

Data and materials availability: Data and code are available
on Zenodo (http://dx.doi.org/10.5281/zenodo.10940162).

Author contributions: The idea of the article originally
emerged from a dispersal workshop organised by EAF, in
which EB and JC proposed to lead the article. EB, JC, DL, DB,
IJND, ABD, EAF, OK, FM, TP, CS, NS, GZ discussed the original
search terms, and EB, JC and DL refined the search. EB and
JC defined the abstract screening strategy, with the help of
DL, and all authors participated in abstract screening. EB, JC
and DL defined the full text screening strategy and the type
of data to be extracted. EB screened each article’s full text
with the help of JC. JC and DL extracted complementary data
from the literature. EB extracted effect sizes with the help of
JC. EB ran the analyses. EB and JC wrote the first draft of the
manuscript, DL contributed to early draft revisions, and all
authors contributed to revisions.

Competing interests: The authors declare no competing
interests.

Acknowledgements: The idea of the study originated from a
workshop on dispersal led by Emanuel A. Fronhofer
supported by a grant from the Agence Nationale de la
Recherche (No.: ANR-19-CE02-0015) to EAF. We thank all
participants of the workshop for fruitful discussions. This



Bestion et al., 2024, Species interactions affect dispersal: a meta-analysis. Phil. Trans. R. Soc. B 379:20230127, doi:
10.1098/rsth.2023.0127

work was supported by LABEX TULIP (ANR-10-LABX-0041)
and the EVENET network. This is publication ISEM-2024-125
of the Institut des Sciences de I'Evolution - Montpellier. JuCo
was supported by a funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (grant agreement No
817779), MMD was supported by Ayudas de Incorporacion
Cientifico Titular' (#2022301042; CSIC), OK was supported by
a grant from the Agence Nationale de la Recherche (ANR-20-
CE02-0023-01).

REFERENCES

1.

Leibold MA et al. 2004 The metacommunity
concept: a framework for multi-scale community
ecology. Ecol. Lett. 7, 601-613.
(doi:10.1111/j.1461-0248.2004.00608.x)

Baguette M, Blanchet S, Legrand D, Stevens VM,
Turlure C. 2013 Individual dispersal, landscape
connectivity and ecological networks. Biol. Rev.
88, 310-326. (d0i:10.1111/brv.12000)

Kubisch A, Holt RD, Poethke H-J, Fronhofer EA.
2014 Where am | and why? Synthesizing range
biology and the eco-evolutionary dynamics of
dispersal. Oikos 123, 5-22. (d0i:10.1111/j.1600-
0706.2013.00706.x)

Clobert J, Le Galliard J-F, Cote J, Meylan S, Massot
M. 2009 Informed dispersal, heterogeneity in
animal dispersal syndromes and the dynamics of
spatially structured populations. Ecol. Lett. 12,
197-2009. (doi:10.1111/j.1461-
0248.2008.01267.x)

Bowler DE, Benton TG. 2005 Causes and
consequences of animal dispersal strategies:
relating individual behaviour to spatial dynamics.
Biol. Rev. 80, 205-225.
(doi:10.1017/51464793104006645)

Poethke HJ, Weisser WW, Hovestadt T. 2010
Predator-Induced Dispersal and the Evolution of
Conditional Dispersal in Correlated Environments.
Am. Nat. 175, 577-586. (d0i:10.1086/651595)

Armsworth PR, Roughgarden JE, Losos EJB, Perrin
AEN. 2005 The Impact of Directed versus Random
Movement on Population Dynamics and
Biodiversity Patterns. Am. Nat. 165, 449-465.
(d0i:10.1086/428595)

McPeek MA, Holt RD. 1992 The Evolution of
Dispersal in Spatially and Temporally Varying
Environments. Am. Nat. 140, 1010-1027.
(d0i:10.1086/285453)

10.

11.

12.

13.

14.

15.

16.

17.

18.

Bocedi G, Heinonen J, Travis JMJ, Berger AEU,
Bronstein EJL. 2012 Uncertainty and the Role of
Information Acquisition in the Evolution of
Context-Dependent Emigration. Am. Nat. 179,
606—620. (doi:10.1086/665004)

Poethke HJ, Pfenning B, Hovestadt T. 2007 The
relative contribution of individual and kin
selection to the evolution of density-dependent
dispersal rates. Evol. Ecol. Res. 9, 41-50.

Gros A, Joachim Poethke H, Hovestadt T. 2006
Evolution of local adaptations in dispersal
strategies. Oikos 114, 544-552.
(doi:10.1111/j.2006.0030-1299.14909.x)

Jacob S, Bestion E, Legrand D, Clobert J, Cote J.
2015 Habitat matching and spatial heterogeneity
of phenotypes: implications for metapopulation
and metacommunity functioning. Evol. Ecol. 29,
851-871. (doi:10.1007/s10682-015-9776-5)

Fronhofer EA et al. 2018 Bottom-up and top-
down control of dispersal across major
organismal groups. Nat. Ecol. Evol. 2, 1859-1863.
(d0i:10.1038/541559-018-0686-0)

Fronhofer EA, Klecka J, Melidn CJ, Altermatt F.
2015 Condition-dependent movement and
dispersal in experimental metacommunities. Ecol.
Lett. 18, 954-963. (doi:10.1111/ele.12475)

Boulinier, McCoy, Sorci. 2001 Dispersal and
parasitism. In Dispersal (eds J Clobert, E Danchin,
AA Dhondt, JD Nichols), pp. 169-179. Oxford
University Press.

Casas RR de, Willis CG, Donohue K. 2012 Plant
dispersal phenotypes: a seed perspective of
maternal habitat selection. In Dispersal Ecology
and Evolution (eds J Clobert, M Baguette, TG
Benton, JM Bullock), pp. 171-185. Oxford
University Press.

Zilio G, Deshpande JN, Duncan AB, Fronhofer EA,
Kaltz O. 2024 Dispersal evolution and eco-
evolutionary dynamics in antagonistic species
interactions. Trends Ecol. Evol. 0.
(d0i:10.1016/j.tree.2024.03.006)

Deshpande JN, Kaltz O, Fronhofer EA. 2021 Host—
parasite dynamics set the ecological theatre for
the evolution of state- and context-dependent
dispersal in hosts. Oikos 130, 121-132.
(d0i:10.1111/0ik.07512)



Bestion et al., 2024, Species interactions affect dispersal: a meta-analysis. Phil. Trans. R. Soc. B 379:20230127, doi:
10.1098/rsth.2023.0127

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Harman RR, Goddard J, Shivaji R, Cronin JT. 2020
Frequency of Occurrence and Population-
Dynamic Consequences of Different Forms of
Density-Dependent Emigration. Am. Nat. 195,
851-867. (doi:10.1086,/708156)

Yoder JM, Marschall EA, Swanson DA. 2004 The
cost of dispersal: predation as a function of
movement and site familiarity in ruffed grouse.
Behav. Ecol. 15, 469-476.
(d0i:10.1093/beheco/arh037)

Binning SA, Shaw AK, Roche DG. 2017 Parasites
and Host Performance: Incorporating Infection
into Our Understanding of Animal Movement.
Integr. Comp. Biol. 57, 267-280.
(d0i:10.1093/ich/icx024)

Bonte D et al. 2012 Costs of dispersal. Biol. Rev.
87, 290-312. (d0i:10.1111/j.1469-
185X.2011.00201.x)

Carbone C, Cowlishaw G, Isaac NJB, Rowcliffe JM.
2005 How Far Do Animals Go? Determinants of
Day Range in Mammals. Am. Nat. 165, 290-297.
(doi:10.1086/426790)

Haskell JP, Ritchie ME, OIff H. 2002 Fractal
geometry predicts varying body size scaling
relationships for mammal and bird home ranges.
Nature 418, 527-530. (doi:10.1038/nature00840)

Wootton JT, Emmerson M. 2005 Measurement of
Interaction Strength in Nature. Annu. Rev. Ecol.
Evol. Syst. 36, 419-444,
(doi:10.1146/annurev.ecolsys.36.091704.175535)

Preisser EL, Bolnick DI, Benard MF. 2005 Scared to
death? the effects of intimidation and
consumption in predator—prey interactions.
Ecology 86, 501-509. (doi:10.1890/04-0719)

Strauss AT, Civitello DJ, Caceres CE, Hall SR. 2015
Success, failure and ambiguity of the dilution
effect among competitors. Ecol. Lett. 18, 916—
926. (d0i:10.1111/ele.12468)

Goodacre SL, Martin OY, Bonte D, Hutchings L,
Woolley C, Ibrahim K, Thomas CG, Hewitt GM.
2009 Microbial modification of host long-distance
dispersal capacity. BMC Biol. 7, 32.
(d0i:10.1186/1741-7007-7-32)

Moore AT, Brown CR. 2014 Dispersing
hemipteran vectors have reduced arbovirus

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

prevalence. Biol. Lett. 10, 20140117.
(doi:10.1098/rsbl.2014.0117)

Moher D, Liberati A, Tetzlaff J, Altman DG, Group
TP. 2009 Preferred Reporting Items for Systematic
Reviews and Meta-Analyses: The PRISMA
Statement. PLOS Med. 6, e1000097.
(doi:10.1371/journal.pmed.1000097)

O’Dea RE et al. 2021 Preferred reporting items for
systematic reviews and meta-analyses in ecology
and evolutionary biology: a PRISMA extension.
Biol. Rev. 96, 1695-1722.
(doi:10.1111/brv.12721)

Lajeunesse MJ. 2016 Facilitating systematic
reviews, data extraction and meta-analysis with
the metagear package for r. Methods Ecol. Evol. 7,
323-330. (d0i:10.1111/2041-210X.12472)

Landis JR, Koch GG. 1977 The Measurement of
Observer Agreement for Categorical Data.
Biometrics 33, 159-174. (d0i:10.2307/2529310)

Borenstein M, editor. 2009 Introduction to meta-
analysis. Chichester, U.K: John Wiley & Sons.

Higgins J, Thomas J, Chandler J, Cumpston M, Li T,
Page M, Welch V, editors. 2022 Cochrane
Handbook for Systematic Reviews of
Interventions. Cochrane. See
https://training.cochrane.org/handbook/current.

Wan X, Wang W, Liu J, Tong T. 2014 Estimating
the sample mean and standard deviation from
the sample size, median, range and/or
interquartile range. BMC Med. Res. Methodol. 14,
1-13. (d0i:10.1186/1471-2288-14-135)

Koricheva J, Gurevitch J, Mengersen K. 2013
Handbook of Meta-analysis in Ecology and
Evolution. Princeton, New Jersey: Princeton
University Press.

Tomczak M, Tomczak E. 2014 The need to report
effect size estimates revisited. An overview of
some recommended measures of effect size.
Trends Sport Sci. 1, 19-25.

Correll J, Mellinger C, Pedersen EJ. 2021 Flexible
approaches for estimating partial eta squared in
mixed-effects models with crossed random
factors. Behav. Res. Methods 54, 1626—-1642.
(doi:10.3758/513428-021-01687-2)



Bestion et al., 2024, Species interactions affect dispersal: a meta-analysis. Phil. Trans. R. Soc. B 379:20230127, doi:
10.1098/rsth.2023.0127

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

Lakens D. 2013 Calculating and reporting effect
sizes to facilitate cumulative science: a practical
primer for t-tests and ANOVAs. Front. Psychol. 4,
863. (doi:10.3389/fpsyg.2013.00863)

Auger G, Pottier J, Mathieu J, Jabot F. 2024 Space
use of invertebrates in terrestrial habitats:
Phylogenetic, functional and environmental
drivers of interspecific variations. Glob. Ecol.
Biogeogr. 33, €13811. (d0i:10.1111/geb.13811)

Broekman MJE, Hoeks S, Freriks R, Langendoen
MM, Runge KM, Savenco E, ter Harmsel R,
Huijbregts MAJ, Tucker MA. 2023 HomeRange: A
global database of mammalian home ranges.
Glob. Ecol. Biogeogr. 32, 198—205.
(d0i:10.1111/geb.13625)

Tamburello N, C6té IM, Dulvy NK. 2015 Energy
and the Scaling of Animal Space Use. Am. Nat.
186, 196-211. (doi:10.1086/682070)

Tucker MA, Ord TJ, Rogers TL. 2014 Evolutionary
predictors of mammalian home range size: body
mass, diet and the environment. Glob. Ecol.
Biogeogr. 23, 1105-1114.
(doi:10.1111/geb.12194)

Pinsky M, McCauley D. 2019 Home range and
body size data compiled from the literature for
marine and terrestrial vertebrates.
(d0i:10.1575/1912/bco-dmo.752795.1)

Grafen A. 1989 The phylogenetic regression.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 326, 119—
157. (doi:10.1098/rstb.1989.0106)

Viechtbauer W. 2010 Conducting Meta-Analyses
in R with the metafor Package. J. Stat. Softw. 36,
1-48. (d0i:10.18637/jss.v036.i03)

Rosenberg MS. 2005 THE FILE-DRAWER PROBLEM
REVISITED: A GENERAL WEIGHTED METHOD FOR
CALCULATING FAIL-SAFE NUMBERS IN META-
ANALYSIS. Evolution 59, 464—468.
(doi:10.1111/j.0014-3820.2005.tb01004.x)

Nakagawa S, Santos ESA. 2012 Methodological
issues and advances in biological meta-analysis.
Evol. Ecol. 26, 1253-1274. (d0i:10.1007/s10682-
012-9555-5)

Rosenthal MF, Gertler M, Hamilton AD, Prasad S,
Andrade MCB. 2017 Taxonomic bias in animal
behaviour publications. Anim. Behav. 127, 83—89.
(d0i:10.1016/j.anbehav.2017.02.017)

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Banki O et al. 2023 Catalogue of life checklist.
(doi:10.48580/dfgnm)

Senior AM, Grueber CE, Kamiya T, Lagisz M,
O’Dwyer K, Santos ESA, Nakagawa S. 2016
Heterogeneity in ecological and evolutionary
meta-analyses: its magnitude and implications.
Ecology 97, 3293—-3299. (d0i:10.1002/ecy.1591)

Lowe WH, McPeek MA. 2014 Is dispersal neutral?
Trends Ecol. Evol. 29, 444—-450.
(doi:10.1016/j.tree.2014.05.009)

Matthysen E. 2005 Density-dependent dispersal
in birds and mammals. Ecography 28, 403-416.
(d0i:10.1111/j.0906-7590.2005.04073.x)

Cote J, Bestion E, Jacob S, Travis J, Legrand D,
Baguette M. 2017 Evolution of dispersal
strategies and dispersal syndromes in fragmented
landscapes. Ecography 40, 56-73.
(doi:10.1111/ecog.02538)

Holt RD, Barfield M. 2008 Habitat Selection and
Niche Conservatism. Isr. J. Ecol. Evol. 54, 295-3009.
(doi:10.1560/1JEE.54.3-4.295)

Ravigné V, Dieckmann U, Olivieri |. 2009 Live
Where You Thrive: Joint Evolution of Habitat
Choice and Local Adaptation Facilitates
Specialization and Promotes Diversity. Am. Nat.
174, E141-E169. (doi:10.1086/605369)

Weisser WW. 2001 The effects of predation on
dispersal. In Dispersal (eds J Clobert, E Danchin,
AA Dhondt, JD Nichols), pp. 180-188. Oxford
University Press.

Thierry M, Cote J, Bestion E, Legrand D, Clobert J,
Jacob S. 2024 The interplay between abiotic and
biotic factors on dispersal decisions in
metacommunities. Philos. Trans. R. Soc. B-Biol.
Sci. 379, 20230137. (doi:10.1098/rstb.2023.0137)

Chamberlain SA, Bronstein JL, Rudgers JA. 2014
How context dependent are species interactions?
Ecol. Lett. 17, 881-890. (d0i:10.1111/ele.12279)

Baines CB, McCauley SJ, Rowe L. 2014 The
interactive effects of competition and predation
risk on dispersal in an insect. Biol. Lett. 10,
20140287. (d0i:10.1098/rsbl.2014.0287)

Hammill E, Fitzjohn RG, Srivastava DS. 2015
Conspecific density modulates the effect of



Bestion et al., 2024, Species interactions affect dispersal: a meta-analysis. Phil. Trans. R. Soc. B 379:20230127, doi:
10.1098/rsth.2023.0127

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

predation on dispersal rates. Oecologia 178,
1149-1158. (doi:10.1007/s00442-015-3303-9)

Ventura L, Smith DR, Lubin Y. 2017 Crowding
leads to fitness benefits and reduced dispersal in
a colonial spider. Behav. Ecol. 28, 1384—-1392.
(doi:10.1093/beheco/arx106)

Sloggett JJ, Weisser WW. 2002 Parasitoids induce
production of the dispersal morph of the pea
aphid, Acyrthosiphon pisum. Oikos 98, 323—-333.
(doi:10.1034/j.1600-0706.2002.980213.x)

Tremmel M, Steinitz H, Kliot A, Harari A, Lubin Y.
2020 Dispersal, endosymbiont abundance and
fitness-related consequences of inbreeding and
outbreeding in a social beetle. Biol. J. Linn. Soc.
129, 717-727. (doi:10.1093/biolinnean/blz204)

Ngrgaard LS, Zilio G, Saade C, Gougat-Barbera C,
Hall MD, Fronhofer EA, Kaltz 0. 2021 An
evolutionary trade-off between parasite virulence
and dispersal at experimental invasion fronts.
Ecol. Lett. 24, 739-750. (doi:10.1111/ele.13692)

Holomuzki JR, Pillsbury RW, Khandwala SB. 1999
Interplay between dispersal determinants of
larval hydropsychid caddisflies. Can. J. Fish.
Aquat. Sci. 56, 2041-2050. (doi:10.1139/f99-141)

Kaster JL. 1989 Observations of predator-prey
interaction on dispersal of an oligochaete prey,
Limnodrilus hoffmeisteri. Hydrobiologia 180, 191—
193. (d0i:10.1007/BF00027552)

Reim E, Baguette M, Giinter F, Fischer K. 2018
Emigration propensity and flight performance are
decoupled in a butterfly. Ecosphere 9, e02502.
(doi:10.1002/ecs2.2502)

Achiano KA, Giliomee JH. 2008 Food-,
temperature-and crowding-mediated laboratory
dispersal of Carcinops pumilio (Erichson)
(Coleoptera: Histeridae), a predator of house fly
(Diptera: Muscidae) eggs and larvae. Afr. Entomol.
16, 115-121. (doi:10.4001/1021-3589-16.1.115)

Matthysen E. 2012 Multicausality of dispersal: a
review. In Dispersal Ecology and Evolution (eds )
Clobert, M Baguette, TG Benton, JM Bullock), pp.
3-18. Oxford University Press.

Schmitz OJ, Miller JRB, Trainor AM, Abrahms B.
2017 Toward a community ecology of landscapes:
predicting multiple predator-prey interactions

10

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

across geographic space. Ecology 98, 2281-2292.
(doi:10.1002/ecy.1916)

Miyasaka H, Nakano S. 2001 Drift dispersal of
mayfly nymphs in the presence of chemical and
visual cues from diurnal drift- and nocturnal
benthic-foraging fishes. Freshw. Biol. 46, 1229—
1237. (d0i:10.1046/j.1365-2427.2001.00745.x)

Wooster D, Sih A. 1995 A Review of the Drift and
Activity Responses of Stream Prey to Predator
Presence. Oikos 73, 3-8. (d0i:10.2307/3545718)

Baines CB, Diab S, McCauley SJ. 2020 Parasitism
Risk and Infection Alter Host Dispersal. Am. Nat.
196, 119-131. (doi:10.1086/709163)

Zelnik YR, Barbier M, Shanafelt DW, Loreau M,
Germain RM. 2024 Linking intrinsic scales of
ecological processes to characteristic scales of
biodiversity and functioning patterns. Oikos 2024,
€10514. (doi:10.1111/0ik.10514)

Hunt JJFG, Bonsall MB. 2009 The effects of
colonization, extinction and competition on co-
existence in metacommunities. J. Anim. Ecol. 78,
866—879. (doi:10.1111/j.1365-
2656.2009.01532.x)

Selonen V, Fey K, Hamalainen S, Turkia T,
Korpimaki E. 2018 Do predators modify context-
dependent dispersal of red squirrels? Behav. Ecol.
Sociobiol. 72, 136. (doi:10.1007/s00265-018-
2554-y)

Selonen V, Wistbacka R, Korpimaki E. 2016 Food
abundance and weather modify reproduction of
two arboreal squirrel species. J. Mammal. 97,
1376-1384. (d0i:10.1093/jmammal/gyw096)

Selonen V, Wistbacka R. 2016 Siberian flying
squirrels do not anticipate future resource
abundance. BMC Ecol. 16, 51.
(d0i:10.1186/512898-016-0107-7)

Cote J et al. 2022 Dispersal syndromes in
challenging environments: A cross-species
experiment. Ecol. Lett. 25, 2675-2687.
(doi:10.1111/ele.14124)

Cote J, Fogarty S, Tymen B, Sih A, Brodin T. 2013
Personality-dependent dispersal cancelled under
predation risk. Proc. R. Soc. B Biol. Sci. 280,
20132349. (doi:10.1098/rspb.2013.2349)



Bestion et al., 2024, Species interactions affect dispersal: a meta-analysis. Phil. Trans. R. Soc. B 379:20230127, doi:
10.1098/rsth.2023.0127

83. Debeffe L, Morellet N, Verheyden-Tixier H, Hoste
H, Gaillard J-M, Cargnelutti B, Picot D, Sevila J,
Hewison AJM. 2014 Parasite abundance
contributes to condition-dependent dispersal in a
wild population of large herbivore. Oikos 123,
1121-1125. (doi:10.1111/0ik.01396)

84. Bestion E, Teyssier A, Aubret F, Clobert J, Cote J.
2014 Maternal exposure to predator scents:
offspring phenotypic adjustment and dispersal.
Proc. R. Soc. B Biol. Sci. 281, 20140701.
(doi:10.1098/rspb.2014.0701)

85. Terui A, Ooue K, Urabe H, Nakamura F. 2017
Parasite infection induces size-dependent host
dispersal: consequences for parasite persistence.
Proc. R. Soc. B Biol. Sci. 284, 20171491.
(d0i:10.1098/rspb.2017.1491)

86. Baines CB, McCauley SJ, Rowe L. 2015 Dispersal
depends on body condition and predation risk in
the semi-aquatic insect, Notonecta undulata.
Ecol. Evol. 5, 2307-2316. (d0i:10.1002/ece3.1508)

87. Bonte D, Dahirel M. 2017 Dispersal: a central and

independent trait in life history. Oikos 126, 472—
479. (doi:10.1111/0ik.03801)

11



Bestion et al., 2024, Species interactions affect dispersal: a meta-analysis. Phil. Trans. R. Soc. B
379:20230127, doi: 10.1098/rstb.2023.0127

SUPPLEMENTARY MATERIAL

Box S1: Full description of the keywords for the meta-analysis.
The search was conducted on Web of Science on the 20th of October 2021 and yielded 21499 results.

TS=(predat* OR resource* OR prey* OR parasit* OR host* OR compet* OR facilitat* OR mutualis* OR
cooperat* OR phore* OR commensal* OR interspeci* OR heterospeci* OR context* OR condition* OR
metacommunit* OR "mutual inhibition" OR ammensalis* OR symbio*)

AND TI=(dispers* OR migrat* OR emigrat* OR immigrat* OR colonis* OR coloniz* OR nomadi*)

NOT TI=(“seasonal migration” NOT dispers* NOT emigrat* NOT immigrat* NOT colonis* NOT coloniz*)
NOT TI=(“vertical migration” NOT dispers* NOT emigrat* NOT immigrat* NOT colonis* NOT coloniz*)
NOT TI=(“autumn migration” NOT dispers* NOT emigrat* NOT immigrat* NOT colonis* NOT coloniz*)
NOT TI=(“fall migration” NOT dispers* NOT emigrat* NOT immigrat* NOT colonis* NOT coloniz*)

NOT TI=(“spring migration” NOT dispers* NOT emigrat* NOT immigrat* NOT colonis* NOT coloniz*)
NOT TI=(catadrom* NOT dispers* NOT emigrat* NOT immigrat* NOT colonis* NOT coloniz*)

NOT TI=(anadrom* NOT dispers* NOT emigrat* NOT immigrat* NOT colonis* NOT coloniz*)

NOT TI=(dispersion OR dispersible)

NOT TS=(refugees OR “international migration” OR “domestic migration” OR “human migration” OR
asylum OR illegal)

AND (SJ==("ENVIRONMENTAL SCIENCES ECOLOGY" OR "ZOOLOGY" OR "BEHAVIORAL SCIENCES" OR
"BIODIVERSITY CONSERVATION" OR "INFECTIOUS DISEASES" OR "PLANT SCIENCES" OR "PHYSIOLOGY" OR
"LIFE SCIENCES BIOMEDICINE OTHER TOPICS" OR "AGRICULTURE" OR "MARINE FRESHWATER BIOLOGY"
OR "MICROBIOLOGY" OR "PATHOLOGY" OR "EVOLUTIONARY BIOLOGY" OR "DEMOGRAPHY" OR
"ENTOMOLOGY" OR "PARASITOLOGY" OR "FORESTRY" OR "FISHERIES"))

NOT (WC==("PUBLIC ENVIRONMENTAL OCCUPATIONAL HEALTH" OR "ETHNIC STUDIES" OR
"ECONOMICS" OR "PHARMACOLOGY PHARMACY" OR "FOOD SCIENCE TECHNOLOGY" OR "REGIONAL
URBAN PLANNING" OR "CHEMISTRY ANALYTICAL" OR "GREEN SUSTAINABLE SCIENCE TECHNOLOGY" OR
"ANTHROPOLOGY" OR "GASTROENTEROLOGY HEPATOLOGY" OR LAW OR "PSYCHOLOGY BIOLOGICAL" OR
"ENERGY FUELS" OR "MEDICINE RESEARCH EXPERIMENTAL" OR ONCOLOGY OR "DENTISTRY ORAL
SURGERY MEDICINE" OR "RADIOLOGY NUCLEAR MEDICINE MEDICAL IMAGING" OR "NUTRITION
DIETETICS" OR "CHEMISTRY PHYSICAL" OR "RESPIRATORY SYSTEM" OR PALEONTOLOGY OR SOCIOLOGY
OR "PERIPHERAL VASCULAR DISEASE" OR "PEDIATRICS" OR "SOCIAL SCIENCES BIOMEDICAL" OR
"ASTRONOMY ASTROPHYSICS" OR "BIOPHYSICS"))
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Box S2: Full model equations for both the full dataset and the
beneficial/detrimental interactor dataset

The models were run with the metafor v 4.2-0 package [47] in R v4.3.1. We used the dredge function
from the MuMin v 1.47.5 package to select models with the best fixed structure from the full models,
and averaged models within AAICc<2.

# full model for the full dataset
full_mod_all = rma.mv(yi=es, v=var,

mods=" type_interactor * dispersal_phase + type_interactor * type_study + type_interactor *
type_manipulation_interactor + type_interactor * type_community + type_interactor * possibility_interactor_disperse +
type_interactor * generation_similarity +

type_interactor * I(level_generalism_focal - mean(level_generalism_focal)) + type_interactor *
I(level_generalism_interactor - mean(level_generalism_interactor)) + type_interactor * I(log_generation_time_focal -
mean(log_generation_time_focal)) + type_interactor * I(log_duration_experiment - mean(log_duration_experiment)),

randoms= list(~1 | study_ID, ~1 | focal_ID, ~1 | interactor_ID), R = list(focal_phylo=focal_phylogenetic_tree),
method='ML', test="t', data= full_dataset)

# full model for beneficial interactors

full_mod_beneficial = rma.mv(yi=es, v=var,

mods=" nature_interactor + dispersal_phase + type_study + type_manipulation_interactor + type_community +
possibility_interactor_disperse + generation_similarity +

I(level_generalism_focal - mean(level_generalism_focal)) + I(level_generalism_interactor -
mean(level_generalism_interactor)) + I(log_generation_time_focal - mean(log_generation_time_focal)) +
I(log_duration_experiment - mean(log_duration_experiment)),

randoms= list(~1 | study_ID, ~1 | focal_ID, ~1 | interactor_ID), R = list(focal_phylo=focal_phylogenetic_tree),
method='ML', test="t', data= beneficial_interactors_dataset)

# full model for detrimental interactors

full_mod_detrimental = rma.mv(yi=es, v=var,

mods="~ nature_interactor + dispersal_phase + type_study + type_manipulation_interactor + type_community +
possibility_interactor_disperse + generation_similarity +

I(level_generalism_focal - mean(level_generalism_focal)) + I(level_generalism_interactor -
mean(level_generalism_interactor)) + I(log_generation_time_focal - mean(log_generation_time_focal)) +
I(log_duration_experiment - mean(log_duration_experiment)),

randoms= list(~1 | study_ID, ~1 | focal_ID, ~1 | interactor_ID), R = list(focal_phylo=focal_phylogenetic_tree),

method="ML', test="t', data= detrimental_interactors_dataset)

13




Bestion et al., 2024, Species interactions affect dispersal: a meta-analysis. Phil. Trans. R. Soc. B
379:20230127, doi: 10.1098/rstb.2023.0127

21499 studies identified through database
searching

1st filter: 21499 studies with title and abstract
screened

2nd filter: 1539 full-text articles assessed for
eligibility

118 studies included, data extracted for meta
analysis

397 effect sizes extracted

Figure S1: Prisma plot
Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA, [30]) diagram showing
how records were assessed, screened, and included in the meta-analysis.
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Figure S2: Phylogeny of the focal taxon

The taxonomy of the focal taxa extracted from the GBIF database (and other databases when missing)
is used as a surrogate for a true phylogenetic tree, with Graphen’s method for compiling branch length
[46].
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Figure S3: Taxonomic description of the taxa involved in the analysis

(a) Sankey diagram of the number of effect sizes (k) per focal taxon phylum, interacting taxon phylum,
type of interactor (beneficial/detrimental) and nature of interactor, coloured by the nature of
interactor (red: resource, pink: predator, dark blue: parasite, teal blue: mutualist, forest green: host,
yellow-green: competitor). (b) Sankey diagram this time per focal class and interacting taxon class.
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Figure S4: Number of effect sizes by moderator level for the main moderators

Sankey diagrams of the number of effect sizes (k, in white inside the bars) per moderator for all of the
moderators of interest, i.e. the type of interactor (detrimental or beneficial interactor), the nature of
interactor (competitor, host, mutualist, parasite, predator, resource), the dispersal phase (emigration,
full dispersal or transience, the type of manipulation of the interactor (presence, cues of presence,
abundance), the level of community complexity (pair of species, simplified community or complex
community), the possibility for the interactor to disperse, the similarity in generations between the
interaction and the dispersal (same or different generation), the level of generalism of the focal species
and of the interactor (rated from 1 to 4), and last the type of study (experimental or observational).
Colours corresponds to the nature of interactor (red: resource, pink: predator, dark blue: parasite, teal

blue: mutualist, forest green: host, yellow-green: competitor).
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Figure S5: Funnel plot of the model with all moderators represented in the
averaged model

The funnel plot on the model containing all moderators represented in the averaged model does not
evidence any strong asymmetry, which is confirmed by the Egger’s test that shows that the intercept
for the residuals by precision linear model crosses zero (intercept [95% Cl] = 0.13 [-0.03, 0.28],t = 1.6,
df =395, p = 0.119). Together with the very high Rosenberg fail-safe number (N =47929), this suggests
that there is no evidence of publication bias.
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Figure S6: Funnel plots of the models for the two data subsets with all

moderators represented in the averaged models

(a) Funnel plot for detrimental interactions, (b) Funnel plot for beneficial interactions. The funnel plot
for detrimental interactions reveals some asymmetry, which is confirmed by the Egger’s test that
shows a non-zero intercept for the residual (intercept [95% CI] = 0.30 [0.11, 0.48], t = 3.2, df =243, p =
0.002), suggesting potential publication bias. However, the Rosenberg fail-safe number was very high
(N =30,695), suggesting the converse. For beneficial interactions, the Funnel plot does not evidence
any strong asymmetry, which is confirmed by the Egger’s test (intercept [95% ClI] = --0.21 [-0.64, 0.22],
t =-0.98, df = 150, p = 0.33). Together with the high Rosenberg fail-safe number (N = 17,746), this
suggests that there is no evidence of publication bias.
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Figure S7: The effect of interactors on dispersal varies with the duration of the
experiment and the generation time

Effect of (a) the log duration experiment or (b) the log generation time and type of interactor (red:
detrimental, blue: beneficial) on the effect of interacting species on dispersal (positive Hedges’ d
values: increased dispersal in the presence of interactors, negative: decreased dispersal). Points
represent the effect sizes, and lines and confidence intervals are displayed from marginal means and

95 % Cl from the two meta-analytic models calculated at the minimum, Q1, median, mean, and
maximum values of log duration.
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Table S1: Effect size transformation depending on the type of data.

The preferred type of data extracted was either pair of means, contingency tables or correlation (depending on the type of study), followed by test parameters

from t-tests, F-tests or other types of tests.

ratio

occasionally from figures. Either
number of dispersers (A: treatment, B:
control) and residents (C: treatment,
D: control) per category, or log odds
ratio and variance extracted from
summary data from logistic models
and logistic mixed models

[34,37]
esc ::esc_2x2

Type of data Data extraction Reference and R Formula
functions used
Pair of means From raw data, from tables or text, d= h-% ]
from figures with means and SE, [37] (n1-1)s2+(ny-1)s3
means and SD, or boxplots [18] esc ::esc_mean_sd ny+ny-2
3
where] =1 — prEyrT—s
_ ngtn, d?
and Va = nin, 2(nq+ny)
Contingency table or log odds From raw data, tables or text, AD
BC’

. 1 1 1 1
WIthUanR :Z+E+E+B'

Converted to Hedges’ d following:

- Inin( V3

T
And

Py = 3UanR
d 2

Correlation From raw data, figures, tables or text [34] Conversion to Hedge’s d following
d 2r
\ v1—1712
Vr
And Vg = m
Student t test, F-test from one- | From tables or text [37,38] Ir| = 2 7| = F
way ANOVA esc ::esc_t "= Jerar 0N = ([Frar
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Followed by a conversion from r to Hedge’s d (see
above)

X2 coefficient from 2x2
frequency tables

From tables or text

(37]
esc ::esc_chisq

X2
Irl= |—
n

Followed by a conversion from r to Hedge’s d (see
above)

Mann-Whitney Z-score,
Wilcoxon signed-rank test for
paired samples

From tables or text

[38]
effectsize ::z_to_d

G

Followed by a conversion from r to Hedge’s d (see
above)

Partial eta from multiple
factor ANOVA, from multiple
factor regression, from linear
mixed models, eta? from
Kruskal-Wallis H-test

From tables or text

[38-40]
esc ::cohens_d

nz _ Sseffect
p Sseffect+sserror
7]2 _ F*dfeffect
P FxdfeffecttF*dferror
tZ
np t2+df
2 _ H—-k+1
nh - n—k
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Table S2: Types of moderators and simplification of information
For each type of moderator/random effect, we describe the levels and the number of effect sizes (es) per level, as well explain the choices made to create the

moderator.

Name of moderator/random
effect

Levels

Choices on moderator

Study ID

118 levels, the ID of the study

Focal taxon identity, taxonomy
and phylogeny

Focal taxon identity: 144 levels, genus:

116 levels, family: 94 levels, order: 41
levels, class: 16 levels, phylum: 7
levels, kingdom : 2 levels.

Correlation matrix between focal taxa
from phylogeny.

Focal taxon identity gathered from the study, normally species ID but can
be genus (17 effect sizes) or family (12 es) depending on the study.

Focal taxon taxonomy gathered from the NCBI database with taxize R
package v0.9.100; when missing from GBIF or ITIS databases.

Focal taxon phylogeny created from surrogate taxonomic tree with grafens
method to compute branch length.

Interacting taxon identity,
taxonomy

Interacting taxon identity: 165 levels,
genus :125 levels, family: 103 levels,
order: 69 levels, class: 32 levels,
phylum: 20 levels, kingdom 7 levels.

Interacting taxon identity gathered from the study, normally species ID but
the taxon can be determined at several taxonomic levels up to the kingdom
or include undefined groups (e.g., dead wood, microalgae). We gathered
interacting taxon taxonomy from the same databases as focal taxon, and to
avoid missing data we replaced all NA by « undetermined ». Because of the
number of undetermined data, as well as the number of groups defined to
higher taxonomic levels, we did not provide a phylogeny.

Nature of interactor

6 levels, resource (125 es), competitor
(73 es), host (6 es), mutualist (21 es),
parasite (56 es), predator (116 es).
Reference level: resource

We grouped parasites, parasitoid and virus as the « parasite » category, we
grouped prey and resource as « resource », and endosymbiont and
defensive mutualist as « mutualist ».

Type of interactor

2 levels, detrimental (245 es) or
beneficial (152 es). Reference level:
detrimental

We assumed that competitors, parasites and predators reduce the fitness
of the focal species and are thus detrimental interactors, while resources,
hosts and mutualists enhance the fitness and are thus beneficial

23




Bestion et al., 2024, Species interactions affect dispersal: a meta-analysis. Phil. Trans. R. Soc. B 379:20230127, doi: 10.1098/rstb.2023.0127

interactors.

Type of community

3 levels: pair of species (135 es), simple
community (141 es) or complex
community (121 es). Reference level:
pair of species.

Studies either manipulated two taxa alone, manipulated a focal taxa and an
interacting species in a simplified community composed of a small subset of
species (often resources, but sometimes more complex), or manipulated
the focal taxa and the interacting taxa in more complex settings including a
large number of taxa (e.g., manipulative studies in the wild with addition of
predator cues or resources). Further, studies that did not manipulate the
interacting species presence or abundance could also be classified in these
levels (e.g., observational studies correlating the abundance of predators
and the dispersal of the focal taxon).

Type of manipulation

3 levels: presence (196 es), cues of
presence (84 es), or abundance (117
es). Reference level: presence

Studies could either manipulate the presence or the cues of presence of the
interacting species, in a 0/1 setting, or manipulate the abundance (or
abundance of cues) in a gradient or by comparing levels. Because only one
study manipulated the cues of abundance, with only 4 es, we merged the
effect sizes of direct manipulation of abundance with the cues of
abundance effect sizes to create only three levels, presence, cues of
presence, or abundance. Observational studies could also be classified in
these three levels.

Possibility for the interactor to
disperse

2 levels: no (249 es) or yes (148 es).
Reference level: no

The question here is can the interacting taxon disperse during the
experiment/observation, and not can it disperse overall.

Dispersal phase

3 levels: emigration (275 es),
transience (48 es) and full dispersal (74
es). Reference level: emigration

Dispersal phase studied during the experiment/observation, either
emigration, transience or full dispersal where individuals were monitored
from the emigration to the immigration phase. Studies focusing only on the
colonization part were excluded.

Similarity of generation between
interaction and dispersal

2 levels: same generation (348 es) or
different generation (49 es). Reference
level: same generation.

Is the dispersing individual the same as the interacting individual? In most
of the cases, the dispersing individual is the individual that has undergone
the interaction, but in certain cases, it can be its parent (e.g. risk of
predation on the parent and observed dispersal of the offspring) or its
offspring (e.g. nest predation where the parent disperses after a predation
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on its offspring)

Type of study

2 levels: experiment (331 es),

observation (66 es). Reference level :

experiment

Either experimental studies, or observational studies in the field.

Experimental setting

3 levels: laboratory (213 es), semi-

natural (74 es) or in natura (110 es).

Reference level: laboratory

Laboratory studies regroup studies in indoors microcosms or mesocosms,
dispersal arenas or wind tunnels, while semi natural studies are outdoors
mesocosms or some greenhouse and volary studies, and the last category
are field studies. Note that because this moderator was nested within the
type of community moderator, and thus difficult to disentangle, and
because we were more interested in biological questions that
methodological ones, we excluded this moderator.

Duration of the experiment

Numerical, centered log number of
days.

Duration of the experiment or observation. The number of days varies
between -2e-4 days and 1e5 days, with a Q1 of 0.2 days, a median of 2
days, a Q3 of 28 days. We use the log number of days.

Generation time of the focal
species

Numerical, centered log number of
days

This moderator was either extracted from the studies when available, or
more often found in a second step of searching the larger literature. The
number of days varies between 0.1 and 7044, with a Q1 of 18, a median of
170 and a Q3 of 365. We use the log number of days.

Level of generalism of the focal
species + Level of generalism of
the interactor

Numerical, range 1-4.

This moderator was found in a second step of searching the larger
literature. We rated focal and interacting species from 1 to 4 on whether
they eat only one species, from the same genus or family, from the same
order, or from different orders. Most of the species fell into the
polyphagous category (rated 4: 292 es for focal species and 315 for
interactors), with other ranging from 34 es for focal and 42 for interactors
rated 3, 54 es for focal and 26 for interactors rated 2, and 17 es for focal
and 14 for interactors rated 1 (monophagous).

Home range of the focal species
+ Home range of the interactor

Numerical

This moderator was found in a second step of searching the larger
literature. Unfortunately, this information was available for very few pair of
species, thus it is not included in the main models but tested for separately
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on a small subset of 17 effect sizes. We use the log ratio of home range
focal/home range interactor.

Interaction strength between
species

Numerical

This moderator measures the interaction strengths between pairs of
species found in the database as a standardize effect of the presence or
abundance of the interacting species on a fitness-related traits in focal
species (survival, fecundity, body condition, body growth, or abundance).
The information was found either in the primary literature (studies that
measured both dispersal and interaction strength, 166 es) or on the
secondary literature (studies on interactions between pairs of species, 191
es). We were not able to find interaction strength data for 40 es in our
database. Because we used different response metrics with very different
ranges (e.qg., survival on a 0-1 scale vs fecundity 10000 eggs), we first
centered the dependent variable by dividing by the mean variable value
allowing to estimate proportional changes while maintaining metrics’
variation. Then, we regressed the response metric depending on the
occurrence (0 vs. 1) or the density of the interacting species mean-centered
and scaled by standard deviation. The interaction strength ranges between
-1.64 and 1.42, with a Q1 of -0.29, a median of -0.08 and a Q3 of 0.14.
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Table S3: Evaluation of the taxonomic bias of the dataset
Comparison of the number of effect sizes per taxonomic level in our database to the actual number of described species in each taxon taken from the Catalogue
of Life version 2023-11-24 (https://www.catalogueoflife.org/, [51]). Following [50], we used chi-square analyses to compare the observed numbers of effect

sizes extracted from the publications in our database on taxa at two levels, kingdom and phylum, to expected frequencies generated from the recorded
number of species in each taxon, under the null hypothesis that the representation of taxa in our database is in direct proportion to the relative number of

species in that taxon.

Taxonomic level Taxon Nb of effect sizes Nb of species Expected frequency  Observed frequency >
Kingdom ¥ =68,df=1,p=2e-16
Animalia 349 1,505,821 96 % 87.9 %
Chromista 48 62,581 4% 12.1 %
Phylum (among Animalia) x> =354,df =4, p=12e-75
Annelida 4 17,656 1.2 % 1.1 %
Arthropoda 236 1,171,751 82.9 % 67.6 %
Chordata 70 73,509 5.2% 20.1 %
Mollusca 7 132,305 9.4 % 2%
Nematoda 32 17,590 1.2% 9.2 %
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Table S4: Evaluation of time-lag bias for the meta-analytic model
Model investigating the effect of time-lag bias by adding the interaction between the type of interactor (beneficial or detrimental) and the centered publication
year to the model with all moderators retained in the averaged model. The effect sizes means, SE, 95 % Cl, z-values and p-values are presented.

Moderator Level effect size SE 95% CI z-value p-value
Intercept intrept -0.31 0.19 [-0.69,0.07] -1.62  0.105
Dispersal phase full dispersal 0.05 0.22 [-0.39,0.48] 0.21 0.837
transience -1.38 0.35 [-2.06,-0.70] -3.99 <0.001***
Centered log duration -0.15 0.04 [-0.22,-0.07] -3.77 <0.001%**
Centered level of generalism focal species 0.24 0.14 [-0.04,0.51] 1.69 0.092.
Type of community simple community 0.69 0.21 [0.28,1.11] 3.25 0.001**
complex community 0.69 0.28 [0.14,1.25] 245 0.014*
Type of interactor beneficial -0.34 0.19 [-0.70,0.03] -1.81 0.070.
Type of study observational 0.24 0.30 [-0.35,0.83] 0.78 0.433
Centered level of generalism interactor -0.23 0.10 [-0.43,-0.03] -2.21 0.027*
Type of manipulation of interactor abundance -0.15 0.11 [-0.36,0.06] -1.38 0.168
cues of presence 0.44 0.19 [0.06,0.82] 2.29 0.022*
Centered log generation time 0.05 0.04 [-0.03,0.13] 1.18 0.238
Similarity generation dispersal-interaction different generation 0.27 0.28 [-0.28,0.82] 0.95 0.341
Type of interactor:Dispersal phase beneficial:full dispersal 0.66 0.35 [-0.03,1.35] 1.88 0.060.
beneficial:transience 1.49 0.41 [0.67,2.30] 3.59 <0.001%*=*
Type of interactor:Centered log duration beneficial:duration 0.25 0.06 [0.14,0.37] 4.31 <0.001***
Type of interactor: Type of study beneficial:observation -1.48 0.50 [-2.47,-0.49] -2.94 0.003%*
Type of interactor:Centered log generation time beneficial:generation time -0.08 0.06 [-0.19,0.03] -1.45 0.146
Type of interactor:Centered level of generalism focal species beneficial:generalism focal -0.10 0.18 [-0.45,0.24] -0.59 0.557
Type of interactor:Centered publication year detrimental:year 0.00 0.01 [-0.03,0.03] -0.19 0.848
beneficial:year 0.06 0.02 [0.03,0.09] 3.64 <0.001%**
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Table S5: Meta-analytic means and 95 % CI by moderator for each of the two subsets of data

Marginal means on the two meta-analytic models for beneficial and detrimental interactions, either averaged across all moderators or separated by type of
moderator retained in the averaged model. The effect sizes means, SE and 95 % Cl are calculated by the emmeans function from the emmeans package v1.8.8
on the models with all moderators maintained in the averaged model. Note for numeric variables, we present either results for the min, median and max
values, of in the case of generalism, the min and max values (specialist and generalist).

Data subset Moderator Moderator level Effect size SE  95% CI
Detrimental Marginal means across all Moderators 0.328 0.136 [0.063,0.594]
Dispersal phase emigration 0.500 0.147 [0.211,0.789]
full dispersal 0.513 0.227 [0.069,0.958]
transience -0.972 0.323 [-1.605,-0.339]
Log duration Min 1.723 0.404 [0.932,2.514]
Med 0.324 0.135 [0.058,0.589]
Max -0.995 0.354 [-1.688,-0.301]
Type of manipulation presence 0.102 0.166 [-0.224,0.427]
abundance -0.057 0.177 [-0.404,0.29]
cues of presence 0.866 0.211 [0.453,1.279]
Level of community complexity pair of species 0.007 0.211 [-0.407,0.42]
simple community 0.434 0.201 [0.040,0.829]
complex community 0.488 0.243 [0.013,0.963]
Level of generalism focal mono -0.358 0.271 [-0.890,0.173]
poly 1.015 0.273 [0.480,1.549]
Level of generalism interactor mono 0.601 0.214 [0.182,1.020]
poly 0.055 0.230 [-0.396,0.507]
Type of study experiment 0.268 0.144 [-0.015,0.550]
observation 0.583 0.301 [-0.007,1.174]
Log generation time Min -0.125 0.338 [-0.787,0.538]
Med 0.402 0.136 [0.136,0.668]
Max 0.665 0.234 [0.207,1.123]
Possibility for interactor to disperse no 0.225 0.198 [-0.164,0.613]
yes 0.457 0.187 [0.092,0.823]
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Data subset Moderator Moderator level Effect size SE 95% CI
Similarity in generations between dispersal and interaction same generation 0.245 0.145 [-0.039,0.530]
different generation 1.057 0.356 [0.359,1.755]
Nature of interactor predator -0.002 0.205 [-0.404,0.400]
competitor 0.765 0.289 [0.198,1.331]
parasite 0.444 0.248 [-0.043,0.931]
Beneficial Marginal means across all Moderators -0.549 0.192 [-0.924,-0.173]
Dispersal phase emigration -0.640 0.196 [-1.023,-0.256]
full dispersal -0.132 0.254 [-0.629,0.366]
transience -0.555 0.291 [-1.125,0.015]
Nature of interactor resource -0.720 0.194 [-1.100,-0.339]
host 1.128 0.637 [-0.120,2.375]
mutualist -0.011 0.759 [-1.499,1.476]
Level of generalism interactor mono 0.318 0.417 [-0.498,1.135]
poly -1.416 0.455 [-2.308,-0.524]
Log duration Min -1.536 0.453 [-2.424,-0.648]
Med -0.546 0.192 [-0.921,-0.170]
Max 0.387 0.433 [-0.461,1.236]
Type of study experiment -0.470 0.203 [-0.868,-0.073]
observation -1.100 0.415 [-1.913,-0.287]
Level of generalism focal mono -0.813 0.280 [-1.361,-0.265]
poly -0.285 0.292 [-0.858,0.288]
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Table S6: Effect of home range ratio on the context-dependency of dispersal

Model investigating the effect of interacting species’ home range. Because we were not able to gather information on home range for most of the species
pair, this is a separate model on the 17 effect sizes for detrimental interactions for which we were able to get the information. The model included the centered
log ratio of home ranges (home range of the focal species/ home range of the interactor), as well as the study ID, focal species ID and interactor ID. The model
had a total heterogeneity |12 of 39.7 %. The Egger’s test showed no significant asymmetry (intercept [95% Cl] = -0.03 [-0.21, 0.28], t = -0.29, df = 15, p = 0.77).
The effect sizes means, SE, 95 % Cl, z-values and p-values are presented.

Moderator effect size SE  95% CI z-value p-value
Intercept 0.16 0.06 [0.05,0.28] 2.72  0.006**
Centered log ratio of home ranges -0.02 0.01 [-0.05,0.00] -1.73  0.084.
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Table S7: Effect of interaction strength on the context-dependency of dispersal

Model investigating the effect of interaction strength on the focal species’ dispersal, and their comparison to models investigating only binary interaction
types (beneficial/detrimental). The models were done on two subset of studies: first on all data for which we were able to gather interaction strength
information, from either the primary or the secondary literature (“All interaction strengths” dataset, 357 effect sizes over 108 studies), and second the data
for which interaction strength was gathered from the primary literature (“Strict interaction strengths” dataset, 166 effect sizes voer 51 studies). We compared
through AICc models including the continuous interaction strength as a fixed effect and all random effects (study ID, focal species ID and phylogeny, interacting
species ID) to models with the same random effects but binary interaction type as fixed effects. The Egger’s tests showed some asymmetry for the dataset
on all interaction strengths (p = 0.029 and 0.027 for the intercept of models on interaction strength and type), but not for the strict dataset (p = 0.94 and 0.85).
All models had a large heterogeneity (1> = 97.8, 97.5, 97.2 and 96. 6 respectively for the models on interaction strength and on interaction type on all
interactions, and the models on interaction strength and interaction type on the strict interaction database). The effect sizes means, SE, 95 % Cl, z-values and
p-values, as well as AAICc between models, are presented.

Type dataset Type model Moderator effectsize  SE  95% CI z-value p-value AAICc N
All interaction strengths Model interaction strength  Intercept -0.08 0.11 [-0.29,0.13] -0.72  0.469 0.0 357
Interaction strength -0.72  0.13 [-0.98,-0.47] -5.56 <0.001%***
Model interaction type Intercept 0.21 0.12 [-0.03,0.45] 1.72  0.085. 16.5
Interaction type -0.61 0.16 [-0.92,-0.30] -3.91 <0.001%**
Strict interaction strengths ~ Model interaction strength  Intercept -0.13 0.16 [-0.45,0.19] -0.81 0.422 0.0 166
Interaction strength -1.24 020 [-1.64,-0.84] -6.12  <0.001%**
Model interaction type Intercept 0.10 0.17 [-0.24,0.44] 0.58 0.561 32.8
Interaction type -0.43 0.24 [-0.90,0.03] -1.83  0.069.
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