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Global changes are inducing migratory birds to advance their annual cycle. However,
changes in the time of arrival at their breeding grounds have significant fitness
implications. This study aims to identify factors affecting the variability in arrival time
of migratory white storks (Ciconia ciconia L.) and to determine if their arrival at North
African breeding grounds is occurring earlier. We monitored the arrival of ringed white
storks at a breeding colony in Algeria between 2017 and 2021. The birds arrived at this
breeding colony over an extended period spanning mid-December to mid-June each
year. We found that stork arrival was negatively correlated with age and year of arrival,
with older birds arriving first and stragglers consisting of first- and second-year birds
arriving later. Notably, arrivals have been shifting toward earlier dates at this breeding
ground. Furthermore, cluster analysis of arrival dates for each age-class revealed two
distinct groups comprising early and late arrivals. Advancement of the annual cycle of
the North African white stork population is consistent with phenological shifts induced by
global changes and that have been recorded globally in a wide range of living organisms.

Keywords: arrival time, Ciconiiformes, climate change, interannual variation, interindividual variation, long-
distance migration, North Africa

INTRODUCTION

Arrival time is a key life history trait for long-distance migrants endeavoring to reach their breeding
grounds when environmental conditions are optimal for migration and breeding (Tomotani et al.,
2021). It is also central to our understanding of how evolution has shaped bird migration (Gienapp
et al., 2008), particularly in light of the trade-off between costs and benefits inherent to migratory
behavior (Møller, 1994).

Several studies have explored factors influencing arrival time of migratory birds (reviewed by
Newton, 2007a). Among these, bird age is known to affect arrival time (Møller, 1994; Lozano et al.,
1996; Moore et al., 2003). However, interindividual variation in arrival time has often been viewed
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simply as differing between juveniles and adults (Rotics et al.,
2018), with research consistently showing that first-year juveniles
fare far worse than adults (Dittmann and Becker, 2003; Sergio
et al., 2014) during their grueling first migratory flight because
they expend considerably more energy in costly flapping flight
(Rotics et al., 2016). Given the causal link between phenology
and individual fitness (Drent et al., 2003), this early handicap
for young birds may have long-lasting effects, as arrival time is
negatively correlated with age (Belabed et al., 2019).

Other intrinsic factors that mediate variation in arrival time
include sex (Ouwehand and Both, 2017), physical condition
(Matyjasiak et al., 2013; Cooper et al., 2015), and overwintering
location (Rotics et al., 2018). However, additional factors are
difficult to disentangle from age. For instance, older birds may
have better navigation skills (Perdeck, 1967; Mueller et al.,
2013), perform better or rely more on soaring flight (Harel
et al., 2016; Rotics et al., 2016), overwinter closer to breeding
grounds (Teitelbaum et al., 2016), exhibit more experience
in finding optimal flight paths (Mueller et al., 2013; Sergio
et al., 2014), or exert social dominance on congeners enroute
(Moore et al., 2003).

Importantly, interannual variability in arrival time has been
shown to co-vary with environmental factors such as temperature
at the breeding grounds and along the migration route (Hüppop
and Hüppop, 2003; Marra et al., 2005; Gordo, 2007; Gordo
et al., 2013; Vaitkuviene et al., 2015). There is now global
consensus that human activity has caused the rapid rise in
the average temperature of the Earth’s surface (IPCC, 2014).
To date, many studies have uncovered congruence between
temperature-related shifts and altered species phenology and
distribution, with species advancing their annual cycles (Walther
et al., 2002; Root et al., 2003; Menzel et al., 2006) and shifting
their altitudinal or latitudinal distributions (Chen et al., 2011;
Boisvert-Marsh et al., 2014).

One subtle threat has come from insights into migrant birds
and changing selection pressures on avian life history traits
(Coppack and Both, 2002; Both and Visser, 2005), leading to
possible trophic mismatches between the timing of breeding
and food supply (Visser et al., 1998, 2004; Menzel et al., 2006).
Consequently, species that are unable to shift their breeding
period to match advances in seasonal phenology are in decline
(Both et al., 2006; Møller et al., 2008; Saino et al., 2011). Thus,
given the strong associations between global warming and other
anthropogenic activities such as food subsidies provided by
landfills (Gilbert et al., 2016), breeding and population dynamics,
it is important to monitor changes that may provide important
insights into the plasticity displayed by long-distance migratory
birds and their possible responses to climate change.

As a long-distance migrant now known to be arriving earlier
at its breeding grounds (Ptaszyk et al., 2003), the white stork is
an excellent biological model for exploring the evolution of bird
migration and the impact of global changes. Timings of both
arrival and reproductive performance are closely linked, implying
that strong selective pressures act on these two life history traits
(Tryjanowski et al., 2004; Belabed et al., 2019). However, attempts
to define a relationship between arrival time and reproductive
success in birds (e.g., number of chicks raised) have generated

apparently contradictory results, with some studies uncovering
a significant link (Tryjanowski et al., 2004; Belabed et al., 2019),
whereas others did not (Vergara et al., 2007; Fulin et al., 2009).
Thus, more research is needed to disentangle all of the factors
(age, body condition, climate, etc.) affecting the timing of arrival
and their relationships with other life history traits. Considering
the inherent plasticity of bird migration (Newton, 2007a) and
the intricate link between phenology and fitness, predicting the
effects of global warming on bird migration patterns is complex
yet essential to inform conservation efforts. The study colony
may provide insights on how the breeding phenology of long-
lived migrants varies when there is no strong selective pressure
for matching with local spring timing as the urban food subsidies
may dilute such selective pressure. Thus, modeling the time of
arrival of migrant species at their breeding grounds enables key
factors influencing bird migration and reproductive success to
be identified. Such modeling approaches may also help predict
changes in population dynamics resulting from variations in
these driving factors. In this study, we aim to identify factors
affecting variability in the arrival time of white storks at a North
African breeding ground and we particularly wanted to answer
the following questions:

1. Is age a driver of arrival time in the white stork?
2. Is the study population advancing its arrival at its breeding

ground?
3. Within each age-class, are there individuals that arrive

consistently earlier than others?

MATERIALS AND METHODS

Algeria supports a large population of white storks located at
the southern edge of the species’ breeding range, where they are
clustered in loose colonies. One such colony in an olive grove near
Dréan, Algeria (36◦ 41.170′ N, 7◦ 41.520′ E), is situated 300 m
away from the largest landfill site in the region (Bouriach et al.,
2015). The breeding season at Dréan extends from the end of
February to mid-July (Belabed et al., 2019). From 2011 to the
current time, the breeding ecology of the white stork population
at this site has been monitored and, every year before fledging,
surviving chicks are fitted with a Darvic PVC ring bearing a
unique code. Between 2017 and 2021, the size of the colony
fluctuated between 210 and 265 breeding pairs and starting from
2017, every week we recorded the first arrival date of each ringed
white stork at the colony using telescopes (Belabed et al., 2019).
The weekly transect includes the olive grove where breeding
occurs, the adjacent landfill, and the bordering fields. In addition,
during the breeding season (March to July), an additional weekly
visit is carried out to monitor active nests but any new arrival
in the colony and environs is also recorded. Arrival dates were
determined as day-of-the-year (DOY) starting from January 1.

Statistical Analysis
Initial data exploration was carried out by seeking outliers
and assessment for zero inflation. To test the influence of age
and year on arrival date and to avoid pseudoreplication, we
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conducted a generalized additive mixed model (GAMM) using a
log-link function and a Poisson error distribution. The GAMM
was performed using the package “gamm4” with the default
penalized thin plate regressions splines and the default number
of basis functions (Wood et al., 2012). Bird age and year of
arrival were used as fixed effects, whereas individuals were
included as random variables to account for repeat records and
intra-individual variance. Sex could not be incorporated as an
independent variable because not all birds had been sexed. Model
validation included tests of homogeneity, normality, influential
observations, and independence, which were carried out to check
model robustness. To account for the residual variance within
each age class, we ran a hierarchical cluster analysis (HCA) (Jain
et al., 1999) on arrival time of a cohort of individuals aged
2–10 years between 2017 and 2021. HCA was conducted using
the package “MASS” (Venables and Ripley, 2002). Furthermore, a
linear regression between arrival date (response variable) and age
(explanatory variable) was performed for each cluster resulting
from the HCA using the package “stats.” All statistical analyses
were performed using R (R Development Core Team, 2021).

RESULTS

Between 2017 and 2021, we collected 410 records from 153
individual birds (aged 1–10 years) ringed as fledglings between
2011 and 2020 (Table 1) and corresponding to 1–5 records per
individual. Over the past 5 years, first arrival dates varied, with
the earliest being 19 December (9- and 10-year-old individuals)
and the latest being 7 June (1-year old individuals) (Figure 1A).
Density plots of numbers of arrivals against arrival dates for
different years clearly indicate a consistent trend for earlier arrival
dates in more recent years (Figure 1B), a trend that is less
apparent for the second quartiles, and that dissipates for the
final two quartiles.

A preliminary analysis by applying loess smoothing curves
seemed to confirm a negative relationship between age and arrival

TABLE 1 | Numbers of returning white storks recorded between 2017 and 2021
(columns) that had been ringed between 2011 and 2020 (rows).

Ringing year Arrival year

2017 2018 2019 2020 2021

2011 (163) 12 9 8 8 7

2012 (130) 12 11 11 11 10

2013 (123) 10 13 10 7 7

2014 (115) 13 14 13 11 10

2015 (130) 24 23 19 15 16

2016 (116) 0 3 5 2 2

2017 (125) X 0 5 3 3

2018 (138) X X 6 30 24

2019 (150) X X X 2 20

2020 (150) X X X X 1

Total 71 73 77 89 100

Number of ringed nestlings are given in parentheses.

date (Figure 2A). The GAMM model indicated a non-linear
relationship between date of arrival and age, with older birds
arriving earlier at the Algerian breeding ground (Table 2). This
negative relationship is somewhat linear for birds aged between
1 and 5 years, with the slope gradually leveling off for older
birds (Figure 2B). Our GAMM results also revealed that, after
accounting for age, there is a significant trend for birds to arrive
earlier at Dréan over the last 5 years (Table 2 and Figure 2C).
In fact, the distribution of arrival dates indicates that the Dréan
colony is arriving earlier at this breeding ground by ca. 9 days
over the last 4 years.

In addition, an HCA indicated that 2–10-year-old birds could
be separated into two distinct clusters, which we have labeled
“early” and “late” arrivers. Although these two clusters display
slight overlap in their distributions of arrival dates (Figure 3),
perhaps due to sex effects, arrival dates within each cluster is
consistently distinct across all five age-classes we considered, as
confirmed by linear regressions (Figure 4). Between 2017 and
2021, and within each age class, “early” birds, as defined by HCA,
arrived regularly ahead of time of “late” birds. The disappearance
of the slopes of the linear regressions after 2018 simply reflects
the absence of 2–3-year-old birds after that year.

DISCUSSION

Our study presents evidence that age is the main determinant
of the onset of arrival of white storks at their North African
breeding grounds. Arrival at these breeding grounds is negatively
correlated with age, with older birds arriving before younger
individuals, allowing them to settle predominantly on their
previous nest sites and thereby avoid the energetic costs of
ousting other birds or building new nests. Accordingly, age is also
a key factor in egg-laying time and breeding success given their
known links to time of arrival (Belabed et al., 2019).

Age-dependent effects may affect fitness profoundly and
perpetuate long into a bird’s lifespan (Martin, 1995). There
are several possible mechanisms by which age may influence
the arrival time of migrant birds. Older birds may select
overwintering sites close to their breeding grounds (Teitelbaum
et al., 2016), whereas younger birds might disperse further to
avoid competition. Older birds may also be better flyers (Rotics
et al., 2016) or have amassed greater experience in orienting
themselves during travel (Thorup et al., 2003). They may also
possess better knowledge of foraging sites (Mueller et al., 2013;
Sergio et al., 2014), thereby allowing them to achieve better body
condition sooner and facilitating earlier initiation of migration.
The bimodal distribution of the arrival dates and the varying
shape of the fourth quartile recorded at Dréan might be explained
by the differential arrival of resident birds and recruits, but other
hypotheses cannot be ruled out. Further studies are necessary to
unravel all the mechanisms by which older migratory birds tend
to precede younger ones at breeding grounds.

Even after accounting for age, there still remains a
considerable amount of variation in arrival dates, with one
cohort of birds consistently arriving early and another arriving
later (Nolan, 1978; this study). Many explanations have been
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FIGURE 1 | Arrival dates of white storks at the Dréan colony (Algeria) between 2017 and 2021: (A) histogram, (B) density plots displaying quartiles.
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FIGURE 2 | Scatter plots of yearly arrival dates for white storks against bird age between 2017 and 2021 (A), GAMM model fit displaying arrival dates against age
(B), and GAMM model displaying arrival dates against year (C).

proposed to account for this variability observed in many
migratory bird species (Drent et al., 2003), some of which may
not be mutually exclusive (wintering site location, sex, body
condition, etc.).

While the specific wintering locations are not known for the
Dréan population as only three records/recoveries have been
obtained so far: Niger, coastal Libya and Israel (unpublished
data), Algerian and Tunisian white storks are known to winter
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TABLE 2 | Estimated regression parameters, standard errors, t-values, and
p-values for the GAMM.

Parametric coefficients Estimate Std. error t-value p-value

Intercept 58.00 2.48 23.4 <2e–16

Year_2018 −5.38 2.33 −2.31 0.022

Year_2019 −6.93 2.50 −2.77 0.006

Year_2020 −7.78 2.68 −2.91 0.004

Year_2021 −8.94 2.8 −3.10 0.002

Smoothterms edf Ref. df F-value p-value

s(Age) 5.25 5.25 108.1 <2e–16

edf, effective degree of freedom; Ref. df., reference degree of freedom.

in and around the Lake Chad basin with some individuals
dispersing widely in West, Central, and Eastern Africa (Heim de
Balsac and Mayaud, 1962; Schulz, 1988; Lauthe, 1989).

To date, few studies have investigated the wintering
distribution of North African white storks in any systematic
way (Mullié et al., 1995). However, a recent study of juveniles,
fitted with high-resolution, solar GSM-GPS-ACC loggers, from
neighboring Tunisia indicated that they winter during the first
5 months in a relatively narrow latitudinal band south of the
Sahel zone (Flack et al., 2016). If confirmed and extended to all
age and sex groups, this lack of strong latitudinal segregation
in wintering grounds among North African white storks would
imply limited effect from wintering location on arrival date at the
breeding grounds.

Furthermore, sex and genetic components cannot be excluded
as factors contributing to this age-independent variability.
For instance, protandry (males systematically arriving before
females) has not been demonstrated unequivocally in white
storks (Barbraud and Barbraud, 1999; Vergara et al., 2007;
see Gordo et al., 2013), though discrepancies among datasets
may be attributable to sexing errors or small sampling sizes
(Rotics et al., 2018). Accordingly, further detailed studies
are needed to investigate this phenomenon and test the
protandry hypothesis.

In addition, our study indicates that white storks are arriving
at the breeding grounds earlier in more recent years. To
circumvent shortcomings associated with previous analytical
approaches (discussed further below), we assessed the entire
distribution of arrival dates for the colony at Dréan. In doing
so, we have shed light on the importance of the colony age
structure, as revealed by the different trend displayed by the third
and fourth quartiles of our density distributions (Figure 1B)
relative to the first and second quartiles, with the pattern of the
third and fourth quartiles very much dependent on survival of
younger birds. This latter scenario is supported by the notable
lateral extension of the fourth quartiles in years when colony
recruitment is high, i.e., late arrivals are more abundant. German
and Austrian young storks have been shown to overwinter
“closer-to-home” (Cheng et al., 2019). This strategy implying
shorter distance migrantions increases their survival probability
and allow them to arrive earlier at their breeding grounds (Cheng
et al., 2019). Such flexible strategy could explain the rapid shift

in arrival time but this hypothesis needs to be tested for North
African white storks.

Previous studies of the arrival time of migrant birds, especially
long-distance migrants, have suffered from methodological
limitations (Gordo et al., 2013) or lack strong theoretical
frameworks. Thus, much of the published research to date has
been descriptive in nature and is focused on a limited set of
species. Some previous analyses of migrant arrival dates assessed
the first field record of a given species in each year (Lehikoinen
et al., 2004; Knudsen et al., 2011), but such analyses are sensitive
to population size and sampling effort biases and only pertain
to the left-hand portion of the arrival date distribution (Miller-
Rushing et al., 2008; Wilson, 2013). Other studies focused on
the mean or median date of arrival (Tryjanowski and Sparks,
2001; Kullberg et al., 2015), whereas others employed quartiles to
distinguish early and late breeders (Wilson, 2007; Lourenço et al.,
2011; Janiszewski et al., 2013).

Despite our limited time-series (5 years), we argue that our
results unambiguously demonstrate age as the predominant
driver of arrival timing patterns in this white stork colony.
Furthermore, the fact that we detected a trend in earlier migration
(∼-2.3 days year−1) within such a small time frame suggests
that climate change might be having a stronger impact now than
reported previously (Knudsen et al., 2011). Alternatively, since
climate change patterns differ spatially, local bird populations
may respond accordingly (Martin et al., 2016). Although direct
comparisons are fraught with methodological difficulties, the
change in arrival date for North African white storks is far
greater than the mean −0.4 days year−1 earlier migration
recorded for European migrating birds (Lehikoinen et al., 2004).
Similarly, white storks in western Poland have been recorded as
arriving in wintering grounds ca. 10 days earlier than they did a
century ago (Ptaszyk et al., 2003). Moreover, local environmental
changes may also influence arrival dates, with earlier arrival dates
of −0.31 and −0.62 days year−1 for rural and urban Polish
birds, respectively (Tryjanowski et al., 2013). Given that certain
environmental changes are likely to vary in a non-linear fashion,
even faster responses might be expected. Thus, further studies are
warranted to explore if these observed changes in bird migratory
patterns are part of a long-term trend.

There are significant fitness benefits associated with arriving
early at breeding sites, but there are also notable costs. For
instance, early arrival time has been linked to enhanced breeding
success (Smith and Moore, 2005), with early-arriving birds
acquiring better quality nesting locations and territories (Bensch
and Hasselquist, 1991; Aebischer et al., 1996), having greater
success at finding mates (Møller, 1994; Lozano et al., 1996; Smith
and Moore, 2005; Gunnarsson and Tómasson, 2011; Janiszewski
et al., 2013), and producing early-hatching offspring that may
exhibit greater survival (Verboven and Visser, 1998; Monros
et al., 2002; Lok et al., 2017).

However, the arrival time at breeding sites of migrant
birds is usually constrained by stabilizing selection (Kissner
et al., 2003), with costs associated with low food supply and
adverse weather conditions during migration and upon arrival
at the breeding grounds (Whitmore et al., 1977; Brown and
Brown, 2000; Newton, 2007b). This trade-off may vary according
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FIGURE 3 | Distributions and boxplots of arrival dates for “early-” and “late-arriving” white storks between 2017 and 2021.

FIGURE 4 | Linear regressions for the “early” and “late” arrival dates of white storks, sorted by age (represented by ringing year, x-axis). Data points have been
jittered across the x-axis.

to geographical regions. For instance, early-arriving birds in
North Africa may face less onerous costs than birds in central
Europe, even though infrequent weather extremes do occur
in the former so that sharp temperature declines have led
to mass breeding failures in mixed colonies of herons (B.S.
unpublished).

Another cost associated with early arrival is that food may be
in short supply. Indeed, a common concern is that the impact
of global warming on communities may lead to a decoupling

of phenological relationships between species and their prey,
resulting in mismatches and population decline (Durant et al.,
2007; Møller et al., 2008). However, landfill sites (such as occur
near Dréan) and availability of other anthropogenic food sources
may offset such a limitation. Indeed, many birds, including
white storks, regularly rely upon urban food subsidies during
the breeding season (Gilbert et al., 2016). Over the last two
decades, a multiplication of landfill sites has considerably altered
the Algerian landscape, leading to increased population sizes of

Frontiers in Ecology and Evolution | www.frontiersin.org 7 May 2022 | Volume 10 | Article 841744

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


fevo-10-841744 April 30, 2022 Time: 17:57 # 8

Athamnia et al. Variability in Arrival Time of White Storks

commensal species such as cattle egrets Ardea ibis, yellow-legged
gulls Larus michahellis, and white storks. Consequently, selective
pressures on white storks to synchronize their breeding cycle with
food supplies may slacken (Lack, 1968).

Climate change is widely accepted as causing phenological
shifts worldwide, including changes in migration schedules that
represent compelling evidence of adaptive responses by living
organisms. For instance, previous analyses of environmental
factors affecting the spring arrival of migrant birds revealed an
association with mean spring temperatures and fluctuations of
the North Atlantic Oscillation (NAO), which drives weather
patterns in western Europe, North Africa, and North America
(Hüppop and Hüppop, 2003; Vähätalo et al., 2004; Wilson, 2007,
2009). Moreover, climatic conditions at overwintering sites have
been shown to influence the migration schedules of long-distance
migrants (Gordo et al., 2005).

Given that early arrival is an important determinant of
breeding success (Belabed et al., 2019), we anticipate that the
Algerian colony of white storks will continue to arrive early
at Dréan in the absence of stabilizing selection (Brinkhof
et al., 2002). Climate-driven evolutionary changes may not
only affect the timing of spring migration, but also influence
migratory behavior. Where costs associated with early arrival
are partially offset by the presence of landfills, it may become
advantageous for white storks to reside year-round in breeding
grounds if the time frame to be devoted to migration can be
shortened considerably and food subsidies are available. Indeed,
over the last three decades, white storks have taken advantage
of the large-scale habitat transformation engendered by the
multiplication of landfills, overwintering at certain breeding
grounds in southern Europe and North Africa rather than
migrating at all (Tortosa et al., 1995; Samraoui, 1998; Gilbert
et al., 2016). Nevertheless, the strong dependence of white storks
on food wastes entails other perils, particularly biocontamination
(Plaza and Lambertucci, 2020).
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