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Variation in migratory behavior is the result of different individual strategies and

fluctuations in individual performances. A first step toward understanding these

differences in migratory behavior among individuals is, therefore, to assess the relative

contributions of inter- and intra-individual differences to this variation. We did this

using light-level geolocators deployed on the breeding grounds to follow continental

black-tailed godwits (Limosa limosa limosa) throughout their south- and northward

migrations over multiple years. Based on repeated tracks from 36 individuals, we found

two general patterns in godwit migratory behavior: First, migratory timing in black-tailed

godwits varies mostly because individual godwits migrate at different times of the year.

Second, individuals also exhibit considerable variation in timing within their respective

migratory windows. Although the absolute amount of inter-individual variation in timing

decreased over the course of northward migration, individual godwits still arrived at their

breeding grounds across a span of more than 5 weeks. These differences in migratory

timing among individuals are larger than those currently observed in other migratory bird

species and suggest that the selective forces that limit the variation in migratory timing

in other species are relaxed or absent in godwits. Furthermore, we could not attribute

these individual differences to the sex or wintering location of an individual. We suggest

that different developmental trajectories enabled by developmental plasticity likely result

in these generally consistent, life-long annual routines. To investigate this possibility and

to gain an understanding of the different selection pressures that could be acting during

migration and throughout a godwit’s life, future studies should track juvenile godwits and

other migratory birds from birth to adulthood while also manipulating their spatiotemporal

environment during development.

Keywords: migratory behavior, repeatability, shorebird, developmental plasticity, light-level geolocators

INTRODUCTION

Long-term mark-recapture studies and the rapid development of tracking technologies
have revealed the migratory patterns of many avian migrants (Berthold, 2001; Newton,
2008; Bridge et al., 2011). These migratory patterns are always characterized by some
degree of variation, such as individuals migrating at different times and toward different
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destinations (Berthold, 2001; Newton, 2008). Such population-
level variation in migratory patterns is the result of both
inter- and intra-individual differences (Vardanis et al., 2011;
Conklin et al., 2013). The amount of consistent variation among
individuals (i.e., inter-individual variation) is subject to selection:
only those strategies that ensure survival will remain in the
population and over the long-term those strategies that maximize
fitness will be selected (Alerstam et al., 2003).

For instance, the timing of arrival on the breeding grounds, in
particular, is thought to be under strong selection in migratory
birds in order for individuals to procure high-quality breeding
territories and breed in synchrony with consistently timed local
resource peaks (Alerstam et al., 2003). Inter-individual variation
in this component of migration is therefore usually expected to be
small (Kokko, 1999; Bety et al., 2004; Both et al., 2006). However,
selection can also favor multiple canalized strategies and thus
lead to large inter-individual variation within a population. This
can happen as a result of fluctuating environmental conditions
(e.g., serial residency; Cresswell, 2014) or frequency-dependent
processes (e.g., partial and differential migration; Lundberg, 1988;
Chapman et al., 2011).

Most environments, however, are neither entirely consistent
nor entirely predictable, which can affect the consistency with
which individuals are able to perform their migrations (e.g.,
Studds and Marra, 2011). In addition, an individual can
exhibit different migration strategies with increasing experience
(e.g., individual improvement; Sergio et al., 2014), because
the environment requires flexibility (e.g., nomadism; Pedler
et al., 2018), or because the environment allows flexibility
(e.g., the absence of carry-over effects; Senner et al., 2014).
Differences in an individual’s migratory behavior across years
(i.e., intra-individual variation) therefore also contribute to
migration variation at the population level (sensu Conklin et al.,
2013). Thus, the amount of observed variation in migratory
behavior within a population can result from (1) differences
among individuals, which are consistent, and (2) differences
within individuals, which are expected to vary according to
the predictability and consistency of the environment and the
individual’s ability to respond to environmental changes.

A first step toward understanding why migratory patterns
vary within populations is to consider the relative contributions
of both inter- and intra-individual variation to the amount of
variation at the population level (Senner et al., 2015b). To do
this, the performances of multiple individuals must be measured
across multiple years. These repeated measures allow for the
calculation of repeatability (r), which reflects the proportion
of population-level variation that can be attributed to inter-
individual differences (Nakagawa and Schielzeth, 2010). The
non-repeatable fraction (1-r) therefore reflects the contribution
of intra-individual variation. However, a high r value—where
inter-individual variation is proportionally larger than intra-
individual variation—can result from either large variation
among individuals, high consistency within individuals, or both
(Conklin et al., 2013).

Black-tailed Godwits (Limosa limosa limosa; hereafter
“godwits”) are long-distance migratory birds that breed in
Europe and have a large non-breeding range—a quarter of the

population winters north of the Sahara on the Iberian Peninsula
(Márquez-Ferrando et al., 2014), while the majority winters
south of the Sahara in the Sahel zone ofWest Africa (Hooijmeijer
et al., 2013; Kentie et al., 2017). There is also large variation in
the migratory timing of godwits (Lourenço et al., 2011; Senner
et al., under review). This is especially true during northward
migration: at the population level, variation in departure dates
from the African wintering grounds and Iberian stopover sites
span more than 10 weeks, and even arrival at the breeding
grounds can vary by up to 5 weeks (Lourenço et al., 2011;
Senner et al., under review). Inter-individual differences play
an unexpectedly important role in this considerable variation—
accounting for the majority of observed variation in departure
to the north (r = 0.76) and nearly half the observed variation
in arrival on the breeding grounds (r = 0.49; (Senner et al.,
under review).

Because selection determines the amount of variation in
migratory timing among individuals, this raises two major
questions about godwit migration: (1) Why isn’t the role of
inter-individual variation small, as it is in most other long-
distance migrants (Newton, 2008; Stanley et al., 2012; Conklin
et al., 2013)? and (2) What is the source of this surprisingly
large amount of inter-individual variation? (Senner et al., under
review) address the first question, suggesting that the large
variation among individuals in godwits exists because of relaxed
selection on migratory timing. This study addresses the second
question, investigating the source of inter-individual variation
in migratory timing in godwits. We describe the timing of
migration and the wintering location of 70 individuals, of which
36 individuals were followed for multiple years. We calculate the
repeatability of migratory timing and wintering location to assess
whether individuals consistently winter either north or south of
the Sahara and to identify the relative contributions of inter-
and intra-individual variation to total population-level variation.
Then, we use sex and wintering location to explain some, but not
all, of the large amount of inter-individual variation. Ultimately,
we are unable to account for the remaining variation that occurs
between individuals and so we discuss in detail other sources—
such as differences in developmental trajectories—that may be
contributing to this phenomenon.

MATERIALS AND METHODS

Fieldwork
Fieldwork occurred from March through July 2012–2017, in
our long-term study area in southwest Fryslân, The Netherlands
(Senner et al., 2015a). This area, which encompasses 12,000 ha,
stretches from 53.0672◦N, 5.4021◦E in the north to 52.8527◦N,
5.4127◦E in the south, and from 52.9715◦N, 5.6053◦E in the east
to 52.8829◦N, 5.3607◦E in the west. In this area we located godwit
nests and used the flotation method (Liebezeit et al., 2007) to
determine lay dates. To reduce the chance of nest abandonment
and increase the chance of capturing an adult, we caught breeding
adults toward the end of their incubation period (24 ± 3.84 days
after laying). In each of the six field seasons, we outfitted 42–
69 individuals with geolocators; this corresponded to 26–61% of
all captured adults each year. We used geolocators from Migrate
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TABLE 1 | Summary of the linear mixed effect models evaluating whether the timing of each crossing on both south- and northward migrations was a result of the sex

(male/female) or wintering location (north/south of Sahara) of an individual.

Fixed effect: Sexa Fixed effect: Saharab

Direction Boundary Estimate S.E. p Estimate S.E. p R2
m R2

c # obs # ind # r

South 52◦N −5.16 2.44 0.03 4.72 3.00 0.11 0.05 0.24 117 70 36

48◦N −5.67 2.43 0.02 5.07 3.00 0.09 0.06 0.28 117 70 36

44◦N −5.42 2.64 0.04 4.35 3.30 0.17 0.05 0.35 117 70 36

40◦N −4.37 2.89 0.12 4.40 3.53 0.20 0.03 0.13 117 70 36

32◦N −4.73 4.70 0.31 – – – 0.02 0.66 93 56 29

28◦N −4.56 4.77 0.34 – – – 0.01 0.67 93 56 29

24◦N −4.73 4.77 0.32 – – – 0.02 0.67 93 56 29

20◦N −4.84 4.80 0.31 – – – 0.02 0.65 93 56 29

North 20◦N −11.36 9.42 0.22 – – – 0.03 0.94 72 46 25

24◦N −11.32 9.57 0.23 – – – 0.03 0.94 71 46 24

28◦N −11.66 9.58 0.22 – – – 0.03 0.94 71 46 24

32◦N −12.19 9.62 0.20 – – – 0.03 0.94 71 46 24

40◦N −1.46 4.06 0.72 −1.50 5.15 0.74 0.01 0.55 81 54 25

44◦N −0.61 2.26 0.78 −3.66 2.85 0.19 0.03 0.43 80 54 24

48◦N −0.83 2.10 0.68 −4.64 2.72 0.08 0.05 0.28 79 53 24

52◦N −1.06 2.21 0.61 −5.22 2.86 0.06 0.06 0.29 79 53 24

We also included individual and year as random effects. Significant p-values for fixed effects are in bold. The marginal R2, conditional R2, and sample size are also given for all models.

# r denotes the number of individuals with repeated measurements.
aReference level for Sex is female.
bReference level for Sahara is North.

Technology, Ltd: the 0.65 g Intigeo W65A9 model in 2012–2013,
and the 1g Intigeo C65 model thereafter.

These geolocators were attached to colored flags and placed
on the tibia. The total weight of this attachment was ∼3.3 g
in 2012–2013 and ∼3.7 g in 2014–2017, resulting in a loading
factor of 1–1.5% of an individual’s body mass at capture. For
molecular sexing, we took∼30µl of blood from the brachial vein
of each individual. We were able to use these blood samples to
sex 67 of the 70 individuals; we sexed the remaining 3 individuals
based on morphological measurements as in Schroeder et al.
(2008). In the years following geolocator deployment, we put
considerable effort into recapturing godwits carrying geolocators.
Recapture probability was nonetheless low; over the course of six
field seasons, we managed to recapture 92 out of 305 deployed
geolocators. Some geolocators did not record full annual cycles.
For this reason, our data contains more tracks of southward
migration (n = 117) than northward migration (n = 79; see
Table 1 for more details).

Analyzing Geolocator Data
Using package “BAStag” (Wotherspoon et al., 2016) in Program
R (R Core Team, 2017), we started with the function
“preprocesslight,” which automatically detects sunrises and
sunsets. We set the threshold light value to 2. Next, we visually
inspected the slope of each sunrise and sunset and excluded
those slopes that were strongly biased over time, i.e., showed
abrupt changes in light level (Rakhimberdiev et al., 2016). We
then used package “FLightR” (Rakhimberdiev et al., 2017) to
reconstruct the annual schedules of godwits from this light-level

data. Detailed examples of this analytical routine using our own
godwit data can be found in Rakhimberdiev et al. (2016, 2017).
These examples use data from a godwit that wintered north
of the Sahara (≥28◦N). Our sample also includes birds that
wintered south of the Sahara (<28◦N), with the only difference
between the published examples and our own analyses being
that we constrained the spatial extent of the particle filter to
18◦W−13◦E and 11–57◦N instead of the 14◦W−13◦E and 30–
57◦N boundaries used by Rakhimberdiev et al. (2016, 2017).

Next, using the FLightR function “find.times.distribution”
we estimated when individual godwits crossed certain arbitrary
spatial boundaries. For this, we designated eight spatial
boundaries which were spaced 4◦ of latitude apart across the
entire godwit migration corridor, from 52 (the breeding grounds)
to 20◦N (just north of the southernmost African wintering
grounds; Figure 1). We used the same eight spatial boundaries
for both south- and northward migrations. In our analyses, we
excluded the crossing of the spatial boundary at 36◦N (the Strait
of Gibraltar) because we could not distinguish between birds
stopping in northern Morocco and birds stopping in southern
Spain. In 26 out of 79 cases, we were also unable to estimate
arrival at the breeding grounds (≥52◦N) using this method.
In these cases, migration and arrival on the breeding grounds
coincided with the spring equinox, a period during which it
is difficult to reliably estimate latitude from light-level data
(Fudickar et al., 2012; Rakhimberdiev et al., 2015). Longitude,
however, is much less affected (Rakhimberdiev et al., 2015, 2016),
and godwits fortunately migrate from west to east as well as
from south to north during their northward migration. For these
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FIGURE 1 | Presentation of (A) the entire godwit migration corridor with the breeding location and wintering and stopover locations as identified by satellite

transmitters (MAV, AHJL, and TP unpubl. data) and the nine arbitrary latitudinal boundaries used to quantify the variation in migratory timing; (B) the variation among

individuals in the timing of southward migration in 2013*, and (C) the variation among individuals in the timing of northward migration in 2014*. Red lines represent

females and blue lines represent males. Individuals that crossed the Sahara are shown with purple dots, while individuals that did not cross the Sahara are shown with

green dots. Note that the timing of crossing the spatial boundary at 36◦N is excluded from the analyses and figures. *Similar graphs for all years, 2012–2017, can be

found in Figure S2.

26 cases we could therefore use a spatial boundary of 5◦E to
estimate arrival on the breeding grounds (sensu Rakhimberdiev
et al., 2015, 2016). Similarly, in 16 of 79 cases, we were unable to
estimate the crossing of 48◦Ndue to the spring equinox, and used
a boundary of 0.75◦E instead.

Lastly, we used the FLightR-function “stationary.migration.
summary” to provide an overview of the stationary periods
occurring throughout an individual’s annual schedule. This
allowed us to infer whether an individual wintered north
(≥28◦N) or south of the Sahara (<28◦N).

Analyzing Annual Schedules
We first grouped individual godwits according to where they
spent the non-breeding period. We considered individuals that
crossed the Sahara (<28◦N) during migration to have wintered
“South” of the Sahara, and individuals that never crossed
the Sahara (≥28◦N) to have wintered “North” of the Sahara.
To determine whether individuals were flexible in their over-
wintering behavior, we looked at whether they consistently
wintered on the same side of the Sahara from year to year.
We also used a binomial Generalized Linear Model (GLM)
with wintering area as the dependent variable and sex as the
independent variable to test whether the proportion of males
and females that crossed the Sahara differed. Because some
individuals winter north and others winter south of the Sahara,
our sample sizes differed among spatial boundaries (Table 1).

For both south- and northward migrations, we calculated
population-level variation in the timing of each crossing of
our arbitrary spatial boundaries. We did this by calculating
the difference between the earliest crossing and all subsequent
crossings, and then calculating the 5 year mean and standard
deviation of this difference (Figures 2A,B). We then used a GLM
to test whether the amount of variation differed between the
spatial boundaries. Our data includes repeated measures of 26
individuals followed for 2 years, nine individuals followed for
3 years, and one individual followed for 4 years. We calculated
individual variation in the timing of crossings by identifying

the largest difference between the crossings of each individual
over the course of the time that they were tracked. Next, we
calculated the mean and standard deviation across all individuals
(Figures 2C,D) and used a GLM to test for differences in the
amount of intra-individual variation among spatial boundaries.
When differences among spatial boundaries were found, we used
a Tukey post-hoc test with a 95% confidence level to establish how
the timing differed between pairs of boundaries. Additionally,
we calculated the repeatability of each barrier crossing during
south- and northward migration (Figures 2E,F). We did this by
including individual as a random effect in the linear mixed model
method of the function “rpt,” which is part of the R package
“rptR” (Stoffel et al., 2017). To evaluate whether individuals
consistently shifted their timing earlier or later over the course of
our study, we plotted for every spatial boundary the first observed
timing of crossing vs. the last observed timing of crossing for each
individual godwit (Figure S1).

Finally, using the R package “lme4” (Bates et al., 2015), we
fitted linear mixed effect models for each crossing during both
south- and northward migrations. In these models we used the
timing of crossing of a spatial boundary as the response variable,
and the wintering location (north/south of Sahara) and sex of
an individual (male/female) as fixed effects. We also included
individual and year as random effects. We assessed whether
the fixed effects improved the model significantly by means
of a likelihood ratio test. We also calculated the marginal R2

to describe the amount of variance that is explained by the
fixed effects using package MuMIn (Barton, 2016), following the
method established by Nakagawa and Schielzeth (2013).

RESULTS

Among all individuals (n= 70), 30 females and 26 males crossed
the Sahara (80%), whereas 9 females and 5 males did not (20%).
The proportion of males and females that crossed the Sahara did
not differ (χ2 = 0.53, df = 1, p = 0.47). Of the 36 individuals
for which we obtained repeated measures—23 females and 13
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FIGURE 2 | For both south and northward migrations the spatial boundaries (x-axis) are in chronological order from left to right. (A) Observed population variation

during southward migration 2012–2016 and (B) during northward migration 2012–2017. Boxplots show 25, 50, and 75th percentiles; whiskers indicate 5 and 95th

percentiles (day 1 = earliest observation for each crossing). (C) Intra-individual variation in the timing of southward migration and (D) of northward migration. Boxplots

show 25, 50, and 75th percentiles; whiskers indicate the entire range of values. (E) Individual repeatability of timing on southward migration and (F) on northward

migration. Plots show the repeatability estimate and the 95% confidence interval. The different colors are used for visual purposes only.

males—all 36 were consistent in wintering either north (n = 7)
or south (n = 29) of the Sahara over the course of the time they
were tracked.

The smallest difference among individuals between the
earliest and latest crossings during southward migration was 62
days for the barriers at both 48 and 44◦N, whereas the largest
difference was 106 days for crossing 20◦N (Figures 1B, 2A;
Figure S2). During northward migration, the smallest difference
was 38 days for crossing 52◦N, and the largest difference was
153 days for crossing 28◦N (Figures 1C, 2B; Figure S2). The
average amount of variation among individuals did not vary
among spatial boundaries during southward migration [F(7,832)
= 0.96; p= 0.46; Figures 1B, 2A; Figure S2], but did vary during
northward migration [F(7,596) = 108.4; p < 0.001; Figures 1C,
2B; Figure S2]. A Tukey post-hoc test with a 95% confidence
level found that population-level variation was greatest for
crossing 20–32◦N (the Sahara), decreased for crossing 40◦N
(departing the Iberian Peninsula), and was smallest for crossing
44–52◦N (France, Belgium, and The Netherlands; Figures 1C,
2B; Figure S2).

Intra-individual differences between years for timing at the
same latitude varied from 0–73 days during southward migration

(Figure 2C). The biggest differences, 62 and 73 days, occurred
when crossing 40◦N (Figure 2C). This was due to two individuals
stopping over north of this boundary 1 year and south of it
the other. The intra-individual differences in timing between
those years includes the durations of these stopovers and is
deceptively large as a result. During northward migration, intra-
individual differences varied from 0 to 42 days (Figure 2D).
The biggest difference, 42 days when crossing 40◦N, was again
the result of an individual stopping over on opposite sides of
the boundary in different years (Figure 2D). Thus, the average
amount of intra-individual differences did not vary between
spatial boundaries during either southward [F(7,252) = 0.70; p =

0.68; Figure 2C] or northward migration [F(7,186) = 0.57; p =

0.78; Figure 2D]. Furthermore, individuals did not consistently
shift their timing earlier or later over the course of our study
during either southward or northward migration (Figure S1).

Individual repeatability during southward migration varied
from 0.1–0.6 and was highest when crossing the Sahara (20–
32◦N; Figure 2E). During northward migration, repeatability
varied between 0.3–0.9 and was again highest when crossing
the Sahara (Figure 2F). Repeatability therefore increased over
the course of southward migration and decreased over the
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course of northward migration (Figures 2E,F). This could be the
result of individuals wintering south of the Sahara being more
consistent in their timing than individuals wintering north of
the Sahara. However, the amount of intra-individual variation is
non-significantly larger during Sahara crossings (Figures 2C,D);
this indicates that the repeatability is higher because inter-
individual differences are larger for Sahara crossings, not because
these individuals are more consistent.

During southward migration, males departed the Netherlands
(52◦N) on average 5 d earlier than females (χ2 = 4.47, df = 1,
p = 0.03, n = 117; Table 1). This difference held true for the
crossing of 48 and 44◦N, but not for more southerly boundaries
(40–20◦N; p > 0.1; Table 1). Whether or not an individual
crossed the Sahara did not explain a significant amount of the
variation in the timing of southward migration (Table 1). During
northward migration, neither the sex of the individual (p >

0.1 for all spatial boundaries; Table 1) nor whether it crossed
the Sahara (p > 0.05; Table 1) explained a significant amount
of the variation in their timing. Thus, the amount of variance
explained by our fixed effects—as indicated by the marginal
R2—was never higher than 0.06 (Table 1). The marginal R2 was
highest when crossing 44–52◦N during both southward and
northward migration (Table 1). Not surprisingly, these were the
southward migration boundary crossings for which a significant
amount of the variation was explained by sex, and the northward
migration crossings for which at least some of the variation (p =
0.06; Table 1) was explained by whether an individual crossed the
Sahara or not.

DISCUSSION

We found that the large amount of population-level variation in
the migratory timing of continental black-tailed godwits is
mostly the result of individual godwits exhibiting consistent
differences from one another in the timing of their movements
during both north- and southward migration. In addition,
we found that a given individual can exhibit considerable
flexibility while still adhering to its own particular schedule.
These inter-individual and intra-individual differences in timing
are large compared to other species of migratory birds (e.g.,
Alerstam et al., 2006; Vardanis et al., 2011; Stanley et al.,
2012; Conklin et al., 2013). This suggests that the selective
forces that limit the variation in migratory timing in other
species are likely relaxed or absent in godwits (see also Senner
et al., under review) and that the unexplained but consistent
differences among godwits may be the result of different
developmental trajectories.

Population Variation
We found that approximately 80% of black-tailed godwits
breeding in Fryslân cross the entirety of the Sahara Desert during
migration, whereas 20% do not cross any portion of it, and
that this was a consistent behavior across years. Furthermore,
although the repeatability in the timing of flights across the
Sahara was higher than that of other migratory flights, this was
driven by the relative influence of inter-individual variation,
which was also highest at this point in the migration. In

other words, individual godwits consistently time their Sahara
crossings differently from one another. This suggests both that
this major ecological barrier is traversable for a long period
of time and that other temporal constraints—for example, the
availability of resources at sites to the north of the Sahara—
do not influence the time at which individuals make this flight
(Moore and Yong, 1991; Baker et al., 2004). This is surprising,
as the crossing of the Sahara during both south- and northward
migrations in most other migratory bird species takes place over
a shorter period of time (e.g., Vardanis et al., 2011, max =

64 days; Lindström et al., 2015, max = 33 days; Briedis et al.,
2016, max = 25 days; Jacobsen et al., 2017, max = 35 days;
Ouwehand and Both, 2017, max = 37 days), although Sergio
et al. (2014) found that black kites (Milvus migrans) also cross
the Sahara over a 5 month period as a result of the sequential
departure from the wintering grounds by different age classes. It
is not clear why the Sahara crossing of the other migratory birds
appears to be under generally stronger temporal selection, but
these species must either face stronger temporal constraints in
relation to the crossing itself or during subsequent events in their
annual cycle.

Once past the Sahara Desert during northward migration,
inter-individual variation in timing decreased toward the
breeding grounds and was smallest when crossing the region
between 44–52◦N (France, Belgium and TheNetherlands). Levels
of intra-individual variation did not decrease simultaneously, but
were smallest when crossing 44◦N. As a result, the repeatability
of timing for these stages (40–52◦N) differed from zero only
when crossing 44◦N. Individuals are thus relatively consistent
in their timing of departure from the Iberian Peninsula (44◦N),
but not their timing of arrival at the breeding grounds. Given
that the intra-individual variation increased for the two most
northerly crossings, 48 and 52◦N, this is probably due to the
flexible adjustment of their migratory schedule in response to
environmental conditions encountered en route. For instance,
in 2013, a rare spring snowstorm delayed the arrival of
godwits to the breeding grounds by an average of 19 days
(Senner et al., 2015a).

Both the tightening of migratory schedules toward the
breeding grounds (e.g., Hasselquist et al., 2017; Wellbrock et al.,
2017) and the flexible adjustment of migratory schedules (e.g.,
Nuijten et al., 2014; Briedis et al., 2017) have been shown in
other migratory bird species. Nonetheless, the arrival of godwits
at the breeding grounds spans more than 5 weeks—which is
a larger range than that currently observed in other migratory
bird species (e.g., Senner et al., 2014; Lindström et al., 2015;
Briedis et al., 2016; Jacobsen et al., 2017; Ouwehand and Both,
2017). Potentially, the absence of a strong temporal constraint
on arrival at the breeding grounds is what allows godwits to
cross the Sahara over such a long period of time. If this is
true, other species making similar flights, but over a shorter
period of time, may not face stronger temporal constraints for
the crossing of the Sahara itself, but rather for their arrival at
the breeding grounds. Accordingly, in other species, individuals
from different breeding populations wintering in the same region
of sub-Saharan Africa depart their wintering areas at different
times, and these departure windows are correlated with their
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breeding-site specific reproductive timing (Briedis et al., 2016;
Ouwehand et al., 2016).

The Relative Importance of Intra-Individual
Variation
Although each godwit appeared to migrate within its
own migratory window, individual godwits also displayed
considerable flexibility in their timing of migration within their
own specific windows. This degree of flexibility was not the
result of directional changes in migratory timing, and is greater
than the amount of intra-individual variation reported in other
studies (e.g., Conklin et al., 2013, <5 days; Senner et al., 2014,
<5 days; Hasselquist et al., 2017, <20 days; Wellbrock et al.,
2017, <15 days). The relatively large intra-individual variation
during migration can therefore be interpreted as an individual
decision that balances migrating at a specific time and leaving
when endogenous and exogenous conditions are best (e.g.,
Senner et al., 2015a). For example, crossing the Sahara is possible
over a long period of time, but the right conditions might not
present themselves consistently each year at the same time;
waiting for the right conditions could thus result in considerable
intra-individual variation in the timing of the initial portion
of northward migration. If godwits lack a strong temporal
constraint during northward migration, this might enable them
to exhibit such flexibility without fitness consequences (Senner
et al., under review). In this scenario, it is important that godwits
be able to reliably predict the conditions characterizing the
flight ahead of them (Winkler et al., 2014). However, Senner
et al. (under review) found that in three of the 5 years studied,
the survival of godwits was reduced while crossing the Sahara
during northward migration; this could indicate that godwits
cannot always reliably predict the conditions for this crossing or
that the Sahara crossing invariably has a survival cost (see also
Klaassen et al., 2010).

The Control of Migratory Timing
How can individual godwits consistently depart West Africa
at different times? Individual godwits could depart at different
times as a result of variation in their speed of migratory
preparation or as a result of variation in their condition when
they begin preparing for migration. Both options are likely to
occur in godwits, through consistent differences in individual
and environmental quality (Studds and Marra, 2005; Paxton and
Moore, 2015). However, it is highly unlikely that these options
could result in a difference of up to 5 months in migratory timing
among individuals. Alternatively, unpredictable cues or a less
rigid endogenous programme could also lead to variation among
individuals within a given year (Aloni et al., 2017). However, if the
cue or programme were so variable as to lead to a difference of up
to 5 months in a given year, it is improbable that differences in
migratory timing among individuals would be consistent across
years, as is observed in godwits. For these reasons, we believe
that godwits must make use of a predictable cue or have a
relatively rigid circannual programme, or that both factors apply
(Gwinner, 1989, 1996).

If we assume that godwits, like other migratory birds, use
photoperiod to reliably keep track of time, then individual

godwits must be responding differently from each other to the
same photoperiod cues in order to maintain their differences in
migratory timing (Gwinner, 1996). For instance, some godwits
begin their northward migrations while day length is still
decreasing, whereas others migrate once day length has begun
increasing again. Thus, the inter-individual variation in the
migratory timing of godwits from the same wintering location
must be the result of individually-specific reaction norms to
the same environmental stimuli. What might be the source of
these large inter-individual differences in reaction norms? They
are unlikely to be the result of inheritance or adaptation, as
they appear to have no fitness consequences (Kentie et al., 2017;
Senner et al., under review). They are also not likely to be the
result of inter-individual differences in experience, since godwits
did not shift their migration earlier or later over the course of
our study. Instead, different developmental trajectories are likely
the source. For instance, godwits have shifted their spring staging
site through developmental plasticity (Verhoeven et al., 2018),
which makes it plausible that the observed individual differences
in migration are also the result of different developmental
trajectories (Senner et al., 2015b).

Future Directions
Future research should therefore investigate whether differences
in developmental trajectories are the source of the large inter-
individual differences observed, and whether the variation in
migratory timing in other migratory bird species is limited by
stronger temporal constraints. To accomplish this, researchers
could track godwits and other migratory bird species from birth
to adulthood while also performing translocation and delay
experiments (Perdeck, 1958; Chernetsov et al., 2004; Thorup
et al., 2007). Additionally, researchers could simultaneously
perform a captive study during development in which selective
disappearance is absent and photoperiod is manipulated (Helm
and Gwinner, 2006; Maggini and Bairlein, 2012). All of these
experiments should manipulate the spatiotemporal environment
during development, thus enabling an evaluation of whether
the environment does or does not affect the migratory behavior
of juveniles. If it does not, this would be evidence for innate
migratory behavior (Perdeck, 1958; Thorup et al., 2007). If it
does, this would suggest that environmental variation brings
about differences in migratory behavior (Chernetsov et al., 2004;
Piersma, 2011; Meyburg et al., 2017). Tracking these individuals
into adulthood would then show whether these environmentally-
induced differences are plastic or flexible and whether there is
selective disappearance as a result of temporal constraints. The
combination of these results would allow researchers to discern
whether the narrower window of migratory timing in other bird
species is the result of stronger innate control, stronger temporal
constraints, or both.
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