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When an ornithologist wanders through one of the few
polders in The Netherlands still populated by meadow
birds, his or her heart will beat faster with all the excit-
ing observations to be made. On a winter's day, in the
absence of geese and other birds, these polders can be
boring and cold – but life flows back as the days
lengthen. Tumbling Lapwings, displaying Black-tailed
Godwits, whistling Common Redshanks, drumming
Common Snipes and sometimes even fighting Ruffs can
be seen. This diversity of fascinating meadow birds
inspires an unlimited number of questions. Focusing
only on the Black-tailed Godwit, as we do in this thesis,
might therefore seem narrow in scope. However, in
concentrating on the “King of the Meadows,” we have
been able to draw from and build on a long history of
Black-tailed Godwit research in The Netherlands
(Haverschmidt 1963, Mulder 1972, Beintema 1991,
Kruk 1993, Groen 1993, Schekkerman 2008, Rood -
bergen 2010, Schroeder 2010, Lourenço 2010, Trimbos
2013, Kentie 2015). 

Enabled by recent technological advances, our goal
was to begin understanding the observed differences in
the annual routines of Black-tailed Godwits (hereafter
“godwits”), by focusing primarily on differences in
their migratory routines. These differences include, for
example, why godwits winter both north and south of
the Sahara and why certain godwits leave the breeding
grounds in May while others leave in July (Hooijmeijer
et al. 2013). In order to make inferences about traits of
interest, most ecological studies leverage observations
made across different contexts – such as between
species, populations, or individuals (Trierweiler et al.
2014, Lok et al. 2015, Oudman et al. 2019). However,
it is inherently impossible to make such comparisons
without first having an understanding of the natural
variation in those traits of interest. We therefore start
this thesis by describing the natural variation in the
migratory routines of adult Black-tailed Godwits breed-

ing in southwest Fryslân, The Netherlands. In Chapter
2, we focus primarily on the temporal organization of
their migration, by describing the between- and
within-individual differences in timing. We go on to
describe the between- and within-individual variation
in migratory routes, stopover site use and non-breed-
ing destinations in Chapter 3. As part of a comparative
exercise to understand the causes of the observed vari-
ation in migratory behavior among Dutch-breeding
godwits, we describe the spatial-temporal variation in
migration of a Polish-breeding population in Chapter
4, and discuss why adult Black-tailed Godwits of these
two populations might differ in their migratory habits.
On the theme of describing variation in godwit behav-
iour, we describe how much variation there exists in
their mating strategies in Chapter 5. And in Chapter
6, we show how we used geolocators to improve our
understanding of clutch initiation date and renesting
behavior. Finally, we describe the variation in egg-size
in Chapter 7.

Without describing the ins and outs, the descriptive
part of our thesis shows that godwits consistently differ
from one another in a number of traits. However, we
were not able to satisfactorily identify why these indi-
vidual differences exist, nor why we observed the
range of variation that we did. Especially in the litera-
ture on bird migration, we found that a lack of under-
standing on observed variation is common: there are
many excellent descriptions of individual differences in
routines, but there is still very little understanding of
the mechanistic processes underlying the observed
individual differences (e.g. Hooijmeijer et al. 2013, Hill
et al. 2019, Phipps et al. 2019). At this stage, research -
ers often start looking at the fitness consequences of
migratory routines to better understand the observed
variation in migration (Sillett & Holmes 2002,
Strandberg et al. 2010, Klaassen et al. 2014, Lok et al.
2015, Ward et al. 2018, Reneerkens et al. 2019). The
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idea behind this approach is that routines are shaped
by natural selection, so identifying fitness conse-
quences will provide a broader understanding of the
shaping factors of these routines. We too compared
 differences in reproduction and survival across contexts
to accomplish this. In Chapter 8, we therefore use
satellite transmitters to determine the daily survival of
adult female godwits and discuss our findings by
 making a species-specific comparison to some closely
related migratory species. In Chapter 9 we hone in on
a particular life-stage and try to understand why we
observe an increased mortality rate when godwits cross
the Sahara during northward migration. Then, in
Chapter 10, we compare how the different sexes and
natal habitat types impact the survival of godwit chicks
and study whether the sex-biased survival rates among
different life-stages result in a biased adult sex-ratio.

All of these survival comparisons across contexts
did provide us with better ideas about the ecological
factors that shape routines and set the limits for a
range of behaviours. However, they failed to deliver a
satisfactory understanding of the mechanistic proces -
ses underlying the observed individual differences –
which is another pattern found in the literature (Lok et
al. 2011, 2013, Reneerkens et al. 2019). But there are
exceptions: a few papers that were published just
before we began our PhD research do manage to iden-
tify some of these underlying mechanistic processes
more clearly than the rest of the literature. These were
the papers by Mueller et al. (2013) “Social learning of
migratory performance”, Gill et al. (2014) “Why is
 timing of bird migration advancing when individuals are
not?”, and Sergio et al. (2014) “Individual improve-
ments and selective mortality shape lifelong migratory
performance”. The common denominator of these stud-
ies is that they followed juveniles throughout their
lives, starting from an early age. These studies, com-
bined with our supervisor’s long-held ideas about how
individual differences develop over time (Piersma
2011, Piersma & van Gils 2011) – voiced most recently
in: “An ontogenetic approach to individual differences”
(Senner et al. 2015) – made us more and more con-
vinced that part of the answer might lie within the
development of individual godwits. We therefore dis-
cuss in Chapter 11 whether an observed change in
spring staging site use among godwits could be the
result of an age-specific behavioral change and that
this change in staging site use can be generated with-
out the need for microevolution. To learn more about
developmental effects on migratory behavior and to
form hypotheses, we examine and discuss the interpre-
tations of Albert Perdeck’s post-war displacement

experiments with adult and juvenile Starlings in
Chapter 12.

Our results from Chapter 11 and our literature
review in Chapter 12 illustrate that certain consistent
individual differences can arise through developmental
plasticity. In Chapter 13 we therefore  evaluate the
plasticity of growth in juvenile godwits. Our results and
conclusions in Chapter 11 and 12 also made us realize
that in order to draw conclusions about the mechanis-
tic processes underlying individual differences, it is
necessary to perform experiments with truly naïve
juveniles. We therefore decided to follow juvenile god-
wits from birth to adulthood (described in Chapter 14)
and we also hand-raised juveniles in captivity to
manipulate their spatiotemporal context during their
first migration (shown in Chapter 15). 

In summary, our thesis starts with describing the
current variation of a number of among Black-tailed
Godwits, with a focus on migration. We progress to
finding limits among adults, understanding these limits
through ontogeny, and finally understanding ontogeny
through an experiment. Despite these advancements in
knowledge, our understanding of the variation in these
behaviours is far from complete. In Chapter 16 we
therefore synthesize our findings and discuss our vision
of the way forward by proposing further experimental
work that would bring us a little closer toward under-
standing variation in migration….

General introduction 9



INTRODUCTION

Long-term mark-recapture studies and the rapid devel-
opment of tracking technologies have revealed the
migratory patterns of many avian migrants (Berthold
2001, Newton 2008, Bridge et al. 2011). These migra-
tory patterns are always characterized by some degree
of variation, such as individuals migrating at different
times and toward different 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 varia-
tion 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-indi-
vidual 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

Mo A. Verhoeven, A.H. Jelle Loonstra, Nathan R. Senner,
Alice D. McBride, Christiaan Both and Theunis Piersma 
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Variation in migratory behavior is the result of different individual strategies and fluctuations in individual perform-
ances. 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 god-
wits 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 individu-
als 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.
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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 environ-
ment 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 behav-
ior across years (i.e., intra-individual variation) there-
fore also contribute to migration variation at the popu-
lation 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) dif-
ferences 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 rela-
tive 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 perform-
ances of multiple individuals must be measured across
multiple years. These repeated measures allow for the
calculation of repeatability (r), which reflects the pro-
portion of population-level variation that can be attrib-
uted 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-indi-
vidual variation is proportionally larger than intra-indi-
vidual variation – can result from either large variation
among individuals, high consistency within individu-
als, or both (Conklin et al. 2013).

Black-tailed Godwits (Limosa limosa limosa; here-
after “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 of West 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. 2019). 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.
2019). Inter-individual differences play an unexpect-
edly 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. 2019).

Because selection determines the amount of varia-
tion 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. 2019) 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-indi-
vidual 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 loca-
tion 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
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 captured adults each year. We used geolocators from
Migrate 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 attach-
ment 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 sex-
ing, we took ~30 ml of blood from the brachial vein of
each individual. We were able to use these blood sam-
ples to sex 67 of the 70 individuals; we sexed the
remaining 3 individuals based on morphological meas-
urements as in Schroeder et al. (2008). In the years fol-
lowing 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 2.1
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 sun-
rise 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.distri-
bution” we estimated when individual godwits crossed
certain arbitrary spatial boundaries. For this, we desig-
nated eight spatial boundaries which were spaced 4° of
latitude apart across the entire godwit migration corri-
dor, from 52 (the breeding grounds) to 20°N (just

north of the southernmost African wintering grounds;
Figure 2.1). 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 north-
ern 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 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°N due to the spring equi-
nox, and used a boundary of 0.75°E instead. Lastly, we
used the FLightR-function “stationary.migration.sum-
mary” to provide an overview of the stationary periods
occurring throughout an individual's annual schedule.
This allowed us to infer whether an individual win-
tered 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-winter-
ing 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 2.1).

For both south- and northward migrations, we cal-
culated 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 calcu-
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lating the 5 year mean and standard deviation of this
difference (Figures 2.2A,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 dif-
ference 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 2.2C,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 migra-
tion (Figures 2.2E,F). We did this by including individ-
ual 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 win-
tering 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
(c2 = 0.53, df = 1, P = 0.47). Of the 36 individuals for
which we obtained repeated measures – 23 females

and 13 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 2.1B, 2.2A, S2). During north-
ward migration, the smallest difference was 38 days for
crossing 52°N, and the largest difference was 153 days
for crossing 28°N (Figures 2.1C, 2.2B, S2). The average
amount of variation among individuals did not vary
among spatial boundaries during southward migration
(F7,832 = 0.96, P = 0.46, Figures 2.1B, 2.2A, S2), but
did vary during northward migration (F7,596 = 108.4,
P< 0.001, Figures 2.1C, 2.2B, S2). A Tukey post-hoc
test with a 95% confidence level found that popula-
tion-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 2.1C, 2.2B, S2).

Intra-individual differences between years for tim-
ing at the same latitude varied from 0–73 days during
southward migration (Figure 2.2C). The biggest differ-
ences, 62 and 73 days, occurred when crossing 40°N
(Figure 2.2C). This was due to two individuals stop-
ping 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 var-
ied from 0 to 42 days (Figure 2.2D). The biggest differ-
ence, 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 2.2D). Thus, the
average amount of intra-individual differences did not
vary between spatial boundaries during either south-
ward (F7,252 = 0.70, P = 0.68; Figure 2.2C) or north-
ward migration (F7,186 = 0.57, P = 0.78; Figure 2.2D).
Furthermore, individuals did not consistently shift their
timing earlier or later over the course of our study dur-
ing either southward or northward migration (Figure
S1).

Individual repeatability during southward migra-
tion varied from 0.1–0.6 and was highest when cross-
ing the Sahara (20–32°N; Figure 2.2E). During north-
ward migration, repeatability varied between 0.3–0.9
and was again highest when crossing the Sahara
(Figure 2.2F). Repeatability therefore increased over
the course of southward migration and decreased over
the course of northward migration (Figures 2.2E,F).
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Figure 2.1. 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 quan-
tify 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. 

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

a Reference level for Sex is female
b Reference level for Sahara is North

Table 2.1. 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 of an individual (male/female) or the wintering location (north/south of Sahara). 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.        
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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 2.2C,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
(c2 = 4.47, df = 1, P = 0.03, n = 117; Table 2.1). 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 2.1). Whether or not an individual
crossed the Sahara did not explain a significant
amount of the variation in the timing of southward

migration (Table 2.1). During northward migration,
neither the sex of the individual (P>0.1 for all spatial
boundaries; Table 2.1) nor whether it crossed the
Sahara (P> 0.05; Table 2.1) 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 2.1). The marginal R2 was highest when
crossing 44–52°N during both southward and north-
ward migration (Table 2.1). 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 cross-
ings for which at least some of the variation (P = 0.06;
Table 2.1) was explained by whether an individual
crossed the Sahara or not.
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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 per-
centiles; whiskers indicate the entire range of values. (E) Individual repeatability of timing on southward migration and (F) on north-
ward migration. Plots show the repeatability estimate and the 95% confidence interval. The different colors are used for visual pur-
poses only. 



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 migra-
tory 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 varia-
tion in migratory timing in other species are likely
relaxed or absent in godwits (see also Senner et al.
2019) and that the unexplained but consistent differ-
ences among godwits may be the result of different
developmental trajectories.

Population Variation
We found that approximately 80% of black-tailed god-
wits 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 consis-
tently 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 availabil-
ity 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 migra-
tory 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 decreas -
ed toward the breeding grounds and was smallest
when crossing the region between 44–52°N (France,
Belgium and The Netherlands). Levels of intra-individ-
ual variation did not decrease simultaneously, but were
smallest when crossing 44°N. As a result, the repeata-
bility 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 snow-
storm 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 corre-
lated with their 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 dis-
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played considerable flexibility in their timing of migra-
tion 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-indi-
vidual variation during migration can therefore be
interpreted as an individual decision that balances
migrating at a specific time and leaving when endoge-
nous 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 migra-
tion. If godwits lack a strong temporal constraint dur-
ing northward migration, this might enable them to
exhibit such flexibility without fitness consequences
(Senner et al. 2019). 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. (2019) found that in
three of the 5 years studied, the survival of godwits
was reduced while crossing the Sahara during north-
ward migration; this could indicate that godwits can-
not always reliably predict the conditions for this cross-
ing 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 varia-
tion in their condition when they begin preparing for
migration. Both options are likely to occur in godwits,
through consistent differences in individual and envi-
ronmental 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 endoge-
nous 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 tim-
ing 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 individu-
ally-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. 2019). They are also not likely
to be the result of inter-individual differences in experi-
ence, 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 indi-
vidual 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 spatiotempo-
ral 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,
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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 disap-
pearance as a result of temporal constraints. The com-
bination of these results would allow researchers to dis-
cern whether the narrower window of migratory
timing in other bird species is the result of stronger
innate control, stronger temporal constraints, or both.

ACKNOWLEDGEMENTS

We thank the members of our field crews for recapturing
godwits, Eldar Rakhimberdiev for teaching us how to use
FLightR, Jos Hooijmeijer for curating our research database
and Julie Thumloup, Marco van der Velde and Yvonne

Verkuil for their help with the molecular sexing. We are
grateful to many farmers, most of whom are organized in the
Collectief Súdwestkust, and the conservation management
organizations It Fryske Gea and Staatsbosbeheer for coopera-
tion and granting us access to their properties. This work was
done under license number 6350A following the Dutch
Animal Welfare Act Articles 9 and 11. Funding for geoloca-
tors and their analysis was provided by NWO-ALW TOP
grant Shorebirds in space (854.11.004) and the Spinoza
Premium 2014 of the Netherlands Organization for Scientific
Research (NWO), both awarded to TP. The long-term godwit
research project was funded by the Kenniskring weidevogels
of the former Ministry of Agriculture, Nature Management
and Food Safety (2012, 2016) and the Province of Fryslân
(2013–2017). Additional financial support came from the
Prins Bernhard Cultuurfonds (through It Fryske Gea), the
Van der Hucht de Beukelaar Stichting, the Paul and Louise
Cook Endowment Ltd., the University of Groningen, BirdLife-
Netherlands, and WWF-Netherlands.

Chapter 218



2

SUPPLEMENTARY MATERIAL

Variation from an unknown source 19

0

0

25

50

75

100

10025 50 75
first

la
st

A

crossing 32N

0

0

25

50

75

100

10025 50 75 0

0

25

50

75

100

10025 50 75 0

0

25

50

75

100

10025 50 75

0

0

20

40

60

20 40 60
first

la
st

crossing 52N

0 20 40 60

first

la
st

crossing 28N

0

20

40

60

first

la
st

crossing 48N

first

la
st

crossing 24N

0

0

20

40

60

20 40 60
first

la
st

crossing 44N

first

la
st

crossing 20N

0

0

20

40

80

60

20 40 8060
first

la
st

crossing 40N

Figure S1A. Individual change between years in the timing of crossing latitudinal boundaries on southward migration. The x-axis is
the earliest observed crossing of an individual, while the y-axis is the latest observed crossing of the same individual. The black line
indicates those scenarios where the earliest observation of an individual crossing a boundary is at the exact same date as the latest
observation of that same individual crossing that boundary. As a result, individuals that crossed later during the latest observation
are above the black line (in red), those that crossed earlier are below the black line (in green), and those that had the exact same tim-
ing are on the black line (in blue). The figure shows that the timing of individuals does not always become earlier or later for a cer-
tain crossing.
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INTRODUCTION

Seasonal migration, the round-trip movement between
a breeding and non-breeding location, is a strategy that
allows organisms to exploit the fitness benefits of being
at their breeding location at a certain time of year
while avoiding the costs of staying there continually
(Alerstam et al. 2003, Winger et al. 2018). Seasonal
migration occurs in numerous shapes and forms, and
varies among species and populations, as well as among
and within individuals (Newton 2008). Consider, for
example, the apparent dichotomy between obligate
and facultative migrants, or between soaring and flap-
ping migrants (Newton 2008). Such differences are
thought to be largely context-specific, reflecting differ-
ences in the ecological circumstances experienced by
species, populations, or individuals (Alerstam et al.
2003).

Understanding why and how these differences in
life history among species, populations and individuals
arise has captivated human interest for centuries
(Alerstam 2006, Bowlin et al. 2010). Understanding
these differences in life history is also essential to the
conservation of migratory species, since it provides
critical information about the ecological requirements
of different species, populations, and individuals, and
may illuminate the specific mechanisms with which
these groups or individuals interact with their ecologi-
cal circumstances (Piersma and Baker 2000, Webster
and Marra 2005). To date, researchers have gained an
understanding of migratory routines in a number of
different ways, including: comparisons among species
(Finch et al. 2017, Somveille et al. 2018, Toews et al.
2019), among populations (Piersma 2007, Mellone et
al. 2012, Trierweiler et al. 2014), among individuals
(Sergio et al. 2014, Lok et al. 2015, Rotics et al. 2016),

Mo A. Verhoeven, A.H. Jelle Loonstra, Alice D. McBride,
Christiaan Both, Nathan R. Senner and Theunis Piersma
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In this paper, we fill knowledge gaps about the migration of Black-tailed godwits (Limosa limosa limosa) by describ-
ing: (1) the orientation and geographic locations of individual migratory routes and (2) the spatial distribution of
godwits across seasons and years. We accomplish this using satellite-tracking data from 36 adult godwits breeding
in the 200-ha Haanmeer polder in The Netherlands, from 2015–2018. During both southward and northward migra-
tion godwits used a narrow migratory corridor along which most individuals made stops within a network of sites,
especially the Bay of Biscay, France and Doñana, Spain. Most stopping sites were used consistently by the same indi-
viduals across years. However, sites in Morocco were used during northward migration by 75% of individuals, but
were never revisited by the same individual across years. After southward migration, a small proportion (15%) of
godwits spent the entire non-breeding period north of the Sahara, but most (85%) crossed the Sahara and spent
part of the non-breeding season among six coastal sites in West Africa and one site in the Inner Niger Delta.
Although site-use patterns varied among individuals, individuals showed high site fidelity and were consistent in the
number of sites they used from year to year. The considerable differences in the spatial distribution of individuals
that breed within a kilometre of one another raises questions about the causes and consequences of individual
migratory differences. We discuss the need for full annual cycle tracking of juveniles from birth to adulthood. Our
results provide important information about the spatial distribution of godwits throughout their annual cycle, which
can be used to help conserve this declining species.

3 Migration route, stopping sites, and
non-breeding destinations of adult Black-tailed
Godwits breeding in southwest Fryslân,
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within individuals (Sergio et al. 2014, Weimerskirch et
al. 2015, Fraser et al. 2019), and comparisons through
experimental manipulations in captivity and the wild
(Perdeck 1958, Gwinner 1967, Thorup et al. 2007,
Chernetsov et al. 2004, Maggini & Bairlein 2012,
Meyburg et al. 2017). All of these methods leverage
observed differences in migratory behaviour across dif-
ferent contexts to make inferences about their ecologi-
cal basis. 

It is inherently impossible to make such compar-
isons across contexts without first making detailed
descriptions of the natural variation in migratory routi -
nes among individuals within a population. Histori -
cally, these descriptions originated from counts made
at different locations throughout the year (e.g. Dick et
al. 1987), but the usefulness of such data is limited
because counts alone cannot account for the move-
ments of individual birds and the related confounding
effects of counting local birds instead of migrating ones
(Hussell and Ralph 1998, Lok et al. 2019). Ringing
with metal or colour-rings has enabled researchers to
identify individual birds in different locations through
recaptures or resightings and represent another step
forward in describing migratory routines (Bairlein
2001). Unfortunately, these methods are often biased
towards either the breeding or non-breeding location,
because one of the locations is usually more remote
while the other can be studied with less effort (Bairlein
2001). With the recent development of tracking
devices such as loggers and transmitters, researchers
have begun to fill these previous knowledge gaps by
gleaning a more complete and detailed description of
migratory routines throughout the annual cycle
(Weimerskirch et al. 1993, Wikelski et al. 2007,
McKinnon & Love 2018). 

Our goal here is to contribute to the understanding
of the ecological basis of migratory routines and pro-
vide information on which the management and con-
servation of Continental Black-tailed godwits (Limosa
limosa limosa, hereafter “godwit”) can be based. God -
wits are a ground-nesting, relatively long-lived shore-
bird that breeds across Europe (Gill et al. 2007).
Currently, we know that godwits breeding in The
Netherlands either spend the entire non-breeding
period in the Mediterranean or cross the Sahara to
spend part of the non-breeding period in the Sahel
zone (Hooijmeijer et al. 2013, Kentie et al. 2017,
Verhoeven et al. 2019), where the non-breeding period
lasts from the termination of southward migration
until the departure on northward migration. Individual
adults are consistent in whether they cross the Sahara
at all, and although among-individual differences in

the timing of the Sahara crossings are large, individual
godwits are also relatively consistent in their timing of
this crossing (Verhoeven et al. 2019). Adult godwits are
also highly consistent in their use of “stopping” sites (a
term used to collectively refer to stopover and staging
sites – see Methods, Warnock 2010, Chan et al. 2019)
on the Iberian Peninsula during northward migration
(Verhoeven et al. 2018). Still undescribed, however,
are the in-flight orientation and geographic pathways
of actively migrating godwits. Detailed information on
stopping and non-breeding sites throughout the entire
annual cycle is also lacking.

To fill these gaps in our knowledge of the natural
variation of godwit migratory routes, we collected
tracking data from 2015–2018 from satellite tags
deployed on 36 individual adult godwits breeding
within a kilometre of each other in The Netherlands.
Because we tracked 19 individuals on multiple south-
ward migrations and 12 individuals on multiple north-
ward migrations, we were able to quantify the spatial
consistency of individuals during their migratory and
stationary periods. These results not only extend our
fundamental knowledge of the individual spatial
migratory routines of godwits, but also offer the most
complete overview to date of the spatial distribution of
godwits outside The Netherlands.

METHODS

Godwits
During the breeding seasons of 2015–2017, using
walk-in and automated drop-cages, we captured adult
godwits on the nest in the 220-ha Haanmeer polder,
The Netherlands (52.9226°N, 5.4336°E). After catch-
ing an adult, we marked it with a unique colour-ring
combination and measured its tarsus-toe (without nail)
and bill length (exposed culmen), and weighed it to
the nearest gram. In 2015 and 2016, we deployed 32
solar-powered PTT-100s of 9.5 g from Microwave
Technology Inc. using a leg-loop harness of 2-mm
Dyneema rope (Lankhorst Ropes, Sneek, The Nether -
lands). Because of the substantial weight of this attach-
ment (~10.5 g), we deployed these transmitters only
on birds that we classified as “large”. As a rule of
thumb, we selected birds with at least one, but usually
two of the following characteristics: tarsus-toe length
>120 mm, bill length >100 mm, and body mass >300
g (see Schroeder et al. 2008 for the range of these
measures in godwits). In 2017, we deployed four 5-g
solar-powered PTT-100s from Microwave Technology
Inc., again using a leg-loop harness made of 2-mm
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Dyneema rope. The total weight of this attachment was
considerably lower (~6 g), and we therefore deployed
these tags on godwits without selecting for size.

Based on a combination of morphological charac-
teristics (n = 10 individuals, see Schroeder et al. 2008)
and molecular sexing (n = 26 individuals), we deter-
mined that our sample of transmitter-carrying birds
consisted of 34 females and 2 males. Although we
mostly tracked females, we believe our results are rep-
resentative of the entire adult population. The small
number of satellite tracks obtained for males (Senner
et al. 2019, this study) and the much larger sample of
geolocator tracks of males (Hooijmeijer et al. 2013,
Verhoeven et al. 2019) indicate that there are no sex-
specific differences in the large-scale patterns of move-
ment in godwits. This is further supported by more
recent satellite tracking efforts that include more males
(T. Piersma, R. Howison, J. Hooijmeijer, A.H.J.
Loonstra and M.A. Verhoeven unpubl. data). In 2015
and 2016, the loading factor of the transmitters was
3.4 % ± 0.2 (range: 3.0 – 4.0 %) of a female’s body
mass at capture; in 2017, the loading factor was 1.9%
for each of the two females and 2.2% for each of the
two males.

Tracking data
Thirty-four of the 36 transmitters were programmed to
turn on for 8 hours and turn off for 24 hours. One of
the remaining two transmitters was programmed to
turn on for 8 hours and off for 25 hours, and the other
was programmed to turn on for 10 hours and off for 48
hours. The birds outfitted with a 9.5 g transmitter were
considered dead when their transmitter’s built-in activ-
ity sensor remained constant. The 5-g transmitters did
not have such an activity sensor, but they did have a
temperature sensor; we considered these birds dead
when the measured temperature dropped and began
following a day-night rhythm. For both the 9.5-g and 5-
g transmitters, we considered a bird to be dead when
its transmitter suddenly stopped transmitting and
never turned on again; we feel that this is reasonable,
as we never subsequently observed any of these 36
individuals alive during our resighting efforts of
marked birds at the breeding grounds, stopping sites,
or non-breeding sites (Verhoeven et al. 2018, Loonstra
et al. 2019a).

All tracking data was extracted from the CLS track-
ing system (www.argos-system.org) and stored at
Movebank (www.movebank.org). In Movebank we
selected all data up to 1 October 2018 and used the
“Best Hybrid” Douglas Argos-Filter Algorithm (Douglas
et al. 2012) to remove implausible locations by setting

the threshold for maximum movement rate to 120 km
h–1. This resulted in an average of 3.00 ± 0.24 loca-
tions per individual duty cycle. On the breeding
grounds, we have been able to simultaneously compare
the locations received through the CLS tracking system
with actual observations of these godwits. The error
rarely exceeds 5 kilometres and therefore is unlikely to
affect the large-scale patterns of movement presented
here (M.A. Verhoeven & A.H.J Loonstra pers. obs.). 

Annotating and plotting migratory tracks
We plotted every individual’s tracking data in Google
Earth and, from the resulting tracks, determined the
spatial organization of each individual’s annual cycle.
To do this, we divided the individual’s locations into
four groups: (1) at the breeding grounds, (2) in flight,
(3) at stopping sites during migration, and (4) at non-
breeding sites during the period between termination
of southward migration and departure on northward
migration. We considered all points north of 52°N to be
on the breeding grounds. All points that were not in the
same location, but rather made up a route toward a
new location, were considered to be in flight. Points at
the same location during migration were considered to
be at stopping sites and points after the termination of
southward migration were considered to be at non-
breeding sites.

Because godwits stop at certain sites for both long
and short periods of time (Table 3.1), we cannot differ-
entiate between stopover and staging sites (sensu
Warnock 2010). We therefore refer to all sites used dur-
ing migration as “stopping” sites (following Chan et al.
2019). We used the annotated data to combine and
plot all of our individual tracking data, and created two
plots that show: (1) in-flight locations and stopping
sites during southward migration, plus the non-breed-
ing sites (Figure 3.1A), and (2) in-flight locations and
stopping sites during northward migration (Figure
3.1B). These maps were made following the example
of Vansteelant et al. (2017); we downloaded a relief
map from Natural Earth (www.naturalearthdata.com)
and masked the seas by overlaying a high resolution
shoreline map obtained from the National Center for
Environmental Information (www.ngdc.noaa.gov/
mgg/shorelines). We then plotted the locations on the
resulting map using “ggplot2” in R (Wickham 2016, R
Core Team 2019). 

Analysis 
We quantified three different aspects of the variation in
migratory routes: (1) variation in orientation, (2) lon-
gitudinal distribution of tracks at each latitudinal
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boundary, and (3) variation in the use of stopping and
non-breeding sites. Since our goal was to make com-
parisons between different routes, and because god-
wits do not migrate in a straight line (Senner et al.
2018, Loonstra et al. 2019b), we did not assume a
straight migration during the “off ” cycle (which is
often done in tracking studies). Rather, in our analyses
we used only those routes that were actually observed
during the “on” cycle. 

IN-FLIGHT ORIENTATION AND DISTRIBUTION

We quantified an individual’s orientation during south-
and northward migration by calculating its longitudi-
nal (i.e. east-west) movement, measured in kilometres,
between latitudinal boundaries (Figure 3.2). Latitu -
dinal boundaries were spaced 1° of latitude apart along
the migratory route (from 52°N to 18°N, Figure 3.3A).
In order to calculate longitudinal movement, an indi-
vidual’s tag had to have been transmitting live data
when crossing at least two consecutive latitudinal
boundaries (Figure 3.2). We also quantified the longi-
tudinal distribution of tracks at each latitudinal bound-
ary. To account for the fact that degrees of longitude

differ in width at different latitudes, we expressed the
longitudinal distribution as the number of kilometres
between individual tracks, measured from west to east,
at each latitudinal boundary (Figure 3.2). The most
westerly track at each latitudinal boundary was consid-
ered to be at zero; since godwits do not migrate
directly north to south, this allowed us to compare the
longitudinal distributions with each other and thus
examine the spatial distributions of tracks along the
entire migratory corridor (Figure 3B). To calculate the
longitudinal distribution, more than one tag had to
have been transmitting live data at a given latitudinal
boundary (Figure 3.2). It was more common to have
multiple tags transmitting at a single latitudinal
boundary than to have a single tag transmitting for two
consecutive latitudinal boundaries, but both of these
circumstances occurred relatively frequently in our
dataset (see dots in Figure 3.3 for sample sizes). When
possible, we also calculated the difference between the
routes of the same individual in different years for both
measurements. However, this sample size is small
because it requires a tag to have been transmitting live
data at the same place in different years. 

Migration route, stopping sites, and non-breeding destinations 25

Site Direction Individuals Passage Dates Length of Stay (days)

1. Northwest Europe S 6 12 Jun – 12 Aug 4.5 ± 3.4 (1 - 10)
N 11 11 Mar – 6 Apr 1.9 ± 1.3 (1 - 4)

2. Bay of Biscay, France S 16 2 Jun – 15 Aug 8.0 ± 9.3 (1 - 41)
N 20 27 Feb – 8 Apr 5.8 ± 4.5 (1 - 16)

3. Côte du Soleil, France S 1 5 Jun – 11 Jun 6
N - - -

4. North of the Pyrenees, France S - - -
N 1 1 April – 2 April 1

5. Province of Léon, Spain S - - -
N 1 23 Mar – 24 Mar 1

6. Balearic coast, Spain S 2 22 Jun – 12 Aug 8.5 ± 6.8 (2 - 18)
N 4 12 Jan – 27 Mar 17.3 ± 13.9 (1 - 45)

7. Extremadura Region, Spain S 5 24 Jun – 31 Jul 2.5 ± 3.7 (1 - 10)
N 6 31 Jan – 27 Mar 13.0 ± 13.2 (4 - 45)

8. West coast of Portugal S 10 16 Jun – 10 April 80.6 ± 113.0 (1 - 277)
N 14 16 Jun – 10 April 55.6 ± 37.8 (13 - 149 )

9. Doñana, Spain S 28 9 Jun – 29 Mar 37.9 ± 59.2 (1 - 281)
N 17 9 Jun – 29 Mar 37.9 ± 41.2 (3 - 187)

10. Morocco S 7 19 Jun – 13 Oct 20.3 ± 37.5 (1 - 112)
N 12 12 Dec – 10 Mar 8.1 ± 7.0 (4 - 45)

Table 3.1. Summary of passage dates and lengths of stay for every stopping site used on migration north of the Sahara (>28°N).
Names and numbers correspond to those used in Figure 3.1. For sites where godwits were present during the entire non-breeding
period, the passage dates are given in italics.        



To calculate the distances between points, we used
the function “distHaversine” in the R-package “geo -
sphere” (Hijmans 2017). We then used Levene’s test,
which is part of the R-package “car” (Fox and Weisberg
2019), to compare the variances of the longitudinal
movements and longitudinal distributions across lati-
tudes. There are no post hoc tests to assess which lati-
tudes, in particular, may cause the variance of these
measures to be heterogeneous; we therefore relied on a
visual inspection of Figures 3.2B and 3.3B and the

standard deviations at each latitudinal boundary to
assess this. Depending on whether the variances were
homogeneous across latitudes, we either proceeded
with a one-way ANOVA (when they were homoge-
neous) or a Kruskal-Wallis test (when they were not
homogeneous), to test whether the average longitudi-
nal movement or longitudinal distribution varied
between latitudinal boundaries. If an ANOVA indicated
they varied significantly by latitude (P< 0.05), we
compared all means with the function “pairs” from the
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R-Package “emmeans” (Lenth 2019) while applying a
Tukey adjustment for multiple comparisons. When a
Kruskal-Wallis test indicated that longitudinal distribu-
tion differed at different latitudinal boundaries, we
compared all pairwise means using a Dunn test, which
is part of the R-Package “dunn.test” (Dinno 2017),
while applying a Benjamini-Hochberg adjustment to
adjust the p-values for multiple comparisons. 

SITE USE

We quantified the variability in site-use for two
regions: (1) stopping sites north of the Sahara and (2)
non-breeding sites south of the Sahara. We did this by
calculating the nearest-neighbour distances between
all the stationary points in a focal track and all the sta-
tionary points in a comparison track (which was also
done in Guilford et al. 2011, van Bemmelen et al.
2017, Oudman et al. 2018). In brief, this method takes
a point in a focal track and finds the nearest point in
the comparison track. Doing this for every point in the
focal track results in a list of nearest-neighbour or
“minimum intertrack” distances (one for every point in
the focal track). This method enabled us to compare
intertrack tracks among all individuals across all years,
among all individuals within the same year, and within
the same individuals across different years. 

We used the mean of all the nearest-neighbour
distan ces within a pairwise combination as a measure
of the similarity of the compared tracks. To assess
whether the mean nearest-neighbour distances of
between-individual track comparisons within years
and within-individual track comparisons between
years were smaller than the mean nearest-neighbour
distances between all individual tracks – i.e. to show
aggregation within years and site fidelity between
years (see figure 2 in Oudman et al. 2018) – we ran-
domly re-assigned all individual IDs to a track 10,000
times (Guilford et al. 2011, Oudman et al. 2018). This
created a randomized estimate of mean nearest-neigh-

bour distances for every type of track comparison. The
proportion of times that a randomized estimate of
track similarity is larger or smaller than the observed
mean nearest-neighbour distances can then be inter-
preted as a two-tailed P-value. For this analysis we
selected the best location – based on Argos data qual-
ity – per day per individual. If there were multiple best
locations for a single day, we used the first one. 

We also qualitatively assessed the use of stopping
and non-breeding sites by assigning location names to
a geographic region (for example, the west coast of
Portugal; see Figure 3.2). This allowed us to discuss
different stopping sites instead of just differences in
kilometres between tracks. We also used this qualita-
tive assessment to calculate the annual return rates of
individuals to stopping sites. For this, we identified the
sites an individual visited in a given year (t) and com-
pared these to the sites the same individual visited in
the next year (t+1). We then calculated, for each site,
the percentage of individuals that returned in the sec-
ond year (t+1). We were able to calculate these return
rates for three years for autumn migration (2016–
2018) and two years for spring migration (2017 and
2018).

RESULTS

Southward migration
All 36 individuals left the breeding grounds after being
tagged. In both 2015 and 2017, one individual died
within two months of being tagged at a post-breeding
stopping site in The Netherlands (<150 km from the
breeding grounds). The other 34 individuals all left
The Netherlands heading toward the southwest
(Figures 3.2A & 3.3A). In 2015, one of these individu-
als died during migration in Normandy, France – its tag
was later discovered on the side of a cliff, which might
suggest that the bird was killed by a Peregrine Falcon
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(Falco peregrinus). The other 33 individuals all reached
their non-breeding sites in the year of tagging: West
Africa (28 individuals, 85%), Doñana, Spain (3 indi-
viduals), the west coast of Portugal (1 individual) and
Morocco (1 individual). The other two occasions of
mortality during southward migration happened in the
years after tagging and consisted of an individual that
died in Normandy, France in 2016, and an individual
that died on the coast of northern Spain after crossing
the Bay of Biscay in 2017. In total, we observed 62 suc-
cessful southward migrations from 2015–2018 (13
individuals with 1 track, 13 with 2 tracks, 5 with 3
tracks and 2 with 4 tracks). In 2015 one individual
stopped for a night that coincided with its tag’s “off”
cycle. We therefore missed its exact stopping location
on its way to West Africa and excluded this individual
from the southward migration site use analysis.

Southward migration – Site use
Godwits migrated to a variety of locations after initial
departure from The Netherlands. Two locations were
used as a first destination in all four years: Doñana
(22/61 southward migrations, 36%) and the French
side of the Bay of Biscay (31%). Godwits also flew non-
stop to coastal northwest Europe (7%), the west coast
of Portugal (10%), the Extremadura region of Spain
(5%) and West Africa (5%). Other first destinations
after leaving The Netherlands were: the Balearic coast
of mainland Spain (3%), the Côte du Soleil, France
(1%) and Morocco (1%). As a result, the distance of
initial flights from The Netherlands varied consider-
ably – from 80–4477 km (x̄ = 1596 ± 877 km, n =
61). Non-breeding sites were reached directly from The
Netherlands on 11% of southward migrations, reached
after one stop on 38% of southward migrations, and
reached after multiple stops on 52% of southward
migrations. Migration routes that included an initial
stop close to the breeding grounds in coastal northwest
Europe and on the French side of the Bay of Biscay
were especially likely to include additional stops north
of the Sahara (96%, n = 23 flights); eventually these
individuals also ended up in Doñana (65%), the west
coast of Portugal (17%) and Morocco (13%) before
either settling for the non-breeding period or flying on
to West Africa. 

The Doñana and the French side of the Bay of
Biscay were visited by most of the tracked individuals
(Table 3.1). Of the 19 individuals that were followed
for multiple southward migrations, one flew non-stop
to West Africa in both years that it was tracked.
Another individual stopped in Doñana for 5 days in
one year, but flew non-stop to West Africa the next

year. The remaining 17 individuals revisited stopping
sites with varying consistency. Three sites were revis-
ited in all years (2016–2018), and also had the highest
average annual return rates: Doñana (0.79, 0.67–1),
the French side of the Bay of Biscay (0.67 in all three
years) and Portugal (0.75, 0.25–1). Morocco was vis-
ited by one individual in 2015 which returned in 2016,
and by one individual in 2017 which did not return in
2018. Northwest Europe (in 2015) and Extremadura
(in 2016) were visited by two individuals, and both
sites were revisited by one individual the following
year. The Balearic coast of mainland Spain (2 individu-
als in 2015) and the Côte du Soleil (1 individual in
2016) were not revisited in the following year. The
mean nearest-neighbour distance between stopping
locations during southward migration of the same indi-
vidual across years was 217 km (95% CI 122 – 312),
which was smaller than the distance between all tracks
(306 km, 95% CI 249 – 364, P = 0.002).  This indi-
cates that across years, stopping site use during south-
ward migration is clearly more site faithful than it is
nomadic.

Southward migration – Flights
Throughout their southward migration godwits ori-
ented to the southwest; the absolute amount of longi-
tudinal movement per degree of latitude was u = 42
km ± 44 (n = 204, Figure 3.3A). The variance of these
longitudinal movements did not clearly differ between
latitudinal segments (Levene’s test: F33,170 = 0.883,
P = 0.654). The average longitudinal movement did
differ somewhat between latitudinal segments (F33,170
= 1.706, P = 0.016): the average longitudinal move-
ments from 52 to 51°N (1 km ± 36) and from 29 to
28°N (–47 km ± 95) were more to the east than the
average longitudinal movements from 22 to 21°N (82
km ± 45; P< 0.05 for both pairwise comparisons),
while the comparisons of average longitudinal move-
ments for all other pairs were not statistically different
(Figure 3.3A). The variation in longitudinal movement
between tracks of the same individual across years was
41 km ± 30 (range: 8 –120, n = 15 repeated move-
ments by 8 individuals). 

The maximum longitudinal distribution at a latitu-
dinal boundary ranged from 128 km (51°N) to 836 km
(18°N, Figure 3.3B). The average longitudinal distribu-
tion across all latitudinal boundaries was 249 km ±
243 (n = 570, Figure 3.3B). The variance of these lon-
gitudinal distributions did not clearly differ across lati-
tudes (Levene’s test: F34,291 = 1.175, P = 0.239). The
average longitudinal distribution, however, did differ
by latitude (F34,291 = 2.378, P< 0.001). A pairwise
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post-hoc comparison of all means indicated that the
longitudinal distribution was on average smaller at
51°N (44 km ± 43) than it was at 21°N, 40°N and
41°N, and also that it was larger at 41°N (325 km ±
156) than at 31°N, 51°N, and 52°N (see also Figure

3.3B); for all other pairs of latitudinal boundaries,
comparisons of the mean longitudinal distributions
were not clearly different. That the longitudinal distri-
bution was smaller at 51°N was likely the result of mul-
tiple godwits leaving from a single or several nearby
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post-breeding sites in The Netherlands (~52°N),
whereas 21°N, 40°N and 41°N are all near the end of
non-stop flights to stopping and non-breeding sites,
when differences in longitudinal movement may have
accumulated en route. The largest longitudinal distri-
bution, with 836 km between individuals at 18°N, was
measured during the southward migration of the only
tracked godwit that spent the non-breeding period in
the Inner Niger Delta, Mali; this area lies approxi-
mately 1000 km inland from coastal West Africa where
all the other tracked godwits spent the non-breeding
season (Figure 3.2A). The average longitudinal distri-
bution between repeated tracks of the same individuals
was 129 km ± 88 (range 1–299 km, n = 36 boundary
crossings by 11 individuals). 

Non-breeding period south of the Sahara
Twenty-eight of 33 individuals crossed the Sahara to
spend part of their non-breeding period in West Africa
(Figure 3.2A). They visited seven wetland complexes,
including (1) the Inner Niger Delta in Mali (1 individ-
ual; see above) and a network of sites in coastal West
Africa: (2) the west and (3) east Senegal River, in
Senegal and Mauritania; (4) the Saloum River, in
Senegal, (5) the Gambia River, in The Gambia, (6) the
Casamance River, in Senegal, and (7) multiple rivers
on the coast of Guinea-Bissau and Guinea, including
the Cacheu, Mansoa and Geba (see Figure 3.1A). Two
individuals visited up to five of the six coastal sites
within the non-breeding period, whereas five individu-
als stayed at one site during their stay in West Africa.
(Figure 3.4 & Suppl. Figure S1). The average number
of sites used per individual per year was 2.36 ± 1.00.

In total, we collected data for 45 southward Sahara
crossings. Excluding the three tracks by the individual
that flew to the Inner Niger Delta, most individuals
arrived at the west Senegal River (23 out of 42 tracks),
followed by the east Senegal River (9 times), the
Casamance River (7 times,), and the Saloum River (3
times). None flew directly to the rivers on the coast of
Guinea-Bissau and Guinea, which is the most southerly
site. All individuals were consistent across years in
whether they crossed the Sahara or not (n = 19 indi-
viduals with repeated southward tracks). Individual
site-use consistency is best illustrated by the quantita-
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tive analysis in the paragraph below, but on a more
qualitative scale, the average individual site-use consis-
tency was 98% (30 tracks from 14 individuals that
crossed the Sahara). Due to the behaviour of two indi-
viduals, site-use consistency was not 100%: one bird
used four sites in 2015, but in 2016 added a stop on
the Saloum River for a total of five sites; another bird
used four sites in 2015, arriving at the east Senegal
River after crossing the Sahara, but in 2016 skipped
this site and flew directly to the Casamance River for a
total of only three sites. The other 12 individuals were
entirely consistent in their use of the wetland com-
plexes during the non-breeding period and they visited
the same locations in every year they were tracked.

The mean nearest-neighbour distance between all
individuals south of the Sahara across all years was
232 km (95% CI 165 - 299) and did not differ statisti-
cally from the mean distance between individuals
within years (228 km, 95% CI 158 – 289 , P = 0.792,
n = 45 non-breeding tracks). However, the mean near-
est-neighbour distance between all locations of the
same individual across years was 16 km (95% CI 0 –
32) and differed statistically from the mean nearest-
neighbour distance between all locations of all individ-
uals in these years (P< 0.001, n = 14 repeated indi-
viduals). This illustrates the site fidelity and idiosyn-
 cratic use of the different non-breeding sites by godwits
in West Africa. When the individual that went to the
Inner Niger Delta is excluded, the mean distance
between all individuals across all years decreases to
156 km (95% CI 113 – 201), and the mean distance
between individuals within years decreases to 157 km
(95% CI 113 – 199). These distances are not statisti-
cally different (P = 0.942, n = 42 non-breeding tracks),
which again shows that there are no clear annual dif-
ferences in site use. With the Inner Niger Delta individ-
ual excluded, the mean distance between all locations of
the same individual across all years decreases to 11 km
(95% CI 0 – 23) and remains statistically different from
the mean distance between all locations (P<0.001, 13
repeated individuals), thus suggesting strong site
fidelity across years.

Northward migration – Site use
From 2016 – 2018, we observed 30 successful north-
ward Sahara crossings by 21 individuals. Most birds
that crossed the Sahara arrived in Morocco (37%) and
Doñana (33%), while others arrived at the west coast
of Portugal (20%), the Balearic coast of mainland
Spain (7%) and the Extremadura region (3%; Figure
2B). At these sites, other tagged godwits were already
present (Morocco (1), Doñana (1), and the west coast

of Portugal (3)), having spent the non-breeding period
north of the Sahara. However, no godwit, including
those individuals that spent the non-breeding period
north of the Sahara, flew directly to the Netherlands.
The minimum number of stopping sites was therefore
1, while the average was 3.02 ± 1.42 and the maxi-
mum was 6 (n = 2 individuals). All 11 godwits that
arrived in Morocco continued on to Doñana. 

As was the case for southward migration, Doñana
and the French side of the Bay of Biscay were visited by
most of the tracked individuals (Table 3.1). The 12
individuals that were followed for multiple northward
migrations revisited their stopping sites with varying
consistency. The annual return rate was 1 for the west
coast of Portugal and the Balearic coast of mainland
Spain in both 2017 and 2018. Doñana (0.5 in 2017,
0.75 in 2018), the French side of the Bay of Biscay
(0.83, 1), northwest Europe (1, 0.5) and the Extrema -
dura Region (1, 0) were less likely to be revisited.
Morocco (0, 0) was never revisited by the same indi-
vidual either in the following year or in any other year.
The mean nearest-neighbour distance between stop-
ping locations of the same individual across years was
139 km (95% CI 64 – 214), which was smaller than the
distance between all tracks (282 km, 95% CI 241 –
324, P = 0.001). This indicates that across years, stop-
ping site use during northward migration is more site
faithful than it is nomadic.

Northward migration – Flights
Throughout their northward migration, godwits ori-
ented to the northeast. The absolute amount of longi-
tudinal movement per degree of latitude averaged –59
km ± 62 (n = 113, Figures 3.2B and 3.3A). The vari-
ance of these longitudinal movements did not clearly
vary by latitudinal segment (Levene’s Test: F32,80 =
1.194, P = 0.259), nor did the average longitudinal
movements (F32,80 = 0.891, P = 0.634). The difference
in longitudinal movement between tracks of the same
individual across years was 69 km ± 54 (range: 7–145,
n = 6 repeated movements by 5 individuals).

The maximum longitudinal distribution at a given
latitudinal boundary ranged from 3 km (51°N) to 2140
km (25°N). The variance of these longitudinal distribu-
tions differed between latitudes (Levene’s Test: F34,173
= 2.065, P = 0.001). A visual inspection of Figures
3.2B and 3.3B and the standard deviations at each lati-
tudinal boundary suggested that the standard devia-
tion was large at latitudes 25°N and 27–28°N, and at
33–34°N (SD >450 km). We believe the tracks at these
latitudes were more widely distributed because some
individuals flew over the Atlantic Ocean, some followed
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the coast, and others flew inland (Figure 3.2B and
3.3B). At latitudes 51°N and 52°N the standard devia-
tion was especially small (SD <50 km), probably
because individuals were converging on the same
breeding site (~52°N). Those latitudes with especially
large or small standard deviations are likely the lati-
tudes that cause the variance to be different across lati-
tudinal segments; this notion is supported by the fact
that when these latitudes are excluded, the variances
are homogeneous among the remaining latitudinal seg-
ments (Levene’s test: F27,140 = 1.380, P = 0.118).

The average longitudinal distributions across all
latitudes was 325 km ± 330 (n = 208, Figure 3.3B)
and varied by latitude (H(34) = 57.874, P = 0.007). A
Dunn pairwise post hoc comparison that adjusted P-val-
ues for multiple comparisons indicated that no
 latitudes were statistically different from each other
(P > 0.05 for all pairwise comparisons). The longitudi-
nal distribution between tracks of the same individual
was on average 195 km ± 227 (range 1–895 km, n =
16 boundary crossings by 8 individuals). The largest
longitudinal distribution within tracks of the same
individual was 895 km at 33°N (northern Morocco).

DISCUSSION

Our study describes the natural variation throughout
an entire annual cycle in the orientation, routes, and
spatial distribution of adult Black-tailed godwits breed-
ing within a kilometre of each other in The Nether -
lands. Our study confirms the results of earlier satellite
tracking studies of godwits breeding in The Nether -
lands (Hooijmeijer et al. 2013, Senner et al. 2019),
showing that godwits: (1) migrate southwest and
northeast along the same relatively straight, narrow
corridor on southward and northward migration, (2)
exhibit large individual variation in the distances and
duration of their flights, (3) use a network of sites
across Western Europe, the Mediterranean, and West
Africa (including the Inner Niger Delta), and (4) spend
the non-breeding period in the Mediterranean or West
Africa. Our results also confirm that godwits are pres-
ent in the Doñana wetlands in southern Spain during
the entire non-breeding period (Table 3.1), as was pre-
viously documented by Marquez-Ferrando et al.
(2014). 

Moreover, our tracking study extends the under-
standing of godwit migration by identifying additional
sites used during migration and the non-breeding
period. These include sites along the northwest coast
of mainland Europe (the English Channel and North

Sea), the Balearic coast of mainland Spain (including
the wetlands and rice fields in the Ebro Delta and
L’Albufera), and the Saloum and Gambia rivers (in
Senegal and The Gambia, respectively). Although it
was already known that godwits use a network of sites
across western Europe and the Mediterranean
(Lourenço and Piersma 2008), previous studies have
focused mostly on Doñana (Marquez-Ferrando et al.
2014), the Extremadura region (Masero et al. 2011),
and the west coast of Portugal (Lourenço et al. 2010).
Our results clearly illustrate the additional importance
of Morocco, the Balearic coast of mainland Spain, and
the French side of the Bay of Biscay.

Just as godwits exhibit significantly more variation
in migratory timing at the population level than the
individual level (Verhoeven et al. 2019), our results
show that the godwit population uses a broad network
of sites during both south- and northward migration,
but that individual godwits are relatively consistent in
their site-use north of the Sahara, and exhibit high site
fidelity and individuality in their use of non-breeding
sites in West Africa. That individuals return to the same
sites probably also explains why the observed longitu-
dinal distributions are somewhat smaller within tracks
of single individuals than at the population level. In
contrast, however, Morocco was visited by a large pro-
portion of our tracked individuals during northward
migration, but was never revisited by the same individ-
ual across years. We speculate that godwits coming
from West Africa do not attempt to fly to Morocco as a
destination, but only stop there out of necessity after
encountering headwinds en route (see Loonstra et al.
2019b). Even when such ‘emergency’ stopping sites
(Shamoun-Baranes et al. 2010) may be used intermit-
tently, they could be of critical importance for the sur-
vival of long-distance migrants.

Population variation in space use
The high site fidelity and individuality of godwits in
their use of non-breeding sites is similar to that of
other migratory shorebirds such as Red-Necked Phala -
ropes (Phalaropus lobatus; van Bemmelen et al. 2019),
Icelandic Black-tailed Godwits (Limosa limosa islandica;
Gill et al. 2019), Marbled Godwits (Limosa fedoa;
Ruthrauff et al. 2019), and Eurasian Woodcock (Scolo -
pax rusticola; Tedeschi et al. 2019). It is also similar to
species such as Marsh Harrier (Circus aeruginosus;
Strandberg et al. 2008), Whinchat (Saxicola rubetra;
Blackburn and Cresswell 2015) and Montagu’s Harrier
(Circus pygargus; Schlaich et al. 2020), all of which,
like godwits, use the East-Atlantic Flyway and the
Sahel Zone.
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The long-distance migratory birds on this non-
exhaustive list all have distinct life history strategies,
including considerably different mating systems, diets,
densities, flight behaviours, and migration routes. This
is consistent with the idea that high site fidelity and
individuality in the use of non-breeding sites is rela-
tively common among long-distance migratory birds
(see Cresswell 2014). However, among the birds that
use the East-Atlantic Flyway to travel to the Sahel
Zone, there are also species with nomadic non-breed-
ing movements (e.g. White Storks (Ciconia ciconia);
Berthold et al. 2002) and low non-breeding site fidelity
(e.g. European Hoopoes (Upupa epops); van Wijk et al.
2016). There is therefore a gradient in site-use behav-
iour among long-distance migrants ranging from
nomadic to strongly site-faithful.

A similar gradient exists in the spatial distribution
of actively migrating birds. For example, when crossing
the Sahara, the longitudinal distribution of godwits is
similar to that of Marsh Harriers but narrower than
that of Ospreys (Pandion haliaetus) and Egyptian
Vultures (López-López et al. 2014, Vardanis et al. 2016).
Even within the Continental Black-tailed Godwit
species, there is variation along this gradient: compar-
ing our results to Loonstra et al. (2019c) shows that
Polish godwits exhibit higher within- and between-
individual variation in space use during migration than
Dutch godwits. Such variation among and within
species begs the question: what causes these differ-
ences? 

Given the varied space use of migratory birds across
continents, flyways, life history strategies, and migra-
tory behaviours (e.g. Finch et al. 2017), differing space
use among species is likely not a simple matter of
broad ecological differences (such as between passer-
ines vs. raptors, insectivores vs. carnivorous, or short-
lived vs long-lived species). Instead, space use is likely
to be species- or even population-specific (as suggested
by Polish vs. Dutch godwits). This notion supports
recent calls for studying the full annual cycle of differ-
ent species, stressing the need to combine the non-
breeding and migration ecology of a given species with
its population dynamics to better understand the
observed differences among species (Marra et al. 2015,
Rushing et al. 2017, Cresswell 2018). 

At the same time, however, tracking the same indi-
viduals across years (e.g. Ruthrauff et al. 2019) is mak-
ing it increasingly clear that individuality in space use
is common within species. Space use is therefore not
only species- or population-specific, but also specific to
individuals. Because individuals from the same popula-
tion likely have a similar genetic background, the

observed individual differences are not likely to be of a
purely genetic origin. For example, the godwits we
tracked breed within a kilometre of each other in an
area where natal dispersal was found to be 915 m
(95% CI: 550 – 1515 m, Kentie et al. 2014). The most
likely cause for the individuality we observed is there-
fore that migratory birds have the phenotypic plasticity
to develop differences in migratory routines (sensu
Piersma and Drent 2003). This idea is supported by a
growing number of studies that have shown age-
dependent strategies among migratory birds by 1)
tracking juveniles throughout their development, and
(2) making comparisons between adults and juveniles
tracked in the same year (e.g. Perdeck 1958, Hake et
al. 2003, Chernetsov et al. 2004, Lok et al. 2011,
Mueller et al. 2013, Gill et al. 2014, Sergio et al. 2014,
Rotics et al. 2016, Meyburg et al. 2017, Vansteelant et
al. 2017, Verhoeven et al. 2018). This suggests that, in
addition to studying the full annual cycle, researchers
need to acquire lifelong tracks of individual birds to
help identify the mechanistic processes behind the
observed variation in adult migration routes. 

Applied considerations
In mapping the distribution of godwits across seasons
and years in the mid-2010s, we have identified previ-
ously unknown and possibly new sites and revealed
that individual godwits differ in which sites they use,
as well as that they show fidelity to these sites. This
information can contribute to more informed manage-
ment of the stopping and non-breeding sites used by
godwits. Nonetheless, the dictum “the more you know,
the more you know you don’t know” is applicable here.
Currently, our tracked locations are dots on a map, and
to put these dots into context – i.e. to understand why
godwits choose those locations, why the consistency in
site-use differs between stopping sites, and what god-
wits are doing in each place – we need ground-based
methods to gather a great deal of additional informa-
tion about those sites’ habitat characteristics and use
(Schlaich et al. 2016, Chan et al. 2019). That godwits
consistently use different sites in West Africa during
different parts of the year is an opportunity to compare
these different habitats at different moments and thus
gain an understanding of the ecological basis of godwit
distributions, which could then be extrapolated over
the entire range using remote sensing (Howison et al.
in revision). Our finding that godwits north of the
Sahara use not only the well-studied sites across the
Iberian Peninsula, but also sites in Morocco, the
Balearic coast of mainland Spain (Faber et al. 2016),
and the French side of the Bay of Biscay, is also relevant
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for future conservation measures. For instance, the
International Single Species Action Plan for the
Conservation of the Black-tailed Godwit (Jensen et al.
2008) classifies the maintenance and restoration of
stopping and non-breeding sites as a “high priority”.
By providing a more nuanced understanding of godwit
migratory routes, our findings can directly further that
goal and simultaneously help identify avenues of nec-
essary future research.
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Figure S.1. Tracks of 27 individuals in West Africa south of the
Sahara (<28 degrees north). Every row is a different individual,
every column is a different year; left column (green tracks) =
winter 2015/2016, middle column (pink tracks) = winter
2016/2017, and the right column (red tracks) = winter
2017/2018. We excluded from this figure one individual that
died in 2015 immediately after arriving south of the Sahara. See
main text for more information. 
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INTRODUCTION

In the past two decades, the development of new and
smaller tracking devices created the possibility to
describe the, very often surprising, migrations of an
increasing number of bird species (e.g. Wikelski et al.
2007, Gill et al. 2009, Bridge et al. 2011). As a result,
we now have a better understanding of when and
where migrating birds are throughout the annual cycle
(e.g. Bauer & Hoye 2014, Winkler et al. 2016). At the
same time, the increasing number of repeated individ-
ual tracks reveal an intriguing palette of intraspecific
variation in the spatial and temporal consistency of
migration, which continues to develop our understand-
ing of the various factors influencing the spatial and
temporal patterns of migration (Bairlein 2003, Conklin
et al. 2013, Kölzsch et al. 2019, Verhoeven et al. 2019).

Depending on the costs and benefits of being con-
sistent in timing and route during migration, individu-
als and populations are expected to vary in the consis-
tency of their itineraries (Alerstam et al. 2003, Drent et
al. 2003). For instance, in shorebirds and geese, birds
which are often assumed to rely on resources that are
exclusively available at specific sites and/or moments,
we often observe rather high consistency in migratory
routing and or timing (Fox et al. 2003, Eichhorn et al.
2009, Senner et al. 2014, Ruthrauff et al. 2019). In
contrast, for birds such as songbirds and seabirds,
which often feed on prey that are available across wide
geographical ranges and/or fluctuate strongly between
years, opposite patterns are seen (Dias et al. 2010,
Winkler et al. 2014, Weimerskirch et al. 2015, van Wijk
et al. 2016). However, as extrinsic and intrinsic selec-
tion pressures differ between populations, comparative

A.H. Jelle Loonstra, Mo A. Verhoeven, Adam Zbyryt,
Ester Schaaf, Christiaan Both & Theunis Piersma

Ardea (2019) 107(3), 251–261

The miniaturization of tracking devices is now rapidly increasing our knowledge on the spatiotemporal organization
of seasonal migration. So far, most studies aimed at understanding within- and between-individual variation in
migratory routines focus on single populations. This has also been the case for continental Black-tailed Godwits
(Limosa l. limosa; hereafter Godwits), with most work carried out on individuals from the Dutch breeding popula-
tion, migrating in relatively large numbers in the westernmost part of the range. Here we report the migratory tim-
ing and routes of four adult individuals of the same subspecies from the low-density population in eastern Poland
and compare this with previously published data on Godwits breeding in The Netherlands. During northward migra-
tion, the birds from Poland departed and arrived later from their wintering and breeding grounds. However, on
southward migration the Polish breeding Godwits departed earlier, but arrived one month later than the Dutch
birds on their wintering grounds in sub-Saharan Africa. Despite the small sample size of tracked birds from Poland,
we find a significantly higher between-individual variation in timing during southward migration in Polish Godwits
as compared to the Dutch Godwits. Furthermore, not only did migratory routes differ, but the few Polish Godwits
tracked showed a higher level of between- and within-individual variation in route choice during both southward
and northward migration. To explain this remarkable discrepancy, we propose that the properties of transmission
of social information may be different between Godwits from a high-density population (i.e. the one in The
Netherlands) and a low-density population (in Poland) and that this leads to different levels of canalization. To
examine this hypothesis, future studies should not only follow individuals from an early age onwards, but also quan-
tify and experimentally manipulate their social environments during migration.

4 Individual Black-tailed Godwits do not
stick to single routes: a hypothesis on how
low population densities might
decrease social conformity
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population-specific variation can serve as an additional
source of inference to understand spatiotemporal vari-
ation in migration (Piersma 2007, Webster et al. 2002).

Continental Black-tailed Godwits Limosa l. limosa
(hereafter Godwits) are long-distance migratory shore -
birds breeding across much of lowland Europe and rely
on a distinct number of staging sites during migration
(Beintema & Drost 1986, Hooijmeijer et al. 2013,
Verhoeven et al. in prep.). Wintering birds can be found
on the Iberian Peninsula, Greece, the Black Sea coast,
North Africa and in sub-Saharan Africa (Beintema &
Drost 1986, Zwarts et al. 2009, Gerritsen et al. 2015).
Recent work on the migration ecology of Godwits has
focused on staging populations at the Iberian Peninsula
and a breeding population in southwest Friesland, The
Netherlands (Hooijmeijer et al. 2013, Kentie et al.
2017, Senner et al. 2015, 2018, 2019, Verhoeven et al.
2018, in prep., 2019). Briefly, this work revealed a
large, but yet unexplained, amount of within- and
between-individual variation in the temporal organiza-
tion of migration (Verhoeven et al. 2019). In contrast,
spatial characteristics, such as the use of migratory
routes, staging sites and wintering sites, were found to
be rather consistent within individuals of this popula-
tion (Verhoeven et al. 2018, in prep.).

Here we explore the migration of Godwits across a
larger range by comparing individuals from two breed-
ing populations which are quite distant (1200 km), yet
genetically indistinguishable on the basis of neutral
markers (Trimbos et al. 2014). In total we tracked four
Godwits breeding in eastern Poland during three con-
secutive southward and two northward migrations. We
compare the timing and orientation of these migrations
with those of individuals from the mentioned Dutch
breeding population.

METHODS

Study area and capture of birds
For this study, Godwits were captured in a relatively
small breeding population (30–40 breeding pairs) in
Gródek valley, eastern Poland (53°05'N, 23°40'E) dur-
ing the breeding season of 2016. Using automated
drop-cages, we captured Godwits on the nest. Follow -
ing capture, Godwits were marked with a unique com-
bination of colour-rings and a metal ring. Subsequently
we measured wing length, tarsus length, tarsus-toe
length, bill length and total head length, and we
weighed the bird to the nearest gram using an elec-
tronic scale. In order to determine the molecular sex of
each captured bird, we took a small blood sample from

the brachial vein (see van der Velde et al. 2017 for
method).

To investigate the timing of migration, migratory
routes and staging sites during south- and northward
migration and the wintering sites of these Godwits, we
deployed four 5-g solar platform transmitting termi-
nals (PTT; Model 100, Microwave Telemetry, Colum -
bia, MD, USA). Transmitters were pre-programmed to
turn on for 8 hours and to turn off for 24 hours year-
round. We placed transmitters on the back of each bird
using a leg-loop system that consisted of Dynemaa-
rope (Lankhorst Ropes, Sneek). The weight of the PTT
and harness represented c. 2.3% of the total body mass
at capture (mean body mass: 270 g). All birds were
monitored until the PTT stopped transmitting, or if the
temperature sensor started to follow a day-night
rhythm which indicated the death of a bird (Loonstra
et al. 2019).

Locations were retrieved via the CLS tracking sys-
tem (www.argos-system.org) and passed through the
‘Best Hybrid-filter’ algorithm (Douglas et al. 2012) to
remove unrealistic locations that exceeded 120 km/h,
while retaining location classes with quality 3, 2, 1, 0,
A, B. On average this resulted in 0.71 ± 0.25 (SD)
locations per duty cycle. Locations used for this study
are stored on www.movebank.org.

Data analysis
To summarize the timing of migration during south-
and northward migration, we determined for each
individual when it crossed one of the nine chosen lati-
tudinal boundaries (52°N, 48°N, 44°N, 40°N, 36°N,
32°N, 28°N, 24°N, 20°N). Subsequently, we used the
calculated standard deviation of the population in tim-
ing at all these boundaries during south and northward
migration as a measure of between-individual variation
in timing. The within-individual variation in timing at
a boundary was determined by calculating the largest
timing difference within an individual across years at
that boundary. The chosen arbitrary boundaries are the
same as Verhoeven et al. (2019) and enable us to com-
pare the timing of migration during southward and
northward migration between Godwits breeding in The
Netherlands and eastern Poland at all crossings except
36°N (unfortunately, in Verhoeven et al. 2019 we could
not distinguish stops below and above this boundary;
see Table 4.1 for more details).

To visualize and compare the migratory routes and
orientation during south- and northward migration, we
determined the east-west movement in kilometres
within all eight consecutive latitudinal segments
(Verhoeven et al. in prep.; see Table 4.1 for more
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details). Based on these movements, we calculated the
standard deviation within the population within a seg-
ment and used this as our between-individual variation
measure. Within-individual variation in migratory
routes was determined by calculating the difference
between the two largest east-west movements within
an individual per latitudinal segment.

To test for statistical differences in the absolute dif-
ference and within-individual differences between both
populations in both timing and orientation we used a
Mann-Whitney U test in the Program R v. 3.4.3 (R Core
Development Team 2018). The between-individual dif-
ferences in timing and orientation between both popu-
lations were compared using the Levene’s test which is
part of the package ‘car’ (Fox & Weisberg 2019).

Chapter 444

i157481

2016

–16° –8° 0° 8° 16° 24° 32°

12°

20°

28°

36°

44°

52°

i157488

i157480

–16° –8° 0° 8° 16° 24° 32°

i157489

12°

20°

28°

36°

44°

52°

2017
2018

eastern Hungarysouthward

2017
2018

northward
Danube delta (Romania)
Italy
Spain

Poland
coast of the Aegean Sea
wintering areas in Lake Chad
wintering area of the Inner Niger Delta

Figure 4.1. Southward (2016, 2017, 2018; solid lines) and northward (2017, 2018; dashed lines) migration routes of the four
Godwits that were tracked from their breeding areas in eastern Poland. Circles show stops and wintering areas. Due to the duty cycle
(24 h off, 8 h on) we only report stops longer than 32 h (circles). 



RESULTS

Of the four tracked Godwits (three males and one
female) breeding in eastern Poland, the number of
southward and northward migrations per individual
were: 1/0, 2/1, 2/2 and 3/2 (S/N; Figure 4.1).

Migratory timing
Southward migration from the breeding grounds in
eastern Poland started on 18 May and the last bird left
the breeding area on 11 June, yielding in a 34-d time
window for the start of migration (Figure 4.2). Even
though this was two weeks earlier than for Godwits
breeding in The Netherlands, the long stopover of all
Polish Godwits between 44°N and 48°N caused them to
arrive on average more than a month later at sub-
Saharan wintering grounds than the Dutch birds (Table
4.1A, Figure 4.2). The amount of within-individual
variation did not differ between Godwits breeding in
The Netherlands and eastern Poland (Table 4.1A).
How ever, the amount of between-individual variation
in timing differed between the two populations and
was larger for Godwits from Poland at the last six
boundaries (44°N–20°N; Table 4.1A).

Northward migration from the wintering area in
the Inner Niger Delta took place over a 53-d period,
ranging from 31 January to 25 March, and was on aver-
age two months later than the departure of Godwits

breeding in The Netherlands (Table 4.1B, Figure 4.2).
Average arrival on the breeding grounds occurred only
one month later than the Dutch birds (Table 4.1B;
Figure 4.2). The two populations had similar within-
and between-individual variation in timing of migra-
tion at all crossings (Table 4.1B, Figure 4.2).

Migration routes
During southward migration, three routes could be dis-
tinguished for Godwits breeding in eastern Poland:
route 1 via the delta of the Danube in Romania to Lake
Chad (and subsequently moving to the Inner Niger
Delta for the rest of winter), route 2 with a similar
stopover in the Danube delta, but with a direct migra-
tion to the Inner Niger Delta, and route 3 going to east-
ern Hungary with a direct migration to the Inner Niger
Delta (Figure 4.1). While all individuals (n = 3) stayed
at least part of the winter in the Inner Niger Delta, one
individual (i157489) performed an additional ‘west-
ward’ migration at the end of October, i.e. from Lake
Chad to the Inner Niger Delta in 2016 (great circle dis-
tance: 1851 km). This did not happen in 2017 when
she flew straight to the Inner Niger Delta (Figure 4.1).

During northward migration, we could also distin-
guish three different routes, with all birds (n = 3) on
these routes converging in eastern Hungary before
reaching the breeding grounds in eastern Poland (Figure
4.1). Route 1 went from the Inner Niger Delta to the

4

Flexible route choice in Black-tailed Godwits 45

20°N

24°N

28°N

32°N

36°N

40°N

44°N

48°N

52°N

150120 18030 60 90
day after 1 October

NORTHWARDS

15012030 60 90
day after 1 May

SOUTHWARDS

Figure 4.2. Timing of migration of four Polish adult Godwits (black lines) compared with adult Godwits breeding in The Netherlands
(grey lines; after Verhoeven et al. 2019). Note that the timing of crossing the boundary at 36°N is excluded for Godwits breeding in
The Netherlands. 



Iberian Peninsula and then to eastern Hungary; route 2
went from the Inner Niger Delta to the coast of the
Adriatic Sea in northern Italy and then to eastern
Hungary; route 3 went from the Inner Niger Delta to the
north-eastern coast of the Aegean Sea in Greece and/or
Turkey and then to eastern Hungary (Figure 4.1).

The three Godwits tracked for more than one
migration were not faithful to a single route during
south- or northward migration (Figure 4.1). During
both south and northward migration, Polish Godwits
oriented differently from Dutch Godwits during multi-
ple parts of the migratory trajectories (Table 4.1C,
4.1D). Also, Godwits breeding in eastern Poland show -
ed a higher within- and between-individual variation
in the directions taken at various points along the route
(Table 4.1C, 4.1D).

DISCUSSION

By comparing the migratory routes and timing of two
distant breeding populations of the Continental Black-
tailed Godwits, we revealed significant population dif-
ferences in the route use during, and the timing of,
migration. Despite the small sample size of individuals
tracked from Poland, we found a higher within- and
between-individual variation in migratory routes of
Polish compared with Dutch Godwits. While we did not
find differences in the within-individual variation in
timing of migration between the two populations, the
amount of between-individual variation differed signif-
icantly: on southward migration between-individual
variation was larger among the Polish birds for the last
six boundary crossings (Table 4.1).
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Latitudinal Population Absolute timing and between-individual Within-individual variation
crossing variation (NL vs. PL)3 (NL vs. PL)

52° NL June 26 ± 13 days (n = 117) 17 ± 10 days (n = 36)
PL June 2 ± 11 days (n = 8) 14 ± 7 days (n = 3)

(P < 0.001; P = 0.10) (P = 0.85)

48° NL June 26 ± 13 days (n = 117) 16 ± 9 days (n = 36)
PL June 3 ± 10 days (n = 8) 14 ± 7 days (n = 3)

(P < 0.001; P = 0.10) (P = 0.79)

44° NL June 28 ± 13 days (n = 117) 16 ± 9 days (n = 36)
PL August 13 ± 31 days (n = 8) 8 ± 5 days (n = 3)

(P < 0.001; P < 0.01) (P = 0.09)

40° NL June 30 ± 15 days (n = 117) 19 ± 10 days (n = 36)
PL August 13 ± 31 days (n = 8) 9 ± 5 days (n = 3)

(P < 0.001; P = 0.04) (P = 0.09)

36° NL –– ––
PL August 14 ± 30 days (n = 8) 9 ± 5 days (n = 3)

32° NL July 7 ± 18 days (n = 93) 15 ± 8 days (n = 29)
PL August 14 ± 30 days (n = 8) 9 ± 5 days (n = 3)

(P < 0.001; P = 0.04) (P = 0.22)

28° NL July 7 ± 18 days (n = 93) 15 ± 8 days (n = 29)
PL August 14 ± 30 days (n = 8) 9 ± 5 days (n = 3)

(P < 0.001; P = 0.04) (P = 0.22)

24° NL July 8 ± 18 days (n = 93) 15 ± 8 days (n = 29)
PL August 15 ± 31 days (n = 8) 9 ± 5 days (n = 3)

(P < 0.001; P = 0.04) (P = 0.20)

20° NL July 9 ± 19 days (n = 93) 15 ± 9 days (n = 29)
PL August 15 ± 30 days (n = 8) 9 ± 5 days (n = 3)

(P < 0.001; P = 0.04) (P = 0.20)

Table 4.1. Observed timing and between- and within-individual variation in timing of migration for Godwits breeding in The
Netherlands1 and eastern Poland (A) during southward migration (mean ± SD) and (B) during northward migration (mean ± SD).
Observed orientation and between- and within-individual variation in orientation of migration for Godwits breeding in The
Netherlands2 and eastern Poland (C) during southward migration (mean ± SD) and (D) during northward migration (mean ± SD).
1after data from Verhoeven et al. 2019; 2after data from Verhoeven et al. in prep. 3First significance measure relates to the significance
of absolute difference in timing or orientation and second significant measure to between-individual difference in timing or orientation.

Table 4.1A. Timing – Southward migration.       



Even though breeding started at rather similar
dates in Poland and The Netherlands (average initia-
tion of breeding in The Netherlands 21 April vs. 22
April in Poland; Verhoeven et al. 2019 in prep., P.
Chylarecki unpubl. data), Godwits breeding in eastern
Poland arrived over a shorter interval and significantly
later in the season than birds breeding in The
Netherlands. This difference might hint at population-
specific strategies of nutrient accumulation for breed-
ing (cf. Piersma et al. 2005). Perhaps Godwits breeding
in Poland accumulate more nutrient stores along the
way than Dutch Godwits (Drent et al. 2006); and/or
the arrival of Godwits in Poland is constrained by a
later onset of spring and resource availability (Briedis
et al. 2016).

Interestingly, during southward migration, Godwits
breeding in eastern Poland departed significantly ear-
lier from the breeding grounds than Godwits from The
Netherlands. This may have been caused by early nest
or chick loss (across all years, none of the birds tracked
from Poland successfully fledged chicks) or by a lack of
high-quality habitat that would allow them to initiate

primary moult at the breeding grounds (van Dijk
1980). After this early departure from the breeding
grounds, all Polish Godwits staged for a considerable
time at staging areas between 48°N and 44°N. Perhaps,
Polish Godwits use this period to moult their flight
feathers, whereas Dutch birds start primary moult
already on the breeding grounds (van Dijk 1980,
Márquez-Ferrando et al. 2018).

Because they rely on distinct and widely dispersed
food-rich freshwater or coastal mudflats, long-distance
migratory shorebirds like Godwits are expected to
exhibit high consistency in migratory routes (Newton
2008, Ruthrauff et al. 2019). The flexibility to switch
between routes observed in Polish Godwits during both
southward and northward migration, contradicts this
expectation and suggests that Godwits either (1) have
an innate map of different suitable migratory routes,
(2) continuously learn through the use of social infor-
mation, or (3) discover and switch routes through a
form of asocial learning (Kendal et al. 2005, Creswell
2014, Flack et al. 2012, Mueller et al. 2013, Berdahl et
al. 2018, Mouritsen 2018, Kölzsch et al. 2019).
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Latitudinal Population Absolute timing and between-individual Within-individual variation
crossing variation (NL vs. PL)3 (NL vs. PL)

52° NL 14 March ± 9 days (n = 72) 9 ± 6 days (n = 25)
PL 4 April ± 7 days (n = 5) 4 ± 4 days (n = 2)

(P < 0.001; P = 0.51) (P = 0.16)

48° NL 12 March ± 8 days (n = 71) 9 ± 6 days (n = 24)
PL 4 April ± 7 days (n = 5) 4 ± 4 days (n = 2)

(P < 0.001; P = 0.69) (P = 0.16)

44° NL 10 March ± 9 days (n = 71) 8 ± 5 days (n = 24)
PL 17 March ± 9 days (n = 5) 11 ± 4 days (n = 2)

(P = 0.07; P = 0.80) (P = 0.06)

40° NL 3 March ± 14 days (n = 71) 10 ± 10 days (n = 24)
PL 14 March ± 8 days (n = 5) 10 ± 14 days (n = 2)

(P = 0.03; P = 0.28) (P = 0.78)

36° NL –– ––
PL 7 March ± 21 days (n = 5) 28 ± 38 days (n = 2)

32° NL 30 Dec ± 33 days (n = 81) 11 ± 6 days (n = 25)
PL 27 Feb ± 18 days (n = 5) 10 ± 9 days (n = 2)

(P < 0.001; P = 0.10) (P = 0.89)

28° NL 29 Dec ± 33 days (n = 80) 11 ± 6 days (n = 24)
PL 27 Feb ± 18 days (n = 5) 9 ± 9 days (n = 2)

(P < 0.001; P = 0.10) (P = 0.85)

24° NL 28 Dec ± 33 days (n = 79) 10 ± 7 days (n = 24)
PL 3 Mar ± 19 days (n = 6) 10 ± 7 days (n = 2)

(P < 0.001; P = 0.10) (P = 0.96)

20° NL 28 Dec ± 33 days (n = 79) 10 ± 6 days (n = 24)
PL 2 Mar ± 15 days (n = 6) 11 ± 8 days (n = 2)

(P < 0.001; P = 0.10) (P = 0.91)

Table 4.1B. Timing – Northward migration.      



Unfortunately, we only tracked experienced adult birds
and in the absence of information on the composition
of migratory flocks, we are unable to assess whether
the conditions for individual learning and social knowl-
edge sharing existed.

Nevertheless, we hypothesize that when social
information is lacking, inexperienced individuals are
more likely to develop more individual routes on their
very first southward and/or northward migration, i.e.
routes that are more different from one another than
when birds are able to fly with many experienced con-
specifics. Subsequently, if individuals from low density
populations survive, and if the spatial environment
allows these alternative strategies, every year this
mechanism generates more between-individual differ-
ences in migratory routes within the low-density popu-
lation. If information about different routes and goals
can be shared with other individuals during overlap-
ping occurrences in space and time (Berdahl et al.
2018), these individuals are likely to switch between
routes (higher within-individual variation). Thus, in
the end, the degree of between-individual overlap in
space and time and the amount and strength of social
information will ultimately determine the extent of

social canalization, which will be reflected in the
amount of within- and between-individual variation in
migratory routes that is shown by a population.

Following this, we argue that social canalization
may play a larger role in the relatively large and con-
centrated Dutch population (c. 33,000 breeding pairs;
Kentie et al. 2016), than in the small and scattered
Polish population (c. 2000 breeding pairs; Ławicki et
al. 2011). After the first southward migration, in both
populations young and experienced older individuals
overlap in their occurrence on wintering sites and are
able to share information during the nonbreeding sea-
son. However, as different Polish individuals are more
likely to have knowledge on different possible routes,
these individuals have a higher probability to switch
between routes and thus exhibit a higher within-indi-
vidual variation in migratory routes.

We propose that the rate of information exchange
and the rate in which new routes are ‘developed’ will,
together with the relative density of newly generated
information within the population, determine how fast
individuals from a population canalize and how con-
formity develops with age. Perhaps, the fast rate of
infor mation exchange and canalization of migratory
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Latitudinal Population DAbsolute movement and between-individual DWithin-individual variation
crossing variation (NL vs. PL)3 (NL vs. PL)

52° > 48° NL 223.1 ± 94.8 km (n = 68) 119.6 ± 93.0 km (n = 23)
PL –30.1 ± 130.9 km (n = 8) 95.0 ± 150.3 km (n = 3)

(P < 0.001; P = 0.03) (P = 0.35)

48° > 44° NL 233.5 ± 102.5 km (n = 68) 133.6 ± 101.2 km (n = 23)
PL 50.2 ± 148.5 km (n = 8) 105.1 ± 62.8 km (n = 3)

(P < 0.01; P = 0.04) (P = 0.82)

44° > 40 NL 229.3 ± 104.9 km (n = 68) 136.9 ± 95.9 km (n = 23)
PL 220.1 ± 94.3 km (n = 8) 154.4 ± 103.3 km (n = 3)

(P = 0.82; P = 0.69) (P = 0.54)

40° > 36° NL 177.1 ± 132.3 km (n = 56) 191.5 ± 134.6 km (n = 20)
PL 233.9 ± 106.8 km (n = 8) 163.1 ± 136.0 km (n = 3)

(P = 0.15; P = 0.55) (P = 0.92)

36° > 32° NL 173.7 ± 64.5 km (n = 56) 84.5 ± 77.3 km (n = 20)
PL 287.1 ± 166.0 km (n = 8) 232.6 ± 241.6 km (n = 3)

(P = 0.02; P = 0.02) (P = 0.04)

32° > 28° NL 182.3 ± 75.4 km (n = 56) 78.3 ± 63.4 km (n = 20)
PL 319.4 ± 184.1 km (n = 8) 230.7 ± 254.4 km (n = 3)

(P = 0.04; P = 0.001) (P = 0.04)

28° > 24° NL 156.5 ± 86.5 km (n = 56) 73.3 ± 73.6 km (n = 20)
PL 325.3 ± 132.0 km (n = 8) 119.8 ± 53.3 km (n = 3)

(P < 0.01; P = 0.01) (P = 0.13)

24° > 20° NL 161.2 ± 91.6 km (n = 55) 104.0 ± 97.1 km (n = 20)
PL 312.7 ± 164.1 km (n = 8) 100.8 ± 81.7 km (n = 3)

(P = 0.03; P = 0.001) (P = 0.83)

Table 4.1C. Migratory Route – Southward migration.     



strategy within the Dutch population is also illustrated
by the observation of a left-skewed age distribution of
Dutch Godwit recoveries in the Po Delta in Italy
(Beintema 2015). While this pattern could be explain -
ed by the selective disappearance of individuals
migrating via Italy, we believe that it is more likely that
social information on other routes causes them to use
the more common Atlantic route later on in life. None -
theless, an alternative, but not mutually exclusive,
explanation for the larger within- and between-individ-
ual variation the Polish Godwits is that the spatial dis-
tribution of geographical barriers (e.g. Atlantic Ocean)
and favourite ecological conditions may be different
between both populations.

In conclusion, our study comparing two Godwit
populations revealed remarkable population differ-
ences in both the between-individual variation and the
within-individual flexibility of migratory strategies that
would not have been expected in view of the lower
sample size of tracked Polish Godwits. We raise new
questions on the role of social environments in the
shaping of migratory routines in birds not migrating in
family units. To pursue these ideas, and to understand
how the innate control of migration interacts with the

learning through individuals including the sharing of
social information of other individuals, we will have to
track individuals from birth into adulthood whilst at
the same time quantifying and manipulating the geo-
graphical and social environment of migrating birds by
displacing and delaying inexperienced individuals.
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Latitudinal Population DAbsolute movement and between-individual DWithin-individual variation
crossing variation (NL vs. PL)3 (NL vs. PL)

48° > 52° NL –286,9 ± 97.4 km (n = 37) 106.9 ± 116.2 km (n = 12)
PL –177.3 ± 170.3 km (n = 5) 183.1 ± 250.0 km (n = 2)

(P = 0.04; P = 0.60) (P = 0.92)

44° > 48° NL –215.8 ± 117.7 km (n = 37) 89.1 ± 75.8 km (n = 12)
PL –532.9 ± 228.7 km (n = 5) 474.0 ± 490.6 km (n = 2)

(P < 0.01; P = 0.34) (P < 0.01)

40° > 44° NL –253.7 ± 138.4 km (n = 38) 152.0 ± 117.0 km (n = 12)
PL –381.6 ± 336.9 km (n = 5) 291.1 ± 46.5 km (n = 2)

(P = 0.78; P = 0.03) (P = 0.24)

36° > 40° NL –178.6 ± 171.4 km (n = 29) 139.0 ± 144.9 km (n = 8)
PL –247.6 ± 275.8 km (n = 5) 440.7 ± 129.2 km (n = 2)

(P = 0.67; P = 0.97) (P = 0.03)

32° > 36° NL –251.6 ± 159.7 km (n = 29) 195.1 ± 154.0 km (n = 8)
PL –310.7 ± 210.7 km (n = 5) 309.9 ± 37.4 km (n = 2)

(P = 0.44; P = 0.67) (P = 0.02)

28° > 32° NL –192.0 ± 153.9 km (n = 33) 162.3 ± 109.3 km (n = 10)
PL –269.6 ± 231.9 km (n = 5) 327.9 ± 149.7 km (n = 2)

(P = 0.61; P = 0.71) (P = 0.03)

24° > 28° NL –136.4 ± 119.5 km (n = 32) 157.7 ± 132.4 km (n = 10)
PL –189.8 ± 90.0 km (n = 6) 155.6 ± 23.6 km (n = 3)

(P = 0.25; P = 0.70) (P = 0.78)

20° > 24° NL –90.8 ± 115.7 km (n = 33) 130.9 ± 105.3 km (n = 10)
PL –192.2 ± 83.9 km (n = 6) 127.4 ± 79.2 km (n = 3)

(P = 0.02; P = 0.61) (P = 0.83)

Table 4.1D. Migratory Route – Northward migration.     



INTRODUCTION

In the past decade, parentage studies with molecular
markers transformed our view on the reproductive
strategies of various bird species, but also stressed the
importance of genetic markers to show whether social
parents are also the biological parents of the offspring
they take care of (Thomas et al. 2007, Yom-Tov 2008).
For example, studies on socially monogamous bird
species have shown that siblings from the same nest
are not necessarily related to either of the social par-
ents (egg-dumping or conspecific brood parasitism),
their social father (extra-pair paternity) or their social
mother (quasi-parasitism) (Griffith et al. 2004). While
a surprising high diversity of reproductive strategies
has been uncovered, both among and within different
species, we still lack descriptive knowledge on the
reproductive behaviour of most species (Pitelka et al.
1974, Yom-Tov 2008, Reneerkens et al. 2014).

The Continental Black-tailed Godwit (Limosa
limosa limosa; hereafter ‘godwit’) has been the subject
of many studies concerning its reproductive biology,
migration and conservation (van Balen 1959, Haver -
schmidt 1963, Kentie et al. 2018, Verhoeven et al.
2018, Loonstra et al. 2019). Based on behavioural

observations, godwits are assumed to maintain long-
lasting socially monogamous pair bounds (Haver -
schmidt 1963, Kentie et al. 2014). And even though
the relatedness between social parents and offspring
has never been investigated with genetic markers, it
has been assumed that social parents are also the bio-
logical parents. Nevertheless, both de Bont (1945) and
Haverschmidt (1963), confronted with clutches of
more than the usual four eggs (Verhoeven et al.
2019b), already wondered whether this is always true.
As studies on godwits are becoming more individual-
based (Kentie et al. 2018, Verhoeven et al. 2018), there
is an increasing need to pin the answer down.
Therefore we performed a parentage analysis with 10
microsatellite loci, and successfully examined the
genetic relatedness between social parents and chicks
in 37 families across 12 years.

METHODS

Study species
Godwits in the East-Atlantic Flyway are long-distance
migratory birds that breed across much of Western
Europe, but mostly in The Netherlands (Kentie et al.
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Variation in reproductive systems is ubiquitous among socially monogamous bird species, but parentage analysis
with genetic markers are still lacking in many natural populations. Here we used 10 unique genetic markers to
examine the occurrence of extra-pair offspring in broods of the Black-tailed Godwit (Limosa limosa limosa), a
socially monogamous wader. Most of the social offspring (94%) could be unambiguously assigned to their social par-
ents as they shared all alleles, we did not find evidence of extra-pair paternity or quasi-parasitism, however we
found evidence for conspecific brood parasitism in seven parent-offspring combinations from five broods. Once
again our results stress the importance of parentage studies with genetic markers when determining the mating
system of a socially monogamous species and raises questions about the occurrence of these parasitic female Black-
tailed Godwits.

5 Genetic parentage of the socially monogamous
Black-tailed Godwit Limosa limosa limosa
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2016). While approximately 25% of the population in
the East-Atlantic Flyway remains north of the Sahara in
the Mediterranean region for the entire non-breeding
season, the other 75% crosses the Sahara desert twice
a year to spend part of the non-breeding season in sub-
Saharan Africa (Márquez- Ferrando et al. 2014, Kentie
et al. 2017, Verhoeven et al. under review). Adult god-
wits in our Dutch study area (centered at 52°55'N;
05°25'E) arrive between late February and can be pres-
ent until late August (Senner et al. 2015, Howison et
al. 2018, Verhoeven et al. 2019a). After arrival, god-
wits establish territories and lay an invariant clutch of
four eggs (however clutches of 5–6 eggs are possible;
de Bont 1945, Haverschmidt 1963, Verhoeven et al.
2019b). Eggs are incubated for an average of 24.5
days, range: 22–27 days, and the precocial chicks take
on average 25 days to fledge (Haverschmidt 1963,
Verhoeven et al. 2020).

Data collection
In this study we aimed to assess the genetic relatedness
of 50 social godwit families (Table 5.1). All families
were breeding within our study area in southwest
Friesland from 2004–2015 (Howison et al. 2018).
Godwit nests were located by our field crew, landown-
ers and volunteers. Once a nest was found, we used the
egg flotation method to predict its hatching date in
order to ring the chicks before they left the nest
(Liebezeit et al. 2007). To ensure the correct assign-
ment of the social parents, we only used families on
which both parents were caught while incubating.
Adults were caught using a walk-in-trap, drop-cage, or
occasionally picked up by hand. Blood samples, from
which DNA was extracted, were obtained by punctur-
ing the leg vein of a one day old chick or the wing vein
from an adult. Blood was stored in individually labeled
1.5 ml Eppendorf tubes containing 96% alcohol buffer
and frozen at –20°C as soon as possible. Samples were
stored long-term at –80°C.

Molecular methods and parentage analysis
The extraction of DNA from whole blood was per-
formed by the standard ammonium acetate method
described in Richardson et al. (2001). All individuals
were genotyped at 10 polymorphic microsatellite loci
(LIM3, LIM10, LIM11, LIM12A, LIM14, LIM22, LIM24,
LIM26, LIM32, LIM33), which were developed by
Verkuil et al. (2009). To prevent overlapping allele size
ranges of loci, polymerase chain reactions (PCR) were
carried out in two multiplex PCRs (Multiplex 1: LIM3,
LIM11, LIM12a, LIM32, LIM33. Multiplex 2: LIM10,
LIM14, LIM22, LIM24, LIM26). PCRs were carried out
in 10 mL volume containing 5 mL QMPM (QIAGEN
Multiplex PCR Mastermix), 0.5 mL primer mix (origi-
nating from: 1 mL of each forward and 1 mL of each
reverse primer in 10 mL of H2O (stock 10 mM)), 2.5 mL
H2O, and 2 mL DNA template. The PCRs were run on a
Thermal Cycler (Applied Biosystems, Foster City,
California, USA) or a Mastercycler (Eppendorf,
Hamburg, Germany). The PCR amplification profile for
Multiplex 1 was: 15 min 95°C, 35 cycles of 94°C for 30
s, 55°C for 90 s, 72°C for 90 s, and a final elongation
time of 30 min at 60°C. For Multiplex 2 we used the
following PCR profile: 15 min 95°C, 35 cycles of 94°C
for 30 s, 57°C for 90 s, 72°C for 90 s, and a final elon-
gation time of 30 min at 60°C. All fluorescently labeled
PCR products were analysed on a 3730 DNA Analyzer
(Applied Biosystems) and allele sizes were scored using
GeneMapper version 4.0 (Applied Biosystems). Evi -
dence for null alleles at microsatellite loci in the adult
population was examined using the allele frequency
analysis in Cervus 3.0 (Kalinowski et al. 2007).

To assess the genetic relatedness between social
parents and offspring we compared all microsatellite
genotypes using a strict set of rules. We only compared
the genetic relationship between parent and offspring
when more than 8 loci successfully amplified. Because
of the relatively high estimation of null allele frequen-
cies for LIM32, LIM3, LIM14 and LIM22 we disre-
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Family size # Families # Families Families of which offspring Families with ≥1
(number of chicks) collected after genotyping was related to social parents case of egg-dumping

1 chick 0 1 1 0
2 chicks 1 4 3 1
3 chicks 18 21 18 3
4 chicks 31 11 10 1

Table 5.1. Total number of families that were collected per family size and number of families (per family size) that could be geno-
typed for more than 8 loci. Because of our predefined set of rules and the amplification failure of some individuals the number of
families decreased after genotyping.        



garded null alleles at these loci as mismatches (Table
5.2). A genetic relationship between social parent and
chick was confirmed when at least all but one of the
loci matched between social parent and chick. If only
the social father and chick differed at more than one of
the loci we considered this as a case of extra-pair pater-
nity. When only the social mother and chick mis-
matched at more than one of the loci we called this
quasi- parasitism. In cases were a young was unrelated
to both the social father and mother we called this con-
specific brood parasitism. To check for genotyping
errors, we randomly genotyped 33 individuals for a
second time and found no deviations.

RESULTS

Out of 100 sampled adult individuals, 81% were geno-
typed in all 10 loci, 5% at 9 loci, 3% at 8 loci, 1% at 7
loci, 1% at 6 loci, 6% at 5 loci, 1% at 3 loci, 2% at 0
loci. Of all sampled chicks (n = 169), we could geno-
type 82.2% for all 10 loci, 4.1% at 9 loci, 1.2% at 8
loci, 1.8% at 7 loci, 1.8% at 6 loci, 2.4% at 5 loci, 0.6%
at 4 loci, 1.8% at 3 loci, 0.6% at 1 loci, 3.6% at 0 loci.

Altogether, we could successfully determine the
genetic relationship between parents and offspring of
37 families (Table 5.1). Most of the social offspring
(94%) could be unambiguously assigned to their
genetic parents as they shared all alleles (Table 5.1).
However, among all 116 parent-offspring combinations
we found seven cases of conspecific brood parasitism,
no evidence was found for extra-pair paternity or
quasi-parasitism. The number of eggs that were
dumped in a single nest ranged from one (3 clutches)
to two (2 clutches).

DISCUSSION

Using a microsatellite-based parentage analysis we
were able to distinguish between parasitic and host
eggs of the Continental Black-tailed Godwit. Among
the 116 sampled parent-offspring combinations from
37 social families, we found no evidence of extrapair
copulations, but seven cases (five social families) of
conspecific brood parasitism.

Despite our ability to identify a second breeding
strategy among godwits, we are cautious to exclude
other breeding strategies among godwits. Also, we sug-
gest that the actual frequency of egg-dumping might be
higher than found in this study. This follows because
our relatively high rate of amplification failures and
initial sample of nests that only included eleven com-
plete families resulted in a rather low number of com-
plete families off which all chicks could be genotyped
(Table 5.1). Furthermore, our initial dataset was
selected to only include successfully hatched chicks. As
hatching-asynchrony is expected to be a high cost of
conspecific brood parasitism in precocial bird-species
(Hauber 2003), unhatched godwit eggs might have a
higher chance to be parasitic and the subsequent inclu-
sion of these eggs could increase the occurrence of con-
specific brood parasitism among godwits.

Studies on the evolution of mating strategies found
that polyandrous mating systems are associated with
populations that have a male-biased adult sex ratios
(Székely et al. 2014, Eberhart-Phillips et al. 2018).
Despite the male-biased adult sex ratio in the godwit
population studied here (Loonstra et al. 2019), we did
not find evidence for a polyandrous mating-system.
Therefore, one may ask whether the male-skewed adult
sex ratio is so recent that mating patterns have not
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Locus Nt Na Ho He Freqnull Sig (P) PID

LIM3 73 12 0.60 0.83 0.163 <0.001 0.05
LIM10 69 9 0.80 0.82 0.011 0.56 0.06
LIM11 73 8 0.85 0.81 –0.026 0.87 0.07
LIM12A 72 11 0.81 0.85 0.022 0.91 0.04
LIM14 73 17 0.80 0.92 0.067 – 0.01
LIM22 72 6 0.43 0.49 0.083 0.10 0.29
LIM24 73 9 0.71 0.68 –0.028 0.89 0.14
LIM26 73 11 0.85 0.86 0.0034 0.21 0.04
LIM32 72 15 0.47 0.89 0.30 0.09 0.03
LIM33 71 10 0.69 0.79 0.031 0.90 0.07

Table 5.2. Microsatellite loci used for genetic parentage analysis in adult Godwits (Na = number of alleles), Nt = number of adult
individuals genotyped, Ho = observed heterozygosity, He = expected heterozygosity, Freqnull = estimated null allele frequency, Sig(P)
= significance of Ho vs. He, and PID = probability of identity (PID-combined = 2.97·10–13).        



caught up yet, or whether our sampling scheme failed
to identify these cases?

Waders are well known for their diversity in mating
and breeding strategies, including conspecific nest par-
asitism (Pitelka et al. 1974, Yom-Tov 2008). While it is
unclear why some female godwits have adopted this
reproductive strategy, causes of this nest parasitism
could be induced by a lack of suitable nest sites, a
response to nest predation during egg- laying (best-of-
bad-job strategy), the life-long strategy of an individual
female and kin selection (Lyon & Eadie 2008). As a
first step towards a further illumination on the causes
of egg-dumping in godwits it would be insightful to
establish the identity of the egg-dumping females and
to uncover the relationship between these parasitic
females and hosts (Lyon & Eadie 2008). However, in a
breeding species which relies on crypsis, and where so
much reproductive events remain unrecorded even in a
tightly observed population (Verhoeven et al. 2020),
this will be challenging research goal.
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INTRODUCTION

Long-term population studies have the power to iden-
tify changes in population dynamics over time. When
combined with measurements of individual traits
across different contexts, i.e. years or environments,
they can also elucidate the processes underlying these
changes. Such an understanding of the mechanisms
underlying population change is of great value to the
development of eco-evolutionary theory (Clutton-
Brock and Sheldon 2010) and design of effective con-
servation strategies (Sutherland et al. 2004).

Imperative to long-term observational studies is
the collection of data in a standardized fashion year
after year or, alternatively, the ability to account for
any differences in methodology that occur over time.

These studies also rely on obtaining accurate measure-
ments of individual traits, because imprecise measures
can be incorrectly interpreted as change or mask the
appearance of actual change. In practice, the degree to
which observational studies can accurately measure
empirical data is debatable (Krebs 1989, Anders and
Marshall 2005), since field studies by nature always
involve some degree of measurement error. Addition -
ally, field methods are inherently both labour-intensive
and invasive. Efforts to minimize these factors usually
lead to studies that are both less intensive and less
focused, which in turn leads to less accurate measure-
ments. A good example of this balancing act is the
number of nest visits made in studies of avian nest sur-
vival: making more frequent nest visits yields more
accurate nest survival estimates (Dinsmore et al.
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Wiebe Kaspersma, Jos C.E.W. Hooijmeijer, Egbert van der Velde, Christiaan Both,
Nathan R. Senner and Theunis Piersma

Journal of Avian Biology (2020) 51: e02259

Long-term population studies can identify changes in population dynamics over time. However, to realize meaning-
ful conclusions, these studies rely on accurate measurements of individual traits and population characteristics.
Here, we evaluate the accuracy of the observational methods used to measure reproductive traits in individually
marked black-tailed godwits (Limosa limosa limosa). By comparing estimates from traditional methods with data
obtained from light-level geolocators, we provide an accurate estimate of the likelihood of renesting in godwits and
the repeatability of the lay dates of first clutches. From 2012 to 2018, we used periods of shading recorded on the
light-level geolocators carried by 68 individual godwits to document their nesting behaviour. We then compared
these estimates to those simultaneously obtained by our long-term observational study. We found that among
recaptured geolocator-carrying godwits, all birds renested after a failed first clutch, regardless of the date of nest
loss or the number of days already spent incubating. We also found that 43% of these godwits laid a second replace-
ment clutch after a failed first replacement, and that 21% of these godwits renested after a hatched first clutch.
However, the observational study correctly identified only 3% of the replacement clutches produced by geolocator-
carrying individuals and designated as first clutches a number of nests that were actually replacement clutches.
Additionally, on the basis of the observational study, the repeatability of lay date was 0.24 (95% CI 0.17 – 0.31),
whereas it was 0.54 (95% CI 0.28 – 0.75) using geolocator-carrying individuals. We use examples from our own and
other godwit studies to illustrate how the biases in our observational study discovered here may have affected the
outcome of demographic estimates, individual-level comparisons, and the design, implementation, and evaluation
of conservation practices. These examples emphasize the importance of improving and validating field methodolo-
gies and show how the addition of new tools can be transformational. 

6 Geolocators lead to better measures of
timing and renesting in Black-tailed Godwits
and reveal the bias of traditional
observational methods
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2002), but also increases the amount of researcher
 disturbance, which can influence the study subject and
its nest survival (Götmark 1992, Ibáñez-Álamo et al.
2012).

Observational studies therefore benefit from efforts
to obtain more accurate empirical data by developing
more effective methods, by collecting data more inten-
sively (i.e. over a focused period of time or in a particu-
lar area), and by reducing researcher disturbance. In
avian demographic studies, for example, using temper-
ature loggers to monitor nest fates has enabled more
accurate estimates of nest survival while also reducing
the number of nest visits (Weidinger 2006); using
colour rings has enabled researchers to make more
accurate estimates of productivity and survival without
needing to recapture individuals (Anders and Marshall
2005); and using radio transmitters has greatly
increased the accuracy of juvenile survival estimates
and enables researchers to use small sample sizes while
nonetheless collecting higher-quality data (Anders et
al. 1997, Yackel Adams et al. 2001; but see Bennetts et
al. 1999). There is still room for improvement, how-
ever. The difficulty of continuously tracking indivi d -
uals, for instance, negatively affects the accuracy of
survival estimates because it hampers the ability to
separate mortality from emigration (Zimmerman et al.
2007, Schaub and Royle 2013). Similarly, an insuffi-
cient knowledge of the number of renesting attempts
and the likelihood of producing multiple broods leads
to inaccurate estimates of population productivity
(Underwood and Roth 2002, Anders and Marshall
2005).

Here we focus on this latter issue and examine the
accuracy of the empirical data from our long-term
observational study of Black-tailed godwits (Limosa
limosa limosa, hereafter “godwits”) breeding in The
Netherlands. Our observational study aims to elucidate
godwit population dynamics by focusing on the rela-
tionships between the timing and location of breeding
and nest survival, chick survival, natal dispersal, and
recruitment (Schroeder et al. 2012, Kentie et al. 2013,
Kentie et al. 2014, Kentie et al. 2015, Kentie et al.
2018, Loonstra et al. 2019). Accurate estimates of the
timing of breeding, as well as of fecundity, productivity,
and survival, are therefore of great importance. How -
ever, more intensive research recently conducted in a
small portion of the larger observational study area led
to higher estimates of renesting propensity and a
longer estimate of breeding season duration than had
previously been found in the population (Senner et al.
2015a). Our team and others have spent many decades
studying godwits in The Netherlands (Haverschmidt

1927, van Balen 1959, Mulder 1972, Beintema et al.
1985, Kentie et al. 2018), but the outcomes of Senner
et al. (2015a) illustrated that our understanding of the
renesting behaviour of godwits was incomplete and
highlighted the need to examine the accuracy of our
long-term empirical data.

We therefore used light-level data collected from
geolocators to assess how well our field methods are
able to measure three core components of population
productivity: timing of clutch initiation, rates of nest
loss, and renesting propensity. These geolocators were
deployed to study godwit migration (Senner et al.
2019, Verhoeven et al. 2019), but because they contin-
uously log the ambient light level and were mounted
on the leg, we were also able to use them to generate
estimates of incubation behaviour. Employing geoloca-
tors in this way enabled us to illuminate previously
under-appreciated aspects of godwit breeding biology
and helped us identify ways in which long-term obser-
vational studies can be improved through the use of
novel technologies.

MATERIALS AND METHODS

Fieldwork
Fieldwork occurred from March through June 2012 –
2018, in our 12,000 ha long-term study area in south-
west Fryslân, The Netherlands (52.9643°N, 5.5042°E;
Senner et al. 2015b). Starting on 15 March, we checked
every field within the study area at least once every
week for six weeks. During this period, godwits arrive
from the non-breeding areas, form pairs and establish
territories. We consequently had a good sense of where
in the study area godwits were present, and used that
knowledge to find nests when the godwits started lay-
ing in April. We used the egg flotation method to esti-
mate the lay date of each nest and, consequently, their
expected hatch dates (Liebezeit et al. 2007). We visited
each nest three days before the estimated hatch date
and, if it was still active, returned 1 – 3 days later to
band the chicks. We also caught a portion of incubating
godwits using walk-in traps, automated drop cages, or
mist nets placed over the nest. After capturing an
adult, we individually marked it with colour rings and
took a blood sample for molecular sexing. In the years
after capture, we linked marked individuals to specific
nests through observations of incubating birds or by
recapturing them coincidentally.

Each breeding season we outfitted 42 – 69 adult
godwits with geolocators (i.e., 26 – 61% of the adults
caught annually). We used geolocators from Migrate
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Technology, Ltd: the 0.65g Intigeo W65A9 model from
2012 – 2013 and the 1g Intigeo C65 model thereafter.
These geolocators were attached to a coloured flag and
placed on the tibia. The total weight of the attachment
was ~3.3g from 2012 – 2013 and ~3.7g from 2014 –
2017, representing 1 – 1.5% of an individual’s body
mass at capture. The return rate of geolocator-carrying
individuals to the breeding grounds in the year follow-
ing deployment was 0.90, which is similar to their
apparent annual survival rate (0.85, Kentie et al.
2016).

From 2013 onward, these geolocators were pro-
grammed to log the ambient light level for up to 26
months (i.e. up to two consecutive breeding seasons).
In the years following deployment, we put consider-
able effort into recapturing godwits carrying geoloca-
tors. We retrieved light-level data from 129 geoloca-
tors. Of these, 22 logged for 23 months or more, while
most logged only 11 – 22 months either because the
battery ran out or because we recaptured the bird
within 22 months. We also retrieved 32 geolocators
that logged for less than 11 months and which thus
failed to log the start of the next breeding season. We
retrieved geolocators from both live and dead birds;
after retrieving a geolocator from a live bird, we re-
deployed a new geolocator on the same bird in all but
6 cases (5%).

Inferring incubation duration and hatching success
from geolocator data
The geolocators were programmed to log ambient light
level every five minutes and, because they were
mounted on the leg, recorded those periods of time
when the geolocator was shaded during incubation
(see also Bulla et al. 2016). To inspect the daily light
patterns (Figure 6.1), we used the function “prepro -
cessLight” from package “BAStag” (Wotherspoon et al.
2016) in Program R (R Core Team 2018). We manually
identified the beginning and end of an individual’s
incubation period, as well as the number of times each

individual nested within a breeding season (Figure
6.1). In 111 of 151 cases, we observed an egg-laying
phase denoted by 20 or more minutes of shading for
1 – 3 days, immediately followed by an incubation
phase denoted by long shaded periods lasting 1 – 10
hours. This pattern is consistent with known godwit
nesting behaviour, as most godwits lay 3 – 4 eggs
(Haver schmidt 1963, Verhoeven et al. 2019), both
females and males spend short periods sitting on the
nest during the egg-laying phase, and incubation
begins after the penultimate or ultimate egg is laid
(Haverschmidt 1963). In the remaining 40 cases, we
did not observe an egg-laying phase but did observe a
clear incubation phase. Observing egg-laying phases
shorter than two days or no egg-laying phase at all
could be the result of females laying fewer than four
eggs, birds starting to incubate earlier then the penulti-
mate egg, males that did not sit on the nest during the
laying phase, or because we were unable to accurately
identify a complete egg-laying phase. Because of these
uncertainties, the estimated lay date in these cases
might be 1 – 3 days later than the actual lay date. This,
in turn, might have caused us to overestimate an indi-
vidual’s renesting interval or to underestimate the
repeatability of an individual’s lay date across years.
However, we do not believe these possible sources of
error affected our conclusions, because (1) we use the
average renesting interval across years and (2) despite
being a potential underestimate, the geolocator-based
estimate of repeatability was already substantially
higher than the observational-based estimate.

Although our individually-specific, manual approach
to analysing the geolocator data could have introduced
some biases in determining the timing of laying and
duration of incubation, we believe that our method
was the most accurate one possible. For example, the
amount of time that geolocators were shaded during
egg-laying and incubation varied considerably among
individuals: some individuals incubated mostly at night
with only 1 – 2 hours of incubation in the morning or
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Figure 6.1. Ambient light level over time. Geolocators were mounted on the leg and therefore shaded during incubation, which
enabled us to detect the beginning and end of an individual’s incubation period and to observe the number of times each individual
nested within a breeding season.  
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evening, whereas others incubated mostly during the
day, either in one long bout or multiple bouts of vary-
ing lengths. This considerable inter-individual variation
meant that we were unable to quantitatively determine
the onset of incubation, such as by using a threshold
value for the number of daylight hours during which a
geolocator was shaded.  

For 43 of the nests of geolocator-carrying godwits,
we know that chicks hatched successfully because we
observed the newly hatched chicks in the nest; the
geolocator data we retrieved for these nests showed
that incubation lasted from 23 – 30 days. This corre-
sponds with the known incubation duration of godwits
(24.5 days, range 22 – 27 days; Haverschmidt 1963).
Because not all nesting attempts were identified by our
observational study (see Results), we lacked observa-
tional data on nest fate for some of the nests analysed
in this study; we considered such nests failed if the
geolocator data indicated they were incubated for 22
days or less. In most cases, it was also possible to infer
chick brooding from the light-level data (see Figure
6.1). However, this was not failsafe, and we therefore
did not use it as a measure of hatching success. 

In our data we distinguish between: (1) first
clutches, (2) renesting after the failure or hatching of a
first clutch (“first replacement”), and (3) renesting
after the failure of a first replacement (“second replace-
ment”). Replacement clutches do not include clutches
laid by a godwit pair after it has successfully fledged
chicks (also called “double-brooding”); this is a behav-
iour we and others have never observed among god-
wits (see Senner et al. 2015a). For all clutches we
know the start of incubation; for successful clutches we
know the date of hatching; for unsuccessful clutches
we know the date of failure. We also had some incom-
plete incubation histories resulting from geolocators
that stopped logging partway through the breeding
season; this was the result of either (1) battery failure
during the breeding season or (2) recapture of an indi-
vidual during one breeding season (with one geoloca-
tor), but not in a subsequent breeding season (with a
second geolocator). For this study, we collected a total
of 103 incubation histories, both complete and incom-
plete, from 68 individuals: 39 females and 29 males.
This included two males that likely each skipped a
breeding season altogether, so our analyses include
101 complete and incomplete incubation histories from
which we know the fate of the first clutch in a breeding
season (Figure 6.2). 

Of these 101 first clutches with known fates, there
were two cases in which it was not clear whether the
bird renested or not, even though the geolocator

remained operational. One female likely laid a first
replacement clutch, and another female who lost her
first replacement clutch likely laid a second replace-
ment, but we cannot be certain (see Supplementary
Material). We have therefore excluded these two cases
from the analyses that estimated renesting propensity
and probability; for these analyses we also excluded
one case in which the parent was killed at the same
time the first clutch was depredated (Figure 6.2).

Renesting propensity and probability depend on
whether the female produces a replacement clutch or
not. However, since godwits are socially monogamous
and share parental care (Cramp & Simmons 1983,
Beintema et al. 1995), we can also infer renesting
propensity and probability on the basis of males –
except in those cases in which the female dies. In such
cases, male geolocator data would show only that the
female did not renest, not whether she was alive or
not. In the cases where we retrieved geolocators from
live birds, female geolocator data does not include this
uncertainty. The calculated renesting propensity and
probability would therefore be underestimated if the
geolocator-based sample includes males whose part-
ners died after laying their first clutch. Our results
show that this scenario did not happen after failed first
clutches, but it may have occurred after hatched first
clutches or second replacement clutches.

Analysis
OBSERVER BIAS IN RENESTING PROPENSITY

First, we calculated renesting propensity on the basis of
geolocator-carrying godwits – how many individuals
laid a replacement clutch after their first clutch failed,
how many laid a replacement clutch after their first
nest hatched, and how many renested again after their
first replacement failed. The individuals carrying geo -
locators were part of our long-term observational
study, which enabled us to compare the found renest-
ing propensities between the two different study meth-
ods: geolocator-based and observational.

OBSERVER BIAS IN LINKING AN ADULT TO A NEST

Our study set-up also enabled us to evaluate our obser-
vational study’s performance in linking marked adults
to nests. However, of the 101 first clutches that were
laid by geolocator-carrying godwits and had known
fates, eight were linked to individuals that were caught
for the first time while incubating that nest. Because
these individuals were unmarked prior to being caught,
it was not possible to evaluate the performance of our
observational study for these cases. Therefore, we could
only use 93 of the 101 first clutches in our evaluation.
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We used a generalised linear model with a binomial
error distribution and a logistic link function to test
whether the chance of linking a geolocator-carrying
individual to a nest on the basis of field observations
(categorized as linked or not linked) depended on
whether or not the nest hatched (included as a two-
level factor) or when in the season the nest was laid
(included as a continuous covariate). However, there
are two potential caveats to these comparisons
between study methods: (1) Within our observational
study, we very rarely obtained data suggesting godwits
were renesting. During the proofing process of our
observational study, we therefore frequently disre-
garded the possibility of a bird renesting. Especially in
cases where an adult was linked to two nests that were
close to each other in time and space, the less likely
nest was sometimes permanently “unlinked” from the
adult in the database. At the time, we thought these
cases resulted from mistakes made in the field, with
single adults erroneously linked to two simultaneous
nests. In light of our results here, however, it is likely
that some of these adults were correctly linked to a
replacement clutch laid soon after the previous failure.
This means that the performance of our observational

methods was actually slightly better than is shown by
our comparison here. (2) Retrieving geolocators is of
great value to our project and we therefore sometimes
focused on geolocator-carrying individuals more than
other marked individuals. The calculated performance
of our observational study on the basis of geolocator-
carrying individuals may thus be slightly higher than
for all marked individuals.

OBSERVER BIAS IN THE TIMING OF LAYING

Some nests of geolocator-carrying individuals found in
the field during our observational study and desig-
nated as first clutches were actually second or third
clutches (see Results). Incorrectly assigning first and
second replacement clutches as first clutches in some
but not all cases has consequences for how consistent
our observational study estimates individuals to be in
their timing of laying (Figure 6.3). Therefore, the indi-
vidual repeat ability of the lay date of first clutches esti-
mated by Lourenço et al. (2011) on the basis of our
observational study is likely an underestimate. To get a
better estimate, we calculated the repeatability of lay
date on the basis of the first clutches of geolocator-
carrying birds. For this, we included individual as a
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13 geolocators
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9 birds laid first
replacement (21%)

34 birds did not
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Figure 6.2. Flowchart of all complete and incomplete incubation histories collected with geolocators. Terminology used is defined in
Materials and Methods. That geolocators stopped logging (including the retrieval of a geolocator during one breeding season, but
not in a subsequent breeding season; see Materials and Methods) resulted in incomplete histories (light grey boxes); the presented
percentages are based on complete histories only (dark grey boxes). As a result, the sum of dark grey boxes originating from the same
dark grey box is always 100%. a see Materials and Methods for explanation. b of these 9 second replacement clutches, 7 failed (88%),
1 hatched (12%) and 1 stopped logging.  
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random effect in the linear mixed model method of the
function “rpt” in the R package “rptR” (Stoffel et al.
2017). The estimate made by Lourenço et al. (2011)
was based on data collected in different years and with
a different statistical method from our present geo -
locator-based study; we therefore estimated the repeat -
ability of lay date based on our observational data col-
lected during the same years as our geolocator data
(2012 – 2018) using the same statistical method
described above for our geolocator-based estimate. For
this analysis we used only female lay dates because
including both sexes would introduce considerable
pseudo-replication from pairs comprising two marked
individuals. We excluded from this analysis all nests
known to be a replacement clutch on the basis of the
observational study. We assessed the uncertainty of
these repeatabilities with 1000 parametric bootstraps
and their statistical significance with likelihood ratio
tests.

RENESTING PROBABILITY

We also examined the chance of producing a replace-
ment clutch, i.e. the renesting probability, as a function
of the date of nest loss. This analysis yielded a “com-
plete separation,” in which the explanatory variable
(date) yielded a perfect prediction of the dependent
variable (renesting probability). Further statistical esti-
mates were therefore not required to assess or account
for between-year and within-individual variation.
Finally, we examined whether the renesting probability
after the first clutch hatched depended on the date of
hatch. For this we used a generalised linear mixed
model from the R package “lme4” (Bates et al. 2015),
with a binomial error distribution, logistic link func-
tion, and individual and year as random effects.
Finally, we calculated the number of days between ren-
ests and plotted this interval against the date on which
the earlier clutch was lost to investigate whether the
renesting interval changed seasonally (Supplementary
Material Figure S1). We also used linear mixed models
to test whether this renesting interval depended on
either the number of days the previous nest had been
incubated or the date of nest loss. We included individ-
ual as a random effect in these models. 

COMPARISON WITH VAN BALEN
In 1954, van Balen (1959) conducted experimental
research on renesting in godwits in a 100-ha area 69
km due south of our study area (52.2366°N, 5.4184°E).
After van Balen marked individual incubating godwits,
he collected their eggs and studied their renesting
behaviour. Following the removal of eggs, he searched

the area for these marked individuals and collected
their subsequent nesting attempts. He thus obtained
data on the renesting propensity of godwits, the interval
between replacement clutches, the distance between
nests, and the initiation dates of replacement clutches.
We compared his findings with our own using general
linear models with a Gaussian error distribution. We
obtained F values and Chi-squared values for the sig-
nificance of the fixed effect “study” (a two-level factor
with groups “ours” and “van Balen”) of nested models
with and without this fixed effect. We visually inspected
the residuals to validate the model assumptions.

From the light-level data, we obtained data on ren-
esting propensity, the interval between replacement
clutches and the initiation dates of replacement
clutches. We also investigated the geographic distance
between an individual’s first clutch and replacement
clutches by taking the coordinates of both nests and
calculating the distance between them with the func-
tion “pointDistance” from the R Package “raster”
(Hijmans 2017). We used all the replacement clutches
that were identified by linking a colour-marked individ-
ual to a nest as part of our long-term observational
study; these include the replacement clutches of geolo-
cator-carrying birds that were noted during the field
season, but not the replacement clutches of geolocator-
carrying birds that were missed by the observational
study (see Results). For this analysis, we log-trans-
formed renesting distance to achieve normality.

RESULTS

Observer bias in renesting propensity
The hatching success of the first nesting attempts of
geolocator-carrying godwits was 55% (n = 101). After
a failed first clutch, all geolocator-carrying godwits laid
a replacement (n = 40, Table 6.1). The hatching success
of these first replacements was 39%. After a failed first
replacement, geolocator-carrying godwits attempted a
second replacement 43% of the time (9 out of 21
times). Finally, 21% of successfully hatched first
clutches were followed by a replacement clutch (9 out
of 43 times); four of these attempts hatched (44%;
Table 6.1, Figure 6.2).  

Of the 49 first replacement clutches identified by
the geolocators (40 after a failed first clutch and 9 after
a hatched first clutch), our observational study found
and linked the geolocator-carrying parent in 14 cases
(29%); 8 of these clutches hatched (57%). In 12 of
these 14 cases, this was the first time the parent was
linked to a nest that season – i.e. the geolocator-carrying
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parent was not linked to its actual first clutch. Our
observational study therefore correctly identified the
first replacement clutch as a renesting attempt in 2 of
49 cases (4%). Both cases were replacements made
after the first nest failed; our observational study there-
fore correctly identified 2 of the 40 first replacement
clutches made after a failed first attempt (5%) and 0 of
the 9 first replacement clutches made after a hatched
first attempt (Table 6.1). 

The observational study correctly linked the parent
to its nest in 2 of 9 second replacement clutches; one of
these nests hatched and the other did not. Neither nest
was identified as a second replacement: one was
 designated as a first clutch and the other as a first
replacement. Combining first and second replacement
clutches, our geolocator data identified 58 replacement
clutches in total – of these, our observational study
identified 2 correctly (3%, Table 6.1). 

OBSERVER BIAS IN LINKING A PARENT TO A NEST

In our observational study, the first clutch of geoloca-
tor-carrying godwits was found and subsequently
linked to the geolocator-carrying parent 55% of the
time (51 out of 93 cases). The probability of linking the
geolocator-carrying parent to a first clutch was higher
when the clutch hatched than when it failed (b = 2.43,
c2 = 27.71, df = 1, P< 0.001, n = 93), but did not
depend on when the clutch was laid (b = –0.07, c2 =
2.66, df = 1, P = 0.10, n = 93). Of the 51 first clutches
to which a geolocator-carrying parent was linked based
on colour rings, 39 hatched (76%); of the 42 clutches
for which the link to a geolocator-carrying parent was
missed by the observational study, only 10 hatched
(24%).

Combining all 148 attempts with known fates (93
first clutches, 47 first replacements, and 8 second
replacements; see Figure 6.2), the probability of linking
the geolocator-carrying parent to a clutch depended on
whether the clutch hatched (b = 1.94, c2 = 27.36, df =
1, P< 0.001, n = 148) and its lay date (b = –0.06,
c2 = 13.38, df = 1, P< 0.001, n = 148). Of the 67
clutches to which a geolocator-carrying parent was
linked, 48 hatched (72%); of the 81 clutches for which
the link to a geolocator-carrying parent was missed by
the observational study, only 21 hatched (26%). The
odds of linking a geolocator-carrying parent to a nest
was negatively correlated with lay date, decreasing 6%
for every day that passed before the nest was laid
(Table 6.1).

OBSERVER BIAS IN THE TIMING OF LAYING

Based on 93 lay dates of first clutches from 65 geoloca-
tor-carrying individuals, the repeatability of lay date of
first clutches was 0.54 (95% CI: 0.28 – 0.75, P<0.01,
Table 6.1). The difference in lay date within individuals
ranged from 0 – 13 days and was 4.28 ± 2.96 d on
average (n = 24, Tabel 6.1, Figure 6.3). Based on our
observational study, which included 1334 lay dates of
650 marked females, the repeatability of lay date was
0.24 (95% CI: 0.17 – 0.31, P<0.01); the difference in
lay date within individuals ranged from 0 – 38 days and
was 11.35 ± 8.10 d on average (n = 350, Table 6.1,
Figure 6.3).

RENESTING PROBABILITY

The probability of renesting after a failed first clutch
was 100% and therefore did not depend on the date of
nest loss or the number of days spent incubating. These
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Measurement Geolocator study Observational study

Renesting propensity after a failed first clutch 100% 5%     
Renesting propensity after a hatched first clutch 21% 0%     
Renesting propensity after a failed first replacement clutch 43% 0%     
Repeatability of lay date of first clutches 0.54A 0.24B

Range of within-individual differences in lay dates across years 0 – 13 days 0 – 38 days
Average within-individual difference in lay dates across years 4.28 ± 2.96 days 11.35 ± 8.10 days 
Identifying the geolocator-carrying adult of nests with known fate Accurate Biased towards hatched nests 

and nests earlier in the seasonC

A Based on 93 lay dates of 65 individuals.
B Based on 1334 lay dates of 650 individuals.
C Based on 148 clutches (93 first clutches, 47 first replacements, and 8 second replacements).

Table 6.1. Overview of the different identified observer biases present in the observational study. We simultaneously obtained esti-
mates for the same measurements on the same individuals using both geolocators and observational methods.        
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replacement clutches were laid following first clutches
that failed under a variety of circumstances; first
clutches were incubated for periods ranging from 2 to
22 days, and first clutch loss dates ranged from 18
April to 18 May. The probability of renesting after a
failed first replacement was not 100% and was pre-
dicted by nest loss date: when nests failed before 19
May, all godwits renested (n = 9), whereas no godwit
renested following nest failure on or after 21 May (n =
12). Our sample did not include nests lost on 19 or 20
May. We excluded from this analysis one female that

likely laid a replacement clutch on 11 – 14 May (see
Supplementary Material). Our geolocator data shows
that this female lost this presumed first replacement
clutch before 19 May and did not lay a second replace-
ment clutch. 

The probability of renesting after chicks hatched
also likely depends on the date the chicks were lost. We
unfortunately could not test for this relationship,
because our geolocator data does not indicate when
individuals lost their chicks. However, we could test
whether laying a first replacement after a hatched first
clutch depended on the hatching date of the first
clutch; our analysis shows that it did not (c2 = 0.33,
df = 1, P = 0.57, n = 43). Lay dates of replacement
clutches ranged from 25 April to 30 May; the latest
 initiation of a replacement clutch in our geolocator
study was an attempt made after chicks hatched from a
first nest.

The average interval between the failure of the first
clutch and the beginning of incubation of the first
replacement was 8.73 ± 1.84 d (range 6 – 16 days, n =
40), while the average interval was 9.22 ± 1.48 d
(range 7 – 12 days, n = 9) between a failed first
replacement and the start of a second replacement.
This difference was not significant (c2 = 0.58, df = 1,
P = 0.45, n = 49). We found no correlation between
the renesting interval and the date the previous nest
was lost (c2 = 0.03, df = 1, P = 0.86, n = 49, Figure
S1), nor with the number of days the previous nest was
incubated (c2 = 0.58, df = 1, P = 0.45, n = 49).   

COMPARISON WITH VAN BALEN
Of the 92 replacement clutches identified by our obser-
vational study, 35 were within 100 m of their previous
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Population characteristic Geolocator study van Balen (1959)

Renesting propensity after a failed first clutch 100% (40 from 40) 40% (12 from 30)
Renesting propensity after a failed first replacement clutch 43% (9 from 21) 25% (3 from 12)
The date after which godwits do not replace lost clutches 18 May 20 May
Renesting interval (first and second replacements) 6 – 16 days 5 – 16 days
Average renesting interval (first and second replacements) 8.82 ± 1.80 days 7.73 ± 2.99 days
Initiation dates of replacement clutches 25 April – 30 May 30 April – 27 May

Population characteristic Observational study van Balen (1959)

Distance between nesting attempts 9 – 6496 m 80 – 640 m
Average distance between nesting attempts 564 ± 1190 m 282 ± 288 m

Table 6.2. Comparison between our geolocator and observational studies and van Balen’s (1959) study, for different population
characteristics.        
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Figure 6.3. Individual consistency of lay date observed in our
geolocator and observational studies. Here, we plotted the earli-
est lay date versus the latest lay date for every individual with
repeated measurements for lay date. We also plotted the line
x=y ,which represents a scenario in which lay date is completely
consistent, i.e. 100% repeatable. The observed difference in con-
sistency between the two study methods has consequences for
the estimated individual repeatability.



clutch, and more than half (51 out of 92) were within
200 m. The average distance between replacement
nests was considerably higher, though, because some
individuals moved large distances (m = 564 ± 1190 m,
range = 9 – 6496 m). Van Balen (1959) found a
smaller range of distances between nesting attempts
(range 80 – 640 m), but the average distance between
nesting attempts did not differ significantly between
the two studies (F1,104 = 0.42, P = 0.52, Table 6.2).

Van Balen found a 40% renesting propensity after
removing a first clutch (n = 30 individuals), which is
significantly lower than in our study (c2 = 39.4, df =
1, P<0.001, nour_study = 40, Table 6.2). He attributed
this low propensity to the small size of his study area
and the possibility that individuals moved large dis-
tances between nesting attempts, an idea that is sup-
ported by our observations that individuals can move
up to six kilometres between clutches. He also found a
“complete separation,” as godwits did not replace nests
lost after 20 May. The average renesting interval found
by van Balen was approximately one day shorter than
in our study (7.73 ± 2.99 d), but did not differ signifi-
cantly (F1,62 = 2.98, P = 0.09, Table 6.2). The lay
dates of replacement clutches in our study (25 April –
30 May) and van Balen’s (30 April – 27 May) were
therefore very similar and not significantly different
(F1,71 = 0.001, P = 0.98, Table 6.2). 

Discussion

In our sample of geolocator-carrying godwits, every
individual laid a replacement clutch after a failed first
clutch. Based on a comparison using data from geolo-
cator-carrying individuals, our observational study cor-
rectly identified only 3% of the replacement clutches
produced and designated as first clutches a number of
nests that were actually replacement clutches. The data
obtained from the geolocators also showed that our
observational study linked more marked adults to
hatched nests than to failed nests and linked fewer
marked adults to nests later in the season. Finally, we
found that the repeatability of lay dates estimated on
the basis of these less accurate measurements was 0.24
(0.17 – 0.31), whereas the repeatability estimate using
geolocators was 0.54 (0.28 – 0.75).

Our estimates of renesting interval and renesting
distance between successive clutches were not signifi-
cantly different from those found by van Balen (1959),
and were also similar to the renesting interval of 12.29
± 2.55 days (range 8 – 17 days) and renesting distance
of 78.50 ± 20.38 m (range 27 – 120 m) found by Hegyi

and Sasvari (1998). We also found that the date after
which godwits do not replace lost clutches was 18 May,
which corresponds with what van Balen (1959) found
more than 60 years ago. This suggests that there is a
shared and strong mechanism that determines the end
of the renesting period in godwits and that this has not
been altered by either habitat change or global climate
change (see also Kleijn et al., 2010).

Observer bias in renesting propensity
The renesting propensity of our geolocator-carrying
individuals after a failed first clutch was 100%. This is
higher than all previously published estimates for
black-tailed godwits: 45% (Hegyi and Sasvari, 1998),
41% (Schekkerman and Müskens 2000), 40% (van
Balen 1959), 29% (Buker and Winkelman 1987) and
20% (Senner et al. 2015a). The differences between
these studies could be biological, methodological, or
both. Yet, our observational study identified only 3% of
replacement clutches correctly and Senner et al.’s
(2015a) estimate of renesting propensity differs greatly
from our own, even though both of those studies were
conducted inside our study area and during the same
years as our own study. We therefore believe that the
differences in estimated renesting propensities among
different studies are mostly due to differences in
methodology. This notion is supported by two studies
on Dunlin (Calidris alpina) conducted at a single study
site in Alaska: based on an observational study from
2003 – 2006, Naves et al. (2008) found a renesting
propensity of less than 5%, whereas by using radio
transmitters and experimental clutch removals from
2007 – 2009, Gates et al. (2013) found that the renest-
ing propensity of early clutches was 82 – 95%.

IMPACT ON ESTIMATES OF FECUNDITY

The most important consequence of biased estimates of
renesting propensity is likely their impact on estimates
of fecundity. Fecundity – the number of hatched eggs
per female per year – depends on both renesting pro -
pen sity and nest survival. Therefore, previous studies
on godwits that calculated fecundity based on previ-
ously published, much lower renesting propensities,
have likely underestimated fecundity to varying
degrees. For instance, Roodbergen and Klok (2008)
assumed a renesting propensity of 0.5 and estimated
nest survival to be 0.39; had they assumed a renesting
propensity of 1, their estimate of fecundity would have
been 25% higher. Kentie (2015, chapter 6) assumed a
renesting propensity of 0.26 and estimated nest sur-
vival to be either 0.41 or 0.54, depending on the habi-
tat type in which the nest was laid; had she assumed a
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renesting propensity of 1, her estimates of fecundity
would have been 30% and 38% higher, respectively.
These studies also assumed that godwits do not lay a
replacement clutch after a hatched first clutch, which
our results and those of Senner et al. (2015a) indicate
is a regular occurrence, and likely means that they fur-
ther underestimated fecundity. 

Since fecundity is a measure of the number of
hatched eggs, underestimating it leads, in turn, to an
underestimation of population productivity (except in
cases where all chicks die and productivity is zero).
Because population productivity is an important factor
in understanding population-level processes, it follows
that accurate and precise estimates of renesting
propensity are important for population studies. For
this reason, Morrison et al. (2019) recently concluded
in a study assessing the relationship between migration
timing and breeding success of migratory birds that
“Empirical studies of the frequency and seasonality of
replacement clutches are therefore urgently needed in
order to identify the conditions in which they occur and
their role as a driver of both the benefits of early arrival
and the population-scale consequences of shifts in migra-
tion timing.”

IMPACT ON ESTIMATES OF NEST AND CHICK SURVIVAL

Nest survival estimates are much less affected by obser-
vational performance. In most cases, the fate of a nest
is independent of whether a marked individual was
linked to the nest or not. However, among the 92
replacement nests identified by the observational
study, there was one case in which we designated a
nest as “hatched” on the basis of later observing a
marked parent linked to that nest with chicks in the
field. Considering the high renesting propensity, this
now appears to be a poor practice – it could be that the
chicks observed accompanying an adult come from a
replacement nest that was never found. As a result, our
own and potentially other population-level analyses
that deal with nest survival – especially nest survival as
a function of date or location – are biased by the limi-
tations of the observational methodology. 

The same is true for our measurement of chick sur-
vival, which we base on whether or not adults are
accompanied by chicks 25 or more days after the clutch
has hatched. Because some godwits do lay a replace-
ment clutch after successfully hatching their first
clutch, the chicks accompanying the adult might actu-
ally be younger chicks from a replacement clutch. As a
result, the wrong fate could be assigned to the wrong
breeding attempt. Therefore, the analyses that address
chick survival – especially as a function of date or loca-

tion – may also be biased. Since nest and chick survival
are important parameters for examining dynamics at
the population level, it is critical that studies of avian
population dynamics first obtain accurate and precise
estimates of renesting propensity.

Impact on conservation efforts
Underestimating the possibility that birds lay a replace-
ment clutch can also affect the monitoring programs
that evaluate population growth and the effectiveness
of conservation practices. For example, a prevalent
practice in The Netherlands over the past 35 years has
been to use “number of nests found” as a measure of
population size or breeding density (Verstrael 1987,
Wymenga et al. 2000, Oosterveld et al. 2015). In situa-
tions where birds renest after first clutches fail, this
method produces an estimate of more breeding pairs
than are actually present. As a result, population
growth in a location with a low breeding density and
low nest survival is erroneously estimated to be the
same or even higher compared to a location with a
high breeding density and high nest survival. Thus,
using the number of nests to estimate population size
or breeding density without accounting for renesting
propensity has made the statuses of godwits and other
bird species seem less precarious than they actually
have been.

In recent years, the Dutch national monitoring pro-
gram has used the ratio of adult pairs with chicks to
found nests as its measure of productivity (van Paassen
1995, Nijland 2002, Nijland and van Paassen 2007).
This is an improvement over methods using solely the
number of nests found because it also incorporates
chick survival. However, replacement clutches are not
always accounted for, which introduces two types of
bias: (1) more nests are found than there are actual
breeding pairs, which results in a lower ratio of pairs to
nests and (2) the chicks that accompany an adult
might be young chicks recently hatched from a replace-
ment clutch rather than older fledged chicks, which
results in a higher ratio of adult pairs with chicks to
found nests. We therefore urge monitoring programs
not only to avoid using the number of nests alone to
evaluate changes in population size, but also to
account for renesting propensity when evaluations are
based on a ratio of adult pairs observed with chicks to
found nests.

It is also important for managers of nature reserves
and researchers alike to consider what effect renesting
can have on the length of the breeding season. We
illustrate this using our research on godwits, but simi-
lar scenarios for other bird species likely exist. Our
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results indicate that a godwit could lose a clutch as late
as 18 May and still lay a replacement clutch; that
replacement clutch could, in turn, be laid as late as 16
days later, on 3 June. This is consistent with the latest
lay date, 4 June, observed by Senner et al. (2015a) and
the studies reviewed therein. Assuming an incubation
period of 25 days and a pre-fledging period of 45 days
(see Loonstra et al. 2019), godwit chicks could there-
fore fledge as late as 13 August. Currently, the agri-
environmental schemes in The Netherlands that post-
pone the mowing of fields to promote godwit chick
survival end on 1 June, 8 June, 15 June, 22 June and 1
July. Similarly, most managers of nature reserves have
contracts with farmers to delay mowing until either 15
June or 1 July. And finally, our own observational
study stops following adults with chicks on 1 July,
while the national monitoring program surveys alarm-
ing pairs only from the end of May until the beginning
of June (Nijland and van Paassen 2007). Given our
results and those of Senner et al. (2015a), the timing of
all of these activities should be revised to encompass
the entire breeding season of godwits. This illustrates
that, in order to design and evaluate conservation
strategies for bird species, management organizations
first need to have accurate and precise estimates of the
frequency and seasonality of renesting.  

OBSERVER BIAS IN LINKING ADULTS TO A NEST

Our observational study linked more marked adults to
hatched nests than to failed nests and linked fewer
marked adults to nests later in the season. Thus, our
observational study collects biased data on the repro-
ductive success and lay dates of individuals, and these
data are then used in subsequent between-individual
comparisons: for example, when using marked individ-
uals to relate certain individual traits – such as winter-
ing location, arrival date, or habitat use – to either
reproductive success or lay date. Our observational
study also designated a number of replacement
clutches as first clutches, having failed to identify the
actual first clutch. This compromises the accuracy of
within-individual measurements. For example, our
results show that calculating the repeatability of lay
dates using our observational data leads to a lower
estimate than does using our geolocator data. Other
individual measurements – such as changes in lay date
in response to environmental variation – are also
affected. 

Incorporating geolocators into our study has there-
fore been valuable; it has alerted us to these biases and
allowed us to more accurately estimate renesting
propensity and the probability of linking adults to

nests. This, in turn, may enable us to mitigate some of
the biases in our observational data. For instance,
when analysing the relationship between wintering
location and the lay date of first clutches, we could use
the geolocation data to identify the date before which
most clutches are likely first clutches and before which
nests have an equally high chance of having a marked
parent assigned to them. We could then use that date
as a cut-off for the nests we include in the analysis.

Although in some cases we can mitigate the effects
of such biases by recognizing their sources and design-
ing our analyses accordingly, the individual nature of
the underlying errors means that we cannot apply a
correction to actually remove the biases. This is a pity;
like other long-term studies, ours can be used to
observe changes in traits and behaviours over time –
but to identify the processes underlying these changes,
accurate measurements of the same individuals over
multiple years are required. In our case, due to the
observer bias that affects these measurements, we
would only be able to identify the underlying processes
if the magnitude of change is larger than the error in
the measurements. For example, in the case of measur-
ing advances in lay date, the magnitude of change is
usually less than one day per year (Crick et al. 1997),
whereas our within-individual error is larger than that.
To measure the magnitude of change, therefore, we
require either better observer performance in the field
or the use of more geolocators. This concept is broadly
applicable: observer-based biases such as those we
have encountered are inherent to observational studies
in general. To identify and mitigate such biases,
researchers should strive to obtain accurate estimates
whenever possible. Incorporating additional data col-
lection tools may in many cases help accomplish this.

Conclusions
The performance of our long-term observational study
in linking marked individuals to nests has limited the
accuracy of our population-level estimates and intro-
duced multiple biases to our measurements of individ-
ual traits. These less accurate measurements, in turn,
impair our ability to potentially observe changes that
may have occurred in our study population and to
understand the mechanisms underlying those changes.
Consequently, these less accurate measurements also
inhibit the design and implementation of effective con-
servation efforts that are based on scientific evidence.
The use of geolocators as an additional tool, however,
has improved our understanding of the renesting biol-
ogy of godwits and can help us improve and account
for the limitations of our observational study. However,
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the use of geolocators is not a panacea; even with con-
sistent methodological advances, no field study will
ever achieve the goal of being entirely unbiased.
Ultimately, part of the magic of ecology is its complex-
ity and our permanent inability to fully understand
that complexity. We can continue to develop our eco-
logical understanding, but only by accepting the funda-
mental importance of undertaking regular self-assess-
ments.
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Within the 101 first clutches with known fates, there
were two cases in which it was not clear whether the
bird renested or not, even though the geolocator
remained operational. The first case was a female who
lost her first clutch on 2 May; the geolocator was
shaded for 10–15 minutes three times every day from
11–14 May, which suggests that the female was laying,
but there were no longer periods of incubation logged.
This female was also photographed on 6 May, with
observation notes describing “eggs in her abdomen”
(see below Photograph). The second case was a
female who lost her first replacement on 14 May; the
geolocator logged two occasions with 15–20 minutes
of shading on the morning of 23 May, and one hour of
shading at noon on the same day. In these two cases, it
is likely that the first female laid a first replacement
clutch and possible that the second female laid a sec-
ond replacement, but we cannot be certain.
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INTRODUCTION

Egg sizes of birds vary considerably at the population
level; the largest eggs are generally at least 50% larger
than the smallest eggs within a population (Christians
2002). Such variation could result from consistent dif-
ferences in egg size among individuals. These consis-
tent differences among individuals, in turn, could be
the result of consistent differences in environmental
context (e.g. habitat quality before egg laying) or the
result of genetic and ontogenetic factors that help
determine egg size and differ among individuals (e.g.
female size). On the other hand, it is also possible that
the observed variation in egg size is the result of differ-
ences within individuals, in response to annual varia-
tion in exogenous conditions (e.g. food, precipitation
or temperature) or changes in endogenous condition
(e.g. female age or body condition). To understand the
causes of variation in egg size, it is therefore necessary

to first partition the variation in egg size into among-
and within-individual differences.

Among- and within-individual differences are usu-
ally partitioned by calculating the repeatability of egg
size (Christians 2002). In previous studies, the egg size
of individual birds has been found to be significantly
repeatable (mean repeatability = 0.68; 23 studies of
18 species reviewed by Christians 2002). In other
words, in most species, individuals consistently differ
from one another in egg size and show only relatively
minor within-individual variation in egg size. However,
in his review, Christians (2002) also concluded that
only 10–20% of the variation in egg size was explained
by environmental and among-individual factors such
as food availability, temperature, body size, age and
mass.

Pick et al. (2016a) discovered that Japanese Quails
Coturnix japonica laying larger eggs invested more
energy into their reproductive organs and also had a

Mo A. Verhoeven, A.H. Jelle Loonstra, Alice D. McBride, Joost M. Tinbergen,
Rosemarie Kentie, Jos C.E.W. Hooijmeijer, Christiaan Both, Nathan Senner & Theunis Piersma

Ardea (2019) 107(3), 291–302

As is the case for most avian species, there is considerable variation in the egg size of Continental Black-tailed
Godwits Limosa l. limosa breeding in The Netherlands. It is interesting that egg size has costs and benefits yet varies
considerably at the population level. To better understand this variation in egg size, we tested its relationship to a
suite of individual and environmental factors. We found that egg size can decrease up to 2.8% throughout a breed-
ing season and that egg size increases with clutch size by 1.4% with each additional egg in the clutch. Female body
mass and body size explained 5% of the total variation in egg size observed across the population. Furthermore,
females wintering south of the Sahara laid 3% smaller eggs than those wintering north of the Sahara. We also found
that egg size increases with age, which may indicate age-related differences in the endogenous and/or exogenous
conditions of females. The variation in egg size was, however, mostly the result of consistent differences among
individuals across years (repeatability = 0.60). A comparison of daughters with mothers suggested that most of this
individual repeatability reflects heritable variation (heritability = 0.64). The actual individual traits that underlie this
heritable variation among individuals remain mostly undetermined. Smaller eggs did have a slightly lower chance of
hatching, but we found no relationship between egg size and chick survival. Finally, nest and chick survival were
strongly correlated with lay date. Thus, in Black-tailed Godwits, lay date may actually reflect a female’s endogenous
and/or exogenous condition at the moment of egg-laying. This finding may be general across birds, since food sup-
plementation experiments usually result in advanced laying and larger clutch sizes rather than in larger eggs.
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higher resting metabolic rate. Larger eggs also gener-
ally contain higher absolute levels of egg components
and produce larger and heavier chicks that survive
 better (reviewed in Krist 2011 and Williams 2012).
These results suggest that egg size has costs and bene-
fits, and that individuals might balance these costs and
benefits when allocating resources to egg size. Interest -
ingly, since there is large between-individual variation
in egg size and only minor within-individual variation,
the outcome of this potential trade-off must differ both
considerably and consistently among individuals. That
the factors determining this variation among individu-
als remain largely undiscovered makes it all the more
intriguing (Christians 2002, Williams 2012). To further
examine the considerable variation in the egg sizes of
birds, we explore the determinants of egg size in
Continental Black-tailed Godwits (hereafter Godwits).

The egg size of Godwits may be particularly inter-
esting to study because this species differs in two ways
compared with most of the 18 species reviewed by
Christians (2002). First, Godwits have a relatively
invariant clutch size of four eggs (87% of all clutches,
n = 6396), and second, the chicks forage for them-
selves (Schroeder et al. 2009, 2012). Thus, most God -
wits do not vary their total parental effort by varying
their clutch size and might instead vary their egg size
more than would species with a variable clutch size.
Further more, since they have chicks that forage for
themselves, Godwits are relieved of the energetically
demanding task of food provisioning (but not of sup-
plemental heating; see Schekkerman et al. 2003). This
means that in terms of allocating parental effort to
reproduction, the effort put into eggs plays a propor-
tionally greater role in Godwits than it does in altricial
bird species (Williams 1994, Starck & Ricklefs 1998). It
is worth noting that the effects of egg size on offspring
phenotype have been found to differ between altricial
and precocial species; in the altricial Blue Tit Cyanistes
caeruleus the effects of egg size dissipate early in
ontogeny (Hadfield et al. 2013), whereas in the preco-
cial Japanese Quail they remain until adulthood (Pick
et al. 2016b).

We are curious about what the variation in egg size
of Godwits reflects and how this might differ from
other bird species. Therefore, we investigated whether
Godwits show variable egg size and related their egg
size to a suite of environmental and individual factors.
First, we estimated the repeatability and heritability of
egg size. Second, we searched for annual and seasonal
patterns in egg size, and then turned to individual fac-
tors such as female size, mass, age, lay date, and win-
tering location to explain the variation. Finally, to

understand why variation in egg size persists in
Godwits, we explored how egg size and lay date are
associated with nest and chick survival. Our goal is to
better understand the variation in egg size for Godwits
and birds in general.

METHODS

We studied Godwits in southwestern Friesland, The
Netherlands, from 2004 until 2017. In 2004, our study
area was a single 250 ha polder (52°59'55"N, 5°24'31"E).
Polders are historical and hydrological entities charac-
terized by fields with similar water levels (Groen et al.
2012). In 2007, the study area was expanded to 8970
ha in order to include multiple polders; in 2012 the
study area was expanded again to 11,415 ha (see
Groen et al. 2012 and Senner et al. 2015 for a detailed
description of the study area). Each year, we searched
the study area for nests and measured the width and
length of the eggs when a nest was found. We found
most nests during the incubation phase and therefore
measured their egg flotation angles to estimate the lay
date of each nest (van Paassen et al. 1984). For God -
wits, more than 80% of all estimates are accurate
within two days and 95% of all estimates are accurate
within three days (van Paassen et al. 1984). In most
cases we floated two eggs and used the average to bet-
ter estimate lay date, but even with this approach some
measurement error persists. To put this measurement
error into context, lay dates vary from 32–55 days
within a breeding season. Following Schroeder et al.
(2009), we calculated egg volume using the formula
(length × width2 × 0.52); we refer to this as egg size.
In our analyses we use clutch size as a fixed effect, but
we cannot distinguish between partial predation and a
clutch that naturally contained fewer than four eggs.
To ensure that we did not include any clutches that
were still in the laying phase, we included clutches of
fewer than four eggs only when upon initial discovery
the clutch had already been incubated for two or more
days, or when two or more days after its initial discov-
ery in the laying phase the clutch was being incubated
and contained the same number of eggs (thus exclud-
ing any noticeable predation that might have occurred
in the meantime). In this way we excluded 351
clutches that failed before reaching what might have
been their final clutch size. However, our sample still
unavoidably includes clutches that were partially
depredated.

On a subset of the found nests, we caught incubat-
ing adults to individually mark them with colour rings
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and take blood for molecular sexing (e.g. Schroeder
et al. 2009). From 2008 onwards, we colour-ringed
recently hatched juveniles as well as juvenile Godwits
that we captured in the study area after they had
already left the nest. For the latter group of juveniles,
we know the year in which they were born but often
not their maternal nest. Our analyses that include juve-
niles or birds with known age are based on data from
2008 onwards. In the years after capture, we tried to
link individual adults to specific nests through visual
observation or, coincidentally, by recapturing them.
However, either because we failed to link the marked
female or because the female was unmarked, our
dataset includes many clutches with unknown females.
It is important to realize that this group of unknown
females also includes marked females that were suc-
cessfully linked to nests in other years. To avoid
pseudoreplication we have therefore used in our analy-
ses only those nests to which a marked female was
linked, meaning that we excluded 4596 clutches for
which the female was unknown in that year. The sample
size of clutches we could include in our analyses was
limited not only by not knowing the identity of the
female, but also by not knowing traits specific to that
female (such as body mass, age and wintering loca-
tion). This means that the numbers of covariates and
clutches vary considerably among analyses and that we
were hardly ever able to estimate multiple parameters
in the same model. To keep track of what is included in
each analysis, we have numbered every analysis and
corresponding result and included Tables 1 and 2 for a
complete overview.

Analysis
All mixed models in this paper use the package ‘lme4’
(Bates et al. 2015) in the R programming environment
(R Core Team 2018). We obtained chi-squared values
for the significance of the fixed effects from likelihood
ratio tests of nested models with and without the vari-
able of interest. We used the function ‘rpt’ which is part
of the R package ‘rptR’ (Stoffel et al. 2017) to estimate
the proportion of variance explained by the fixed
effects of these models and assessed the uncertainty of
these estimates with 1000 parametric bootstraps. We
used a range of models for the analyses of egg size,
which are described next.

(1) Global model: In this linear mixed effect model
(LMM) we related an individual’s egg size to its lay
date (continuous covariate), clutch size (continuous
covariate) and nesting attempt (three-level factor). The
random intercepts were clutch, individual, year and
polder. In 96% of the cases we were unaware of

whether a nest was a first or second attempt and we
therefore added ‘unknown’ as a third factor level. We
used this model and the function ‘rpt’ to estimate the
adjusted repeatabilities of the different groups speci-
fied as random effects, and assessed the uncertainty of
these estimates with 1000 parametric bootstraps
(Nakagawa & Schielzeth 2010).

(2) Condition Model: In this LMM we related an
individual’s egg size to its lay date, clutch size, body
mass and structural size (all continuous covariates).
The random intercepts were clutch, individual, year
and polder. Body mass was measured during incuba-
tion of the clutch. For ease of comparison to the other
models, we scaled the body mass of individuals by sub-
tracting the mean and dividing by the standard devia-
tion. The first principal component was derived from
five linear dimensions: bill length (exposed culmen;
±0.1 mm), total-head length (±0.1 mm), wing length
(flattened and straightened; ±1 mm), tarsus length
(±0.1 mm) and tarsus-toe length (tarsus plus mid-toe
without claw; ±1 mm), and explained 55% of the vari-
ation. We multiplied the first principal component
value by –1 such that it was positively related to the
linear dimensions (i.e. a higher value = a larger
female) and used it as a measure of overall structural
size.

(3) Age Model: In this LMM we related an individ-
ual’s egg size to its lay date, clutch size, body mass,
structural size and age (all continuous covariates). We
checked whether the model improved when a quad-
ratic term was added to age, but it did not (+4.3
AICc). The random intercepts were clutch, individual,
year and polder. For this analysis we could only use
individuals that were ringed as chicks (i.e. of known
age) and recaptured as adults (i.e. of known size and
mass). This limited our sample size to 53 clutches of 40
females. In order to include an additional 81 clutches
of 40 females for which the age but not the size was
known, we also performed this analysis without body
mass and structural size included as covariates (Age
Model 3B). We did add a quadratic term to age in this
analysis because it improved the model (–11.3 AICc).
Although this model uses a larger dataset, the results
could be misleading because the effects of body condi-
tion and age cannot be disentangled.

(4) Daughter-mother relation: We could correlate
the average egg volume of 49 daughters to that of their
mother. Because egg volume increases with age (see
Results and Discussion), we plotted the relationship
between the egg volumes of daughters and their moth-
ers for every age of the daughters (Figure 7.3A). This
suggested that the relationship between daughters and

Chapter 770



mothers might only become apparent when the daugh-
ters are three years old or older. To test for this possibil-
ity, we included an interaction with age as a two-level
factor (≤2 years old and ≥3 years old) in a linear
model in which we related the average volume of
daughters to the average volume of their mothers
 (continuous covariate). This interaction was not signif-
icant (see Results) and we therefore averaged the egg
size of daughters across all their ages and related this
to the average egg size of their mother in a linear
model. We estimated the heritability of egg size as two
times the slope of this linear regression (Becker 1984).
Such parent-offspring regressions with small sample
sizes (n < 100 pairs) are imprecise and may overesti-
mate heritability (de Villemereuil et al. 2013). How -
ever, we lack the sample size and pedigree information
needed for a more precise analysis.

(5) Wintering Model: In this LMM we related an
individual’s egg size to its lay date, clutch size, body
mass, structural size (continuous covariates) and
 wintering location (two-level factor). The random
intercepts were clutch, individual, year and polder.
Individual Godwits consistently winter either north or
south of the Sahara (Verhoeven et al. 2019). To deter-
mine whether this consistent migratory behaviour
results in consistent differences in egg size, we corre-
lated egg size with wintering location. We obtained
wintering location in two ways. First, like Kentie et al.
(2017), we used resightings to classify individuals as
wintering south of the Sahara if they were seen in West
Africa at least once during the nonbreeding period
(July–March) in the years 2004–2017; we classified an
individual as wintering north of the Sahara if it was
resighted on the Iberian Peninsula in October during
the years 2007–2017. Second, we used geolocators
(Migrate Technology Ltd, Cambridge, U.K.) to deter-
mine whether females wintered north or south of the
Sahara. Using package ‘FLightR’ (Rakhimberdiev et al.
2017), we analysed the light-level data obtained from
37 females carrying geolocators (2012–2017). A
detail ed example of this analytical method in Godwits
can be found in Rakhimberdiev et al. (2016). Eighteen
of these geolocator-carrying females were also assigned
a wintering location on the basis of resightings, and in
17 cases the two different methods led to the same
result. However, one individual was incorrectly assign ed
a wintering location north of the Sahara based on the
resighting method; the geolocator data showed that at
the time of the faulty resighting, the bird was actually
south of the Sahara. We have also observed that of 36
geolocator-carrying females that crossed the Sahara in
2012–2018, two returned north to the Iberian

Peninsula before the end of October (unpubl. data). As
such, some birds resighted on the Iberian Peninsula in
October and classified as wintering north of the Sahara
may in fact have migrated all the way to wintering
grounds south of the Sahara and already travelled
north again. In the present study, eight individuals
were resighted both north and south of the Sahara
either in the same winter (n = 4) or in different win-
ters (n = 4) and were thus assigned both wintering
locations by the resighting method. However, we are
confident that these cases were the result of the errors
and limitations of the resighting method described
above, and we have therefore excluded these eight
individuals from our analysis. It is highly likely that our
sample still includes some unidentified resighting
errors of this type, and these results should therefore
be interpreted with care.

(6) Sexual size dimorphism: Adult female Godwits
are 10–20% bigger than male Godwits (Schroeder et
al. 2009) and Godwits have sexually specific growth
rates (Loonstra et al. 2018). We hypothesized that this
sexual size dimorphism might already be present in
eggs, with larger eggs containing females and storing
more nutrients than smaller eggs containing males. We
therefore related the genetic sex of the chick that
hatched from an egg to the size of that egg (continuous
covariate) using a generalised linear mixed model
(GLMM) with a binomial error distribution, a logistic
link function, and nest included as random intercept.

(7) Hatching success: We used a GLMM with a
binomial error distribution and a logistic link function
to analyse whether the hatching success of a clutch
depended on its average egg volume, lay date, clutch
size or the age of the nest in days when it was found
(all continuous covariates). To make the intercept of
this model more meaningful, we scaled all these con-
tinuous covariates by subtracting the mean and divid-
ing by the standard deviation. The random intercepts
were year and polder. The hatching success of a clutch
is determined by whether or not at least one egg
hatches. We were not able to model the number of
hatched eggs as a proportion of the total because we
often arrived at nests when only some of the eggs had
hatched or after the chicks had already left the nest.
Because the chance that a nest hatches is larger when a
nest is found closer to hatching, we included the age of
the nest when it was found, i.e. the number of days the
nest was already incubated when it was first discov-
ered, as a covariate.

(8) Fledging success: We used a GLMM with a bino-
mial error distribution and a logistic link function to
analyse whether the fledging success of a clutch – the
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number of chicks that survived in relation to the num-
ber that were marked – depended on its average egg
volume or lay date (both scaled continuous covari-
ates). The random intercepts were year and polder. A
chick was considered to have fledged if it was resighted
35 or more days after being marked in the nest.

RESULTS

(1) There is considerable variation in the egg size of
our Godwit population (Figure 7.1). The global model
– the model with the largest sample size (Table 7.1) –
showed that egg size decreases with lay date and
increases with clutch size, but does not relate to nest-
ing attempt (Table 7.2). In this analysis, the time

between the first and the last egg in a year varied from
32–55 days, which means that over the entire season
egg size declined between 1.6–2.8%. The proportion of
variance explained by the fixed effects in this model
was 0.004 (CI = 0.002–0.01). The adjusted repeatabil-
ities from this model were for individual: 0.60 (CI =
0.57–0.63), clutch: 0.12 (CI = 0.10–0.14), year: 0.008
(CI = 0.001–0.02) and polder: 0.003 (CI = 0–0.01).
As a result, the residual variance – the proportion of
variance attributed to undiscovered differences within
individuals – was 0.27 (CI = 0.25–0.29).
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Model Eggs Volume Clutches Individuals Years Polders

(1) Global Model 5866 40.46 ± 3.23 1554 840 14 58
(2) Condition Model 3486 40.45 ± 3.24 925 756 14 57
(3) Age Model with 203 39.48 ± 2.81 53 40 9 21
(3B) Age Model without 504 39.84 ± 2.97 134 80 9 35
(4) Daughter ~ Mother – 39.13 ± 2.12 49 98a – –
(5) Wintering Model 1099 40.07 ± 3.24 286 207 14 48
(6) Sexual size dimorphism 148 40.09 ± 3.21 99 – – –
(7) Hatching success – 40.28 ± 2.88 6328 – 14 61
(8) Fledging success – 40.36 ± 2.80 1823 5265a 9 61

Table 7.1. The number, mean size and standard deviation of eggs included in the different models. Also shown are the sample sizes
for the different grouping factors in each analysis. When the number of eggs is not given, the average egg size of the clutch was used
in the analysis. aIn these cases, ‘Individuals’ was not included as a grouping factor, but the entry still shows how many individuals
were part of the analysis.        

0

2000

4000

6000

8000

30 40 50
volume (cm3)

co
un

t

Figure 7.1. Frequency distribution of 25,148 egg sizes meas-
ured in southwest Friesland between 2004–2018. Three eggs
with a volume larger than 55 cm3 (55.04 cm3, 55.11 cm3 and
62.68 cm3, respectively), are omitted from this figure for graphi-
cal purposes. 
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Figure 7.2. The relationship between egg volume and age for
Godwits in southwest Friesland. This graph shows the raw data
used in the analysis with body condition included (Model 3, red
dots) and without body condition included (Model 3B, red +
black dots combined). It also shows the modelled estimates and
standard errors from Model 3 (red line, linear relationship) and
Model 3B (black line, quadratic relationship). 



(2) Heavier and larger females lay larger eggs; egg
size was positively correlated with both body mass dur-
ing incubation and the first principal component of the
linear measurements (Table 7.2). The proportion of
variance explained by the fixed effects in this model
was 0.06 (CI = 0.04–0.09).

(3) In the age model that included body mass and
structural size, the average egg size increased with age
(b = 0.52 ± 0.63, P = 0.002; Table 7.2, Figure 7.2)
and body mass was again a significant predictor of the
variation in egg size (Table 7.2). The proportion of
variance explained by the fixed effects in this model
was 0.18 (CI = 0.08–0.35). (3B) In the age model with
a larger dataset that did not exclude birds for which
body mass and structural size were missing, the aver-
age egg size also increased with age (b = 1.99 ± 0.37,
P< 0.001; Table 7.2), but the slope of this increase
decreased with every additional year of age as identified
by the significant quadratic term (b = –0.18 ± 0.04,
P< 0.001; Table 7.2, Figure 7.2). The proportion of
variance explained by the fixed effects in this model
was 0.12 (CI = 0.06–0.20).

(4) The relationship between egg volumes of
daughters and mothers was different between the two
age groups (b≤2 years = 0.02 ± 0.19 vs. b≥3 years = 0.38
± 0.23; Figure 7.3B), but not significantly so (F1,55 =
2.47, P = 0.12). We therefore averaged the egg vol-
umes of daughters across all their ages; this average
was significantly related to the average egg volume of
their mothers (F1,47 = 6.83, P = 0.012; Figure 7.3C).
The slope of this relationship was 0.32 ± 0.12, and the

heritability of egg size is therefore estimated to be 0.64
± 0.24.

(5) The egg size of females that crossed the Sahara
was on average 3% smaller than the egg size of
females that did not cross the Sahara. Body mass was
also a significant predictor of the variation in the egg
size of this sample (Table 7.2). The proportion of vari-
ance explained by the fixed effects in this model was
0.15 (CI = 0.09–0.22).

(6, 7 and 8) The genetic sex of a chick was not cor-
related with the size of the egg from which it hatched
(Table 7.2). Our exploratory analysis of the fitness con-
sequences of egg size indicated that the chance of
hatching increased with larger average egg volume and
declined with lay date (Table 7.2). The chance that a
marked hatchling survived to fledging was not depend-
ent on the average egg volume of the clutch, but
declined with lay date (Table 7.2).

DISCUSSION

We observed considerable variation in the egg size of
Continental Black-tailed Godwits and investigated
which individual and environmental factors might con-
tribute to this variation. We also explored whether this
variation in egg size was associated with reproductive
success. Approximately 60% of the observed variation
in egg size was due to different individual Godwits lay-
ing differently sized eggs, and only 27% of the
observed variation was the result of variation within
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Figure 7.3. The relationship between average egg volume of the maternal nest and average egg volume of the daughter’s nest, with
average egg volume of the daughters (A) given at each age for every daughter, (B) averaged into two different age categories for
every daughter, and (C) averaged for each daughter across her attempts at all ages. Heritability is estimated from relationship (C):
Y = 26.07 + 0.32 × X, R2 = 0.11, n = 49. 



females across years. Consequently, we found that indi-
vidual factors such as female size, mass, age and win-
tering location explained more of the variation in egg
size than did environmental factors such as year,
polder, or lay date. Although we found egg size to be
heritable (h2 = 0.64 ± 0.24), the actual individual
traits that underlie this heritable variation among indi-
viduals remain mostly undetermined. Finally, clutches
with larger eggs did, on average, have a slightly higher
chance of hatching, but chicks that hatched from larger
eggs were not more likely to fledge than chicks that
hatched from smaller eggs.

Environmental factors: annual, seasonal and local
variation
Both year and lay date explained a small amount of the
variation in egg size. These annual and seasonal changes

in egg size could be the result of differences in both
environmental and individual factors, such as the tem-
perature during egg laying and the age of females
(Robertson 1995, Hipfner et al. 1997). The seasonal
decline in egg size could also be an adaptive response
to the environment if laying smaller eggs earlier is
more beneficial than laying larger eggs later (Winkler
& Allen 1996). Because the seasonal decline in egg size
remains present (though non-significant) when body
mass, structural size and age are included in the model
(Table 7.2, models 2 and 3), we can infer that these
factors are likely not the cause of the seasonal decline.
In any case, since we did not find that second attempts
were smaller than first attempts nor that polders dif-
fered consistently in egg size, we have no real indica-
tion that egg size is influenced by environmental fac-
tors. This idea is consistent with the outcome of food
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(1) Global Model
Fixed effects Estimate SE c2 P

Intercept 39.41 0.62
Lay date –0.02 0.01 10.00 0.002
Clutch size 0.34 0.13 6.43 0.011
Attempt (2nd) 0.38 0.40 0.97 0.617
Attempt (unknown) 0.09 0.33 – –

Random effects Variance R SE

Clutch 1.23 0.12 0.01
Individual 6.32 0.60 0.02
Year 0.08 0.01 0.01
Polder 0.04 0.00 0.01
Residual 2.85 0.27 0.01

Table 8.2. The fixed effect coefficients and random effect variances of all models. The numbers and names correspond to those used
throughout the manuscript. We obtained chi-squared values for the significance of the fixed effects from likelihood ratio tests of
nested models with and without the variable of interest. Model 1 also shows the estimated adjusted repeatabilities.        

(2) Condition Model
Fixed effects Estimate SE c2 P

Intercept 38.23 0.83
Lay date –0.02 0.01 3.18 0.074
Clutch size 0.65 0.21 9.81 0.002
Body Mass (scaled) 0.57 0.09 38.68 0.000
PC1 0.15 0.06 5.09 0.024

Random effects Variance

Clutch 0.79
Individual 6.16
Year 0.00
Polder 0.02
Residual 2.78

(3) Age Model
Fixed effects Estimate SE c2 P

Intercept 36.17 2.55
Lay date –0.03 0.03 1.02 0.313
Clutch size 0.52 0.63 0.84 0.359
Body Mass (scaled) 0.73 0.34 4.87 0.027
PC1 –0.16 0.24 0.41 0.523
Age 0.52 0.17 9.36 0.002

Random effects Variance

Clutch 0.05
Individual 3.67
Year 0.36
Polder 0.00
Residual 2.51

(3B) Age Model without condition
Fixed effects Estimate SE c2 P

Intercept 34.23 1.52
Lay date 0.003 0.02 0.02 0.882
Clutch size 0.24 0.33 0.55 0.460
Age 2.15 0.37 27.91 0.000
Age2 –0.20 0.04 21.66 0.000

Random effects Variance

Clutch 0.93
Individual 3.28
Year 0.11
Polder 1.28
Residual 2.74



supplementation experiments, which usually result in
advanced lay dates and larger clutch sizes but not in
larger eggs (see Christians 2002 for a review, and
Ruffino et al. 2014 for a meta-analysis).

Individual factors: wintering location, size, mass,
age, identity and reproductive performance
On the basis of resightings and geolocator data, indi-
vidual females wintering north of the Sahara laid on
average 3% larger eggs, which was also found by
Kentie et al. (2017). Body mass, structural size and lay
date were included in this analysis and are therefore
not the factors that explain the difference between
wintering locations. If disproportionally more young
birds were found to winter south of the Sahara than
north of the Sahara, we would speculate that the differ-
ence between wintering locations is the result of differ-
ences in female ages, but currently we are at a loss to
explain this difference in egg size between wintering

locations. Perhaps the longer migration itself results in
a decrease in egg size. If this were the case, individuals
from the same breeding location would differ in migra-
tory distance, and that difference in migratory distance
itself – independent of body condition – would be
related to differences in egg size. We have not found
any examples in birds to support this idea, but in the
migratory Chinook Salmon Oncorhynchus tshawytscha,
individuals migrating longer distances laid smaller
eggs than did individuals from the same breeding loca-
tion that migrated shorter distances (Kinnison et al.
2001).

Previous research on Godwits has hypothesized that
female Godwits vary the size of their eggs between
years to adjust to their endogenous condition
(Schroeder et al. 2009, 2012, Lourenço et al. 2011).
We found that approximately 5% of the total variation
in egg size observed across the population was
explained by differences in female body mass and
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(4) Daughter-mother relation
Fixed effects Estimate SE t P

Intercept 26.07 5.01
Egg volume mother 0.32 0.12 2.61 0.012

Table 8.2. Continued.        

(6) Sexual size dimorphism
Fixed effects Estimate SE c2 P

Intercept –0.05 0.16
Egg volume (scaled) 0.06 0.17 0.14 0.705

Random effects Variance

Clutch 0.00

(5) Wintering Model
Fixed effects Estimate SE c2 P

Intercept 38.50 1.53
Lay date –0.01 0.01 0.54 0.461
Clutch size 0.64 0.38 2.89 0.089
Body Mass (scaled) 0.86 0.16 25.73 0.000
PC1 0.18 0.12 2.27 0.132
Sahara (South) –1.13 0.36 9.49 0.002

Random effects Variance

Clutch 0.74
Individual 4.86
Year 0.32
Polder 0.47
Residual 2.44

(7) Hatching success
Fixed effects Estimate SE c2 P

Intercept 0.21 0.14
Lay date –0.35 0.03 144.58 0.000
Clutch size 0.24 0.03 67.98 0.000
Average volume 0.06 0.03 4.84 0.028
Nest Age 0.59 0.03 373.41 0.000

Random effects Variance

Year 0.13
Polder 0.47

(8) Fledging success
Fixed effects Estimate SE c2 P

Intercept –2.01 0.21
Lay date –0.37 0.05 67.49 0.000
Average volume 0.01 0.04 0.03 0.855

Random effects Variance

Year 0.34
Polder 0.06



structural size, which indicates that in Godwits only
minor adjustments in egg size are associated with body
mass. However, we measured differences in body mass
at the end of incubation, which might not necessarily
reflect the differences in body mass during egg laying.
Pick et al. (2016a) found in an artificial selection
experiment with Japanese quail that the difference in
egg size between the study’s selection lines was mainly
driven by a differential increase in reproductive organ
mass, which was independent of body size. We can
draw three important conclusions from these findings:
(1) some variation in egg size is explained by the size
of the reproductive organs, (2) this is mostly independ-
ent of female size, just as has been found in the present
study and other correlative studies on body size, and
(3) a change in body mass before or during the laying
period is potentially a good predictor of egg size,
whereas body mass during incubation – which is what
we measured – is likely less reliable. Regardless, our
finding that body mass and size explain only a small
amount of the variation in egg size is similar to the
results previously published on other species (reviewed
in Christians 2002). It is also consistent with the high
repeatability of egg size in other avian species with
invariant clutch size, such as other shorebirds (e.g.
Väisänen et al. 1972, Nol et al. 1997, Dittmann &
Hötker 2001) and species with one-egg clutches
(Christians 2002).

We found that the egg size of Godwits increases
with age and that there is a significant relationship
between the average egg size of a mother and that of
her daughter. Both the increase in egg size with age
and the heritability of egg size are commonly found in
studies of avian egg size (reviewed in Christians 2002
and Williams 2012). Using the larger dataset of known-
age females we found a quadratic relationship between
egg size and age (Figure 7.2), which suggests that a
female’s egg size increases relatively more during her
first attempts and remains more stable later on. In
addition, the relationship between daughters and
mothers becomes most apparent when the daughters
are three years old or older (Figure 7.3A, 7.3B). Both of
these patterns, as well as the high individual repeata-
bility of egg size, suggest that Godwits mostly increase
their egg size during their first two years of breeding
and attain their final egg size in the third year of breed-
ing. However, given the knowledge that some Godwits
breed in their first year while others defer breeding by
one or maybe even two years (Kentie et al. 2014), an
alternative explanation is that Godwits lay smaller eggs
only during their first attempt. The increase in egg size
during the first three years could simply reflect that the

proportion of females laying for the first time decreases
every year during that period, because of deferred
breeding. In any case, these results suggest that the fac-
tors determining avian egg size partly develop with age
and are inherited.

The absence of a relationship between egg size and
the genetic sex of a chick might not be very surprising.
As the meta-analysis of egg sexual size dimorphism in
birds by Rutkowska et al. (2013) shows, there is very
little evidence for such a relationship across avian
species. We did find that smaller eggs had a slightly
lower chance of hatching. A potential reason for this is
that younger females tend to lay smaller eggs, and
younger females might also be less experienced and
therefore of lower quality in their execution of repro-
ductive activities such as choosing a nest site or
defending their nests against predators. It is also possi-
ble that larger eggs inherently have a higher chance of
hatching. However, in the period from 2015–2017, we
collected 216 eggs from 40 clutches within our study
area and incubated them in an incubator (Loonstra et
al. unpubl. data); the hatching success of these eggs
was independent of egg size (binomial GLMM: b =
0.16 ± 0.23, c2

1 = 0.49, P = 0.49). We therefore
believe that there is no inherent relationship between
hatching success and egg size. This same conclusion
was drawn from a cross-fostering experiment in the
ecologically similar Northern Lapwing Vanellus vanellus
(Blomqvist et al. 1997).

Egg size did not correlate with chick survival. This
corresponds to the lack of support for this relationship
in reviews by Williams (1994, 2005, 2012), but con-
trasts with the more formal meta-analysis done by Krist
(2011); in the latter, egg size was positively related to
most studied offspring traits and the survival of the
chicks. One possibility for the lack of an effect of egg
size on chick survival in our study is that chick survival
is presently so low for Godwits that the original benefit
of larger eggs can no longer be observed (Loonstra et
al. 2019).

Lay date did influence both nest and chick survival:
earlier clutches had a higher chance of hatching and
fledging a chick. Previous studies have frequently con-
nected this decline in hatching success with the season-
ality of agricultural activities and predation pressure
(Kleijn et al. 2010, Schroeder et al. 2012, Kentie et al.
2015). The seasonal decrease in fledging success was
also observed by Kentie et al. (2018) and might be
related to the seasonal decrease in body condition of
chicks (Loonstra et al. 2018). In any case, the mecha-
nisms underlying these survival patterns remain poorly
understood.
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Conclusion
Even though Godwits have precocial chicks and an
invariant clutch size, our findings are strikingly similar
to results previously published on other avian species
(reviewed in Christians 2002). This is true of the
amount of variation in egg size, the degree of repeata-
bility and our inability to explain more than a small
fraction of the observed variation with either individ-
ual or environmental factors. The high individual
repeatability of egg size across all of these studies indi-
cates that most birds do not adjust their total parental
effort to exogenous or endogenous conditions by vary-
ing their egg size. Both nest and chick survival are neg-
atively correlated with lay date (Kentie et al. 2018, this
study) and the differences in lay dates within and
among females might therefore be a better indicator of
female condition.
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INTRODUCTION

Many migratory species are experiencing rapid and
dramatic population declines (Wilcove & Wikelski
2008). These declines have been linked with a variety
of anthropogenic changes, including habitat loss
(Rushing et al. 2016), and land-use (Gill et al. 2007)
and climatic change (Both et al. 2006). Nonetheless,
linking a species' or population's decline with specific
environmental drivers remains difficult given the vast
distances that separate areas occupied during different
phases of the annual cycle (Piersma et al. 2016). The
advent of new tracking technologies over the past two
decades has begun to bridge this gap, but these new
technologies remain expensive – meaning that many
studies of migration are carried out over short
timescales or with small sample sizes – and thus a
plethora of questions about migration and the causes
of declines in migratory species still remain
(Hebblewhite & Haydon 2010). This is especially true
in regards to our understanding of how migratory
behaviors may change over the course of an individ-

ual's lifetime and how migration itself may influence
the population dynamics of migratory species (Piersma
2011).

Recent work, however, has begun to deepen our
understanding of the degree of variation in migratory
behavior that individuals can be expected to display
over the course of their lives. For instance, a number of
studies have shown that individual migratory birds can
exhibit highly repeatable migratory timing (Stanley et
al. 2012, Gill et al. 2014). In some cases, individuals
may vary their departure dates from non-breeding sites
by as little as 3 days over 4 consecutive years (Conklin
et al. 2013). In contrast, other studies have found that
individuals of some species can exhibit marked
improvement and flexibility in their migratory timing
and performance, enabling them to adjust their behav-
iors to prevailing environmental conditions (Sergio et
al. 2014, Pedler et al. 2018). What remains unclear,
though, is how flexible migratory behaviors are gener-
ally and how both historical and contemporary selec-
tion pressures may mold the levels of flexibility exhib-
ited by individuals within a population.

Nathan R. Senner, Mo A. Verhoeven, José M. Abad-Gómez, José A. Alves,
Jos C.E.W. Hooijmeijer, Ruth A. Howison, Rosemarie Kentie, A.H. Jelle Loonstra,
José A. Masero, Afonso Rocha, Maria Stager & Theunis Piersma

Frontiers in Ecology and Evolution (2019) 7: 96

Few studies have been able to directly measure the seasonal survival rates of migratory species or determine how
variable the timing of migration is within individuals and across populations over multiple years. As such, it remains
unclear how likely migration is to affect the population dynamics of migratory species and how capable migrants
may be of responding to changing environmental conditions within their lifetimes. To address these questions, we
used three types of tracking devices to track individual black-tailed godwits from the nominate subspecies (Limosa
limosa limosa) throughout their annual cycles for up to 5 consecutive years. We found that godwits exhibit consid-
erable inter- and intra-individual variation in their migratory behavior across years. We also found that godwits had
generally high survival rates during migration, although survival was reduced during northward flights across the
Sahara Desert. These patterns differ from those observed in most other migratory species, suggesting that migra-
tion may only be truly dangerous when crossing geographic barriers that lack emergency stopover sites and that the
levels of phenotypic flexibility exhibited by some populations may enable them to rapidly respond to changing envi-
ronmental conditions.

8 High migratory survival and highly variable
migratory behavior in Black-tailed Godwits
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Similarly, our understanding of the location and
timing of mortality events during the annual cycles of
migratory species has developed rapidly over the past
two decades. While most efforts to determine the sea-
sonal survival rates of migratory species have relied on
color-marking schemes and mark-recapture analyses to
infer when and where individuals die (Sillett & Holmes
2002, Lok et al. 2015), some recent studies have used
satellite tracking devices to monitor the survival of
individuals continuously throughout their annual cycles
(Hebblewhite & Merrill 2011, Klaassen et al. 2014,
Hewson et al. 2016, Watts et al. 2019). In general,
these studies have identified migration as the period
during the annual cycle with the highest mortality
rates. Nonetheless, work with two different sub-species
of red knots (Calidris canutus islandica and C. c. canu-
tus) has found the opposite – higher survival during
migration than in stationary periods – indicating that
migration may not be universally dangerous (Leyrer et
al. 2013, Rakhimberdiev et al. 2015). As a result, the
seasonal survival patterns of a larger number of migra-
tory species still need to be documented in order to
more fully understand how migration may influence a
species' population dynamics.

The nominate subspecies of the black-tailed godwit
(Limosa limosa limosa) breeds predominantly in The
Netherlands and spends the non-breeding season dis-
junctively in sub-Saharan West Africa and the southern
Iberian Peninsula (Hooijmeijer et al. 2013, Kentie et al.
2016). Previous work has indicated that individuals
exhibit significant repeatability in the timing of their
departure from staging sites during northward migra-
tion (r = 0.30–0.42; Lourenço et al. 2011) and arrival
at the breeding grounds (r = 0.24; Kentie et al. 2017),
irrespective of their non-breeding location. Individuals
can also exhibit marked flexibility in their migratory
behaviors, however. For instance, in response to a recent
early spring snowstorm, many godwits were able to
alter their arrival timing and use of stopover sites in
order to avoid the most inclement conditions (Senner
et al. 2015a). Similarly, recent work has found little
evidence that godwits migrating longer distances incur
costs that carry-over to affect reproduction, indicating
the possibility that migration may not be the limiting
event during the godwit annual cycle (Kentie et al.
2017). Godwits thus represent an intriguing opportu-
nity to assess levels of flexibility in migratory timing
across an individual's life, as well as to broaden our
understanding of how mortality events are spread
across migratory annual cycles.

To address these knowledge gaps, we used three
types of tracking devices to monitor godwit migration

timing and seasonal survival over the course of 6 years,
from 2012 to 2017. Given their ability to flexibly res -
pond to conditions encountered mid-migration and the
lack of reversible state effects linking migration to
repro ductive success (Senner et al. 2015a, Kentie et al.
2017), we predicted that godwits would exhibit high
levels of flexibility and high survival during migration.
By broadening the spectrum of species for which sea-
sonal survival estimates and measures of migratory
repeatability have been determined, we aim to improve
our understanding of the ways in which migratory
species may be able to respond to environmental
change.

METHODS

Study Species
Godwits of the nominate subspecies breed across much
of Western Europe, but nearly 80% of their population
now breeds in The Netherlands (Kentie et al. 2016).
Historically, the entire population was thought to
spend the non-breeding season in West Africa and then
migrate northward via stopover sites in Italy, Morocco,
Portugal, and France (Beintema & Drost, 1986). How -
ever, coinciding with shrinking populations and the
creation of fish ponds and seasonally flooded rice fields
in Spain and Portugal in the 1980s, godwits have
altered both their non-breeding distribution and migra-
tion routes (Lourenço & Piersma 2008). Currently,
nearly a quarter of the population spends the non-
breeding season in and around Doñana Natural and
National Parks in southern Spain (Márquez-Ferrando et
al. 2014). Together with staging sites in Extremadura,
Spanish sites now host approximately half of the popu-
lation during northward migration as well (Masero et
al. 2011), with the remainder using Portuguese staging
sites (Lourenço et al. 2010, Verhoeven et al. 2018).
Moreover, Italy is now rarely visited and the use of
French and Moroccan stopovers has declined dramati-
cally (Lourenço & Piersma, 2008, Alves & Lourenço
2014).

In general, godwits spending the non-breeding
 season in West Africa depart from January to February
and then join the remainder of the population in Iberia,
where they can stage for as long as 4–5 weeks (Masero
et al. 2011). Godwits begin leaving Iberia in early
March and can fly directly to their breeding sites or
stopover as many as four times en route (Senner et al.
2015a). Breeding ground arrival then spans a period
from early March to mid-May. Once on the breeding
grounds, a period of 5 weeks can elapse between
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arrival and clutch initiation (Senner et al. 2015b).
Finally, adult godwits depart breeding areas on south-
ward migration from mid-June onwards (Hooijmeijer
et al. 2013).

General Methods and Tracking Devices
We employed three different tracking technologies:
solar geolocation devices (“geolocators”), satellite
transmitters, and GPS trackers. Geolocators and GPS
trackers were both deployed during the breeding sea-
son (Apr–Jun) at our long-term demographic study
area in southwest Friesland, The Netherlands (Senner
et al. 2015a). This area encompasses 10,280 ha span-
ning from 53.0672°N, 5.4021°E in the north, to
52.8527°N, 5.4127°E in the south, 52.9715°N, 5.6053°E
in the east, and 52.8829°N, 5.3607°E in the west.
Satellite transmitters were deployed during northward
migration (Jan–Feb) at staging sites in Extremadura,
Spain (39.0364°N, 5.9112°W; Masero et al. 2011) and
Santarém, Portugal (38.8525°N, 8.9695°W; Lourenço
et al. 2011).

We deployed geolocators from Migrate Technology,
Ltd. on adults captured on nests using walk-in traps or
mist-nets placed over the nest (n = 126; 2012–2013:
0.65 g W65A9, 2014: 1 g Intigeo C65). Geolocators
were attached to colored flags placed on the upper
tibia; the combination of the geolocator and flag
weighed ≤3.3 g, which was ≤1.5% of an individual's
mass at the time of capture. In subsequent years, we
then attempted to recapture geolocator-carrying indi-
viduals using similar methods as during the initial cap-
ture. We also attached 9.5 g solar-powered PTT-100s
satellite transmitters from Microwave Technology Inc.
(n = 60; 2013–2015) and 7.5 g solar-powered UvA-
Bits GPS trackers (n = 20; 2013) developed by the
University of Amsterdam (Bouten et al. 2013) using a
leg-loop harness made of 2 mm nylon rope (see:
Senner et al. 2015a for more details). Because of the
weight, we deployed these devices only on individuals
weighing >300 g, meaning the majority were placed
on females (n = 1 male). In total, the tracking device
and harness weighed ~12 and 10 g, respectively, repre-
senting 3.43 ± 0.22 and 2.86 ± 0.19% of an individ-
ual's mass at the time of capture.

Tracking Data
Geolocators measure ambient light levels in order to
identify the timing of sunrise and sunset, and, ulti-
mately, estimate an individual's position on the globe.
To transform our raw light data into twice-daily posi-
tion estimates, we first passed it through the program
IntiProc (v. 1.03; Migrate Technology, Ltd.) and then

processed our transformed light data using the
“BAStag” package (Wootherspoon et al. 2013) in the R
software environment (R Development Core Team,
2016). We used a light threshold of 1.5 to demarcate
all sunrises and sunsets and discarded sunrises/sunsets
that had non-random shading events, such as when a
geolocator was shaded during either the beginning or
end of a twilight period. Finally, we processed our light
data using the R package “FLightR” (Rakhimberdiev et
al. 2017) following Rakhimberdiev et al. (2016). In
FLightR, we used the period during which an individ-
ual was known to be on the breeding grounds (from
resighting data) as a calibration period. We then ana-
lyzed the data without land or behavioral masks or
automated outlier exclusion, but with movements con-
strained to the region between 18°W−13°E and 11–
57°N (Hooijmeijer et al. 2013). All models were opti-
mized with 1 million particles.

We programmed satellite transmitters to collect
locations for 10 h and recharge for 48 h, which allowed
us to identify locations used for ≥2 d. We retrieved all
location fixes via the CLS tracking system (www.argos-
system.org) and passed them through the Douglas
Argos-filter (DAF) algorithm (Douglas et al. 2012). We
retained all standard class locations (i.e., LC 3, 2, 1)
and excluded all auxiliary class locations that did not
meet our predefined threshold for maximum move-
ment rate (120 km h–1). On average, this resulted in 8
± 1 locations per 10-h duty cycle for each individual.

We programmed the GPS trackers to record an indi-
vidual's location once every 5 min when the tracker's
battery was fully charged and once every 15 min in all
other instances (see Senner et al. 2018 for more
details). Although GPS trackers generate many fewer
erroneous locations than satellite transmitters, spuri-
ous locations are recorded. We thus also filtered our
GPS tracker data with the DAF and used the same
movement thresholds as those imposed on our satellite
transmitter data.

Statistical Analysis
To detail the temporal flexibility of godwit annual
cycles, we first characterized the timing of all move-
ments made by tracked individuals. Because both the
spatial and temporal resolution of the three types of
tracking devices differed (Bouten et al. 2013, Boyd &
Brightsmith 2013, Rakhimberdiev et al. 2016), we took
a conservative approach to identifying movements in
order to make the data comparable across devices.
Therefore, given that the average location estimates
generated by FLightR have a deviation of ± ~40 km
from an individual's true location and that our satellite
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transmitters were only able to detect stopovers lasting
≥2 d, we defined a migratory movement as a direct
flight of ≥80 km and a stopover as a stationary period
lasting ≥2 d. Additionally, geolocators have difficulty
estimating latitude – but not longitude – within a week
of the equinoxes (Rakhimberdiev et al. 2016).
Unfortunately, the spring equinox coincides with god-
wit northward migration and the period of their arrival
at their breeding sites. However, godwits migrate in
both a northerly and easterly direction during this
period, enabling us to document each individual's
arrival date by identifying the date on which they
crossed a longitude of 5°E, which corresponds to The
Netherlands when arriving from the west (see
Verhoeven et al. 2019 for more details).

Given these “decision rules” for identifying migra-
tory movements, following our previously published
studies (e.g. Hooijmeijer et al. 2013), we delineated
the godwit annual cycle into 10 separate annual cycle
events that are performed by most godwits – the breed-
ing season, post-breeding season, southbound migra-
tion over Europe, Iberian stopover period, southbound
migration over the Sahara Desert, the non-breeding
season, northbound migration over the Sahara Desert,
Iberian staging period, northbound flight over Europe,
and European stopover period. Briefly, we defined non-
breeding sites as the site where an individual was
located on 20 September, while breeding sites were
those sites where an individual was located on 15 May.
We defined the post-breeding period as beginning for
geolocator-carrying individuals the day they were last
resighted in our study area (see Loonstra et al. 2019 for
detailed information about our hemisphere-wide
resighting efforts); for all other individuals, the post-
breeding period began when they moved >25 km
away from their breeding site. Finally, not all individu-
als migrate to sub-Saharan Africa. As a result, we only
made comparisons among individuals performing the
same event (e.g., northbound flight over Europe).

We then calculated: the repeatability (r) of the tim-
ing and number of movements with the R package
“rptR” (Stoffel et al. 2017) using the linear mixed
model method and including individual as a random-
effect; the amount of variation exhibited by an individ-
ual in their migratory behavior across years (difference
in the timing of an event between consecutive years;
“intra-individual” variation); and the amount of popu-
lation-level variation across all tracked individuals (dif-
ference in timing between earliest and latest individual
within a single year ± SD; “inter-individual” varia-
tion). To ensure that the observed levels of intra-indi-
vidual variation were not a byproduct of stochastic

environmental conditions or the type of transmitter an
individual carried, we used linear mixed models with
individual included as a random effect, and year and
type of tracking device as predictor variables. Additio -
nally, as an anecdotal comparison, we obtained data on
the amount of intra-individual variation in northward
migratory timing exhibited by two other species of god-
wits – Hudsonian (L. haemastica) and bar-tailed god-
wits (L. lapponica baueri) – from the published litera-
ture (Conklin et al. 2013, Senner et al. 2014).

We also used satellite transmitter data to calculate
event-specific survival rates. Retrieving data from both
the GPS trackers and geolocators was dependent upon
an individual returning to the breeding grounds, mean-
ing we could not pinpoint when mortality occurred in
individuals carrying those types of devices that did not
return to The Netherlands. To calculate the event-spe-
cific survival rates, we first determined which type of
annual-cycle event an individual was engaged in on
each day that its transmitter provided location esti-
mates using an individual's location and movement
patterns (see above). Then, we identified on which day
each individual died via its transmitter's activity sensor.
Although the death of a transmitter does not necessar-
ily imply that the individual carrying that transmitter
also died, in all but five cases in which we documented
the death of a transmitter, we also failed to subse-
quently observe the associated individual. In those
cases in which we did observe the individual after the
transmitter had stopped functioning, two birds had lost
their transmitters, while the transmitters of the other
three individuals had failed. These individuals were
removed from our analyses in the season during which
their transmitter failed or was lost; our estimates of
godwit survival rates may therefore be biased low.
Finally, to test for differences in daily survival rates
among years and annual cycle events, we used an
Andersen-Gill model – a type of hazards model – in the
R package “survival” (Therneau & Lumley 2015). In
these models, we included the annual cycle event as
the (categorical) predictor variable, survival between
consecutive time steps as the dependent variable, year
as the strata, and individual as a random effect.
Because the hazards calculated by the model depend
on which event of the annual cycle was used as the ref-
erence/baseline level, we reran the model with each
separate event as the reference and then used model
averaging in the R package “AICcmodavg” (Mazerolle
2013) to determine their model-averaged coefficients.

For our linear regression model testing the effects
of year and type of tracking device on intra-individual
variation, we compared models including predictor
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variables to an intercept-only “null” model within an
AICc framework, where the model with the lowest AICc
score was considered the most well-supported model
(Burnham & Anderson, 2002). Predictor variables
whose 95% confidence intervals did not include zero
were considered biologically relevant (Grueber et al.
2011). The regression models were run using the R
package “lme4” (Bates et al. 2014); the statistical sig-
nificance of random effects was tested using the R
package “lmerTest” (Kuznetsova et al. 2015). All results
are reported as mean ± SD unless otherwise noted.

RESULTS

Return Rates and Migratory Routes
We deployed 60 satellite transmitters, 20 GPS trackers,
and 126 geolocators from 2012 to 2015 (Figure 8.1).

Three satellite transmitters were inadvertently placed
on Icelandic-breeding black-tailed godwits (L. l. islan -
dica) and not included in our analyses; the remaining
57 individuals were tracked for ≤4 southward and ≤5
northward migrations per individual. Fourteen individ-
uals with GPS trackers returned the following year, of
which 4 provided data and 1 eventually provided two
complete annual cycles. One-hundred and eighteen
individuals with geolocators returned to the breeding
grounds at least once, 43 of those individuals were
recaptured, 28 of those geolocators provided data for
at least one full migration period, and 2 individuals
were tracked for two complete annual cycles.

Among the individuals with satellite transmitters,
all but 10 bred in The Netherlands (n = 47); the
remaining individuals bred in Germany (n = 3),
Belgium (n = 2), and Poland (n = 1), or were not
tracked long enough to determine their breeding loca-
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Figure 8.1. The migratory routes during southward (left) and northward (right) migrations for the entire tracked population (bot-
tom; n = 57 individuals), as well as a representative individual, ‘Badajoz,’ (top; n = 4 years). The legend applies to all panels.  



tion (n = 4). Across all individuals tracked to their
non-breeding grounds (n = 64), irrespective of track-
ing device type, all but eight spent the non-breeding
season in sub-Saharan West Africa, with the remainder
spending that period either on the Iberian Peninsula
(n = 7) or in Morocco (n = 1); 13 individuals died
before reaching their non-breeding grounds. All indi-
viduals exhibited broad fidelity to both their breeding
and non-breeding sites, as no individual changed either
the province in which they bred nor whether they spent
the non-breeding season north or south of the Sahara
Desert (Figure 8.1; see also Kentie et al. 2017,
Verhoeven et al. 2019).

Repeatability
The repeatability of migratory timing and behavior
ranged from r = 0.78 (95% CI = 0.55, 0.91; Table 8.1)
for the date of departure from the non-breeding
grounds to r = 0.00 (95% CI = 0.00, 0.40) for the
number of stops made during southward migration. In
only three cases were aspects of migration not repeat-
able – the number of stops made during southward
migration (see above), number of stops made during
northward migration (r = 0.20, 95% CI = 0.00, 0.52),
and duration of northward migration (r = 0.21, 95%
CI = 0.00, 0.52).

Inter-individual Variation
Levels of inter-individual variation for the timing of
migratory events ranged from an average of 96 ± 29 d
(n = 6 years; Table 8.1) for the timing of departure
from the non-breeding grounds to an average of 47 ±
9 d (n = 6 years) for the timing of departure from the

breeding grounds. Inter-individual variation in the
number of stops made was 4 ± 2 stops (n = 6 years)
during northward migration and 4 ± 2 stops during
southward migration (n = 5 years), while for the dura-
tion of migration, it was 25 ± 11 d (n = 6 years) for
northward migration and 63 ± 23 d (n = 5 years) for
southward migration.

Intra-individual Variation
Levels of intra-individual variation in the timing of
migratory events ranged from an average of 17 ± 12 d
(n = 17 individuals; Table 8.1) for the timing of arrival
at non-breeding sites following southward migration to
an average of 10 ± 11 d (n = 22 individuals) for the
timing of arrival at the breeding grounds. Intra-individ-
ual variation in the number of stops made was 1 ± 1
stops (n = 33 individuals) during northward migration
and 2 ± 1 stops during southward migration (n = 19
individuals), while, for the duration of migration, it
was 6 ± 8 d (n = 33 individuals) for northward migra-
tion and 15 ± 9 d (n = 19 individuals) for southward
migration. These levels of intra-individual variation did
not vary across years or with the type of tracking device
an individual carried (Tables S1, S2). Addition ally,
black-tailed godwits exhibited qualitatively more flexi-
bility than did either Hudsonian or bar-tailed godwits
(Figure 8.2) over the course of northward migration.

Seasonal Survival
Across all years and periods of the annual cycle, daily
survival rates for godwits carrying satellite transmitters
averaged 0.998 ± 0.001 (n = 57 individuals and
24,366 days), leading to an annual survival rate of
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Migratory stage Inter-individual variation Intra-individual variation r

Non-breeding site departure 107 ± 29 d (n = 6) 17 ± 20 d (n = 19) 0.78 (0.55, 0.91)
Iberian stage site departure northward migration 40 ± 22 d (n = 6) 13 ± 12 d (n = 37) 0.33 (0.03, 0.57)
Number of stopovers during northward migration 4 ± 2 stops (n = 6) 1 ± 1 stops (n = 33) 0.20 (0.00, 0.52)
Duration of northward migration 23 ± 21 d (n = 6) 6 ± 8 d (n = 33) 0.11 (0.00, 0.52)
Breeding ground arrival 39 ± 12 d (n = 6) 11 ± 8 d (n = 33) 0.47 (0.18, 0.69)
Breeding ground departure 42 ± 22 d (n = 5) 10 ± 11 d (n = 22) 0.37 (0.02, 0.65)
Iberian stopover site departure southward migration 55 ± 34 d (n = 5) 16 ± 14 d (n = 16) 0.39 (0.00, 0.71)
Non-breeding site arrival 66 ± 40 d (n = 5) 17 ± 12 d (n = 23) 0.52 (0.18, 0.74)
Number of stopovers during southward migration 3 ± 2 stops (n = 5) 2 ± 1 stops (n = 19) 0.00 (0.00, 0.40)
Duration of southward migration 54 ± 35 d (n = 5) 15 ± 9 d (n = 19) 0.69 (0.47, 0.85)

Table 8.1. Repeatability (r), and inter- and intra-individual variation in migratory timing and behaviour of continental black-tailed
godwits tracked with satellite transmitters, GPS trackers, and solar geolocation devices, 2012 – 2017. Intra-individual variation is the
difference in  migratory timing for an individual between consecutive years; inter-individual variation is the time span between the
first and last individual performing an event. The standard deviation is presented for the inter- and intra-individual variation in
migratory timing and the 95% confidence interval for r.        



0.52 ± 0.12. Hazard rates were highest during the
flight from non-breeding areas in sub-Saharan West
Africa to staging areas in Spain and Portugal (b =
18.97, 95% CI = 11.75, 26.19; Tables 8.2, S3, S4). In
contrast, hazard rates were lowest during the post-
breeding staging period (b = –15.6, 95% CI = –27.29,
–3.91). No other portion of the annual cycle had hazard
rates that differed significantly from the baseline (Table
8.2). Finally, the breeding season accounted for 29.8 ±
20.1% (n = 5 years; Table 8.2) of all mortality events,
while northward flights over Africa accounted for 12.8
± 16.0% (n = 5 years), and the post-breeding period
0.0 ± 0.0% (n = 4 years).

DISCUSSION

We found that black-tailed godwits breeding in north-
western Europe exhibited high-levels of inter- and
intra-individual variation in migratory timing – but
also high repeatability of departure and arrival dates –
and generally high survival rates during migratory
flights. Nonetheless, survival rates were lower during
migratory flights over the Sahara Desert. Our results
thus suggest that the relative danger of migration may
be context dependent and that, under the right circum-
stances, some migratory species may be readily capable
of responding to contemporary environmental changes.

Seasonal Survival in Migratory Species
Given the difficulty of tracking migrants throughout
their annual cycles, few studies have explored their
seasonal survival. The majority of studies that have
succeeded in developing such estimates have identified
migration as the period with the lowest daily (and sea-
sonal) survival rates of the annual cycle (Sillett &
Holmes 2002, Hebblewhite & Merrill 2011, Klaassen et
al. 2014, Romer et al. 2015, Watts et al. 2019). Our
results are not entirely consistent with these findings:
migratory flights over Europe during both north- and
southward migration were consistently characterized
by hazard rates that were equivalent to those exhibited
during other, stationary, portions of the godwit annual
cycle. Nevertheless, hazard rates during the northward
flight traversing the Sahara Desert were significantly
higher – and thus survival rates lower – overall than
during other periods of the annual cycle. Our results
thus suggest that the relative danger of migration is
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Annual cycle event Mean duration ± SD Cox b coefficient ± 95% Proportion of mortality 
confidence interval events ± SD

Non–breeding season 21 ± 33 d (n = 47) –2.90 (–17.19, 11.39) 21.3 ± 17.0% (n = 5)
Northward flight over Africa 2 ± 1 d (n = 48) 18.97 (11.75, 26.19) 12.8 ± 16.0% (n = 5)
Iberian staging period 37 ± 20 d (n = 97) –0.53 (–14.84, 13.79) 17.0 ± 16.0% (n = 5)
Northward flight over Europe 3 ± 1 d (n = 81) 0.16 (–14.23, 14.55) 2.1 ± 14.9% (n = 5)
European stopover period 12 ± 10 d (n = 69) –0.75 (–15.11, 13.61) 4.3 ± 14.4% (n = 5)
Breeding season 69 ± 25 d (n = 77) –1.11 (–15.41, 13.18) 29.8 ± 20.0% (n = 5)
Post–breeding season 15 ± 12 d (n = 29) –15.6 (–27.29, –3.91) 0.0 ± 0.0% (n = 4)
Southward flight over Europe 3 ± 1 d (n = 66) 0.67 (–13.72, 15.05) 2.1 ± 2.6% (n = 4)
Iberian stopover period 34 ± 39 d (n = 63) –1.94 (–16.20, 12.32) 6.4 ± 9.5% (n = 4)
Southward flight over Africa 2 ± 4 d (n = 59) 2.03 (–12.35, 16.42) 4.2 ± 11.8% (n = 4)

Table 8.2. The duration, model-averaged b coefficients from an Andersen-Gill model, and total proportion of mortality events
observed during each annual cycle event. Sample sizes for the mean duration refer to the number of episodes of each event docu-
mented across all individuals; for the proportion of morality events it refers to the number of years included.        



likely context dependent and migration may only be
truly dangerous during flights over geographic barriers
that lack potential emergency stopover sites (see also
Lok et al. 2015).

Two potential caveats, however, should also be
noted: First, even after accounting for the potential
biases in our survival estimates resulting from trans-
mitter failures, the overall survival rates documented
here are considerably lower than those found in other
studies with color-marked godwits (Roodbergen et al.
2008, Kentie et al. 2016, 2018, Loonstra et al. 2019).
This suggests our use of satellite transmitters weighing
9.5 g may have served as a handicap that reduced sur-
vival. Survival was lower than expected across nearly
all annual-cycle events, however, indicating that these
effects were not just experienced during migration.
Second, our sample of godwits carrying satellite trans-
mitters was heavily biased toward females and it is
possible that males and females differ in their seasonal
survival patterns. Previous godwit studies, though,
have suggested that migratory patterns are roughly
similar between the two sexes (Lourenço et al. 2011,
Kentie et al. 2016), although adult females do have
slightly lower annual survival rates (Loonstra et al.
2019). We therefore believe that our results are robust
and broadly representative of the seasonal survival
rates and migratory patterns exhibited by godwits
breeding in northwest Europe.

Given these results and those from recent studies
with red knots (Leyrer et al. 2013, Rakhimberdiev et al.
2015), how strongly should migration be expected to
determine the population dynamics of migratory
species? Previous studies of migratory birds making
flights across large geographic barriers, such as the
Sahara, have found that mortality events experienced
during these flights may result from a suite of poten-
tially interacting and sometimes unpredictable pro -
cesses, including extremely high temperatures
(Schmaljohann et al. 2007), violent sandstorms
(Klaassen et al. 2010), poor body condition (Ward et
al. 2018), and predation (Gangoso et al. 2013). In
some cases, the mortality events experienced during
these flights play an important role in determining a
species' overall population dynamics (Lok et al. 2013).
Many migratory species never cross such barriers, how-
ever. For these species, our results suggest that migra-
tion should not necessarily be more dangerous than
any other activity, so long as high-quality stopover sites
exist (Alves et al. 2013).

Even for those species whose migrations do include
geographic barriers, it is unclear how strongly migra-
tion should generally be expected to regulate popula-

tion dynamics. For instance, although hazard rates
were highest during trans-Saharan flights in our study,
these flights accounted for only a relatively small pro-
portion of the total number of mortality events experi-
enced by godwits across their annual cycle. Instead the
breeding season, which is substantially longer in dura-
tion than a trans-Saharan flight (m = 75 and 2 d,
respectively), resulted in more than twice the number
of mortality events as did trans-Saharan flights. Given
that trans-Saharan flights occupy such a short period of
time, survival rates during these flights would have to
be severely reduced before they become the limiting
component of the godwit annual cycle (but see Sillett
& Holmes 2002, Leyrer et al. 2013). Nonetheless,
understanding what is influencing mortality rates dur-
ing trans-Saharan flights, and during flights over geo-
graphic barriers more generally (e.g., Ward et al.
2018), is necessary to predict how changing conditions
may impact the population dynamics of migratory
species.

Flexibility in Migratory Timing
Godwits also exhibited significant inter- and intra-indi-
vidual variation in their migratory timing within and
among years. For instance, individual godwits varied
their departure timing from non-breeding sites by an
average of 17 days and their arrival on the breeding
grounds by an average of 11 days between consecutive
years. Furthermore, within a single year, departure
dates across the population from non-breeding sites in
Africa could span nearly 5 months and arrival dates at
breeding sites in The Netherlands could cover almost 2
months (see also Verhoeven et al. 2019). In turn, our
previous work has indicated that this variation is nei-
ther influenced by an individual's non-breeding site –
as godwits spending the non-breeding season in sub-
Saharan Africa exhibit similar levels of intra-individual
variation and repeatability to those spending it in
Iberia (see Kentie et al. 2017, Verhoeven et al. 2019) –
nor the length of its life – as godwits do not direction-
ally change the timing of their migrations over the
course of their lives (see Verhoeven et al. 2019). To the
best of our knowledge, godwits thus display the largest
degree of variation in migratory timing yet docu-
mented among obligate migratory birds (Both et al.
2016). For example, in other godwit species, departure
and arrival dates can span a period as small as 10 days
across entire breeding populations (Senner et al.
2014), while individuals can vary their migratory tim-
ing by as little as 4 days over the course of their life-
times (Figure 2; Conklin et al. 2013, Gill et al. 2014,
Senner et al. 2014). More broadly, even among those
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bird species exhibiting low levels of repeatability in
migratory timing, their absolute levels of intra- and
inter-individual variation are lower than those observ ed
in godwits (Both et al. 2016).

Intriguingly, in addition to their high levels of intra-
and inter-individual variation, godwits also exhibited
significant levels of repeatability in nearly all of their
migratory behaviors. As discussed extensively by
Conklin et al. (2013), high levels of repeatability can
arise for a number of different reasons, as the measure
represents the ratio between intra- and inter-individual
variation within a population. In godwits, their meas-
ures of high repeatability appear to result from the
large degree of inter-individual variation exhibited by
the population (see Verhoeven et al. 2019 for more
details). Thus, individual godwits tend to time their
annual cycles differently from one another, yet show
significant flexibility in the timing of their movements
within their separate migratory windows.

This high degree of individual-level flexibility and
population-level variability could mean that godwits
are better able to respond to environmental change
than other long-distance migrants. For instance, unlike
Hudsonian and bar-tailed godwits (Conklin et al. 2010,
Senner et al. 2017), black-tailed godwits do not appear
to be time constrained during their northward migra-
tion. This means that the fitness benefits for an individ-
ual of flexibly altering its migration timing, as well as
the number of stops it makes during migration, may
outweigh those of arriving at a specific site at a specific
time. In turn, this may enable them to minimize the
initiation of reversible state effects that carry-over the
conditions experienced during previous time periods,
potentially affecting their survival and fitness (sensu
Senner et al. 2015c). Accordingly, we have previously
shown that many godwits delayed their migrations by
arriving more than 20 days later than normal to their
breeding sites in response to an early spring snowstorm
in northwest Europe, enabling individuals that delayed
their migrations to avoid the most inclement storm-
related conditions, but also subsequently achieve high
reproductive success (Senner et al. 2015a).

Nonetheless, their flexibility does not enable god-
wits to adequately respond to all types of environmen-
tal change. During the past nine decades, for example,
godwits have failed to shift the onset of their breeding
season earlier (Meltofte et al. 2018) and have become
increasingly mismatched with the local insect phenol-
ogy on their breeding grounds, leading to reductions in
their reproductive success that have compounded the
reductions simultaneously incurred by broad-scale agri-
cultural intensification (Kleijn et al. 2010, Schroeder et

al. 2012, Kentie et al. 2018). As such, heightened flexi-
bility may enable godwits to respond to some, but not
necessarily all, environmental changes.

The Drivers of Migratory Flexibility
More broadly, there is mounting evidence that plastic-
ity can drive advances in migratory timing in response
to climate change (Gill et al. 2014), as well as the colo-
nization of novel migratory routes within only a few
generations (Eichhorn et al. 2009, Verhoeven et al.
2018). Flexible migratory behaviors are also not unique
to godwits, as some ungulates are able to flexibly alter
whether or not they migrate in a given year in response
to environmental conditions and herd size (Eggeman et
al. 2016). Furthermore, the farthest flying migratory
birds can fly more than 12,000 km non-stop and main-
tain annual survival rates among the highest recorded
across all bird species, suggesting the ability to flexibly
respond to a wide range of conditions in flight
(Conklin et al. 2013). These studies thus suggest that
under the right circumstances, many migratory popula-
tions can exhibit significant levels of plasticity and flex-
ibility. But, what are those circumstances?

We propose that high levels of plasticity and flexi-
bility in migratory behaviors could be related to: (1)
high variability in the cues used to time migration
(Senner, 2012, Winkler et al. 2014); (2) a relaxation of
selection on migratory timing in response to a lack of
density dependent selection pressures (Day & Kokko
2015); or, (3) strong selection on flexibility in migra-
tory behaviors (Nussey et al. 2005). In the case of god-
wits, we hypothesize that a relaxation of selection on
migratory timing resulting from the on-going godwit
population decline is the most likely scenario. For
instance, if the cues godwits use to migrate were highly
variable, we would expect to observe that godwits
exhibit low repeatability in addition to their consider-
able population-level variation in migratory timing
(Conklin et al. 2013). Instead, individual godwits,
while displaying high flexibility in their migratory
behaviors, still appear to time their migrations very dif-
ferently from each other (Verhoeven et al. 2019).
Similarly, if density dependence were acting strongly
on godwits, we would expect survival rates to vary
with the size of the godwit population (Rakhimberdiev
et al. 2015). However, we found little inter-annual
variation in survival rates despite the fact that the god-
wit population size has fluctuated in recent years
(Kentie et al. 2016). Furthermore, an individual's
migratory timing is not influenced by the number of
other godwit pairs breeding nearby and is uncorrelated
with their subsequent reproductive success (Senner et
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al. unpublished data), suggesting that selection on
migratory timing has been relaxed. Finally, the creation
of new, artificial, wetlands throughout their range has
led to an expansion of the amount of habitat available
for adult godwits during the non-breeding season and
enabled a series of rapid changes to godwit migration
patterns (Márquez-Ferrando et al. 2014, Verhoeven et
al. 2018).

In combination, density dependent pressures do not
currently appear to be influencing godwit survival or
migratory timing and this may now mean that adult
godwits exist below their carrying capacity throughout
the year. Unfortunately, however, we currently lack the
data to robustly assess these three possibilities and
future studies should therefore endeavor to identify
those circumstances that may enable migratory popula-
tions to exhibit high levels of flexibility and plasticity in
their migratory behaviors. Developing a deeper under-
standing of why some populations are more flexible
than others will both aid conservation efforts, but also
help revise our view of what is normal and possible for
migrants (Conklin et al. 2017).
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SUPPLEMENTARY MATERIAL
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Response Variable Predictor Variable(s) K Deviance AICc DAICc wi

Intra-Individual Variation in Migratory Timing Intercept 3 733.2 739.4 0.0 0.69
Device 5 730.9 741.6 2.1 0.24
Year 6 731.6 744.6 5.1 0.05

Device + Year 8 729.4 747.1 7.7 0.01

Table S1. Highest-ranked models (with lowest AICc scores) in candidate sets for models testing the relationship between intra-indi-
vidual variation in migratory timing between consecutive years and the effects of year and device in continental black-tailed godwits
tracked from 2013 – 2017 (n = 27). K indicates the number of parameters in each model.         

Variable b SE 95% CI

Nonbreeding Season –2.90 7.29 –17.19, 11.39
Northward Migration Over Africa 18.97 3.68 11.75, 26.19
Iberian Staging Period –0.53 7.30 –14.84, 13.79
Northward Migration Over Europe 0.16 7.34 –14.23, 14.55
European Stopover Period –0.75 7.33 –15.11, 13.61
Breeding Season –1.11 7.29 –15.41, 13.18
Post–Breeding Season –15.60 5.96 –27.29, –3.91
Southward Migration Over Europe 0.67 7.34 –13.72, 15.05
Iberian Stopover Period –1.94 7.28 –16.20, 12.32
Southward Migration Over Africa 2.03 7.34 –12.35, 16.42

Table S4. Model-averaged coefficients for the factors from Andersen-Gill models relating annual cycle events to the survival of black-
tailed godwits tracked from 2013 – 2017 (n = 57). Coefficients were averaged across models with each type of event, in turn, used
as the model’s reference.         

Predictor Variable(s) K AICc DAICc wi

Event + strata(Year) + cluster (Individual) 9 196.1 0.0 1.00
Event 9 285.8 89.7 0.00

Table S3. Model comparison of Andersen-Gill models relating mortality rates to events during the annual cycle of black-tailed god-
wits (Limosa limosa limosa) from 2013 – 2017.         

Model Variable b SE 95% CI Random Effect s2 St. Dev.

Intra-Individual Variation Intercept 11.44 5.05 1.54, 21.34 Individual 49.76 7.054
Year: 2015 1.87 4.45 –6.86, 10.59
Year: 2016 4.23 4.23 –4.06, 12.52
Year: 2017 1.17 4.81 –8.26, 10.59

Device: Satellite Transmitters 6.72 7.60 –8.19, 21.62
Device: UvA-Bits 17.86 11.61 –4.89, 40.61

Table S2. Model-averaged coefficients for the factors from models relating year and device to intra-individual variation in the timing
of migratory flights of black-tailed godwits tracked from 2013 – 2017 (n = 57). Geolocators and 2014 were used as reference levels
for the predictor variables ‘Device’ and ‘Year.’         
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INTRODUCTION

The migration of birds travelling between wintering
and breeding areas is widespread and considered to be
an adaptive response to fluctuating seasonal environ-
ments (Alerstam et al. 2013, Winger et al. 2019).
Despite its presumed adaptiveness, considerable varia-
tion in migratory behaviour exists both within and
among individuals, and across populations (Newton
2008). To explain why this variation exists, it is neces-
sary to understand how it affects the reproductive per-
formance and survival of individuals, as well as
whether it is the result of ‘pre-functional’ differences
among individuals (Hogan 2017) or the result of differ-
ent developmental trajectories (Piersma 2011). The
large-scale nature of migration has made developing
this understanding difficult, especially when determin-
ing the mortality rates associated with different migra-
tory strategies (Shamoun-Baranes et al. 2017). How -
ever, with the advent of miniaturized tracking devices
and advanced survival analyses, we are now better
able to study these associations in situ (Sillett &
Holmes 2002, Strandberg et al. 2010, Klaassen et al.
2014, Lok et al. 2015, Rockwell et al. 2016, Ward et al.

2018, Senner et al. 2019). Although most of these
studies have found evidence consistent with long-
standing predictions that migration is the most
 hazardous part of the migratory annual cycle, exam-
ples of other portions of the annual cycle exhibiting
higher mortality rates also exist (Leyrer et al. 2013).
This raises questions about possible population-specific
selective pressures during migration and how popula-
tions are able to adapt to these pressures (Rakhim -
berdiev et al. 2015).

Although the quantification of mortality during
migration provides essential information about the
costs of migration, to directly infer selection pressures,
we need to know the proximate cause(s) of these mor-
tality events (Alerstam et al. 2013). Previous studies
have hypothesized that numerous factors could lead to
elevated mortality rates during migration, including
the use of unfamiliar habitats and stopover sites, the
high energetic costs of migration and the occurrence of
inclement weather conditions, such as strong head
winds, sandstorms and extreme rainfall (Newton
2007). Among these, and especially for migrations
crossing large inhospitable geographical features that
lack emergency stopover sites – like deserts and oceans

A. H. Jelle Loonstra, Mo A. Verhoeven, Nathan R. Senner,
Christiaan Both & Theunis Piersma 

Ecology Letters (2019) 22: 2060–2066

Long-distance migratory flights are predicted to be associated with higher mortality rates when individuals
encounter adverse weather conditions. However, directly connecting environmental conditions experienced in-
flight with the survival of migrants has proven difficult. We studied how the in-flight mortality of 53 satellite-tagged
Black-tailed Godwits (Limosa limosa limosa) during 132 crossings of the Sahara Desert, a major geographical barrier
along their migration route between The Netherlands and sub-Saharan Africa, is correlated with the experienced
wind conditions and departure date during both southward and northward migration. We show that godwits expe-
rienced higher wind assistance during southward crossings, which seems to reflect local prevailing trade winds.
Critically, we found that fatal northward crossings (15 deaths during 61 crossings) were associated with adverse
wind conditions. Wind conditions during migration can thus directly influence vital rates. Changing wind conditions
associated with global change may thus profoundly influence the costs of long-distance migration in the future.

9 Adverse wind conditions during northward
Sahara crossings increase the in-flight mortality
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– the amount and predictability of wind assistance dur-
ing migration are thought to affect the success of
migratory flights the most (Erni et al. 2005, Shamoun-
Baranes et al. 2010, Aurbach et al. 2018, Ward et al.
2018).

Continental Black-tailed Godwits (Limosa limosa
limosa; hereafter: godwits) breed primarily in The
Netherlands, with approximately 75% of the popula-
tion crossing the Sahara Desert twice each year to win-
ter in sub-Saharan Africa, whereas the remaining 25%
stay to winter on the Iberian Peninsula (Márquez-
Ferrando et al. 2014, Kentie et al. 2017). Previous work
on the annual survival of godwits has revealed that
northward Sahara crossings are associated with the
highest mortality risk of any portion of the annual
cycle while southward crossings are less dangerous
(Senner et al. 2019). Here, we evaluate whether indi-
vidual godwits tracked with satellite transmitters expe-
rience seasonal differences in the amount of wind
assistance that they encounter during southward and
northward Sahara crossings. In addition, we also deter-
mine whether the increased mortality risk during
northward Sahara crossings is correlated with an
increase in wind-induced flight costs or departure date.
Given the prevailing north-easterly trade winds across
the Sahara (Hayward & Oguntoyinbo 1987, Piersma &
van de Sant 1992, Evan et al. 2016), we hypothesise
that during southward Sahara crossings godwits are
more likely to experience better wind conditions than
during northward Sahara crossings. Although these
favourable winds occur at lower altitudes during
southward migration – altitudes which coincide with
higher temperatures that could force godwits to experi-
ence hyperthermia and dehydration (Liechti &
Schmaljohann 2007, Schmaljohann et al. 2008, Senner
et al. 2018) – our previous work (Senner et al. 2019)
has shown that southward crossings are not associated
with elevated mortality. We therefore predict that the
elevated in-flight mortalities during northward Sahara
crossings are related to more adverse wind conditions.

METHODS

Data collection
Migratory tracks of godwits crossing the Sahara were
extracted from 49 adult godwits equipped with PTT-
100 9.5 g solar satellite transmitters (duty cycle: 8-h
transmission, 24-h charge (n = 32) or 10-h transmis-
sion, 48-h charge (n = 15); Microwave Telemetry, Inc.)
and four adult godwits equipped with PTT-100 5 g
solar satellite transmitters (duty cycle: 8-h transmis-

sion, 24-h charge; Microwave Telemetry, Inc.). Trans -
mitters were deployed from 2013 to 2015 at staging
areas in southern Spain and Portugal and from 2015 to
2017 on the Dutch breeding grounds. We successfully
documented 71 southward Sahara crossings from 2013
to 2018 and 61 northward Sahara crossings from 2014
to 2018 (Table 9.1). All transmitters were attached
with a leg-loop harness; see Senner et al. (2015) for
details on capture and attachment methods. Senner et
al. (2019) documented a lower annual survival proba-
bility for godwits outfitted with 9.5 g satellite transmit-
ters than those carrying other tracking devices or only
colour rings. However, because of the seasonal discrep-
ancy in survival during migratory flights of godwits
outfitted with satellite transmitters across the Sahara
(e.g. high survival rate during southward Sahara cross-
ings, but low during northward crossings; Senner et al.
2019), we argue that carrying a tag itself does not
explain the interindividual variation in mortality dur-
ing migration across the Sahara.

Locations were retrieved and extracted from the
CLS tracking system (www.argos-system.org) and
passed through the Hybrid filter (DAF) algorithm
(Douglas et al. 2012). We retained locations with qual-
ities of 3, 2, 1, 0, A and B with, on average, 8 ± 1 SD
locations per individual duty cycle and 7 ± 2 SD loca-
tions per individual during a trans-Saharan flight. To
determine the fate of birds during a Sahara crossing,
we used three different diagnostic rules: (1) birds out-
fitted with a 9.5 g transmitter were considered dead
when the activity sensor of their tag remained con-
stant, (2) birds outfitted with a 5 g transmitter were
considered dead when the temperature sensor started
to follow a diurnal rhythm and (3) birds outfitted with
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Year Total number of Total number of  
Sahara southward Sahara northward
crossings (died) crossings  (died)

2013 5 (0) -
2014 10 (0) 6 (3)
2015 24 (0) 6 (1)
2016 17 (0) 23 (4)
2017 8 (0) 17 (5)
2018 7 (0) 9 (2)

Total 71 (0) 61 (15)

Table 9.1. Sample size of the Sahara crossings used in this
study. Overview of the number of northward and southward
Sahara crossings by godwits per year used in this study, whereby
the number between the brackets indicates how many of the
total died.        



either a 5 g or 9.5 g transmitter were considered dead
when their transmitter stopped transmitting within a
migratory bout and never turned on again. In addition
to the deployment of satellite transmitters, and to
ensure that the sudden loss of a bird was not the result
of a malfunctioning transmitter, we also ringed each
bird with a unique combination of four colour rings
and a colour flag. We then subsequently attempted to
resight these colour-marked individuals throughout
their annual cycle (see: Loonstra et al. 2019); with an
annual resighting probability of 0.92 for tagged birds
that were alive, no individual whose transmitter ceased
functioning during a trans-Saharan flight was subse-
quently resighted.

Simulated wind assistance
PTT-100 solar transmitters provide unique information
on in-flight mortality; however, their limited duty
cycles hamper documenting an individual’s entire
migratory route and altitude during migration. As a
result, we cannot directly infer the wind assistance
from an observed Sahara crossing nor the exact loca-
tion of a mortality event. Hence, we have to simulate
the minimal flight duration (e.g. flight costs) of a
migratory flight resulting from the wind conditions an
individual experienced during a Sahara crossing.

These simulations were performed by calculating
the flight duration of the simulated optimal route with
respect to the wind support obtained from a three-
dimensional map of connected nodes (Dijkstra 1959,
Kranstauber et al. 2015, Figures 9.1 and S1). Because
empirical tracking data showed that godwits only use a
‘narrow’ corridor when crossing the Sahara, we
restricted the locations of our nodes to the migratory
zone of godwits (Figure 9.1). The spatial resolution of
the nodes was 0.4 degrees by 0.4 degrees, and within
the grid we allowed horizontal, upward and downward
movements between nodes (see: Figure S1). With min-
imal flight altitudes reaching ground level and maxi-
mal measured flight altitudes of 5956 m (Senner et al.
2018), we included 16 different pressure layers (1000,
975, 950, 925, 900, 875, 850, 825, 800, 775, 750, 700,
650, 600, 550 and 500 millibar) and thus cover the
entire altitudinal range of godwits during migration.
The weight of a connection between two nodes was
described as the travel time between those two nodes.
The travel time was calculated with the function
‘NCEP.tailwind’ in the R package ‘RNCEP’ assuming a
constant airspeed of 18.05 m/s (Kemp et al. 2012,
Senner et al. 2018) and depended on the distance,
direction and groundspeed between two nodes. The
wind conditions at a node were matched with the time-

wise nearest ECMWF-Interim wind data (0:00, 6:00,
12:00, 18:00) and the estimated arrival time at a node,
which was based on the departure time from the
departing node and the flight time of the straight line
between the departing node and node of interest (Dee
et al. 2011). To parameterize each simulation, we
determined the departure and arrival node, as well as
departure time, and constrained the movements in the
grid according to the retrieved in-flight locations from
each individual migration (Figure 9.1; blue line).

For birds that died during migration, we were not
able to determine the arrival node; in these cases, we
used the arrival node of a previous northward migra-
tion, as adult godwits repeatedly use the same staging
location on the Iberian Peninsula (r = 0.93, Verhoeven
et al. 2018). In all of our simulations, we assumed that
a bird uses flapping flight, minimizes the total time
during migration (Hedenström et al. 2008, Senner et
al. 2018), and is able to predict and anticipate future
wind conditions at departure and during flight (Gill et
al. 2014). In this framework, the flight time of the opti-
mal simulated route thus increases when an individual
faced stronger headwinds. The minimal flight time can
thus be considered an indirect measure of the minimal
wind-induced total flight cost (Pennycuick 2008).

Simulation robustness
Within our simulation framework, we assumed that
godwits minimize their flight time by anticipating
future wind conditions. To assess the robustness of this
assumption, we performed a second, ‘uninformed’ sim-
ulation in which we did not constrain the grid of nodes
on the basis of the retrieved in-flight locations (Figure
9.1; red line). The flight duration of these ‘uninformed’
simulated routes was thus the time-wise most efficient
route from a departing node to an arriving node at a
departure moment and, per definition, of equal or
shorter duration than the flight time of the ‘informed’
simulation or actual route (Figure 9.1; blue line). The
difference between the ‘informed’ and ‘uninformed’
simulations then served as a measure of our time-mini-
mization assumption; to infer whether our assumption
was violated by a specific group (dying vs. surviving or
northward vs. southward Sahara crossing), we also
compared the differences between these groups.

Statistical analysis
We used the simulated individual minimal flight time
as a response variable in a linear mixed effect model in
the R package ‘lme4’ (Bates et al. 2015) to infer
whether minimal flight time during southward migra-
tion significantly differed from that during northward
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migration. To account for the non-independency of
migrations from the same individual, we included indi-
vidual as a random intercept.

Second, we used a generalized linear mixed effect
model with a binomial error distribution to compare
the optimal simulated flight duration between godwits
that successfully crossed the Sahara and those that
died during northward migration. To test whether the
departure date from Africa during northward migration
influenced the in-flight survival probability, we included
the difference between individual departure date and
the 5-year mean (2014–2018) departure date from
Africa (hereafter relative departure date). Because of

the use of different types of transmitters (i.e. 5 g and
9.5 g), we also included transmitter type as a fixed
effect; to account for the non-independency of migra-
tions from the same individual, we included individual
as random intercept. Lastly, to compare the flight time
of the informed and uninformed simulations, we used
a linear mixed effect model with individual as random
intercept.

The statistical significance of the fixed effects in all
models was assessed using parametric bootstrapping
tests using the ‘pbkrtest’ package (Halekoh & Højs -
gaard 2014). All statistical analyses were performed
using R (v. 3.4.3; R Core Development Team 2018).

RESULTS

We determined the fate and minimal flight time of 71
crossings of the Sahara during southward migration
and 61 during northward migration for a total of 53
unique godwits (50 females and 3 males). None of the
birds in our dataset died during a southward Sahara
crossing, whereas 15 died during a northward crossing
(Table 9.1, Figure 9.2A and B).

The average minimal flight time of godwits during
southward Sahara crossings was 30.24 ± 3.01 h (mean
± SD). This was significantly shorter than the average
minimal (35.18 ± 5.10 h (mean ± SD)) flight time
during northward Sahara crossings (P<0.001; Figure
9.2C). Mortality during northward Sahara crossings
was neither influenced by tag type (P = 0.77) nor by
departure date (P = 0.52). However, for godwits that
successfully crossed the Sahara during northward
migration, the minimal flight time was on average
more than 6 h shorter (33.70 ± 4.72 h (mean ± SD))
than for birds that died (39.72 ± 3.25 h (mean ± SD),
P<0.01, Figure 9.2D).

The minimal simulated flight time of the unin-
formed simulations was on average 3.4% shorter than
an informed simulation (P< 0.05). This difference,
however, was not significantly larger between north-
ward and southward Sahara crossings (P = 0.56) and
did not differ between birds that successfully crossed
the Sahara during northward migration and birds that
did not (P = 0.25).

DISCUSSION

Wind conditions during migration have been suggested
to be one of the strongest factors moulding the migra-
tory routes and performance of migratory birds
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Figure 9.1. Study area overlain with the grid of nodes that
served as the area of the simulations. Geographical overview of
the nodes: grey and dark grey points (uninformed grid) and
dark grey points (informed grid) separated by 0.4°. All nodes
also had a vertical component (1000 mb–500 mb). To clarify the
results, we display the route and altitude of a simulated north-
ward migration within an informed grid (purple line) and unin-
formed grid (red line) for an individual that migrated from the
Djoudj, Senegal to the Tagus Estuary, Portugal (yellow line and
black points). The weight and connection between nodes are
visually explained in Figure S1. 



(Alerstam 1979, Kranstauber et al. 2015). We show
that during southward Sahara crossings, godwits expe-
rience a higher wind assistance (i.e. resulting in shorter
flight times) than during northward crossings, which is
most likely the result of prevailing trade winds blowing
from a north-easterly direction (Hayward & Ogun -
toyinbo 1987, Piersma & van de Sant 1992, Evan et al.
2016). Furthermore, we show that during northward
Sahara crossings, godwits not only migrated in less
favorable wind conditions but that flights with longer
minimal flight times (i.e. lower wind assistance) were
associated with an increased in-flight mortality risk.

Estimating wind assistance during migration
Previous studies (Shamoun-Baranes et al. 2010, Gill et
al. 2014, Kranstauber et al. 2015) have provided differ-
ent methods to estimate the amount of wind assistance
experienced by individual birds during migration.
While these methods can be applied within a 2D
framework (Kranstauber et al. 2015) or along a fixed
route (Shamoun-Baranes et al. 2010, Gill et al. 2014),
we suggest that our implementation of a 3D grid great ly
improves the estimation of wind assistance during

migration. This follows because godwits – and presum-
ably other long-distance migratory birds as well – have
been shown to frequently change their altitude during
migratory flights (Senner et al. 2018). However, our
method, like previous methods, represents an underes-
timation of the true experienced flight times, as god-
wits are unlikely to be capable of predicting the opti-
mal migratory route before departing on their
migration (Dijkstra 1959, but see Gill et al. 2014).
Despite this caveat, a comparison of the informed and
uninformed simulations shows that the differences
between experienced and minimal wind assistance are
smaller than the larger day–day variation in wind con-
ditions. Our simulation framework should thus be suit-
able for assessing the en route wind conditions of other
small migrating bird species that cannot be tracked
with GPS transmitters (Bridge et al. 2011).

Trade winds across the Sahara and in-flight
mortality
Although the strength of the trade winds over the
Sahara varies between years (Taylor et al. 2017), trans-
Saharan migrants seemingly have evolved a diverse
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suite of strategies to cope with the synoptic phenom-
ena that determine local wind patterns in the region
(Kranstauber et al. 2015, Evan et al. 2016, Vansteelant
et al. 2017). In the case of godwits, previous studies
have shown that they can exhibit flexibility in the tim-
ing of their Sahara crossings (Verhoeven et al. 2019),
dynamically adjust their flight altitude in response to
temperature and wind conditions (Senner et al. 2018),
and have the ability to use emergency stopover sites at
the beginning of their southward Sahara crossing (after
~ 500 km) or during the final part of their northward
Sahara crossing (after ~ 2000 km). Nevertheless,
despite these presumed adaptive behaviours, our
results indicate that these are not sufficient to ensure
safe crossings of the Sahara, at least not during north-
ward crossings. Not only are godwits likely to perish
mid-crossing when they experience adverse wind con-
ditions but the northward Sahara crossing also has the
lowest daily survival rates of any period during the
godwit annual cycle (Senner et al. 2019). This raises
the question: Why have godwits not been able to suc-
cessfully adjust their migratory flights to cope with low
wind assistance? The fact that other migrants have also
shown elevated mortality rates during northward
crossing of the Sahara suggests that wind conditions
during this crossing may be an important bottleneck
for trans-Saharan migrants that do not have the possi-
bility to stop (Klaassen et al. 2014, Lok et al. 2015).

Why, then, do migrants that are about to cross the
Sahara not prepare for the possibility that they
encounter poor circumstances, for instance, by increas-
ing their fuel loads? After all, the average extra pre-
dicted flight time leading to death is only 6 h. One
explanation may be that crossings with a low wind
assistance occur too infrequently to lead to the evolu-
tion of an adaptive response (Winkler et al. 2014).
Leaving the question as it stands, our study makes
clear that wind assistance is a key factor to the success
of long-distance migration and that it directly impacts
the population dynamics of a migratory species
(Senner et al. 2019). Future work should embrace this
new frontier and aim to understand how migrants
assess departure and en route conditions, and why 6 h
of extra flight can be a cause of death in birds that can
prepare for over 200 h of non-stop flight (Gill et al.
2009). Part of the answer may have to do with learn-
ing, making it likely that migratory behaviours, includ-
ing the decision to initiate migration, may change over
the course of an individual’s life (Sergio et al. 2014,
Verhoeven et al. 2019).

Wind conditions and global climate change
Increasing global temperatures are projected to cause
significant changes to the distribution and viability of
the populations of many migratory bird species (Saino
et al. 2010). However, relatively little attention has
been paid to the predicted changes in atmospheric cir-
culations and their potential effects on the viability of
migration itself (IPCC & Climate change 2013, but see:
Weimerskirch et al. 2012, La Sorte & Fink 2017, La
Sorte et al. 2019). Those investigations that have been
undertaken suggest that wind conditions are expected
to change as a result of climate change, at least in
North and South America (La Sorte & Fink 2017, La
Sorte et al. 2019), and that the strength of the wind
and frequency of storms will increase in the Sahara
region (Taylor et al. 2017), but the exact effect of these
changing wind conditions on trans-Saharan migrants is
largely unknown. Given our findings, which reveal a
relationship between experienced wind conditions dur-
ing migration and the survival of a trans-Saharan
migrant, future studies should aim to understand how
changing climatic conditions will affect the wind sup-
port of trans-Saharan migrants and, potentially, their
population dynamics.
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Figure S1. Visualization of the possible connections between
the different nodes. In all three examples, travel starts from the
upper middle node. However S1A represents all horizontal con-
nections, S1B all upward connections to a lower pressure level,
S1C all downward connections to a higher pressure level. The air
speed of the connection in each direction is kept constant at
18.05 m/s–1 (Senner et al. 2018) and therefore the travel time
between nodes is only influenced by the wind speed at a node,
as well as the direction and length between two nodes.    
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INTRODUCTION

The ratio of males to females is a crucial characteristic
of any population as it likely affects the competition for
mates among individuals and, hence, the population’s
mating system, dispersal and migratory behavior, and
demographics (Bessa-Gomes et al. 2004, Kokko et al.
2006, Trochet et al. 2013, Lisovski et al. 2016, Eberhart-
Phillips et al. 2018). The ecological basis of deviations
from an equal sex ratio can therefore affect a popula-
tion’s viability (Wedekind 2002, Donald 2007, Grayson
et al. 2014, Morrison et al. 2016, Ramula et al. 2018).

The causes and consequences of variation in the sex
ratios of birds have been intensively studied (Weather -
head & Teather 1991, Benito & Gonzales-Solis 2007,
Eberhart-Phillips et al. 2017). Thereby, studies show
that birds are able to mold the sex ratio of their
clutches in response to the condition of the mother,
their lay date and hatch order, or the quality of the
breeding environment (Clout et al. 2002, Suarsa et al.

2003, Alonso-Alvarez 2006, Dijkstra et al. 2010).
However, skewed initial sex ratios are only one poten-
tial determinant of the adult sex ratio (ASR), as sex dif-
ferences in survival during other life-history stages can
also contribute to the ASR (Emlen 1997, Weimerskirch
et al. 2005, Benito & Gonzales-Solis 2007, Eberhart-
Phillips et al. 2017). In a now classic paper, Fisher
(1930) predicted that if the costs and benefits of rais-
ing offspring of either sex are equal for both parents,
sex ratios should be equal at the cessation of parental
care. In contrast, if the 2 sexes differ in cost – e.g., in
their nutritional needs due to different developmental
trajectories because of sexual size dimorphism – the
more expensive sex is expected to experience a higher
mortality when conditions are limiting (Benito &
Gonzales-Solis 2007, Villegas et al. 2013). Additionally,
sex-specific reproductive costs during adulthood
may cause sex-specific survival rates that potentially
introduce a shift in the ASR as well (Tavecchia et al.
2001).

A.H. Jelle Loonstra, Mo A. Verhoeven, Nathan R. Senner,
Jos C.E.W. Hooijmeijer, Theunis Piersma, Rosemarie Kentie 

Behavioral Ecology (2019) 30: 843–851

The adult sex ratio (ASR) is a crucial component of the ecological and evolutionary forces shaping the dynamics of a
population. Although in many declining populations ASRs have been reported to be skewed, empirical studies
exploring the demographic factors shaping ASRs are still rare. In this study of the socially monogamous and sexually
dimorphic Black-tailed Godwit (Limosa limosa limosa), we aim to evaluate the sex ratio of chicks at hatch and the
subsequent sex-specific survival differences occurring over 3 subsequent life stages. We found that, at hatch, the
sex ratio did not deviate from parity. However, the survival of pre-fledged females was 15–30% lower than that of
males and the sex bias in survival was higher in low-quality habitat. Additionally, survival of adult females was
almost 5% lower than that of adult males. Because survival rates of males and females did not differ during other
life-history stages, the ASR in the population was biased toward males. Because females are larger than males, food
limitations during development or sex-specific differences in the duration of development may explain the lower
survival of female chicks. Differences among adults are less obvious and suggest previously unknown sex-related
selection pressures. Irrespective of the underlying causes, by reducing the available number of females in this
socially monogamous species, a male-biased ASR is likely to contribute to the ongoing decline of the Dutch godwit
population.

10 Natal habitat and sex-specific survival rates
result in a male-biased adult sex ratio
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Despite the importance of variation in ASRs to the
demography of natural populations (Székely et al.
2014a), studies exploring the entire range of temporal
and spatial variation in ASRs within single species are
scarce (but see: Kosztolányi et al. 2011, Morrison et al.
2016, Eberhart-Phillips et al. 2017). As a result, there is
no consensus on the contribution and causes of the dif-
ferent mechanisms causing variation in ASRs. Further -
more, understanding the ecological correlates of fac-
tors shaping an unequal ASR is not only of interest
from an ecological and evolutionary perspective, but is
especially important to understanding how best to con-
serve declining and endangered species with skewed
sex ratios (Pike & Petrie 2003, Eberhart-Phillips et al.
2018).

Continental Black-tailed Godwits Limosa limosa
limosa (hereafter, “godwits”), are socially monogamous
and sexually dimorphic shorebirds in which females are
the larger sex from an early age onwards (Schroeder et
al. 2008, Loonstra et al. 2018). Over the past 45 years,
the population of godwits breeding in The Netherlands
has declined in concert with the steadily intensifying
use of their farmland breeding habitat (Kentie et al.
2016). These changes in their breeding habitat have, in
particular, affected chick survival (Kentie et al. 2013,
2018). Previous work has also shown that female chicks
have lower relative body masses and growth rates in the
wild than males, suggesting that the condition of female
chicks is constrained more than that of males which
can potentially lead to sex-specific mortality rates
 during this life-history stage (Loonstra et al. 2018).

To investigate whether the ASR of godwits is biased
and whether variation in habitat quality could con-
tribute to such a bias, we estimated the sex ratio of
godwits at hatch and the sex-specific survival of indi-
vidually marked godwits during 3 subsequent life-his-
tory stages: the pre-fledging chick stage, post-fledging
juvenile stage, and adult stage. Fieldwork was con-
ducted in one of the strongholds of the godwit popula-
tion in southwest Friesland, The Netherlands. Based on
previously reported results on the sex-specific condi-
tion of godwit chicks (Loonstra et al. 2018), we pre-
dicted that only survival during the pre-fledging period
would be sex-dependent – with lower survival proba-
bilities for females – but that post-fledging and adult
survival would be equal between the sexes. Conse -
quently, we predicted that if pre-fledged females do
have a lower survival rate during the period of parental
care, we would observe a female-biased sex ratio at
hatch (Fisher 1930, Hamilton 1967). A subsequent bias
in the ASR would then depend on the balance between
the bias in the sex ratio at hatch and that of sex-specific

survival rates during the pre-fledging stage. If such a
bias exists, it might have significant consequences for
the ability of this population to reverse the current
 negative population growth rate by limiting the repro-
ductive potential of the entire population.

METHODS

Study area and population
This study was carried out between 2008 and 2017
and centered at 52°55'N, 5°25'E (Kentie et al. 2018).
During this time, the extent of the study area grew
from 8.780 (2008–2011) to ~11.495 ha (2012–2017;
Senner et al. 2015a). Adult godwits were generally
present in the study area from late February until late
August. Between early April and early June, godwits
laid clutches with an invariant size of 4 eggs (Senner et
al. 2015b). Nests were located in a variety of grassland
types, ranging from dairy farmland with a high inten-
sity of agricultural land usage (~35% of nests) to less
intensely used herb-rich grasslands (~65% of nests;
see: Groen et al. 2012). We assigned fields to 1 of 2
classes based on their plant species richness and the
presence of foot drains (Groen et al. 2012, Kentie et al.
2013), and used the names “meadows” and “monocul-
tures” to refer to these 2 classes (see: Kentie et al. 2013
for more details). Precocial chicks hatch after an incu-
bation period of approximately 21 days and fledge
when c. 25 days old (Kruk et al. 1997). After this
period, parents can accompany chicks for another 1–2
weeks (Loonstra AHJ & Verhoeven MA, personal obser-
vation), with fledged chicks being present in the study
area until late September (Verhoeven MA & Loonstra
AHJ, personal observation).

Data collection
Godwit nests were located by members of our field
team, local landowners, and volunteers. Once a nest
was found, we used the egg flotation method to esti-
mate lay date and predict hatching date so that the
chicks could be ringed before leaving the nest
(Liebezeit et al. 2007). From 2008 to 2016, 1-day-old
chicks were marked with a plastic flag engraved with a
unique alphanumeric code. If we recaptured a chick at
an age of 10 days or older, we replaced its engraved
flag with a metal ring and unique combination of 4 col-
ored rings and a colored flag. This combination of color
rings is easier to see from a distance, but does not fit on
the shorter legs of young chicks.

We obtained a 30-ml blood sample by bleeding the
leg vein of <15-day-old chicks and the wing vein of
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older chicks and adults during the ringing process in
order to determine the genetic sex of each individual.
Blood was stored in individually labeled 1.5-ml
Eppendorf tubes containing 95% alcohol buffer and
frozen at −80°C as soon as possible. Individuals were
then molecularly sexed using methods described by
Schroeder et al. (2010).

Both field team members and volunteers reported
observations of marked individuals. Individuals were
resighted opportunistically throughout the year (e.g.,
at their wintering location in West Africa or on the
Iberian Peninsula, June–April), and we made daily
focused efforts during the pre-breeding, breeding, and
post-breeding periods in The Netherlands (March–
August) and the spring staging period on the Iberian
Peninsula (January–March). To avoid the incorporation
of misread flag and color-mark combinations – which
can bias survival estimates – we removed observations
of individuals that were only seen a single time in a
season.

Estimating hatching sex ratio
To determine whether the sex ratio of chicks at hatch
significantly deviated from parity, we used a general
linear mixed effect model with a binomial error struc-
ture and a logit function with the sex of the chick as the
response variable in the package “lme4” (Bates et al.
2015) in Program R (v. 3.4.3; R Core Development
Team 2017). To prevent mixing of chicks from different
nests, we only used nests of which all 4 chicks were
present during ringing on the actual hatch day. Year
(2008–2016) and natal habitat type were included in
the model as factors to determine whether sex ratios
differed among years or habitat type. To assess whether
the sex ratio at hatch varied during the breeding sea-
son, we included a nest’s hatch date (relative to the
annual mean hatch date) as a continuous covariate. All
models contained “NestID” as a random effect in order
to control for the nonindependence of chicks from the
same nest. To test the significance of each covariate,
we followed a stepwise backward procedure in which
we deleted terms in order of decreasing significance
and tested the influence of the intercept on its signifi-
cance with a = 0.05 (Quinn & Keough 2005).

Mark-recapture survival analysis
We used observations of all chicks that were marked
when 1-day-old from 2008 to 2016 to create encounter
histories for each individual. Our final dataset con-
sisted of 4390 individuals (2097 males, 2293 females;
Table 10.1). We used Cormack-Jolly-Seber models to
estimate sex-specific apparent survival (Cormack 1964,

Jolly 1965, Seber 1965). We considered 3 different age
classes: fpre-fledging, fpost-fledging and fadult (Figure 10.1).
The length of the first period was defined as the mean
interval between hatching and the first sighting of all
individuals that were seen after fledging on the breed-
ing grounds in post-breeding groups (fpre-fledging = 45
± 11 days). For pre-fledged chicks, we also tested for
effects of natal habitat (monoculture or meadow) and
year on survival (Kentie et al. 2013). The post-fledging
period lasted 320 days. Apparent adult survival (fadult)
estimates were modeled over 1-year time intervals.
Due to the small sample size of individuals that entered
the post-fledging period in some years, we were unable
to include a year effect on post-fledging and adult sur-
vival in our models.

A preliminary inspection of our data revealed dif-
ferences in the resighting probability among all age cat-
egories. This was most likely because the majority of
resightings were made on the breeding grounds and
are thus sensitive to behavioral differences between
age classes. For this reason, we allowed resighting
probability to vary with age. Additionally, our resight-
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Year Total number  Sex Monoculture Meadow
of complete
clutches

2008 10 Males 31 95
Females 37 92

2009 8 Males 27 105
Females 34 100

2010 23 Males 55 132
Females 61 158

2011 5 Males 11 39
Females 10 48

2012 41 Males 78 153
Females 85 197

2013 54 Males 119 300
Females 104 347

2014 26 Males 50 218
Females 58 253

2015 34 Males 84 184
Females 84 213

2016 92 Males 141 275
Females 109 303

Total 293 Males 596 1.501
Females 582 1.711

Table 10.1. Total number of complete clutches per year used for
the analysis of sex ratios at hatch and the number of 1-day-old
godwit chicks marked from 2008 to 2016 during the breeding
season in southwest Friesland, The Netherlands, by sex, habitat
type – monoculture or meadow – and year.        



ing effort varied over the years; all classes thus include
year (y) as a covariate of the resighting probability. We
also included sex (s) as a covariate of the resighting
probability for all 3 age classes (Figure 10.1). In doing
so, we accounted for potential differences in behavior
between males and females that could result in sex-
specific detection probabilities (Amrhein et al. 2012).
Finally, to account for differences in the resighting

probability of individuals with different marking
schemes (e.g., engraved flags vs. full color-ring combi-
nations), all models included an effect of ringtype
(ring) on the resighting probability.

Because of the number of parameters involved, we
performed a stepwise model selection procedure
(Doherty et al. 2012). First, we selected an a priori set
of candidate models for the resighting probability (P)
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for the 3 age classes (Table 10.2, Supplementary Table
S1). During this first step, we defined the most parsi-
monious model for P, but the survival probability dur-
ing the different age categories was modeled as in the
full model (fpre-fleding·sex·habitat·y + fpost-fledging·sex +
fadult·sex). Second, we used the most parsimonious
parameterization of P to investigate the most parsimo-
nious parameterization of the models describing the
survival probability among the different age classes
(Table 10.3, Supplementary Table S2).

All mark-recapture models were constructed using
the package “Rmark” (Laake 2013) and run with the
program “MARK” (White & Burnham 1999). The good-
ness-of-fit (GOF) for the global model was assessed
using the median c^-hat test (100 iterations) in Program
MARK (White & Burnham 1999). Because the data
were slightly overdispersed (c^ = 1.25 ± 0.01), we used

QAICc (Akaike’s information criterion, corrected for
overdispersion and small sample size) for model inter-
pretation and evaluation (Burnham & Anderson 2002).
Model selection was based on Akaike’s Information
Criterion scores adjusted for small sample sizes (AICc);
models differing by <2 AICc units and without uninfor-
mative parameters were considered the most parsimo-
nious model (Arnold 2010). All reported confidence
intervals were adjusted for overdispersion.

Estimating ASR
To estimate the ASR, we applied a 2-sex matrix that
incorporates all life stages into 2 age classes: first-year
and adults (Figure 10.1). We allowed adults of both
sexes to disperse between the 2 habitats so that the dis-
tribution of godwits during each time step between the
2 habitats resembled the distribution of nests in our
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Parameterization of Φ K D QAICc Model weight D Qdev

1) ΦPre-fledging·y + Pre-fledging·HT·s + Post-fledging + Adult·s 51 0.001 0.88 44.93
2) ΦPre-fledging·HT·s·y + Post-fledging·s + Adult·s 75 4.11 0.11 0.002

3) ΦPre-fledging·s + Pre-fledging·HT·y + Post-fledging + Adult 56 14.59 0.00 49.33
4) ΦPre-fledging·s + Pre-fledging·HT·y + Post-fledging + Adult·s 57 15.26 0.00 47.96
5) ΦPre-fledging·s + Pre-fledging·HT·y + Post-fledging·s + Adult·s 58 17.18 0.00 47.85

ΦPre-fledging = apparent survival probability during the pre-fledging period; ΦPost-fledging = apparent survival probability during post-fledging period;  ΦAdult = apparent
survival probability of adults; HT = natal habtat type type, monoculture vs. herb-rich meadow; s = molecular sex; y = year. “·” indicates an interaction between
effects; K = number of parameters; D Qdev = the QDeviance relative to that of the best fitting model (with the lowest QDeviance); D QAICc = QAICc relative to the
best-supported model (with the lowest QAICc).
1 QAICc = 6775,21 
2 QDev = 1467,45

Table 10.3. Model selection results for the first five competing apparent survival probability (Φ) models during all three life-stages
(pre-fledging, post-fledging and adult; step 2). For all models we modelled the resighting probability as in the best-supported model of
step 1: (PPre-fledging·y + Pre-fledging·s + Post-fledging·y + Adult·s·y + ringtype). Model selection results for all tested models can be found in Table S2.        

Parameterization of P K D QAICc Model weight D Qdev

1) PPre-fledging·y + Pre-fledging·s + Post-fledging·y + Adult·s·y 75 0.001 0.73 4.88
2) PPre-fledging·y + Post-fledging·y + Adult·s·y 74 3.12 0.25 9.05
3) PPre-fledging·y + Pre-fledging·s + Post-fledging·y·s + Adult·s + Adult·y 73 9.41 0.01 18.40
4) PPre-fledging·y + Post-fledging·y·s + Adult·s·y 82 9.49 0.01 0.002

5) PPre-fledging·y + Pre-fledging·s + Post-fledging·y + Post-fledging·s + Adult·s·y 72 9.82 0.01 20.85

PPre-fledging = resighting probability from hatch till fledge; PPost-fledging = Resighting probability from post-fledging till first adult period;  PAdult = resighting probability
during adulthood; s = molecular sex; y = year. “·” indicates an interaction between effects; K = number of parameters; D Qdev = the QDeviance relative to that of
the best fitting model (with the lowest QDeviance); D QAICc = QAICc relative to the best-supported model (with the lowest QAICc).
1 QAICc = 6779,32 
2 QDev = 1462,56

Table 10.2. Model selection results for the first five competing resighting probability models (P), step 1. For all models we modelled
the survival probability as in the full model: (ΦPre-fledging·s·HT·y + ΦPost-fledging·s + ΦAdult·s). Each model contained an effect of ring type.
Model selection results for all tested models can be found in Table S1.        



study area over the entire study period (33% monocul-
tures and 67% meadows). We assumed a clutch size of
4 eggs with an unbiased sex ratio and a daily nest sur-
vival of 0.962 for nests laid in monocultures and 0.973
for nests laid in meadows (Kentie et al. 2015). Further -
more, we assumed that males and females become
sexually active at an age of 2. To parameterize the
model, we used our own calculated life-stage depend-
ent survival estimates.

To identify during which life-history stage differ-
ences in survival rates between the sexes had the
largest effect on the ASR, we calculated the ASR using
a stable age distribution in a hypothetical 2-sex matrix
in which the survival rates of the 2 sexes were equiva-
lent in all life stages except the stage of interest. By
doing so, we could separately determine the effect of
each sex-dependent life-history stage on the ASR.

RESULTS

Sex ratio at hatching among all 293 complete nests
was on average 48.4% males, which did not deviate
from parity (P = 0.27, Table 10.4). In addition, we did
not find any association between sex ratio at hatch and
natal habitat type, relative hatch date, or year (Table
10.4).

In our mark-recapture analysis, the most parsimo-
nious model for resighting probability included an
effect of year and sex during the pre-fledging period
(model 1, Table 10.2, Supplementary Tables S1 and S3,
Figure 10.2A), a year effect during the post-fledging
period (model 1, Table 10.2, Supplementary Tables S1,
S3, Figure 10.2B), and an interaction term between
year and sex for adults (model 1, Table 10.2, Supple -
mentary Tables S1 and S3, Figure 10.2C). For all 3 life
stages, the resighting probability slightly increased over
the course of the study and, in general, females had
lower resighting probabilities both as chicks and adults
(Supplementary Table S3, Figure 10.2A–C). This
increase in resighting probability is most likely the
result of an increase in observation effort as our field
team became larger, whereas the low resighting proba-
bility of first-year birds is likely due to the fact that a
portion of first-year birds remains at nonbreeding sites
in Africa throughout the year.

Apparent pre-fledging survival probability was
lower for females than for males, was lower on mono-
cultures than on meadows, and sex difference in sur-
vival was strongest on monocultures (DAICc = 4.11,
Tables 10.3 and 10.5, Supplementary Table S2, Figure
10.3A). Apparent survival of males during the pre-
fledging period ranged between years and habitats
from 0.08 to 0.50, and for females from 0.05 to 0.42
(Table 10.5). The sex bias (f♂-chick/(f♂-chick + f♀-chick))
in apparent survival was higher in monocultures (0.61,
95% CI = 0.43–0.77) than in meadows (0.55, 95%
CI = 0.41–0.69). The estimates of apparent survival
during the post-fledging period did not differ between
the sexes (f = 0.76, 95% CI = 0.71–0.81, Supple -
mentary Table S2, Figure 10.3B), but adult females had
lower survival rates than males (f males = 0.81, 95%
CI = 0.76–0.84, f females = 0.77, 95% CI = 0.71–
0.82, Supplementary Table S2, Figure 10.3C), although
their confidence intervals were overlapping.

Differences in sex-specific survival rates during
both the pre-fledging and adult periods resulted in a
male-biased ASR. The ASR modeled under a stable age
distribution and expressed as the proportion of males
was 0.64. The sex difference in survival during the
adult period had the largest effect on the ASR (ASR:
0.58 adult period alone vs. ASR: 0.55 chick period
alone). During the pre-fledging period, the sex-specific
survival component of chicks hatched on meadows
(0.53) had a slightly higher impact on the ASR than
that of chicks hatched on monocultures (0.52).
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Response  Fixed effects Estimate SE P
variable

Sex ratio Intercept 0.07 0.06 0.27
Habitat type1 0.13 0.14 0.35
Relative hatch date 0.0047 0.0075 0.53
Year 20092 –0.15 0.48 0.75
Year 2010 0.73 0.38 0.06
Year 2011 0.30 0.55 0.58
Year 2012 0.39 0.35 0.26
Year 2013 0.14 0.34 0.69
Year 2014 0.18 0.37 0.63
Year 2015 0.04 0.36 0.91
Year 2016 0.02 0.33 0.94

1 Reference level for natal habitat type is ‘monoculture’,
2 Reference level for year is 2008.

Table 10.4. Results of a generalized linear mixed model exam-
ining the effect of relative hatch date, habitat type – monocul-
ture or meadow – and year on the sex ratio at hatch (0 = male;
1 = female). Estimates of non-significant terms are from the last
model before simplification.         
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Figure 10.2. Resighting probabilities of godwits from 2008 to 2017 for the (A) pre-fledging period, (B) post-fledging period and (C)
adulthood. Estimates are based on model 1 (Supplementary Table S1).  

Year Male monoculture Female monoculture Male meadow Female meadow

2008 0.30 (0.20–0.46) 0.19 (0.12–0.31) 0.40 (0.27–0.58) 0.33 (0.22–0.49)
2009 0.29 (0.20–0.43) 0.19 (0.12–0.29) 0.38 (0.27–0.53) 0.32 (0.23–0.45)
2010 0.38 (0.29–0.51) 0.24 (0.17–0.34) 0.50 (0.37–0.62) 0.42 (0.33–0.53)
2011 0.25 (0.14–0.42) 0.16 (0.09–0.28) 0.32 (0.19–0.54) 0.27 (0.16–0.45)
2012 0.26 (0.19–0.35) 0.17 (0.12–0.24) 0.34 (0.27–0.44) 0.28 (0.22–0.37)
2013 0.27 (0.21–0.35) 0.17 (0.12–0.24) 0.35 (0.29–0.42) 0.29 (0.24–0.35)
2014 0.32 (0.25–0.42) 0.21 (0.15–0.29) 0.43 (0.36–0.51) 0.35 (0.29–0.43)
2015 0.08 (0.05–0.12) 0.05 (0.03–0.08) 0.10 (0.07–0.15) 0.08 (0.05–0.14)
2016 0.09 (0.05–0.16) 0.06 (0.03–0.10) 0.12 (0.07–0.20) 0.10 (0.06–0.17)

Table 10.5. Estimates and 95% confidence intervals of annual apparent survival during the pre-fledging period, for both sexes and
habitat types. Estimates are based on model 1 (Table 10.3).        



DISCUSSION

We evaluated the sex ratio at hatch and sex-specific
survival rates of Continental Black-tailed Godwits dur-
ing 3 life-history stages to assess if their ASR was
skewed and, if so, when this skew arose. We found that
the sex ratio at hatch was at parity, but that lower sur-
vival rates of females during the pre-fledging and dur-
ing adulthood resulted in a male-biased ASR. Our
results are in line with the notion that ASRs are fre-
quently unequal and male-biased in nature (Donald
2007, Székely et al. 2014a, 2014b). This male-biased
ASR, in turn, may limit the ability of godwits to reverse
their ongoing decline by forcing males to remain
unpaired throughout the breeding season.

Causes of variation in ASR
We did not find a bias in the sex ratio of godwits at
hatch, which appears in contradiction with theoretical
predictions (Fisher 1930, Hamilton 1967). However,
our defined pre-fledging phase (45 days) already cov-
ers part of the post-fledging phase, as most chicks like
fledge before an age of 45 days. The sex-specific mor-
tality rates that we observed could therefore still result
from mortality events occurring after the cessation of
parental care. For this reason, we cannot conclusively
reject the prediction that differences in mortality
between sexes during the period of parental care
should be offset by a skewed sex ratio at hatch (Fisher
1930, Hamilton 1967).

However, as we predicted based on sex-dependent
differences in the condition of chicks (Loonstra et al.
2018), we did find an effect of sex on the apparent

 survival probability of godwit chicks during the pre-
fledging period. Furthermore, we also found an inter-
action between natal habitat type and sex on apparent
survival during this period, with the relative skew in
sex-specific survival being larger in monocultures (the
habitat type with general lower survival rates, i.e.,
lower quality habitat). This suggests 2 things: First,
that the relatively lower body condition of female
chicks in comparison with males (Loonstra et al. 2018)
either directly causes increased mortality rates among
females or that female development (e.g., time-to-
fledging) is delayed and causes an increased vulnera-
bility to predation. Second, the lower body condition of
female chicks appears to relate to habitat-specific char-
acteristics that differentially affect males and females.
This is not altogether surprising: because females are
the larger sex from an early age onwards and thus need
more energy during development (Loonstra et al.
2018). Lower food availability on monocultures
(Schekkerman & Beintema 2007) could therefore affect
females disproportionally (Loonstra et al. 2018). How -
ever, before we can determine the causal relationship
between differences in habitat- and sex-specific sur-
vival, we need studies that not only follow the larger-
scale movements of chicks over time, but also deter-
mine the exact cause of their deaths (Schekker man et
al. 2009).

During adulthood, we also found that males and
females differed in their survival rates. The underlying
causes of these sex-specific differences are unclear.
However, we suspect that this difference most likely
arises during northbound migration during flights over
the Sahara desert and/or on the breeding grounds
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Figure 10.3. Apparent annual survival estimates of godwits from 2008 to 2016 during the pre-fledging period (A), post-fledging
period (B), and adulthood (C). Estimates are based on model 1 (Supplementary Table S2). 



(Senner et al. in review). For instance, it could be that
because females are larger, they experience a higher
mortality during migration, as they need more nutri-
ents to refuel. Alternatively, due to their larger size,
females could be less agile and more vulnerable to pre-
dation at staging and breeding sites (Post & Götmark
2006). It is also possible that during the breeding sea-
son, females and males have different incubation pat-
terns (Bulla et al. 2016) and that these different incu-
bation schedules result in differences in survival
(Arnold et al. 2012). Finally, because more males sur-
vive to adulthood, a smaller proportion of males will be
involved in incubation and chick-rearing than females.
Thus, if there are direct costs of these reproductive
activities (e.g., predation) and/or energetic costs stem-
ming from them that carry over to affect survival via
reversible state effects (Senner et al. 2015c), surviving
females may disproportionately suffer the conse-
quences and have reduced survival rates during adult-
hood.

Changing ASR in godwits
If we assume 1) no sex-specific immigration or emigra-
tion into, or out of, our local study population, and 2)
that we followed a representative distribution of nests
and accurately measured nest survival in the 2 habitat
types, our results predict a strongly male-biased popu-
lation that is mostly driven by the sex-specific survival
rates of adults. Nonetheless, it is important to realize
that the distribution of nests among the 2 habitat types
is unbalanced and varies among years – 33% of nests
occur in monocultures and 67% in meadows (Kentie et
al. 2015) – as do habitat specific nest survival rates.
Nests experience an average daily nest survival rate of
0.962 in monocultures compared to 0.973 in meadows
(Kentie et al. 2015). As a result, the yearly change in
ASR will strongly depend on the breeding distribution
of godwits across these 2 habitat types and the annual
variation in both nest and chick survival of the god-
wits.

Caveats in studies of ASR
Given the importance of ASRs to ecology and evolu-
tion, it is widely acknowledged that there needs to be a
better understanding of the causes underlying biases in
ASR (e.g., Székely et al. 2014b). However, obtaining
robust estimates of ASRs are challenging and one of
the main reasons why we lack such information about
most species. We fully recognize that our estimates
could be biased for a number of reasons. For example,
our sex ratios at hatch are based on nests in which all
chicks hatched, however, if hatching is sex-specific our

sex ratios at hatch might be biased (Eiby et al. 2008).
Similarly, our estimates of apparent survival might be
confounded by permanent sex-dependent emigration
from our study area (Julliard 2000, Amrhein et al.
2012). Nonetheless, we believe our survival estimates
are robust because: 1) our resightings of marked god-
wits not only came from the breeding grounds, but also
from several known staging and winter sites (Kentie et
al. 2016) and 2) previous work by Kentie et al. (2014)
did not find an effect of sex on natal dispersal, indicat-
ing that our sex-dependent resighting probabilities are
likely not caused by a higher dispersal rate among
females. However, our adult survival estimates are
somewhat lower than those estimated by Kentie et al.
(2016), but comparable to those of van Noordwijk &
Thomson (2008). The lower survival estimates we
report, though, are likely the result of the fact that we,
unlike van Noordwijk & Thomson (2008) and Kentie et
al. (2016), included the first northbound migration of
young godwits in our analyses, an event that is likely to
be more dangerous than subsequent bouts of migration
(Sergio et al. 2014).

Implications of bias in ASR
Our results raise questions about the current viability
of the Dutch-breeding population and the potential for
godwits to adapt their mating system to contemporary
environmental conditions (Eberhart-Phillips et al.
2017, 2018). The current population of godwits breed-
ing in agricultural habitats in The Netherlands is under
strong pressure from ongoing agricultural intensifica-
tion (Kentie et al. 2013, 2018), resulting in an annual
population decline of almost 6% over the past decade
(Kentie et al. 2016). In addition to this rapid decline,
socially monogamous godwits must now also cope
with a surplus of males, meaning that fewer godwits
are able to find a mate and breed than would be possi-
ble in a population with a less biased ASR. Further -
more, it is unlikely that a surplus of females from other
populations will be able to immigrate into our study
population, as most surrounding landscapes consist of
similar or even higher percentages of intensified agri-
cultural land, and thus the sex-specific survival differ-
ences that we have identified in southwest Friesland
are likely to be pervasive across the godwit breeding
range in The Netherlands. Although recent work has
revealed a link between ASR and mating system and
the growth rate of a population (Eberhart-Phillips et al.
2017) – which would suggest that if godwits have the
ability to exhibit a more flexible mating system their
population growth rate might be less negatively
affected – our own observations do not indicate that

Chapter 10106



godwits will be able to exhibit a different mating stra -
tegy in the short term (Verhoeven et al. in prepara-
tion).

What is more, our sex-biased survival estimates are
in line with similar biases in several other populations
in which the survival of the larger sex is substantially
lower than that of the smaller sex (Grayson et al. 2014,
Morrison et al. 2016). Our results additionally indicate
that this discrepancy in the survival of the 2 sexes dur-
ing the pre-fledging period was more pronounced in
habitats characterized by more intensive agricultural
practices (Groen et al. 2012). While we can only specu-
late on the exact causes of this discrepancy, our exam-
ple demonstrates that declines in breeding habitat
quality can directly affect not only the survival rate of a
species in general, but also incur sex-specific demo-
graphic changes that can potentially affect the growth
rate of a population.
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Parameterization of P K D QAICc Model weight D Qdev

1) PPre-fledging·y + Pre-fledging·s + Post-fledging·y + Adult·s·y 75 0.001 0.73 4.88
2) PPre-fledging·y + Post-fledging·y + Adult·s·y 74 3.12 0.25 9.05
3) PPre-fledging·y + Pre-fledging·s + Post-fledging·y·s + Adult·s + Adult·y 73 9.41 0.01 18.40
4) PPre-fledging·y + Post-fledging·y·s + Adult·s·y 82 9.49 0.01 0.002

5) PPre-fledging·y + Pre-fledging·s + Post-fledging·y + Post-fledging·s + Adult·s·y 72 9.82 0.01 20.85
6) PPre-fledging·y·s + Post-fledging·y + Post-fledging·s + Adult·s·y 80 15.02 0.00 9.64
7) PPre-fledging·y + Post-fledging·y + Post-fledging·s + Adult·s·y 73 15.17 0.00 24.16
8) PPre-fledging·y + Pre-fledging·s + Post-fledging·y·s + Adult·s·y 80 20.42 0.00 15.04
9) PPre-fledging·y·s + Post-fledging·y·s + Adult·s·y 89 28.28 0.00 4.38
10) PPre-fledging·y + Pre-fledging·s + Post-fledging·y·s + Adult·y 70 30.89 0.00 46.02
11) PPre-fledging·y·s + Post-fledging·y + Adult·s·y 79 32.54 0.00 29.21
12) PPre-fledging·y·s + Post-fledging·y·s + Adult·s + Adult·y 79 62.22 0.00 58.89
13) PPre-fledging·y + Post-fledging·y + Post-fledging·s + Adult·y 64 78.17 0.00 105.58
14) PPre-fledging·y + Pre-fledging·s + Post-fledging·y + Post-fledging·s + Adult·s + Adult·y 66 85.49 0.00 108.81
15) PPre-fledging·y·s + Post-fledging·y·s + Adult·y 79 86.83 0.00 83.51
16) PPre-fledging·y + Pre-fledging·s + Post-fledging·y + Adult·s + Adult·y 65 89.64 0.00 115.00
17) PPre-fledging·y + Post-fledging·y·s + Adult·s + Adult·y 72 98.53 0.00 109.56
18) PPre-fledging·y + Post-fledging·y + Post-fledging·s + Adult·s + Adult·y 63 111.48 0.00 140.93
19) PPre-fledging·y·s + Post-fledging·y + Adult·y 68 116.37 0.00 135.60
20) PPre-fledging·y·s + Post-fledging·y + Post-fledging·s + Adult·s + Adult·y 67 119.81 0.00 141.08
21) PPre-fledging·y + Post-fledging·y + Adult·y 62 121.53 0.00 153.02
22) PPre-fledging·y + Post-fledging·y·s + Adult·y 69 122.32 0.00 139.50
23) PPre-fledging·y + Post-fledging·y + Adult·s + Adult·y 59 132.61 0.00 170.22
24) PPre-fledging·y·s + Post-fledging·y + Post-fledging·s + Adult·y 69 147.00 0.00 164.18
25) PPre-fledging·y + Pre-fledging·s + Post-fledging·y + Post-fledging·s + Adult·y 59 148.99 0.00 186.61
26) PPre-fledging·y + Pre-fledging·s + Post-fledging·y + Adult·y 60 178.86 0.00 214.44
27) PPre-fledging·y·s + Post-fledging·y + Adult·s + Adult·y 66 195.05 0.00 218.37

PPre-fledging = resighting probability from hatch till fledge; PPost-fledging = Resighting probability from post-fledging till first adult period;  PAdult = resighting probability
during adulthood; s = molecular sex; y = year. “·” indicates an interaction between effects; K = number of parameters; D Qdev = the QDeviance relative to that of
the best fitting model (with the lowest QDeviance); D QAICc = QAICc relative to the best-supported model (with the lowest QAICc).
1 QAICc = 6779,32 
2 QDev = 1462,56

Table S1. Model selection results for the competing resighting probability models (P), step 1. For all models we modelled the sur-
vival probability as in the full model: (ΦPre-fledging·s·HT·y + ΦPost-fledging·s + ΦAdult·s). Each model contained an effect of ring type.         
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Parameterization of Φ K D QAICc Model weight D Qdev

1) ΦPre-fledging·y + Pre-fledging·HT·s + Post-fledging + Adult·s 51 0.001 0.88 44.93
2) ΦPre-fledging·HT·s·y + Post-fledging·s + Adult·s 75 4.11 0.11 0.002

3) ΦPre-fledging·s + Pre-fledging·HT·y + Post-fledging + Adult 56 14.59 0.00 49.33
4) ΦPre-fledging·s + Pre-fledging·HT·y + Post-fledging + Adult·s 57 15.26 0.00 47.96
5) ΦPre-fledging·s + Pre-fledging·HT·y + Post-fledging·s + Adult·s 58 17.18 0.00 47.85
6) ΦPre-fledging·HT·y + Post-fledging·s + Adult·s 57 18.15 0.00 50.86
7) ΦPre-fledging·HT·s·y + Post-fledging + Adult 71 18.91 0.00 23.01
8) ΦPre-fledging·HT·s·y + Post-fledging + Adult·s 72 19.52 0.00 21.56
9) ΦPre-fledging·HT·y + Post-fledging + Adult 55 22.92 0.00 59.70
10) ΦPre-fledging·HT + Pre-fledging·s·y + Post-fledging + Adult 56 25.41 0.00 60.15
11) ΦPre-fledging·s + Pre-fledging·y + Pre-fledging·HT + Post-fledging + Adult 48 26.14 0.00 77.16
12) ΦPre-fledging·y + Pre-fledging·HT·s + Post-fledging + Adult 50 26.42 0.00 75.41
13) ΦPre-fledging·s + Pre-fledging·y + Pre-fledging·HT + Post-fledging + Adult·s 49 26.71 0.00 75.71
14) ΦPre-fledging·s + Pre-fledging·y + Pre-fledging·HT + Post-fledging·s + Adult 49 27.75 0.00 76.74
15) ΦPre-fledging·y + Pre-fledging·HT·s + Post-fledging·s + Adult 51 28.05 0.00 75.01
16) ΦPre-fledging·s + Pre-fledging·y + Pre-fledging·HT + Post-fledging·s + Adult·s 50 28.60 0.00 75.56
17) ΦPre-fledging·y + Pre-fledging·HT·s + Post-fledging·s + Adult·s 51 28.93 0.00 73.86
18) ΦPre-fledging·y + Pre-fledging·HT + Post-fledging·s + Adult 48 29.12 0.00 80.15
19) ΦPre-fledging·y + Pre-fledging·HT + Post-fledging·s + Adult·s 49 29.69 0.00 78.69
20) ΦPre-fledging·y + Pre-fledging·HT + Post-fledging + Adult 47 35.10 0.00 88.16
21) ΦPre-fledging·HT·s·y + Post-fledging·s + Adult 68 40.93 0.00 51.17
22) ΦPre-fledging·HT + Pre-fledging·s·y + Post-fledging + Adult·s 56 54.47 0.00 89.22
23) ΦPre-fledging·HT·y + Post-fledging + Adult·s 54 69.46 0.00 108.27
24) ΦPre-fledging·y + Pre-fledging·HT + Post-fledging + Adult·s 49 169.32 0.00 218.31
25) ΦPre-fledging·HT + Pre-fledging·s·y + Post-fledging·s + Adult·s 58 171.07 0.00 201.73
26) ΦPre-fledging·HT·y + Post-fledging·s + Adult 55 177.57 0.00 214.35
27) ΦPre-fledging·s + Pre-fledging·HT·y + Post-fledging·s + Adult 54 188.63 0.00 227.45
28) ΦPre-fledging·HT + Pre-fledging·s·y + Post-fledging·s + Adult 56 196.20 0.00 230.94

ΦPre-fledging = apparent survival probability during the pre-fledging period; ΦPost-fledging = apparent survival probability during post-fledging period;  ΦAdult = apparent
survival probability of adults; HT = natal habtat type type, monoculture vs. herb-rich meadow; s = molecular sex; y = year. “·” indicates an interaction between
effects; K = number of parameters; D Qdev = the QDeviance relative to that of the best fitting model (with the lowest QDeviance); D QAICc = QAICc relative to the
best-supported model (with the lowest QAICc).
1 QAICc = 6775,21 
2 QDev = 1467,45

Table S2. Model selection results for the competing apparent survival probability (Φ) models during all three life-stages (pre-fledg-
ing, post-fledging and adult; step 2). For all models we modelled the resighting probability as in the best-supported model of step 1:
(PPre-fledging·y + Pre-fledging·s + Post-fledging·y + Adult·s·y + ringtype).          
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a) Year Male codeflag Female codeflag Male color combination Female color combination

2008 0.67 (0.59–0.76) 0.64 (0.56–0.73) 0.75 (0.66–0.83) 0.71 (0.63–0.80)
2009 0.76 (0.70–0.82) 0.73 (0.67–0.79) 0.84 (0.78–0.89) 0.81 (0.74–0.86)
2010 0.82 (0.79–0.86) 0.79 (0.75–0.83) 0.89 (0.86–0.92) 0.86 (0.82–0.89)
2011 0.66 (0.52–083) 0.63 (0.49–0.80) 0.74 (0.58–0.90) 0.70 (0.55–0.87)
2012 0.83 (0.80–0.87) 0.80 (0.76–0.84) 0.90 (0.86–0.93) 0.87 (0.83–0.91)
2013 0.88 (0.86–0.90) 0.85 (0.82–0.88) 0.93 (0.91–0.95) 0.91 (0.89–0.93)
2014 0.92 (0.89–0.94) 0.89 (0.87–0.91) 0.96 (0.94–0.97) 0.94 (0.92–0.96)
2015 0.87 (0.82–0.92) 0.84 (0.78–0.90) 0.93 (0.88–0.96) 0.90 (0.85–0.94)
2016 0.92 (0.86–0.96) 0.90 (0.83–0.95) 0.96 (0.91–0.98) 0.95 (0.89–0.98)

Table S3. Estimates and 95% confidence intervals of resighting probability for both sexes and different ring-types (codeflag or color
combination) across (a) pre-fledging period, (b) post-fledging period  and (c) adulthood. Estimates are based on model 1 (Table
10.3).        

b) Year Codeflag Color combination

2009 0.09 (0.05–0.19) 0.19 (0.09–0.34)
2010 0.21 (0.13–0.32) 0.37 (0.24–0.53)
2011 0.32 (0.24–0.41) 0.52 (0.42–0.63)
2012 0.17 (0.06–0.39) 0.31 (0.12–0.60)
2013 0.21 (0.15–0.30) 0.38 (0.27–0.50)
2014 0.38 (0.32–0.45) 0.59 (0.50–0.67)
2015 0.35 (0.27–0.43) 0.55 (0.45–0.64)
2016 0.55 (0.36–0.73) 0.74 (0.56–0.87)
2017 0.31 (0.17–0.51) 0.51 (0.31–0.71)

c) Year Male codeflag Female codeflag Male color combination Female color combination

2010 0.09 (0.03–0.23) 0.06 (0.02–0.23) 0.19 (0.07–0.42) 0.14 (0.04–0.42)
2011 0.13 (0.07–0.24) 0.22 (0.12–0.37) 0.27 (0.15–0.43) 0.41 (0.25–0.58)
2012 0.36 (0.26–0.47) 0.29 (0.21–0.40) 0.57 (0.46–0.68) 0.50 (0.38–0.62)
2013 0.48 (0.37–0.60) 0.51 (0.39–0.63) 0.69 (0.58–0.78) 0.72 (0.60–0.81)
2014 0.58 (0.48–0.67) 0.47 (0.37–0.58) 0.77 (0.68–0.83) 0.68 (0.58–0.77)
2015 0.68 (0.60–0.75) 0.58 (0.47–0.67) 0.84 (0.78–0.88) 0.77 (0.68–0.83)
2016 0.70 (0.62–0.77) 0.55 (0.45–0.64) 0.85 (0.79–0.89) 0.74 (0.66–0.82)
2017 0.69 (0.58–0.78) 0.57 (0.43–0.69) 0.84 (0.76–0.90) 0.76 (0.65–0.84)
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INTRODUCTION

The migratory behaviour of species is frequently
altered in response to changes in their environment
(Teitelbaum et al. 2016), including shifts in phenology
(Rubolini et al. 2007) and habitat redistribution (Greig
et al. 2017). Although the ultimate causes leading to
changes in migratory behaviour are fairly well under-
stood, few studies have been able to document the
processes that contribute to such changes (Berthold et
al. 1992, Gill et al. 2014, Teitelbaum et al. 2016). 

Three processes could lead to changes in migratory
behaviour: (1) phenotypic flexibility, whereby adults
adjust their migratory behaviour in response to
changes in conditions within their lifetime (Teitelbaum
et al. 2016); (2) changes in inherited, genetic or epige-
netic, pathways that influence migratory behaviour
(Berthold et al. 1992); or, (3) developmental plasticity,
which is an inter-generational change in migratory
behaviours resulting from changes in environmental
conditions during ontogeny (Piersma & Drent 2003,
Gill et al. 2014). Because different species appear to
respond to similar environmental changes in different
ways (Berthold et al. 1992, Teitelbaum et al. 2016), the
frequency with which these three processes account for

changes in migratory behaviour remains a topic of
intense debate (Both 2007).

Continental black-tailed godwits (Limosa limosa
limosa, hereafter “godwits”) use two major stopover
sites during northward migration – Extremadura,
Spain, and the Tejo and Sado river estuaries in
Portugal (Lourenço and Piersma 2008) – where they
arrive from either West Africa or southern Spain
(Márquez-Ferrando et al. 2014). From 2005–2007, the
number of godwits using Extremadura peaked at
24,214 ± 3,327 individuals (Masero et al. 2011), while
counts in Portugal peaked, simultaneously, at 44,185
± 2,768 individuals (2006–2009; Lourenço et al.
2010). However, from 2013–2017, peak counts in
Extrema dura decreased to 10,400 ± 5,238 individuals,
but increased in Portugal to 51,400 ± 15,551 (T.
Piersma et al. 2013–2017, unpublished data).

To investigate whether this apparent shift resulted
from inherited, flexible, or plastic changes in migratory
behaviour, we used data from godwits marked in The
Netherlands. We analyse the staging site use of godwits
marked as chicks or as adults. This enables us to infer
whether the observed shift from Spain to Portugal was
driven by individuals switching between sites, or by the
increased use of Portugal by young birds. To the best of

Mo A. Verhoeven, A.H. Jelle Loonstra, Jos C.E.W. Hooijmeijer,
Jose A. Masero, Theunis Piersma  and Nathan R. Senner  

Biology Letters (2018) 14: 20170663

In response to environmental change, species have been observed to alter their migratory behaviour. Few studies,
however, have been able to determine whether these alterations resulted from inherited, plastic, or flexible
changes. Here we present a unique observation of a rapid population-level shift in migratory routes – over 300 km
from Spain to Portugal – by continental black-tailed godwits Limosa limosa limosa. This shift did not result from
adult godwits changing staging sites, as adult site use was highly consistent. Rather, the shift resulted from young
godwits predominantly using Portugal over Spain. We found no differences in reproductive success or survival
among individuals using either staging site, indicating that the shift resulted from developmental plasticity rather
than natural selection. Our results therefore suggest that new migratory routes can develop within a generation
and that young individuals may be the agents of such rapid changes. 

11 Generational shift in spring staging site use
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our knowledge, this is one of the first studies to take an
individual-based approach to examining shifts in a
population’s migratory behaviour across generations. 

MATERIAL AND METHODS

Resightings
In The Netherlands we marked godwits with unique
colour codes (Kentie et al. 2016). During northward
migration (2013–2017), we resighted colour-marked
birds daily at two staging sites: Extremadura, Spain
(39.0167°N, 5.9666°W), and the Sado (38.4772°N,
8.6926°W) and Tejo (38.9084°N, 8.9519°W) river estu-
aries, Portugal (Figure 11.1). To ensure similar resight-
ing efforts at both locations, we analysed only those
periods with observers in both regions (Table S1;
Figure S1). To minimize the effects of ring-reading mis-
takes, in our analyses we only included individuals
observed on two or more occasions in a single year. 

Staging Site Use
To pinpoint if and when a shift in staging site use took
place, we determined the consistency of staging site
use among individuals observed in consecutive years,
as well of those seen in multiple, but not necessarily
consecutive, years.

We then used generalized linear models, with stag-
ing site as the response variable, to quantify whether
there was a difference in the proportional use of the
two sites and whether the proportion of birds using
either site changed over time. Next, we calculated the
staging site use of individuals born from 2012–2016.
To quantify whether the proportional use of the two
sites differed between these birds and those marked as
adults, we used a generalized linear model with stag-

ing site as the response variable and age at marking
(juvenile/adult) as the dependent variable. We used
the same type of analysis to infer whether the subse-
quent probability of resighting an individual after it
was observed in Spain or Portugal differed depending
on individual site use. For all analyses, we excluded
individuals that used both sites (table S2); for the lat-
ter analysis we assumed that the resighting probability
was equal for all individuals.

Finally, we used adult survival rates from Kentie et
al. (2016) to estimate (1) how many individuals
observed in 2007 – when counts peaked in Extrema -
dura (Masero et al. 2011) – were alive in 2017 and, (2)
whether the proportion of young birds observed at
each site corresponds with the number of new birds
estimated to have entered the population since 2007.

Reproductive Success
It is possible that fitness differences among individuals
using the two sites in combination with heritable
migratory route choice could account for the shift
(Berthold et al. 1992). We therefore analysed the brood
success of colour-marked godwits in the Haanmeer
Polder, The Netherlands (52.9226°N, 5.4336°E) during
the 2013–2017 breeding seasons. Twenty-five days
after hatch we began surveys for alarming colour-
marked parents (Senner et al. 2015). If either parent
was encountered within three days, at least one chick
from the brood was considered fledged.

We fitted a generalized linear mixed-effect model
with brood success as the response variable, staging
site as a fixed effect, and year and individual as ran-
dom effects. We did this for males and females sepa-
rately, as the sexes could contribute unequally to brood
success and because pairs can consist of individuals
using either staging site; individuals using both sites
were excluded. All analyses were carried out in R ver-
sion 3.3.1 (R Core Team 2016) with the R-package
“lme4” version 1.1-12 (Bates et al. 2015).

RESULTS

Site use was highly consistent, with only a few individ-
uals moving between sites within or between years
(Table 11.1). From 2013-2017, Dutch-breeding god-
wits used Portugal more than Spain (P< 0.001, n =
745; Table 11.1), but the proportion of birds using each
site did not change over time (c2 = 1.35, df = 1, P =
0.25, n = 5; Table 11.1). However, individuals born
from 2012-2016 used Portugal more than individuals
marked as adults (c2 = 14.98, df = 1, P<0.001, n =
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Figure 11.1. Map of the study area. Birds from Tejo and Sado
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160 and 745; Table 11.2), and therefore Spain less
(P< 0.001). Furthermore, the proportion of young
birds using each site closely corresponded with expec-
tations based on adult survival rates and current popu-
lation estimates for each site (Table S3). Finally, neither
the probability that an individual survived at least one
season after its initial observation (84.2% Spain vs.
82.9% Portugal; c2 = 0.018, df = 1, P> 0.05, n =
160) nor fledging success (m = 0.23 ± 0.23; female:
bPortugal = 0.34, c2 = 0.27, df = 1, P>0.05, n = 105;
male: bPortugal = –0.31, c2 = 0.27, df = 1, P> 0.05,
n = 97) differed among individuals using the two sites.

DISCUSSION

We found that individual godwits were highly consis-
tent in staging site use, although a few adults did use
both sites. Thus, the shift in numbers from Spain to
Portugal did not result from individual flexibility.
Instead, the shift resulted from young godwits prefer-
entially using Portugal. What process, then, caused the
change in the migratory behaviour of young birds? 

The shift could have arisen as a result of selection
for migration through Portugal. For instance, adults
using Portugal could have had greater reproductive
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Year Location Individuals Repeated (t+1) Switched (t+1) % Repeated (t+1)

2013 Portugal 222 (73.8%) 128 0 100.0%
Spain 79 (26.2%) 43 4 91.5%
Both 0

2014 Portugal 358 (77.3%) 180 6 96.8%
Spain 104 (22.5%) 63 5 92.6%
Both 1 (0.2%)

2015 Portugal 386 (75.4%) 94 5 94.9%
Spain 124 (24.2%) 50 1 98.0%
Both 2 (0.4%)

2016 Portugal 195 (66.8%) 78 2 97.5%
Spain 97 (33.2%) 48 10 82.8%
Both 0

2017 Portugal 334 (73.6%) – – –
Spain 114 (25.1%) – – –
Both 6 (1.3%)

Year Individuals One Location Both Locations Switched Switched 
between years within year

>1 year 531 494 (93.0%) 37 (7.0%) → 30 (5.7%) 7 (1.3%)

Table 11.1. The use of staging sites in Portugal and Spain by Dutch-breeding godwits from 2013–2017 and the individual consis-
tency of site use during consecutive years and across the entire study period.        

Year marked Observed in Portugal Observed in Spain Observed in both areas

as adult as chick as adult as chick as adult as chick

2004–2011 215 NA 86 NA 11 NA
2012 81 41 21 8 8 2
2013 127 52 40 4 8 0
2014 72 40 18 7 3 0
2015 37 5 19 0 1 0
2016 25 3 4 0 0 0

All Years 557 (71.8%) 141 (87.0%) 188 (24.2%) 19 (11.7%) 31 (4.0%) 2 (1.2 %)

Table 11.2. The site use of individual godwits observed from 2013–2017 and whether they were marked as an adult or chick in The
Netherlands.        



success than those using Spain. However, consistent
with previous results (Senner et al. 2015, Kentie et al.
2017), we found that in the Dutch population repro-
ductive success did not depend on an individual’s stag-
ing site usage. Alternatively, young birds genetically
inclined to migrate through Portugal could have higher
survival prior to their first northward migration than
those inclined to migrate through Spain (Rotics et al.
2017). Although we could not directly address this
question, we believe that such a difference is highly
unlikely: In this study we found that the survival of
young godwits to the subsequent season did not differ
between the two staging sites, while our previous work
has shown that at no point during their annual cycle
did the survival rates of adults differ between individu-
als using Spain or Portugal (N.R. Senner et al. 2013–
2017, unpublished data). Furthermore, overall rates of
juvenile and adult survival did not change during the
period when godwits were shifting from Spain to
Portugal (Kentie et al. 2016). Finally, because young
godwits did not necessarily use the same staging site as
their parents (table S4), migratory route choice is likely
not heritable. 

Developmental plasticity (sensu Piersma and Drent
2003) is therefore the most likely process by which the
recent shift from Spain to Portugal occurred. Such a
scenario could arise as a result of a variety of circum-
stances. For instance, the shift could be a response to
changes in wind conditions en route, making the migra-
tion along the Atlantic coast more efficient than flights
across the Mediterranean Sea (Weimerskirch et al.
2012). Alternatively, the creation and proper manage-
ment of new habitats may have been important. For
example, since 2011 the rice fields surrounding the
Tejo estuary have been expanded and partially man-
aged for the benefit of migratory waterbirds (J.A. Alves
2015, personal communication). The existence of

extensive high quality habitat may have induced young
godwits to preferentially use Portugal over Spain. In
fact, the establishment of new habitats has driven
shifts in the migrations of other species as well
(Teitelbaum et al. 2016), and godwits themselves have
previously exhibited changes to their migratory pat-
terns in response to the cultivation of new rice fields
(Lourenço and Piersma 2008).

Continental black-tailed godwits thus resemble
Icelandic black-tailed godwits L. l. islandica, which
show a generational shift in the timing of northward
migration and are arriving increasingly early on their
breeding grounds (Gill et al. 2014). Although we can-
not unequivocally rule out that natural selection acting
on heritable migratory behaviours played a role, the
combination of these studies suggests developmental
plasticity to be a common mechanism by which new
migratory routines arise. Future work should therefore
focus on identifying what makes such rapid, plastic
changes possible.
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SUPPLEMENTARY MATERIAL
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Year Observation period Observation period Overlapping period Length of overlap (d)
in Portugal in Spain

2013 31 Jan – 24 Feb 28 Jan – 14 Feb 31 Jan – 14 Feb 15
2014 3 Feb – 26 Feb 28 Jan – 23 Feb 3 Feb – 23 Feb 21
2015 3 Feb – 26 Feb 28 Jan – 19 Feb 3 Feb – 19 Feb 17
2016 2 Feb – 25 Feb 2 Feb – 16 Feb 2 Feb – 16 Feb 15
2017 30 Jan – 24 Feb 28 Jan – 12 Feb 30 Jan – 12 Feb 14

Table S1. Observation periods at both staging sites during the years of this study (2013–2017) and the dates and length of the
period in which observations overlapped.        

Model Model Response variables and Predictors Estimate SE 95% CI P
type random effects

1 GLM Staging site (Portugal/Spain) Intercept 1.09 0.08 0.92 – 1.25 <0.001

2 GLM Staging site (Portugal/Spain) Intercept 88.63 75.35 -59.04 – 236.4 0.24
Year -0.04 0.04 -0.12 – 0.03 0.25

3 GLM Staging site (Portugal/Spain) Intercept 1.09 0.08 0.92 – 1.25 <0.001
Agea 0.92 0.26 0.43 – 1.45 <0.001

4 GLM Return rate (seen/not seen) Intercept 1.58 0.22 1.16 – 2.05 <0.001
Staging siteb 0.09 0.67 -1.10 – 1.60 0.89

5 GLMM Fledging success females (1/0) Intercept -2.15 1.28 -7.61 – 0.27 0.09
Staging sitec 0.34 0.66 -0.92 – 1.71 0.61
Year 4.19 2.05d 0.82 – 7.71 <0.001e

6 GLMM Fledging success males (1/0) Intercept -1.42 0.83 -3.85 – 0.43 0.09
Staging sitec -0.31 0.59 -1.50 – 0.88 0.60
Year 2.16 1.47d 0.56 – 4.25 <0.001e

a reference level is “as chick”
b reference level is “Portugal”
c reference level is “Spain”
d SD instead of SE
e The full models for fledging success included “Individual” and “Year” as random effects. We first used an anova to assess the significance of these random
effects. We removed “Individual” from the model after this was found to be not significant (P = 0.72 in the model for females and P = 0.99 for males).

Excluded from analyses
Model 1: Individuals using both sites during the study period (n = 31)
Model 2: Individuals using both sites within the same year (range = 0-6, total = 9)
Model 3: Individuals using both sites during the study period (31 adults and 2 young)
Model 4: 2 young birds that were seen at both sites during the study period
Model 5: none
Model 6: data for 3 males that were seen at both sites during the study period

Table S2. Summary table of all the models in the paper, including their estimates.        
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Figure S1. Cumulative graph of individually-recognised birds seen as a function of the proportion of the observation period; shows
that that we reliably cover both sites – not many new individuals are seen for the first time late in the period.  

Staging Count 2007 Survived Count 2017 Entered population Estimated proportion Proportion of young 
site until 2017 after 2007 of new birds birds observed

Portugal 44185 8837 51400 42563 88% 87%
Spain 24241 4848 10400 5552 12% 12%

Table S3. Summary of the calculation used to infer whether the proportion of young birds we observed using each site corresponds
with the number of new birds estimated to have entered the population since 2007. For this calculation, we used the adult survival
rate estimated by Kentie et al. (2016) and extrapolated over ten years; 20% of the birds counted in 2007 should have survived until
2017 ((0.8510) *100% = 20%).        

Parent Young observed in Portugal Young observed in Spain Young observed in both areas

Father staging in Spain 2 1 0
Mother staging in Spain 1 0 0
Father staging in Portugal 6 2 0
Mother staging in Portugal 9 0 0
Mother in Spain and father in Portugal 1 0 0

All Parents 19 (86.4%) 3 (13.6%) 0

Table S4. The site use of individuals born from 2012-2016 in relation to their parents.        
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Copulating Black-tailed Godwits.
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Nesting Black-tailed Godwit. 
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Foraging Black-tailed Godwit chick.
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Foraging Black-tailed Godwit chick.
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Migrating Black-tailed Godwits.
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Refuelling Black-tailed Godwits (Extremadura, Spain).



INTRODUCTION

The extent to which phenotypic traits are shaped by
genetic information directly and uniformly, or directly
yet following environmentally shaping via ‘reaction
norms’, or fully moulded during individual develop-
ment in interaction with the environment by processes
of phenotypic plasticity and learning, remain at the
heart the main contemporary evolutionary debate (e.g.
West-Eberhard 2003, Gilbert & Epel 2009, Jablonka &
Lamb 2014, Laland et al. 2014, Wray et al. 2014).
Answers to these questions will also illuminate the
sources (in terms of inherited information and infor-
mation acquired during development) of individual
variation in seasonal migration patterns (e.g. van
Noordwijk et al. 2006, Harrison et al. 2010, Verhoeven
et al. 2019), and indeed the microevolution of bird
migration (e.g. Alerstam et al. 2003, Pulido & Berthold
2010, Piersma 2011, Gill et al. 2019, Winger et al.

2019). In this dialogue, at least with respect to bird
migration, studies on displacement experiments with
young and older birds of a species have played a cen-
tral role. To open-up and encourage this evolutionary
discussion, and to emphasize the contributions of stud-
ies on migratory birds, in this Point-of-view we aim to
‘rethink’ the published interpretations of these early
experimental studies of bird migration.

Starling displacement experiments
In five papers published between 1958 and 1983 in the
Dutch ornithological journal Ardea, Albert C. Perdeck,
aiming to study orientation mechanisms, presented
and discussed the results of three massive displacement
experiments with starlings Sturnus vulgaris. (1) In the
months of October and November 1948 to 1957, totals
of 7460 juvenile (hatch-year) and 3787 adult starlings
were captured during migration in the dunes of the
province of Zuid-Holland, The Netherlands, flown to

Theunis Piersma, A. H. Jelle Loonstra, Mo A. Verhoeven & Thomas Oudman 

Journal of Avian Biology (2020) 51: e02337

In an attempt to encourage the discourse on sources of individual variation in seasonal migration patterns and the
microevolution of bird migration, we here critically examine the published interpretations of a now classic displace-
ment study with starlings Sturnus vulgaris. Based on the ring recoveries after experimental displacement towards
the south and southeast of Dutch capture sites of over 18,000 hatch-year and older starlings, in a series of analyses
published in Ardea from 1958 to 1983, A.C. Perdeck established that displaced starlings showed appropriately
changed orientations only when they were experienced. During both southward and northward migration, released
adults navigated to an apparently previously learned goal (i.e. the wintering or the breeding area) by showing
appropriately changed orientations. Juveniles showed appropriate directions when returning to the breeding
grounds. In contrast, during their first southward migration displaced juveniles carried on in the direction (and pos-
sibly the distance) expected for their release at the Dutch capture site. From the mid-1970s this work has become
cited as evidence for starlings demonstrating ‘innate’ migratory directions. If the definition of innateness is ‘not
learned by the individual itself’, then there is a range of non-innate influences on development that are not ruled
out by Perdeck’s experimental outcomes. For example, young starlings might have carried on in the direction that
they learned to migrate before being caught, e.g. by observing the migratory directions of experienced conspecifics.
We argue that, despite over 60 citations to Perdeck as demonstrating innate migratory directions, the jury is out.

12 Rethinking classic starling displacement
experiments: evidence for innate or for learned
migratory directions?
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one of three airports in Switzerland (Basle, Zürich or
Geneva) and released, usually within 24 hours after
capture (but see details in Perdeck 1958). (2) In
October and November 1959-1962, totals of 2703
juvenile and 885 adult starlings were captured, again
in the dunes of southwest Netherlands, and flown to
Barcelona, Spain, for immediate release (Perdeck
1964, 1967). (3) In February and March 1964-1971,
about 3400 juvenile starlings captured in ‘the middle of
The Netherlands’, were transported to and immedi-
ately released in either Zürich in Switzerland or nearby
Radolfzell in Germany (Perdeck 1974, 1983). These
releases subsequently yielded several 100s of recover-
ies. Comparisons of the locations between groups that

were differently displaced and those of non-displaced
starlings captured in the Dutch dunes, formed the basis
of Perdeck’s inferences. 

This experimental displacement of more than
18,000 starlings over a period of 24 years came after a
flurry of similar but smaller displacements, often to
study ‘homing’, in several bird species in Germany in
the 1930s; many of the results were published only
after the 2nd World War (e.g. Krätzig & Schüz 1936,
van Oordt 1943, Rüppell 1937, 1944, Rüppell & Schüz
1948, Schüz 1949, 1950a,b). This German work
inspired comparable efforts in North America (e.g.
Griffin 1940, Rowan 1946). In The Netherlands,
Perdeck’s experiments with starlings must have  gestat -
ed during the pre-War years in the intellectually stimu-
lating setting of ‘Vogeltrekstation Texel’, involving
luminaries such as L. Tinbergen, H. Klomp and H.N.
Kluyver. In fact, as a try-out, already in 1938 some 600
starlings were captured in The Netherlands and trans-
ported before release at Avranches, Lower Normandy,
in northwest France. “The outbreak of the war made an
end to this experiment before results were obtained”
(Perdeck 1958).

The three displacement experiments represent suc-
cessive steps in an examination of ontogenetic aspects
of orientation, as a component of navigation, in migra -
ting birds. To introduce the first experiment, Perdeck
(1958) showed a clear scheme on how recoveries after
displacement of actively migrating birds moving in a
supposed ‘preferred direction’, would demonstrate
either ‘one-direction orientation’ (later called ‘vector
navigation’ by e.g. Able 2001), or ‘true goal orientation’
(Kramer 1952; Figure 12.1). The release of naïve juve-
niles and experienced adults showed unambiguously
that, upon release after a displacement of ca. 600 km
towards the SSE, juveniles continued in directions
quite similar to the ones released at the catching
 location (i.e. showing one-directional orientation),
whereas adults showed reorientation towards the NW
to end up in the normal wintering area (i.e. showing
true goal orientation; Figure 12.1). Juveniles that were
released jointly with the adults were recovered at the
same general locations as juveniles that were released
separately. Likewise, adults released jointly with the
juveniles ended up in the same locations as the sepa-
rately released adults. The second experiment, with
displacements to Barcelona, northeast Spain, con-
firmed the previous results (Perdeck 1967), although a
comparison with the Swiss releases suggested that,
depending on the time of release and the suitability of
the release area, juveniles either continued in the pre-
ferred ‘Dutch’ direction or, especially if released later in
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Figure 12.1. A visual of the orientation hypothesis tested by
Perdeck (1958) in his displacement experiments with starlings
(top panel) and the distribution of the recoveries from 3 release
points in Switzerland of adults (open circles) and juveniles
(closed dots) during the ensuing autumns and winters (lower
panel). Both panels are based on Perdeck (1958), but this ver-
sion is modified from Newton (2008). 



the year, halted to winter locally (Perdeck 1964). This
work lead to the third, late winter, displacement exper-
iment, which demonstrated that birds in their first win-
ter were in fact capable of true goal orientation on
their first return migration to the breeding areas, just
as adults (Perdeck 1974, 1983).

This body of work has become a ‘classic’. The maps
from Perdeck (1958) have been used to illustrate goal
orientation by adult starlings in at least 12 textbooks
on bird migration (Dorst 1962, Matthews 1968, Schüz
et al. 1971, Baker 1978, Mead 1983, Alerstam 1990,
Burton 1992, Berthold 1993, 1996, 2001, Newton
2008, 2010; see Figure 12.1). In an even-handed early
review of orientation and navigation, Emlen (1975)
spent five pages reanalysing and considering Perdeck’s
experiments. And by now, according to the Web of
Science, the paper has been cited over 200 times. Al -
though the direct, factual representations of Perdeck’s
findings usually are accurate, we suggest that there are
issues with the interpretations in several of the citing
books and in many of the journal publications referring
to Perdeck (1958). Although part of the publications
rightly refer to Perdeck’s experiments as evidence for
learning, many publications refer to Perdeck as evi-
dence that young starlings follow an innate compass
direction. We take issue with this interpretation.

The history of ‘innate’ interpretations
Although the term ‘innate’ can have several different
meanings in biology, which nevertheless are rarely
made explicit (Bateson 2000, Mameli & Bateson
2011), we think that in the context of the migration
studies the meaning of innate behaviour usually is:
behaviour that is not learned by the individual itself.
Perdeck himself had been extremely careful in his inter-
pretations of the contrasting findings for juvenile and
adult starlings. Following Geyr von Schweppenburg
(1933), Perdeck realized that the term ‘innate’ is
ambiguous, and proposed to call the specific direction
in which young birds fly without contact with adults
their “preferred direction”, a term with no further con-
notations as to the other factors that might have influ-
enced its development. However, as we will see below,
since the mid-1970s it has become commonplace to
use Perdeck (1958) in direct support of statements like
“inexperienced juveniles followed an innate clock and
compass strategy (e.g. vector navigation), leaving at the
right time and flying the correct distance in the inherited
migratory direction” (to quote a recent review, under-
lining is ours, by Merlin & Liedvogel 2019). We actu-
ally have made such citations ourselves (Ens et al.
1990, Verhoeven et al. 2019). In many cases the attri-

bution is more implicit, with other references being
cited too. A recent case is: “simple, compass-based, vec-
tor orientation relying on an inherited initial direction
seems to be the only mechanism available to many inex-
perienced animals that travel without experienced com-
panions” (Mouritsen 2018). 

Analysis of references to Perdeck (1958)
To elaborate the claim that the ambiguity with respect
to Perdeck’s results showing evidence for learning or
rather for a ‘behaviour that is not learned’ (‘innate’),
we quantified how Perdeck’s work has been inter-
preted. We first reviewed 12 books summarizing the
contemporary state of knowledge on bird migration
and assembled the ways in which Perdeck (1958) was
cited (reproduced as Suppl. 1). In August 2019 we
used the Web of Science to search for journal articles
citing Perdeck (1958) in relevant ways. We had to do
this ‘indirectly’ (through one of the papers in WoS cit-
ing Perdeck 1958), as a direct search would not yield
the 1958 paper. We found that 89 papers were relevant
and digitally available, so that we could search the
downloaded pdf ’s for the text accompanying the cita-
tion of Perdeck (1958). Of the 89 papers, 36 were
reviews and the rest were topical articles. All the perti-
nent citations were assembled in a table, which is
reproduced as Suppl. 2.

For each book or journal article we scored the way
in which the findings of Perdeck (1958) had been
interpreted. We distinguished three different interpre-
tations. The first was in line with Perdeck’s own, allow-
ing the option that the juvenile starlings maintaining
the migratory direction of their capture location after
displacement reflected learning. This is opposed to
newer interpretations of Perdeck’s findings as evidence
for ‘innate’, ‘inherited’ or ‘programmed’ orientation
behaviour, or a combination of these and/or similar
terms (Suppl. 2). Such attributions could either be
‘indirect’ (i.e. the Perdeck results being implicated in
statements based on other studies), or direct. We
acknowledge that there is an element of subjectivity in
these assessments, which is why we reproduce all
quotes in the Supplements 1 and 2, with specific indi-
cations of the exact formulations that made us assign
citations to one of the three categories. The three books
published between 1962 and 1971 very factually
reported Perdeck’s findings. However, starting with
Baker (1978), eight of the nine textbooks discussing
Perdeck (1958), attributed the possibility of birds
showing innate migratory directions to the outcomes of
his experiments (Suppl. 1). At the same time, from the
mid-1970s onwards, the finding that displaced young
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starlings (but not adults) continued in the direction
expected from their place of capture, also in the journal
articles became cited as having established the exis-
tence of innate directions (Suppl. 2). Of all 89 publica-
tions, 53 (60%) refer to Perdeck (1958) as providing
evidence for ‘innate’ orientation behaviour. In 30 of 53
cases (57%) this interpretation was attributed directly
to Perdeck (1958); in the remaining 23 cases the attri-
bution was indirect, invoking other studies to support
notions such as ‘endogenous vector programmes’
(Wehner 1998) or ‘genetically encoded programmes’
(Muheim et al. 2018). 

We suggest that these new attributions reflected the
increasing popularity of the neo-Darwinian mind-set
(e.g. Mayr 1951, 1962, Laland et al. 2011). The inter-
pretation was enforced by (1) the impressive differ-
ences between closely related species of Sylvia warblers
in the amount and timing of migratory rest lessness
(correlated with natural migration distances) of juve-
niles raised in isolation from the egg phase (Berthold
1973), and (2) the spontaneous temporal changes in
the escape directions in octagonal registration cages of
hand-raised garden warblers Sylvia borin (Gwinner &
Wiltschko 1978). A typical quote from this time is by
Wiltschko & Wiltschko (1978): “The large scale displace-
ment experiments of Perdeck (1958, 1967) clearly
demonstrated that young birds on their first migration
did not compensate for the displacement and thus appar-
ently do not fly towards a goal, but on a standard direc-
tion. Many hand-raised birds isolated from adults
showed in cages directional tendencies coinciding closely
with the migratory directions of their free-living con-
specifics, … indicating that the information of the migra-
tory direction is indeed innate.” Even though the experi-
ments with hand-raised songbirds suggest that
migratory direction may have a strong ‘innate’ compo-
nent in the sense that it is not learned by following oth-
ers, we argue that Perdeck’s experiments did not
demonstrate this.

Why Perdeck did not show ‘innate’ orientation?
As noted by Matthews (1968, p. 10): “Where young and
old migrate together the former could possibly learn the
migration direction as well as the final location of the
wintering area.” Indeed, although both Thorup (see
Thorup et al. 2007) and Rabøl (see Rabøl 1978) have
cited Perdeck (1958) as showing evidence for innate
migratory directions (see Suppl. 2), in a joint publica-
tion they state the opposite: “the starling is a highly
social, diurnal, short-distance migrant. This means that
[Perdeck’s] result could be influenced by social interac-
tions” (Thorup & Rabøl 2007). For this reason, we join

Matthews (1968, p. 15) in concluding that “it is there-
fore regrettable that the results [of the displacement
experiments] cannot be taken as conclusive proof of the
existence of an innate directional tendency in the experi-
mental birds.” The hatch-year starlings captured by
Perdeck’s teams in the dunes near The Hague no doubt
had been migrating for some time themselves and were
likely part of migrating flocks. These flocks will have
been composites of more or less experienced individu-
als. Thus, the young birds could already have learned,
by non-social or social means, the direction they were
supposed to fly in at the moment that they were trans-
ported to Switzerland. 

In this light it is noteworthy that the direction taken
by juveniles displaced to Switzerland was approxi-
mately 20-degrees more southward than the direction
observed in The Netherlands. Perdeck (1958) offered
four explanations for this discrepancy: (1) different
methodologies, (2) different years of study, (3) differ-
ent topographies (called ‘leading lines’ by Perdeck)
and, perhaps most interestingly, (4) different flock
compositions. The last point refers to the possibility
that the direction observed in The Netherlands is actu-
ally a compromise between the true goal navigation of
adults and the preferred direction of juveniles. If so, the
20-degree deviation from expectation observed after
displacement might show us the uncompromised pre-
ferred direction of juveniles. 

We believe that Perdeck was correct in considering
the possibility that the observed direction in The
Netherlands was a compromise between different
‘kinds’ of individuals, but why did he not offer the
same explanation for the direction taken by juveniles
after displacement? As an alternative to the later inter-
pretations, i.e. that the displaced juvenile starlings
demonstrated the use of ‘innate’, ‘inherited’, or ‘genetic’
information on migratory directions, the experimental
birds could simply have demonstrated that they
(partly) learned their migratory directions from (1)
asocial learning before displacement (e.g. through the
reward of food, safety and/or warmth when flying over
land instead of water; see discussion by Kendal et al.
2005), (2) the guidance by, or imitation of, experi-
enced adults before displacement, (3) asocial learning
after displacement (e.g. in dealing with ‘leading lines’
in Switzerland) and (4) social learning from local
adults after displacement to Switzerland.

The present state of the art
We will round off by presenting a tantalizing example
of the complexities of early development of migratory
direction in a social bird species. It begins with the
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results obtained from the pre-War westward displace-
ments of hand-raised white storks Ciconia ciconia
across their European migratory divide from what was
then Rossitten in East Prussia (Schüz 1949, 1950a,b,
Mayr 1862, and see Schüz 1938 for an impression of
the flavour of the place and the research effort). Hand-
raised eastern white storks transported towards the
west, and released after the local (western) storks had
departed south, showed significantly more easterly
bearings (Schüz 1949) than the ‘controls’ released ear-
lier. The early released birds clearly migrated in the
company of locals in southwestward directions (Schüz
1950a). Note, however, that the late-released displaced
eastern birds were not quite as southeasterly oriented
as expected (Walraff 1977). Repeated late-release
experiments with naïve eastern storks in Latvia (Katz
1986, cited in Chernetsov et al. 2004) yielded south-
westerly, rather than the expected southeasterly,
migratory directions. 

In an effort to settle the matter, Chernetsov et al.
(2004) again hand-raised eastern white storks in what
was then the Rossitten and is now the Rybachy area.
This time the storks were displaced eastward and
released at either normal departure times or after the
departure of local birds. With brand-new and advanced
tracking technology at hand, Chernetsov et al. (2004)
obtained very detailed information on the individual
migratory directions by deploying the young storks
with satellite-tags. Despite all detail, the results could
not have been more ambiguous with respect to the
presence or absence of innate migratory directions.
Chernetsov et al. (2004) concluded that “in soaring
migrants that are heavily dependent on local topography,
social contacts and observation of the performance of
migrating conspecifics play a much greater role than in
nocturnal migrants that usually fly individually.” 

We suggest that we cannot exclude this possibility
for Perdeck’s starlings as well. The case can only be
closed with new experiments that include the translo-
cation of completely unexperienced individuals, i.e.
starlings that have been raised without any relevant
social information. However, completely excluding all
social information is harder than it may sound, as spe-
cific social circumstances during or even before hatch-
ing (e.g. sounds made by the breeding parent, Gottlieb
1976), and subtle social circumstances after hatching
(e.g. conspecifics flying overhead) could all potentially
influence the development of migratory preferences.
Nonetheless, experiments that exclude specific social
information will help to position the study of bird
migration in the heart of contemporary studies on the
role of individual learning (Gottlieb 2002) in relation
to various forms of transgenerational information
exchange in adaptation and evolution (Jablonka &
Lamb 2014, Laland et al. 2015). For now, the question
of whether the preferred migratory direction of
Perdeck’s displaced young starlings involved learning,
or did not, is as open as it was in 1958.
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Book Pages Citation content to Perdeck 1958 Innate Attribution to 
interpretation Perdeck 1958

Drost J. 1962. The migrations 330–333 "The young… kept their main south-west direction, and flew No     
of birds. Heinemann, London. to southern France and the Iberian peninsula.... Adults … 

returned to their customary winter area by flying north-west,
a very different direction from that of their normal migration.
Even more curious, young starlings left the next spring to
breed in their original territory, but returned the following
autumn to winter where they had gone the preceding year
after their displacement." 

Matthews G.V.T. 1968. Bird 10–15 "In those species where the young migrate independently of the No 
navigation, Second Edition. old we have a natural experiment showing that any tendency to  
Cambridge University fly in one direction must be part of the bird's innate behaviour,
Press, London. the Cuckoo provides an extreme example. Where young and

old migrate together the former could possibly learn the
migration direction as well as the final location of the    
wintering area. This can be tested by holding young birds in
the area of their breeding until all others of their species have
departed." "The young birds [of Perdeck 1958] continued to
migrate from the release point in that direction which their
congeners follow from the trapping point."

Schüz E., Berthold P., 299–301 "Die meisten Jungstare wandten sich nach Sudfrakreich, No 
Gwinner E. & Oelke H. 1971. manche bis nach SW-Panien. Die Altvogel hingegen schlugen   
Grundriss der Vogelzugskunde. eine neue Richtung ein: Die Wiederfunde streuen un eine von SE  
Verlag Paul Parey, Berlin. nach NW verlaufende Linie, die den Auflassungsort mit den

normalen Winterquartier verbindet. Einige der wiedergefundenden
Altstare hatten ihr normales Winterquartier sogar erreicht. ... 
Den Jungstaren hingegen fehlt offensichtlich die Landkarte.
Sie scheinen nur uber einer Kompass zu verfugen, der ihnen      
erlaubt, eine vorgegegene Richtung einzuhalten."

Baker R.R. 1978. The 610–611, "Evidence is also accumulating that not only the direction but Yes direct  
evolutionary ecology of 912–913 also the distance of autumn migration in juveniles is  
animal migration. Hodder endogenously determined. Two types of evidence are available 
and Stoughton, London. that tend to support this hypothesis, one type coming from

displacement experiments and the other from an apparent
correlation between zugunruhe and migration distance" "[based
on Perdeck 1958:] The results are consistent with the thesis that
the first autumn migration of young starlings is exploratory but
with an endogenously determined bias to the direction ratio."

Mead C. 1983. Bird migration. 140–141 "The adult birds invariably started to make their way north-west No  
Country Life Books, Feltham. to the area where they had presumably wintered in earlier years.

The young birds carried on to the south-west and ended up in a
wintering area which their part of the European-breeding
population would seldom, if ever, reach."

Burton R. 1992. Bird migration. 66–67 "No matter whether they were released singly or in flocks, the Yes direct 
Aurum Press, London. adults readjusted their course and headed north-west to be

caught later on their normal wintering grounds. The
inexperienced starlings continued on the same south-west
course as they had been taking along the eastern coast of the
North Sea. .... This is evidence that young birds merely fly on a
fixed, presumably genetically coded, heading until some signal,
either internal or from the environment, or a combination of two,
tells them that they have gone far enough."

Supplement 1. Review of the quotes in 12 books on bird migration based on Perdeck (1958) and whether they attributed, either
directly or indirectly, an existence of innate migratory directions to the experiments reported in this publication.        
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Book Pages Citation content to Perdeck 1958 Innate Attribution to 
interpretation Perdeck 1958

Burton R. 1992. 66–67 "No matter whether they were released singly or in flocks, Yes direct   
Bird migration. the adults readjusted their course and headed north-west to 
Aurum Press, London. be caught later on their normal wintering grounds. The

inexperienced starlings continued on the same south-west
course as they had been taking along the eastern coast of the
North Sea. .... This is evidence that young birds merely fly on a
fixed, presumably genetically coded, heading until some signal,
either internal or from the environment, or a combination of 
two, tells them that they have gone far enough."

Berthold P. 1993. 140–144 "Juveniles on their first migration subsequently migrated parallel Yes direct  
Bird migration. to their original migratory direction, thus reaching Spain, a  
A general survey. Oxford destination not normally reached by this population. These birds 
University Press, Oxford. obviously followed a given compass direction, and did not take

into account the displacement." "Innate migratory directions
can also be inferred from displacement experiments. The most
impressive experiment of this kind was conducted by Schüz on
White storks. From East Prussia 144 eastern migrants were
transported across the European migration divide to the region
of western migrants and released their after the local birds had
left. Most of the test birds set off in the eastern direction typical
for them. When the eastern storks were released before the
local birds had left, a large proportion of the birds joined the
western migrants. in this case their innate goal direction was   
modified by social bonds."

Berthold P. 1996. 244–247 With implicit reference to Perdecks 1958 results presented in Yes direct
Control of bird migration. Fig. 3.1: "Inexperienced individuals of many species that normally 
Chapman and Hall, London. migrate alone are able to fly fixed courses ("normal directions")

in order to reach species-specific wintering areas. This directional
or compass orientation is based on preprogrammed directions."
"Compass orientation (flying innate courses) in naive migrants
and true navigation based on gradient maps in experienced 
birds... may, then, be the two basic orientation mechanisms of
avian migration. Preprogrammed compass orientation could
also be used in experienced birds.

Berthold P. 2001. Bird 143–146 Repeat of texts in edition of 1993 Yes direct  
migration. A general survey,  
Second edition. Oxford
University Press, Oxford. 

Newton I. 2008. The  234–236 "The subsequent ring recoveries from translocated juveniles Yes direct
migration ecology of birds. were on a line west-southwest of the release site and extended  
Academic Press, London. for a similar distance as usual (into southern France and

northern Iberia). This indicated that the translocated juveniles
had kept their inherent directional preference and normal
migration distance, but not corrected for displacement."

Newton I. 2010. 228–229 "The subsequent ring recoveries from translocated juveniles Yes direct  
Bird migration. were on a line west-southwest of the release site and extended
HarperCollins, London. into southern France and northern Iberia. This indicated that

the translocated juveniles had kept their inherent directional
preference and normal migration distance, but had not
corrected for displacement.

Supplement 1. Continued.       
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Reference Type Citation content to Perdeck 1958 Innate Attribution to 
(References in content are listed below this table) interpretation Perdeck 1958

Williamson K. 1969.   Review "Perdeck (1958) postulated the existence of a marked dichotomy No 
Weather systems and in the navigational powers of adult Starlings Sturnus vulgaris and
bird movements. Quart. young of the year. Large samples of a population which migrates
J. Met. Soc. 95: 414–423. regularly from eastern Europe to the British Isles were trapped 

and ringed in Holland and displaced by aircraft to Switzerland for 
release. The adults (and juveniles accompanying adults, when
released together) corrected for the displacement, being
recovered in Britain or at points along the new route, thus
showing a ‘goal orientation.’ Young birds released alone, however,
were recovered at places farther west than the release-point,
in south France and north Spain, in territory quite unknown to the
population in question, thus showing a ‘one-directional’ orientation."

Wolff W.J. 1970.  Topical- "Perdeck (1958) proved that the juveniles of this species continued No 
Goal orientation versus to migrate in the direction they did before they were displaced,
one direction orientation in and that the adults changed their direction and went to their 
Teal Anus c. crecca during familiar winter quarters."
autumn migration. 
Ardea 58: 131-141.

Trivers R.L. 1971.  Review "There do exist data suggesting that close kin in a number of No
The evolution of reciprocal species migrate or disperse great distances from each other 
altruism. Q. Rev. Biol. 46: 35–57. (Ashmole 1962, Perdeck 1958)"

Schmidt-Koenig K. 1973. Review "Zahlreiche Versuche, bei denen Zugvögel beringt underst nach No
Über die navigation der vögel. Verfrachtung freigelassen worden waren, zuletzt von Perdeck (1958),
Naturwissenschaften 60: 88–94. stimmten in einem überein: Altvögel navigieren zum angestammten

Wintergebiet, sie kompensieren die Verfrachtung; Jungvögel, die
sich auf ihrem ersten Herbstzug befinden, ziehen parallel zum
angestammten Kurs weiter. Sie bringen offenbar eine Information
über die Richtung mit, in die sie ziehen müssen."

Able K.P. 1977. Orientation of Topical "The classic studies of Perdeck (1958, 1967) indicated that juvenile No
passerine nocturnal migrants birds making their first autumn migration employed only compass
following offshore drift. direction and distance components. In contrast to adults, they
The Auk 94: 320-330. seemed unable to compensate for longitudinal displacements."

Burt H.E. & Giltz M.L. 1977. Topical "Perdeck (1958) cites displacement experiments in the fall in which Yes Indirect
Seasonal directional patterns young Starlings continued to the southwest. Kramer (1951),
of movements and migrations recording the Zugunruhe of Starlings in October, found their 
of starlings and blackbirds in orientation was to the southwest and in the spring the orientation 
North-America. was northeast for at least 10 days. So, possibly some Starlings with 
Bird-Banding 48: 259–271. this genetic orientation were among those imported to this country

around 1890."   

Gwinner E. 1977. Circannual Review "Comparable results suggesting the participation of endogenous Yes Direct
rhythms in bird migration. time factors in the control of fall migration of first year European 
Ann. Rev. Ecol. Syst. 8: 381–405. starlings were obtained by Perdeck (1958, 1964)."

Rabøl J. 1978. One-direction Review "At the time of my first displacement experiments (Rabøl 1969) it Yes Direct 
orientation versus goal area was generally supposed, mainly on the basis of the starling 
navigation in migratory birds. displacement experiments by Perdeck (1958, 1967), that the
Oikos 30: 216–223. migratory route of a juvenile bird was inherited as a programme 

for one-direction (compass) orientation." 

Supplement 2. Review of the journal citations to Perdeck (1958) and whether or not they attributed an existence of innate migra-
tory directions either directly or indirectly to the experiments reported in this publication.        
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Reference Type Citation content to Perdeck 1958 Innate Attribution to 
(References in content are listed below this table) interpretation Perdeck 1958

Wiltschko W. & Wiltschko R.  Review "The large scale displacement experiments of Perdeck (1958, 1967) Yes Indirect
1977. A theoretical model for clearly demonstrated that young birds on their first migration did 
migratory orientation and not compensate for the displacement and thus apparently do not 
homing in birds. fly towards a goal, but on a standard direction. Many hand-raised
Oikos 30: 177–187. birds isolated from adults showed in cages directional tendencies

coinciding closely with the migratory directions of their free-living
conspecifics, (e.g. Sauer 1957, Hamilton 1962, Emlen 1972, 
Wiltschko & Gwinner 1974) indicating that the information of the
migratory direction is indeed innate." "The banding recoveries of
starlings Sturnus vulgaris displaced during autumn migration
(Perdeck 1958, 1967) showed that the juvenile birds continued over
a distance more or less comparable to that between the trapping
place and the normal winter quarters. This was also true when they
had been released in a region which served as winter quarters for
other populations of their conspecifics (Perdeck 1967) indicating
that they have some innate information about the distance of their
migration. This information may be provided by an endogenous time
program (Gwinner 1974). Gwinner (1968) found that the amount of
Zugunruhe of closely related species is correlated with their distance
of migration and that the Zugunruhe of hand-raised birds in their
first autumn is dimensioned so that it will make the birds reach 
their normal wintering range."

Alerstam T. 1979.  Topical "I will assume that the migrants are able to determine the direction Yes Indirect
Wind as selective agent in towards their goal and by way of redetermination of this direction  
bird migration. will reach the goal in spite of geographical displacement (this is to 
Ornis Scand. 1: 76–93. say that the migrants are capable of true navigation). However,

such a navigational capacity may be an u realistic assumption for
many birds, particularly for juveniles on their first autumn migration
(Perdeck 1958, 1967) which probably use compass (one-direction)
orientation in combination with an endogenous seasonal clock
(Gwinner 1975)."

Baker R.R. 1980. Topical "There are two other extant models of bird migration: the clock- Yes Direct
The significance of the and-compass model (Perdeck 1958, Dorst 1962), and the goal-area
Lesser Black-backed Gull to navigation model (Rabol 1970, 1978). According to the clock-and-
models of bird migration. compass model, a young bird migrates for a fixed time in a fixed
Bird Study 27: 41–50. direction (time and direction being innately programmed). It then

settles and feeds up before repeating the entire process a fixed
and programmed number of times."

Wiltschko W., Gwinner E. &  Topical "Some experiments indicate that these young birds possess innate Yes Direct
Wiltschko R. 1980. The effect information about the distance (Gwinner 1968, for review see:
of celestial cues on the Gwinner 1977) and direction of their migratory flight (Perdeck 1958,
ontogeny of non-visual for review see: Walraff 1977, Wiltschko 1977).”
orientation in the Garden 
Warbler (Sylvia borin). 
Z. Tierpsychol. 53: 1–8.

Cave A.J. 1982. Experiments Topical "Perdeck (1958) …. Showed that during autumn migration adult No
on the use of the sun by Starlings are able to compensate for an experimental sideways
Starlings in the discrimination displacement by means of goal orientation towards their winter
of geographical locations quarters. Juveniles did not compensate during autumn migration,
for navigation. but moved in a normal autumn direction, apparently using
Ardea 70: 197–216. one-direction orientation."

Roitblat H.L. 1982. The Review "Other experiments on animal navigation also suggest that animals No
meaning of representation use experience-derived models of their environment to control
in animal memory. behavior. For example, displacement studies with migrating 
Behav. Brain Sci. 5: 353–406. Starlings (e.g., Perdeck 1958) show that experienced birds use some
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Reference Type Citation content to Perdeck 1958 Innate Attribution to 
(References in content are listed below this table) interpretation Perdeck 1958

kind of map of their migratory route (perhaps referred to solar or
stellar coordinates) to control their flight path. Perdeck captured
Starlings in Holland during their autumnal migration from Eastern
Europe and displaced them by air to Switzerland, where they were
released. Adult Starlings compensated for this displacement and
flew in a northwesterly direction, ending in their usual wintering
ground. Juveniles (birds who had never migrated before), in contrast,
did not compensate for the displacement and continued in the same
direction they had been flying before capture, ending their migration
in an area where others from their breeding population were not
found (though starlings from other summering locations were found
in that area), and continuing to winter there in subsequent years."

Kiepenheuer J. 1984. The Topical “At least the fall migrating direction is innate it is followed by Yes direct
magnetic compass mechanism young birds even when not accompanied by adults or parents
of birds and its possible (Schüz 1949, Perdeck 1958 and others).”
association with the shifting 
course directions of migrants. 
Behav. Ecol. Sociobiol. 14: 81–99.

Moore F.R. 1984. Topical "Although the direction (Gwinner & Wiltschko 1978, 1980) and Yes Indirect
Age-dependent variability distance (Berthold & Querner 1981) of their first autumnal migration 
in the migratory orientation may be endogenously determined, naive birds have no information 
of the Savannah Sparrow about their route or final destinations at the time they initiate
(Passerculus sandwichensis). migration. The high within-individual variability and the lack of clear
Auk 101: 875–880. between-individual differences among the inexperienced Savannah

Sparrows are consistent with this notion (see: DeSante 1983). Only
after an individual becomes familiar with an area can site-specific
information be used to determine the direction towards a goal
(see: Wiltschko & Wiltschko 1982). Experience is likely to be
important in any process whereby migrants "attach" themselves
to their wintering grounds and possibly en route locations
(see: Perdeck 1958, 1967)”

Able K.P. & Bingman V.P. 1987. Review "displacement experiments showed rather convincingly that on its Yes Indirect
The development of orientation first autumn migration, a young starling has knowledge of the 
and navigation behaviour in direction and perhaps approximate distance to the winter range of
birds. Q. Rev. Biol. 62: 1–29. its population, but no specific information about the coordinates

of that goal. Thus, if displaced, it cannot perform a navigational
correction and cannot reach the wintering ground it has never 
visited. Gwinner (see: 1977), Berthold (1978), and Gwinner & 
Wiltschko (1978) present evidence that distance and direction  
values are genetically programmed to a degree sufficient to allow 
a first-time migrant to perform adequately this "vector-navigation"

Neusser V.E. 1987. Topical "Auch die Ergebnisse einiger Verfrachtungsversuche mit Buchfinken Yes Direct
Richtungsbevorzugungen von (Fringilla coelebs; Perdeck 1958), Nordamerika-Krahen 
Mönchsgrasmücken (Sylvia (Corvur bruchyrhynchos; Rowan 1946) und Sperbern (Accipiter nisus; 
atricapilla) während der Drost 1938) sind am besten mit der Annahme genetisch festgelegter
Herbstzugunruhe vergleich Zugrichtungen zu erklaren." 
zweier populationen mit 
verschiedenen zugrichtungen. 
Ethology 74: 39–51.

Wiltschko W. & Daum P. 1987. Topical "Large-scale displacement experiments (Perdeck 1958, 1964) have Yes Direct
The development of the star shown that they possess genetically transmitted information on 
compass in Garden Warblers, the direction and distance of their migratory route." 
Sylvia borin. 
Ethology 74: 285–292.
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Baldacinni N.E. & Bezzi E.M. Topical "Such a complex integration of several reference systems certainly No
1989. Orientational responses necessitates a process of biological maturation, or learning, during 
to different light stimuli by the first migratory cycle, as has been demonstrated by Perdeck's
adult and young sedge warbler pioneer work (1958) on starlings." 
(Acrocephalus schoenobaenus) 
during autumn migration: 
a funnel technique study. 
Behaviour 110: 1–4.

Green R.E., Hirons G.J.M. & Topical "Individual differences between young birds in the use of particular No
Johnson A.R. 1989. The origin staging areas may persist throughout life (Perdeck 1958, 
of long-term cohort differences Townshend 1982), importance of environmental factors, relative 
in the distribution of Greater to inheritance and cultural determining these differences has not
Flamingos Phoenicopterus been assessed."
ruber roseus in winter.
J. Anim. Ecol. 58: 543–555.

Wiltschko R. 1989. Review "Besonders bemerkenswert sind die Verfrachtungen der Vogelwarte No
Aus der geschichte der Helgoland mit Sperbern, die in Schlesien aufgelassen wurden, denn 
orientierungsforschung. die Verteilung der wenigen Wiederfunde fuhrte Drost (1938) zu den
J. Ornithol. 130: 399–421. gleichen Schlulgfolgerungen, die Perdeck (1958) 20 Jahre spater aus

dem wesentlich grosseren Material seiner beruhmtgewordenen
Staren versuche ziehen sollte, namlich, dass junge Vögel auf dem
ersten Zug bestimmte Kompassrichtungen fliegen, wahhrend
erfahrene Vögel, die schon ihr traditionellen Winterquartier
uberwintert haben, dieses gezielt ansteuern konnen."   

Berthold P. 1990. Review "Young European starlings (Sturnus vulgaris) trapped in the Yes Direct
Spatiotemporal programs Netherlands during their autumn migration from the Baltic region to
and genetics of orientation. west European wintering areas and transferred to (and released in)  
Experientia 46: 363–371. Switzerland, continued their autumn migration to Spain, an area

that normally is not reached. Thus, they continued their migratory
journey in the programmed direction and to some extent also for
the expected distance in spite of the transfer (Perdeck 1958).
Empirical support for the existence of endogenous, spatial
orientation-programs comes also from a detailed analysis of
directional preferences in garden warblers."

Ens B., Piersma T., Wolf W.J.  Review "In addition, juveniles of a species may have a programmed Yes Direct
& Zwarts L. 1990. Homeward migration distance (Berthold 1973), as well as a programmed
bound: problems face when migration direction (Perdeck 1958)"
migrating from the Banc 
d’Arguin, Mauritania, to their 
northern breeding grounds 
in spring. Ardea 78: 1–16.

Richardson W.J. 1990. Review "However, this would require an ability to detect and correct for No
Wind and orientation of previous displacement from the straight-line route. It is not clear 
migrating birds: a review. how many birds have this ability, especially in the case of juveniles 
Experientia 46: 416–425. en route to the wintering grounds for the first time (Emlen 1975,

Perdeck 1958)."

Walraff H.G. 1990. Review "Perdeck conducted an experiment which has meanwhile become Yes Direct
Conceptual approaches to a classic. More than 11,000 starlings, caught during migration in 
avian navigation systems. Holland, were transported to and released in Switzerland. 
Experientia 46: 379–388. Distributions of recovery sites in the subsequent winter months

met both possible expectations, depending on the age of the birds
(Fig. 1): 1) Young starlings, migrating for the first time, when
displaced perpendicularly to the compass direction normally taken
by the population, continued to fly this normal compass course and
hence arrived in an abnormal area dislocated by approximately the
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direction and distance of displacement. 2) Older starlings, which had
spent a winter in the population- specific area at least once, flew
an abnormal compass direction leading them toward the normal
(already familiar) wintering area." "The result obtained with the
young starlings suggests two conclusions: a) Some environmental
references were apparently available in Holland as well as in  
Switzerland according to which an identical compass course could
have been chosen, b) The birds apparently followed some 'internal
command' to select just one specific course angle an intended
direction with regard to this reference(s)."   

Helbig A.J. 1991. Inheritance Topical "A classic large-scale displacement experiment with starlings Yes Indirect
of migratory direction in a (Sturnus vulgaris) demonstrated among other things that juveniles
bird species: a cross-breeding on their first migration possess no knowledge about the geographic 
experiment with SE- and coordinates of the wintering area (Perdeck 1958). There is
SW-migration Blackcaps substantial evidence that such inexperienced migrants rely largely
(Sylvia atricapilla). Behav. on innate information about distance and direction in which to 
Ecol. Sociobiol. 28: 9–12. migrate. An approximate measure of distance is encoded in an

endogenous circannual programme as the duration of migratory
activity per season (Gwinner 1968, Berthold 1973)."    

Schwabl H., Gwinner E., Topical "Displacement experiments during or after autumn migration do No
Benvenuti S. & Ioale, P. 1991. indeed indicate that birds learn aspects of their wintering sites so
Exposure of Dunnocks that they can "home" successfully to these areas after displacement 
(Prunella modularis) to their (Perdeck 1958, 1967)."
previous wintering site 
modifies autumnal activity
pattern: evidence for site 
recognition? Ethology 88: 35–45.

Berthold P., Helbig A.J., Topical “homing towards familiar winter quarters as demonstrated in No
Mohr G. & Querner U. 1992. displacement experiments with starlings”
Rapid microevolution of 
migratory behaviour in a 
wild bird species. 
Nature 360: 668–670.

Alerstam T. 1996. Review "On a larger scale, we do not know whether birds use any means Yes Indirect
The geographical scale factor of orienting along the shortest great circle routes, and we are
in orientation of migrating uncertain whether a ‘vector orientation’ mechanism (an inherited
birds. J. Exp. Biol. 199: 9–19. orientation programme based on a succession of vectors with

directions and lengths as defined by constant compass courses in
force for different seasonal periods according to an endogenous
circannual clock, cf. Gwinner & Wiltschko 1978, 1980) is sufficient
to guide the birds between breeding and winter quarters
(Kiepenheuer 1984). Are elements of coordinate determination or
goal area navigation (Rabøl 1978, 1985) involved in the migratory
orientation, perhaps playing different roles for adult and juvenile
birds (see: Perdeck 1958)?" 

Helbig A.J. 1996. Genetic Topical "In a classic field experiment, several thousand European starlings No
basis, mode of inheritance Sturnus vulgaris were displaced from autumn stopover sites in
and evolutionary changes Holland perpendicular to the expected migration route (Perdeck, 
of migratory directions in 1958). The results have been comprehensively illustrated by Emlen
palearctic warblers (1975). Juvenile starlings, ringed and released singly after an
(Aves: Sylviidae).  800 km aeroplane flight, continued to migrate from the release site
J. Exp. Biol. 199: 49–55. in approximately the same direction as they had flown prior to

displacement, i.e. west-southwest. Adults, however, compensated
for the displacement by migrating northwest towards the winter
quarters in northern France and southern England, where they had
spent at least one previous winter."   
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Munro U., Munro J.A. & Topical "Juvenile migrants heading towards still unfamiliar winter quarters Yes Indirect
Phillips J.B. 1997. Evidence rely exclusively on an innate migration program that provides the
for a magnetite-based compass course of their migration (Berthold 1988). In contrast,
navigational “map” in birds. adult birds which have already  spent considerable time in their
Naturwissenschaften 84: 26–28. overwintering area incorporate information which they have 

learned during previous migrations into their orientation system.
This leads to the development of a navigational “map” (Kramer 1957)
which enables the birds to determine the compass course towards
their goal by mechanisms of true navigation (Perdeck 1958)."

Mouritsen H. & Larsen O.N. Topical "What are the spatiotemporal orientation programmes (see e.g. Yes Indirect
1998. Migrating young pied Berthold 1991, Mouritsen 1998, 1999) and reaction patterns of
flycatchers Ficedula hypoleuca young night-migrating passerines over the course of their first
do not compensate for migratory season?" "Perdeck’s (1958) impressive displacement
geographical displacements. experiment using European starlings Sturnus vulgaris is the classic
J. Exp. Biol. 201: 2927–2934. textbook experiment, which provides convincing evidence that

young European starlings use a simple clock-and compass strategy,
whereas adult European starlings seem to have acquired 
navigational abilities through associative learning and experience."

Wehner R. 1998. Navigation Review "These experimental findings - together with some earlier Yes Direct
in context: grand theories displacement experiments performed with White Storks
and basic mechanisms. (Schüz 1951) and Common Starlings Sturnus vulgaris (Perdeck 1958,
J. Avian Biol. 29: 370-386. 1967) - clearly show that at least some migratory birds are endowed

with endogenous vector programmes"

Able K. P. 2000. The concepts Review "Without prior migratory experience, the young birds could only Yes Direct 
and terminology of  proceed in the direction and for the distance dictated by vector
bird navigation. navigation. In species that migrate in social groups, the coded
J. Avian Biol. 32: 174–183. direction of vector navigation may be influenced by the behavior

of other flock members"

Schmidt-Koenig K.S. 2001. Review "Der holländische Ornithologe A. C. Perdeck (1958) hat sie genutzt Yes Direct
Zur Geschichte der und an groβem Datenmaterial bewiesen, was sich in den Versuchen
orientierungsforschung. an der Vogelwarte Rossitten bereits abgezeichnet hatte (Abb. 1):
J. Ornithol. 142: 112–123. Vögel verffigen tiber mindestens zwei verschiedene Orientierungs-

verfahren. Altvögel, die schon wenigstens einen Weg- und Heimzug
geleistet hatten, waren zu dem fähig, was ,,echte Navigation" 
genannt werden kann. Sie flogen von ihnen unbekannten Orten
zum angestammten Uberwinterungsgebiet. Junge Vögel, die sich
auf dem ersten Herbstzug ihres Lebens befanden, verfügten über
die später so genannte Vektornavigation, ein Verfahren, das mit
zwei genetisch programmierten, populationsspezifischen
Komponenten arbeitet. Die eine ist eine Information über die
Zugrichtung, die zweite ist eine Information über die Zugentfernung."

Bäckman J. & Alerstam T. 2003. Topical "Juveniles are thought to orient according to an inherited vector Yes Indirect
Orientation scatter of free-flying program (Gwinner & Wiltschko 1978, Berthold 1991), unable to
nocturnal passerine migrants: make adjustments for artificial displacements during the journey,
components and causes. but adult birds may have learned cues that are used for true
Anim. Behav. 65: 987–996. navigation (Perdeck 1958)."

Hake M., Kjellen N. &  Topical "The adults presumably have learnt cues which make it possible Yes Indirect
Alerstam T. 2003.  for them to correct for the displacement associated with the detour
Age-dependent migration and navigate back to their previous winter sites after reaching
strategy in honey buzzards  West Africa (Perdeck 1958). In contrast, the juveniles may be
Pernis apivorus tracked  constrained by their endogenous spatiotemporal migration
by satellite. programme (Gwinner 1996)"
Oikos 103: 385–396.
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Mettke-Hofmann G. & Topical "It is known from several in-depth studies that young passerines Yes Indirect
Gwinner E. 2003. Long-term on their first migration use the sun, the stars, and or the earth’s 
memory for a life on the move. magnetic field as compasses to guide them into appropriate,
PNAS 100: 5863–5866. presumably innate directions (Kramer 1951, Emlen, 1967, 

Wiltschko & Wiltschko 1988). The distance, and thus the endpoint 
of migration, appears to depend, at least in part, on an endogenous
circannual program (Gwinner 1986). However, there is also evidence
that this simple system of ‘‘vector navigation’’ is supplemented or
replaced in older birds by more complex navigation systems that
are based on learning (Perdeck 1958).

Thorup K., Alerstam T., Topical "One may speculate that juveniles migrating in mixed flocks with No
Hake M. & Kjellen N. 2003. adults benefit from the compensatory ability of the adults. The
Bird orientation: compensation reason for the age-dependent difference in compensatory ability 
for wind drift in migrating may be related to the possible availability of acquired map
raptors is age dependent. information, allowing experience adults to detect and correct for 
Biol. Lett. 270: 8–11. lateral displacement, whereas juveniles on their first migratory

journey may be more restricted to simple vector orientation, as
indicated by classical displacement experiments with migratory
sparrow hawks, starlings and chaffinches (Drost 1938, Perdeck 1958,
Berthold 2001)."

Wiltschko R. & Wiltschko W. Review "Another common characteristic of homing and migratory Yes Indirect
2003. Avian navigation: from orientation is the change in strategy with increasing experience,
historical to modern concepts. which mainly concerns the mechanisms  providing the compass 
Anim. Behav. 65: 257–272. course (e.g. Perdeck 1958, Wiltschko & Wiltschko 1985). Navigation

by young, inexperienced birds must be based on innate mechanisms,
because other mechanisms are not yet available."

Chernetsov N., Berthold P. & Topical "It was expected that the displaced birds, if capable, would follow Yes Direct 
Querner U. 2004. Migratory their innate migratory direction in spite of the displacement
orientation of first-year  (Perdeck 1958)."
white storks (Ciconia ciconia):  
inherited information and  
social interactions.
J. Exp. Biol. 207: 937–943.

Simons A. M. 2004. Review "Variation in navigational abilities among individuals is expected, No
Many wrongs: the advantage and has several sources. For example, adult and juvenile raptors
of group navigation. differ in their ability to compensate for wind drift (Thorup et al.
Trends Ecol. Evol. 19: 453–455. 2003). Similarly, naive migrants might orient correctly (Perdeck

1958), but only experienced individuals can adjust this vector
navigation if displaced from the correct route. When differences
in ability are recognized by fellow flock members, navigational
responsibility might be weighted unequally among individuals."

Bingman V.P. & Chan K. 2005. Review "By contrast, subsequent recoveries of first-year birds with no Yes Direct
Mechanisms of animal global previous migratory experience tended to cluster in regions in a
navigation: comparative direction from the release site that would have corresponded to
perspectives and enduring the direction they would have flown if they had not been displaced.
challenges. That is, they continued to fly the vector they were executing, a
Ethol. Ecol. & Evol. 14: 295 318. signature of vector navigation." "Developmentally, representational

mechanisms that support true navigation in migratory birds are
thought to build from the baseline of inherited vector navigation
(Perdeck 1958, Wiltschko & Wiltschko 2003)."
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Erni B., Liechti F. & Topical "The existence of an endogenous (genetically determined) direction Yes Direct
Bruderer F. 2005. The role has been confirmed in many bird species (Wiltschko & Wiltschko
of wind in passerine autumn 2003, and references therein). It can be assumed that most migrating
migration between Europe passerine species have a genetically inherited migratory direction
and Africa. (Berthold 1996) and rely on this direction for a given time period, 
Behav. Ecol. 16: 732–740. especially during their first autumn migration (Mouritsen 1998, 

Perdeck 1958)."

Alerstam T., Hake M. & Topical "adult birds but not juveniles often tend to correct for the No
Kjellen N. 2006. Temporal displacement. However, their homing seems to be directed towards
and spatial patterns of the winter destinations rather than towards sites along their
repeated migratory journeys migration routes."
by ospreys.  
Anim. Behav. 71: 555–566.

Holland R.A., Wikelski M. & Review "In the case of migrating birds, a species-specific wintering ground Yes Direct
Wilcove D.S. 2006. How and is usually the goal, and it is located by an endogenous program of
why do insects migrate. vector navigation in the first migratory journey, and possibly by 
Science 313: 794–796. ‘‘true navigation’’ based on experience in subsequent years

(Perdeck 1958)."

Liechti F. 2006. Review "Juveniles, as probably vector-oriented individuals, did not No
Birds: blowin’ by the wind? compensate for lateral wind drift, while adults, as goal-oriented
J. Ornithol. 147: 202–211. migrants, compensated partially for lateral wind drift, as would be

expected in an adaptive drift strategy. This result, which is in line
with Perdeck’s (1958) famous experiments with starlings, indicates
that juveniles might actually be unable to adopt a goal-oriented
adaptive drift strategy."

Åkesson S. & Bianco G. 2017. Topical "observations from both juvenile and adult birds, or a combination No
Route simulations, compass of both, for which the ability to navigate may be questioned in
mechanisms and long-distance juvenile birds (e.g., Perdeck 1958)" 1

migration flights in birds. 
J. Comp. Physiol. A.  
203: 475–490.

Pulido F. 2007. Review "Large-scale displacement experiments with starlings (Sturnus Yes Direct
The genetics and evolution vulgaris) and other species, and analyses of ringing recoveries,
of avian migration. suggest that the wintering area used by a bird in its first year – that
BioScience 57: 165–174. is, the area chosen after the first migratory journey – is also used

in subsequent seasons (Perdeck 1958, Mouritsen 2003). Thus, 
the first migratory trip, as determined by the genetic program,
determines the wintering site used by each individual bird and each
individual’s migration. By this mechanism, the genetic program and
its variation measured in the laboratory become major determinants
of phenotypic variation in migratory behavior and evolutionary   
processes in the wild."

Thorup K., Bisson I.-A., Topical "In a now classic experiment by Perdeck (1958), 11,000 starlings, Yes Direct  
Bowlin M. S., Holland R.A.,  Sturnus vulgaris, were displaced by airplane from The Netherlands
Wingfield J.C. Ramenofsky M. to Switzerland during 1955–1957. Whereas displaced juvenile
& Wikelski M. 2007.  starlings were recovered in a southwesterly direction (equivalent
Evidence for a navigational to the normal migratory direction of the species) toward Spain,
map stretching across the  adult starlings were recovered in a northwesterly direction toward
continental U.S. in a migratory their known wintering sites in Northwest Europe. This was  
songbird. Proc. Natl. Acad. Sci. interpreted as showing that juvenile starlings find their species-
USA 104: 18115–18119. specific wintering grounds by flying in an inherited direction,

whereas adults navigate toward their previously experienced
wintering grounds."
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Thorup K. & Rabøl J. 2007. Review "Perdeck (1958) performed an impressive displacement experiment No
Compensatory behaviour after involving more than 11,000 starlings of Sturnus vulgaris. The
displacement in migratory unaltered direction shown by the displaced juvenile birds suggested  
birds. A meta-analysis of cage  the use of the simplest vector orientation without compensation
experiments. Behav. Ecol. in first-time migrants, whereas experienced birds tended to orient
Sociobiol. 61: 825–841. back toward the previously experienced wintering site. However,

the starling is a highly social, diurnal, short distance migrant. This
means that the result could be influenced by social interactions"

Chernetsov N., Kishkinev D. & Topical "Many displacement experiments have been performed with young No 
Mouritsen H. 2008. birds on their first autumn migration (Mouritsen et al. 2001, Drost
A long-distance avian migrant 1938, Perdeck 1958, Rüppel 1944, Chernetsov et al. 2004, Thorup &
compensates for longitudinal Rabøl 2007). The vast majority of these studies suggest that young
displacement during spring birds on their first autumn migration use a very simple spatio-
migration. temporal navigation strategy, namely, simple vector navigation, also
Curr. Biol. 18: 188–190. called the clock-and-compass or, better, the calendar-and-compass

strategy (Rabøl 1978, Berthold 1991, Mouritsen & Mouritsen 2000).
In contrast to young birds on their first autumn migration, adult
birds and young birds returning in spring have personal experience
with their goals and might thus use information collected through
experience to refine the orientation strategies (Perdeck 1958)."

Fitzgerald T.M. & Taylor P.D. Topical "For instance, Perdeck (1958) displaced banded adult and young No
2008. Migratory orientation starlings (Sturnus vulgaris) during fall migration. Adult birds were
of juvenile yellow-rumped recovered on their species-specific wintering grounds after the
warblers (Dendroica coronata) displacement. However, young birds were recovered in areas that
following stopover: sources of indicated they had simply flown in their species specific migratory
variation and the importance direction without adjusting for the artificial displacement,
of geographic origins. Behav. suggesting that young starlings cannot compensate for 
Ecol. Sociobiol. 62: 1499–1508. displacement."

Reilly J.R. & Reilly R.J. 2008. Topical "The work of Thorup et al. 2007, together with other investigations Yes Indirect
Bet-hedging and the conducted subsequent to the original study by Perdeck 1958
orientation of juvenile (Wiltschko & Wiltschko 1988, Berthold 1990, Helbig 1996,
passerines in fall migration. Mouritsen 1998), implies that first-year birds are not goal directed,
J. Anim. Ecol. 78: 990–1001. but rather migrate using vector-navigation based on predetermined

directions (tied to celestial and magnetic cues), coupled with a time
or distance programme."

Holland R.A., Thorup K., Topical "It has been demonstrated that some juvenile songbirds have an Yes Indirect
Gagliardo A., Bisson I.A., inherited species specific compass direction to reach their wintering
Knecht E., Mizrahi D. & grounds on their first journey (Berthold 1991). However, this may
Wikelski M. 2009. Testing the result in a failure to reach their normal winter range if they are
role of sensory systems in displaced large distances (Perdeck 1958). Adult migratory birds
the migratory heading of  appear to be able to recognise and correct for such dissongbird placements,
a songbird. and head back to their normal winter range (Perdeck 1958, Thorup
J. Exp. Biol. 212: 4065–4071. et al. 2007, Chernetsov et al. 2008)."

Thorup K. & Holland R.A. 2009. Review "an impressive experiment carried out on starlings by Perdeck Yes Direct
Commentary: The bird  (1958). In that study, more than 11,000 starlings caught on migration
GPS – long-range navigation in The Netherlands were transported to Switzerland and ringed. 
in migrants. After release, recoveries of the adult birds were in a north-westerly
J. Exp. Biol. 212: 3597–3604. direction from the release site on the way toward their normal

wintering grounds in the south of England and in northwest France
whereas juveniles were recovered in southwesterly directions
corresponding to the normal direction of migration through The
Netherlands (Fig. 1A). The obvious conclusion was that experienced
birds homed toward their previously visited winter grounds whereas
the young, inexperienced migrants relied on an innate one-direction
compass programme."
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Karlsson H., Henningsson P., Topical "Young and inexperienced birds, which make up part of the sample Yes Indirect
Bäckman P., Hedenström A. during the autumn migration, may be less prone or able than adult
& Alerstam T. 2010.  birds to compensate for wind drift, possibly because they migrate by
Compensation for wind drift a comparatively simple ‘clock-and-compass’ system (Berthold 2001), 
by migrating swifts. not allowing correction for geographical displacement to the same
Anim. Behav. 80: 399–404. extent as the more complex navigation system used by experienced

birds (see Perdeck 1958, Åkesson 2003, Thorup et al. 2003, 2007)."

Kishkinev D., Chernetsov N. Topical "Moreover, there are other studies in which migratory birds No
& Mouritsen H. 2010. displaced by plane across hundreds and thousands of kilometres
A double-clock or jetlag were still able to navigate (e.g., Perdeck 1958, Thorup et al. 2007).
mechanism is unlikely to be It means that experienced (non-first autumn) migratory birds are
involved in detection of able to correct for displacement even if they have moved rapidly
east-west displacements in across time zones."
a long-distance avian migrant. 
Auk 127: 773–780.

Thorup K., Holland R. A., Review "The migration strategies in birds are commonly (e.g. Berthold 1996) Yes Indirect
Tøttrup A.P. & Wikelski M. 2010. assumed to differ between adult and first-time migrants, in that
Understanding the migratory young birds are guided by a bearing-and-distance program (called a
orientation program of birds: clock-and-compass strategy), whereas adult birds navigate toward
extending laboratory studies the previously visited wintering grounds or breeding grounds.
to study free-flying migrants Some very impressive experiments performed by Perdeck (1958,
in a natural setting. Integr. 1964, 1967) and involving displacement of thousands of birds on
Comp. Biol. 50: 315–322. migration form the basis of this view,"

McLaren J.D., Shamoun- Topical "most evidence points to endogenous control being paramount to Yes Direct
Baranes J. & Bouten, W. orientation among juvenile migrants (Perdeck 1958, Thorup et al.
Wind selectivity and partial 2007, Wiltschko & Wiltschko 2009)."
compensation for wind drift 
among nocturnally migrating 
passerines. 
Behav. Ecol. 23: 1089–1101.

Holland R.A. & Helm B. 2013. Topical "Evidence suggests that, in the majority of cases, juveniles making Yes Direct
A strong magnetic pulse affects their first autumn journey migrate in a population-specific compass 
the precision of departure direction that is genetically controlled and seasonally appropriate.
direction of naturally migrating By contrast, adults additionally call upon a mechanism that allows 
adult but not juvenile birds. them to correct for displacements from the normal path (Perdeck
J. R. Soc. Interface 10: 20121047. 1958, Thorup 2007)."

Mouritsen H., Derbyshire R., Topical "True navigators not only know which direction to travel (orientation) Yes Indirect
Stalleicken J., Mouritsen O.Ø., but also their geographic location in relation to their goal (Gould &
Frost B.J. & Norris, D.R. 2013. Gould 2012, Mouritsen 2013). In other words, they are able to detect
An experimental displacement both latitude and longitude using a bicoordinate  system (Fig. 1A).
and over 50 years of True navigation has been shown in a variety of taxa, including
tag-recoveries show that  several species of birds (Perdeck 1958, Chernetsov 2008), the
monarch butterflies are not eastern newt (Notophthalmus viridescens) (Phillips et al. 1995),
true navigators. the loggerhead sea turtle (Caretta caretta) (Putman et al. 2011),
PNAS 110: 7348–7353. and the spiny lobster (Panulirus argus) (Boles & Lohmann 2003).

Alternatively, some migrants may use a vector (or clock and
compass) navigation strategy (Mouritsen 2003, Perdeck 1958,
Meyr 1952, Brower 1996, Schmidt-Koenig 1965, Berthold 1991,
Mouritsen & Larsen 1998, Mouritsen & Mouritsen 2000), meaning
that they do not possess a map but orient in an inherited direction
using just a compass system and a clock or calendar (Gwinner &
Wiltschko 1978, Munro et al. 1993)."
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Deutschlander M.E. & Review "A classic banding and displacement study of migratory European No
Beason R.C. 2014. Starlings by Perdeck (1958) is still one of the most cited references
Avian navigation and for evidence of map-based navigation by adult migrants. During
geographic positioning. autumn, thousands of starlings were captured along their migratory
J. Field Ornithol. 85: 111–133. route in the Netherlands, banded, and displaced southward to

Switzerland. Adults were recovered in their usual population-
specific wintering areas in northern France, indicating that they  
had corrected for the geographic displacement. Juveniles were
recaptured southwest of their population-specific wintering 
grounds (i.e., Spain), showing that juveniles continued to orient in 
a fixed compass direction without compensation."

Holland R.A. 2014. Review "Initially, a series of displacement experiments on migrating birds No
True navigation in birds: using mark/recapture techniques gathered evidence for true
from quantum physics navigation (reviewed in Thorup & Holland 2009). The clearest
to global migration. example (Perdeck 1958) demonstrated that adult but not juvenile
J. Zool. 293: 1–15. birds are capable of migratory true navigation."

Brown J.M. & Taylor P.D. 2015. Topical "Prior to moving away from the breeding area, hatch-year birds Yes Direct
Adult and hatch-year blackpoll have no innate knowledge of the geographical area that surrounds
warblers exhibit radically different them, but do innately know the broad-scale orientation and distance
regional-scale movements required for their first migratory journey (Mettke-Hofmann &
during post-fledging dispersal. Gwinner 2003, Nisbet et al. 1995)."
Biol. Lett. 20150593.

Kishnikev D. 2015. Sensory  Review "Some displacements studies indeed showed that migratory birds No
mechanisms of long-distance gain navigational abilities after their first migration. This indirectly
navigation in birds: a recent supports the idea that sampling of some spatially distributed 
advance in the context of natural cues at some sample points is needed to establish a map  
previous studies. that could be of magnetic or any other nature (Perdeck 1958,
J. Ornithol. 156: S145–S161. Thorup et al. 2007)."

Wikelski M., Arriero E., Topical "Migrating birds fly over thousands of kilometres to return to No
Gagliardo A., Holland R.A., previously visited breeding or non-breeding grounds. Experienced
Huttunen M.J., Juvaste R., adult birds display the ability to correct for passive displacement
Mueller I., Tertitski G., Thorup K., from unfamiliar areas (Perdeck 1958), so called true navigation
Wild M., Alanko M., Bairlain F., (Griffin 1952, Bingman & Cheng 2006)"
Cherenkov A., Cameron A., 
Flatz R., Hannila J., Hüppop O., 
Kangasniemi M., Kranstauber B., 
Penttinen M., Safi K., Semashko V., 
Schmid H. & Wistback R. 2015. 
True navigation in migrating gulls 
requires intact olfactory nerves. 
Sci. Rep. 5: 17061.

Willemoes M., Blas J., Topical "The complex innate spatio-temporal migration programs, capable No
Wikelski M. & Thorup, K. 2015. of guiding migrant species thousands of kilometres, represents an
Flexible navigation response evolutionary trade-off between species-specific resource needs
in common cuckoos and movement-related risks, resulting in varying migratory patterns
Cuculus canorus displaced across species and populations (Sutherland 1988, Berthold 2001).
experimentally during migration. The navigational basis of this program is still an unsolved mystery
Sci. Rep. 5: 16402. despite decades of research (Alerstam 2006). To investigate the

navigational capabilities in birds, experimental displacement is a
common practice (Åkesson 2003). Experienced songbird migrants
can perform true navigation involving the use of a map sense to
identify the position of the current location in relation to a goal,
enabling them to compensate for a displacement, even outside
familiar areas (Holland 2014). This has been documented using 
various methods based on migration directions of displaced birds,
such as ring recoveries (Perdeck 1958, Mewaldt 1964)" 
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Barkan S., Roll U., Yom-Tov Y., Topical "Indeed, several studies have explored the importance of learning No
Wassenaar L.I. & Barnea A. . and experience for accurate navigation in migratory birds
2016. Possible linkage between (Perdeck 1958)"
neuronal recruitment and flight 
distance in migratory birds. 
Sci. Rep. 6: 21983

Bulte M., Heyers D., Topical "It is highly likely that the magnetic sense involved here would also No
Mouritsen H. & Bairlain, F. 2016. be the one involved in sensing position-related information, which
Geomagnetic information experienced birds can use to correct for geographical displacements
modulates nocturnal migratory (Perdeck 1958)"
restlessness but not fuelling in 
a long distance migratory 
songbird. J. Avian Biol. 48: 75–82.

Chernetsov N.S. 2016. Review "Since the classic experiments of Perdeck on starlings (Sturnus Yes Indirect
Orientation and navigation vulgaris) (Perdeck 1958) it is usually assumed that experienced adult
of migrating birds. migrants performing migration not for the first time use a navigation 
Biol. Bull. 43: 788–803. map, whereas juvenile birds migrating for the first time have no map

(in the Northern Hemisphere it usually happens in autumn). It is
believed that first-autumn migrants flying towards their winter
quarters where they have never been before, do not use a map,
which in birds is not innate, but experience-based, but follow an
innate spatio-temporal programme (Gwinner & Wiltschko 1978)."

Fayet A.L., Freeman R., Shoji A., Topical "Migrants with a population-wide single migratory direction are Yes Direct
Boyle D., Kirk H.L., Dean B.J., thought to inherit at least the direction and duration of their
Perrins C.M. & Guilford T. 2016. migration route genetically (Perdeck 1958, Helbig 1991, Berthold
Drivers and fitness consequences et al. 1992, Berthold 1996) or to learn it by following family
of dispersive migration in a members or other conspecifics (Chernetsov et al. 2004, Harrison
pelagic seabird. Behav. et al. 2010, Palacin et al. 2011)."
Ecol. 27: 1061–1072.

Mouritsen H., Heyers D. & Review "Young birds on their first autumn migration use a simple clock-and- Yes Indirect
Güntürkün O. 2016. compass strategy (also termed the calendar-and-compass strategy
The neural basis of long- or the vector navigation strategy) to locate their wintering grounds
distance navigation in birds. (Perdeck 1958, Berthold 1991, Mouritsen & Larson 1998, Mouritsen
Annu. Rev. Physiol. 78: 133–154. & Mouritsen 2000, Mouritsen 2003, Holland 2014). Their navigational

systems do not involve any map-based feedback but instead work as
follows: The birds fly in direction A for X days and then fly in direction
B for Y days (although they can deviate from this strategy in some
emergency situations, for instance, when they find themselves over
water at dawn; see: Mouritsen 2001, 2003). The clock-and-compass
strategy requires only an inherited migratory direction, a circannual
clock, and at least one compass."

Pritchard D.J., Hurly T.A., Review "For example, determining whether avian migrants truly know the No
Tello-Ramos M.C. & Healy S.D. location of their wintering grounds, rather than just the distance 
2016. Why study cognition in and direction to fly in order to reach them, relies on experiments
the wild (and how to test it)? carried out on a grand scale impossible in the laboratory (Perdeck
J. Exp. Anal. Behav. 105: 41–55. 1958, Thorup et al. 2007)."

Rotics S., Kaatz M., Resheff Y.S., Topical "Previous bird studies showed that migrating juveniles have lower No
Feldman-Turjeman S., Zurell D., navigation capacity (Perdeck 1967, Thorup et al. 2007, Mueller
Sapir N., Eggers U., Flack A., et al. 2013),"
Fiedler W., Jeltsch F., Wikelski M. 
& Nathan R. 2016. The challenges 
of the first migration: movement 
and behaviour of juvenile vs. 
adult white storks with insights 
regarding juvenile mortality.    
J. Anim. Ecol. 85: 938–947.
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Brown J.M. & Taylor P.D. 2017. Topical "Hatch-year individuals, however, likely rely on dead-reckoning, Yes Direct
Migratory blackpoll warblers limiting them to genetically-programmed migration routes and
(Setophaga striata) make limiting their ability to correct for displacement (Perdeck 1958)"
regional-scale movements that 
are not oriented toward their 
migratory goal during fall. 
Move. Ecol. 5: 15

Finch T., Butler S.J., Topical "Even under relatively deterministic genetic controls, variable Yes Direct
Franco A.M.A. & Cresswell, W. weather and wind conditions experienced en route (Elkins 1983),
2017. Low migratory connectivity and the varying ability of migrants (and juveniles in particular) to 
is common in long-distance fully compensate for any major displacement from their genetically
migrant birds. predetermined migration trajectory (Perdeck 1958, Thorup et al.
J. Anim. Ecol. 86: 662–673. 2003, 2011) will result in deviations, which likely accrue with

increasing migration distance."

Goto Y., Yoda K. & Sato K. Topical "Our results also suggest the high cognitive ability of seabirds to No
2017. Asymmetry hidden in solve an orientation task over the ocean. We could exclude the
birds’ tracks reveals wind, possibility, known as vector orientation, that the shearwaters 
heading, and orientation continued headingin one particular direction, because turtles and  
ability over the ocean. the young birds of some species do (Gaspar et al. 2006, Perdeck 
Science Adv. 3: e1700097. 1958, Berthold 2001). For vector orientation, only a sense of direction, 

that is, the ability to detect direction using a magnetic, sun, or stellar 
compass, is used. However, more complex orientation ability is 
required for the flow compensation the shearwaters use to return 
to their colony after foraging."

Heyers D., Elbers D., Bulte M., Topical "Indeed, prominent aspects of the birds’ migratory programme, Yes Indirect
Bairlain F. & Mouritsen H. 2017. such as migratory restlessness behaviour, fuel deposition, and/or
The magnetic map sense and its directional orientation have been shown to be modified by
use in fine-tuning the migration magnetic fields (Perdeck 1958)"
programme of birds. J. Comp. 
Physiol. A. 203: 491–497.

Kishkinev D., Heyers D., Topical "However, Perdeck (1958) found a difference between navigational Yes Direct
Woodworth B.K., Mitchell G.W., strategies of first-time and experienced migrants implying that the
Hobson K.A. & Norris D.R. 2017. former were not relying on conspecifics while making navigational
Experienced migratory songbirds decisions, whereas starlings with migratory experience compensated 
do not display goal-ward and were found primarily inside their normal wintering area."
orientation after release 
following a cross-continental 
displacement: an automated 
telemetry study. Sci. Rep. 6: 37326. 

Lundberg M., Liedvogel M., Topical "Selective breeding and displacement experiments have clearly Yes Direct
Larson K., Sigeman H., Grahn M., shown that the migratory behavior in songbirds must be encoded
Wright A., Åkesson S. & Bensch S. as an innate set of migratory directions and a schedule that provides
2017. Genetic differences sufficient information to reach a specific wintering area (Perdeck
between willow warbler 1958, Berthold 1990, Helbig 1996).
migratory phenotypes are few 
and cluster in large haplotype 
blocks. Evol. Lett. 1-3: 155–168.

Meyburg B.U., Bergmanis U., Topical "Outside of the laboratory, the best way to empirically study the No
Langgemach T., Graszynski K., role of innate versus external influences on migratory behaviour is
Hinz A., Börner I., Meyburg C. through displacement or delayed-release experiments (Perdeck
& Vansteelant W.M.G. 2017. 1958, Schüz 1950)."
Orientation of native versus 
translocated juvenile lesser 
spotted eagles (Clanga pomarina) 
on the first autumn migration. 
J. Exp. Biol. 220: 2765–2776.   
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Vansteelant, W.M.G., Topical "Such unexperienced migrants are assumed to follow an innate Yes Indirect
Kekkonen, J., Byholm, P. 2017. migratory heading for a predetermined amount of time during one
Wind conditions and geography or more bouts of migratory flight (Åkesson and Hedenström 2007,
shape the first outbound Wiltschko and Wiltschko 2015), which explains why young and
migration of juvenile honey inexperienced migrants are often observed not to compensate for
buzzards and their distribution wind drift (Thorup et al. 2003, Richardson 1990, Liechti 2006,
across sub-Saharan Africa. Alerstam 1979) or experimentally induced displacements (Perdeck
– Proc. R. Soc. B. 284: 20170387. 1958), and which suggests they only manage to settle wintering

territories if they do not drift too far from suitable habitat."

Berdahl, A.M., Kao, A.B., Review mechanism: social learning (experiment with starlings) No
Flack, A. Westley, P.A.H., 
Codling, E.A., Couzin, I.D., 
Dell, A.I. and Biro, D. 2018. 
Collective animal navigation 
and migratory culture: from 
theoretical models to empirical 
evidence. – Phil. Trans. 
R. Soc. B 373: 20170009.

Mouritsen, H. 2018. Review "Inexperienced bird migrants usually follow experienced Yes Indirect
Long-distance navigation companions or rely on a simple clock-and-compass strategy (vector
and magnetoreception in navigation) using only an innate circannual clock and compass
migratory animals. orientation programmes, but no map. They are therefore, except
– Nature 558: 50–59. for a few emergency plans, unable to correct for geographical

displacement (Mouritsen 2003, 2015, Holland 2014, Perdeck 1958,
Chernetsov et al. 2017, Mouritsen and Mouritsen 2000, Deutschlander
et al. 2012, Holland and Helm 2013). " "Simple, compass-based,
vector orientation relying on an inherited initial direction (Berthold
1999, Mouritsen 2003, Brower 1996, Mouritsen et al. 2013a, 
Holland 2014) seems to be the only mechanism available to many
inexperienced animals that travel without experienced companions
(Berthold 1999, Mouritsen 2003, Mouritsen et al. 2013a,b, Holland
2014, Perdeck 1958, Mouritsen and Mouritsen 2000, Deutschlander
et al. 2012, Holland and Helm 2013."

Muheim, R., Schmaljohann, H. Review "Young, inexperienced birds on their first migration are generally Yes Indirect
and Alerstam, T. 2018. assumed to use a genetically encoded program, providing them with
Feasibility of sun and magnetic information on the direction and distance to migrate (Berthold 1990,
compass mechanisms in avian Gwinner 1996, Gwinner and Wiltschko 1978). Navigational map
long-distance migration. information collected during this first migration allows them then
– Move. Ecol. 6: 8. to navigate back to the known breeding area and during future

migrations, as has been shown by several displacement experiments
(Perdeck 1958, Thorup et al. 2007, Chernetsov et al. 2008)."

Merlin, C. and Liedvogel, M. Review "Genetic inheritance of both timing and migratory direction was Yes Direct
2019. The genetics and further supported by elegant displacement experiments in which
epigenetics of animal migration both experienced adults that already had successfully completed
and orientation: birds, a migratory journey and naïve juvenile birds on their first journey
butterflies and beyond. were displaced from their original location (Perdeck 1958, Thorup
– J. Exp. Biol. 222. et al. 2007). Inexperienced juveniles followed an innate clock and

compass strategy (e.g. vector navigation), leaving at the right time
and flying the correct distance in the inherited migratory direction."

Verhoeven, M.A.,  Topical All of these experiments should manipulate the spatiotemporal Yes Direct
Loonstra, A.H.J., Senner, N.R., environment during development, thus enabling an evaluation of
McBride, A.D., Both, C. and whether the environment does or does not affect the migratory 
Piersma, T. 2019. Variation behavior of juveniles. If it does not, this would be evidence for 
from an unknown source: innate migratory behavior (Perdeck, 1958, Thorup et al. 2007).
large inter-individual differences 
in migrating Black-tailed Godwits. 
– Front. Ecol. Evol. 7: 31. 
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INTRODUCTION

Structural differences in size between males and
females are observed in a wide range of animals
(Fairbairn 1997). Sexual size dimorphism (hereafter:
SSD) varies across taxa; the degree and direction of
SSD varies among populations of the same species,
among species, and among the broader groupings of
birds, mammals and insects (Darwin 1871, Shine
1989, Weatherhead & Teather 1994, Stillwell et al.
2010). Variation in SSD has been linked to various
selective forces, each of which has differential effects
on the sexes: for example, fecundity selection leading
to increased female size or sexual selection leading to
increased male size (Székely et al. 2000, Serrano-
Meneses & Székely 2006, Lislevand et al. 2009). If the
costs of raising the two sexes differ due to different
developmental patterns, such as SSD, the more expen-

sive sex could experience a higher mortality rate under
unfavourable environmental conditions, thereby affect-
ing population dynamics (Benito & Gonzáles-Solís
2007). Although the pattern of SSD in adults has been
examined in numerous studies, only a few studies have
investigated the development of SSD (Cox & John-
Alder 2007, Dietrich-Bischoff et al. 2008, Klenovsek &
Krystufek 2013, Lok et al. 2014). This is a real knowl-
edge gap, as studies such as these might be able to
explain SSD in an ecologically informed developmental
sense (Stillwell et al. 2014, Chou et al. 2016). 

SSD in adults has been observed to come about in
three different ways, or any combination of these three.
First, SSD can emerge during the prenatal phase,
meaning that males and females differ in their embry-
onic growth rate. This can be caused by either inher-
ited differences or differences in maternal investment
between males and females (Cordero et al. 2000,

A.H. Jelle Loonstra, Mo A. Verhoeven & Theunis Piersma 

Ibis (2018) 160: 89–100.

Sexual size dimorphism (SSD) is common in birds and has been linked to various selective forces. Nevertheless, the
question of how and when the sexes start to differentiate from each other is poorly studied. This is a critical knowl-
edge gap, as sex differences in growth may cause different responses to similar ecological conditions. In this study,
we describe the sex-specific growth – based on body mass and five morphometric measurements – of 56 captive
Black-tailed Godwit Limosa limosa limosa chicks raised under ad libitum food conditions, and conclude that all six
growth curves are sex-specific. Females are the larger sex in terms of body mass and skeletal body size. To test
whether sex-specific growth leads to sex-specific susceptibility to environmental conditions, we compared the age-
specific sizes of male and female chicks in the wild with those of Black-tailed Godwits reared in captivity. We then
tested for a relationship between residual growth and relative hatching date, age, sex and habitat type in which the
wild chicks were born. Early-hatched chicks were relatively bigger and in better condition than late-hatched chicks,
but body condition and size were not affected by natal habitat type. Female chicks deviated more negatively from
the sex-specific growth curves than male chicks for body mass and total-head length. This suggests that the growth
of the larger females is more susceptible to limiting environmental conditions. On average, the deviations of wild
chicks from the predicted growth curves were negative for all measurements, which suggests that conditions are
limiting in the current agricultural landscape. We argue that in estimating growth curves for sexually dimorphic
species, it is critical first to make accurate sex and age determinations. 

13 Sex-specific growth in chicks of the sexually
dimorphic Black-tailed Godwit
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Sellier 2000, Helle et al. 2013). Secondly, SSD can start
to occur after hatch but before fledging, as a result of
differences in the duration or rate of growth (Leigh &
Shea 1995, Hasumi 2010, Zhang & Liu 2013, Lok et al.
2014). Thirdly, SSD can result from body-size related
differences in survival within or between differently
sized males and females (Kersten & Brenninkmeijer
1995, Badyaev et al. 2001). 

If variation in growth between individuals during a
developmental stage is explained by inherited differ-
ences (including the effects of sex), the growth of dif-
ferent individuals may have different susceptibilities to
similar environmental conditions (Richner 1991,
Kalmbach et al. 2005). For instance, it is commonly
assumed that the larger sex requires higher energetic
demands to reach their adult size and may therefore be
more sensitive to a shortage of resources (Anderson et
al. 1993, Krijgsveld et al. 1998). This could result in a
longer developmental time for the larger sex, an
increase in mortality risk due to starvation or a greater
likelihood of being predated (Manicom et al. 2014). To
fully understand the degree of phenotypic plasticity in
SSD, it is necessary to understand how and whether
the sexes differ in their susceptibility to similar ecologi-
cal conditions during the stage in which individuals
grow (Badyaev 2002, Blanckenhorn 2005). 

Here we examine sex-based growth differences of
body mass and five different morphometric measure-
ments in a shorebird, the Continental Black-tailed
Godwit (Limosa limosa limosa). The Continental Black-
tailed Godwit (hereafter: ‘Godwit’) is a medium-sized
sexually dimorphic wader species. Although females
are larger than males in body mass, wing, bill, total-
head, tarsus and tarsus–toe length (Schroeder et al.
2008), sex-based differences in growth rate during the
pre-fledging period have not yet been evaluated for
Godwits (Beintema & Visser 1989). Using 56 captive-
reared chicks, we were able to estimate sex-specific
growth curves for body mass, and for the linear
measure ments of wing, bill, total-head, tarsus and tar-
sus-toe length. We then estimated the susceptibility of
growth of the two sexes to relative hatch date and
natal habitat type by comparing the measurements of
wild Godwit chicks with the predictions based on the
growth curves of captive-reared chicks. This enabled us
to test whether the growth of females and males is
affected differentially by similar ecological conditions.
As Godwit chicks are precocial, and are guided and
protected by their parents only during the pre-fledging
period, the size and body condition of a chick during
the prefledging period largely reflects the environmen-
tal conditions it has experienced. 

METHODS

Study population
The study was conducted in south-west Friesland, The
Netherlands (52°550 N, 5°250 E), during the breeding
seasons of 2007–2010 and 2012–2016. The study area
consists mostly of grassland that is managed primarily
for dairy farming, along with some reserves for breed-
ing meadow birds (Groen et al. 2012). Although the
decline of Godwits in The Netherlands is ongoing
(Kentie et al. 2016), our study area still holds a rela-
tively high, and relatively stable, number of breeding
Godwits (Groen et al. 2012, Kentie et al. 2017). To
classify the management type and thus the quality of
each field for Godwit chicks, we assigned fields into
two classes on the basis of herb richness and the pres-
ence of foot drains (Groen et al. 2012, Kentie et al.
2013). In referring to these two habitat types, we use
the names ‘meadows’ for fields that have been previ-
ously associated with relatively good growing condi-
tions for Godwit chicks, and ‘monocultures’ for fields
that were linked with poorer growing conditions (com-
plete description in Kentie et al. 2013). 

From 2007 to 2010 we studied Godwits in a 8780
ha area. In 2012 the study area was enlarged to 10 280
ha. Godwits are present in the study area from early
March until late July (Gill et al. 2007). Nest initiation
starts in the first week of April, and nesting attempts
made after the failure of one or more previous nests
can be observed until the first week of June (Senner et
al. 2015). Precocial Godwit chicks hatch after an incu-
bation period of approximately 21 days and fledge
when c. 25 days old (pers. obs.); after this period,
chicks can be accompanied by their parents for another
1 or 2 weeks (pers. obs.). 

Chicks raised in captivity and in the wild
To obtain standardized and repeated growth measure-
ments of chicks, we reared Godwit chicks in captivity
under ad libitum food conditions. We collected 64 eggs
within our study area in 2016 and incubated them in
an incubator (Heka STANDARD 9) at a temperature of
37.5°C and a relative humidity of 55–60%. After suc-
cessful hatching 56 chicks, we individually marked
them with a plastic engraved flag with a unique code
of three characters. Chicks were kept inside for 1 week,
and 100W infrared lamps were used to provide them
with extra warmth during this period. 

Chicks were housed in cages of 6.25m2, with indi-
viduals divided equally between eight cages. To prevent
group effects, we shuffled the chicks between these
cages every day in a random order. After the initial
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period of 1 week, the chicks spent every other day out-
side in a 2500m2 enclosure in a meadow from 08:00 to
17:00 h. Indoors, these chicks were fed a commercially
obtained waterfowl food (Micro Lundi, Lundi, Verl,
Germany) and occasionally live buffalo worms
(Alphitobius diaperinus). In the outdoor enclosures, the
chicks were able to behave and forage as they would in
the wild. Water was made available ad libitum in shal-
low bowls both indoors and outdoors. Day length con-
ditions inside were similar to the conditions outside. At
ages greater than 35 days, the chicks were colour-
ringed and released in the wild. 

To compare our captive-raised chicks with wild
chicks, we recaptured previously ringed hatchlings of
known age in the breeding seasons of 2007–2010 and
2012–2015, and measured their body size and mass.
Wild chicks were uniquely marked as hatchlings (1 day
old) in the nest with a plastic flag of the same type as
those used on chicks raised in captivity. Between
2007–2010 and 2012–2015, we succeeded in recaptur-
ing 204 chicks of the 5102 chicks that had been ringed
as hatchlings (Table 13.1). 

Body size measurements
Body size and mass measurements of the captive
reared chicks were taken between 07:00 and 08:00 h.
These measurements were performed every day during
the first 25 days, and every other day thereafter. For
chicks from 0 to 5 days, body mass was measured using
an electronic scale ( 0.1 g); chicks older than 5 days
were weighed to the nearest 1 g on a larger electronic
scale. We also measured the following linear dimen-
sions in both wild and captive chicks: bill length
(exposed culmen, 0.1 mm), total-head length (0.1
mm), wing length (flattened and straightened, 1 mm),
tarsus length (0.1 mm) and tarsus–toe length (tarsus
plus mid-toe without claw, 1 mm). 

Molecular sex identification
To determine the genetic sex of each chick we obtained
a ~ 10mL blood sample from the leg vein after hatching.

When an older chick (>6 days) was recaptured, we
took the blood sample from the brachial vein. Blood
was stored in individual 1.5mL Eppendorf tubes con-
taining 97% alcohol buffer, and frozen at 80°C as soon
as possible. The genetic sexing techniques used are
fully described in Schroeder et al. (2010). 

Statistical analysis
All statistical analyses were performed using R (version
3.3.0, R Development Core Team 2016). For body mass
and each morphometric measurement of the captive
raised chicks, we assessed whether growth was best
described by one of the two models typically used to
describe avian growth: the Gompertz growth model,
yt = y∞ · exp(–exp(–k · (t – Ti))), and the logistic
growth model, yt = y∞/(1 + exp(–k(t – Ti))) (Ricklefs
1968, Tjørve & Tjørve 2010). In these formulas, yt is
value of the trait at age t, y∞ is the asymptotic value of
the biometric trait, t is the age (in days), k is the
growth coefficient and Ti is the age (in days) at the
point of inflection. For both growth models we also
evaluated sex differences in y∞, k and Ti. 

To test for an effect of sex on y∞ , k and Ti of the
captive-raised chicks we used non-linear mixed models
(nlme package) (Lindstrom & Bates 1990, Pinheiro &
Bates 2000, Pinheiro et al. 2012). We included chickID
as a random effect, to account for pseudoreplication
(Pinheiro & Bates 2000). However, models including a
random effect for all three different growth parameters
(y∞ , k and Ti) did not converge. A closer examination
of the correlation between the estimated random
effects revealed that they were highly correlated and
that the model was overfitted (negative variances of
the random effects). Exploratory analyses showed that
the convergence problems were solved when individu-
als were only allowed to vary randomly for asymptotic
size (y∞). We therefore decided to only include a ran-
dom effect for the asymptotic growth parameter (y∞).
We then tested, using both growth functions (Gompertz
and logistic), for an effect of sex on y∞, k and Ti. As a
result, we compared 16 different models. Models with
<2 DAICc, and with the fewest parameters were con-
sidered to be the most parsimonious (Burnham &
Anderson 2002, Arnold 2010). 

Comparing the growth of wild recaptured chicks
with the fitted growth functions
Secondly, we compared the linear and mass measure-
ments of the recaptured wild chicks with the predicted
value given by the best growth model, which was
found on the basis of the captive raised chicks (see
above). To do this, we calculated the residuals by sub-
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Sex Biometric measurement

Body mass Wing Bill Total-head Tarsus Tarsus–toe

Males 114 49 107 110 109 78
Females 90 43 87 87 89 86

Table 13.1. Sample sizes of recaptured male and female Godwit
chicks in the wild from 2007–2010 and 2012–2015.          



tracting the observed measurement from the predicted
value. We then determined the relative difference of
these residuals by comparing them with the predicted
value of the measurement. Similar to Kentie et al.
(2013), we assumed that the habitat type (‘meadow’ or
‘monoculture’) in which a chick hatched (natal habitat)
is also the habitat type in which the chick grew up. To
test whether hatching date influenced the growth of
chicks, we calculated the difference between individual
hatch date and the annual mean hatch date in our study
area (hereafter relative hatching date). To statistically
control for the unmeasured year to year variations in
the phenology of arthropods (Reneerkens et al. 2016),
we included year as an interaction in our models. 

We tested whether the relative growth of chicks
recaptured in the wild (relative to the predicted value
of the captive-reared chicks) was affected by natal

habitat type, year, relative hatching date, age (in days),
sex and the interactions age · sex, relative hatching
date · sex, relative hatching date · year, year · natal
habitat type, age · natal habitat type and natal habitat
type · relative hatching date. We did this by fitting lin-
ear mixed-effects models using the package lme4
(Bates et al. 2015). As some chicks were recaptured
more than once, we included chickID as a random
effect. Unfortunately, in many wild recaptured chicks
wing lengths were not measured, which precluded esti-
mates of the interaction between year and relative
hatch day, and year and natal habitat type. We started
the analysis with a full model for each separate biomet-
ric measure, including all effects and their interactions.
Subsequently, a stepwise backward procedure was fol-
lowed to find the minimal adequate model (MAM) in
which terms were deleted in order of decreasing P-
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Growth Sex kb D(-2logL) DAICc Akaike
function effectsa weightc

(a)  Body mass
y∞, k, Ti 9 0.00 0.00 0.64

Gompertz y∞, Ti 8 1.57 1.15 0.36
Gompertz y∞, k 8 9.75 17.50 0.00
Gompertz k, Ti 8 21.56 41.13 0.00
Gompertz k 7 22.06 40.11 0.00
(-2logL)d = 6561.59;  AICce = 13139.17

(b)  Tarsus
Logistic y∞, Ti 8 0.00 0.00 1.00
Logistic k, Ti 8 21.05 42.71 0.00
Logistic Ti 7 24.71 48.03 0.00
Logistic y∞, k 8 84.70 170.00 0.00
Logistic y∞ 7 84.76 168.13 0.00
(-2logL)d = 3772.95;  AICce = 7559.29

(c)  Bill
Gompertz y∞, k 8 0.00 0.00 1.00
Gompertz k 8 20.08 11.04 0.00
Gompertz y∞ 7 109.77 55.88 0.00
Logistic y∞, Ti 7 110.26 55.13 0.00
Logistic y∞, k, Ti 9 110.50 54.25 0.00
(-2logL)d = 3785.50;  AICce = 6781.00

Table 13.2. Model selection results of Gompertz and logistic growth curves for body mass (a), tarsus (b), bill (c), tarsus–toe (d),
wing (e) and total-head (f) lengths, testing for an effect of sex on the different growth parameters y∞, k and Ti. Results are based on
the biometric measurements obtained from hand-raised Godwits (n = 56). The most parsimonious model is shown in bold (i.e. the
model with the fewest parameters among the supported models; AICc <2). We only show the top five models; all models are shown
in Supporting Information Table S1.          

Growth Sex kb D(-2logL) DAICc Akaike
function effectsa weightc

(d)  Tarsus–toe
Logistic y∞, k, Ti 9 0.00 0.00 0.51
Logistic y∞, Ti 8 1.06 0.12 0.49
Logistic k, Ti 8 24.25 46.50 0.00
Logistic Ti 7 26.94 49.89 0.00
Logistic y∞, k 8 64.19 126.38 0.00
(-2logL)d = 4092.94;  AICce = 8201.88

(e)  Wing
Gompertz y∞, k 8 0.00 0.00 0.68
Gompertz y∞, k, Ti 9 0.23 1.55 0.31
Gompertz k, Ti 8 4.65 9.31 0.00
Gompertz Ti 7 10.78 19.57 0.00
Gompertz y∞, Ti 8 10.48 20.97 0.00
(-2logL)d = 3986.65;  AICce = 7987.30

(f)  Total-head
Gompertz y∞, k 9 0.00 0.00 1.00
Gompertz Ti 7 22.20 40.39 0.00
Logistic y∞, Ti 8 60.67 119.32 0.00
Logistic y∞, k 8 74.29 146.58 0.00
Gompertz y∞ 7 78.57 153.14 0.00
(-2logL)d = 3832.35;  AICce = 7680.70

a Testing the effect of sex on y∞, k, Ti or no effect (.) b No. of parameters in the model. c AICc weight, where a value of 0.00 corresponds to a weight of 0.004.
d Minimum (-2logL) value observed. e Minimum AICc value observed.



value (Quinn & Keough 2005). All reported 95% confi-
dence intervals for parameters that are included in the
MAM were calculated with a parametric bootstrap
(1000 iterations). The goodness-of-fit was calculated
according to Xu (2003). We checked and confirmed the
normality of the residuals by visually inspecting their
QQ-plots (Miller 1986). 

RESULTS

Growth curves
Based on the 26 females and 30 males that were raised
in captivity, growth of the tarsus and tarsus–toe length
were best described by a logistic growth curve, whereas
bill, total-head, wing length and body mass were best
described by a Gompertz growth curve (for model
selection results, see Table 13.2 and Supporting Infor -

mation Table S1). There was considerable support for
growth differences between males and females for
body mass (removing the sex effects for body mass led
to a DAICc of 78.31) and all five linear body size meas-
urements (tarsus DAICc = 207.77, bill DAICc = 64.53,
tarsus–toe DAICc = 235.79, wing DAICc = 38.57,
total-head DAICc = 171.97; Figure 13.1, Tables 13.2
and Table S1). Females had larger asymptotic values
for all linear and mass measurements; the most pro-
nounced differences between males and females were
in body mass (21% heavier for females) and total-head
length (11% larger for females) (Table 13.3, for model
selection results, see Tables 13.2 and Table S1). As y∞
was higher for all different measurements in females,
the growth coefficients (k) should all be lower to
achieve the same maximum growth rates. However, k
was either higher in females or equal between males
and females, and as a result the maximum growth rates
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Figure 13.1. Estimated growth curves for body mass, wing length, bill length, total-head length, tarsus length and tarsus–toe length
based on the most parsimonious model in Table 13.2. The black line represents for each biometric measurement the growth for
females and the grey line for males. Points represent the measurements of the captive-raised chicks, grey points represent females
and open grey points represent males. 



were higher for females for all six measurements (Table
13.3). Nonetheless, females reached the inflection
point (Ti, the age at which maximum growth occurs) at
a later age for body mass, total-head, tarsus and tar-
sus–toe length (Table 13.3; for model selection results,
see Table 13.2 and Table S1). 

Growth of recaptured wild chicks
The average deviation from the predicted growth for
all measurements ranged from –16.0% for body mass
to –5.7% for total-head length. There was no effect of
natal habitat type, nor was there a significant interac-
tion between natal habitat type and any of the other
predictor variables used to model the amount of devia-
tion from the predicted body mass and the five mor-

phometric measurements (Table 13.4). There was also
no evidence for an effect of age on the deviation in
body mass (Table 13.4). However, recaptured females
deviated on average –4.60% (95% CI –1.10 to –7.83%)
more from the expected body mass than recaptured
males (Figure 13.2A, Table 13.4). Furthermore, resid-
ual body mass of chicks was negatively correlated with
relative hatching date, but the extent differed between
years (Figure 13.2B, Table 13.4). In other words, early-
hatched chicks were relatively heavier than late-
hatched chicks. The deviation in wing length was nega-
tively correlated with relative hatching date only, with
chicks hatched later deviating more from the predicted
length (relative hatch date: b = –0.51%, 95% CI –0.84
to –0.14) (Table 13.4). 
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Figure 13.2. (A) Estimated relationship between the deviation in expected age-specific body mass and relative hatching date of wild
recaptured chicks; the mean and 95% confidence intervals are shown for both males (grey lines) and females (black lines). Estimates
refer to the reference year 2007. Open grey (males) and black (females) points are the actual deviation in body mass of recaptured
Godwit chicks. (B) Estimated relationship between the deviation in expected body mass and year; mean and 95% confidence inter-
vals are shown. Estimates refer to a relative deviation from the annual hatching date of 0 days. 

Fixed effects

Measure Growth y∞ k Ti
function

Female Male Female Male Female Male

Body mass Gompertz 363.0 ± 7.0 298.0 ± 8.0 0.0737 ± 0.0010 0.0737 ± 0.0010 14.89 ± 0.17 13.98  ± 0.13
Bill Gompertz 161.0 ± 5.0 147.0 ± 3.0 0.0320 ± 0.0012 0.0300 ± 0.0012 26.91 ± 0.80 26.91 ± 0.80
Total-head Gompertz 181.0 ± 4.0 163.0 ± 5.0 0.0340 ± 0.0008 0.0290 ± 0.0010 13.60 ± 0.66 9.00 ± 0.80
Tarsus Logistic 84.9 ± 0.7 77.1 ± 0.9 0.1420 ± 0.0010 0.1420 ± 0.0010 3.38 ± 0.05 2.33 ± 0.08
Tarsus–toe Logistic 131.0 ± 0.9 121.0 ± 1.2 0.1270 ± 0.0010 0.1270 ± 0.0010 –1.05 ± 0.07 –2.24 ± 0.08
Wing Gompertz 221.0 ± 2.3 211.0 ± 2.9 0.0980 ± 0.0010 0.0970 ± 0.0010 13.62 ± 0.07 13.62 ± 0.07

Table 13.3. Parameter estimation (mean ± SE) of the growth curves (Gompertz or logistic) for bill, total-head, tarsus, tarsus–toe,
wing length and body mass, based on the most parsimonious model in Table 13.2.        



Chapter 13152

Response
Fixed effects

variable Intercept Age Sex(1) HD y2008 (2) y2009 y2010 y2012 y2013 y2014 y2015

Body mass Estimate –25.57*** –0.16 4.60* –0.49* 3.43 –4.40 11.99 –2.87 11.88 –2.55** 13.23
SE 3.54 0.17 2.30 0.34 4.50 9.11 8.18 4.70 4.46 4.60 3.74
R2 = 0.84

Wing length Estimate –12.08*** 0.18 –3.07 –0.51*** -- -- -- -- -- -- --
SE 1.27 0.25 2.32 0.16 -- -- -- -- -- -- --
R2 = 0.97

Bill-length Estimate –3.24** –0.35*** 1.76 –0.16* –1.46 –3.07 4.17 –4.02 4.47 –1.46 4.38
SE 1.46 0.09 1.25 0.08 2.61 3.84 4.53 2.73 2.57 2.67 2.21
R2 = 0.75

Total-head Estimate –0.59* –0.47*** 6.05** –0.19*** –2.44 –4.48 –2.13 –2.06 3.40 –3.03 2.32
length SE 2.08 0.10 2.05 0.05 1.62 2.43 2.89 1.70 1.60 1.66 1.35

R2 = 0.94

Tarsus Estimate –14.36*** 0.20** 1.23 –0.20** –2.18 –5.08 –1.80 –1.51 2.79 –2.94 1.79
SE 1.15 0.07 1.14 0.07 2.22 3.33 3.95 2.31 2.19 2.22 1.82
R2 = 0.94

Tarsus–toe Estimate –7.54*** 0.09 0.45 –0.24*** –1.86 –2.42 2.79 –1.60 2.57 –1.32 0.04
SE 0.43 0.05 0.86 0.05 1.74 2.50 2.95 1.81 1.65 1.69 1.49
R2 = 0.88

1Reference level for sex is female. 2Reference level for year is 2007. 3Reference level for natal habitat type is ‘monoculture’.
* Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level.

Table 13.4. Results of mixed models examining the effect of relative hatching date (noted as: HD), age, sex, year (noted as: y), natal
habitat type (noted as: NH) and their interactions on the standardized residuals with the growth curve on body mass and body size
(wing, bill, total-head, tarsus and tarsus–toe length). Estimates of non-significant terms are from the last model before simplification.
Variables that are maintained in the minimum adequate model after stepwise backward model selection are in bold. The effect size is
noted as R2.        

Response
Fixed effects

variable NH(3) Age * Sex HD* Sex HD* y2008 HD* y2009 HD* y2010 HD* y2012 HD* y2013 HD* y2014 HD* y2015

Body mass Estimate 4.33 –0.54 –0.09 0.33 0.56 1.40 –0.65 –1.03* –0.33 –0.10
SE 2.51 0.39 0.29 0.49 1.11 0.79 0.53 0.55 0.44 0.43
R2 = 0.84

Wing length Estimate 1.56 –0.19 –0.23 -- -- -- -- -- -- --
SE 2.14 0.47 0.36 -- -- -- -- -- -- --
R2 = 0.97

Bill-length Estimate 1.74 0.10 –0.16 0.36 0.46 0.15 –0.06 –0.56 –0.12 0.17
SE 1.43 0.19 0.15 0.31 0.61 0.78 0.30 0.31 0.26 0.27
R2 = 0.75

Total-head Estimate 1.09 0.60*** –0.02 0.10 0.39 0.62 –0.12 –0.32 0.04 0.12
length SE 0.95 0.12 0.10 0.18 0.39 0.35 0.19 0.19 0.15 0.15

R2 = 0.94

Tarsus Estimate 1.10 –0.12 0.098 –0.14 0.37 0.65 –0.41 –0.54 –0.13 –0.06
SE 1.21 0.14 0.14 0.23 0.54 0.48 0.26 0.27 0.21 0.21
R2 = 0.94

Tarsus–toe Estimate 1.26 –0.15 –0.04 –0.001 –0.016 –0.014 –0.26 –0.46 –0.03 0.03
SE 0.87 0.11 0.10 0.19 0.40 0.36 0.19 0.21 0.16 0.16
R2 = 0.88

1Reference level for sex is female. 2Reference level for year is 2007. 3Reference level for natal habitat type is ‘monoculture’.
* Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level.



The most parsimonious model for bill length growth
included a negative correlation with age, reveal ing that
the negative deviation from the predicted bill length
increased with age (b = –0.35%, 95% CI –0.47 to
–0.28%) (Table 13.4). Furthermore, the deviation in
bill length of recaptured chicks was negatively corre-
lated with relative hatching date (Table 13.4). For
total-head length, we found a significant interaction
between sex and age: the positive deviation from the
predicted length decreased slightly with age for males
(b = –0.01%, 95% CI –5.50 to 2.83%), and also
decreased with age for females (b = –0.59%, 95% CI
–5.83 to 1.63%). Also, we found a negative effect of
relative hatching date (Table 13.4). Relative residual
tarsus length was negatively influenced by relative
hatching date (b = –0.20%, 95% CI –0.33 to –0.05%),
but positively influenced by the age of a chick (age:
b = 0.20%, 95% CI –0.06 to 0.34%) (Table 13.4). This
suggests that any relative negative deviation decreased
with age. Tarsus–toe length, which includes the length
of the tarsus, was only negatively influenced by the rel-
ative hatching date (b = –0.24%, 95% CI –0.32 to
–0.12%) (Table 13.4). 

DISCUSSION

Development of sexual size dimorphism
Our results show that a large part of the observed SSD
in adult Continental Black-tailed Godwits develops
during the pre-fledging period (Figure 13.1). Males
and females differed only slightly in their morphology
at hatching, but differences between the sexes in wing,
bill, total-head, tarsus, tarsus–toe length and body
mass slowly increased during the pre-fledging period
(Table 13.5). Differences in asymptotic values between
males and females at the time of fledging were most
pronounced in total-head and body mass, whereas the
SSD for all estimated asymptotic values in most cases
resembled the degree of SSD observed in adults (Table
13.5). However, asymptotic values of total-head, bill
and wing length do not resemble the length of these
structures in adult Godwits, indicating that birds still
show growth after fledging (Figure 13.1, Table 13.3)
(Schroeder et al. 2008). 

As the degree of SSD increased during the prefledg-
ing period, females must either grow faster than males,
or show growth for a longer period. We found evidence
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Response
Fixed effects

variable NH* y2008 NH* y2009 NH* y2010 NH* y2012 NH* y2013 NH* y2014 NH* y2015 Age *NH NH*HD

Body mass Estimate –5.71 –7.13 –29.29 –6.74 –9.60 –16.57 –14.58 0.58 0.21
SE 9.98 13.76 15.46 10.73 9.95 10.31 9.20 0.35 0.37
R2 = 0.84

Wing length Estimate -- -- -- -- -- -- -- –0.24 –0.13
SE -- -- -- -- -- -- -- 0.47 0.35
R2 = 0.97

Bill-length Estimate –4.39 2.26 –11.19 –6.26 –7.96 –14.28 –5.59 0.20 –0.03
SE 5.91 8.04 10.42 6.10 5.68 5.83 5.33 0.23 0.15
R2 = 0.75

Total-head Estimate –1.65 1.27 –13.71 –5.91 –6.49 –5.30 –7.29 0.20 –0.09
length SE 3.66 5.08 9.38 3.88 3.66 4.00 3.39 0.12 0.13

R2 = 0.94

Tarsus Estimate –2.14 –0.81 –28.72 1.68 –7.07 –1.75 –3.59 0.22 0.20
SE 4.95 7.03 12.87 5.35 5.06 4.93 4.62 0.14 0.17
R2 = 0.94

Tarsus–toe Estimate 0.34 5.52 –8.49 0.44 –2.78 –1.18 –3.40 0.16 0.06
SE 3.75 5.20 9.62 3.98 3.78 4.11 3.48 0.12 0.13
R2 = 0.88

1Reference level for sex is female. 2Reference level for year is 2007. 3Reference level for natal habitat type is ‘monoculture’.
* Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level.

Table 13.4. Continued.        



for the first mechanism, as the maximum growth rates
of females were higher than those of males for body
mass and all five morphometric measurements. Assum -
ing that there are no countervailing sex differences in
the actual energetic costs of increasing body mass or
structural size, this suggests that the energy demands
during the pre-fledging period are higher for females
than for males. However, we note that different meta-
bolic rates or activity levels caused by different hor-
mone levels could actually lead to the smaller sex hav-
ing higher energy demands (Ros 1999, Eising et al.
2003). Therefore, to determine whether female chicks
require more energy during the pre-fledging phase,
direct metabolic measurements are necessary (Vedder
et al. 2005). We found that the growth curves for body
mass and size were influenced by the sex of an individ-
ual. As suggested by Anderson et al. (1993), it is of cru-
cial importance to calculate the inherited body size
(e.g. as determined by sex) of an individual at a given
age when inferring information about relative chick
growth. Our results suggest that the use of non-sex-
specific growth curves for Godwits provided by
Beintema and Visser (1989) resulted in overestimates
of female growth in later studies (Beintema 1994,
Schekkerman & Boele 2009b, Schekkerman et al.
2009a, Kentie et al. 2013). Overestimations of body
mass and structural size resulting from the use of non-
sex-specific growth curves are likely to increase when
the survival probabilities of males and females differ
between habitat types. This could result in the selective
disappearance of individuals with lower condition
indexes, causing an overestimation of the condition
index of chicks that are still alive and available for
recapture (Kersten & Brenninkmeijer 1995, Ruthrauff
& McCaffery 2005). 

We also show that the relative deviation in body
mass and size in wild chicks were influenced by their

environment. As a result, none of these measurements
are suitable for estimating age (contra: Beintema &
Visser 1989). Future studies on the growth of Godwit
chicks should therefore include the genetic sexing of
individuals (see discussion in Piersma & van der Velde
2009), and also the measured age of a chick to cor-
rectly estimate relative growth rate.

Environmental susceptibility of growth
In line with the growing body of evidence that the
larger sex is more vulnerable to poor growth conditions
(Nager et al. 2000, Velando 2002, Muller et al. 2005),
we found that the deviation from the predicted values
of body mass and total-head length in wild recaptured
chicks was higher in females than in males. However,
we did not find an effect of sex on the deviation in
growth of bill, tarsus, tarsus–toe or wing length. This
indicates that different body sizes may be affected by
environmental context in different ways. This in turn
corroborates the idea that structural growth generally
shows a less plastic response to limiting energetic con-
ditions during development than does body mass
(Schew & Ricklefs 1998, Moe et al. 2004, 2005). In
precocial birds, this difference in the response of struc-
tural growth to limiting conditions could be more pro-
nounced; a developmental delay in one of these struc-
tures (wing, tarsus, tarsus–toe) could delay the
moment of fledging, thus potentially increasing mortal-
ity through starvation or predation. 

We did not find a relationship between natal habi-
tat type and the deviation of chick body mass, despite
the fact that arthropods, the food of Godwit chicks, are
more abundant in the meadow habitat type (Schekker -
man & Beintema 2007, Schekkerman & Boele 2009b),
in which Kentie et al. (2013) measured the fastest
growth. However, Godwit chicks are highly mobile and
may move up to several kilometres in the course of the
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SSD of SSD of SSD of
Females n = 26 Males n = 30

captive raised estimated adult
Mean SD Range Mean SD Range hatchlings y∞ Godwits

Body mass      28.9 1.90 25.1 – 32.4 28.4 2.09 23.5 – 32.6 1.02 1.21 1.20
Wing 18.4 2.24 15 – 23 18.2 1.88 15 – 22 1.01 1.05 1.05
Bill 16.9 0.84 14.8 – 19.1 16.4 0.99 14.1 – 18.2 1.03 1.10 1.17
Total-head 39.6 1.26 37.7 – 42.2 38.9 1.10 36.7 – 40.7 1.02 1.11 1.13
Tarsus 37.7 1.63 35.0 – 41.5 37.0 1.85 33.4 – 40.7 1.02 1.10 1.10
Tarsus–toe 76.6 2.92 72 – 82 75.1 3.07 69 – 82 1.02 1.08 1.08

Table 13.5. Sexual size dimorphism in captive raised Godwit hatchlings. Reported are means with standard deviations and compari-
son of SSD. SSD was calculated as female size divided by male size; body mass in grams, length in mm. SSD of chicks are based on
the estimated y∞ from the chick growth data and SSD of adult birds are based on data obtained from Schroeder et al. 2008.        



pre-fledging period (Schekkerman et al. 2009a).
Especially in the increasingly fragmented landscape of
our study area (Groen et al. 2012), it is likely that
chicks use both meadows and monocultures during
development. To better interpret habitat use, chick
growth and movements should be monitored on finer
spatiotemporal scales than we have been able to. The
fact that all the measurements of wild Godwit chicks
deviated negatively from the predicted size of the cap-
tive Godwits chicks, which were not limited by food
availability, suggests that wild chicks are hampered in
their growth. Further studies on the growth rates of
wild Godwit chicks are required to establish the nature
of any such growth limitations. 

In this study we standardized the deviation in size
of recaptured chicks with the expected size at a certain
age, but similar relative deviations in growth might
have different consequences at different ages. If the
amounts of ‘reserve’ nutrients stored increase with age,
an older chick would have more resources to cover a
period of food limitation, whereas similar incidents
could be lethal for younger chicks. The opposite could
be true for the linear dimensions, which only grow dur-
ing a restricted period. In such cases, food limitations
during and after this period would have different
implications for the individual, as the older individuals
would not be able to have any form of compensatory
growth (Metcalfe & Monaghan 2001). 

While we have shown that sex and several environ-
mental conditions affect the growth of Godwit chicks
differentially, we cannot confirm that the observed
deviations from expected size are maintained into
adulthood. Birds may still show compensatory growth
after fledging (Pienkowski & Minton 1973, Davies et
al. 1988, Larsson & Forslund 1991). Even if size devia-

tions that started to emerge during the pre-fledging
period are maintained in a later phase, selective mor-
tality can nevertheless cause the disappearance of cer-
tain individuals in the population (van Gils et al.
2016). Further studies should therefore investigate
whether the survival probabilities of Godwit chicks and
adults are size-dependent. In any case, if the degree of
SSD or the structural size of an individual is influenced
by variation in food resources, the use of linear meas-
urements to identify sex of individuals should be
replaced by genetic sexing.
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(a) Body mass
Growth Sex k2 D(-2logL) DAICc Akaike
function effects1 weight3

Gompertz y∞, k, Ti 9 0.00 0.00 0.64
Gompertz y∞, Ti 8 1.57 1.15 0.36
Gompertz y∞, k 8 9.75 17.50 0.00
Gompertz k, Ti 8 21.56 41.13 0.00
Gompertz k 7 22.06 40.11 0.00
Gompertz Ti 7 22.75 41.49 0.00
Gompertz y∞ 7 26.86 49.73 0.00
Gompertz . 6 42.15 78.31 0.00
Logistic y∞, k, Ti 9 97.67 195.33 0.00
Logistic y∞, Ti 8 98.17 194.34 0.00
Logistic y∞, k 8 109.10 216.20 0.00
Logistic k, Ti 8 118.48 234.96 0.00
Logistic Ti 7 118.63 233.27 0.00
Logistic k 7 123.06 242.10 0.00
Logistic y∞ 7 123.81 243.63 0.00
Logistic . 6 138.99 271.97 0.00

(-2logL)4 = 6561.59
AICc5 = 13139.17

Table S1. Model selection results of Gompertz and logistic growth curves for body-mass (a), tarsus (b), bill (c), tarsus-toe (d), wing
length (e), total-head (f) testing for an effect of sex on the different growth parameters y∞, k, Ti. Results are based on the biometric
measurements obtained from hand-raised Godwits (n= 56). The most parsimonious model is shown in bold (i.e. the model with the
fewest parameters among the supported models; DAICc <2).          

(c) Bill
Growth Sex k2 D(-2logL) DAICc Akaike
function effects1 weight3

Gompertz y∞, k 8 0.00 0.00 1.00
Gompertz k 7 20.08 11.04 0.00
Gompertz y∞ 7 109.77 55.88 0.00
Logistic y∞, Ti 8 110.26 55.13 0.00
Logistic y∞, k, Ti 9 110.50 54.25 0.00
Gompertz . 6 125.05 64.53 0.00
Logistic y∞, k 8 126.79 63.40 0.00
Logistic k 7 144.03 73.01 0.00
Logistic k, Ti 8 145.77 72.89 0.00
Logistic Ti 7 156.78 79.40 0.00
Logistic y∞ 7 229.91 115.95 0.00
Logistic . 6 245.14 124.57 0.00
Gompertz y∞, k, Ti 9 2140.83 1069.41 0.00
Gompertz y∞, Ti 8 2143.26 1071.63 0.00
Gompertz k, Ti 8 2150.90 1075.45 0.00
Gompertz k 7 2255.10 1128.55 0.00

(-2logL)4 = 3385.50
AICc5 = 6781.00

(b) Tarsus
Growth Sex k2 D(-2logL) DAICc Akaike
function effects1 weight3

Logistic y∞, Ti 8 0.00 0.00 1.00
Logistic k, Ti 8 21.05 42.71 0.00
Logistic Ti 7 24.71 48.03 0.00
Logistic y∞, k 8 84.70 170.00 0.00
Logistic y∞ 7 84.76 168.13 0.00
Logistic k 7 102.87 204.34 0.00
Logistic . 6 103.08 202.77 0.00
Gompertz y∞, k, Ti 9 130.27 263.15 0.00
Gompertz y∞, k 8 130.37 261.34 0.00
Gompertz k, Ti 8 153.59 307.79 0.00
Gompertz k 7 200.00 308.60 0.00
Gompertz Ti 7 207.93 414.45 0.00
Gompertz . 6 221.64 439.87 0.00
Logistic y∞, k, Ti 9 775.77 1554.15 0.00
Gompertz y∞, k 8 843.91 1688.43 0.00
Gompertz y∞ 7 852.48 1733.57 0.00

(-2logL)4 = 3772.95
AICc5 = 7559.29

(d) Tarsus–toe
Growth Sex k2 D(-2logL) DAICc Akaike
function effects1 weight3

Logistic y∞, k, Ti 9 0.00 0.00 0.51
Logistic y∞, Ti 8 1.06 0.12 0.49
Logistic k, Ti 8 24.25 46.50 0.00
Logistic Ti 7 26.94 49.89 0.00
Logistic y∞, k 8 64.19 126.38 0.00
Gompertz y∞, k, Ti 9 72.69 145.38 0.00
Gompertz y∞, k 8 72.79 143.58 0.00
Logistic k 7 91.66 179.33 0.00
Gompertz k, Ti 8 97.41 192.83 0.00
Logistic y∞ 7 101.33 198.66 0.00
Logistic . 6 120.89 235.79 0.00
Gompertz Ti 7 131.02 258.03 0.00
Gompertz y∞, Ti 8 976.38 1950.76 0.00
Gompertz y∞ 7 995.70 1987.39 0.00
Gompertz k 7 1310.95 2617.90 0.00
Gompertz . 6 1444.72 2883.43 0.00

(-2logL)4 = 4092.94
AICc5 = 8201.88
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(e) Wing
Growth Sex k2 D(-2logL) DAICc Akaike
function effects1 weight3

Gompertz y∞, k 8 0.00 0.00 0.68
Gompertz y∞, k, Ti 9 0.23 1.55 0.31
Gompertz k, Ti 8 4.65 9.31 0.01
Gompertz Ti 7 10.78 19.57 0.00
Gompertz y∞, Ti 8 10.48 20.97 0.00
Gompertz y∞ 7 19.07 36.14 0.00
Gompertz . 6 21.28 38.57 0.00
Logistic y∞, Ti 8 57.86 115.72 0.00
Logistic Ti 7 63.32 124.64 0.00
Logistic k, Ti 8 62.76 125.53 0.00
Logistic y∞, k 8 66.84 133.69 0.00
Logistic k 7 67.88 133.74 0.00
Logistic y∞ 7 76.46 150.91 0.00
Logistic . 6 78.68 153.36 0.00
Logistic y∞, k, Ti 9 596.73 1195.45 0.00
Gompertz k 7 606.02 1210.05 0.00

(-2logL)4 = 3986.65
AICc5 = 7987.30

Table S1. Continued.          

(f) Total-head
Growth Sex k2 D(-2logL) DAICc Akaike
function effects1 weight3

Gompertz y∞, k, Ti 9 0.00 0.00 1.00
Gompertz Ti 7 22.20 40.39 0.00
Logistic y∞, Ti 8 60.67 119.32 0.00
Logistic y∞, k 8 74.29 146.58 0.00
Gompertz y∞ 7 78.57 153.14 0.00
Logistic k 7 82.62 161.23 0.00
Logistic Ti 7 87.62 171.25 0.00
Gompertz . 6 88.99 171.97 0.00
Logistic y∞ 7 133.33 262.65 0.00
Logistic . 6 143.72 281.43 0.00
Gompertz y∞, k 8 923.70 283.39 0.00
Gompertz y∞, Ti 8 924.17 286.33 0.00
Gompertz k, Ti 8 927.22 287.43 0.00
Logistic y∞, k, Ti 9 937.65 295.31 0.00
Logistic k, Ti 8 950.89 299.79 0.00
Gompertz k 7 1007.26 310.52 0.00

(-2logL)4 = 3832.35
AICc5 = 7680.70

1 Testing the effect of sex on y∞, k, Ti or no effect (.) 2 No. of parameters in the model. 3 AICc weight, where a value of 0.00 corresponds to a weight of 0.004.
4 Minimum (-2logL) value observed. 5 Minimum AICc value observed.



INTRODUCTION

Seasonal migration is a fascinating phenomenon. Its
causes and consequences have frequently been debated
(Alerstam et al. 2003, Winger et al. 2019). In the cur-
rent paradigm, there are two major hypotheses. One
states that migration occurs because breeding at a loca-
tion different from where an individual spends the non-
breeding season confers an adaptive advantage. The
other hypothesis states that migration occurs because
spending the nonbreeding season in a location different

from where breeding takes place confers an adaptive
advantage (reviewed in Winger et al. 2019). Under
both hypotheses, migration is gained and lost over
time depending on whether its occurrence is favoured
by a population’s environment (Chapman et al. 2011).
However, the processes by which migratory behaviour
adjusts to the environment are largely unresolved
(Hegemann et al. 2019).

Three processes have been proposed to explain how
migratory behaviour is adjusted to the environment.
The first is microevolution, in which a genetic pathway

Mo A. Verhoeven, A.H. Jelle Loonstra, Alice D. McBride, Wiebe Kaspersma,
Jos C.E.W. Hooijmeijer, Christiaan Both, Nathan R. Senner and Theunis Piersma 
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1. Seasonal migration is thought to be a behavioural adaptation of animals to changing environmental context.
However, the mechanistic processes by which animals develop and potentially adjust their migratory behaviour are
largely unresolved. As a result, it is mostly unknown how much, how fast, and when animals adjust their migration
to their environments. 
2. We studied the ontogeny of migration in a long-distance migratory shorebird, the Black-tailed Godwit (Limosa
limosa limosa), known to exhibit marked individuality in their migratory routines. By observing how and when these
individual differences arise, we aimed to elucidate how individuals adjust to and ultimately cope with their environ-
ment.
3. We tracked juvenile godwits born in 2016 and 2017 on their first southward and northward migrations. This
allowed us to relate their migration routes, timing, and mortality rates to their hatch date and year of birth (both
indicating environmental change over time). We simultaneously tracked adult godwits, which enabled us to com-
pare the routes, timing, and mortality rates of adults and juveniles originating from the same breeding areas during
the same years. 
4. In juveniles, the timing of departure for their first southward migration was related to hatch date. However, their
subsequent migration routes, orientation, destination, duration, and likelihood of mortality were not related to year
of migration, sex, or the timing of migration. Juveniles left The Netherlands after all tracked adults had left. They
then flew non-stop to West Africa more often and incurred higher mortality rates than adults. Some juveniles also
took routes and visited stopover sites that were far outside the well-documented adult migratory corridor, but such
juveniles were not more likely to die. 
5. We eliminate the possibility that the individual differences observed among adult godwits are already developed
at birth or by their first migration. This adds to the mounting evidence that animals possess the developmental plas-
ticity to change their migratory strategy later in life. We discuss how common this developmental plasticity may be
among migratory animals, as well as the implications that this has for their ability to respond to environmental
change.

14 Age-dependent timing and routes demonstrate
developmental plasticity in a long-distance
migratory bird
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that influences migratory behaviour undergoes a heri-
table change that is selected for by the environment
(Berthold et al. 1992, Pulido et al. 2001, Helm et al.
2019). The second is developmental plasticity, in which
an inter-generational change results from individuals
adjusting to environmental conditions during ontogeny
alone (Lok et al. 2011, Gill et al. 2014, Verhoeven et al.
2018). The third is phenotypic flexibility, whereby
adults and juveniles can repeatedly adjust their migra-
tory routines to their environment (Mueller et al. 2013,
Sergio et al. 2014, Teitelbaum et al. 2016, Tombre et al.
2019). How much, how fast, and when migratory ani-
mals can adjust to their environment depends on
which of the three processes is occurring (Pulido et al.
2001, Tombre et al. 2019, Gill et al. 2019). The under-
lying mechanism is therefore not only important to
understanding the evolution of migration (Piersma
2011), but also to conserving migratory species in a
changing world (Sutherland 1998).

Exploring these mechanistic processes also has the
potential to help explain the sources of the consistent
and considerable individual differences in migratory
behaviour that are now frequently observed among
individuals of the same population (Lok et al. 2011,
Flack et al. 2016, Verhoeven et al. 2019). Given the
consistency of many individual migratory routines of
adults, it is rare to observe adjustments (Battley et al.
2006, Vardanis et al. 2011, Pedersen et al. 2018, but
see Senner et al. 2015a) and therefore difficult to make
inferences about the underlying mechanistic processes
involved. However, by observing individual animals
from birth to adulthood, it is possible to determine
whether, how, and – especially – when in life individu-
als adjust their behaviours to changing environmental
conditions (Sergio et al. 2014). 

For this reason, we tracked juvenile Continental
Black-tailed godwits (Limosa limosa limosa¸ hereafter
“godwits”) from The Netherlands throughout their first
two annual cycles. The migratory routes and timing of
adult godwits are known to vary considerably yet con-
sistently among individuals (Verhoeven et al. 2019,
Verhoeven et al. in review). Some adults spend the non-
breeding period north of the Sahara, whereas others
cross the Sahara to West Africa (Hooijmeijer et al.
2013, Kentie et al. 2017, Verhoeven et al. 2019).
Furthermore, some adults leave West Africa in Sep -
tember, while others leave more than five months later,
in March (Senner et al. 2019, Verhoeven et al. 2019).
In this study, we examined whether a juvenile’s hatch
date was related to its departure date and whether this
departure date was associated with its route, destina-
tion, or likelihood of mortality during its first south-

and northward migrations. Additionally, we compared
the migration of juveniles to adults breeding at the
same sites and migrating at the same time in order to
examine whether the differences among juveniles in
migratory behaviour can explain the differences among
adults. We found that juvenile godwits have strikingly
different timing and routes compared to adults, but
that individuals exhibiting alternative routes and tim-
ing are not selected against. This suggests that, like
some other species, godwits possess the developmental
plasticity to adjust their migration later in life and, at
some point, adopt the consistently different routines
we observe among adults (cf. Lok et al. 2011). We
therefore discuss what this developmental plasticity
means for the study of individual differences and the
evolution of migration.

MATERIAL AND METHODS

Gathering tracking data
To track the timing of adult migration, we outfitted
adult godwits with geolocators in each breeding season
from 2015 to 2018 in our 12,000 ha study area in
southwest Fryslân, The Netherlands (see Senner et al.
2015a for more details). We captured adults using
walk-in-traps, automated drop cages, or mist nets
placed over the nest. Geolocators were attached to a
coloured flag that was placed on the adult’s tibia. The
total weight of the attachment was ~3.7 g, represent-
ing 1–1.5% of an individual’s body mass at capture.

To track the spatial distribution and mortality of
adult godwits, we deployed 32 solar-powered PTT-
100s of 9.5 g from Microwave Technology Inc. in 2015
and 2016 (attachment ~10.5 g), and another four of 5
g in 2017. Thirty-four of these 36 transmitters were
programmed to turn on for 8 hours and turn off for 24
hours. One of the remaining two transmitters was pro-
grammed to turn on for 8 hours and off for 25 hours,
and the other was programmed to turn on for 10 hours
and off for 48 hours. We captured all 36 adults on nests
in the 220-ha Haanmeer polder, which lies in the cen-
tre of our larger study area. To attach the transmitters,
we used a leg-loop harness of 2-mm Dyneema rope.
Based on a combination of molecular sexing (using a
~30 ml blood sample taken from the brachial vein at
capture, n = 26 individuals) and morphological char-
acteristics (following Schroeder et al. 2008, n = 10
individuals), we determined that our sample of trans-
mitter-carrying birds consisted of 34 females and 2
males. In 2015 and 2016, the loading factor of the
transmitters was 3.4% ± 0.2 (range: 3.0–4.0%) of a

Age-dependent timing and routes  in a long-distance migratory bird 159

14



female’s body mass at capture; in 2017, the loading
factor was 1.9% for each of the two females and 2.2%
for each of the two males (more details: Verhoeven et
al. in review).

We also tracked the timing, spatial distribution, and
mortality rates of juvenile godwits during their first
south- and northward migrations. We deployed 40
solar-powered PTT-100s of 5 g from Microwave
Technology Inc. on juveniles in both 2016 and 2017,
for a total deployment of 80 transmitters. All 80 trans-
mitters were programmed to turn on for 8 hours and
off for 24 hours. We captured these juveniles by hand
in the days just before they gained the ability to fly.
Most juveniles were caught within our 12,000 ha study
area. However, in 2016 the number of fledged juve-
niles in our study area was considerably lower than
average, so we also caught 4 juveniles on the island of
Ameland (53.45°N, 5.83°E; see Loonstra et al. 2019a).
We attached the leg-loop harnesses as we did for the
adults and took ~30 ml of blood from the brachial vein
for molecular sexing. We obtained migratory tracks
from 28 of these juveniles (see Results): 24 from our
study area and 4 from Ameland. 27 out of 28 were
molecularly sexed, but one analysis failed. We sexed
this bird based on her growth and morphological char-
acteristics during five recaptures before fledging
(Loonstra et al. 2018). Fifteen of the 28 juveniles were
marked with a code-flag in the nest and their exact
hatch dates were therefore known. The other 13
tracked juveniles were not captured in the nest; we
therefore estimated their hatch dates using a sex-spe-
cific growth curve (see Loonstra et al. 2018). This
method yields an estimated hatch date that is accurate
to within ±3 days; this is acceptable for our purposes
given the large variation in hatch dates included in the
study (range 2 May–13 June). The weight of the trans-
mitter and the harness (~6 g) represented 3.2 % ± 0.4
(range: 2.5–4.4 %) of the total body mass at release,
but this is likely to have diminished to ~2% as the
juvenile godwits continued to grow to adult size. 

Processing tracking data
We downloaded light-level data from 78 geolocators
retrieved from 64 adult godwits (24 males, 40 females).
Twenty of these geolocators contained data for more
than one season. Thus, we obtained light-level data for
a total of 98 complete and incomplete migrations. We
used the 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). Using the

FLightR function “find.times.distribution,” we esti-
mated when individual godwits crossed nine arbitrary
spatial boundaries that were spaced 4° of latitude apart
across the entire godwit migration corridor. These
boundaries ranged from 52°N (the breeding grounds)
to 20°N (just north of the southernmost African winter-
ing grounds): 52°N, 48°N, 44°N, 40°N, 36°N, 32°N,
28°N, 24°N, 20°N. In our analyses that use geolocator-
derived timing, we excluded the crossing of the spatial
boundary at 36°N (the Strait of Gibraltar) because we
could not distinguish between birds stopping in north-
ern Morocco and those stopping in southern Spain (see
Verhoeven et al. 2019 for more details).

We retrieved satellite tracking locations via the CLS
tracking system (www.argos-system.org) and passed
them through the “Best Hybrid-filter” algorithm
(Douglas et al. 2012); this removed consecutive loca-
tions that exceeded a speed of 120 km h–1 while retain-
ing location classes with qualities of 3, 2, 1, 0, A, and
B. From this data, we estimated for both south- and
northward migration: (1) when the nine latitudinal
boundaries were crossed; (2) an individual’s orienta-
tion, which we determined by calculating its longitudi-
nal (i.e. east-west) movement, measured in kilometres,
between the same latitudinal boundaries; (3) the
longi tudinal distribution of tracks at each latitudinal
boundary; and, (4) where and when mortality occur -
red. We calculated distances between points with the
function “distHaversine” in the package “geosphere”
(Hijmans 2017).

Timing, routes, and orientation of juveniles and
adults
At each of the nine latitudinal boundaries, for both
south- and northward migration, we used a general lin-
ear model with a Gaussian error distribution to exam-
ine: (1) the effects of hatching date, sex, and year on
the timing of juvenile migration; (2) the effects of date,
sex, and year on the longitude of juvenile migration
routes; and, (3) the effects of date, sex, and year on the
longitudinal movement of migrating juveniles between
consecutive latitudinal boundaries. 

At each latitudinal boundary, for both south- and
northward migration, we also compared the mean and
variance of: (1) the timing of crossing, (2) the longi-
tude of crossing, and (3) the longitudinal movement
between latitudinal boundaries of adults and juveniles
tracked in the same years. Those years were 2016 and
2017 for southward migration, and 2017–2019 for
northward migration. To test for the equality of vari-
ances between adults and juveniles, we used a Levene’s
test from the R-package “car.” If the variances were
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found to be equal, we used an ANOVA to test whether
the mean was significantly different between adults
and juveniles. If the variances were unequal, we com-
pared the means with a Mann Whitney U test.

We used a generalized linear model with a binomial
error structure and a logistic link function to test
whether the likelihood that juveniles (1) crossed the
Sahara on their first southward migration and (2) did
so by flying non-stop from The Netherlands was related
to their departure date, year, or sex. We also used a
generalized linear model to explore whether the adults
and juveniles tracked in the same years on southward
migration differed in (1) the proportion of individuals
that crossed the Sahara and (2) in the proportion that
did so with a non-stop flight from The Netherlands.

Mortality
The adults outfitted with a 9.5 g transmitter were con-
sidered dead when their transmitter’s built-in activity
sensor remained constant. The 5-g transmitters did not
have such an activity sensor but did have a tempera-
ture sensor; we considered these birds dead when the
measured temperature started to follow a day-night
rhythm. That this is a reasonable assumption is sup-
ported by the fact that we have never subsequently
observed any of these adults to be alive during our
extensive resighting efforts of marked birds (Verhoeven
et al. 2018, Loonstra et al. 2019a).

We used generalized linear models with a binomial
error structure and a logistic link function to test
whether (1) the likelihood that juveniles died on their
first southward migration was related to their depar-
ture date, sex, or the year the juvenile hatched; and,
(2) the likelihood that juveniles died between depar-
ture from and return to the Netherlands was related to
their hatch date, sex, or the year they hatched. We also
made two figures to illustrate where (Figure 14.3) and
when (Figure 14.4) mortality occurred during juvenile
migration. We used the same type of generalized linear
models to explore whether the adults and juveniles
tracked in the same years differed in the proportion of
individuals that died during south- and northward
migration. 

RESULTS

Timing of juveniles and adults
SOUTHWARD MIGRATION

We obtained migratory tracks from 28 individuals,
because most of the tagged juveniles died between tag-
ging and before migrating southward – a period known

to have high juvenile mortality (see Loonstra et al.
2019a). All 28 juveniles started their initial southward
migration at approximately the same age (88 ± 11
days). Thus, their departure date was positively corre-
lated with their hatch date (Figure 14.2, Table S1).
Furthermore, all juveniles departed The Netherlands
later than did the tracked adults (Figure 14.2, Table
S1). After crossing 40°N, juveniles first encountered
tracked adults from our study population with whom
they could potentially spend the nonbreeding season or
migrate with towards West Africa; this is because some
adults stopped for prolonged periods at sites around
the Mediterranean, and either stayed there for the non-
breeding season or eventually continued on to cross
the Sahara (Figure 14.1). Of the juveniles, 4 spent the
nonbreeding season around the Mediterranean, and 19
migrated to the nonbreeding grounds in West Africa.
However, of the 19 juveniles that migrated to the non-
breeding grounds in West Africa, 12 flew non-stop
(63%), while of the 28 adults that migrated to West
Africa, only 2 flew non-stop (11%, statistics in Table
14.2). Furthermore, 5 of the 7 juveniles that did stop
on the Iberian Peninsula en route to West Africa stayed
for only 1 or 2 days and departed before the tracked
adults that stopped there for a prolonged time (Figure
14.1). Because juveniles flew non-stop more and made
shorter stops, the timing of southward Sahara crossing
was less variable within juveniles than adults (Table
S3). Whether juveniles flew non-stop to West Africa
from The Netherlands did not depend on their depar-
ture date from the Netherlands (bdeparture date = 0.03
± 0.05, c2 = 0.32, df = 1, P = 0.574, Table 14.1).
Furthermore, of two juveniles born one day apart and
that both departed the Netherlands on 6 August 2016,
one stopped and one did not stop en route to West
Africa (Figure 14.4).

NORTHWARD MIGRATION

By the time the northward migration period begins in
godwits, juveniles are considered immatures. In total,
we tracked 15 juveniles as immatures during 2017–
2019. Twelve immatures spent their entire second cal-
endar year in West Africa or the Mediterranean before
migrating north for the first time in their third calendar
year. Two immatures migrated north in their second
calendar year, and a single immature waited until its
fourth calendar year. The earliest departure of an
immature from West Africa across years was on 13
January 2019; each year, at least two-thirds of adults
had already left by this date (Figure 14.2C). In the
same vein, 25% of the immatures departed West Africa
later than any of the adults tracked from 2016-2019.
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Figure 14.1. Migratory tracks of all adults from 2015 to 2019 (gold), juveniles born in 2016 (red), and juveniles born in 2017 (light
blue). 

Dependent variable Fixed effects b ± SE c2 P

(1) Crossing of the Sahara Intercept 9.22 ± 13.26
(n = 23 juveniles) Date of 52°N crossing –0.03 ± 0.05 0.38 0.537

Sex1 0.97 ± 1.30 0.60 0.437
Year2 –1.04 ± 1.28 0.73 0.393

(2) Non-Stop to West Africa from The Netherlands Intercept –5.72 ± 11.28
(n = 19 juveniles) Date of 52°N crossing 0.03 ± 0.05 0.32 0.574

Sex1 1.94 ± 1.23 2.95 0.086
Year2 –1.37 ± 1.13 1.64 0.200

(3) Mortality during southward migration Intercept 2.65 ± 8.74
(n = 28 juveniles) Date of 52°N crossing –0.02 ± 0.04 0.16 0.690

Sex1 –0.89 ± 1.02 0.10 0.753
Year2 1.45 ± 1.18 1.08 0.298

(4) Mortality between departure from and return Intercept 5.99 ± 6.78
to the Netherlands Hatching date –0.04 ± 0.05 0.91 0.340
(n = 28 juveniles) Sex1 –0.21 ± 0.80 0.07 0.797

Year born2 0.41 ± 0.93 0.20 0.657

1 Reference level for sex is female
2 Reference level for year is 2016

Table 14.1. Results from generalized linear models with binomial error structure and logistic link function that examined whether
(1) crossing the Sahara or not, (2) flying non-stop to West Africa from the Netherlands or not, or (3) dying during southward migra-
tion or not were related to when juveniles departed (date of 52°N crossing), their sex or the year they were born. Similarly, we exam-
ined (4) whether a juvenile godwit dies between departure from and return to the Netherlands was related to its hatching date, sex
or year born.        



As a result, the northward migration of immatures was
significantly later than that of adults (Figure 14.2,
Table S3). 

In contrast with southward migration, an imma-
ture’s departure from West Africa was not related to its
hatch date (Table S2). The immature birds that
departed earliest for northward migration had the
opportunity to continue on to The Netherlands with
adults from the same breeding population. However,
all but one of the immatures left the Mediterranean
later than any of the adults (Figure 14.2). Conse -
quently, the arrival of juveniles to The Netherlands was
on average 36 days later than that of adults (Table S3),
with some juveniles arriving as late as 7, 14, and 15
May. At that point in the breeding season, all adults
have already laid their first clutch (latest first clutch
initiation date by an adult: 1 May, Verhoeven et al.
2020). Similar to the departure from West Africa, the
departure from stopping sites and the subsequent
arrival at the breeding grounds was not associated with
a juvenile’s hatch date (Figure 14.2). 

Routes and orientation of juveniles and adults
During southward migration, juveniles that migrated
later tended to orient more toward the south and less
toward the southwest after crossing the Mediterranean
(from 36°N to 32°N, Table S7). This seasonal change in
juvenile routes might also explain why their variance in
longitudinal movement across this latitudinal segment
was different from the variance observed in adult
routes (Table S9). The average longitude of juveniles
upon arrival to the nonbreeding grounds (12.03°W at
20°N) was further to the east than that of adults
(13.61°W), though not significantly so (Table S6).
During northward migration, juveniles that migrated
later tended to fly more toward the north and less
toward the northeast after departing the nonbreeding
grounds (from 20°N to 24°N, Table S8). However, we
otherwise found no clear relationships between the
route and orientation of juveniles and their date of
migration, sex, or the year of migration during either
south- or northward migration (Tables S4, S5, S7 &
S8).
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Figure 14.2. Top: Migratory timing of adults tracked with geolocators from 2015 to 2019 (gold), and of juveniles born in 2016 (red)
and in 2017 (light blue). Bottom: Correlation between hatching date of juveniles and their departure and arrival to the Netherlands
(colors same as above). 



On average, juveniles and adults took similar
routes during southward migration (Figure 14.2, Table
S6). However, one juvenile flew south via northern
Italy, a stopping site well to the east of the migratory
corridor of adults (Figure 14.1). The routes of juveniles
were on the whole also more variable than those of
adults (Table S6), although the proportion of juveniles

that crossed the Sahara toward West Africa (19/23,
83%) was the same as in adults (54/66, 82%, P =
0.932, Table 14.2). During northward migration imma-
tures again used similar routes to adults, but some
made stops well outside of the adult migratory corri-
dor, such as at sites in Libya, Sicily, northern Italy, and
even as far east as the coast of Albania, which is more
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Figure 14.3. Mortality on migration for adults tracked with satellite transmitters from 2015 to 2019 (gold), and for juveniles born in
2016 (red) and 2017 (light blue).  

Dependent variable Fixed effects b ± SE c2 P

(1) Crossing of the Sahara Intercept –1.50 ± 0.32
(n = 23 juveniles, 66 adults) Age1 –0.05 ± 0.64 0.01 0.932
(2) Non-Stop to West Africa from The  Netherlands Intercept –2.64 ± 0.73
(n = 19 juvenile tracks, 28 adult tracks) Age1 2.18 ± 0.82 9.64 0.002
(3) Mortality during southward migration Intercept –2.77 ± 0.73
(n = 28 juvenile tracks, 32 adults tracks) Age1 1.39 ± 0.84 4.27 0.039
(4) Mortality during northward migration Intercept –0.98 ± 0.39
(n = 15 juvenile tracks, 33 adults tracks) Age1 –0.41 ± 0.75 0.30 0.584

1 Reference level for age is adult

Table 14.2. Results from generalized linear models with binomial error structure and logistic link function that examines whether
juveniles and adults tracked in the same years differed in their proportion of individuals that (1) crossed the Sahara, (2) flew non-
stop to West Africa from the Netherlands, (3) died on southward migration (2016 and 2017) and (4) died on northward migration
(2017, 2018 and 2019).        



than a thousand kilometres outside of the adult corri-
dor (Figure 14.1, Table S6). As a result, the northward
routes of immatures, like their southward routes, were
more variable than those of adults (Figure 14.1, Table
S6). This is especially clear north of the Sahara (Figure
14.1, Table S6).

Mortality rates of juveniles and adults
SOUTHWARD MIGRATION

During southward migration in 2016, one juvenile and
one adult died. Notably, the juvenile perished in the
Atlantic after overshooting the godwit nonbreeding
sites in West Africa (Figure 14.3). During southward
migration in 2017, six juveniles and one adult died
(Figure 14.3). Mortality of juveniles on southward
migration was not related to their date of departure,
sex, or the year in which they hatched (Table 14.1). For
example, we observed two juveniles of similar ages

departing on the same day, of which one died and the
other survived (Figure 14.4). Most juveniles (5 of 7)
that died during southward migration did so on their
very first flight from The Netherlands; one died at its
first stopping site, and the other died during the sec-
ond leg of its southward migration. The mortality of
juveniles on southward migration was higher than that
of adults (25% versus 6%, P = 0.039, Table 14.2).

NORTHWARD MIGRATION

Eight juveniles died while at their nonbreeding sites:
one died north of the Sahara, on 15 November 2016 in
the Bay of Biscay, France, whereas the other seven died
at nonbreeding sites south of the Sahara. During north-
ward migration, another three immatures died; all of
them were born in 2016. One of these flew north from
the coast of Senegal and perished in the Atlantic
Ocean, 290 kilometres north of Madeira, Portugal
(Figure 14.3). Another stopped for 26 days at a lagoon
near Cadiz, Spain, then died immediately upon arrival
at Doñana, Spain (Figure 14.3). The third died imme-
diately upon arrival near Leiden, The Netherlands
(Figure 14.3). The mortality of juveniles on northward
migration was slightly lower than that of adults, but
not significantly so (20% versus 27%, P = 0.584, Table
14.2). Furthermore, the mortality of juveniles outside
The Netherlands – i.e. between departure from and
subsequent arrival to The Netherlands one to three
years later – was not related to their hatch date, sex, or
year of hatch (Table 14.1).  

DISCUSSION

We studied the ontogeny of migration in comparison
with the migration of experienced adults in a long-dis-
tance migratory shorebird to elucidate how and when
individual differences arise. The departure timing of
juveniles on southward migration correlated with their
hatch date. However, we detected no other effect of
hatch date, departure timing, year of migration, or sex
on their route, orientation, nonbreeding destination
(north or south of the Sahara), duration, or mortality,
during either their southward migration or their first
northward migration. The sources of the observed indi-
vidual differences among adults therefore remain
mostly undetermined. 

However, our results do demonstrate age-depend-
ent differences and therefore developmental plasticity
in a long-distance migratory bird. Juveniles left The
Netherlands after all tracked adults had left, flew non-
stop to West Africa more frequently, and had higher
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Figure 14.4. Survival (died or survived) and duration of the
flight (non-stop or stopped) of juveniles born in 2016 (red) and
in 2017 (light blue) on southward migration in relation to their
timing of departure from The Netherlands (crossing 52°N). Top
panel includes all tracked juveniles (n = 28). Bottom panel
includes all tracked juveniles that flew to West Africa (n = 19);
two of these individuals died in or south of the Sahara (see
Figure 14.3). Points are vertically offset in order to show multi-
ple departures that took place on the same day and had the
same survival or duration. 



mortality rates than did adults. However, these three
factors – departing later, flying non-stop more and hav-
ing higher mortality – appear to be unrelated. In con-
trast to these three factors, juveniles and adults were
similar in their routes, orientation, and the proportion
of individuals that crossed the Sahara. Despite their
similarities, the migratory behaviours of juveniles were
more variable than those of adults; some juveniles vis-
ited stopping sites and flew along routes never previ-
ously observed (Senner et al. 2019, Verhoeven et al.
2019), including one more than a thousand kilometers
outside of the adult migratory corridor. 

Environmental effects on juvenile migration
Because juveniles migrated significantly later than
adults, that they also flew non-stop more frequently
and had higher mortality rates during their first south-
ward migration could be related to seasonal changes in
the environment. For example, wind conditions might
become more favourable later in the season or the
availability of food and social information might
decrease over time (e.g. Kölzsch et al. 2016). Within
juveniles, however, we found no evidence for any sea-
sonal patterns in their route, mortality rate, or behav-
iour. Note that in two cases we observed different
migratory behaviours among juveniles that departed
from the breeding areas on the same day. In one pair of
juveniles, one individual migrated non-stop to West
Africa while the other did not; in another pair, one sur-
vived southward migration while the other died before
reaching its nonbreeding site. Furthermore, among
both the earliest and latest juveniles that crossed the
Sahara, individuals both survived and died (Figure
14.4). We conclude from these observations that the
destination, migration duration, and mortality rate of
juveniles were not necessarily related to seasonal
changes in the physical environment. This further sug-
gests that the differences in destination, duration, and
mortality rate between adults and juveniles are not a
simple matter of timing-related changes in the environ-
ment. 

There could be many other reasons why juveniles
differed in their migratory behaviour. For example, the
social context in which they migrated might have been
different (Nemeth and Moore 2007, Loonstra et al.
2019b) – immature individuals during their first north-
ward migration could have ended up in Italy and
Albania instead of on the Iberian Peninsula by follow-
ing adults from more easterly populations that also
spend the winter in West Africa (e.g., Polish godwits,
see Loonstra et al. 2019b). In addition, even those
juveniles that were of similar age and exhibited differ-

ent migratory behaviours could have departed The
Netherlands in different states (sensu McNamara and
Houston 1996). Some might simply have been able to
accumulate energy stores for a flight to West Africa,
whereas in the same window between hatch and
departure, others might only have been able to fuel for
a shorter flight. Alternatively, they might have been
raised in a higher-quality habitat and developed
higher-quality wing feathers that ultimately enabled a
longer flight with fewer risks (Hedenström 2008, de La
Hera et al. 2010). Many more possibilities that lead to
individual differences among juveniles must surely
exist (Senner et al. 2015b).

Mortality
Two aspects about the observed juvenile mortality rate
are noteworthy. First, during southward migration, the
survival of juveniles was high in 2016, but lower in
2017. The opposite was true for northward migration:
only individuals from 2016 died during northward
migration. One possible interpretation of this pattern is
that some of the individuals from both 2016 and 2017
were less adept at migrating. Those from 2017 were
selected against during their southward migration,
whereas those from 2016 were not selected against
until their northward migration. Although we have no
direct evidence about the environmental conditions
encountered during these two years, such an explana-
tion predicts that circumstances – such as wind condi-
tions (Loonstra et al. 2019c) – for southward migration
were harsher in 2017 than in 2016. 

The second noteworthy aspect is that most juve-
niles that died did so during their first migratory flight
from the breeding grounds, and at higher rates than
adults. Similarly, on northward migration, most mor-
tality occurred during the first northward flight or
immediately after a juvenile arrived at a location novel
to that individual. Both the higher mortality of juve-
niles compared to adults and the specific moments at
which juveniles died suggest that performing novel
migratory actions is risky. Therefore, making use of
experience by repeating what worked previously might
be beneficial and lead to higher fitness through either
higher survival, higher breeding success, or both. The
high degree of breeding and nonbreeding site fidelity
of animals is thought to exist for this reason, and the
benefits of fidelity might thus also explain why individ-
uals adopt migratory routines (Cresswell 2014, Winger
et al. 2019, but see Lok et al. 2013). Support for this
notion comes from tracking studies that have followed
the same individuals for multiple years, with most
showing that individuals are consistent in their spa-
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tiotemporal distribution across the annual cycle
(Vardanis et al. 2011, Conklin et al. 2013, Pedersen et
al. 2018, Verhoeven et al. 2019). However, there are
also migratory species that continue to make adaptive
adjustments to their migratory routine throughout life
(Mueller et al. 2013, Sergio et al. 2014, Teitelbaum et
al. 2016, Tombre et al. 2019). This suggests either that
it is not always beneficial to adhere to an individual’s
initial routine or that certain species have the capacity
to change later in life and others do not.

Individual differences and developmental plasticity
Our results demonstrate that juveniles differ from each
other in whether they cross the Sahara and how they
migrate south and north. One possibility is that these
individual differences are of a genetic origin (e.g.,
Pulido et al. 2001). Confirming such a possibility
requires simultaneously tracking juveniles and their
parents. Unfortunately, we have succeeded in tracking
only one mother-daughter pair thus far: on southward
migration, their migratory timing was considerably dif-
ferent, but both flew to West Africa. However, after
arriving in West Africa, and on northward migration,
their routines again differed considerably (Figure S1).
The tiny sample size makes these observations anec-
dotal. However, we have also performed a large-scale
translocation and delay experiment with hand-raised
siblings, which showed that siblings frequently migrate
differently from each other, with some individuals
crossing the Sahara on southward migration when
their sibling did not (Loonstra et al. in review). In addi-
tion, we have previously shown that the use of stop -
over sites in Spain and Portugal is unlikely to be herita-
ble (Verhoeven et al. 2018). We therefore currently
have no reason to assume that the observed differences
among juveniles are of genetic origin. 

Our study also clearly demonstrates that juveniles
and adults have different routines. This is most obvious
in terms of timing and route choice, as some juveniles
visited sites we have never observed being used in the
migrations of more than 200 adults tracked across
more than ten years (Hooijmeijer et al. 2013, Senner et
al. 2015a, 2019, Verhoeven et al. 2019, in review, this
study). There are three possible explanations for this
large discrepancy between adults and juveniles. The
first is that we have observed novel behaviour on the
part of a cohort of individuals and these individuals
will continue to follow their juvenile routine, thus
yielding a new adult migration pattern if these individ-
uals continue to survive. The second is that we
observed normal juvenile godwit behaviour, and that
the juveniles that have markedly different routines

from adults will either die or never breed. The third is
that we observed normal juvenile godwit behaviour,
but godwits change their routines later in life rather
than continue the movement patterns exhibited in
their first year of life. Under both of the latter two sce-
narios, the current adult pattern would persist.
Although recent results from other species (e.g.,
Meyburg et al. 2017) are in line with the second
option, selective death, we believe that the most likely
scenario in godwits is the third option. 

We propose that juvenile godwits change their
migratory routines later in life on the following
grounds: (1) The timing of godwit breeding has not
changed by more than a week in either direction in the
past 15 years (Schroeder et al. 2012, Verhoeven et al.
2020). This means that in the past 15 years, the earli-
est juveniles – those born in the first week of May –
could, at the earliest, have left The Netherlands by the
end of June. In addition, we now know that juveniles
born in The Netherlands return to The Netherlands and
that their average lifespan is 4–5 years (Loonstra et al.
2019a). Yet, we have observed adults leaving The
Netherlands as early as the end of May and beginning
of June (Figure 14.2). It necessarily follows that in
these cases, these adults left earlier than they did on
their first southward migration as juveniles. Even if
every tracked juvenile from 2016 and 2017 were to die
before breeding, it would still not be possible to observe
the current adult pattern without adult godwits migrat-
ing southward earlier than they did as juveniles. 

Moreover, (2) ringing recoveries of juveniles
banded in The Netherlands over the past 70 years indi-
cate that the later migration and different routes of
juveniles on northward migration are not a new phe-
nomenon (Haverschmidt 1963, Beintema and Drost
1986). More importantly, our results show that the
juveniles that migrate later and use different routes
than adults are not more likely to die. Thus, if these
age-dependent routes and timing are consistent with
70 years of ringing data, and not all juveniles with
these different strategies die, it is likely that these juve-
nile godwits change their routines later in life. We
therefore expect godwits to make considerable changes
to their migration later in life, but only the lifelong
tracking of these same individuals will establish this for
certain. Furthermore, because the timing of juvenile
godwits is expected to change later in life, lifelong
tracking might still give us more insight into why we
observe large differences among adult individuals
(Verhoeven et al. 2019).
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Species-specific differences in developmental
plasticity
If godwits do change their migratory routines during
the first years of life, as we expect, they are similar to
other migrant species that adjust their migratory rou-
tine later in life (Mueller et al. 2013, Sergio et al. 2014,
Teitelbaum et al. 2016, Tombre et al. 2019). In contrast
to these species, however, godwits do eventually adopt
a consistent migratory routine that they maintain for
the rest of their lives (see Verhoeven et al. 2018, 2019,
in review). At first glance, this would suggest that there
is a gradient in the amount of developmental plasticity
that different species exhibit during their lives with
respect to their migratory routines. The period in
which developmental plasticity occurs would poten-
tially range from a negligible window in species with a
strong innate control of their migratory routine
(Berthold et al. 1992, Gwinner 1996, Pulido et al.
2001), to a lifelong window in those species that con-
tinually make adjustments (Mueller et al. 2013, Sergio
et al. 2014, Teitelbaum et al. 2016, Tombre et al.
2019). Godwits would lie somewhere in the middle.
But what could cause such differences among species? 

First, we find it intriguing that the species that con-
tinue to make adjustments throughout life – black kites
(Milvus migrans), whooping cranes (Grus americana)
and barnacle geese (Branta leucopsis) – are all long-
lived (Sergio et al. 2014, Teitelbaum et al. 2016,
Tombre et al. 2019). Short-lived passerines, on the
other hand, are often hypothesized to be less plastic in
developing routines throughout life (Cresswell 2014,
Pedersen et al. 2018; and see Karagicheva et al. 2018).
This suggests that the general life-history of a species,
like a species’ longevity, might play an important role
in whether or not different levels of developmental
plasticity are adaptive. Over evolutionary timescales,
different species might therefore have evolved different
levels of developmental plasticity depending on what is
most adaptive in their particular circumstance (Botero
et al. 2015, Karagicheva et al. 2018). These differences
might then have become genetically assimilated, lead-
ing to species-specific reaction norms and setting
organismal limits on the amount of plasticity they can
exhibit (Pigliucci et al. 2006). Experiments with hand-
raised siblings of different species, for instance, have
clearly shown that such species-specific reaction norms
exist under laboratory conditions (Berthold 1996,
Gwinner 1996). 

However, the observed levels of species-specific
developmental plasticity must also be conditional on
the environment. For example, populations of the same
species exhibit different degrees of plasticity in their

migrations (Flack et al. 2016, Loonstra et al. 2019b).
Similarly, individuals from the same population can
vary considerably (Gill et al. 2019, Verhoeven et al.
2019), especially in populations that are partially
migratory (Chapman et al. 2011). In fact, hand-raised
godwit siblings can be induced to show different
migratory strategies depending on the context in which
they are released (Loonstra et al. in review). Even a
single individual can be resident or migratory at differ-
ent stages of its life (Hegemann et al. 2015). Thus, the
apparent gradient in developmental plasticity between
species, populations, and individuals could be the
result of both organismal and conditional differences.

In order to understand how much, how fast, and
when animals can adjust their migrations, we need to
identify to what extent the differences between species,
populations, or individuals are currently organismal or
conditional. Since seasonal migration is a ”syndrome”
(i.e., an amalgamation of many different traits, Piersma
et al. 2005), such an analysis will be daunting and
encompass: (1) determining more comprehensively
which component traits contribute to an individual’s
observed migratory routine (e.g., photoperiodic con-
trol of pre-migratory fattening, physiological control of
fattening rates, absolute potential fuel loads, etc.); (2)
experimentally revealing the organismal limits of these
component traits, i.e. their full reaction norms; (3)
employing transcriptomic and genomic approaches to
understand the genetic basis that may underlie these
component traits, which might help disentangle to
what extent plasticity is organismal or conditional
(Horton et al. 2019); and, (4) developing an ecological
understanding of how trade-offs among these compo-
nent traits may limit the potential for plastic responses
to changes within the environmental range covered by
individual reaction norms. Studies of bird migration
thus have the potential to illuminate the most funda-
mental questions about the generation of phenotypic
variation and also help us understand the organismal
limits to contemporary global change (Gienapp et al.
2014).
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Southward Migration
Intercept Hatching date Sex1 Year2 N_Juv

Latitude b ± SE b ± SE F P b ± SE F P b ± SE F P

52°N 97.77 ± 33.0 0.91 ± 0.23 15.93 0.001 –6.02 ± 3.98 2.28 0.144 8.83 ± 4.76 3.45 0.076 28
48°N 109.95 ± 34.62 0.83 ± 0.24 12.05 0.002 –5.80 ± 4.08 2.02 0.169 8.72 ± 4.81 3.29 0.083 27
44°N 105.38 ± 34.58 0.86 ± 0.24 13.08 0.002 –3.10 ± 4.13 0.56 0.461 7.46 ± 4.83 2.39 0.137 26
40°N 102.34 ± 60.29 0.87 ± 0.41 4.43 0.048 0.75 ± 6.98 0.01 0.915 13.79 ± 7.76 3.16 0.091 24
36°N 127.82 ± 38.76 0.71 ± 0.29 7.09 0.016 –0.80 ± 4.84 0.03 0.870 6.74 ± 5.38 1.57 0.228 20
32°N 132.60 ± 43.65 0.71 ± 0.30 5.72 0.030 –2.79 ± 5.25 0.28 0.603 9.09 ± 5.58 2.65 0.124 19
28°N 128.71 ± 44.46 0.71 ± 0.30 5.55 0.033 –2.92 ± 5.35 0.30 0.593 9.16 ± 5.68 2.60 0.128 19
24°N 128.73 ± 44.46 0.71 ± 0.30 5.57 0.032 –3.24 ± 5.35 0.37 0.553 9.24 ± 5.68 2.65 0.125 19
20°N 130.35  ± 46.33 0.71 ± 0.31 5.07 0.040 –4.06 ± 5.57 0.53 0.478 9.41 ± 5.57 2.53 0.133 19

1 Reference level for sex is female
2 Reference level for year is 2016

Table S1. Results of a linear model examining the effects of hatching date, sex and year on the timing of southward migration of
juvenile godwits.        

Northward Migration
Intercept Hatching date Sex1 Year2 N_Juv

Latitude b ± SE b ± SE F P b ± SE F P b ± SE F P

20°N –2.13 ± 147.45 0.30 ± 0.98 0.10 0.767 10.86 ± 19.69 0.30 0.598 –27.71 ± 34.123 0.34 0.724 12
0.95 ± 18.994

24°N –5.40 ± 149.12 0.33 ± 0.99 0.11 0.749 10.49 ± 19.91 0.28 0.615 –28.21 ± 34.513 0.34 0.720 12
1.12 ± 19.204

28°N –3.69 ± 148.99 0.30 ± 0.99 0.10 0.767 13.26 ± 21.74 0.37 0.564 –28.35 ± 34.483 0.36 0.710 12
4.19 ± 21.384

32°N –1.25 ± 147.57 0.31 ± 0.98 0.09 0.774 10.20 ± 19.71 0.35 0.576 –27.58 ± 34.153 0.34 0.721 12
0.68 ± 19.004

36°N 43.96 ± 100.96 0.09 ± 0.67 0.02 0.896 19.46 ± 13.91 1.96 0.211 –49.37 ± 23.423 2.33 0.178 11
–8.54 ± 13.684

40°N 58.27 ± 65.78 0.25 ± 0.44 0.31 0.591 5.18 ± 9.58 0.29 0.602 –1.95 ± 9.85 0.04 0.848 13
44°N 58.51 ± 84.43 0.29 ± 0.57 0.26 0.621 1.73 ± 12.29 0.20 0.891 0.67 ± 12.64 0.00 0.959 13
48°N 71.05 ± 85.23 0.20 ± 0.57 0.13 0.728 7.03 ± 12.41 0.32 0.584 6.84 ± 12.76 0.29 0.605 13
52°N 45.30  ± 82.44 0.43 ± 0.56 0.60 0.465 0.15 ± 13.5 0.00 0.991 2.29 ± 13.74 0.03 0.872 11

1 Reference level for sex is female
2 Reference level for year is 2018
3 Estimate for 2017 (1 individual)
4 Estimate for 2019

Table S2. Results of a linear model examining the effects of hatching date, sex and year on the timing of northward migration of
juvenile godwits.        
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Southward Migration Northward Migration

Mean date of crossing SD (in days) N_Ad Mean date of crossing SD (in days) N_Ad

Latitude Ad Juv P Ad Juv P Ad Juv P Ad Juv P

52°N 25 Jun 13 Aug 0.000 11 13 0.441 50 12 Mar 17 Apr 0.000 8 17 0.005 38
48°N 26 Jun 15 Aug 0.000 11 13 0.594 50 10 Mar 16 Apr 0.000 8 18 0.001 38
44°N 27 Jun 15 Aug 0.000 11 13 0.547 50 8 Mar 10 Apr 0.000 9 17 0.009 38
40°N 28 Jun 19 Aug 0.000 11 18 0.048 50 3 Mar 4 Apr 0.000 14 14 0.536 38
36°N - 17 Aug - 12 - 42 - 1 Mar - - 21 - -
32°N 8 Jul 19 Aug 0.000 20 12 0.739 41 1 Jan 15 Feb 0.001 41 24 0.141 35
28°N 8 Jul 19 Aug 0.000 20 13 0.743 41 31 Dec 15 Feb 0.001 41 24 0.157 35
24°N 9 Jul 20 Aug 0.000 20 13 0.771 41 31 Dec 15 Feb 0.001 41 24 0.151 35
20°N 9 Jul 20 Aug 0.000 20 13 0.815 41 30 Dec 14 Feb 0.001 42 24 0.155 35

Table S3. Results of a generalized linear model examining the difference in timing of southward and northward migration between
adult and juvenile godwits tracked in the same years.        

Southward Migration
Intercept Date of crossing Sex1 Year2 N_Juv

Latitude b ± SE b ± SE F P b ± SE F P b ± SE F P

52°N 4.92 ± 0.22 0.10 ± 0.12 0.62 0.439 0.18 ± 0.24 0.56 0.460 –0.21 ± 0.24 0.761 0.392 28
48°N 1.28 ± 0.43 0.35 ± 0.43 0.64 0.432 0.83 ± 0.81 1.05 0.315 0.14 ± 0.80 0.03 0.862 27
44°N –1.10 ± 0.99 0.54 ± 0.58 0.87 0.361 0.88 ± 1.06 0.686 0.417 –0.07 ± 1.07 0.00 0.951 26
40°N –3.63 ± 1.75 –0.31 ± 0.75 0.17 0.683 0.73 ± 1.90 0.15 0.706 0.15 ± 1.96 0.01 0.940 24
36°N –6.63 ± 1.89 1.26 ± 1.20 1.11 0.308 1.60 ± 2.06 0.60 0.449 1.85 ± 2.05 0.81 0.381 20
32°N –9.26 ± 1.96 2.14 ± 1.24 2.98 0.105 2.29 ± 2.20 1.09 0.313 1.32 ± 2.15 0.38 0.549 19
28°N –11.16 ± 2.07 2.43 ± 1.29 3.55 0.079 2.54 ± 2.32 1.20 0.291 1.00 ± 2.27 0.20 0.665 19
24°N –13.32 ± 2.20 2.65 ± 1.35 2.66 0.121 2.96 ± 2.47 2.04 0.171 0.97 ± 2.40 0.03 0.855 19
20°N –14.41  ± 2.17 2.43 ± 1.30 3.51 0.080 2.70 ± 2.43 1.23 0.285 0.85 ± 2.35 0.13 0.724 19

1 Reference level for sex is female
2 Reference level for year is 2016

Table S4. Results of a linear model examining the effects of crossing date, sex and year on the longitude of southward migration of
juvenile godwits.        
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Northward Migration
Intercept Date of crossing Sex1 Year2 N_Juv

Latitude b ± SE b ± SE F P b ± SE F P b ± SE F P

20°N –9.15 ± 4.43 2.65 ± 3.05 0.75 0.41 –2.89 ± 4.27 0.046 0.521 1.23 ± 8.073 0.02 0.980 12
–0.35 ± 4.214

24°N –6.27 ± 4.93 4.10 ± 3.40 1.45 0.268 –4.39 ± 4.81 0.83 0.392 2.10 ± 9.103 0.06 0.944 12
–0.85 ± 4.754

28°N –3.82 ± 5.23 4.35 ± 3.62 1.44 0.269 –3.97 ± 5.11 0.60 0.462 0.15 ± 9.673 0.09 0.913 12
–2.07 ± 5.054

32°N –0.73 ± 5.34 4.27 ± 3.75 1.30 0.292 –3.82 ± 5.24 0.53 0.490 –0.10 ± 9.913 0.28 0.767 12
–3.71 ± 5.184

36°N 1.94 ± 5.42 9.89 ± 6.23 2.48 0.166 –5.24 ± 6.65 0.62 0.461 9.90 ± 13.533 0.27 0.769 11
0.91 ± 6.044

40°N 1.93 ± 6.55 –4.87 ± 6.86 0.50 0.496 –0.82 ± 5.55 0.02 0.886 –0.70 ± 5.58 0.02 0.903 13
44°N –0.003 ± 5.32 0.50 ± 4.31 0.01 0.910 0.25 ± 4.43 0.00 0.956 1.78 ± 4.44 0.16 0.695 13
48°N 3.16 ± 3.73 –1.04 ± 3.02 0.12 0.739 0.61 ± 3.15 0.04 0.851 0.73 ± 3.14 0.05 0.823 13
52°N 2.29 ± 0.70 1.12 ± 0.49 5.27 0.055 1.23 ± 0.52 5.57 0.050 1.24 ± 0.52 5.65 0.049 11

1 Reference level for sex is female
2 Reference level for year is 2018
3 Estimate for 2017 (1 individual)
4 Estimate for 2019

Table S5. Results of a linear model examining the effects of crossing date, sex and year on the longitude of northward migration of
juvenile godwits.        

Southward Migration Northward Migration

Mean longitude of crossing SD ( ° longitude) N_Ad Mean longitude of crossing SD ( ° longitude) N_Ad

Latitude Ad Juv P Ad Juv P Ad Juv P Ad Juv P

52°N 4.69 4.83 0.023 0.24 0.58 0.007 32 4.39 4.54 0.901 0.40 1.06 0.023 24
48°N 1.43 1.67 0.390 1.20 1.93 0.008 32 0.25 2.75 0.399 1.58 4.74 0.003 24
44°N –1.72 –0.27 0.104 1.52 3.33 0.001 31 –2.37 1.11 0.436 2.11 6.77 0.015 24
40°N –4.42 –3.23 0.346 1.78 4.47 0.002 31 –4.89 –1.86 0.735 2.62 8.59 0.011 25
36°N –6.55 –4.85 0.689 1.62 4.45 0.002 25 –7.06 –3.13 0.361 2.78 8.05 0.053 19
32°N –8.34 –7.11 0.653 2.09 4.75 0.022 25 –10.51 –7.89 0.190 3.98 7.85 0.277 24
28°N –10.30 –8.94 0.248 2.54 5.06 0.057 25 –12.64 –10.48 0.286 4.42 7.59 0.434 24
24°N –12.02 –11.02 0.420 3.05 5.18 0.149 25 –14.02 –12.32 0.356 4.11 7.11 0.314 26
20°N –13.61 –12.03 0.214 2.97 5.22 0.076 25 –14.74 –13.04 0.251 3.11 5.94 0.281 26

Table S6. Results of a generalized linear model examining the difference in the longitudinal distribution of southward and north-
ward migration between adult and juvenile godwits tracked in the same years.        
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Southward Migration
Intercept Date of crossing Sex1 Year2 N_Juv

Segment b ± SE b ± SE F P b ± SE F P b ± SE F P

52°N – 48°N 270.43 ± 45.86 –21.84 ± 24.23 0.81 0.377 –50.46 ± 50.18 1.01 0.325 –28.41 ± 49.39 0.33 0.571 27
48°N – 44°N 188.90 ± 37.94 –6.26 ± 23.06 0.07 0.789 –4.96 ± 41.22 0.01 0.905 18.58 ± 41.17 0.20 0.656 26
44°N – 40°N 235.44 ± –79.02 0.86 ± 0.24 2.26 0.149 –54.09 ± 87.37 0.38 0.543 8.28 ± 86.64 0.01 0.925 24
40°N – 36°N 230.32 ± 56.69 –44.51 ± 30.57 2.12 0.165 6.28 ± 62.48 0.01 0.921 –98.93 ± 61.98 2.55 0.130 20
36°N – 32°N 202.92 ± 51.25 –75.78 ± 30.17 6.31 0.024 19.55 ± 56.56 0.12 0.734 –33.04 ± 55.79 0.35 0.562 19
32°N – 28°N 182.31 ± 31.34 –29.75 ± 18.28 2.65 0.124 –23.38 ± 34.88 0.45 0.513 30.96 ± 34.08 0.83 0.378 19
28°N – 24°N 209.89 ± 32.17 –18.99 ± 18.43 1.06 0.319 –34.03 ± 35.70 0.91 0.356 0.76 ± 34.87 0.00 0.983 19
24°N – 20°N 99.65 ± 70.94 18.41 ± 40.52 0.21 0.656 40.16 ± 78.80 0.26 0.618 10.33 ± 78.71 0.02 0.895 19

1 Reference level for sex is female
2 Reference level for year is 2016

Table S7. Results of a linear model examining the effects of crossing date, sex and year on the longitudinal displacement per latitu-
dinal segment on southward migration of juvenile godwits.        

Northward Migration
Intercept Hatching date Sex1 Year2 N_Juv

Segment b ± SE b ± SE F P b ± SE F P b ± SE F P

20°N – 24°N –296.74 ± 70.59 –151.41 ± 49.11 9.51 0.018 166.26 ± 71.58 5.40 0.053 –93.05 ± 135.143 0.71 0.525 12
52.80 ± 70.564

24°N – 28°N –249.06 ± 76.73 –26.30 ± 53.42 0.24 0.638 –43.98 ± 78.63 0.31 0.593 199.68 ± 148.783 1.76 0.240 12
126.46 ± 77.714

28°N – 32°N –305.15 ± 86.12 15.02 ± 60.07 0.06 0.810 –14.17 ± 88.35 0.03 0.877 23.45 ± 167.203 1.82 0.231 12
162.98 ± 87.274

32°N – 36°N –279.64 ± 95.46 –59.82 ± 66.76 0.80 0.405 –152.49 ± 100.04 2.32 0.178 0.43 ± 181.973 0.10 0.907 11
–43.46 ± 100.044

36°N – 40°N –190.95 ± 80.59 –24.01 ± 95.99 0.06 0.811 68.21 ± 105.85 0.42 0.543 –117.18 ± 23.42 1.48 0.269 10
40°N – 44°N –67.41 ± 151.82 –91.75 ± 139.94 0.43 0.529 –77.47 ± 117.77 0.43 0.527 –168.90 ± 118.47 2.03 0.188 13
44°N – 48°N –254.76 ± 177.24 104.88 ± 128.73 0.66 0.436 –54.11 ± 137.76 0.15 0.704 102.15 ± 138.00 0.55 0.478 13
48°N – 52°N –418.20 ± 203.31 –20.46 ± 131.86 0.02 0.881 294.95 ± 149.72 3.88 0.090 300.44 ± 149.88 4.02 0.085 11

1 Reference level for sex is female
2 Reference level for year is 2018
3 Estimate for 2017 (1 individual)
4 Estimate for 2019

Table S8. Results of a linear model examining the effects of crossing date, sex and year on the longitudinal displacement per latitu-
dinal segment on northward migration of juvenile godwits.        
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Southward Migration Northward Migration

Longitudial movement (km) SD (km) N_Ad Longitudial movement (km) SD (km) N_Ad

Segment Ad Juv P Ad Juv P Ad Juv P Ad Juv P

52°N – 48°N 242.73 234.57 0.665 79.90 120.30 0.026 32 –311.33 –169.70 0.114 106.76 243.97 0.015 24
48°N – 44°N 249.97 199.49 0.066 105.26 96.16 0.961 31 –215.42 –130.70 0.183 130.85 224.81 0.144 24
44°N – 40°N 242.16 217.90 0.566 96.69 206.36 0.067 31 –216.75 –253.24 0.466 130.42 199.11 0.246 24
40°N – 36°N 216.30 183.23 0.410 121.25 145.40 0.295 25 –232.81 –199.74 0.667 218.93 133.42 0.363 19
36°N – 32°N 169.11 189.79 0.448 78.76 135.35 0.020 25 –249.33 –338.52 0.106 132.24 155.40 0.641 19
32°N – 28°N 192.85 179.92 0.599 84.63 73.63 0.805 25 –211.67 –254.19 0.415 147.68 141.51 0.956 24
28°N – 24°N 174.71 187.75 0.591 84.19 71.89 0.498 25 –145.94 –186.69 0.381 130.19 129.11 0.854 24
24°N – 20°N 166.04 130.94 0.361 99.21 152.40 0.299 25 –76.14 –75.91 0.997 165.72 160.39 0.919 26

Table S9. Results of a generalized linear model examining the difference in orientation between adult juveniles from The
Netherlands during south- and northward migrations.        
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Figure S1. Tracks from a mother-daughter pair: mother tracked with a geolocator (red), daughter with satellite transmitter (blue).
Light colours show southward migration and time spent on the non-breeding grounds, whereas dark colours show northward migra-
tion. On southward migration, the migratory timing of the pair was considerably different, but both mother and daughter flew to
West Africa. However, after arriving in West Africa, and on northward migration, their routines again differed considerably. For the
mother, the mean estimated locations of stationary periods are given. 
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INTRODUCTION

In the course of history, all extant organisms have suc-
cessfully adjusted to changing ecological circumstances
imposed by alternating glacial and interglacial periods
and the correlated geographic distribution of suitable
habitats. The current challenges set by rapid global
change may therefore not be new, but the speed and
extent of changes probably exceeds the rates in the
past, and it is unclear whether species are able to
adjust (Parmesan 2006). It is thus important to under-
stand by which mechanisms species adjust, how fast
these mechanisms operate, and whether the speed of
adaptation is sufficient to maintain a viable population
(Parmesan 2006, Botero et al. 2015). These mecha-
nisms include not-mutually exclusive processes like
individual learning, adaptive phenotypic plasticity, cul-
tural inheritance and genetic evolution (Botero et al.
2015). Generally, it is considered that genetic evolution
is the mechanism with the slowest response, while
other processes like individual learning and/or cultural
inheritance are expected to make organisms more
responsive to change (Keith & Bull 2016, Berdahl et al.
2018). To demonstrate the latter mechanisms, it is
 crucial to show how information is transmitted

between generations, but also how innovations arise
(Mueller et al. 2013, Berdahl et al. 2018).

If different populations of migrant birds vary in
breeding and wintering locations and in the timing and
routes of migration, they are an ideal model for experi-
mentally testing how populations adapt to the chang-
ing conditions they live in (Piersma 2007). Such intra -
specific population variation in migratory itineraries
may appear as a result of genetic evolution (mostly
shown for passerines: Helbig 1991, Berthold 2001,
Lundberg et al. 2017, Scordato et al. 2020), but in
other species intraspecific variation in migratory strate-
gies appears to have originated so recently that alter-
native inheritance pathways may be implicated
(Piersma 2011). In fact, evidence on soaring migrants
and migrants that travel in family groups confirms that
migration routes can be culturally inherited
(Chernetsov et al. 2004, Mueller et al. 2013, Meyburg
et al. 2017, Flack et al. 2018, Oudman et al. 2019).
Obviously, cultural inheritance and genetic variation
could both be at play, and their relative importance
likely depends on the social information available to
young individuals (Keith & Bull 2016, Berdahl et al.
2018). In this experimental study we experimentally
examine the relative importance of innate vs. environ-

A.H. Jelle Loonstra, Mo A. Verhoeven, Christiaan Both, Theunis Piersma 

Submitted Manuscript

Despite great descriptive knowledge on migration in birds, hardly anything is known about the developmental
sources of this behavior, and thus the potential adaptive value through individual learning or cultural transmission.
In a translocation and delayed-release experiment with juvenile hand-raised Black-tailed Godwits Limosa limosa
limosa, we demonstrate that displaced juveniles adopt the spatiotemporal organization of migration that is habitual
for the population at release rather than at origin. This leads us to reject the hypothesis that unexperienced
migrants only rely on an innate navigational program, but is consistent with the idea that unexperienced migrants
gradually increase their navigational capabilities through individual learning or cultural transmission. The experi-
mentally induced ontogenetic variation in wintering sites of juvenile godwits indicates that the process of develop-
mental flexibility offers  substrate for rapid adaptation of long-distance migration. 

15 Non-inherited factors shape adaptive potential
in migratory routes and destination in
a long-distance migrant

A
B
ST

R
A
C
T



mental cues like the use of social information in the
spatiotemporal organization of migration, and test
whether early life experiences can create new pheno-
typic variation which could serve as a source for new
adaptive, culturally inherited, migratory itineraries.

We carried out a juvenile translocation experiment
with naïve hand-raised birds over 1000 km, transfer-
ring birds from a Dutch to a Polish population of Black-
tailed Godwits (Limosa limosa limosa; hereafter: God -
wits; Figure 15.1). The large Dutch population and the
smaller Polish population do not differ genetically (as
tested using neutral markers, Trimbos et al. 2014), but
differ in migration direction and wintering area (Figure
15.1; Loonstra et al. 2019). Whereas Dutch godwits
migrate in SW-direction and spend the winter in
(coastal) West-Africa and the Iberian Peninsula, the
Polish godwits first take a S- to SE-direction, before
changing to a more S to SW-route; they winter mostly
in wetlands in the central Sahel (Lake Chad and Inner-
Niger Delta, Figure 15.1; Loonstra et al. 2019). God -
wits migrate in flocks of conspecifics or similar species,
but not in family groups (Verhoeven et al. 2019, under
review a). 

We collected complete clutches of four eggs during
the first week of incubation in our study area in South -
west Fryslân, The Netherlands (see: Kentie et al.
2018). After hatch in an incubator, chicks were kept
inside for seven days, and taken to meadow enclosures
till an age of 25 days. For each nest of four eggs col-
lected in the Dutch population, we randomly assigned
chicks at an age of 35.7 ± 2.9 days to the treatments:
(1) release NL (53.00°N 5.58°E), normal timing (19
June), (2) release Poland (52.92°N 23.45°E), normal
timing (19 June), (3) release NL, delay 28 days, (4)
release Poland, delay 28 days. We hypothesize that if
genetic information is important, translocated juvenile
godwits would match the migratory direction of the
source population (Figure 15.1). If individual learning
of the cultural transmission of information is the major
cue, we expect the delayed treatments to adhere less
with the migration direction of the population of
release, and we expect them to (a) have a genetically
predisposition to migrate to the SW, or (b) show in
increased variation in direction as they need social cues
(Figure 15.1). As we followed surviving individuals
until their first northward migration back to the breed-
ing grounds, we also hypothesize that if animals
imprint on a goal during early independent life, trans -
located individuals will return to their release sites. In
contrast, if individuals would imprint on their natal
site, they would return to their original natal site for
breeding.

Departing on their first southward migration, translo-
cated juveniles initially orientated more eastwards than
siblings released in The Netherlands. After crossing
44°N, translocated godwits orientated more west-
wards, resembling what experienced Polish adults do
(Figure 15.1; Table 15.1, S2). Furthermore, the orien-
tation of juveniles released in The Netherlands or
Poland did not differ from the orientation of experi-
enced birds of the population at release (Figure 15.1;
Table S2-3). These results reject the hypothesis that
naïve Godwits solely rely on a genetically inherited
navigation program during their first southward migra-
tion and are consistent with the alternative hypothesis
that unexperienced Godwits have the flexibility to
migrate along different migratory routes which are
modified through environmental differences like the
presence of different information from conspecifics.

The experimental delay resulted in an average 30
day later departure (Table 15.1). However, departure
date did not affect the directionality of orientation
among juveniles, nor did ‘family’ explain a large  portion
of the variation (Figure S1; Table 15.1, S1). Consist -
ently, there were no differences between the variation
of migratory orientation in early and late departing
juveniles within the first two latitudinal segments
(Table S11). On average, during southward migration
all juveniles departed later than adults, but early trans -
located juveniles caught up with the adults at 44°N.
The average timing of southward migration of Dutch
adult Godwits was earlier than juvenile Dutch Godwits
(Figure 15.2; Table S4-5). These results are not consis-
tent with the idea that later departures should be based
on less social information, yet suggest that later indi-
viduals would either rely on inherited directional infor-
mation or were less directional altogether. We propose
that delayed birds likely have some information avail-
able, either from the rare adults that migrate late or
from other shorebird species sharing habitats and
migration routes but migrating later in the year (Cohen
& Satterfield 2020). Nevertheless, we did find evidence
for an timing effect on resulting wintering sites. Perhaps
as a consequence of having relatively less information,
later departing juveniles more often winter ed north of
the Sahara (Table S7; bdeparture day = –0.034 with SD
0.01, P = 0.03). This was not without a cost, as later
departing individuals had a higher chance to die dur-
ing their first southward migration, irrespective of
release site (Table S6; bdeparture day = –0.034 with SD
0.01, P = 0.01) . 

During their first northern winter, juveniles winter-
ing in sub-Saharan Africa concentrated in the Inner
Niger Delta, Lake Chad and the coast of West-Africa
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(ranging from Mauritania in the north to Guinée-
Conakry in the south; Figure 15.1). While the within-
winter movements of individual juvenile Godwits
released in The Netherlands were within a range of 0 –
300 km, it is noticeable that all translocated juveniles
except one clustered in the Inner Niger Delta (Mali)
(Figure 15.1). Juveniles translocated to Poland winter-
ing in sub-Saharan Africa reached the Inner Niger

Delta often after another (energetically demanding)
westward migration of ~2500 km, similar to some
adult Polish Godwits (Loonstra et al. 2019). Because
the timing of these intra-Africa movements overlapped
between experienced and unexperienced birds, we
interpret this as additional evidence for juvenile
Godwits actively using information from experienced
individuals (Figure 15.1).
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Figure 15.1. Observed migratory routes of adult godwits in Poland and The Netherlands and predicted and observed routes of hand-
raised godwits during south- and northward migration. A) Observed migratory routes of Dutch (green) and Polish (purple) adult
Godwits during southward migration (Loonstra et al. 2019, Verhoeven et al. under review b). Predicted range of routes of hand-raised
godwits released in The Netherlands (green) during southward migration and predicted range of routes for translocated godwits
when solely relying on an innate clock-compass mechanism (dotted-green) and predicted range of routes for translocated godwits
when using social information (purple). B) Observed migratory routes of hand-raised godwits released in The Netherlands (orange)
or released in Poland (blue) during southward migration. C) Observed migratory routes of Dutch (green) and Polish (purple) adult
Godwits during northward migration. Predicted range of routes for hand-raised godwits released in The Netherlands (green) during
northward migration and predicted range of routes for translocated godwits when individuals re-calibrated their compass and navi-
gate back to The Netherlands (dotted-red) and predicted range of routes for translocated godwits when using social or learned infor-
mation (purple). D) Observed migratory routes of hand-raised godwits released in The Netherlands (orange) or released in Poland
(purple) during northward migration. Significant differences in orientation between juveniles released in The Netherlands or Poland,
juveniles released in The Netherlands and Dutch adults and juveniles released in Poland and Polish adults are displayed per latitudi-
nal boundary (see also: Table 15.1-2, S2-S3).   



After spending 7–31 months at their wintering
grounds, juveniles initiated their first northward migra-
tion. Juveniles released in The Netherlands returned to
the breeding grounds using migratory routes that were
similar to their first southward migration (Figure 15.1,
S2; Table 15.2, S2-S3, S9). In contrast, the translo-
cated juveniles made a return migration to their release
site in Poland by routes that were rather dissimilar to
their first southward migration (but see Figure S2:
i157500) and strikingly different from those of the
juveniles released in The Netherlands (Figure 15.1, S2;
Table 15.2, S9). As the timing of departure and routes
of translocated juveniles did not differ from the Polish
adults (Figure 15.2; Table S4-5), translocated juveniles
again could have made use of experienced Polish
adults (Table S8). Although juveniles released in The
Netherlands on average departed later than adults
breeding in The Netherlands, there was still consider-
able overlap in departure dates and together with the
observed high similarity with autumn routes, these first
northward migrations may be steered by the previously
social and asocial information or newly learned during
this first northward migration. 

Our experiment demonstrates that during their first
southward migration godwits do not rely on an inher-
ited navigational program. In fact, the migratory move-
ments of translocated godwits suggest that routes of
unexperienced migrants are modified through use of
information from more experienced individuals (Figure
15.1). The prevalence of studies on orientation in
unexperienced birds, i.e. carried out in experimental
settings in laboratory conditions (Berthold 1992,
Mouritsen et al. 2018), may have yielded a simplified
view of orientation in unexperienced migrants (Wikelski
et al. 2007, Piersma et al. 2020), or an underapprecia-
tion of the variation in orientational cues used during
first migration in different species in the wild (Berthold
& Terrill 1991). In fact, inspired by Hamilton (1962),
Van Doren et al. (2018), Nussbaumer et al. (2019) and
Winger et al. (2019), we suggest that the presence and
the use of information from both conspecifics and non-
conspecifics during migration is much more important
and taxonomically widespread than has recently been
granted (Berdahl et al. 2018, Piersma et al. 2020,
Cohen & Satterfield 2020). 

We provide evidence that induced ontogenetic
 variation results in different wintering destination. Our
experimental demonstration of newly learned migra-
tory routines shows that new routes could readily be
established through unexperienced individuals. These
results suggest that between-population variation in
migratory itineraries may reflect considerable respon-
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Figure 15.2. Timing of south- and northward migration of adult and hand raised godwits from Poland and The Netherlands.
Observed variation in migratory timing during south- and northward migration of adult godwits from The Netherlands (green),
adult godwits from Poland (purple), hand raised juveniles released in The Netherlands (orange) and hand-raised juveniles released
in Poland (blue) per latitudinal crossing. Timing is expressed as the day of the year; 0 = 1st of January during southward migration
and 1st of September during northward migration. Significant differences in timing between juveniles released in The Netherlands or
Poland, juveniles released in The Netherlands and Dutch adults and juveniles released in Poland and Polish adults are displayed per
latitudinal boundary (see also: Table S1, S4-S5).     

LatFromTo n Intercept Release location1

b ± SE P b ± SE P

48°N – 52°N 11 –570.2 ± 109.6 <0.001 659.9 ± 209.9 0.01
44°N – 48°N 12 –532.2 ± 103.9 <0.001 638.4 ± 198.9 0.01
40°N – 44°N 13 –486.3 ± 44.5 <0.001 –147.0 ± 68.9 0.04
36°N – 40°N 13 –227.5 ± 157.9 0.19 –326.2 ± 211.9 0.17
32°N – 36°N 9 –536.8 ± 36.9 <0.001 –20.1 ± 49.5 0.97
28°N – 32°N 9 –511.1 ± 168.6 0.02 179.7 ± 226.2 0.45
24°N – 28°N 9 –500.4 ± 39.7 <0.001 –20.7 ± 56.1 0.72
20°N – 24°N 9 –479.2 ± 19.3 <0.001 –6.1 ± 25.9 0.82

1 Reference level for release location is The Netherlands

Table 15.2. Results of a generalized linear model examining the effect of release location (Poland vs. The Netherlands) on the orien-
tation of hand raised godwits during the first northward migration between all nine latitudinal boundaries.        



siveness to environmental change. Furthermore, if cul-
tural transmission during migration does not just rely
on information of conspecifics (Cohen & Satterfield
2020), rapid population adjustments through develop-
mental plasticity are even more likely (Verhoeven et al.
2018, Gill et al. 2019). 

Although we argue that developmental plasticity
and thus the ability to learn new migratory routes
enhances the adaptive potential of migratory behavior,
multiple examples exist of supposedly sub-optimal
routes (Sutherland 1998). These have been suggested
to result from historical constraints (e.g. glacial refu-
gia, Bairlein et al. 2012, Sokolovskis et al. 2018) and
with our current knowledge it seems more likely that
genetic constraints have prevented a more optimal
route than the lack of phenotypic plasticity. However,
we argue that species vary from being mostly con-
trolled by innate factors to being mostly controlled by
culturally transmitted information. The speed of adap-
tation of a species likely depends on these two axis. We
argue that godwits are at the latter part of this contin-
uum. Obviously, this does not mean that their adaptive
possibilities are unlimited. Especially in wading birds,
suitable habitats are few and far between and being
lost continuously by human activity. Thus, while they
may have adopted a strategy of rapid innovation, when
suitable habitats are gone, they can no longer adapt. 

MATERIAL AND METHODS

Experimental birds
Black-tailed Godwits Limosa limosa limosa used for this
experiment were reared in captivity in The Netherlands
(52.94°N; 5.48°E). During the breeding season of 2016
and 2017 we collected 72 eggs from 18 clutches; all
eggs were collected in our 12.000 ha study area in
southwest Fryslân, The Netherlands (see: Howison et
al. 2018, Kentie et al. 2018). Eggs were incubated in an
incubator (Heka STANDARD 9) at a temperature of
37.5°C and a relative humidity of 55–60%. To allow the
assignment of hatchlings to their original nest, we
marked each egg with a unique number; after hatching
we individually marked chicks with a plastic engraved
flag with a unique code of three characters. Chicks
were kept indoors during the first week of their life.
Single 100-W infrared lamps in each of the 6.25 m2

indoor cages provided them with the necessary amount
of warmth. Chicks were divided equally among the
eight indoor cages and to prevent group effects, we
randomly shuffled the chicks between the groups every
day. Indoor day lengths were similar to the conditions

outside. With all nights spent indoors, before release
the chicks were never exposed to night time skies.
From ages greater that seven days, all chicks spent
every other day outside in 2500 m2 enclosure in a
meadow from 08:00 to 17:00 h. Indoors, chicks were
fed with waterfowl food (Micro Lundi, Lundi; Verl,
Germany) and occasionally live buffalo worms (Alphi -
to bius diaperinus). In the outside enclosures, chicks
were able to forage on natural occurring prey-items.
Both indoors and outdoors, water was made available
ad libitum in shallow bowls. At age 25, chicks were
kept inside and moved into in an aviary with a ground
surface of 82 m2 and a height of 3.5 m. In this aviary
birds were able to fly and had ad libitum access to food
and water.

Tracking and translocation
At an average age of 35.7 ± 2.3 days in 2016 and 35.6
± 3.3 days in 2017, we divided the four family mem-
bers over four different groups. The first two groups of
naïve chicks were either released at their ‘natural’
fledging date (19 June) in The Netherlands (53.00°N
5.58°E) or translocated and released in Poland (52.92
°N 23.45°E). The other two groups were delayed by 28
days and then released at the same locations. Prior to
the transport and release of the birds, we checked the
status and health of all birds. Birds were transported in
individual cages of wood. During the 15 hr long car-
transport to Poland, we stopped every ~2.5 hr to sup-
ply the birds with fresh food and water. All birds were
outfitted with 5-g solar platform transmitting terminals
(PTT; Model 100, Microwave Telemetry, Columbia,
MD, USA). Transmitters were preprogrammed to turn
on for 8 hours and to turn off for 24 hours year-round.
We placed transmitters on the back of each bird using a
leg-loop system consisting of Dynemaa-rope (Lankhorst
Ropes, Sneek, The Netherlands), transmitters were
slightly elevated by gluing a small piece of neoprene
(24.6 mm × 15.2 mm × 1.9 mm; l × w × h) under the
transmitter. The weight of the PTT and harness (~6.0
g) represented ~2.0% of the total body mass at release.
All birds were monitored until the PTT stopped trans-
mitting, or if the temperature sensor started to follow a
day-night rhythm which indicated the death  of a bird
(see Loonstra et al. 2019). Locations were retrieved via
the CLS tracking system (www.argos- system.org) and
passed through the “Best Hybrid- filter” algorithm
(Douglas et al. 2012) to remove unrealistic locations
that exceeded 120 km h-1, while retain  ing location-
classes with quality 3, 2, 1, 0, A, B. On average this
resulted in 2.56 ± 0.85 SD locations per duty cycle.

Non-inherited shaping of migratory routes 181

15



Data analysis
All statistical analyses were performed using R (v.
3.4.3; R Core Development Team 2018).

TIMING
To summarize the timing of migration during the first
south- and northward migration of the hand-raised
juveniles, for each individual we determined its cross-
ing of the following nine latitudinal boundaries: 52°N,
48°N, 44°N, 40°N, 36°N, 32°N, 28°N, 24°N, 20°N.
Timing of migration of adult godwits at these latitudi-
nal boundaries was obtained from Verhoeven et al.
(2019) for the Dutch population and Loonstra et al.
(2019) for the Polish population. Unfortunately, we
lack information on the timing of migration of Dutch
adult godwits of the 36°N crossing, as a result we were
not able to infer potential differences between Dutch
adults and juveniles at this crossing during north- and
southward migration (see: Verhoeven et al. 2019). Part
of the adult data were collected in years prior to this
experiment (southward migration data of Dutch adults
collected in 2012–2018; northward migration data of
Dutch adults collected in 2013–2019; southward migra -
tion data of Polish adults collected in 2015–2018;
northward migration data of Polish adults collected in
2015–2019, Verhoeven et al. 2019, Loonstra et al.
2019).

To evaluate potential differences in timing during
southward migration between juveniles released in The
Netherlands and Poland, release moment (normal or
delayed), and year (2016 or 2017), we constructed a
linear mixed model per latitudinal boundary. Since we
tracked multiple members of the same family at most
crossings (Table S12), we included FamilyID as a ran-
dom effect if the number of families exceeded three
(i.e. in such cases we constructed a generalized linear
model). In a second step, we compared the timing of
hand-raised juvenile birds released in The Netherlands
vs. Dutch adults and hand-raised juvenile birds
released in Poland vs. adults in Poland during south-
ward migration using a generalized linear model. 

The statistical significance of potential differences
in timing between juveniles released in Poland and The
Netherlands during their first northward migration was
compared using a generalized linear model (no siblings
from the same family in this dataset). We also used a
generalized linear model to compare the timing of
juvenile birds released in The Netherlands vs. Dutch
adults and juvenile birds released in Poland vs. adults
in Poland during northward migration. 

ORIENTATION
To tell and compare the migratory orientation during
the first south- and northward migration between all
hand-raised juveniles, for each individual we deter-
mined the east-west movement in km between all nine
consecutive latitudinal boundaries. The east-west
movement of adult godwits from Poland and The
Netherlands within in the same segments was obtained
and compared with data from Loonstra et al. 2019
(Polish-population) and Verhoeven et al. in prep.
(Dutch-population).

Differences in orientation during southward migra-
tion between juveniles released in The Netherlands
and Poland, release moment (normal or delayed), and
year (2016 or 2017) per latitudinal boundary were
evaluated using a linear mixed model. Since we
tracked multiple members of the same family, we
included FamilyID as a random effect if the total num-
ber of simultaneously tracked families was higher than
three. We compared the orientation of juvenile birds
released in The Netherlands vs. Dutch adults and juve-
nile birds released in Poland vs. adults in Poland during
southward migration using a generalized linear model. 

The statistical significance of differences in orienta-
tion between juveniles released in Poland and The
Netherlands during their first northward migration was
compared using a generalized linear model (no siblings
in this dataset). Also, we used a generalized linear
model to compare the orientation of juvenile birds
released in The Netherlands vs. Dutch adults and juve-
nile birds released in Poland vs. adults in Poland during
northward migration. 

CROSSING OF SAHARA
Southward migration was considered ended after 24
November, the of the last southward migratory move-
ment >100 km of a juvenile (in this case of a bird that
flew from The Netherlands to Portugal). The latest
Sahara crossing occurred on 19 November. We deter-
mined the winter destination, and whether or not an
individual crossed the Sahara (successful crossing of
20°N), of each individual alive at 24 November,. Sub -
sequently, we used a generalized linear mixed effect
model with a binomial error distribution to examine
the following fixed effects on Sahara crossing: depar-
ture date, year (2016 or 2017) and release location
(The Netherlands or Poland). Departure date was
defined as the day on which an individual crossed
52°N. To account for the non-independency of multiple
individuals from the same family, we included
“FamilyID” as a random intercept.
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MORTALITY DURING FIRST SOUTHWARD MIGRATION

We first determined the fate of all hand-raised juve-
niles at 24 November using the diagnostic rules
explain ed above (Loonstra et al. 2019). Mortalities
above 52°N were excluded, as these were considered to
be unrelated to migration. We then used a generalized
linear mixed effect model with a binomial error distri-
bution to examine the following fixed effects on mor-
tality during the first southward migration of hand-
raised individuals: departure date, year (2016 or 2017)
and release location (The Netherlands or Poland).
Migratory departure date was defined as the day on
which an individual crossed 52°N. To account for the
non-independency of multiple individuals from the
same family, we included “FamilyID” as a random
intercept.

ROUTE SIMILARITY NORTH- AND SOUTHWARD MIGRATION

JUVENILES.
We defined the similarity of the first south- and north-
ward migration route of an individual by the distance
between the north- and southward crossing of each
arbitrary latitudinal boundary; 52°N, 48°N, 44°N,
40°N, 36°N, 32°N, 28°N, 24°N, 20°N. We then applied a
generalized linear model to determine any significant
differences in route similarity between juveniles
translocated to Poland and juveniles released in The
Netherlands.

VARIATION IN MIGRATORY ORIENTATION

To test for differences in the variation of migratory ori-
entation within the first two latitudinal segments
between juveniles that were released in The Nether -
lands or Poland and were either delayed or released at
their natural fledging date we used a Levene’s test
which is part of the package ‘car’ (Fox & Weisberg
2019). 

GENERAL
In all models the statistical significance of fixed effects
was assessed using parametric bootstrapping tests
using the ‘pbkrtest’ package (Halekoh & Højsgaard
2014). The adjusted repeatability of the random inter-
cepts was computed using the package “rptR” (Stoffel
et al. 2017). All calculated great circle distance were
computed using the function “distHaversine” in the
package “geosphere” (Hijmans 2017). Presented maps
were constructed using background maps from Natural
Earth (www.naturalearthdata.com).
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Figure S1. Migratory routes during southward migration of hand-raised juvenile Godwits per family. Each plot captures the migra-
tory route of all siblings from one family. Blue lines correspond to siblings released in Poland, while yellow lines refer to family mem-
bers released in The Netherlands.   
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Figure S2. Migratory routes of juvenile hand-raised godwits during their first south- and northward migration. Each plot corre-
sponds to one of the fourteen juvenile godwits that could be tracked during the first south- and northward migration. Red lines cor-
respond to route of an individual during southward migration, while dark-green lines display the first northward migration of an
individual.   



Chapter 15188

Fixed Effects Random Effect

LatCross Intercept Loc1 Release Moment2 Year3 Family

b ± SE P b ± SE P b ± SE P b ± SE P r (95%CI)

52°N 204.6 ± 7.6 <0.001 –17.7 ± 9.7 0.08 30.0 ± 10.6 <0.01 –1.1 ± 11.1 0.93 0.12 (0.00 – 0.53)
48°N 223.4 ± 9.5 <0.001 –23.4 ± 10.8 0.04 34.2 ± 11.0 <0.01 –8.3 ± 11.5 0.48 0.04 (0.00 – 0.52)
44°N 232.9 ± 8.4 <0.001 –8.7 ± 13.0 0.92 31.4 ± 12.7 0.02 –1.3 ± 13.0 0.51 0.08 (0.00 – 0.56)
40°N 251.1 ± 7.2 <0.001 –9.7 ± 13.9 0.49 23.6 ± 13.9 0.10 1.3 ± 14.5 0.93 0.03 (0.00 – 0.64)
36°N 244.0 ± 7.7 <0.001 –0.8 ± 18.7 0.97 12.7 ± 16.2 0.44 3.8 ± 16.8 0.83 0.00 (0.00 – 0.81)
32°N 244.9 ± 7.8 <0.001 –1.3 ± 19.0 0.94 11.4 ± 16.4 0.50 5.8 ± 17.1 0.74 0.00 (0.00 – 0.76)
28°N 247.6 ± 8.5 <0.001 –24.7 ± 13.6 0.21 15.5 ± 17.5 0.39 8.8 ± 16.6 0.61 0.29 (0.00 – 0.90)
24°N 244.6 ± 8.5 <0.001 –20.1 ± 15.8 0.23 17.5 ± 20.7 0.42 5.9 ± 18.0 0.77 0.24 (0.00 – 0.92)
20°N 248.3 ± 9.1 <0.001 29.0 ± 24.6 0.26 42.9 ± 25.8 0.13 11.8 ± 19.0 0.55 –

1 Reference level for release location is The Netherlands
2 Reference level for release moment is ‘normal’
3 Reference level for year is 2016

Table S1. Results of a linear mixed model examining the effect of release location (NL or PL), year (2016 or 2017) and release
moment (normal or delayed) on timing of migration during the first southward migration at all nine latitudinal boundaries.        

Southward migration
LatFromTo Intercept Age1

b ± SE P b ± SE P

52°N – 48°N 6.1 ± 38.7 0.88 52.8 ± 81.7 0.52
48°N – 44°N 62.8 ± 31.6 0.06 39.7 ± 57.2 0.24
44°N – 40°N 167.3 ± 30.3 <0.001 –6.1 ± 62.9 0.92
40°N – 36°N 208.2 ± 36.6 <0.001 –82.2 ± 73.5 0.28
36°N – 32°N 242.4 ± 40.5 <0.001 –157.6 ± 75.7 0.21
32°N – 28°N 248.9 ± 37.2 <0.001 –113.9 ± 71.9 0.13
28°N – 24°N 255.0 ± 34.1 <0.001 89.6 ± 159.7 0.58
24°N – 20°N 244.3 ± 35.5 <0.001 95.4 ± 89.4 0.29

1 Reference level for age is adult

Table S2. Results of a generalized linear model examining the difference in orientation between adult Godwits breeding in Poland
and juveniles released in Poland during south- and northward migration.        

Northward migration
LatFromTo Intercept Age1

b ± SE P b ± SE P

48°N – 52°N –265.2 ± 129.9 0.07 207.0 ± 291.7 0.50
44°N – 48°N –453.1 ± 106.2 <0.01 345.0 ± 213.4 0.07
40°N – 44°N –324.3 ± 112.3 <0.05 –160.9 ± 233.4 0.51
36°N – 40°N –301.5 ± 76.4 <0.01 –15.43 ± 161.5 0.93
32°N – 36°N –231.2 ± 70.1 <0.01 –74.4 ± 147.3 0.62
28°N – 32°N –229.3 ± 55.5 <0.01 65.3 ± 116.2 0.59
24°N – 28°N –195.9 ± 38.1 <0.001 –70.3 ± 80.2 0.40
20°N – 24°N –178.3 ± 24.5 <0.001 8.4 ± 52.4 0.88

1 Reference level for age is adult
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Southward migration
LatFromTo Intercept Age1

b ± SE P b ± SE P

52°N – 48°N 234.3 ± 10.1 <0.001 49.6 ± 36.0 0.60
48°N – 44°N 220.5 ± 16.4 <0.001 –60.3 ± 42.4 0.51
44°N – 40°N 210.5 ± 12.1 <0.001 52.3 ± 104.3 0.62
40°N – 36°N 199.0 ± 20.2 <0.001 –48.1 ± 62.6 0.45
36°N – 32°N 171.5 ± 13.4 <0.001 –61.0 ± 40.8 0.14
32°N – 28°N 177.2 ± 10.5 <0.001 –49.2 ± 33.8 0.15
28°N – 24°N 163.7 ± 12.7 <0.001 –13.9 ± 44.9 0.76
24°N – 20°N 171.2 ± 13.1 <0.001 –37.3 ± 69.3 0.59

1 Reference level for age is adult

Table S3. Results of a generalized linear model examining the difference in orientation between adult Godwits breeding in The
Netherlands and juveniles released in The Netherlands during south- and northward migration.        

Northward migration
LatFromTo Intercept Age1

b ± SE P b ± SE P

48°N – 52°N –307.8 ± 15.8 <0.001 –60.2 ± 42.4 0.16
44°N – 48°N –244.5 ± 20.0 <0.001 –36.3 ± 53.5 0.50
40°N – 44°N –231.2 ± 21.3 <0.001 –61.84 ± 58.5 0.35
36°N – 40°N –194.7 ± 37.2 <0.001 173.3 ± 117.9 0.15
32°N – 36°N –268.6 ± 24.8 <0.001 –33.6 ± 79.8 0.68
28°N – 32°N 223.9 ± 25.7 <0.001 –33.0 ± 89.3 0.71
24°N – 28°N –144.8 ± 18.8 <0.001 –79.4 ± 64.5 0.23
20°N – 24°N –84.9 ± 20.3 <0.001 –87.2 ± 70.8 0.23

1 Reference level for age is adult

Southward migration
LatCross Intercept Age1

b ± SE P b ± SE P

52°N 153.3 ± 9.3 <0.001 55.7 ± 11.2 <0.001
48°N 154.3 ± 9.4 <0.001 61.8 ± 11.6 <0.001
44°N 227.4 ± 6.8 <0.001 23.3 ± 13.2 0.09
40°N 237.8 ± 6.7 <0.001 22.4 ± 13.1 0.10
36°N 236.5 ± 6.9 <0.001 20.3 ± 13.4 0.15
32°N 236.9 ± 6.8 <0.001 20.6 ± 13.4 0.14
28°N 235.2 ± 6.9 <0.001 17.9 ± 13.6 0.21
24°N 232.1 ± 6.3 <0.001 11.6 ± 12.6 0.37
20°N 233.9 ± 7.1 <0.001 17.6 ± 14.0 0.23

1 Reference level for age is adult

Table S4. Results of a generalized linear model examining the difference in timing between adult Godwits breeding in Poland and
translocated juveniles released in Poland during south- and northward migration at all nine latitudinal boundaries.          

Northward migration
LatCross Intercept Age1

b ± SE P b ± SE P

52°N 220.2 ± 5.8 <0.001 17.8 ± 11.8 0.17
48°N 216.2 ± 4.8 <0.001 3.6 ± 10.5 0.74
44°N 198.9 ± 5.8 <0.001 1.2 ± 12.3 0.93
40°N 196.6 ± 5.7 <0.001 4.8 ± 12.0 0.70
36°N 193.3 ± 6.8 <0.001 10.2 ± 14.1 0.49
32°N 188.3 ± 6.6 <0.001 13.1 ± 13.3 0.35
28°N 188.2 ± 6.6 <0.001 13.4 ± 13.3 0.34
24°N 186.4 ± 6.3 <0.001 3.0 ± 13.5 0.83
20°N 185.8 ± 6.3 <0.001 3.5 ± 13.5 0.80

1 Reference level for age is adult
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Southward migration
LatCross Intercept Age1

b ± SE P b ± SE P

52°N 177.8 ± 1.2 <0.001 51.8 ± 3.9 <0.001
48°N 178.5 ± 4.2 <0.001 61.2 ± 4.2 <0.001
44°N 179.8 ± 1.2 <0.001 66.8 ± 4.8 <0.001
40°N 182.9 ± 1.4 <0.001 72.8 ± 6.1 <0.001
36°N -- -- -- --
32°N 187.4 ± 1.5 <0.001 53.4 ± 7.1 <0.001
28°N 187.8 ± 1.5 <0.001 67.2 ± 7.4 <0.001
24°N 186.0 ± 2.5 <0.001 70.9 ± 12.9 <0.001
20°N 188.8 ± 1.5 <0.001 68.2 ±7.6 <0.001

1 Reference level for age is adult

Table S5. Results of a generalized linear model examining the difference in timing between adult Godwits breeding in The
Netherlands and juveniles released in The Netherlands during south- and northward migration at all nine latitudinal boundaries.            

Northward migration
LatCross Intercept Age1

b ± SE P b ± SE P

52°N 195.3 ± 0.8 <0.001 31.0 ± 3.4 <0.001
48°N 193.1 ± 0.7 <0.001 31.3 ± 3.2 <0.001
44°N 190.6 ± 0.8 <0.001 23.9 ± 3.4 <0.001
40°N 184.5 ±1.2 <0.001 25.5 ± 5.1 <0.001
36°N -- -- -- --
32°N 119.7 ± 3.3 <0.001 57.5 ± 18.2 <0.01
28°N 118.6 ± 3.2 <0.001 58.4 ± 17.9 <0.01
24°N 117.5 ± 3.2 <0.001 59.5 ± 17.9 <0.01
20°N 117.4 ± 3.3 <0.001 59.6 ± 18.2 <0.01

1 Reference level for age is adult

Dependent variable Fixed effects b ± SE P

Mortality during migration Intercept 7.08 ± 3.25 0.03
Release location1 –0.45 ± 0.87 0.61
Date of 52°N crossing –0.04 ± 0.02 0.01
Year2 –0.42 ± 0.77 0.59

Random effect r (95%CI)

Family 0.01 (0.00 – 0.42)

1 Reference level for release location is The Netherlands
2 Reference level for year is 2016

Table S6. Generalized linear mixed model predicting mortality chance during the first southward migration in relation to release
location (NL vs. PL), year (2016 vs. 2017) and initiation of migration (date of 52°N crossing). In total 22 birds completed their first
southward migration, whereas 18 birds died during migration.        

Dependent variable Fixed effects b ± SE P

Crossing of the Sahara Intercept 8.27 ± 3.81 0.03
Release location1 –1.00 ± 1.56 0.52
Date of 52°N crossing –0.03 ± 0.02 0.03
Year2 –2.40 ± 1.32 0.09

Random effect r (95%CI)

Family 0.02 (0.00 – 0.62)

1 Reference level for release location is The Netherlands
2 Reference level for year is 2016

Table S7. Generalized linear mixed model predicting the chance to cross the Sahara during the first southward migration in relation
to release location (NL vs. PL), year (2016 vs. 2017) and initiation of migration (date of 52°N crossing).        
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Northward migration
LatCross Intercept Release location1

b ± SE P b ± SE P

52°N 228.0 ± 5.1 <0.001 6.4 ± 11.8 0.60
48°N 222.4 ± 4.7 <0.001 -5.9 ± 10.3 0.58
44°N 208.8 ± 5.9 <0.001 -14.9 ± 11.8 0.23
40°N 205.9 ± 6.5 <0.001 -10.6 ± 13.5 0.45
36°N 190.9 ± 9.0 <0.001 18.7 ± 18.0 0.33
32°N 187.7 ± 8.8 <0.001 18.8 ± 17.6 0.32
28°N 187.6 ± 8.8 <0.001 19.0 ± 17.6 0.32
24°N 183.2 ± 8.9 <0.001 11.2 ± 18.7 0.57
20°N 183.1 ± 8.9 <0.001 11.0 ± 18.7 0.57

1 Reference level for release location is The Netherlands

Table S8. Results of a generalized linear model examining the
effect of release location (Poland vs. The Netherlands) on the
timing of migration hand raised godwits during the first north-
ward migration at all nine latitudinal boundaries.            

Southward migration
LatCross Juveniles released in Juveniles released in

Poland The Netherlands

P P

52°N 0.88 0.09
48°N 0.24 0.20

Table S11. Results of a Levene’s test examining the effect of
release moment on a difference in variation of orientation
within the first two latitudinal boundaries per release location.              

South- and Northward migration
LatCross Intercept Release location1

b ± SE P b ± SE P

52°N 49.9 ± 110.3 0.04 643.9 ± 211.2 0.01
48°N 379.3 ± 127.2 0.01 491.8 ± 236.5 0.04
44°N 195.4 ± 135.3 0.17 801.1 ± 218.2 <0.01
40°N 190.1 ± 158.3 0.26 709.3 ± 245.3 0.02
36°N 180.6 ± 206.5 0.41 741.5 ± 277.1 0.03
32°N 176.7 ± 243.8 0.49 823.3 ± 327.1 0.04
28°N 668.4 ± 223.2 0.02 670.6 ± 407.8 0.14
24°N 735.2 ± 223.3 0.01 645.6 ± 413.9 0.06
20°N 743.2 ± 241.7 0.02 613.4 ± 465.5 0.23

1 Reference level for release location is The Netherlands

Table S9. Results of a generalized linear model examining the
effect of release location (Poland or The Netherlands) on the
route similarity between the first south- and northward migra-
tion at all nine latitudinal crossings.            

LatCross Southward migration Northward migration
Individuals Families with >1 sibling Individuals Families with >1 sibling

52°N 40 14 11 0
48°N 32 10 12 0
44°N 25 8 13 1
40°N 25 8 13 1
36°N 19 5 9 0
32°N 19 5 9 0
28°N 17 4 9 0
24°N 16 4 9 0
20°N 13 1 9 0

Table S10. Total number of tracked hand-raised godwits per latitudinal crossing and the number of families with more than one sib-
lings tracked per crossing. Both numbers are displayed for south and northward migration separately.        



We believe this dissertation is special and exciting in
multiple ways. We were in the unique position of being
able to perform a number of descriptive, comparative
and experimental studies on one of the most iconic
meadow birds: the Black-tailed Godwit (hereafter
“godwit”). These studies changed our understanding of
the godwit as a parent, chick, fledgling, and especially
as a long-distance migrant. And so did the variation in
migration we observed among Dutch godwits, Polish
godwits and other migratory bird species. All of these
observations form the basis for exciting (new) hypo -
theses and predictions about the causes and conse-
quences of the observed variation, which are set forth
in chapters of this dissertation.

Also notable is that although science, academic life
and most of the world is becoming more individualis-
tic, this dissertation is the product of a truly enjoyable
and fruitful collaboration between two authors who
have worked together to get a better understand of
avian migration. We argue (based on a sample size of
one) that working individually, we would never have
been able to gain the depth and breadth of knowledge
that we attained together. Two pairs of hands not only
perform more practical work than a single pair, but
they complement and motivate each other in such a
way that they create a virtual third pair of hands. As
the owners of these hands, and the people who have
benefited most directly from this collaboration, we
therefore want to stress the importance of true scien-
tific collaboration and discussion. We believe that only
through such collaboration and discussion can scien-
tists maximize their potential for producing new
insights.

In this thesis we made progress to finding limits
among adults, understanding these limits through
ontogeny, and finally understanding ontogeny through
an experiment. Despite these advancements in knowl-
edge, our understanding of the causes or “sources” of

the observed variation in these behaviours is still
incomplete. After five years of work and discussion, we
could make a long list of hypotheses on the possible
“sources” of the observed variation. However, we
would rather test some of these hypothesis than list
them. As the saying goes: ”A hypothesis can be interest-
ing, but that is not what a hypothesis is for”. Therefore,
we present our thoughts on how to study these causes
or “sources” by collaboratively answering hypotheses.

LESSONS LEARNED

By demonstrating that there is variation in the traits of
individuals, populations and species, one shows that
the environment is either permitting or favouring a
range of phenotypic variation. We can have long circu-
lar discussions about whether the environment permits
or favours a range of phenotypic variation:

“Why do we observe a range of behaviour? Because
that range is not selected against.
Why is that range not selected against? Because it
has no costs.
Why is there a range then? Either because it has ben-
efits or is not selected against. So is it permitted or
favoured? Could be both.”

The bottom line is that the environment both generates
(i.e. developmental plasticity) and limits phenotypic
variation (i.e. selection). We will therefore continue by
saying that phenotypic variation is conditional on the
current environment. Why is this important? For one, it
means that when a consistent migratory behaviour is
observed, it is conditional on the environment. Thus,
different environments may also lead to differences in
the migratory phenotype (Chernetsov et al. 2004,
Meyburg et al. 2017). For example, the migratory route
of hand-raised Dutch godwits is conditional on whether
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they are released in The Netherlands or Poland
(Chapter 15).

However, there is also evidence that the observed
phenotypic variation is not only conditional on the cur-
rent environment. For example, experiments have
shown that certain genetically constructed traits such
as photo-refractoriness also set limits to phenotypic
variation (Gwinner 1996, Berthold 1996). Compelling
empirical evidence for these limits comes from barn
swallows (Hirundo rustica) which have shown the plas-
ticity to breed both in the northern and the southern
hemisphere (Winkler et al. 2017). However, despite
this plasticity they appear to be limited to breeding
only north of the tropic of Cancer and south of the
tropic of Capricorn. Furthermore, the annual cycle
events of barn swallows breeding in the northern and
the southern hemisphere differ by exactly six months,
i.e. they are mirror images (Winkler et al. 2017). Given
our knowledge on the photoperiodic control in other
birds, breeding only outside of the tropics and an exact
shift of the annual cycle, may not be a coincidence, but
in all likelihood the current limits set by photoperiodic
control (Gwinner 1996, Berthold 1996). We will call
these types of limits, which are likely a result of previ-
ous and current environments, the organismal limits to
current phenotypic variation.

Because an observed migratory behaviour is the
result of the current conditional and organismal limits,
figuring out why a certain range of behaviours is
observed in a particular context requires knowing both
the conditional and organismal limits. In our example,
we used a range of behaviours to illustrate that a cur-
rent range of behaviours could have conditional and
organismal causes. However, also when a behaviours
change (in contrast to a fixed range), such as the ear-
lier timing of migration later in life, that change could
have conditional and organismal causes. Also, note the
similarities between the idea of current phenotypic
variation being organismal and conditional, to the
ideas of (i) nature and nurture, (ii) genotype and
pheno type and (iii) individual and environmental
 quality.

THE DAUNTING TASK AHEAD

We believe it is necessary to find and develop an eco-
logical understanding of the extent to which migration
(and indeed other) behaviours are conditional or
organismal in order to understand the causes or
“sources” of the variation currently observed. This
might seem straightforward, were it not that the

observed variation is necessarily the result of repeated
interactions between what is conditional and what is
organismal. As such this is an incredibly complex and
daunting task! At the same time, it is a fantastic jour-
ney without an end.

For now, we divide this complex study on the limits
of observed or “current” phenotypic variation in migra-
tory behaviour into four parts. (1) Seasonal migration
is a ‘syndrome’ (an amalgam of many different traits,
Piersma et al. 2005), and therefore we need to know
which traits contribute to an individual’s observed
migratory routine. We also need to (2) experimentally
reveal the limits of these component traits, i.e. their
full ‘reaction norms’. We furthermore need to know (3)
how and when trade- offs among these component
traits may limit the potential for phenotypic variation.
The difficulty will be that even when we know the con-
ditional and organismal limits, we do not know to
what extent the observed trade-offs are conditional or
organismal. Again, these reflect the more general chal-
lenges in identifying to what extent a behaviour or
observation is the result of (i) nature and nurture, (ii)
genotype and environment and (iii) individual and
environmental quality. We therefore think we should
(4) attempt transcriptomic and genomic approaches to
understand the genetic basis that may underlie these
component traits and the level of genetic diversity
existing for these traits across populations (Merlin &
Liedvogel 2019). If there is a genetic basis or “con-
struct” for these traits, we could learn how their reac-
tion norms work in terms of transcriptomics (our point
2, Horton et al. 2019). This might allow us to more
fully understand to what extent the migratory behav-
iour we observe is organismal and conditional.

WHERE TO START?

It likely makes most sense to start with points (1) and
(2) knowing which component traits (e.g. pre- migra-
tory fattening rates, absolute potential fuel loads, etc.)
contribute to an observed migratory routine and
revealing the limits of these component traits. How -
ever, in the case of migratory behaviour, we are far
removed from an understanding that approximates
that of a well-studied subject like the timing of breed-
ing. Consider the complex studies already performed to
study the timing of breeding, such as (i) advance and
delay, (ii) cross-fostering and (iii) endocrinological
experiments (Verhulst & Nilsson 2008). Making head-
way like this for migratory behaviour is a daunting
tasks in and of itself.

General discussion 193

16



We think that one of the properties of migration
that we must learn about first is, knowing when migra-
tory routines are formed. As a result, we believe there
is a need for life-long tracking studies, combined with
studying the relevant circumstances that might con-
tribute to observed differences that are present from
birth and those that arise through life. This follows
from our work in Chapters 14 and 15, which compares
the range of variation in timing and routes between
adult and juvenile godwits.Clearly, the observed spa-
tiotemporal organization of migration among juveniles
is different from adults. To eventually approach the

adult pattern, the tracked juveniles will have to change
their migration beyond the two annual cycles we so far
could study them (see discussion in Chapter 14). In
fact, our preliminary analysis in Figure 16.1 shows that
at least during the first two migration there is a is a
change. Thus, the development of their migratory tim-
ing was still ongoing when we were obliged to round
off our PhD projects. In the case of convergence we
predict that individuals will advance the timing of their
migrations the most between their first and second
migration, which would be similar to black kites
(Milvus migrans) (Sergio et al. 2014).

Chapter 16194

150

200

300

250

350

100
1 2 3

times migration performed

departure breeding grounds

da
y 

af
te

r 1
 J

an
ua

ry

A B

C D

southward migration

0

150

50

100

1 2
times migration performed

departure non-breeding grounds

da
y 

af
te

r 1
 D

ec
em

be
r

1 2 3
times migration performed

arrival non-breeding grounds

1 2
times migration performed

arrival breeding grounds

northward migration

Figure 16.1. Individual change in the timing of migration between consecutive north- and southward migrations of young free-living
or hand-raised godwits that were tracked from fledging in 2016 and 2017. The x-axis is the number of migrations performed, while
the y-axis is the timing of events during these consecutive migrations: (A) departure from the breeding grounds during southward
migration, (B) arrival at the non-breeding grounds during southward migration, (C) departure from the non-breeding grounds dur-
ing northward migration and (D) arrival at the breeding grounds during northward migration. Each line corresponds to a single indi-
vidual and separate colors refer to the different origin of juveniles: blue = hand-raised juveniles released in The Netherlands (see for
all information: Chapter 15); green = hand- raised juvenile released in Poland (see for all information: Chapter 15); red = wild
juveniles born in The Netherlands (see for all information: Chapter 14). 



This will raise new questions: why do we observe
these advancements, why this amount of difference in
advancement between years of experience and, also
why some individuals advance their timing at faster
rates than others. And if this is the rate of advance-
ment, how do we explain that some individual godwits
cross the Sahara during northward migration as early
as October, while others wait till March (Chapter 2)?
In the case of timing of migration, we think these dif-
ferences could be related to the success of that migra-
tion: was a northward migration successful in terms of
arriving at the breeding grounds? Did it result in
obtaining a partner? Laying a clutch? Hatching chicks?
But many more relevant circumstances might exist.

A comparison of lifelong tracking among species
will also be worthwhile – perhaps especially so among
species that show different lengths of developmental
plasticity. For instance, short-lived passerines are often
hypothesized to be less plastic in developing migratory
routines (Berthold et al. 1992, Cresswell 2014), partly
because lab studies showed they possess innate pro-
grammes for these routines (Berthold 1996, Gwinner
1996, Pulido et al. 2001). Other species are known to
exhibit more plasticity to develop a migratory routine,
but adopt a consistent routine at some point in life
(Lok et al. 2011, Gill et al. 2014, Chapters 2, 11).
Lastly, some species are known to make adjustments to
their migratory routines throughout life (Mueller et al.
2013, Sergio et al. 2014, Teitelbaum et al. 2016,
Tombre et al. 2019). Comparisons among species with
these apparent differences might show, for instance,
whether the development of migratory routines is
related to general life histories that are already better
understood in comparison to migration, such as
longevity and senescence. In that case, these better
developed generalities might enable us to ask more
accurate questions and thus perform better experi-
ments to make inroads into what extent these differ-
ences among species are conditional or organismal.

FLYWAY ENGINEERING – IDENTIFYING
POTENTIAL ORGANISMAL LIMITS

To disentangle which traits are contributing to the
observed variation in routines and whether the current
limits are likely conditional or organismal, we clearly
need experiments that manipulate what is currently
conditional. We did this in Chapter 15 and showed that
juvenile godwits are able to migrate in another envi-
ronment after being translocated and/or delayed.
These results also already revealed some limits as we

show that later-departing individuals were less likely to
complete a migration successfully or cross the Sahara.
As is becoming increasingly clear to us, this apparent
limit could be both conditional (e.g. not enough food
later in the season) and organismal (e.g. photoperiodic
termination of migration). Nonetheless, the identifica-
tion of such limits, now enables us to ask the necessary
next questions. For instance, were unsuccessful migra-
tions the result of an inadequate individual fuel-load
upon departure from de post-fledging grounds? If so,
the causes could still be conditional (e.g. lack of food)
and organismal (e.g. photoperiodic termination of fuel-
ing) – in which case it is time for the next study!

Nevertheless, to find the current organismal limits,
it probably makes most sense to work on traits and/or
species that are presumed to be hard-wired, simply
because it is more likely (but not necessary) to find an
organismal limit. Furthermore, because everything we
observe is likely to some degree conditional, it is diffi-
cult to find organismal limits within their current envi-
ronments. An experimental approach whereby individ-
uals are translocated to novel environments which we
will call “flyway engineering” (see Piersma 2011 for a
first proposal then called ‘phenotypic engineering’) is
therefore required.

To illustrate the potential of flyway engineering as
a future step, we propose a study on northern wheat -
ears (Oenanthe oenanthe; hereafter “wheatear”). We
find wheatears interesting because they have breeding
populations at opposite ends of the North American
Arctic, populations which nevertheless both spend the
non-breeding period in sub-Saharan Africa, having
arrived there by different migration routes (Figure
16.2). These routes differ in length and direction, but
also in the number of geographic areas that require
non-stop crossings (Bairlein et al. 2012; Figure 16.2).
Perhaps as a consequence, wheatears fromthe eastern
Canadian Artic are heavier on the breeding grounds
prior to migration than individuals from Alaska
(Maginni & Bairlein et al. 2012, Bairlein et al. 2012).
Interestingly, the observed migratory itineraries among
wheatear populations are thought to be the result of
breeding range expansion after the Pleistocene, and
therefore thought to be under the control of a “well-
developed innate migratory program” (Bairlein et al.
2012; Figure 16.2).

As might be expected, we would ask whether the
variation in migratory routes among wheatear popula-
tions is conditional or organismal. To answer this ques-
tion, we propose a set of experiments with wheatears
(though such experiments could of course be applied
to other systems as well). First of all, we propose per-
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forming an egg-translocation experiment in which eggs
are brought from the breeding grounds in the eastern
Canadian Arctic to Alaska and vice versa (see: figure
16.2 for visualization). To follow these birds through-
out their migratory journey after fledging, all juveniles
should be tagged with satellite transmitters. We expect
that if organismal limits are of negligible importance,
birds will migrate along a migratory route similar to
that taken by birds from the area of hatching. If the
birds fail to successfully migrate after being translo-
cated, however, we can conclude that there are cur-
rently limits of an organismal nature. To illustrate how
such an experiment can further our knowledge, we will
imagine the hypothetical scenario that juveniles from
an Alaskan origin, but not those from a Canadian ori-
gin, will encounter problems during the crossing of the
Atlantic after leaving Canada (Figure 16.2). Since such
a crossing is novel to wheatears from Alaska (Figure
16.2) and given the known difference in weight
between Alaskan and Canadian wheatears prior to
migration; one could hypothesize that the Alaskan

juveniles did not bring enough fuel for crossing the
Atlantic. In that case, we would propose to study the
internal control of fueling behavior and the exact
causes of dead, to see whether these are related and
whether or not we should start a study on the genetic
regulation of migratory fattening (point 4 of proposed
research).

In Chapter 15 we showed that a migratory route to
a certain degree is conditional, so here we will con-
tinue under the assumption that all translocated
wheatears successfully migrate. In that case, in order to
study to what degree their migration routes are condi-
tional, we need an experiment that introduces wheat -
ears to a novel environment (outside their current and
historic range). We therefore propose collecting eggs at
the Alaskan breeding grounds and subsequently hand-
raising these birds in Alaska to ensure that they are
imprinted on a breeding ground within their natural
range (sensu Chapter 15). After hand-raising them in
Alaska, we propose that these juveniles should be
translocated to California, U.S.A. (see Figure 16.2 for
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Figure 16.2. Migratory routes (blue dotted line) and wintering grounds (blue open circle) of northern wheatears breeding in Alaska
and migratory routes of northern wheatears breeding in the eastern Canadian Arctic (red dotted line) and wintering grounds (red
open circle); after Bairlein et al. (2012). (A) The green arrows illustrate proposed first egg-translocation experiment of northern
wheatears between eastern Canadian Arctic and Alaska (and vice versa). (B) The orange arrow indicates the proposed follow- up
experiment wherein northern wheatears are hand-raised in Alaska, then translocated from there to California (U.S.A.). 



visualization). This is well outside their current and
proposed historic range (Brunn 1980). Of course, we
should be sensible about releasing them in an environ-
ment similar to their natural wintering grounds. As in
the first experiment, all birds will be satellite-tagged so
that we can have measurements of their movements
throughout the year without an observer bias. Because
of the imprinting on Alaska, we expect these birds to
migrate to Alaska in the following years. However, this
is only expected to happen if their routes can be condi-
tional to this degree, i.e. the Californian wheatears do
not face any organismal limits.

This experiment explores to what extent the current
migratory route of wheatears is the result of condi-
tional or organismal limits. Performing these experi-
ments will ultimately suggest, and hopefully identify,
the exact causes for any current organismal limits that
are found.

At this point, we have spoken our message.
Observed variation can be both conditional and organ-
ismal. We hope that it is clear that even our proposed
experiments will not fully identify the extent of condi-
tional or organismal effects. However, experiments like
flyway engineering will allow researchers first to find
current limits and then to ask questions about them!
These experiments could even generate further
hypotheses about how previous conditional limits
might have caused the identified current limits. Of
course, testing hypotheses on the current limits is
already a complex and daunting task; hypotheses pro-
posed about the past might truly be untestable! As the
saying goes: ”A hypothesis can be interesting, but that is
not what a hypothesis is for”. Let’s start with finding
some testable hypotheses, we’ll see where they take us.
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Als een bioloog door één van de laatste door weidevo-
gels bewoonde polders in Nederland loopt, gaat zijn of
haar hart sneller kloppen van de veelvoud aan span-
nende observaties. Waar op een winterdag, zonder
ganzen en andere vogels, het wellicht saai en koud is,
stroomt het leven weer terug als de dagen beginnen te
lengen in het voorjaar. Opeenvolgend zijn dan weer
baltsende Kieviten, roepende Grutto's, Tureluurs, dui-
kende Watersnippen en soms zelfs vechtende Kemp -
hanen te bewonderen. Deze diversiteit aan fascine-
rende weidevogels roept een bijna een onbeperkte
hoeveelheid aan vragen op. Alleen focussen op de
Grutto, zoals we in dit proefschrift gedaan hebben lijkt
daarom beperkt, maar gestoeld op het werk van vele
voorgangers heeft dit juist de unieke mogelijkheid
geboden om nog dieper in het leven van de Grutto te
duiken. 

Het belangrijkst doel van het in dit proefschrift
gepresenteerde onderzoek is om beter inzicht te krijgen
in de ecologie en het gedrag van de Grutto. Mede
mogelijk gemaakt door de recente ontwikkeling van
kleine en accurate zenders heeft ons onderzoek zich
daarbij voornamelijk gericht op het zoeken van een
verklaring voor de grote verschillen in migratiestrate-
gieën tussen individuele Grutto’s. Eerder onderzoek
heeft laten zien dat deze verschillen ongrijpbaar groot
zijn, zo overwintert een gedeelte van de in Nederland
broedende Grutto’s ten noorden van de Sahara terwijl
andere Grutto’s tweemaal per jaar de Sahara overvlie-
gen.  Maar niet alleen lijken individuele Grutto’s grote
onderlinge verschillen te hebben in hun overwintering-
plek, ook het moment waarop ze naar het zuiden
migreren kan meer dan twee maanden verschillen tus-
sen verschillende Grutto’s. Om deze variatie in gedrag
beter te leren begrijpen hebben we dit proefschrift
opgedeeld in een drietal onderdelen, allereerst
beschrijven en vergelijken we de geobserveerde varia-
tie in migratie maar ook in andere gedragingen tussen
individuen onder verschillende omstandigheden. Zo
hebben we onder andere getracht te ontdekken of
bepaalde verschillen verklaard kunnen worden door
geslacht, overwinteringstrategie of broedpopulatie. In
het tweede gedeelte van dit proefschrift maken we een
volgende stap en kijken we of er ook directe overle-

vingskosten en/of baten bestaan van bepaalde strate-
gieën. Ten slotte is het laatste gedeelte van dit proef-
schrift erop gericht om individuele verschillen te ver-
klaren met een ontogenetische benadering.

NATUURLIJKE VARIATIE IN GEDRAG

Om te beginnen laten we in Hoofdstuk 2 zien dat er
onder volwassen Grutto’s veel variatie is in het
moment waarop Grutto’s migreren. Het noordwaartse
vertrek vanuit West-Afrika vond plaats tussen novem-
ber en maart. Doordat we de trek van 36 individuele
Grutto’s in meerdere jaren hebben waargenomen, kon-
den we laten zien dat individuen ten opzichte van
elkaar consistent verschillen in het moment waarop ze
migreren. De aanzienlijke variatie in de timing van
Grutto-trek is dus voornamelijk het resultaat van ver-
schillen in gedrag tussen individuen en in mindere
mate van jaarlijkse verschillen in individueel gedrag.

Naast  de waargenomen temporele variatie in
migra tie, hebben we van 2015 tot en met 2018 36 vol-
wassen Grutto’s, die binnen een kilometer van elkaar
broedden, met zenders gevolgd om in Hoofdstuk 3 te
laten zien dat ook de verschillen in ruimtegebruik van
Grutto’s buiten het broedseizoen voornamelijk het
resultaat zijn van verschillen tussen individuen en in
mindere mate van jaarlijkse verschillen binnen een
individu. In West-Afrika is zowel binnen, als tussen
jaren de gemiddelde kleinste afstand tussen individuen
ongeveer 230 kilometer, terwijl dit binnen een individu
maar 16 kilometer verschilt tussen jaren. De waargeno-
men variatie in het gebruik van de ruimte door de
populatie is dus het resultaat van consistent gedrag van
individuen en niet van individuen die elk jaar wat
anders doen.

Als onderdeel van al deze vergelijkende studies om
de oorzaken van de waargenomen variatie in trekge-
drag onder in Nederland broedende Grutto’s te begrij-
pen, nemen we in Hoofdstuk 4 een volgende stap. In
dit hoofdstuk beschrijven en vergelijken we de ruimte-
lijke en temporele variatie in migratie van Nederlandse
Grutto’s met Grutto’s die in Polen broeden. Een opval-
lende bevinding is dat de in Polen broedende Grutto’s
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meer verschillende trekroutes gebruiken tijdens hun
noord- en zuidwaartse trek, nog opzienbarender is dat
individuele Poolse Grutto’s vaker van trekroute veran-
deren. Omdat we van beide populaties niet weten
welke routes individuen gedurende hun hele leven
gevlogen hebben, was het helaas niet mogelijk om een
sluitende verklaring te geven voor deze opvallende dis-
crepantie. Wel hypothetiseren wij dat een mogelijke
oorzaak zou kunnen liggen in het feit dat Poolse
Grutto’s in veel lagere dichtheden broeden dan Neder -
landse vogels. Als gevolg hiervan is het mogelijk dat dit
kan leiden tot een verschillend niveau van  kanalisatie
door sociale factoren tijdens de trekperiode.

Nadat we in de eerste hoofdstukken de grote ver-
schillen in trekroutes van Grutto’s beschrijven en deze
verschillen in andere contexten plaatsen om hier een
verklaring voor te vinden, is Hoofdstuk 5 een eerste
zijpad. We beschrijven hoe we, met behulp van ver-
schillende moleculaire technieken, welke  verschillende
paring-systemen er zijn onder Grutto’s broedend in
Nederland. Wij hebben geen aanwijzingen gevonden
dat er mannelijke en of vrouwelijke Grutto’s zijn die er
meerdere partners op na houden. Wel vonden we dat
6% van de onderzochte eieren gedumpt waren in een
nest van een ander Grutto paar. Het is niet duidelijk
waarom Grutto’s eieren leggen in een nest van een
ander paar. Mogelijk valt dit te verklaren doordat er
nestpredatie plaatsvond tijdens de legfase of dat som-
mige Grutto’s hun kansen spreiden.

In Hoofdstuk 6 vergelijken we de precisie van twee
verschillende onderzoeksmethodes die het broedge-
drag van de Grutto meten, daarbij waren we voorna-
melijk geïnteresseerd in hoeverre beide methodes de
herleg capaciteit van Grutto’s correct weergaven. De
eerste methode is de reeds vele jaren traditionele toe-
gepaste methode van nesten zoeken, en nesten volgen
van individueel gekleurringde Grutto’s. Bij de tweede
methode is gebruik gemaakt van geolocators welke
geplaatst zijn op de poten van Grutto’s. De geolocators
registreerden elke 5 minuten de lichtintensiteit en dus
ook het (be)broeden van nesten door gedurende de
dag donkere perioden te registreren. Met de traditio-
nele observatiemethode werd de eerste leg en/of de
herleg van individuen vaak gemist, geolocators daaren-
tegen waren zeer accuraat en registreerden alle legsels.
We laten zien, dat vanwege deze observatiefouten, ook
sommige op traditionele observaties gebaseerde schat-
tingen, zowel op populatie als op individueel niveau,
onjuist waren.

Waarom leggen Grutto’s eieren van verschillende
grootte? Dit is de kernvraag van Hoofdstuk 7. Weder -
om concluderen we dat dit voornamelijk het resultaat

is van consistente verschillen in eigrootte tussen indivi-
duen. Wel laten we zien dat er een verband is tussen de
eigrootte van dochters en moeders, dit impliceert dat
een deel van de individuele variatie erfelijk is. De afwe-
zigheid van duidelijke verschillen in eigrootte tussen
jaren, binnen jaren en tussen locaties, maar ook de
afwezigheid van een sterke relatie met lichaamscondi-
tie maakt het onwaarschijnlijk dat de eigrootte een
afspiegeling is van de conditie waarin het vrouwtje
zich bevindt op het moment waarop de eieren worden
gelegd. Nesten met kleinere eieren hadden een iets
kleinere kans om uit te komen, maar de eigrootte was
niet gerelateerd aan de kuikenoverleving. De legdatum
is daarentegen wel sterk gerelateerd aan de nest- en
kuikenoverleving. 

FITNESS CONSEQUENTIES

Ondanks de verschillende beschrijvende vergelijkingen
in het eerste gedeelte van ons proefschrift hebben we
nog geen eenduidig antwoord gevonden voor de fasci-
nerende hoeveelheid verschillen tussen individuele
Grutto’s. In het tweede gedeelte van dit proefschrift
hebben we daarom gekeken of een gedeelte van deze
verschillen verklaard kan worden door gerelateerde fit-
ness consequenties.

In Hoofdstuk 8 bevestigen we nogmaals dat er
grote verschillen zitten in het trekgedrag van individu-
ele Grutto’s. Als we deze verschillen vergelijken met de
gevonden verschillen binnen en tussen individuele
Rosse Grutto’s en Rode Grutto’s, dan is zowel de varia-
tie tussen als binnen individuen het grootst in Grutto’s.
Ook laten we zien dat Grutto’s vergeleken met andere
vogelsoorten een hogere overleving hebben tijdens de
trek. Mogelijk is de grote variatie in trekgedrag tussen
individuele Grutto’s dus het resultaat van een relatief
lage selectiedruk op trekgedrag. Ook al was de overle-
ving tijdens de migratie relatief hoog, wel vonden we
dat de dagelijkse overlevingskans tijdens de noord-
waartse trek over de Sahara het laagst was. Er zat geen
duidelijk patroon in de mortaliteit tijdens de noord-
waartse trek over de Sahara wat suggereert dat de con-
dities voor deze trek vaak goed zijn, maar soms niet.

Om deze laatste bevinding uit Hoofdstuk 8 verder
te onderzoeken hebben we in Hoofdstuk 9 gekeken of
de sterfte van Grutto’s tijdens het oversteken van de
Sahara te relateren is aan de hoeveelheid tegenwind.
Allereerst laten we zien dat de lage sterfte tijdens de
zuidwaartse oversteek inderdaad verband lijkt te hou-
den met het feit dat Grutto’s tijdens de zuidwaartste
oversteek meer meewind hebben dan gedurende de
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noordwaartse oversteek. Inzoomend op de noord-
waartse oversteek laten we ook zien dat Grutto’s voor-
namelijk sterven tijdens deze oversteek wanneer ze
relatief veel tegenwind hebben. Windomstandigheden
tijdens de trek kunnen dus wel degelijk een invloed
hebben de overleving tijdens de migratie. 

In het laatste hoofdstuk van dit tweede gedeelte
van dit proefschrift gaan we nader in op de vraag of
mannelijke en vrouwelijke Grutto’s een verschillende
overlevingskans hebben gedurende hun leven. Gecom -
bineerd met de relatieve hoeveelheid mannelijke en
vrouwelijke kuikens bij uitkomen kunnen we daarnaast
ook de relatieve hoeveelheid mannelijke en vrouwe-
lijke Grutto’s in de populatie schatten. In Hoofdstuk
10 vonden we dat mannelijke kuikens en mannelijke
volwassen Grutto’s tijdens deze twee levensfases een
hogere overleving hebben dan hun vrouwelijke soort-
genoten. Ondanks de observatie dat het aantal manne-
lijke en vrouwelijke kuikens bij uitkomen gelijk is laten
we daarnaast zien dat er op dit moment een overschot
aan mannelijke Grutto’s is. Opvallend hierbij is dat dit
voornamelijk komt door het verschil in overleving tus-
sen volwassen mannen en vrouwen. De reden voor het
gevonden verschil in overleving blijft helaas onbekend,
maar wellicht dat veranderde omstandigheden tijdens
het broedseizoen een belangrijke rol spelen in de
gevonden verschillen. 

ONTWIKKELING VAN GEDRAG –
HET LEVENSLANG VOLGEN VAN GRUTTO’S

De vergelijkingen in het tweede gedeelte van dit proef-
schrift hebben tot een iets groter begrip geleid bij het
begrijpen van de grote individuele verschillen tussen
Grutto’s. Maar nog steeds kunnen wij niet zeggen hoe
de verschillen tot stand zijn gekomen, mede gestoeld
op de bevinding van een beperkt aantal andere onder-
zoeken trekken wij in dit laatste gedeelte de stoute
schoenen aan en hebben we gekeken of het antwoord
wellicht ligt in de ontwikkeling van een individu.

In Hoofdstuk 11 laten we zien dat de afname van
het aantal Grutto’s dat in Spanje pleistert en de samen-
vallende toename van het aantal Grutto’s dat in
Portugal pleistert niet wordt verklaard door een gelijk-
waardige verschuiving in het trekgedrag van volwassen
Grutto’s noch door een verschil in de overleving of het
reproductief succes van Grutto’s die via Spanje of
Portugal trekken. In plaats daarvan, laten we zien dat
tijdens de verschuiving naar Portugal jonge Grutto’s
proportioneel meer via Portugal trokken dan adulten
en dat dit proces de verschuiving van Spanje naar

Portugal ook kwantitatief verklaart. Dit laat zien dat
jonge vogels de plasticiteit hebben om via Spanje of
Portugal te trekken.

Om te leren hoe de vroege ontwikkeling van vogels
invloed heeft op het trekgedrag hebben we in Hoofd -
stuk 12 een uitstapje gemaakt door de resultaten en
interpretatie van Albert Perdecks verplaatsings-experi-
ment te bediscussiëren. In deze klassieke studie die net
na de 2de Wereldoorlog uitgevoerd is heeft Perdeck vele
duizenden spreeuwen gebruikt om te laten zien dat het
voor ervaren vogels mogelijk was om te heroriënteren
na een verplaatsing, onervaren vogels daarentegen
konden dat niet. Zonder de suggestie van Perdeck is
deze studie over de loop der tijd gebruikt als een
bewijs voor de genetische predepositie van migratie.
Echter in dit hoofdstuk beargumenteren wij dat deze
stelling alleen bekrachtigd kan worden met een aantal
vervolgexperimenten waarbij onder andere spreeuwen
gebruikt moeten worden die echt naïef zijn. 

In Hoofdstuk 13 hebben we gekeken naar de ont-
wikkeling van seksuele dimorfie in Grutto’s. In dit
hoofdstuk laten we aan de hand van groeimetingen
aan kuikens in gevangenschap zien dat de sexuele
dimorfie van Grutto’s zich al gedurende de kuikenfase
ontwikkelt. Van belang is dus dat conditie-metingen
van wilde kuikens altijd gecorrigeerd worden voor
geslacht en leeftijd. Dit wordt verder onderstreept door
de vinding dat vrouwelijke Grutto-kuikens een negatie-
vere afwijking vertonen van het verwachte gewicht dan
mannelijke Grutto-kuikens. Zonder te corrigeren voor
geslacht en leeftijd zouden we tot andere resultaten
gekomen zijn die een te positief beeld laten zien van de
conditie van Grutto-kuikens in het huidige agrarische
landschap.

In Hoofdstuk 14 behandelen we de eerste zuid-
waartse en noordwaartse trek van juveniele Grutto’s.
De timing van hun zuidwaartse trek was gerelateerd
aan de uitkomstdatum en vond plaats nadat alle in die
jaren gevolgde volwassen Grutto’s waren vertrokken.
Verder vlogen juvenielen vaker non-stop naar West-
Afrika en hadden ze tijdens de trek een lagere overle-
ving dan volwassen Grutto’s. Ook de noordwaartse trek
van onvolwassen  Grutto’s vond over het algemeen
later plaats dan die van de volwassen vogels.
Onvolwassen Grutto’s bezochten op de trek ook loca-
ties waar wij volwassen Grutto’s niet eerder hadden
geobserveerd. De overlevingskans was hierdoor niet
lager. Dat de eerste zuidwaartse en noordwaartse trek
van Grutto’s zeer verschillend is van die van de volwas-
sen Grutto’s geeft waarschijnlijk aan dat Grutto’s hun
trek gedurende meerdere jaren tot een routine ontwik-
kelen.
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Om een antwoord te krijgen op de vraag of ervarin-
gen tijdens het vroege leven inderdaad een belangrijke
oorzaak kunnen zijn van verschillende trekstrategieën,
laten wij in Hoofdstuk 15 de resultaten zien van een
verplaatsings- en vertragingsexperiment met onervaren
jonge Grutto’s. Alle experimentele vogels zijn hierbij
uitgebroed en opgefokt in gevangenschap en losgela-
ten als controle in Nederland of verplaatst naar Polen.
We laten zien dat deze vogels zich tijdens de trek gaan
gedragen zoals de populatie waarin ze losgelaten zijn.
Trekrichting en overwinteringslocatie is dus niet recht-
streeks het resultaat van overerfbaarheid. Dit laatste
hoofdstuk laat dus zien dat ervaringen tijdens het
vroege leven gecombineerd met de flexibiliteit van
jonge vogels leiden tot verschillende individuele trek-
strategieën. 

Al het werk dat in dit proefschrift gepresenteerd is
heeft ons begrip rondom de ecologie en het gedrag van
de Grutto vergroot. Ondanks het feit dat we nog maar

een stukje van de magische sluier rondom de Grutto
opgelicht hebben, lijkt het antwoord op de vraag
waarom trekstrategieën van Grutto’s van elkaar ver-
schillen voor een groot gedeelte te liggen in de vroege
ontwikkeling van een individu en in de individuele
mogelijkheid om op dat moment flexibel te zijn. In
Hoofdstuk 16, grijpen wij de kans aan om ons onder-
zoek in een bredere context te zetten en aan te geven
hoe toekomstig onderzoek aan de vogeltrek zou moe-
ten worden ingericht om tot groter begrip te komen. In
grote mate denken wij dat de gevoerde onderzoekslijn
van dit proefschrift, waarin we een onderscheid maken
tussen het kunnen van een individu en omgevingsaf-
hankelijkheid van een individu, een zinvolle onder-
zoeksmanier is om verdere verschillen in trekstrate-
gieën binnen en tussen soorten te onderzoeken.
Ondanks de hiermee samenhangende gewaagde expe-
rimenten denken wij dat het noodzakelijk is om op
deze manier verder te werken.
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I would like to thank all my mentors of the past 10
years. It all started when I met Martin Bulla during an
undergraduate project. With him, I cultivated a taste
for long days of fieldwork and never-ending discus-
sions about ecology. During this same project I met
Theunis Piersma. Studying migratory waders hap-
pened to be one of my longtime wishes, but at first I
didn’t dare ask Theunis about a potential MSc project.
When I did take the leap, it only took Theunis a few
seconds to suggest that I do a study on Red Knots in
northwest Australia with Chris Hassell. Ignoring a
number of university rules about first-year MSc stu-
dents, Theunis created this possibility for me. Then he
threw me into the deep end and allowed me to learn. It
was the experience of a lifetime, and Chris became one
of my favorite human beings. A year later, Theunis sug-
gested I go and meet David Winkler, and once again
left me to it. It was another success – I loved my time
at Cornell. Engaging in active discussion with Wink
was great, and I really enjoyed bouncing ideas off of
him. This experience made all the difference because I
have wanted to ask and ask and ask ever since. Thanks,
Wink. Soon after that, Joost Tinbergen taught me the
importance of being precise when asking and answer-
ing questions. He has continued to help me with this
ever since. A little later, I met Christiaan Both – which
was perfect timing because I was learning to ask ques-
tions and he possesses much interesting knowledge.
He, too, has taken the time to help answer my ques-
tions ever since. Around this time, I asked Theunis
whether it was possible to get a sort of pre-doctoral
position. Again only seconds later, he offered me the
chance to be a research assistant working with Nathan
Senner. This too was a wonderful time. Nathan is a
fantastic mentor who has taught me to think big and
never give up. He became a good friend and is still
always willing to help me in science and in life. And
then the big moment came: Theunis was awarded the
Spinoza Premium. He recruited Jelle, told us he had
the money for us to do a PhD on the ontogeny of god-
wit behaviour, and threw us into the deep end

together. It was yet another fabulous experience.
Thank you for all of them, Theunis!

Looking back at my PhD, I particularly cherish the long
hours of fieldwork spent trying to accomplish our goals
while discussing ecological topics at length. Most of
these sweet days were with Dr. Boss and Rusk &
Deunsk, and I look forward to more like them. 

I also learned about the ease of finding likeminded and
helpful people while doing fieldwork. This became
clear to me after less than three minutes in a parking
lot in Badajoz, when I met Pipe, José, Jorge, Manolo,
and Auxi. It was the same in Alcochete with Sara,
José, and Afonso, and in the Dümmer with Heinrich
and Johannes. Thank you all for your help, and I look
forward to crossing paths again.

Asking for and getting help is a lot easier when the
other party is not concerned with their own agenda,
but instead just want to lend a hand. I was lucky
enough to experience this when looking for juvenile
godwits with Jan on Ameland, Bote on Rytseterp, and
Murk in Wommels. I also benefited hugely from the
altruistic behaviour of Ysbrand, Marycha, Atser, Raf,
Jouke, Pieter, Bing-Run, Gjerryt, Ana, Daniel, Age,
Pablo, and Tim. You are inspirational!

And I had a lot (A LOT!) of help from students – which
made this dissertation more fun and worthwhile. I’ll try
to start at the beginning and not forget anyone. In
2015: Renske, Roy, Annabet, Lara, Wiebe, and
Renate; in 2016: Lisa Rose, Jochem, Paulien,
Wender, Iris, Michael, and Martijn; in 2017: Sarah,
Femke, Florian, Amandine, Rutger, and Ana and in
2018: Joppe and Chris. Thank you! I hope to meet
again.

I always enjoyed getting together as a group with the
rest of the field crew – drinking coffee, playing darts,
cooking supper, going on the boat trips organized by
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Riemer and Ysbrand. Moreover, a lot of our chapters
are based on the efforts of fellow field crew members
that I haven’t mentioned yet: Rinkje, Guillaume,
Ruth, Siebe, Roos, René, Emma, Haije, Egbert and
their captain Jos. Thank you!

After the fieldwork eventually comes the officework.
From the Haanmeer to desks and computers…clearly,
the best parts of an office situation are the people
involved! Let me start with Joyce, Ingeborg, and Paul:
I never had to wait and you always helped! Jesse,
thank you for being funny, serious, interesting, and
inspiring. I also found many other altruistic ecologists
in the office: Yvonne, Julia, Eldar, Janne, Jelmer,
Hacen, Richard, Marion, Pieter, Eva, Jeroen, Rienk,
Margje, Marco, Roos, Thomas, Allert, Rob, Jan, and
Raymond. Thank you all for helping me enjoy my PhD.

It was a real privilege that Dick Visser helped with the
graphs and the lay-out, and that Jan van de Kam sup-
plied us with beautiful photographs. Thank you both –
it looks great! 

I am grateful to my parents Oscar and Monique for
letting me develop without constraints. Being allowed
and helped to pursue everything I wanted to was an
enormous privilege. And along with my brother Just,
they asked questions, shared their opinions, and
helped me make it to the finish line.

Without a doubt, Alice made the biggest contribution
by helping with everything – ideas, fieldwork, analy-
ses, and yes: a lot of writing! But she was most helpful
with feeling happy. Thank you.
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Na een vijftal fantastische jaren besef ik met het schri-
jven van deze zin dat er een einde gekomen is aan een
tijd die ik niet had willen missen en achteraf bezien
vormend is geweest voor de rest van mijn leven. Maar
met het terugkijken besef ik ook dat het afsluiten van
deze tijd niet mogelijk was geweest zonder de hulp van
een heleboel mensen! 

Allereerst, Mo (Mozes), de afgelopen vijf jaren waren
zoals we vaker gezegd hebben: machtige jaren waarin
we veel hebben geleerd, gepraat, gebaald, gelachen en
geboer-out (ter voorkoming van een burn-out). Ik heb
genoten van al die momenten waarop we in het veld
waren om te kijken, te praten, te leren, van het slappe
gelul in het kantoor om korte klappen te maken
omtrent experimenten, ideeën, analyses en te schrijven
stukjes (hierbij sorry aan alle andere kantoorgenoten
voor de herrie) en natuurlijk wanneer we voor een
welkome afwisseling voor de wetenschap aan het
stropen waren op Schier. Zonder enige twijfel had ik er
graag nog vijf jaar aan vastgeplakt! At the same time, I
also want to thank Alice (Alllllll/Alibellie), you’re help
in the field and with moreless every MS have been
huge! Thank you for all your help and good company! I
really hope that you can make it the 18th!  

Theunis, onze eerste ontmoeting gaat terug naar de
tijd dat ik nog op de middelbare school zat en ik jou
een aantal vragen wou stellen over de kanoet.
Natuurlijk kon dat, en gelijk nodigde je mij uit om een
week mee te gaan voor een dikke week veldwerk op
Griend met de Navicula. Het enthousiasme wat jij met
je meebrengt is aanstekelijk en heeft mij mede doen
bepalen het pad te belopen zoals ik dit heb gedaan.
Dank voor alle mooie ervaringen en onderzoeken die

mede dankzij jou tot stand zijn gekomen! Verder wil ik
je bedanken voor je wijsheid, kunde, fantastische tijd
en vrijheid die je ons gegeven hebt om samen baan-
brekend werk te doen, ik had het niet willen missen!
Wie van ons drieën had na onze maaltijd in Gaast in
2015 gedacht dat we zover gekomen zouden zijn…. 

Christiaan, jou heb ik echt gezien als een copromotor
en een ontzettend waardevolle mentor bij het schrijven
van dit proefschrift en bedenken van experimenten.
Dank voor je rust en wijze woorden die je meebrengt
om stukken tot een goed einde te brengen. Je betrok -
kenheid en enthousiasme voor degelijk veldwerk zijn
voor mij ontzettend waardevol geweest. Ik heb geno -
ten van onze samenwerking en discussies, fijn om
zoveel van je te hebben kunnen leren!   

Nathan, after we first met in 2014, we continued to
work together on a lot of manuscripts. Thank you for all
your help, time, thinking (which is nowadays known as
Senneriaans-thinking) and insightfull comments. 

Professors Helm, Gill and Kempenaers, thank you for
taking part in the reading-committee. I hope you
enjoyed reading all the Chapters..! Bart in het bijzon-
der wil ik jou bedanken voor de vele andere momenten
waarop we contact hadden, ik heb groot respect voor
de manier waarop jij onderzoek doet en de wereld
beter leert te begrijpen! 

Besides working in The Netherlands I had the opportu-
nity to go abroad and look for Godwits in Spain,
Poland and Germany. Thank you Jose and Pipe for
your time, help, tapas and discussions about the devel-
opment of salt-tolerance in Black-tailed Godwits. I will

Jelle Loonstra
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never forget the white house in Extremadura, including
all the peanuts we ate that night! Heinrich and
Johannes, it was a pleasure to help you with all the
work you are doing in the Dümmersee and I hope to
come over more often. Finally, I would like to thank
Adam and his colleagues from PTOP for their help
with all the paperwork and actual fieldwork in Gródek.

Team Skries, veel van de gegevens die verzameld zijn
voor dit proefschrift zijn ook door jullie verzameld.
Daarom een grote dankzegging naar de vele uren die
jullie onder leiding van Jos besteed hebben in het veld
om naar Grutto’s te kijken: Atser, Egbert (Sik), Emma,
Guillaume, Haije, Marycha, Rene, Riemer (seadde),
Raf, Rinkje, Roos, Ruth, Siebe & Tim dankewôl allen!
Ysbrand (“Mister It Heidenskip” & “Showman”) en
Gjerryt (Hoekman)  jullie in het bijzonder dank voor
alle hulp bij het bouwen en herbouwen van de CBF en
de ritjes die we samen naar het Oostfront gereden
hebben. De zinsnede: “da hinten ist Ruskieland” zal mij
nog lang bij blijven, evenals de geweldige avond met
de veevoeders van “De Goop”, ik zie ons nog liggen op
de veranda…. Last but not least, wil ik de Wâldpieken
hier op een groot voetstuk zetten voor al hun werk en
tomeloze motivatie tijdens de afgelopen vijf jaar, Age
en Wiebe (Rusken) it wie machtich om samen in het
veld bezig te zijn, maar ook ontzettend kloten als het
weer stil was in het veld: “it is allegearre alwer fer-
neatige”...  

Zonder de medewerking van een hele boel groot-
grondbezitters was het niet mogelijk geweest om vijf
jaar lang in het veld Grutto’s te kunnen bestuderen,
dank hiervoor! In het bijzonder wil ik Douwe
bedanken voor de enclosures die bij jullie konden
staan. Bote en Astrid dank voor jullie gastvrijheid en
fantastische plek in Tjerkwerd, ik weet dat het niet
altijd makkelijk is om te boeren met zoveel weidevo-
gels, maar ik hoop dat jullie weidevogelbolwerk nog
verder kan groeien! Murk dank voor je medewerking
en koffie die altijd klaar stond bij jou. Mannen van de
Staat dank voor jullie medewerking bij al onze experi-
menten!

CONSECO-collega’s (Almut, Jacob, Jan, Hacen
(Hans), Marion, Raymond, Wender, Elena , Xuelei,
Janne, Jelmer (Samplo), Petra, Pieter, Sjouke,
Martijn, Richard (hihihi), Marco, Koosje (ik zal
nooit meer een handdoek op jou stoel leggen!),
Rienk, Jeroen Worm & Jeroen Drieteen) jullie wil ik
niet alleen bedanken voor gezellige tijd op het kantoor
maar ook voor waardevolle koffiepauzes die veel beter

bezocht zouden moeten worden! Joyce, Ingeborg en
Paul dank voor alle administratieve hulp. Yvonne
dank voor de hulp in het lab en al het andere! Jesse,
Eldar, Julia thank you for the nice and fruitfull discus-
sions about waders, migration and all other things dur-
ing the coffeebreak and wader-lunch! I’m very curious
to hear about the first juvenile Bar-tailed Godwit tracks
Jesse! Drew (Xitiping) thank you for the great time
we had in the field and in the office! Also, thanks for
your kitchen-skills, I still believe in a big hotpot restau-
rant in The Netherlands (and I’m happy to supply you
with vegetables and pork!). Eva vijf jaar geleden begon
jij iets eerder dan ik aan je promotieonderzoek, ik weet
nog goed hoe we op Griend al onze ideeën bespraken,
dank voor je interesse en leuke tijd waarin we uitein-
delijk ongeveer synchroon naar een proefschrift toege -
werkt hebben. 

Zonder twijfel was het werk in dit proefschrift niet
mogelijk geweest zonder een leger aan studenten
(Jelle’s Army)! Nogmaals wil ik jullie allemaal: Anna,
Milou, Merel, Jeroen, Ralph, Maarten, Livia,
Bernice, Nina, Esmee, Tom, Jochem, Manon, Kyra,
Iris, Madelon, Martijn, Elisheba, Kelly, Nick en Tess
bedanken voor al het werk wat jullie verzet hebben!
Het was soms vroeg op om weer eens een lange dag in
het veld te moeten zijn, maar nadat de het smerige
schoonmaak werk gedaan was hebben we samen een
mooie tijd gehad. Ik hoop dat jullie iets hebben mogen
leren en met een verheugde blik terugkijken op jullie
tijd in “It Heidenskip”! In ieder geval hoop ik dat som-
mige van jullie nu altijd een wc-rol meenemen in het
veld en het daar gebruiken, maar nu ook zo zelfstandig
geworden zijn dat je zelf de kaasschaaf kunt vinden…..

Naast het werken wil ik iedereen binnen (Chillos, de
Loffelijcke Compagnie) bedanken voor de leuke af -
wisselende weekenden of avonden, het waren wel -
kome afwisselingen! dr. Van der Kooi ik heb genoten
van onze koffie & lunch pauzes, maar ook van de vele
andere momenten! Hopelijk kun je nog even in Gronin -
gen blijven en kan ik je binnenkort met een nog hogere
titel aanspreken die je wellicht op de 5de verdieping
brengt (Hall of Fame). Buren, bedankt voor de moge -
lijkheid om naast jullie te komen wonen en zo te mogen
genieten van de vrijheid van het platteland. Ik hoop dat
we nog lang buren mogen zijn, want een weg terug
naar de concrete-jungle zie ik eigenlijk niet meer zitten.

Moeders, zus, broer, Evelien en op het laatste stukje
Hendrik en Jule, dank dat ik jullie als gezin om me
heen heb staan en jullie ondanks mijn altijd drukke
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bezigheden begrip hadden voor mijn afwezigheid of
andere prioriteiten. Ik ben bang dat dit toch een beetje
in het aartje van het beestje zit. Er moet trouwens
nodig weer gestroopt worden broer. Oma Loonstra,
dank voor de warme maaltijden en het altijd warme
welkom aan de Berkenlaan of nu in de bejaardenflat
(dat is natuurlijk een grapje) aan de Beukenlaan!
Ondanks dat Opa altijd zei het nog wel een paar jaar
vol te houden is het ontzettend jammer dat hij er niet
meer bij kan zijn, want ik weet maar al te goed dat hij
dit  fantastisch had gevonden. Bedankt voor alle tijd
die jullie altijd hadden. 

Ook al heb je je schoonfamilie niet voor het uitkiezen,
ik mag zeker niet klagen (of op z’n Gronings gezegd:
het kon minder). Beppe, Pake, Rudolf, Marianna
dank voor de deur die altijd open staat. Anieke, Lexie,
Jort, Feline, Femke en Willie het is mooi jullie als
schone broers en zussen te hebben, en Jort ondanks
dat ik soms een vreselijke plaagkop ben bedoel ik het
niet zo.  

Vaders, wat voelt het raar om jou hier te bedanken en
tegelijk te bedenken dat je niks van al dit alles meege-
maakt hebt. Ik weet zeker dat je trots zou zijn, maar
ook dat je het maar een boel poespas zou vinden op
een bepaalde manier. Ik ben blij dat je mij altijd
meegenomen hebt het wad op om te vissen of om
gewoon te genieten van de vogels en alle het andere
leven, zondermeer is dat bepalend geweest in wat ik
nu doe en denk. Dank dat je altijd je waardering uitge-

sproken hebt, je mij gestimuleerd hebt om niet met de
massa mee te gaan en er zo voor mij was.  

Dit dankwoord kan ik niet eindigen zonder de meest
belangrijke persoon (en tegenwoordig personen) in
mijn leven te bedanken. Ester tijdens het schrijven van
dit boekje was jij er altijd voor mij en heb je mij,
ondanks dat ik niet altijd fysiek thuis kon zijn, altijd
gesteund en ben ik superblij en een gezegend mens dat
jij naast mij stond en staat. Daarvoor kan ik je niet
genoeg bedanken! Ook ons gezamenlijke tripje naar
Polen om even een aantal Grutto’s te vangen en te zen-
deren was om nooit te vergeten (inclusief de dronken
Pool die ons weer op weg hielp nadat ik de ruitenwis-
sers aan had laten staan en de accu leeg was)!
Ondanks dat de hele Coronings-crisis de verdediging
van dit proefschrift meerdere malen in de weg stond,
kan ik dankzij de Coronings nu nog iemand bedanken!
Hieke, ik had nooit gedacht dat ik zo kon genieten van
een dochter als jij! Ondanks dat je er nog maar net
bent, ben ik blij dat we nu zoveel tijd samen door kun-
nen brengen en ben ik ontzettend benieuwd wat jij
later allemaal gaat doen en wat er nu allemaal al in je
hoofd omgaat (helemaal als je gefascineerd zit te
kijken naar al die kwetterende spreeuwen die rondom
ons huis zitten). Je bent niet alleen een supergeslaagd
ontogenetisch project, maar ik kan elke dag van je
genieten (helemaal als je zo geweldig zit te schater-
lachen)!  Hieke en Ester een leven zonder jullie zou ik
niet willen missen en ik hoop dat we nog lang mogen
hebben in alles wat we doen! 
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