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Abstract

Across the animal kingdom, from honeybees to cranes to beavers, exploratory movements to exploit resources,
scout prospective territories, or otherwise gain valuable experiences and information that promote fitness have been
documented. For example, exploratory movements to investigate potential dispersal targets have been observed

in roe deer, Northern cardinals, and tigers alike. However, despite how widespread these movements are, a cohesive
definition of exploratory movements has been lacking. We first provide a clear definition of exploratory movements,
and use one particular group—migratory songbirds—to catalogue exploratory movements across the annual

cycle. The exceptional mobility of migratory songbirds results in exploratory movements not only at a local scale,

but also on a regional scale, both in and out of the breeding season. We review the extent to which these move-
ments are made within this group, paying particular attention to how such movements confer fitness benefits,

as by securing high-quality territories, prospecting for extra-pair paternity, or even exploiting ephemeral resources.
We then zoom in one step further to a particular exploratory movement that has been, to date, almost completely
overlooked within this group: that of pre-migratory flights. These flights, which occur during the transitional period
between the stationary breeding period and the onset of migration, occur at night and may not be made by all indi-
viduals in a population—reasons why these flights have been heretofore critically understudied. We provide the first
definition for this behaviour, summarise the current knowledge of this cryptic movement, and hypothesise what evo-
lutionary/ecological advantages conducting it may confer to the individuals that undertake it. As these flights provide
experience to the individuals that undertake them, we expect that birds that make pre-migratory flights are better
equipped to survive migration (direct fitness benefits) and, due to orientation/navigation abilities, may also reach
preferred territories on breeding and wintering grounds faster (indirect fitness benefits). We hope to encourage ecolo-
gists to consider such hidden movements in their research concepts and to enhance the framework of movement
ecology by this behaviour due to its presumed high biological importance to the annual cycle of birds.

Background
As animals move through an unfamiliar environ-
ment, they inherently expose themselves to unknown
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Notably, exploratory movements have been docu-
mented across nearly all vertebrate groups and insects
(for insect reviews, see [2—4]). Age, experience, and life
stage play a role in when, and to what extent, explora-
tory movements are made. For example, in mammals,
exploratory movements preceding dispersal are widely
observed [5-13], and appear to be a precursor to suc-
cessful dispersal [14]. Excursions in apparent pursuit
of breeding opportunities in mammals have also been
recorded [15-19]. Among amphibians, the study of
exploration behaviour has been “deeply neglected” [20],
although invasive cane toads Rhinella marina at the
front edge of their expanding range show higher lev-
els of exploratory behaviour than those from the core
of the range [21], suggesting a willingness to move in
unfamiliar landscapes, likely facilitating their invasion
[22]. When fewer females were present within their ter-
ritories, male Caucasian rock lizards Darevskia saxi-
cola made more exploratory movements beyond their
territory borders [23]. Even freshwater fish have been
documented making periodic exploratory movements
outside of their home pools to assess alternative home
sites [24].

Although they may not be universally conducted
within the group or even within a given species, explor-
atory movements in birds have been especially well-
documented. To find ephemeral food resources or to
locate better feeding conditions when food availability
on-territory is scarce, birds make exploratory move-
ments off-territory [25-28]. Juveniles make exploratory
movements prior to emancipation or dispersal [29-31],
and both subadults and adults make regional explora-
tory movements to prospect future breeding sites
[32-34]. Broadly, exploratory movements have been
observed across avian taxa, including cranes [35], prai-
rie-chickens Tympanuchus spp. [36, 37], and songbirds
[38-40].

These examples demonstrate the extent to which
exploratory movements can occur across the animal
kingdom, which underlines this behaviour as a fun-
damental trait for ecology and evolution. However,
despite the clear abundance of cases in which explora-
tory movements have been observed, we found little
consensus on how, exactly, an exploratory movement
is defined. (A subcategory is the “exploratory foray,
though this is typically limited to individuals with a
defined territory, as summarised in [41]). Often, an
exploratory movement is termed as such, without any
explanation of what criteria were used for this designa-
tion. Exploratory movement has been defined as:

(i) movement outside an individual’s home range [14],

wherein individuals return to or near to that home
range [42—-45],
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(i) movement synonymous with prospecting, in which
individuals assess habitat that they may later use as
breeding territories [46, 47],and

(iii) movement that serves as a prelude to dispersal [8,
48, 49], though sometimes, the term “exploratory
movement” is used synonymously with “dispersal
movement” [50].

These definitions are insufficient to capture all move-
ments that are exploratory in nature, especially as we
think exploratory movements may occur during life
stages even when an individual is not defending a terri-
tory, or may not serve purely to gain one’s own territory,
as for individuals on migration (e.g., [51]).

Our first objective was to provide a general definition
of exploratory movements. In order to be able to char-
acterise, research, quantify, and compare exploratory
movements between studies, species, populations and
individuals, a cohesive definition is required. Applying
this definition, we review the ecological and evolutionary
importance of exploratory movements within the annual
cycle in order to highlight the biological significance of
such movements. For this, we focus on migratory song-
birds as model organisms. In this highly motile group,
exploratory movements have been documented through-
out the annual cycle, making it an ideal system in which
to investigate the purpose, drivers, and potential ben-
efits of exploratory movements, especially as they may
refer to movements beyond a year-round or breeding
range. We then evaluate, characterise, and highlight the
understudied transitional period between breeding and
autumn migration [52, 53]. During this transition phase,
rarely recorded exploratory movements—so-called “pre-
migratory flights”—occur [54, 55]. We review the current
knowledge on these flights, highlight their ecological and
evolutionary importance, and postulate their significant
immediate and delayed fitness benefits. Our review aims
to promote research on this particular exploratory move-
ment and stimulate scientific discussion about it within
the full annual cycle perspective.

Definition of exploratory movements

We generally define an exploratory movement as a
movement with a primary purpose to exploit nearby
resources and/or gain information or experience beyond
an individual’s current stationary phase, such as natal/
breeding area, wintering ground, or stopover site, to
increase immediate (e.g., survival, extra-pair copula-
tion) or delayed (e.g., information about favourable nest
sites for future breeding season, etc.) fitness benefits.
Such movement does not necessarily have to be directed
with the primary purpose of relocating, but may happen
in any direction and over different time periods. Such a
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movement may terminate at or near the stationary phase
from which it was initiated (e.g., during the breeding sea-
son, on an extended stopover), or alternatively may ter-
minate elsewhere if conducted during a transient period
(e.g., dispersal), during the transition from a transient
to a stationary period (e.g., arrival at breeding grounds,
arrival at a stopover site), or vice versa.

Ecological and evolutionary importance

of exploratory movements within the annual cycle

of migratory songbirds

We expect that exploratory movements occur both in
juveniles and in adults throughout the annual cycle.
Here we focus on migratory songbirds to capture the
ecological and evolutionary importance of such move-
ments. Although exploratory movements often occur
unnoticed and thus are broadly understudied, examples
of such exploratory movements appear to be reported
more often among migratory birds compared to other
groups. Within this group, exploratory movements have
been observed both in territorial and non-territorial con-
texts across the annual cycle (Fig. 1). However, in con-
trast to other taxa (such as parrots and non-migratory
songbirds), to the best of our knowledge, there are very
few studies that focus specifically on exploratory move-
ments for food acquisition within migratory songbirds.
We speculate that such movements occur throughout
the annual cycle, and surmise that due to their migra-
tory nature, migratory birds may even be able to find
and exploit ephemeral food resources faster than their
non-migratory counterparts (e.g., [56]). Without further
studies to support this type of exploratory movement, we
focus predominantly on exploratory movements in the
context of reproduction and territory acquisition below.

Exploratory movements on the breeding grounds (adults)
Upon arrival on their breeding grounds, individuals
decide where to breed. Experienced birds may occupy
a territory successfully held in previous years [57, 58]
or shift territories based on prior knowledge of higher
quality areas [59] to maintain or increase reproductive
success. They may investigate hetero- and conspecifics’
choice of territory and nest site to inform their own deci-
sions about where and how much to invest in a breeding
decision [60-64].

One reliable information source on where to settle
are social cues of conspecifics, e.g., songs, which indi-
cate favourable breeding habitats. Playback experiments
that simulate this type of social information were used
by both hatch year and after hatch year birds [65-67]. It
was even shown that yellow warblers Setophaga petechia
distinguish between “paired” and “unpaired” song types:
more birds settled at “paired” plots, using the social cue
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of pair status as a proxy for habitat quality [68]. This non-
random distribution strongly suggests that exploratory
movements through potential breeding habitats inform
settlement decisions. This was further demonstrated in
nightingales Luscinia megarhynchos [69]. Males were
translocated to a novel habitat and hence lacked any
knowledge of prior breeding success. These functionally
“naive” breeders then prospected previously established
male territories before establishing their own [69]. Com-
parable exploratory movements were observed in females
of different species, similarly exploring multiple male ter-
ritories before settling [70, 71], and preferentially choos-
ing the highest-quality male [72] and/or territory [73].

As the breeding season proceeds, males and females
explore other territories to engage in extra-pair copula-
tions, often covering substantial distances (e.g., [74—80]).
Notably, male hooded warblers Setophaga citrina move
up to 2.5 km between forest fragments [81], and eastern
kingbirds Tyrannus tyrannus [82] travel up to 15 km to
secure extra-pair copulations. Male black-throated blue
warblers Setophaga caerulescens that breed in food-
scarce territories seek extra-pair copulations far beyond
their immediate spatial neighbourhood, where feeding
conditions might be better and may lead to higher off-
spring survival [83]. Further extraterritorial exploratory
movements throughout the breeding season, e.g., within-
season territory shifts to higher-quality areas, and female
assessment of neighbouring males before the advent of
their fertile period, are reviewed in Whitaker and War-
kentin [84].

Over the course of the breeding season, increasingly
more individuals fail to secure a mate or experience nest
failure. In these cases, unsuccessful or unpaired indi-
viduals may make exploratory forays to gain information
about conspecifics’ nesting success, or may explore avail-
able habitat to attempt to secure a breeding opportunity
elsewhere. For example, subadult female tree swallows
adopt a floater strategy and make exploratory movements
in active territories, which enable them to quickly iden-
tify and exploit an available nest site [85]. Male ortolan
buntings Emberiza hortulana that fail to secure a mate
shortly after arrival on their breeding grounds continu-
ously shift to new territories, sometimes moving more
than 40 km between patches [86]. Moreover, birds may
make exploratory movements to identify potential ter-
ritories for future breeding attempts, gleaning social
information about where conspecifics have produced
nestlings and/or fledges as indicators of territory qual-
ity [87], sometimes more than 30 km away from the own
territories [88]. A spectacular example was found in Kirt-
land’s warblers Setophaga kirtlandii, in which unpaired
males made nocturnal flights to prospect settled territo-
ries up to 77 km away, timing their movements to match
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Fig. 1 Exploratory movements have been observed in migratory songbirds across the annual cycle. These movement types are found in all age
classes. For example, on the breeding grounds, a bird may prospect for extra-pair copulations (EPCs) or prospect other territories to evaluate
how successful they have been, while on migration, a bird may explore a stopover site to locate food

with the nestling and fledging stages of successful breed-
ers [89]. Red-backed shrikes Lanius collurio also carried
out movements up to 1 h around their summer territo-
ries/breeding areas, ostensibly following breeding failure
[90], possibly to do similar prospecting.

Likely due to difficulty in tracking highly mobile indi-
viduals or following their movements throughout the
course of an entire season or beyond, most studies docu-
ment only one type of exploratory movement per spe-
cies. However, multiple different exploratory movements

have been characterised within a single species [91], and
is indeed what we expect to observe within migratory
songbirds.

In sum, exploratory movements of adults on breeding
grounds serve to maximise their fitness by encountering
the highest-quality mates and territories, extra-pair part-
ners, and/or by gaining information to determine where
to settle. Birds that arrive first to the breeding grounds
explore available habitat and select territories with the
best amenities [92], and these early-arriving birds fledge
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more young on their territories compared to later-arriv-
ing birds [93]. However, both early- and late-arriving
birds may still take advantage of exploring other territo-
ries to secure extra-pair paternity [94]. Failed breeders
that prospect successful territories have also been shown
to return earlier and have higher probabilities of set-
tling on a high-quality territory the subsequent year [95],
thereby somewhat offsetting their unsuccessful attempts.

Exploratory movements during migration

During migration, most birds encounter novel environ-
ments. This is especially true for first year long-distance
migrants, which often cross completely different ecosys-
tems from the natal sites in which they hatched. Birds
may need to adjust to unfamiliar conditions or seek the
most favourable site within the novel environment, so
unsurprisingly, exploratory movements play an impor-
tant role during the various stages of migration. After
arriving at a stopover site, migrants may leave shortly
afterwards in any direction to find a more suitable habitat
for the purposes of stopover within the “stopover land-
scape’, [96-99], see also [100]. Individuals may make
exploratory flights to gain familiarity within a patch,
or may move continuously in an exploratory manner
throughout the stopover [101, 102]. Northern wheat-
ears Oenanthe oenanthe conduct exploratory flights on a
stopover site prior to committing to departing, presum-
ably to assess suitability of meteorological conditions
aloft for the next migratory bout [51]. These exploratory
movements have direct consequences for birds’ fitness.
Should a bird fail to find sufficient resources on stopover
to fuel, it may starve. If it takes too long to accumulate
energy, it may arrive at its breeding or wintering grounds
too late to compete for a high-quality territory, reducing
its indirect fitness. Should it depart in poor conditions, it
may require more time to complete its migration [103],
further reducing its probability of settling on a high-qual-
ity territory. As such, exploratory movements on stopo-
ver that serve to find favourable resources [102] or assess
meteorological conditions may have consequences both
for an individuals’ immediate fitness (i.e. survival), but
also its reproductive potential.

Exploratory movements on the wintering grounds

Whether and to what extent exploratory move-
ments are made on the wintering grounds is currently
unknown. Nevertheless, given that exploratory move-
ments occur throughout the rest of migratory song-
birds’ annual cycle, we think it plausible that birds also
perform such movements on wintering grounds, for
example to locate patchily-distributed foods, or—in the
case of species that defend territories on their winter-
ing grounds—to prospect high-quality territories. The
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prevalence of these movements may be age-dependent:
for example, all individuals may benefit from scouting
for ephemeral food resources, while experienced indi-
viduals that already hold high-quality territories may
be less likely to prospect territories elsewhere on their
wintering grounds.

Exploratory movements on the breeding grounds
(juveniles)

Back at the breeding grounds, the annual (cycle) per-
spective of exploratory movements begins again, but
we now focus on juveniles. Although juveniles are inex-
perienced in terms of breeding, they are not naive with
respect to, e.g., favourable nest sites, and therefore have
a reproductive advantage over immigrants to the area
lacking the same knowledge [104]. Hatch-year birds
may make exploratory movements as soon as they gain
independence, moving diurnally to identify habitat to
which to disperse [43, 105, 106], to identify potential
future breeding grounds [107-111], and/or to iden-
tify local landscape features as signposts/landmarks to
facilitate returning in subsequent years [108]. However,
time constraints may limit the availability of this infor-
mation. Indeed, it has been argued that prospecting for
future breeding areas within the active breeding season
may be more prevalent in long-distance migrants than
short-distance migrants or residents, as they necessar-
ily have less time to initiate migration and therefore
less time after the breeding season ends to prospect
the area [86]. This constraint affects both juveniles and
adults.

Perhaps somewhat surprisingly, then, age-related dif-
ferences in post-breeding movements have been docu-
mented in blackpoll warblers Setophaga striata. While
the movements of adults in the post-breeding period
indicated the commencement of migration, hatch-years
instead appear to undertake regional exploratory flights
[112]. Similarly, “pronounced non-directional wandering
movements” are also documented in juvenile barn swal-
lows Hirundo rustica [113] and sand martins Riparia
riparia [114]. These movements occur well after the
breeding season has ended, suggesting they serve a pur-
pose beyond assessing potential future territories. It is
argued that birds learn navigational cues, e.g., landmarks,
signposts, and/or magnetic information, during their
local exploratory flights and thus improve their ability
to return to the scouted breeding area during the next
spring season. The ultimate benefit is that the bird could
make use of prior knowledge gained from the explora-
tory movements performed there, and thus have higher
breeding success than they would if in a novel breeding
habitat.
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Pre-migratory flights
The exploratory movements that occur in the transition
from the breeding season to migration are extremely
understudied in migratory songbirds. While breeding,
most avian migrants are stationary, territorial, have
relatively low energy stores, and rest during the night.
During migration, long-distance migratory songbird
are highly mobile, accumulating energy during the day
during stopover, and excessive burning excessive energy
during nocturnal migratory flights, while sleeping only
very little. When transitioning from the stationary
breeding period to the mobile migratory period, sig-
nificant behavioural and physiological changes occur
in preparation for migration [52, 53] (Fig. 3). These
changes are all the more significant for many song-
birds that switch from diurnal activity when breeding
to nocturnal activity when migrating, and we there-
fore hypothesise that pre-migratory flights may more
broadly occur within this same transitionary period for
long-distance, nocturnally migratory songbirds, though
the extent to which an individual, or even a given spe-
cies, performs such movements remains to be seen.
Speculative evidence for this behaviour comes in
the form of nocturnal restlessness, which has been
described in a number of long-distance migrants (i.e.,
[115-117]). Such restlessness has been observed prior
to the (migratory) period classified as Zugunruhe [116,
118, 119], which may indicate pre-migratory flight
behaviour by wild birds held in captivity. Given this
background, pre-migratory flights likely have a cir-
cadian component, similar to that of Zugunruhe. As
these observations were not limited to one species, they
also suggest that pre-migratory activity is a common
behaviour shown by many nocturnal migrant song-
birds before departing on migration. Nevertheless, this
pre-Zugunruhe restlessness may not be directly related
to pre-migratory flights and the link between the two
remains to be elucidated, as to date, no study has shown
a clear connection between caged birds’ restlessness
and pre-migratory flight behaviour.

Definition of pre-migratory flights

We define pre-migratory flights as nocturnal movements
undertaken by a migratory bird during the transitional
period between the end of a stationary annual cycle stage
and the onset of migration. These flights enable indi-
viduals to gain information or experience necessary for
migration. In preparation for migration, these birds shift
their daily rhythms to nocturnal rhythms and must gain
experience with flying at night prior to setting out on
migration; we thus speculate these movements are exclu-
sive to nocturnal migrants and must occur at night.
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Current knowledge of pre-migratory flights

To date, the only examples of pre-migratory flights were
documented on the Courish Spit in Russia within cohorts
of juvenile birds; pre-migratory flights in adults of any
species have yet to be studied. Mukhin [54] ringed reed
warblers in the nest and subsequently noted their noctur-
nal post-fledging movements by capturing birds between
sunset and sunrise prior to the onset of migration.
Twenty-five juveniles between 37 and 50 days of age were
caught at night,all were moulting and had low fat scores.
Previous work suggests that the youngest age at which
juvenile reed warblers initiate migration is approximately
54 days (Mukhin, unpubl. data, [120]). These juveniles
were caught 10 km or more away from their natal sites,
and predominantly northeast of their natal sites, mak-
ing it extremely unlikely these juveniles were migrating.
Forty other juveniles in a similar age class (mean age=43
days) were caught during the day, possibly during post-
fledging dispersal movements. Given the clear occur-
rence of diurnal movements, and that diurnally moving
birds were not captured moving nocturnally or vice-
versa, nocturnal flights likely served a purpose distinct
from diurnal flights.

In a follow-up study, Mukhin et al. [55] radio-tracked
27 juvenile reed warblers at their natal site and followed
their nocturnal movements. Of those, 16 birds tagged
before age 40 d made nocturnal flights that consisted
of “flying in different directions over the study area and
also disappearing from the reception range [1.5 km],
with subsequent reappearance [...] the same night” One
bird performed a total of nine pre-migratory flights over
two weeks prior to leaving the study area, initiating its
flights earlier in the night as the season advanced. These
pre-migratory flights nicely illustrate the gradual transi-
tion from exclusively diurnal to increasingly nocturnal
behaviour.

Despite abundant examples of juvenile migrants mak-
ing large-scale movements away from their natal ter-
ritories long before onset of autumn migration [43, 44,
105, 106, 121], further concrete evidence of true pre-
migratory flights is lacking. Typically, observations of
juvenile relocation prompts speculation that an indi-
vidual moved to gain access to better food resources [43,
106, 122], avoid predators [123], prospect future breed-
ing sites [124], gain familiarity with landmarks [121], or
even to begin migration. We do not dispute any of these
hypotheses, but suggest alternatively interpretations that
some relocations may reflect side effect of pre-migratory
flights. For example, a juvenile moves a noticeable dis-
tance (e.g., 1 km within 24 h), and a researcher assumes
that between detections on two days, this individual relo-
cated diurnally. However, this bird instead might have
performed a nocturnal pre-migratory flight, terminating
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close to but not directly at its starting location. Unaware
of this nocturnal activity, the researcher may incorrectly
interpret the purpose of the movement based on a false
assumption of when it occurred. Such scenarios will
result in pre-migratory flights going undetected, and may
be the reason that, to date, true documentation of pre-
migratory flights is sparse.

Hypotheses as to why pre-migratory flights are undertaken
We propose the following hypotheses for pre-migratory
flights [55, 112], and apply them to our current knowl-
edge of pre-migratory flights. These hypotheses are not
mutually exclusive and not ordered in terms of impor-
tance, and we distinguish them from hypotheses pertain-
ing exclusively to post-fledging movements (i.e., in [43])
or ones that address larger-scale diurnal movements (i.e.,
in [121]).

(i) To practice flying at night

(ii) To practice assessing meteorological conditions
aloft

(iii) To assess orientation cues and practice orientation
skills

(iv) To create magnetic and/or landscape maps

(v) To practice selecting suitable habitat in darkness

(i) Many long-distance migrant songbirds migrate
exclusively during the night [125, 126]. As they for-
age during the day and live a sheltered life during
the night, juveniles have no experience of flying at
night. We therefore hypothesise that pre-migratory
flights offer the function of practicing nocturnal
flights before embarking on migration.

(ii) Migrant birds also assess environmental condi-
tions in the air and time their migratory flights to
coincide with favourable conditions aloft (reviewed
in [127-130]. It seems plausible that migration-
inexperienced juveniles may have to practice their
skills to discriminate between favourable and unfa-
vourable environmental conditions. We therefore
suggest practicing assessing meteorological condi-
tions aloft as another hypothesis for pre-migratory
flights. There is some correlative evidence sup-
porting this hypothesis, because adult, but not
juvenile, migrant songbirds avoided headwinds,
rain, and low-visibility conditions when initiating
autumn migration from the breeding area [131].
That juveniles chose to fly in suboptimal and hence
more energetically demanding conditions sug-
gests inexperience regarding how to optimally time
their flights to favourable environmental condi-
tions [131] and may explain why juveniles migrate
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slower with more frequent and longer stopovers
than adults [132]. Although quantitative results are
currently lacking, we assume that individuals, espe-
cially juveniles, practice flying at night prior to the
onset of migration and start improving their skills
to better assess when favourable meteorological
conditions occur. Moreover, we expect that these
skills improve over time in juveniles and eventu-
ally match those of experienced birds, though we
cannot ignore the effect of selective disappearance
[133]. Notably, migrants also perform nocturnal
exploratory flights at a stopover site during migra-
tion hours to days prior to departure [51], perhaps
to assess meteorological conditions before deciding
whether to depart [127]. Such a flight may also be
conducted during the pre-migratory phase, ena-
bling individuals to learn under what conditions
movement is optimised. In order to know whether
conditions are favourable or unfavourable, a bird
requires experience flying in both, which could be
explored during pre-migratory flights. However, if a
bird either opts not to fly in inclement weather or
such weather is not experienced, it may still gain
this experience later, while already on migration,
and would presumably adjust its tactics after having
gained this knowledge.

(ili) To arrive at the wintering grounds, naive juveniles

follow a genetically encoded migration program,
which tells birds how long [134] and in which direc-
tion [135] to migrate, cf. clock-and-compass ori-
entation [116, 136]. Celestial (stars, sun, skylight
polarization pattern) and magnetic (the Earth’s
magnetic field) compass cues provide directional
information [137, 138]. Although the magnetic
compass is innate, the celestial compass needs to be
learned. Juveniles do so during ontogeny, probably
within about 15-35 days after fledging [139-141].
This overlaps with the period when juveniles have
been observed performing pre-migratory flights
[54, 55]. Although nocturnal flights are not man-
datory to calibrate the magnetic compass relative
to the star pattern [139], it would be favourable for
juveniles to practice and assess the different com-
pass courses in free-flight and to familiarize them-
selves with their orientation skills in a known envi-
ronment before having to rely on those in a novel
environment. Nocturnal flights therefore allow for
both the development of the compass systems, and
the opportunity to practice orienting using these.

(iv) During their first southbound migration, juve-

nile songbirds are expected to establish magnetic
and landscape maps [137], which they use for true
navigation during subsequent migrations to find
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their migratory destination again even if displaced
during migration, e.g., [142—-144], but see [145]. It
is reasonable to assume that juveniles gain experi-
ence with the magnetic and landscape features of
their natal area prior to leaving it in order to be able
return to it in subsequent years, and that they do
so at least partly via nocturnal flights. As nocturnal
migrants, they therefore must recognize these cues
at night. Gaining familiarity with a landscape, and
the subsequent formation of a migratory target,
has been posited as a primary reason for explora-
tory movements made by juveniles in reed warblers
[54, 55], blackpoll warblers [112, 121, 146], her-
mit thrushes Catharus guttatus [1], and “Ipswich”
savannah sparrows Passerculus sandwichensis prin-
ceps [111]. Likewise, birds “imprint” on their natal
site, e.g. on magnetic inclination [147]. Experimen-
tal work with collared flycatchers, pied flycatchers
Ficedula hypocleuca, and juvenile chaffinches Fring-
illa coelebs suggests that when deprived of the abil-
ity to explore around the natal area prior to being
released at the onset of migration, individuals fail
to return in subsequent years [148—150]. Although
these studies do not elucidate whether exploration
would have occurred in the day or night, it seems
probable that exploratory movements at the natal
site function to generate or gather cues essential to
return in subsequent years.

As many long-distance migratory songbirds
migrate exclusively at night [125], they must iden-
tify suitable habitats in which to rest, recover, and
fuel in between migratory endurance flights prior
to sunrise (for a review of habitat selection by noc-
turnal migrants while on migration, see [151]). In
the course of performing exploratory flights around
their natal area, birds familiarise themselves with
typical cues, as perceived while aloft at night, of
favourable habitats (e.g., the currently used site) and
novel habitats, which might be less favourable. In
doing so, they could gain experience selecting their
preferred habitat based on those cues. If migrants
assess both favourable and unfavourable feeding
habitats prior to beginning migration during pre-
migratory flights, this likely improves an individual’s
ability to select stopover sites between migratory
flights, and therefore increases migration success.
For example, habitat cover determines how much
body mass can be gained in migrants [152], and as
such, the cost of an individual being unable to iden-
tify adequate stopover habitat before landing may
be the inability to effectively fuel, which in turn
prolongs the time until sufficient fuel stores are
accumulated for the next migratory flight. Indeed,
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nocturnal migrants appear to use habitat cover
(e.g., extent of hardwood forest), as an indicator of
habitat quality which directly informs the decision
to end a migratory flight during the night [153]. As
migrants use stopovers to maximise their direct or
indirect fitness [154], the quality of the habitat they
choose at which to stop over is critical, and the abil-
ity to select such habitat at night is therefore para-
mount.

Addressing movements that may be mistakenly identi-
fied as pre-migratory flights (“false positives”)

If the flight that would initiate autumn migration is
aborted, it may be erroneously classified as a pre-migra-
tory flight. However, as flights that begin or resume
migration usually occur shortly after sunset in nocturnal
migrants [126, 155], most flights that are initiated later in
the night are unlikely to be departure events. Similarly,
nocturnal flights to escape a predator or in response to
human-caused disturbances, such as fireworks [156] and
helicopters [157], could potentially be misinterpreted as
pre-migratory flights. Nevertheless, given clear evidence
of birds performing nocturnal flights absent such distur-
bances [55] and prior to reaching a migratory state [54],
it is plausible that most pre-migratory, nocturnal move-
ments are indeed pre-migratory flights.

Extent of pre-migratory flights

Although we expect these hypotheses to operate in
tandem, we argue that the extent and duration to ful-
fil the specific functions of a pre-migratory flight differ
(Table 1). We expect that flights that serve to assess con-
ditions and make first forays into nocturnal activity are
relatively short, as too would flights made in response to
a perceived threat be, e.g. on the scale of minutes. Flights
whose purpose is to create maps and practice orienta-
tion are likely longer, perhaps on the scale of hours, and
must occur on a much larger scale, e.g. several kilome-
tres (Fig. 2). For habitat selection, the extent to which
surrounding habitat is contiguous must play a role in
how far a bird must fly to be able to distinguish between
favourable and unfavourable places to land. It remains
speculative whether birds necessarily return to the initial
point of departure or land elsewhere in the broader natal/
breeding area (Figs. 2 and 3). For one, depending on an
individual’s broader familiarity with its starting location,
it may land elsewhere from its starting point yet in an
area still familiar to it. Furthermore, the scale of move-
ment itself is likely species- and landscape-dependent, so
a “small-scale” pre-migratory flight for one species may
constitute a “large-scale” pre-migratory flight for another.
To this end, we hesitate to speculate about the exact
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Table 1 Speculated hypothesis-specific spatio- (blue) and temporal- (orange) extents of pre-migratory flights

Hypothesis Spatial Extent Temporal Extent Juveniles Adults

I.  Practice flying at night @) @] J J

II. Practice assessing 1) 10
meteorological conditions aloft

IIl. Practice, assess orientation ‘ .
skills
IV. Create landscape/ . .

magnetic maps
V. Practice selecting suitable O — ‘ o — ‘
habitat in darkness

The size of the circles represent the speculated extent (small, large, or a range) of the flights necessary to fulfil the stated purpose of the movement. For example,
simply practicing nocturnal flights would not require large flights of a long duration, while creating maps would require longer time aloft over more area

N

*~

S S S
-

N

Increasing
habitat
suitability

1
1
1
1
|
1
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
v

B

Fig. 2 Different extents of pre-migratory flights might serve different functions. For the case of our model, a woodland thrush, suitable habitat

is shown in orange, and unsuitable habitat is shown in blue. The bird takes off from its starting point (solid white line) and the extent of its
movement depends on the function of the flight. A Small-scale flights serve to practice flying at night, assessing meteorological conditions, or are
a function of avoiding a perceived threat and likely terminate at or near the starting location. B Intermediate- and large-scale movements serve
to practice and assess orientation skills and form landscape or magnetic maps; the scale to which they occur may depend on the surrounding
landscape or the existing status of an individual’s internal maps. The scale of flights that serve to practice selecting suitable habitat in darkness
may depend on the extent to which surrounding habitat is contiguous. For illustrative purposes, we show these larger-scale flights terminating
far from the starting point, though an individual may instead circle back. Although the intermediate flight, B, shows the bird landing in unsuitable
habitat, this does not suggest that all flights on this scale terminate in unfavourable landscapes, merely that landing in unsuitable habitat

is a possible outcome in the context of pre-migratory flights
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BREEDING
PHASE

PRE-
MIGRATORY
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MIGRATORY
PHASE

FLIGHTS?

e

Stationary in familiar location

—

towards mobile in unfamiliar
locations

Increase in flight muscles

Increase in energy storage, expenditure

Day-active to day-and-night active

—

- Less sleep

Fig. 3 Physiological changes during the transitional period between breeding and migration

spatio-temporal extent of pre-migratory flights that we
may observe, as the scope of these flights may be highly
dependent on other intrinsic and extrinsic factors, which
we discuss below.

The extent to which pre-migratory flights occur within
a population is unclear, and is probably subject to intrin-
sic and extrinsic factors. For example, recently fledged,
weak, injured, undernourished, or otherwise stressed
individuals are unlikely to make pre-migratory flights,
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independent of when they depart on migration. Instead,
only individuals capable of flight and in good body condi-
tion likely carry out these movements. Likewise, although
we anticipate that inexperienced juveniles may conduct
pre-migratory flights in unfavourable weather, it is also
possible that individuals terminate pre-migratory flight
attempts in such conditions, or opt not to embark at all.
In contrast, good visibility of celestial cues, i.e., clear con-
ditions, may instead trigger individuals to engage in these
flights.

To date, as only juveniles have been studied within
this context, the only evidence of pre-migratory flights
is also currently limited to juveniles. While many of our
hypotheses support the idea that pre-migratory flights
allow juveniles to gain experience prior to departing on
their first migration, we think it plausible that adults
also embark on nocturnal movements before migra-
tion as they undergo the physiological and behavioural
shifts from breeding to a state of migratory preparation.
As migration in general is endogenously controlled [116,
136], we assume the same for pre-migratory flights, and
as Brown and Taylor noted [158], “perhaps when individ-
uals are in a migratory state they simply have an instinc-
tive urge to fly”.

Biological significance of pre-migratory flights

A full life-cycle approach will aid in our understand-
ing of the life history of avian migrants [159, 160]. Such
an approach includes assessing the consequences of
migration, a period during which migrants experience
the highest mortality rates within their annual cycle
[161-165].

We speculate that individuals that perform pre-migra-
tory flights may have the experience necessary to con-
tend with challenges that might otherwise negatively
affect their migration timings, i.e., knowledge of how to
respond to differing weather conditions or how to quickly
course-correct if blown off course. These timings are
noteworthy as they may have cascading effects through-
out an individual’s life in the form of indirect fitness
consequences. Individuals that arrive early to their win-
tering grounds may competitively exclude other individu-
als from high-quality habitat [166], and may settle first
in lands where their return migration is shorter, setting
themselves up for early returns to their breeding grounds
[167]. Individuals that arrive earlier to their breeding
grounds may reap the benefits of pairing earlier, laying
larger clutches, and fledging more young than later-arriv-
ing individuals [168, 169]. Taken together, optimal arrival
timing at migratory destinations will result in delayed,
albeit significant, fitness benefits (i.e., [93], but see also
(170, 171]).
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We postulate that individuals performing pre-migratory
flights have higher survival on migration, return earlier to
their breeding grounds, and may ultimately have higher
reproductive success over conspecifics that do not perform
pre-migratory flights. Furthermore, flying is probably not
as energetically costly as commonly assumed. Depending
on conditions, it may be even less demanding to fly than
to simply stay put and try to keep warm [172], and indeed,
previously described large-scale, exploratory flights sug-
gest that they are not costly [158]. We therefore assume
that the fitness benefits conferred by pre-migratory flights
outweigh their costs, and expect pre-migratory flights to be
widespread among long-distance migrants.

Conclusions

Pre-migratory flights are a rarely detected form of explora-
tory movement that likely have an important biological
significance. These flights serve as a means by which indi-
viduals can gain experience relevant to migration before
departure, and individuals that perform them likely expe-
rience higher immediate and delayed fitness benefits than
those that do not. Despite their assumed significant role
for long-distance migratory songbirds, we know next to
nothing about their prevalence among nocturnal migrants,
and their spatiotemporal extent. We urge researchers to be
aware of the potential for these flights, and to design stud-
ies in which they can be detected and interpreted within
the framework of migratory movement.
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