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Abstract

1. The processes that drive the ontogeny of migratory strategies in long-lived ani-
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Birdlife International, Cambridge, UK mals with slow maturation remain enigmatic. While some short-lived migrants are
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known or believed to repeat the same migratory patterns throughout their lives,
little is known on the time required for immature long-lived migrants to progres-
sively acquire adult-like migratory behaviours, or which aspects take longer to

refine during the maturation process.
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mail letiziacampioni@hotmatl.com 2. Here, we studied the ontogeny of long-distance migratory strategies and related
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patterns of spatial distribution in a long-lived seabird species during the annual

cycle. To do so, we deployed light-level geolocators on 4- to 9-year-old immature

Handling Editor: Annette Fayet Cory's shearwaters (Calonectris borealis) and on breeding adults.

3. We revealed that migratory timings and destinations of young shearwaters pro-
gressively changed with age. The effect of ageing was remarkably evident on spring
migratory performance and phenology. Birds gradually shortened the duration
of the non-breeding period by advancing departure date and reducing travelling
time, which resulted in a sequential arrival at the colony of the various age contin-
gents. Ageing immatures gradually changed from a more exploratory strategy to
a more conservative way of exploiting resources, reducing both their year-round
spatial spread across oceanic domains and the total distance travelled. Immatures
always performed a trans-equatorial migration to the Southern Hemisphere, con-
trasting with 17% of the adults which remained in the North Atlantic year-round.
Finally, during the breeding season immatures were widely dispersed through the
North Atlantic reducing their overlap with breeding adults.

4. Our long-term study provides empirical support to the hypothesis that in long-
lived species, the refinement of migratory behaviour and year-round spatial distri-
bution is a progressive process mediated by age and experience, where life stage
constraints and competition for resources may also play a role. The emerging pat-

tern suggests that for some avian taxa, the ontogeny of migratory strategy is a

prolonged, complex and dynamic process.
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1 | INTRODUCTION

The adaptive changes of behaviour based on past experience,
namely learning (Dukas, 2004; Shettleworth, 1999), affect virtually
every aspect of animal behaviour with potential fitness implica-
tions (Brown, Bomberger Brown, & Brazeal, 2008; Raine & Chittka,
2008). For example, in iteroparous species, the reproductive per-
formance of young age classes typically improves as individuals age
and gain experience (Clutton-Brock, 1988; Forslund & Part, 1995;
Newton, 1989; Part, 1995). Similarly, in long-lived animals with slow
maturation, differences in foraging skills and efficiency between
adults and naive young individuals are generally ascribed to the
lack of experience of the latter (Daunt, Afanasyev, Adam, Croxall, &
Wanless, 2007; Fayet et al., 2015; Le Vaillant et al., 2012; Lefebvre,
1995; Zimmer, Ropert-Coudert, Kato, Ancel, & Chiaradia, 2011).
Such observations support the idea of a progressive ontogenetic
shift in feeding ecology (Carravieri, Weimerskirch, Bustamante, &
Cherel, 2017) and behaviour (Votier et al., 2017). This paradigm
has also been applied to explain changes observed in a diversity
of movement strategies, in space use behaviour and in locomotion
performance (Yoda, Kohno, & Naito, 2004) in species with an ex-
tended maturation phase (Hays, Fossette, Katselidis, Mariani, &
Schofield, 2010; Penteriani, Delgado, & Campioni, 2015; Riotte-
Lambert & Weimerskirch, 2013; Sergio et al., 2014). It is during
this phase that inexperienced individuals are expected to develop
and tune up the abilities needed to navigate and orient them-
selves during long-distance movements (Alerstam, Hedenstrom,
& Akesson, 2003; Orben et al., 2018; Thorup, Alerstam, Hake, &
Kjellén, 2003; Yoda et al., 2017) or to learn how to keep track of
time as they exploit geographically distant resources (Akesson
et al., 2017; Strandberg et al., 2008). Under this scenario, imma-
tures are also believed to show greater inter- and intra-individual
variability in space use, compared to older conspecifics which
have already gained familiarity with the spatial distribution of re-
sources or for example, with migratory routes (de Grissac, Borger,
Guitteaud, & Weimerskirch, 2016; Sergio et al., 2014; Votier et al.,
2017; Wakefield et al., 2015).

In migratory taxa, the choice of and fidelity to travel routes,
stopovers and non-breeding destinations suggest that the migra-
tory lifestyle has influenced the long-term learning and memorizing
capacities of some long-distance bird species (Fagan et al., 2013;
Mettke-Hofmann & Gwinner, 2003; Vardanis, Klaassen, Strandberg,
& Alerstam, 2011). However, to date there are only few examples
of the cumulative effect of experience and spatial learning in re-
fining lifelong migratory strategies or fidelity to specific areas (e.g.
non-breeding destination) in terrestrial bird species (Milvus migrans;

Sergio et al., 2014) or in seabirds (Diomedea exulans; Lecomte et al.,

2010; Riotte-Lambert & Weimerskirch, 2013; Weimerskirch et al.,
2014). Recent studies revealed patterns consistent with “explora-
tion-refinement” mechanism in two long-lived seabirds, the Atlantic
puffin, Fratercula arctica (Guilford et al., 2011), and the northern gan-
net, Morus bassanus (Votier et al., 2017), suggesting that inter-indi-
vidual differences in migratory behaviour and progressive foraging
site specialization due to learning may represent a common compo-
nent in species living relatively long lives.

Intraspecific competition for resources (Breed, Bowen, &
Leonard, 2013) may represent an alternative mechanism responsible
for age-specific movement strategies, as it promotes spatial niche
differentiation in ecologically similar animals with different compet-
itive abilities (Webb, Marzluff, & Hepinstall-Cymerman, 2012). For
example, in the marine ecosystem, seabirds often suffer from intra-
specific competition either in proximity to their colony (i.e. breeding
season) or in the distant non-breeding quarters (i.e. inter-breeding
season; Fayet et al., 2017; Lamb, Satgé, & Jodice, 2017). According
to the nature and persistence of such competition, individuals might
space out in order to mitigate its effect (Thiebot, Cherel, Trathan, &
Bost, 2012). Under this scenario, distributions might be expected to
show spatio-temporal segregation, with younger and subdominant
conspecifics likely performing alternative foraging and/or migratory
strategies.

Cory's shearwater, Calonectris borealis, is a medium-sized petrel
species that exhibits a flexible migratory strategy with individuals
being generally site-faithful, but with regular, even if less common,
changes in non-breeding destinations across the Atlantic Ocean. The
migratory strategies and non-breeding distribution of adults are well
studied (Dell' Ariccia et al., 2018; Dias, Granadeiro, & Catry, 2012,
2013; Dias, Granadeiro, Phillips, Alonso, & Catry, 2011; Gonzalez-
Solis, Croxall, Oro, & Ruiz, 2007), and for that reason, the species is
particularly suitable as a model to establish comparisons among age
classes in migratory strategies. Young Cory's shearwaters start to
attend their natal colonies in the North-East Atlantic Ocean at the
age of 4 years, albeit postponing the time of first breeding up to the
mean age of nine (Mougin, Jouanin, & Roux, 2000).

Here, we used light-level geolocators to study the ontogeny of
long-distance migratory strategies and related patterns of spatial
distribution of 4- to 9-year-old immature and adult Cory's shearwa-
ters during the annual cycle. If immatures gradually shift migratory
timings, stopovers and destinations converging to resemble those
of breeding adults, this would support the hypothesis of a pro-
gressive change in migratory strategies and space use mediated by
age and experience (Sergio et al., 2014) and perhaps competitive
interactions (Fayet et al., 2017). Alternatively, if immatures' migra-
tory behaviour precociously resembles that of adults, this would

suggest a mechanism where after a first migration largely driven
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by an innate programme (Vansteelant, Kekkonen, & Byholm, 2017)
the birds repeat the same pattern of movement between generally
fixed breeding and wintering areas (Cresswell, 2014; Yamamoto
et al., 2014).

2 | MATERIALS AND METHODS

2.1 | Study site and tracked birds

Fieldwork was carried out at Selvagem Grande Island (30°09'N,
15°52'W) in the North-East Atlantic Ocean, which hosts the world
largest population of Cory's shearwater, Calonectris borealis (ca.
30,000 breeding pairs, Granadeiro, Dias, Rebelo, Santos, & Catry,
2006). Since 2004 the Cory's shearwater colony on Selvagem
Grande has been the focus of a long-term monitoring study where
breeders and chicks have been systematically ringed and demo-
graphic and reproductive data recorded (Granadeiro et al., 2006).
During each breeding season from early incubation (15 June) to
the mid-chick-rearing (15 August) we carried out extensive sys-
tematic visits to the study areas, recording the presence and re-
productive status of all birds attending the study plots. Due to the
high nest-site fidelity, most birds breeding in the study plots have
been ringed during the course of the long-term study, and every
year, new recruits to the colony are ringed or controlled (if ringed
as chicks from previous years) when they start nesting. On the
basis of this control, we were able to distinguish between breed-
ing adults (individuals incubating an egg) and immature birds (in-
dividuals that have never reproduced before). Because immature
birds were ringed as chicks we could infer their ages from date
of ringing. We deployed leg-mounted geolocators (hereafter GLS;
mk7 and mk19 models developed by British Antarctic Survey) on
4- to 9-year-old immatures and successful breeding adults (active
breeders successfully raising a chick). Geolocators weighed 2.5-
3.6 g (corresponding to less than 0.5% of the weight of the birds,
considering an average bird weight of 800 g; Ramos, Granadeiro,
Phillips, & Catry, 2009). Geolocators were deployed at the end of
each breeding season (August/September) and recovered in the
subsequent breeding seasons (from April to August). Among im-
matures (seven females, 25 males and five birds of unknown sex)
thirteen birds were tracked more than once (eight birds during two
seasons, four during three seasons and one during four seasons).
Among adult breeders (35 females and 46 males), twenty-one
birds were tracked more than once (sixteen were tracked during
two seasons, four birds during three seasons and one during five
seasons). Over the 8-year study period, we gathered data from
108 and 56 complete migrations of adult breeders and immatures,
respectively (2007/2008: n = 22 + 1; 2008/2009: n = 22 + 1;
2010/2011: n = 20 + 19; 2011/2012: n = 11 + 11; 2012/2013;
n =12 + 5; 2013/2014: n = 8 + 11; 2014/2015: n = 13 + 6,
2015/2016: 0 + 2).

Cory's shearwaters were sexed employing a combination of two

different methods: (a) based on their distinctive vocalizations (three

immatures in combination with method (b); Thibault, Bretagnolle, &
Rabouam, 1997) and (b) by means of a discriminant function based
on bill measurements (all birds; Granadeiro, 1993). By using these
two criteria, and cross-validating with nesting partners (all breed-
ing adults and 13 immatures), sex classification accuracy was >99%
(Pérez, Granadeiro, Dias, Alonso, & Catry, 2013). Finally, for 31% of
immatures (n,, = 37) where the discriminant function did not allow
a high confidence in sexing, we employed molecular procedures
using DNA extracted from blood samples (Griffiths, Double, Orr, &
Dawson, 1998).

2.2 | Geolocation data processing

Geolocators provide two positions per day based on levels of ambi-
ent light with an accuracy of approximately 200 km (Phillips, Silk,
Croxall, Afanasyev, & Briggs, 2004). Light data were analysed using
TransEdit (to check for integrity of light curves and to determine
dawn and dusk times) and BIRDTRACK software (to estimate the lati-
tude from day length and longitude from the time of local midday
relative to Greenwich Mean Time). The sun elevation angle param-
eter was set to vary between -2.5° and -4.5°, based on known po-
sitions obtained during ground-truthing of each logger, carried out
before each deployment or after each recovery. Unrealistic posi-
tions (those resulting from interference with light curves at dawn
or dusk or those around equinox periods (+21 days); Phillips et al.,
2004) were removed from the general analysis. The final part of the
return migration of many Cory's shearwaters coincides with spring
equinox. Hence, for example, the dates of arrival at the colony were
estimated on the basis of longitude data, which are not affected by

the proximity to the equinox (see Dias et al., 2011).

2.3 | Phenology and characteristics of migration

For each migration event we estimated a set of date param-
eters, corresponding to movements relative to a set of specific
landmarks: (a) departure from the colony: birds leave a buffer of
200 km radius centred on Selvagem Grande, (b) departure from
the Canary Current: when birds cross the meridian 18W, (c) birds
crossing parallel 10N, (d) birds crossing meridian 10E once in the
Southern Hemisphere and (e) arrival at the main non-breeding
ground that is, when consecutive locations stabilize in an area (see
Figure S1). After departing from the non-breeding ground and for
the pre-breeding journey we estimated (f) departure date from
the non-breeding ground defined as the onset of a clear north-
ward directional movement and (g) the arrival date at colony es-
timated as the day in which longitude values approximate that of
Selvagem Grande with birds showing a clear (eastward) variation
as they approach the colony (see Dias et al., 2011). Finally, (h) ar-
rival date at the nest was also estimated as the first day when
there was no light record during daytime after the arrival at the
colony. Moreover, we estimated the duration of both pre-breed-
ing migration (i.e. the difference between arrival time at colony



32 | Journal of Animal Ecology

CAMPIONI ET AL.

and departure date from non-breeding ground) and post-breeding
journey (i.e. the difference between arrival time at non-breeding
ground and departure from Canary Current). The time spent in the
main non-breeding area was calculated as the difference between
departure and arrival date from/to non-breeding ground. Finally,
we identified the main non-breeding destination as the area where
a bird spent the largest amount of time, once outside the Canary
Current (i.e. after crossing the 18W meridian). When individu-
als had multiple stopover sites, we identified/distinguished the
main stopover site by a visit of at least 15 days (i.e. enough time
to familiarize with the place and equal to the minimum time pe-
riod spent by birds in the main non-breeding area). For each indi-
vidual we calculated a proxy for the year-round distance travelled
(September-August) as the sum of absolute difference (in degrees
of longitude) between consecutive longitude values divided by the
number of tracking days and multiplied by 365 days. Similarly, we
calculated a proxy for distance travelled during the non-breeding
period (September-May) by removing longitude values from June
to August (when breeders are engaged in breeding duties, thus
less mobile). We also calculated a proxy of pre-breeding migration
speed as the sum of absolute difference (in degrees of longitude)
between consecutive longitude values between departure from
non-breeding grounds and arrival date at the colony divided by
pre-breeding migration duration (in days). Similarly, we estimated
the post-breeding migration speed based on the mean travelling
speed calculated between departure from colony and arrival to
the main wintering ground. Moreover, we emphasize that the ap-
proach we used to approximate the distance travelled by immature
birds is used in a comparative context and it cannot provide an
absolute estimate of the real distance travelled although the cu-
mulative variations in longitude values is well correlated with the

"true" distance travelled (see Figure S2 for more details).

2.4 | Spatial distribution data

We estimated spatial diversity in the (annual) distribution of imma-

tures using an adapted version of the Shannon-Wiener index:

DIx)== [0 *Inpx)]

n=1

where DI(x) is the distribution diversity index for the bird x and p(x)
is the proportion of the number of days spent in each of the six
oceanic regions (m) identified as the main Cory's shearwater non-
breeding areas (Dias et al., 2011; Figure S3). Locations between 20
March + 21 days and 23 September + 21 days which correspond
to the equinox periods (£21 days), were not included (see the sub-
section Geolocation data processing for more details). A minimum
number of 130 days of data per individual was set as the inclusion
threshold for analysis.

We compared the spatial extent of the summer distribution
(July-September) of 4- to 6-year-old immature birds and of 7- to
9-year-old immature birds with those of breeding adults. To do

this, we superimposed a grid of 1 x 1 (degree) cells on a map of

the North Atlantic Ocean (WGS 84) and we randomly selected 20
locations from an increasing number of individuals and counted
the total number of occupied cells for each age group, that is 4-
to 6-year-old birds, 7- to 9-year-old immature birds and breeding
adults. We estimated the 95% confidence interval of the estimates
(median) as the 0.025 and 0.975 quantiles.

2.5 | Data analysis

We investigated the relationship between age and migration
phenology (departure date from the colony and Canary Current,
crossing time of parallel 10N and meridian 10E, arrival and de-
parture times at/from non-breeding area, arrival date at the col-
ony and nest, duration of pre- and post-breeding migration and
length of stay on the main non-breeding area) by employing linear
mixed models (LMMs). The effect of age as an explanatory vari-
able was explored as a polynomial function up to the quadratic
order (allowing the investigation of nonlinear variation in timing of
migration with age, including inversion of trends). In a few cases
the effect of age was tested by grouping immatures into two age
classes, namely birds aged 4-6 years and 7-9 years (hereafter age
classes), and then compared to adult breeders. Grouping was done
to ensure for adequate sample sizes when no age-related differ-
ences were found among immatures, thus enabling comparisons
with adult breeders of unknown age. Because there were no sex-
or year-related differences in immature's migration timings (all
p > 0.2), all data were pooled together. In order to account for po-
tential differences in migration phenology related to differences
in non-breeding destinations (i.e. South America and Southern
Africa), we repeated the same analysis including only birds over-
wintering in Southern Africa (presented in Results).

Similarly, we compared the pre- and post-breeding migra-
tion speed (migration length [sum of absolute difference between
consecutive longitude values]/migration duration; the result is ex-
pressed in degree/day), after accounting for departure date, among
immatures of different ages (from 4 to 9 years). Moreover, by using
a generalized linear mixed model (GLMM) with binomial error struc-
ture (0 = not breeding after migration, 1 = breeding after migration)
we tested whether individual age and arrival date at colony might
influence the probability of recruiting into the breeding population
(i.e. the probability of breeding for the first time, as opposed to at-
tending the natal colony without engaging in a reproductive attempt
where an egg was laid). Furthermore, we used LMMs to compare
(year-round) spatial distribution diversity (DI), total distance trav-
elled and distance travelled during the non-breeding period (exclud-
ing June-September) between different ages and breeding status.

In order to study the choice of non-breeding areas we randomly
selected one migration event per each bird and first tested whether
immatures and breeding adults were equally likely to spend the non-
breeding period in the Northern or Southern Hemisphere, using a
Fisher's Exact Test. Second, because Southern Africa (Agulhas and
Benguela currents) was the main non-breeding region of imma-
tures (89.2%, n = 56) and breeding adults (51%, n = 112), we further
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investigated the probability of overwintering in Agulhas (p = 1) or
Benguela (p = 0) Current areas using a general linear model (GLM; bi-
nomial error structure) with age classes (4- to 6-year-old immatures,
7- to 9-year-old immature birds and breeding adults) as a covariate.
However, because immatures sample size was skewed towards
males (seven females, 25 males, five unknown sex; 2 = 9.36, df = 1,
p = 0.0025) and because wintering area choice by breeding adults
can be sex-biased (Pérez et al., 2013), females and birds with un-
known sex were removed from this analysis.

Moreover, because the North-West Atlantic resulted to be the
main stopover site, we investigated the probability of using that area
in relation to bird age (GLM, binomial error structure). To investigate
the fidelity of birds to the non-breeding destination, we modelled
the probability of switching between non-breeding destinations (i.e.
Brazilian Current, Central South Atlantic area, Benguela Current and
Agulhas Current) in consecutive years. To do that, we selected in-
dividuals with at least two migration journeys and fitted a GLMM
(binomial error structure) with breeding status (i.e. breeding adult vs.
immature) as an explanatory variable.

We recorded more than one migratory journey from some in-
dividuals, and therefore, we used bird identity (ID) as a random
effect in the above mentioned analyses. Finally, model selection
was performed using likelihood ratio tests (F or 42 as test statistic,
LRT) where a full model and nested models were compared (Zuur,
leno, Walker, Saveliev, & Smith, 2009). Whenever the explanatory
variables showed nonlinear relationships with the response vari-
able, logarithmic or square-root transformations were applied.
Also, sample sizes for each analysis varied according to the avail-
able information for each particular bird migratory journey. We
used model diagnostic plots to validate model results (Faraway,
2006). All analyses were performed using the software r 3.3.0 (R
Core Team, 2016).

3 | RESULTS

We analysed 164 migratory tracks of which 56 from 37 immature
Cory's shearwaters (age 4-9 years) and 108 from 81 adult breeders
(Table 1 and Table S1, Figures 1 and 2). Immatures of different ages
migrating to Southern Africa (89.2%, N = 56) did not show any differ-
ence in departure dates from colony and Canary Current (likelihood
ratio test: colony: LRT=0.17,df =1, p = 0.7; Canary Current: LRT = 1.5,
df =1, p = 0.22), neither in the crossing of geographic landmarks (par-
allel 10N: LRT = 1.5, df = 1, p = 0.21; meridian 10E: LRT = 1.8, df = 1,
p = 0.18; Table 1). Arrival time to the non-breeding area was similar
between immatures of different ages (LRT = 1.62,df = 1, p = 0.2) albeit
older birds reduced the duration of the southwards journey (Table 2-
M1) and stopped over less frequently (Table 2-M7, Figure 2f).

When we compared only individuals overwintering in Southern
Africa, thus accounting for potential differences in migratory des-
tinations, we found that the length of stay on the non-breeding
grounds shortened as immatures aged (Table 2-M3, Figure 2a), re-
flecting the progressive advancement of departure date from the

non-breeding grounds with age (Table 2-M2, Figure 2a,c). The dura-
tion of the pre-breeding journey (Table 2-Mé, Figure 2e) and the fol-
lowing arrival time at the colony (Table 2-M4, Figure 2b,d) were also
age-dependent, with older immatures reducing travelling time and
approaching the natal colony earlier as compared to younger peers.
However, mean pre-breeding migration speed did not correlate with
either departure date from the non-breeding area (LRT = 0.3, df = 1,
p = 0.60) or immatures' age (LRT = 0.7, df = 1, p = 0.41). This result
is explained by the fact that migration distance decreased with age
as well (Figure S4A). Conversely, the mean post-breeding migration
speed was positively correlated with the departure date from the
Canary Current, with a marginal effect of age (Table 2-M13), sug-
gesting that birds departing late increased their mean travel speed.
First-time breeders from any age class (6-9 years), namely immature
birds that after a migration event bred for the first time in the study
colony, arrived at the natal place significantly earlier than conspecif-
ics equal in age which did not recruit (Table 2-M10). Overall, migra-
tory timings of immature shearwaters shifted progressively towards
those of adult breeders until the point of synchronizing with them
(Table 1, Figure 2a,b). These results remain largely unchanged when
comparing migratory timings of birds travelling to/from different
non-breeding destinations (Table S1).

The non-breeding spatial distributions of both immatures and
adult breeders between the Southern versus Northern Hemisphere
were broadly similar except for the use of two areas in the North
Atlantic Ocean (p = 0.023, Fisher's exact test; Figure 3). No im-
matures used the Canary Current (adults used it 10.2% of cases,
N = 108) nor the North-West Atlantic (adults: 5.5% of cases) as main
non-breeding destinations. However, immatures temporarily visited
the North-West Atlantic (36% of the trips, N = 56) mainly on their
southwards journeys (>84% of cases), and more than breeding adults
(8%). The probability of using the North-West Atlantic as a stopover
site decreased progressively with age (Table 2-M11). Immatures
(N = 56) migrated to the Southern Hemisphere towards four main
non-breeding destinations: the Brazilian Current (8.9%), the Central
South Atlantic area (1.9%), the Benguela Current (44.6%) and the
Agulhas Current (44.6%). Southern Africa was the most preferred
non-breeding destination for all birds with males having a similar
probability of overwintering in Agulhas or Benguela Current regard-
less of their age class (LRT = 2.7, df = 2, p = 027). In general, imma-
tures were faithful to their main non-breeding destinations returning
to the same area 87.2% of the time (N = 32), with breed-
ing adults showing a similar rate (82.3%, N = 47; LRT = 0.81,
df=1,p=0.37).

When we analysed the year-round movement behaviour of birds

repeated journey

journey

wintering around Southern Africa, immatures travelled longer dis-
tances (approximated as the sum of daily longitude variations; see
Methods) in comparison to adult breeders (Table 2-M8). We ob-
tained comparable results even when not considering periods corre-
sponding to incubation and early chick-rearing, when adult breeders
are expected to travel shortest distances (Table 2-M9). However, we
did not find any difference in distance travelled by immatures in re-
lation to their age (LRT = 0.58, df = 1, p = 0.44).
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FIGURE 1 The annual-cycle schedules (a) of immatures and breeding adult Cory's shearwaters (BRP: breeding period; M: pre-breeding
migration; NB: non-breeding period, PBM: post-breeding migration). (b) A selection of five snapshots is presented to show changes in
migratory timings and distributions of Cory's shearwater according to age and breeding status (JAN: non-breeding period; FEB: adults' pre-
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breeding migration; APR: immatures' pre-breeding migration; MAY: pre-laying period; JUL-SEP: breeding period). Data were scaled (Min-Max

normalization of number of locations per 1 x 1 cell) to a fixed range of 0-1. Number of migration events is shown in parentheses
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FIGURE 2 Plots showing changes in migratory timings and the number of visited areas (stopovers) of immature Cory's shearwaters from
different age classes and of adult breeders (AB). (a) Sequential departures from Southern Africa non-breeding area and subsequent (b) arrival
date at the colony. (c, d) Within-individual changes in departure date from the non-breeding area and arrival date at the colony of immatures
with multiple migratory journeys (n = 13, eight birds during two seasons, four during three seasons and one during four seasons). Note how
each individual follows the general population trend as it ages; (e) duration of pre-breeding migration of birds overwintering in Southern
Africa; (f) proportion of birds using a different number of stopover sites regardless of their overwintering destination in relation to age.

Stopovers are mostly used during the post-breeding migration journey

The diversity of the spatial distribution across the six oceanic
macro-regions (DI) of immatures throughout the annual cycle de-
clined as the birds aged (Table 2-M12, Figure 4a). When we nar-
rowed the focus of the analysis to the breeding period (incubation
and chick-rearing), we found that both 4- to 6-year-old immatures
and 7- to 9-year-old immatures were more dispersed compared to
breeding adults, occupying a higher number of grid cells of the North
Atlantic (Figure 4b).

4 | DISCUSSION

This long-term study of known-age individuals revealed that the mi-
gratory behaviour of Cory's shearwaters changes progressively until
approximately the mean age of first breeding, at 9 years old. This
suggests a long process of learning and refinement, rather than the
simple running of a migratory programme that repeats itself through
the life of individual birds.
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TABLE 2 Summary of models used to investigate the variation in the migratory strategy of immature Cory's shearwaters (e.g. timings,
distribution) during the stage of maturation

Model significance
Model specification (LRT:;(Z, df, p) Variable Estimate + SE Statistics and p-value Sample size

Southern Africa non-breeding destinations

M1:(LMM) log10 (Duration post-breeding migration)

Model (intercept) versus (4.1,1,0.04) age -0.076 + 0.033 t=-2.31,0.037 49
Model (age) LiIndividual LRT: 42 = 3.09, 1,0.08
M2: (LMM) Departure date non-breeding ground
Model (intercept) versus (51.8, 1, <0.0001)
Model (age)
Model poly (age, 1) versus (6.003, 1,0.01) poly (age, 1) -118.2+12 t=-9.86,p < 0.00001 50
Model poly (age, 2) poly (age, 2) 29.57 £ 12 t=-2.47,p=0.027
1:Individual LRT: %< 0.0001, 1, 0.99
M3: (LMM) Duration non-breeding period
Model (intercept) versus (33.1, 1, <0.0001) poly (age, 1) -99.4 +12.6 t=-7.90,p < 0.00001 50
Model (age)
Model poly (age, 1) versus (11.8, 1, <0.0001) poly (age, 2) 45.6 +12.9 t=-3.54,p =0.0033
Model poly (age, 2) LiIndividual LRT: 42 =3.5,1,0.06
M4: (LMM) Arrival date at colony
Model (intercept) versus (63.0, 1, <0.0001)
Model (age)
Model poly (age, 1) versus (13.8, 1, 0.001) poly (age, 1) -158.3+11.8 t=-13.43,p < 0.00001 49
Model poly (age, 2) poly (age, 2) 5004+123  t=-4.08,p=00013
1:Individual LRT: y*=0.31,1,0.58
M5: (LMM) log (Arrival date nest)
Model (intercept) versus (20.3, 1, <0.0001) age 16.74 + 3.04 t=-5.51,p =0.0053
Model (age)
1:Individual LRT < 0.0001, 1, 0.99
Mé: (LMM) log (Duration pre-breeding migration)
Model (intercept) versus (11.3, 1, <0.0001) age -0.13 +£0.04 t=-3.50,p = 0.0036 49
Model (age) 1:Individual LRT: 42 < 0.0001, 1,0.98
M7: (LMM) log10 (Number non-breeding areas)
Model (intercept) versus (6.8, 1,0.009) age (7-9 years) -0.13+0.04 t=-2.9,p=0.01 50
Model (age classes) 1:Individual LRT: 42 = 0.59, 1, 0.44
M8: (LMM) log (Year-round travelled distance)
Model (intercept) versus (4.44, 1, 0.035) breeding status: -0.14 £ 0.06 t=-2.11,p=0.03 50+ 77¢
Model (breeding status?) adults
1:Individual LRT: ;(2 =11.7,1,
<0.0001
M9: (LMM) log (Non-breeding period travelled distance)
Model (intercept) versus (4.8, 1,0.029) breeding status: adult -0.14 £ 0.06 t=-2.19,p =0.03 50+ 77¢
Model (breeding status®) 1:Individual LRT: 4% = 9.1, 1,0.0025

All non-breeding destinations
M10: (GLM) Probability first breeding

Model (age + arrival date (0.04, 1,0.82) age - - 42
colony) versus Model (ar-
rival time colony)

Model (age + arrival date (5.0, 1,0.02) arrival date colony -0.101 + 0.005 z=-1.98,p=0.046
colony) versus Model (age)

(Continues)
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TABLE 2 (Continued)

Model significance

Model specification (LRT:xZ, df, p) Variable Estimate + SE Statistics and p-value Sample size
M11: (GLM) Probability using NW-Atlantic
Model (intercept) versus (7.0, 1, 0.008) age -0.97 £0.38 z=-2.54,p=0.011 37
Model (age)
M12: (LMM) Div. Distribution Index (DI)
Model (intercept) versus (11.0, 1, <0.0001) age -0.08 £0.02 t=-3.89,p=0.001 56
Model (age) L:Individual LRT: 4% = 8.1, p = 0.004
M13: (LMM) Post-breeding migration speed
Model (intercept) versus (4.3, 1,0.039) age -0.196 + 0.093 t=-2.09,p=0.055 56
Model (age + departure (27.1,1,<0.0001)  departure Canary 0.021+0.003  t=-5.91,p<0.0001
Canary Current) Current
1:Individual LRT: 2=5.9,p=0.015

Note: Only models including predictors selected by means likelihood ratio test (LRT) are presented. Estimated + SE, random effects and sample size
(number of migratory journeys), are also shown. The effect of age as an explanatory variable was preferentially explored as a polynomial function up

to the quadratic order (poly, 2; see Data analysis).

?Age classes: 4- to 6-year-old and 7- to 9-year-old immatures.
PBreeding status: immature versus breeding adult.
‘Immatures' journeys + adult breeders' journeys.

9One trip per bird.

MAIN NON-BREEDING DESTINATIONS

NW
Atlantic

i |Canary
i |Current|

IMMATURES (Ages)

Benguela
Current

Agulhas
Current

FIGURE 3 Migration flows of Cory's shearwaters from Selvagem Grande to their main non-breeding destinations. Immature group has

been split into different age classes (number of journeys 4 years:n=4; 5

years: n = 10; 6 years: n = 22; 7 years: n = 11; 8 years: n = 6; 9 years:

n = 3), whereas adult breeders (n = 108) are shown as one group (bubble area of both is proportional to the number of sampled individuals).
The main non-breeding destinations (e.g. Central Atlantic area; C) are shown as bubbles whose area is proportional to the number of
immatures migrating to each region. In the Northern Hemisphere (dotted square), the North-West Atlantic is only used by immatures as a

stopover site

This study does not include the migratory behaviour of young
shearwaters from fledging to the age of 3 years. Although we have
started to collect those data, we do not currently have a sufficient
dataset to test this learning and refinement hypothesis for this age
class, but the first tracks obtained seem to support this hypothe-
sis (authors, unpublished data). At 4 years old, and after, individuals

seem to have already become familiar with the main migratory routes

and destinations of this study population, and hence broadly use the
same ones as older immatures and adults (with small differences;
see below, Figure 1b). In contrast, the migratory schedules of 4- to
5-year-old animals differ markedly from those of breeding adults,
becoming progressively adult-like as birds age until reaching the time
of first breeding. By this time, their migratory timings and destina-
tions resemble those of breeding adults (Figure 1a). Therefore, our
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FIGURE 4 (a) Boxplot showing the decrease in spatial diversity
distribution (y-axis: DI) of breeding adults (AB) and immature
shearwaters as they progressively mature (x-axis: Age and AB).

Dl is an index adapted from the Shannon-Wiener index, and

it represents an estimate of spatial diversity in the (annual)
distribution of individuals over six oceanic regions identified as
the main Cory's shearwater's non-breeding areas (see Figure S3).
The total data range, the 25% and 75% quartiles (box), the median
values (black point), the outliers (coloured points) and sample size
(in parentheses) are presented. A minimum number of 130 days

of tracking per year and individual was set as the threshold to
include a bird in the analysis (see Materials and methods for
details). (b) The plot compares the spatial extent of the summer
distribution (between July and September) of 4- to 6-year-old
immature (number of journeys: 4-6 years, n = 36) and 7- to 9-year-
old immature (7-9 years, n = 20) Cory's shearwaters with those

of breeding adults (Adult, n = 108). The plot shows how at equal
sample sizes immatures of both age groups occupy a larger number
of cells (median £ 95% Cl). In fact, whereas breeders' cell number
(yellow line) seems to stabilize when approaching the maximum
sample size (N = 108), the median values of 4- to 6-year-old
immature (purple line) and 7- to 9-year-old immature (pink line)
shearwaters increase steeply above the values of breeding adults
with no sign of a stabilizing trend. For the sake of simplicity: larger
median values correspond to wider spatial distributions of birds

results support the hypothesis that in Cory's shearwater, there is
a progressive change of migratory strategies mediated by age and
experience. Changes in behaviour allow for temporal and spatial
refinements of migratory schedules, stopovers and destinations,
suggesting that the ontogeny of migratory strategy in long-lived
species is a complex and dynamic process that does not stabilize in

a fixed migratory strategy after only one or two migratory journeys

as proposed for various avian taxa (Boere & Stroud, 2006; Cresswell,
2014; McKinnon, Fraser, Stanley, & Stutchbury, 2014).

The progressive changes in spring migration phenology
(Figure 2a-d) shown by our cross-sectional and longitudinal data
suggest that age-related variations in such migratory components
are prompted by continuous individual improvements in the capa-
bility of adjusting the migratory schedule and of travelling in a more
direct way (reducing travelling distance), rather than augmenting
average speed of travel. Honing the capacity of adjusting internal-
clock mechanisms and responding to environmental cues before
approaching the age of first reproduction is crucial to face to the
multiple timing challenges imposed by long migrations, while suc-
cessfully fitting the necessary activities into an annual cycle. The
decrease in migration distance implies that immatures presumably
improved their navigational abilities and spatial learning as they get
older, which resulted in a gradual optimization of migratory routes
(Figure S4A), use of stopovers (Figure 2f) and travel time (Table 1;
Figure 2e; Figure S4). Similar results have been observed in other
long-lived, long-distance migrants as the black kite (Milvus migrans)
or the honey buzzard (Pernis apivorus) where the capacity to use
winds or to increase the speed of migration are tuned rapidly in the
first years of life (Hake, Kjellén, & Alerstam, 2003; Sergio et al., 2014)
while navigational skills enabling individuals to use optimal routes
seem to require several years before being acquired (Berdahl et al.,
2018; Mueller, O'Hara, Converse, Urbanek, & Fagan, 2013; Sergio
et al., 2014).

There are consistent across-avian taxa observations of younger
birds arriving later to the breeding grounds than older individuals
(Hockey, Turpie, Velasquez, & FitzPatrick, 1998; McKinnon et al.,
2014; Sirot & Touzalin, 2014). In many long-distance migratory spe-
cies, the shift from “late” to “early” spring migration strategy occurs
at the individual level between the first and second spring migration
(McKinnon et al., 2014). In contrast, we showed that Cory's shear-
waters, similarly to other long-lived species (Sergio et al., 2014),
can take years up to 9 years to complete this transition. An alter-
native explanation to the “exploration-refinement” hypothesis sug-
gests that the "later" spring migration of younger migrants might be
evolved as an adaptive strategy (as opposed to a condition-depen-
dent or an ability-dependent strategy) to avoid competition (Kokko,
1999) with experienced (McKinnon et al., 2014) and dominant adults
(Francis & Cooke, 1990). Such a hypothesis could also apply to our
study species where the spatial segregation between subdominant
immatures and experienced adults is maintained throughout a large
part of the breeding season (Figure 1b).

Regardless of the strategy used to return early to the breed-
ing grounds, spring migration is believed to be time-selected to a
higher degree than autumn migration, with early arrival increasing
the probability to attempt and breed successfully (Bejarano & Jahn,
2018; Kokko, 1999; Smith & Moore, 2005). The Cory's shearwater
is no exception to this (Catry, Dias, Phillips, & Granadeiro, 2013). In
fact, first-time breeders (of any age) arrived significantly earlier at
the colony than conspecifics equal in age that did not recruit, indi-
cating that recruits can have a selective advantage in arriving early.
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In general, when in the natal region, non-breeding immature birds
attend the colony during brief visits interspersed with foraging trips
at sea. They spend time ashore socializing in the evening/night.
Younger birds usually do not own a burrow or a potential nest site
where they spend any length of time, while older birds may have
acquired a burrow allowing them to be present in the colony during
the day. The progressive advancement of colony arrival date with
age may help establish partnerships or secure nest sites for future
breeding.

Ageing immature birds also showed remarkable changes in the
length of stay and departure times from the non-breeding grounds
up to synchronizing their schedule with those of breeding adults
(Figure 2a,c). How birds keep track of the time spent in the non-
breeding quarters and know when it is time to leave is likely linked
to the interplay between internal-clock mechanisms and the ability
to track environmental conditions across the annual cycle (Akesson
et al., 2017; Kramer, 1957). Moreover, the temporal mismatch of at
least 1 month (see Table 1 and Figure 2a,b) in the spring migration
timings between adults and 4- to 5-year-old immatures suggests
that younger generations are not relying on the cultural transmis-
sion of migration-route choices from adult individuals. This does not
exclude that in shearwaters, social transmission of knowledge might
be taking place along different age classes with younger individuals
copying or learning from older conspecifics closer in age. In some
long-lived and long-distance migrants, such as storks and cranes,
innate capacities alone are not sufficient to develop migratory be-
haviour and social learning from older individuals is crucial (Mueller
et al., 2013; Rotics et al., 2016). Moreover, in Cory's shearwater, cul-
tural transmission cannot yet be ruled out as the departure dates
from colony of fledglings and adults may show a substantial overlap.
However, preliminary data currently being collected on fledglings'
migration movements suggest that they are not following adult
individuals.

Breeding adult and immature shearwaters overlapped exten-
sively in their southern destinations, but only adult breeders ex-
tensively used the Canary Current and the North-West Atlantic
as a wintering destination (Figure 3). Previous works highlighted
significant reproductive benefits (i.e. more chances to breed) for
adult shearwaters that reduce migration distance by remaining sed-
entary in the Canary Current and are consequently able to arrive
earlier to their nesting sites the following spring (Catry et al., 2013;
Pérez et al., 2013). Following this reasoning, compared to imma-
tures, breeders have a greater incentive to stay in the Northern
Hemisphere and endure the boreal winter while remaining close to
the natal areas. Despite this, in the winter preceding recruitment,
none of our birds chose to overwinter in the Northern Hemisphere,
suggesting a trade-off between migration distance and the quality
of the wintering site and that wintering in proximity to the breed-
ing grounds may not be the best option for younger or less experi-
enced individuals.

The diversity of use of various oceanic domains declined as
the birds aged (DI; Figure 4a) suggesting a behavioural transition
from a more explorative strategy in younger individuals to a more

conservative way of exploiting resources typical of more experi-
enced individuals. Active exploratory movements often observed
in the youngest age classes (Campioni, Granadeiro, & Catry, 2017,
Orben et al,, 2018; Péron & Grémillet, 2013; Riotte-Lambert &
Weimerskirch, 2013) may promote individual learning, a process
that in long-lived species allows individuals to make a diversity of
choices concerning strategies to be used later in life. Surprisingly,
perhaps, this exploration did not translate into a lower repeatabil-
ity in the choice of the main wintering areas when compared to
adults. Adults in this species are generally site-faithful, but show
regular shifts in wintering areas whose drivers are still largely un-
known (Dias et al., 2011). It is possible that by 4 years of life, our
immature shearwaters had already explored enough to become
familiar with the various wintering areas available and had made
their main choices.

During the breeding season, the spatial distribution of breeding
adults was concentrated in the Canary Current area while immatures
were more widely spaced out in the North Atlantic (Figures 1b and 4b).
At this stage, adults are highly constrained by the need to frequently
attend the nest site, while immatures are free to roam and explore as
well as to potentially select areas where they can avoid competition
from breeding conspecifics. Such competition is likely intense in the
Canary Current, where adults from various large colonies regularly for-
age (Ramos et al., 2013). Evidence for spatial and/or trophic segregation
between adult and immature individuals during the breeding season
has recently been reported in Cory's shearwaters and other long-lived
top predators (Campioni, Granadeiro, & Catry, 2016; Fayet et al., 2015;
Jaeger et al., 2014; Votier, Grecian, Patrick, & Newton, 2011).

To conclude, the present work provides new and missing infor-
mation on the ontogeny of migratory strategy in long-lived species
(but see Sergio et al., 2014; Weimerskirch et al., 2014). We outlined
here that the refinement of migratory behaviour and year-round spa-
tial distribution of shearwaters is a gradual and prolonged process
mediated by age and experience, which may even persist through-
out an animal's life. Nevertheless, life stage-specific constraints and
competition for resources also seem to play a role.
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