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Movement, both within an individual’s home range and at the scale of dispersal, is a
fundamental aspect of an animal’s life. The field of movement ecology has established a
conceptual framework to analyze the lifetime movement of an organism, offering a sound
basis for conservation actions since the movement range of many species has been
altered by habitat fragmentation and degradation. An organism’s lifetime movement is
organized around three main functions —exploitation, exploration, and relocation —which
are associated with specific behavioral mechanisms and spatio-temporal scales. The
movement ecology framework is a valuable tool as applied to amphibians, as managing
these spatially structured populations requires in-depth knowledge of the behavioral
mechanisms that determine movement. In terms of exploitation, these animals have
a complex lifecycle, which involves migrating between different types of habitat, thus
requiring them to cross a landscape matrix that may be more or less inhospitable.
In terms of exploration and relocation, between-pond movements within the pond
archipelagoes of a given population are frequent and strongly contribute to population
resilience. Relocation also occurs at a larger scale, through long-distance dispersal
to colonize new patches, exposing the individuals to unknown environments. Each
function, at each scale, involves specific interactions between individual motivation
(phenotype dependence) and environmental quality (context dependence) that determine
decision-making and fitness outputs. Long-term exposure to local selective pressures
can lead to differentiation in coping types that could be considered as Evolutionarily
Significant Units (ESUs) for conservation. At the scale of a patch, the optimal direction of
migration can be inherited, thus allowing the optimization of migration routes for juveniles.
At the regional scale, a dispersal syndrome resulting in a greater propensity for boldness
and exploration could be a response to unpredictable breeding sites or the high benefits
of colonizing a rich habitat. Greater knowledge about such behavioral adaptations to
specific situations would allow more targeted development of conservation measures
or help to stop the spread of invasive species. The evolutionary context of movement
behavior is thus of primary interest in designing effective conservation actions in a
changing world.

Keywords: movement ecology, landscape, habitat fragmentation, spatially structured populations, migration,
dispersal
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INTRODUCTION

Since the advent of agriculture 9,000 years ago, with all
of its by-products (e.g., industry, urbanization, transportation
networks, etc.), many landscapes around the world have
been dramatically modified, converting wild ecosystems into
artificial environments (agrosystems, urban areas, etc.). The
use of fossil fuels as an energy source since the nineteenth
century has significantly hastened this “artificialization,” leading
to agricultural intensification (Mazzerole and Villard, 1999),
expansion of urban areas (Hamer and McDonnell, 2008), and the
construction of extensive transportation infrastructure (Fahrig
et al,, 1995). Unable to inhabit these artificial environments,
most species are constrained to live in the remaining more or
less wild fragments, suffering the effects of reduced population
numbers, loss of genetic diversity, and increased extinction risks
(Pereira et al., 2010).

Since high human densities often make it impossible
to “rewild” areas by reversing the artificialization process,
frequently the only way to mitigate the deleterious effects of
habitat fragmentation is to maintain or enhance demographic
flows between habitat patches. One of the major themes of
conservation biology has been to explore ways these objectives
could be reached, resulting in hundreds of studies in recent
decades that address questions that require multidisciplinary
integrative approaches (Fahrig and Merriam, 1985; Moilanen
and Hanski, 1998; Gilbert-Norton et al., 2010; Baguette et al.,
2013). Of these questions, the movements of animals across
the landscape are central, and movement ecology has become
a crucial field of investigation for conservation actions (Nathan
et al., 2008; Fraser et al., 2018). One of the tools proposed
by movement ecology is a multi-scale conceptual framework
that connects movement processes with life histories, population
dynamics, and functional outputs (Morales et al., 2010).

Amphibians are recognized as one of the animal groups most
threatened by human-driven landscape modification, and their
conservation is an urgent task (Houlahan et al., 2000; Beebee
and Griffiths, 2005). There are many arguments for conserving
amphibians based on the main values motivating biodiversity
conservation (utility, amenity, functional, and intrinsic values)
(Blaustein and Kiesecker, 2002). Pond-breeding amphibians are
especially concerned by landscape threats, as their breeding
habitats have historically been, and continue to be, destroyed
because of lack of immediate economic profitability (Lehtinen
and Galatowitsch, 1999; Becker et al., 2007). Their complex
lifecycles also involve seasonal migrations between aquatic
breeding habitats (i.e., ponds and wetlands) and terrestrial
maintenance habitats (e.g., forests and moorlands) (Cushman,
2006). The success of these migrations depends on interactions
between movement capacity (e.g., locomotion performance,
orientation mechanisms, and stress management) and the
harshness (e.g., aridity, toxicity, danger) of the landscape to
be crossed. These interactions determine landscape connectivity
(Joly et al.,, 2001), which in turn determines metapopulation
functioning through dispersal flows between populations or the
colonization of empty patches (Marsh and Trenham, 2008).
As movement and connectivity are the core issues in pond-
breeding amphibian conservation, the aim of this review is to

focus on amphibian conservation in light of movement ecology.
Since the work in this area by Sinsch (2014) and Pittman et al.
(2014), numerous studies have been published that bring new
insights, especially regarding amphibian responses to landscape
fragmentation and dispersal syndromes.

Because of physiological and ecological specific features,
amphibian fitness depends on physical and ecological
characteristics of their life milieu, making them valuable
indicators of anthropogenic modifications of the environment.
Moreover, because they also are small predators, they can be
used as umbrella species in the assessment of conservation
actions for many taxonomic groups inhabiting wetlands and
land/wetland ecotones (Joly and Morand, 1996). Humidity,
heat, and predation are the primary factors that constrain
amphibian movement. Amphibians rely on moisture because
they are subject to permanent evaporative water loss and have
to continuously replenish their water reserves by actively taking
up water through the ventral skin (Shoemaker et al., 1992;
Brunelli et al., 2007). This process is greatly impeded when the
substrate water potential reaches high values. Heat influences
amphibians because they are ectothermic, so external heat is
necessary to enhance metabolism and movement. Finally, most
amphibians are exposed to high predation pressure by reptiles,
birds, and mammals due to their small body size. The response
to predation, whatever its nature (the secretion of toxins or
hiding strategies), has a cost that potentially impacts habitat use
and movement potential (Winandy et al., 2017). Added to these
constitutive factors, there are now a range of human-driven
constraining factors, including the presence of pesticides, the
expansion of new pathogens (e.g., Ranavirus, Batrachochytrium)
and new predators (e.g., fish, crayfish, Xenopus), as well as
increasing landscape fragmentation (Cushman, 2006; Swanson
et al., 2018; Tornabene et al., 2018). Empirical studies on the
movement ecology of amphibians are multiplying, taking
advantage of technical progress in the miniaturization of
tags and transmitters, the simplification of genetic tools, and
the emergence of long-term monitoring data (Leskovar and
Sinsch, 2005; Heard et al.,, 2012; Connette and Semlitsch, 2013;
Qusterhout and Semlitsch, 2014).

In this review, after a short introduction to the theoretical
framework of movement ecology, I will consider three spatial-
temporal scales from that of exploitation activities corresponding
to the familiar home range to that of exploration corresponding
to information sampling around the home range to lastly
that of long-distance relocation corresponding to dispersal. I
will then consider the evolution of movement in response to
selective pressures coming from anthropogenic modifications of
the environment, from variation of personality frequencies to
the emergency of dispersal syndromes at the population level.
In a last section I will explore the use of this conceptual and
empirical framework in amphibian conservation, from landscape
management to reintroduction strategies.

THEORETICAL FRAMEWORK OF
MOVEMENT ECOLOGY

The lifetime movement of an individual is structured around
three main activity types: exploitation, exploration, and
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relocation. These are defined by timing, distance amplitude,
pathway characteristics (e.g., linear and angular speeds,
sinuosity), behavioral mechanisms (e.g., orientation/navigation,
informed or exploratory, reactive or proactive), and functional
consequences (e.g., food acquisition, breeding success, avoidance
of inbreeding, level of competition), which act as rewards
validating or invalidating previous decisions (Nathan et al,
2008). Each movement type occurs at different spatial/temporal
scales around which the lifetime functions of an individual are
organized. Figure 1 proposes a template structured according to
movement characteristics, from slow and sinuous to rapid and
straight (Y-axis), and related spatial scale (X-axis). The spatial
scales are from familiar home range to long-distance dispersal,
including near relocation, exploration and migration. The
movement linked to each animal’s activity can be assigned a place
on this template. Most paths can be distributed along an axis from
slow and sinuous to fast and straight. Slow and sinuous paths
are related to restricted area, usually corresponding to familiar
home range, while fast and straight paths are related to long trips
between different habitat patches, or dispersal. The functional
significance of these characteristics will be detailed in the
following sections. Figure 2 provides the conceptual framework
of movement ecology, showing the interactions between
behavioral factors (phenotype dependence) and environmental
factors (context dependence) that determine activity types and
the subsequent characteristics of associated movements, the
plasticity of the system and its evolutionary potential.

EXPLOITATION BEHAVIOR

At the local scale of a familiar home range, movements obey a
reactive mode, exhibiting high sinuosity and low linear speed,
and correspond to exploitation activities, such as foraging,
breeding, or ensuring safety or physiological comfort. The
involved mechanisms are an interaction of motivations related
to homeostasis, allostasis, or reproduction, and require the
processing of information obtained by thorough environment
scanning and saving processes. However, when resources are
spread over large distances, patch exploitation can require
individuals to cross more or less hostile environments, leading
to direct movements from one resource patch to another
(i.e., resource supplementation). In addition, annual cycles that
alternate between cold and warm or dry and wet seasons
can involve long migrations between regions with contrasting
climatic conditions, resulting in multi-nuclear home ranges (this
is the case for many butterflies, birds, bats, large herbivores,
and whales, for example) (Holt and Fryxell, 2011). In species
with complex lifecycles, larval habitats differ significantly from
those occupied at the juvenile and adult stage, requiring seasonal
migrations between these habitats (i.e., habitat complementation,
which is found in anadromous fish and pond-breeding
amphibians, for example; Pope et al., 2000). When migrating, the
animals follow straight and fast movements, governed by more
or less complex orientation mechanisms (navigation, cognitive
maps, dead reckoning) (Wiltschko et al., 1981; Wallraff, 1983;
Berthold, 1991; Able, 1993).

Distant
relocation
(informed,
reactive)

Blind run

/" Exploration
(uncertain, proactive)

Migration
Nest supply
Close
relocation

Navigation
Cognitive mapping

Movement characteristics

Exploitation
(informed, reactive)|._.

Thorough
scanning

Long-distance
dispersal

Familiar home
range
Spatial scale

FIGURE 1 | Relationships between movement characteristics and spatial
scale for different types of activity in animals, based on the movement ecology
concepts used in this paper. Movement characteristics are distributed along a
gradient from slow and sinuous strongly organized by stimuli associated with
resources (food, sexual partners, social partners, commodities) to more rapid
and less sinuous movement organized by complex orientation mechanisms
(navigation, cognitive map) associated with migration between habitat patches
or exploration to lastly rapid and straight movement across unknown areas
associated with dispersal and definitive long-distance relocation (emigration).
X-axis gives the related spatial scales from familiar home range to
long-distance dispersal. In species with habitat supplementation or
complementation (patchy resources, complex lifecycles, exploitation of
contrasted habitats), movements between habitat patches are governed by
complex orientation mechanisms, such as navigation or cognitive mapping
that reduce sinuosity and increase speed (migrations, nest supply). Exploratory
movements have also intermediate characteristics since they are related to
environment sampling usually for resources linked to homeostasis and they
can lead to near relocation. They can be promoted by specific motivation
(proactive behavior with latent learning).

In pond-breeding amphibians, the pond is an essential site
around which the population is organized. Ponds are often
clustered in archipelagoes in which movements from one pond
to another are frequent, leading to panmictic, multinuclear
populations (Trenham et al., 2001; Petranka and Holbrook, 2006;
Decout et al., 2012; Heard et al., 2012; Sinsch, 2014). A patch
in this case consists of a set of ponds, terrestrial habitats for
juveniles and adults, and wintering habitats, corresponding to
the concept of habitat complementation (Pope et al., 2000). Both
the aquatic and terrestrial habitats exhibit highly variable physical
conditions, mainly due to climate and rainfall stochasticity. The
ponds are usually in a process of ecological succession, and the
degradation of the quality of these habitats selects for dispersal
propensity. The terrestrial habitats are often forested, but some
species prefer open environments, such as dunes, grasslands,
steppes, or croplands (e.g., Acris blanchardi, Epidalea calamita,
Anaxyrus americanus; Youngquist and Boone, 2014; Frei et al,,
2016; Koumaris and Fahrig, 2016), while others show great
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FIGURE 2 | Conceptual framework of movement ecology, organized around a multi-scale typology (exploitation, exploration, and long-distance relocation—see
Figure 1). A complex interplay between phenotype-dependent variables and environmental variables (context-dependence) determines activity type and movement
characteristics. Movement is characterized through four basic components [timing, distance amplitude (spatial scale), pathway (speed and sinuosity), and information
processing (orientation mechanisms)]. The yellow arrow expresses plasticity feedback at the scale of the individual, including learning processes. The orange arrow
expresses the evolutionary feedback at an intergenerational scale based on selection or on epigenetic processes.

flexibility in habitat use (e.g., R. sphenocephala, R. temporaria,
B. terrestris; Vos et al.,, 2007; Graeter et al., 2008). Landscape
structure and fragmentation have a direct influence on the costs
of migration, and subsequently on individual fitness and the
population growth rate. Migratory movements often follow a
straight line (Ambystoma maculatum: Pittman and Semlitsch,
2013; Lithobates sylvaticus: Groff et al, 2017), but biased
random walks or lateral movements have also been described in
forests (Pittman and Semlitsch, 2013; Coster et al., 2014). The
straightness of migratory movements is likely due to navigation
mechanisms that rely on a combination of geomagnetic location
and target-emanating olfactory cues, without any evidence of
the use of a cognitive map (Rodda and Phillips, 1992; Joly and
Miaud, 1993; Phillips, 1996; Sinsch, 2006; Diego-Rasilla et al.,
2008; Landler and Gollmann, 2011). Tadpoles’ learned knowledge
of the different chemical characteristics of their natal pond
could be used in later migratory movements, either positively
in philopatric individuals, or negatively in dispersers (Ogurtsov
and Bastakov, 2001). As a consequence of straight movements,
the availability of terrestrial habitats could depend on the width
of biological corridors; this hypothesis has been supported in
European newts (Joly et al., 2001). A specific puzzle is that of
juvenile migration, since juveniles have no experience of the
route to take at the end of the metamorphosis process. Stevens
et al. (2006) and Pittman and Semlitsch (2013) hypothesize that
juveniles are primarily guided by aversion to water through

a move-away process, until the individual reaches a favorable
environment, where a random walk is adopted. However, recent
studies have shown that juveniles also express an inherited
migratory direction, thus improving migration success (Miaud
et al., 2005; Janin, 2010).

The success of migration depends on movement costs when
crossing a more or less hostile landscape matrix. This has been
investigated through both simulation modeling and experimental
approaches. In percolation models, the erosion of the migratory
potential of an individual is related to the resistance costs of each
type of land cover encountered along the migratory path, which
is used to simulate friction maps and migration areas (Ray et al.,
2002; Joly et al., 2003). In Janin et al. (2009), these resistance
costs were estimated through a calibration-validation procedure,
which identified urbanized areas and intensive farmland as the
most resistant types of land cover for the common toad, Bufo
bufo. In Decout et al. (2012), this approach was combined with
graph theory to design functional patches at the regional scale.
Experimental approaches can also provide empirical data that
can be used in models. For example, measuring stress hormone
levels demonstrated the harshness of a farmland matrix for
common toads (Janin et al., 2011, 2012a), while other studies have
revealed the negative influence of long travel distances (Marsh
et al., 2004), desiccation risks (Mazzerole and Desrochers, 2005;
Nowakowski et al., 2015), or unsuitable land cover, including
cultivated crops and roads (Rittenhouse and Semlitsch, 2006;
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Consentino et al,, 2011; Trochet et al., 2019). A key conclusion
to draw from all these studies is that movements linked to
habitat complementation at the scale of a patch are essential
components of population persistence and are strongly impacted
by multiple human-driven landscape modifications. When it is
not possible to preserve a buffer zone of favorable terrestrial
habitats around a pond (Semlitsch, 1997; McDonough and
Patton, 2007), the best way to restore connectivity at this scale
is to maintain a permeable matrix or straight-line corridors
between essential habitat components (i.e., ponds, terrestrial
habitats, and wintering habitats) (Groff et al,, 2017). Stable
corridors should serve to enhance the inheritance of migration
direction, increasing connectivity effectiveness in the long term.

EXPLORATION BEHAVIOR

The second movement type is exploration, in which individuals
regularly move outside their usual exploitation range before
finally returning to this familiar area, or exploit a new zone in the
vicinity of the home range (near relocation). These movement
pathways differ from those of exploitation activities, exhibiting
reduced sinuosity and increased speed. They can be elicited
in laboratory conditions; for instance, through complex maze
experiments in which a well-fed rat creates a cognitive map of
the maze without receiving any kind of reward when exploring it
(the concept of latent learning, Tolman, 1948). This behavior is
linked to a specific motivation in which the exploratory action
itself, and the expected information gained along the journey,
constitutes the reward. It is a proactive behavior (as opposed to
aresponse to a stimulus) to cope with environmental uncertainty
(Bartumeus et al., 2016).

Exploratory behavior has been deeply neglected in studies
on amphibians. In the many recent studies on monitoring
movement in the wild using telemetry, any movement is qualified
as exploratory behavior, while the term itself is never used (Miaud
et al, 2000; Muths, 2003; Indermaur et al., 2009; Constible
etal., 2010; Heemeyer and Lannoo, 2012; Humphries and Sisson,
2012; Sinsch et al., 2012; Liang, 2013; Browne and Paszkowski,
2014; Timm et al,, 2014; Frei et al., 2016; Groft et al., 2017;
Pitt et al., 2017). As the main objectives of these studies were
to establish the length of landward migrations, the size of
the home range, and the components of terrestrial habitats,
the movement characteristics themselves (e.g., the pathway or
function) were most often not analyzed. Most studies have
found adult individuals to be highly sedentary. However, it
is known that individuals can move toward a new place in
response to abiotic (e.g., humidity or flooding) or biotic (e.g.,
availability of prey) factors, without any previous exploration.
In this case, near relocation results in the use of elementary
orientation mechanisms, such as kineses or taxes, immediately
followed by settlement, without any previous sampling of the
environment (Fraenkel and Gunn, 1961). Movements from one
pond to another within a pond archipelago could result from
these elementary mechanisms.

Exploration is a complex behavior that is expected to
contribute to fitness if the individual is able to memorize the

information gained. Such storing of spatial information requires
constructing a cognitive representation of the environment
based on specific information processing. The question of the
ability of lower vertebrates (such as fish and amphibians) to
elaborate such cognitive maps is a subject of investigation. Some
positive results have been obtained in fish using basic mazes
(with 2 or 4 branches) (Rodriguez et al., 1994; Gomez-Laplaza
and Gerlai, 2010), nevertheless there is no evidence that these
results could be extrapolated to larger scales requiring more
complex configurations to be memorized on the long term.
In amphibians, exploratory behavior relies on the navigation
mechanism involved and depends on the balance between the
pay-offs of exploration, the costs of the neural mechanisms it
requires, and the complexity (grain) of the landscape (Benhamou,
1997; Fagan et al, 2013). At present, no findings support
the hypothesis of location-based navigation involving cognitive
mapping and exocentric memory in pond-breeding amphibians,
thus explaining the paucity of observations of exploratory
behavior that returns to the starting point. However, location-
based navigation seems to have evolved in species in which males
carry the tadpoles from the ground to small waterbodies located
in the forest canopy (Pasukonis et al., 2016), thus calling for more
attention to be paid to navigation and memory processing in
amphibian movement.

DISPERSAL

The third movement type occurs at a larger scale and corresponds
to long-distance relocation or dispersal. This is exhibited when an
individual breeds in a place that is different than that of its birth
or of its previous breeding events (Ronce, 2007). In a lifetime,
the frequency of this type of relocation behavior is usually low,
except in nomadic individuals. It can be described as informed
and reactive, since the individual decides to definitively leave the
home range of its parents, which contains suitable resources, as
attested by its own birth. This type of movement is typically rapid,
extensive and ballistic (Bartumeus et al., 2016).

The term “philopatry” describes the absence of dispersal, i.e.,
when an individual breeds in the site where it was born. In all
animal species, dispersal is expected to occur more frequently
during the juvenile stage (natal dispersal) than during the adult
stage (breeding dispersal) due to the absence of breeding costs
and because juveniles have an immediate appraisal of the quality
of their birthplace through their own body condition, which
reflects current food availability and the level of competition.
In iteroparous species, natal dispersal also allows the avoidance
of kin competition, especially with parents (Harts et al., 2015).
However, the costs of natal dispersal can outweigh these
advantages if the small body size of juvenile individuals restricts
their movement capacity, affords low physiological resilience,
or exposes them to high predation risks. Moreover, as juveniles
do not yet have knowledge of the environment to be crossed,
dispersal behavior may involve simply moving away from the
birthplace rather than following a pathway with a particular
target. In contrast, adult (breeding) dispersal could benefit from
the higher movement capacity of a larger body and a better

Frontiers in Ecology and Evolution | www.frontiersin.org

May 2019 | Volume 7 | Article 155


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Joly

Movement Ecology and Conservation

knowledge of the location. Furthermore, in iteroparous species,
it is hypothesized that adults would use dispersal as a strategy
at an age when their own reproductive value becomes inferior
to the sum of the reproductive value of their offspring (Morris,
1982). All these factors point to the coexistence of both natal and
breeding dispersal in long-lived iteroparous species.

One of the results of dispersal is gene flows between
populations (Baguette et al., 2013). By spreading advantageous
alleles, gene flows contribute to a population’s genetic diversity
and adaptation. They also reduce the risks of inbreeding and
genetic drift (Lowe and Allendorf, 2010). Additionally, dispersal
has demographic consequences: for example, through rescue
effects that could preserve a population from local extinction
(Brown and Kodric-Brown, 1977). Unfortunately, obtaining
empirical evidence of emigration and immigration rates to model
the demographic functioning of spatially structured populations
remains a difficult task (Lowe and Allendorf, 2010; Benton and
Bowler, 2012). However, the increasing miniaturization of tags
and radio transmitters, together with advances in modeling
techniques, are improving the reliability of quantitative estimates
of demographic flows (Cayuela et al., 2018a).

The dispersal process consists of three phases: departure,
transfer, and settlement. Each involves different behavioral
mechanisms (Ims and Yoccoz, 1997). Today we have substantial
insights into departure decisions, which result from a number of
interacting causes, from phenotype state (e.g., age, sex, physical
condition, hormonal state, personality) to current environment
quality (e.g., genetic relatedness with other residents, density,
presence of predators or parasites, food shortage, degradation
of the physical milieu) (see Matthysen, 2012 for a review)
(Figure 2).

The transfer phase is the least understood, as it has not
been described with sufficient accuracy to allow experimental
investigation. Tracking dispersing individuals is a difficult task,
firstly because it is impossible to forecast which individual will
disperse and when the process will start. Secondly, because
technical devices are lacking that allow small juvenile individuals
to be tracked, which restricts monitoring to the identification at
the arrival site by means of the recapture of marked individuals.
While this gives insights into traveled distance and overall
direction through the calculation of dispersal kernels (Nathan
and Muller-Landau, 2000), it provides only indirect information
about the route that has been followed and the behavioral
mechanisms involved. If dispersal is considered a reactive
process, the objective of which is to get away from the departure
site, we would expect dispersal movement to follow a straight
path that avoids any doubling back through random wandering
(Selonen and Hanski, 2006). However, a “biased random walk”
dispersal pathway is also a working hypothesis (Barton et al.,
2009). Here an individual’s indirect knowledge of the direction
of potential target habitats is an important question. Airborne
olfactory cues could inform an individual about a distant habitat
patch and contribute to orienting dispersal movement. The
direction of a distant patch could also be indicated by the
arrival point of immigrating individuals, who may also provide
information about the potential quality of the patch they departed
from through their apparent body condition (Cote and Clobert,

2007). The transfer phase in dispersal would be expected to
be highly costly, as an individual must cross unfamiliar and
hostile environments where it may be exposed to predation risks
and harsh physical conditions. However, empirical estimates of
mortality during the transfer phase remain scanty.

The settlement phase, i.e., settling in the arrival site, assumes
an evaluation of habitat quality by the disperser. Numerous
studies have shown that the presence of conspecifics and/or their
reproductive success provide reliable cues about habitat quality
(Boulinier and Danchin, 1997; Stamps, 1998; Doligez et al., 2002).
However, other characteristics of a niche (physical condition,
food availability, absence of predators) can also attract disperser
individuals, thus allowing the colonization of empty habitat
patches (Le Galliard et al., 2005). Two behavioral phenotypes
(pioneer and joiner) can coexist as a stable evolutionary strategy
in the same population (Clobert et al., 2009). The strength
of habitat selection for settlement is negatively influenced by
the duration of the transfer phase, suggesting that increasing
habitat fragmentation could lead to a decrease in the fitness of
immigrants (Stamps et al., 2005).

Considering the three phases simultaneously is crucial, as the
selective forces acting on each may diverge. Furthermore, the
decision to emigrate is also likely to depend on tradeoffs between
the necessary investment in mobility (e.g., energy reserves, limb
length, muscle strength) and forthcoming fecundity. The form of
this tradeoff is expected to interact with mortality risks during
the transfer phase to determine a more or less safe movement
pathway. When mobility costs are low and the distance to be
covered is short, the emigration rate is expected to be high and
movements tortuous (e.g., exploratory prospections), leading to
density variation at the metapopulation level (Delgado et al.,
2011; Travis et al., 2012). In contrast, when mortality risks during
the transfer phase increase, movement is expected to follow a
straighter, more direct path.

BEHAVIORAL ECOLOGY OF DISPERSAL IN
AMPHIBIANS

Philopatry and site fidelity have long been commonly accepted
in amphibian biology (Twitty, 1959; Heusser, 1968). Site fidelity
appears to be a statistical property of adult migration since many
individuals return to the breeding site used the previous year, and
this choice is deliberate (Joly and Miaud, 1989; Sinsch and Kirst,
2016). However, a non-negligible proportion of adult individuals
do not exhibit site fidelity in homing experiments. Moreover, a
detectable level of transience in mark-recapture (MR) studies
confirms the reality of nomadism in natural populations,
showing that breeding dispersal can be frequent (Perret et al.,
2003; Muths et al., 2018). Dispersal rates vary between amphibian
species and populations, from near zero to 50% (Reading et al.,
1991; Hamer et al, 2008; Garwood, 2009; see Cayuela et al.,
2018 submitted for review). The respective proportions of natal
and breeding dispersal also vary greatly according to species and
populations: natal dispersal dominates in Ranid frogs (Berven
and Grudzien, 1990; Garwood, 2009), while the data is not
consistent in other taxa. The distribution of dispersal distance is
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strongly skewed, with many species moving very long distances—
up to 16 km in some anurans (Smith and Green, 2005) (Table 1).
Indeed, long-distance dispersal is probably more frequent than
currently observed, since we lack the methodological means to
detect it. For instance, while the longest movement that has been
observed in the natterjack toad is 4.4 km, the estimated dispersal
distance based on a leptokurtic dispersal function is 12.2 km: a
distance that is in line with estimated gene flows in this species
(Oromi et al., 2012; Sinsch et al., 2012).

In contrast to most dispersal studies for other animal
groups, the departure phase of amphibian movement has not
received detailed attention. Findings from the studies that have
been done show that the emigration of adult individuals is
negatively related to density; individuals leave less-populated
sites in favor of the most-populated ones (Gamble et al,
2007; Cayuela et al., 2019). The influence of sex on dispersal
is not consistent, varying between species and populations
(Cayuela et al. submitted). Little is known about the influence
of kin competition and inbreeding on emigration propensity,
aside from the recognized ability of kin recognition (Blaustein
and Waldman, 1992; Masters and Forester, 1995). Dispersing
individuals are often larger than residents (Denoél et al., 2018)
and can exhibit a morphology adapted to movement, with
longer forelimbs (in a salamander: Lowe and McPeek, 2012)
or longer hindlimbs (in a toad: Phillips et al., 2006; Hudson
et al, 2016). Their survival is higher than that of resident
individuals (Lowe, 2009, 2010; Denoél et al, 2018). It is
likely that dispersers also differ from residents in personality
traits. In Australia’s cane toad (Rhinella marina) invasion,
dispersers at the front lines are more aggressive and less social
than residents, and exhibit more exploratory and risk-prone
behavior (Fogarty et al., 2011; Gruber et al, 2017). Despite
a relative paucity of data, these results converge with the
body of knowledge that has been established for other groups
(Clobert et al., 2012).

The transfer phase has received more attention, probably
because moving across the landscape matrix is a crucial topic
in conservation biology. However, dispersal behavior, especially
natal dispersal, has never been observed and monitored, so
we have very little data about the followed pathways and
the orientation processes involved. Most knowledge in this
area relies on the analysis of gene flows or recapture data
that indirectly provides information about movement pathways
(Rowe et al., 2000). For example, Mark-Recapture data suggests
that in the boreal toad, breeding dispersers follow straight
pathways (Muths et al, 2018). As predicted by the theory of
population genetics, the isolation of amphibian populations
decreases genetic diversity as a result of gene flow impediment,
genetic drift, and inbreeding when the effective population size is
small (Andersen et al., 2004; Broquet et al., 2010; Rhoads et al.,
2017). Several studies have established a negative relationship
between gene flow and the resistance of the landscape matrix,
which is related to agricultural intensification and the expansion
of urbanization (Stevens et al., 2006; Van Buskirk, 2012;
Crawford et al., 2016; Sawatzky et al., 2019). The barrier role
of highways varies depending on the studied species, the age
of the infrastructure, and, probably, the density of tunnels

under the roadway. While highways or high-speed railways
were not found to affect the genetic structure of Alpine newt
populations (Prunier et al., 2014; Lugman et al.,, 2018), they
did impact gene flows in the cricket frog and the Japanese
brown frog (Youngquist et al., 2017; Kobayashi et al., 2018).
Large rivers or concrete-banked waterways can act as barriers
to gene flows in some species (Ambystoma maculatum, Rana
japonica), but not in others (Hyla arborea, Ichtyosaura alpestris,
Lithobates sylvaticus) (Angelone et al., 2011; Richardson, 2012;
Kobayashi et al., 2018; Lugman et al., 2018). While valuable, this
indirect evidence of large-scale movements provides imperfect
information about the behavioral mechanisms involved in the
transfer phase, which is of crucial importance in restoring
connectivity. This is especially vital for the design of underpasses
that allow the safe crossing of transportation infrastructures
(Jarvis et al., 2019).

During the settlement phase, studies have shown that the
presence of conspecifics can exert an attractive influence (Aragon
et al., 2000). In the few species for which this question has
been addressed, immigrants were attracted to sites occupied
by a large population (Ambystoma opacum: Gamble et al,
2007; Litorea aurea: Bower et al., 2013; Triturus cristatus:
Cayuela et al, 2019). Attraction by conspecifics could be
related to Allee effects, such as sharing public information
about food location (Martin and Caillere, 1982; Aragon,
2009) or finding sexual partners. Yet if kin are present,
recognized by olfactory cues, this may act as a repellent
(Ogurtsov, 2004).

The influence of heterospecifics on settlement is more
debatable (Buxton and Sperry, 2017). Great crested newts select
ponds where the density of both Alpine and palmate newts is
high (Cayuela et al., 2018b). Newts can also be attracted by
auditory cues from toads and frogs (Diego-Rasilla and Luengo,
2004; Pupin et al., 2007; Madden and Jehle, 2017). Anurans often
use chorus calls as an attractor (Gerhardt and Klump, 1988;
Swanson et al., 2007). Dispersers are also attracted by non-social
cues, since newly created ponds devoid of any amphibians are
rapidly colonized (Joly and Grolet, 1996; Baker and Halliday,
1999; Rannap et al., 2009; Weinbach et al., 2018). To add
further complexity, these non-social cues can be specific to the
local population (Sanuy and Joly, 2009). However, these results
concern adult individuals that are typically involved in migration
or breeding dispersal. No studies have focused on natal dispersal,
probably because marking small individuals remains difficult,
and low recapture probability entails a lot of fieldwork effort for
uncertain results.

EVOLUTION OF DISPERSAL AND
DISPERSAL SYNDROMES

Each of the three phases of the dispersal process is under strong
selective pressure due to the variability of local environmental
and global environmental changes. As dispersal is determined by
a combination of phenotype-dependent and context-dependent
causes, the selection targets are multiple, and one might expect
that changes in one element of the phenotype involve changes
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TABLE 1 | Some examples of the distance differences between migration (intrapopulation round-trip movements to and away from breeding sites) and dispersal
(inter-population one-way movements from a birthplace to a breeding site) in selected amphibians.

Species Terrestrial habitat Migration distance or

width of buffer zone

Dispersal distance

References

Ambystoma maculatum Forest Males: 100m
Females: 200 m

Ambystoma opacum Forest 200-400m

Salamandra salamandra Forest 50-300m

Bufo bufo Forest 550m

Anaxyrus hemiophrys Forest 50-100m

Epidalaea calamita Open environment 700m

Rana luteiventris Mixed Males: 200m

Females: 1,030m

2,000-4,000m Zamudio and Wieczorek, 2007; Purrenhage et al., 2009
1,300m Gamble et al., 2007

1,000-4,000m Schulte et al., 2007; Bani et al., 2015

1,000-3,600m Moore, 1954; Daversa et al., 2012
10,000m Constible et al., 2010; Muths et al., 2018

3,000-12,000m Miaud et al., 2000; Sinsch et al., 2012; Frei et al., 2016
5,750m Pilliod et al., 2002; Funk et al., 2005

in the others. However, the overall evolutionary challenge is
to predict the propensity of leaving the natal population. A
first causation lies in phenotypic plasticity, which would confer
to each individual a similar capacity to respond to habitat
cues (Stearns and Koella, 1986; Via, 1993; Massot and Clobert,
2000; Tufto, 2000). In fact, several studies have shown that
individuals differ in their motivation to leave a site, and that
dispersal behavior could be predicted by particular phenotype
traits (Bowler and Benton, 2005; Borger et al, 2008; Sih
and Bell, 2008; Cote et al., 2010a). The concept of dispersal
syndrome has been developed to establish a framework linking
several internal-state components, such as physiology, behavior,
morphology, and life history—in order to identify different
phenotypes with respect to dispersal propensity (Careau et al,,
2008; Clobert et al., 2009; Careau, 2012). A behavioral syndrome
is a suite of correlated behaviors across situations (Boissy,
1995). It becomes an evolutionary solution to environmental
variability when plasticity reaches its functional limits (Sih et al.,
2004). Individual personality can be characterized according
to five behavioral gradients: boldness, exploration, activity,
sociability and aggression (Réale et al., 2010). From these, two
fundamental coping styles have been detected in fish and birds:
a proactive behavioral style characterized by aggressiveness,
boldness, exploratory propensity, dispersal propensity, and
mating success, and a reactive style characterized by shyness,
neophobia, and an ability to adjust to the current environment.
These coping styles are heritable and could influence population
differentiation (Drent et al., 2003; Dochtermann et al., 2014).
Behavioral styles have profound ecological implications on a
range of outcomes—from population performance to biotic
interactions—that could determine colonization ability and
adaptation to human-modified environments (Sih et al., 2012).
Different personality types can coexist in a population, with
individuals expressing consistent differences in behavior, or
suites of behaviors (functional types), and plasticity (Stamps,
2004, 2016; Dingemanse and Wolf, 2010). From an evolutionary
perspective, different personalities can coexist when the fitness
payoffs of each type depend on the frequency of the competing
strategies—a result of frequency-dependent selection (Dall et al.,
2004). This explanation is fairly well supported by empirical
observation, suggesting a tradeoff along a boldness/shyness

gradient (Smith and Blumstein, 2008; Stamps and Groothuis,
2010). The coexistence of several personalities within a
population could thus contribute to the species ability to
persist. Further empirical investigation on the evolution of the
personality spectrum under the selective pressures of habitat
fragmentation would be valuable. Lastly, within the field of
movement ecology, recent advances in the modeling of dispersal
evolution need to be incorporated at the population level.

The dispersal syndrome concept assumes genetic correlations
between traits through linkage disequilibrium or the pleiotropic
effects of genes linked with dispersal (Saastamoinen et al,
2018). At the scale of personality, the traits related to dispersal
propensity are aggressiveness, low sociability, low neophobia,
readiness to explore, risk proneness, and boldness (Ronce and
Clobert, 2012). The coexistence of two contrasting dispersal
personalities within a population could be enhanced by habitat
fragmentation, which concurrently increases both dispersal costs
and inbreeding risks (Cote et al., 2010b, 2017; Sih et al,
2012). Looking for other correlations with life-history traits,
large-scale meta-analyses have found a positive association of
dispersal with early maturation and longevity, as well as a
trend with fecundity (Stevens et al.,, 2014; Comte and Olden,
2018). Whereas, dispersal distance is positively related to
body size, dispersal willingness is higher in generalist than in
specialist species. High investment in reproduction (e.g., parental
care, large eggs) is negatively related to dispersal propensity,
identifying a conflict in resource allocation between dispersal
and reproduction.

The coexistence of contrasting personalities could also act as
a safeguard against habitat fragmentation, affording a population
greater capacity to mitigate an increase in dispersal costs. Bold
individuals can act as keystones, ensuring long-distance dispersal,
colonizing new habitat patches, or gathering information about
food distribution (Sih et al., 2012). A directional selection
toward one coping style could induce a behavioral syndrome
at the population level; a step toward local adaptation and the
emergence of an ecotype, which may become an Evolutionarily
Significant Unit for conservation (ESU). In contrast, directional
selection could weaken the resilience of a population by leading
to the impoverishment of personality diversity, restricting
the population’s ability to cope with temporal environmental
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variation and/or local habitat conditions (Sih et al, 2012;
Cornelius et al., 2017).

As in other animal groups, amphibians exhibit variation
in individual personality types (see Kelleher et al., 2018 for a
review of this topic). Tadpoles vary in boldness and activity,
characteristics that can be correlated (Koprivnikar et al., 2012;
Wilson and Krause, 2012; Brodin et al, 2013; Urszan et al.,
2015). Juveniles and adults also show differences in personality
traits. Juvenile Epidalea calamita toads exhibit correlations
between activity, movement speed, and exploratory behavior
related to their ability to use corridors (Maes et al., 2012). In
the invasive cane toad in Australia, individuals occur along a
shyness/boldness gradient, with the more social being on the shy
side (Gonzalez-Bernal et al., 2014). Xenopus tropicalis captured in
the wild show strong differences in exploration intensity, though
without any clear correlation to activity rate or morphology
(Videlier et al., 2015).

In amphibians, dispersal propensity and dispersal distance are
thought to quickly evolve under the selective pressures of habitat
availability and/or habitat fragmentation (Maes et al, 2012;
Wilson and Krause, 2012; Kelleher et al., 2017). In Australia,
the cane toad invasion has provided researchers with a mine
of knowledge regarding the rapid evolution of the phenotype
of a disperser at an invasion front. Compared to individuals at
the back, toads in the front lines have longer hindlimbs, which
allows them to move farther and faster. Moreover, they move
for twice as long and follow more direct pathways, proving to
be more exploratory and risk-prone, and less social (Phillips
et al., 2006; Fogarty et al., 2011; Lindstrom et al., 2013; Hudson
et al., 2016; Gruber et al., 2017). This well-documented invasion
process shows how efficiently dispersal traits can evolve: they are
inheritable and can accelerate the rate of dispersal by a factor of
five (Phillips et al., 2010).

Habitat fragmentation and disturbance also exert selective
pressures that can promote or inhibit dispersal depending
on the cost-benefit tradeoff. Mean activity rate, exploratory
propensity, and boldness can vary between populations. In
the common frog (Rana temporaria), individuals from island
populations (newly formed islands) exhibit more boldness
and higher activity than individuals in mainland populations,
probably as a result of founder effects when the islands have
been colonized (Brodin et al., 2013). In contrast, salamanders
that inhabit stands of old forest are more active than those
that inhabit young stands (Consentino and Droney, 2016).
When reared in the same garden, post-metamorphic toadlets
from highly fragmented landscapes exhibit more risk-prone
and exploratory behavior than toadlets from less-fragmented
landscapes (Janin et al., 2012b). A comparison of populations
of Bombina variegata breeding in forests with those breeding
along riverbanks detected a dispersal syndrome in the forest-
dwellers characterized by a high dispersal rate, high fecundity,
and a short lifespan, probably linked to the unpredictability
caused by logging activities (Cayuela et al., 2016). Similarly, fire
salamanders have been found to respond to pond instability
by exhibiting higher activity rates and dispersing farther
distances than those breeding in more stable small streams
(Hendrix et al., 2017).

Studies focusing on personality have been clearly overlooked
in amphibians as compared to other vertebrate groups (Kelleher
et al., 2018) and very little attention has been paid to the
sociality and aggression gradient. The personality spectrum
could have implications in the spread of pathogenic agents if
behavior influences the number of contacts between individuals.
However, results regarding this are contradictory since while
social individuals are more susceptible to transmitting a disease
to other individuals, the boldest individuals are more susceptible
to spreading it over long distances (Koprivnikar et al.,, 2012;
Araujo et al., 2016). Given contrasting observations, the role
of personality gradients in the spatial use of patchy habitats
is an important avenue to explore: the consequences of this
polymorphism on the functioning of amphibian populations
are far from understood. Further research into these topics
would be valuable in understanding the problems linked to
habitat fragmentation.

MOVEMENT ECOLOGY AND AMPHIBIAN
CONSERVATION

For a given population, all the resources needed for breeding
success are found in the habitat, which has a geographical
structure. Land cover types that do not provide sufficient
resources for each niche component are non-habitat areas,
which make up the landscape matrix. The influence of this
landscape matrix on functional connectivity has received much
attention in ecology (Fahrig and Merriam, 1985; Moilanen
and Hanski, 1998). A given matrix is composed of land cover
with contrasting impacts on animal movement, from mildly
resistant to impassable. Together with the risks taken when
dispersing, land cover modulates the costs of movement at each
step of the lifetime movement path. At the scale of a habitat
patch, both resource supplementation and complementation
processes drive movements across the landscape matrix (Pope
et al., 2000). At a larger scale, movements are prospective and
exploratory. If the environment is homogenous or fine-grained,
these movements can lead to short-distance dispersal, resulting
in a patchy population with high inertia (Harrison, 1991; Delgado
et al., 2011). In contrast, if the environment is hostile or coarse-
grained, movements from one patch to another result in long-
distance dispersal with high mortality risks, which selects for
straight pathways and high movement capacity (Travis et al.,
2012; Cheptou et al.,, 2017). Fragmentation leads to reduced
local population sizes, thus altering fitness by impeding Allee
effects and increasing both genetic drift and inbreeding risks.
When fragmentation dynamics are slow, these processes may be
compensated by an increase in dispersal capacity (Thomas, 2000;
Hanski et al., 2004). However, human-driven fragmentation
is often a rapid process, characterized by the introduction
of harsh landscape matrices (e.g., intensive agriculture or
urbanization) that dramatically impede dispersal movements.
As a consequence, the most dispersive individuals are counter-
selected, driving the population toward the dominance of
sedentary individuals (Massol et al., 2011). Genetic drift and
inbreeding can then transitorily induce local differentiation
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that may promote local adaptation. However, the resulting
decrease in evolutionary potential weakens the population’s
capacity to respond to environmental changes, thus increasing
extinction risks. It is thus crucial to maintain a degree of
connectivity to promote polymorphism through balanced fitness
gains between disperser and resident phenotypes (Mathias et al.,
2001). Empirical evaluations of this conceptual framework
are nevertheless inconsistent and scanty, calling for further
investigation. In the leaf beetle Phaedon cochleariae, for example,
inbreeding is related to a bold personality, suggesting that risk-
proneness may be promoted by a decline in reproductive value
(Miiller and Juskauskas, 2018).

Evaluating the impact of the matrix on movements is
challenging due to technical limitations in direct movement
tracking. Most knowledge comes from analyses of occurrence
data and gene flows (Zeller et al., 2012) with a strong bias
toward dispersal processes (Cosgrove et al., 2018). Different
modeling options respond to different questions. Least-cost path
analysis, graph theory and circuit analysis (e.g., Circuitscape)
allow connectivity to be modeled and are usually carried out
with gene flow data (Stevens et al., 2006; McRae and Beier, 2007;
Foltéte et al., 2012). However, these techniques are not based on
behaviorally realistic rules, whereas individual-based simulation
models, especially stochastic movement simulators, allow the
integration of decision-making rules based on the perceptual
range of the species. This enables them to draw powerful
predictions (Knowlton and Graham, 2010; Palmer et al., 2011;
Coulon et al,, 2015). However, for a great majority of species,
there is insufficient knowledge about movement mechanisms to

effectively inform these models with realistic rules. It would also
be valuable to integrate the increasing knowledge concerning
the personality spectrum within a population in modeling
procedures to improve prediction reliability (Fogarty et al., 2011;
Chapple et al., 2012; Hirsch et al., 2017).

Understanding amphibian movement ecology is critical in
developing effective conservation measures. These movements
can be organized according to a spatial-temporal framework
(Figure 3). At the scale of a patch, knowledge about habitat
complementation processes used by individuals to seek resources
would help to ensure functional connectivity, from the design
of corridors to the mitigation of the barrier role of roads
and railways with underpass technology (Bain et al., 2017).
Safeguarding connectivity requires a better understanding of the
orientation mechanisms involved in migration, and the potential
inheritance of migration direction in juveniles. The putative
negative influence of pesticides on orientation mechanisms must
also be investigated (Janin, 2010).

At the scale of a population, it is important to find the
optimal configuration of pond archipelagoes that ensures the
greatest viability and resilience through rescue effects and
spreading the risk of extinction, especially in the context
of climate change (Petranka and Holbrook, 2006; Weinbach
et al., 2018). The great disparity of demographic responses
to climatic variation calls for detailed investigations into
the relationships between pace of life, movement ecology,
and local adaptation to improve the predictive power of
population models (Cayuela et al., 2017; Muths et al., 2017).
Allee effects can explain the positive dependence on density
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FIGURE 3 | Aspects of amphibian movement ecology at different spatial and temporal scales that need to be better understood for conservation planning.
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of adult amphibians for fitness components, such as sexual
selection or information sharing (Cayuela et al, 2019). In
metapopulations, these effects can drive a population toward
extinction (“evolutionary suicide”) unless these dynamics are
counterbalanced by juvenile dispersal (Parvinen, 2007; Fowler,
2009). The knowledge juveniles have of a pond’s current breeding
conditions could promote such a compensatory process, but
this cost-benefit tradeoff in breeding aggregations remains to
be tested.

At the scale of a landscape, we do not know if the
rules  governing longer-distance  dispersal
could be extrapolated from knowledge regarding habitat
complementation since the causes and functions of these
two processes differ significantly. The fact that individuals,
populations and species respond inconsistently to landscape
components highlights the need for coupling an analysis
of movement determinants with life histories, habitat
preferences and the personality spectrum at different scales
(Koumaris and Fahrig, 2016).

Another important issue for conservation is the assessment of
the role of dispersal syndromes in local adaptation, including in
response to human-modified landscapes, to test the hypothesis
of Evolutionarily Significant Units and how to conserve these
(Neal et al., 2018; Saastamoinen et al, 2018). While the
conceptual framework of personality has opened the way to
experimental approaches, approaches are also needed at the
scale of dispersal to examine the determinants of emigration.
This task is difficult since dispersal is likely to cover a
bimodal distribution of traveled distances (exploration-based
vs. long-distance dispersal), themselves expressing different
behavioral processes.

movement
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