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Abstract
1.	 The timing of animal migrations is an interplay between migration programmes and 

physiological and environmental conditions. The rate of body store deposition un-
derlies many timing options, with a key unresolved question being whether the rate 
of body store deposition and resource constraints limit advancements in migration 
departure.

2.	 To study limits of deposition on departure timing, we captured red knots (Calidris 
canutus islandica) wintering in the Wadden Sea and manipulated hours of food ac-
cess per day during spring body store deposition and prenuptial moulting phases. 
These birds were then released and tracked until spring migration departure from 
the Wadden Sea.

3.	 When birds were allowed to feed more hours per day in captivity, they did not start 
body store deposition and plumage moult earlier, but gained stores faster, were 
heavier and had further progressed in prenuptial feather moult at the moment of 
release. After release, birds that had ad libitum access to food in captivity departed 
earliest from the Wadden Sea, and departure timing was explained by the rate of 
mass deposition in captivity.

4.	 We experimentally demonstrate flexibility in the timing of annual-cycle processes dur-
ing spring migration. Red knots are flexible to adjust the rate of mass gain and moult to 
food availability, in turn allowing them flexibility in departure timing. This indicates that 
improvements in foraging conditions at staging sites will facilitate earlier departures, 
which will help migratory birds to keep pace with global warming.
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1  |  INTRODUCTION

Migratory animals annually travel long distances to make use of 
seasonal variation in resources across the globe (Alerstam,  1993; 
Holt & Fryxell,  2011). This spatio-temporal matching of move-
ments with environmental conditions requires refined programming 
(Helm & Liedvogel, 2024) to govern complex series of physiological 
challenges (Lennox et  al.,  2016; Maggini et  al.,  2022). To fuel the 
sometimes-extreme distances between sites (Battley et  al.,  2012) 
animals first need to deposit ample body stores, in the form of fat 
and protein. This energy storage can be achieved by behavioural and 
physiological changes leading to hyperphagia, rapid increases in for-
aging intensity and activity (Mathot et al., 2020; Odum, 1960), anab-
olism (Guillemette et  al.,  2012; Schindler et  al.,  2024) or switches 
to more profitable resources (McWilliams et  al.,  2004; van Gils 
et al., 2005). In addition to building up body stores, many migrants 
undergo physiological changes such as a prenuptial moult of con-
tour feathers in birds (Newton, 2009). This is an energetically costly 
process (Murphy, 1996), which may pose additional time constraints 
on migration phenology (e.g. Cristol et  al.,  2014). Birds depart on 
migration based on a combination of an endogenous migration pro-
gramme (Bairlein & Gwinner, 1994; Coppack et al., 2008), indicative 
of the right time of year, as well as environmental and physiological 
factors including weather conditions (Dänhardt & Lindström, 2001; 
Deppe et  al.,  2015), behaviour of flock mates (Helm et  al.,  2006) 
and accumulated body stores (Aharon-Rotman et al., 2016; Bridge 
et al., 2010; Cooper et al., 2015; Stanley et al., 2022).

Late arrival on the breeding grounds can have strong nega-
tive repercussions for reproductive success (Drent et  al.,  2003; 
Kokko, 1999), which results in a trade-off between the need to de-
part on migration early yet only with ample body stores to cover the 
migratory travel. As departure with relatively limited body stores 
could impose a risk to survival (e.g. Rakhimberdiev et al., 2018), de-
parting too early poses a risk to survival and future reproductive suc-
cess (Karagicheva et al., 2018). Species with general low survivability 
may profit from taking the risk of departing with fewer body stores, if 
this allows a chance for successful reproduction. On the other hand, 
individuals of longer-lived species expecting to survive multiple years 
and having multiple chances for reproduction may take smaller risks 
(Karagicheva et al., 2018). As a result, they may only depart on migra-
tion when having enough body stores, or even forego migration for 
1 year to enhance survival chances (Tavera et al., 2020).

This consideration becomes especially pressing in the context of 
rapid global change. In response to climate warming, many organisms 
advance the phenology of life-history events (Cleland et  al.,  2007; 
Thackeray et  al., 2016), and advancements in the migration phenol-
ogy of animals are also often documented, especially in birds (Jonzen 
et al., 2007; Knudsen et al., 2011). However, it is often considered that 
the rate at which birds are advancing their timing of arrival at breeding 
sites may not be enough to keep a match with the local phenology of 
prey (Visser & Gienapp, 2019). The potential for migrants to arrive ear-
lier via faster migrations is ultimately limited by the rate at which body 
stores are deposited (Lindström et al., 2019). As such, a key question is 

whether ecological constraints on body store deposition are currently 
preventing advancements in migration phenology. Given resource 
declines in multiple coastal habitats important for migratory birds 
(Frederiksen et al., 2004; Peng, Ma, et al., 2023; Zhang et al., 2018), this 
could have important implications for flexibility in migration timing.

Most of our understanding of the ecological constraints during 
migration comes from correlational field studies (Rakhimberdiev 
et al., 2018; Zhang et al., 2019) or laboratory experiments where actual 
migratory decisions are difficult to observe (Kvist & Lindström, 2003). 
While expected correlations between body stores and departure tim-
ing have been shown in several field studies (e.g. Cohen et al., 2014; 
Schmaljohann et  al.,  2013), this does not necessarily imply that 
body store deposition limits earlier departures (Schmaljohann & 
Eikenaar, 2017). To understand how constraints limit flexibility in mi-
gration timing, the integration of experiments and tracking studies is 
an essential step, with the potential to significantly further our under-
standing of migration ecology (Birnie-Gauvin et al., 2020).

Here, we combine experimental manipulation of resource avail-
ability in temporary confinement with tracking migration timing 
of individual birds released back in the wild, studying whether 
the rates of fuelling affected moulting and dates of migratory de-
parture. We studied red knots (Calidris canutus islandica), a highly 
amenable study species for which much is known on migration 
ecology in the wild (Buehler & Piersma, 2008; Piersma, 2007) as 
well as annual rhythms in captivity (Karagicheva et al., 2016). After 
experimentally manipulating time access to food during the spring 
staging period in captive red knots, we subsequently released 
these birds tagged with radio transmitters to track their departure 
timing from the Wadden Sea. We expected that, given their high 
relative survival rates (Rakhimberdiev et al., 2015), red knots would 
prioritize survival over earlier migratory departure, resulting in a 
strong effect of manipulated food accessibility on migration timing.

2  |  MATERIALS AND METHODS

2.1  |  Ethics statement

Experimental work was conducted in accordance with the Dutch 
law on animal experiments under project AVD8020020171505 
(study protocols NIOZ-2020-02 and NIOZ-2021-04) and 
AVD80200202215943 (study protocol NIOZ-2022-10).

2.2  |  Study population

Red knots of the subspecies islandica spend the non-breeding pe-
riod in north–west Europe, mostly in the Wadden Sea (Buehler & 
Piersma, 2008; Piersma et al., 2005). In late March, red knots undergo 
a prenuptial moult where they replace their body contour feathers, 
going from winter into summer plumage (Buehler & Piersma, 2008) 
(Figure 1). From mid-April onwards, birds start to store energy, gain-
ing ~80 g (2/3 of their lean body mass) in just 2–3 weeks' time (Piersma 
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3436  |    LAMERIS et al.

et al., 1996, 2005) (Figure 1). Between early and late May, birds depart 
from the Wadden Sea towards Iceland or northern Norway (Wilson 
et al., 2011) (Figure 1), from where they fly to their breeding grounds 
in Greenland and north-east Canada (Davidson & Wilson, 1992).

We conducted experiments in the spring seasons of 2021–2023, 
using red knots captured in the Wadden Sea. The experimental aim 
was to manipulate time access to food during the period of fuelling 
body stores and spring prenuptial moult, after which the birds were 
tagged and released in late April to study the timing of their migra-
tion departure from the Wadden Sea. In the first year (2021), the 
experiment was carried out as a pilot study where we kept individ-
uals in captivity up to late May and the birds were not released with 
transmitters.

2.3  |  Bird capture and housing

The 97 red knots used in this study were captured in mist nets at the 
island of Griend (53.15° N, 5.16° E) in the Wadden Sea in autumn and 

winter (September–January) 2019, 2021 and 2023 (Table S1). We as-
sumed that all birds belonged to the C.c. islandica subspecies as birds 
were caught in the Wadden Sea during winter, a period when birds 
of the C.c. canutus subspecies generally reside at wintering sites in 
west Africa (Kraan et al., 2010; Nebel et al., 2000). Note that in his 
samples, Conklin et  al.  (2022) identified a few wintering individu-
als with the genetic profiles of C. c. canutus. Upon capture, we took 
biometric measurements of birds, extracted a small blood sample 
(<75 μL) for molecular sexing (van der Velde et  al., 2017) and aged 
birds as either ‘1st calendar-year’, ‘2nd calendar-year’ or ‘adult’ (older 
than 2nd calendar-year). We only selected adult birds for the ex-
periment as younger birds over-summer in their non-breeding range 
rather than migrate (Martínez-Curci et al., 2020). Birds were housed 
in outdoor aviaries (7–8 birds per aviary; Figure S1) at the NIOZ Royal 
Netherlands Institute for Sea Research on the island of Texel, fol-
lowing the methods described in (Buehler & Piersma, 2008; Vézina 
et al., 2009); see supplemental material for details.

2.4  |  Treatments

The experiments started in winter/early spring after capture, ex-
cept for 2021, where birds had already been in captivity since 
October 2019 (Table  S1). Birds were randomly divided in three 
treatment groups, which differed in the time that food was ac-
cessible: 6, 12 or 24 h per day. Per treatment, we used either 1 
aviary (2021) or 2 aviaries (2022 and 2023). Birds and treatments 
were assigned randomly to each aviary. The 12-h treatment repre-
sents the foraging time that red knots experience in the wild (Bulla 
et al., 2017; Piersma et al., 1994). The 6- and 24-h treatments can 
therefore be considered as constrained and increased accessibility 
to food, respectively. Accessibility of food (Trout pellets, Produits 
Trouw, Vervins, France) was controlled by using automated cat 
feeders (Cat Mate C300, closerpets.eu) that open and close at set 
times. To avoid overlap between feeding times and biweekly bird 
measurements, food in the 6- and 12-h treatments was accessi-
ble at night between 00:00 and 06:00 and 18:00–06:00 (times in 
UTC), respectively. Like most shorebirds, red knots forage by day 
and night (Thomas et al., 2006; van Gils & Piersma, 1999). To re-
duce competition between birds, we placed three feeding units in 
every aviary. Treatments lasted until release (late May in 2021, late 
April in 2022 and 2023, Table S1).

2.5  |  Measurements in captivity

During the experiment, birds were captured from aviaries twice 
a week (Tuesdays and Fridays) for measurements. In addition, we 
measured the birds on 29 April, the last day of the experiment be-
fore the birds were released in 2022 and 2023. We measured body 
mass by weighing the birds on an electronic scale with 0.1 g preci-
sion. Plumage status was scored as the fraction of summer plumage 
(red-brown feathers) relative to winter plumage (grey feathers) on 

F I G U R E  1  Migration routes and annual cycle of red knots 
ssp. islandica staging in the Wadden Sea. The blue circle shows 
the Wadden Sea, with the two main migration routes (red arrows 
and lines, Bauer et al., 2010) towards the breeding grounds in 
Greenland and the Canadian Arctic (red area, Baker et al., 2020). 
The half circle shows the annual cycle of red knots between 
January (bottom) and June (top), where after wintering (Wi) birds 
start fuel deposition (Fd, blue) in early April, depart on migration 
(Mi, pink) in early May and arrive on the breeding grounds (Br, red) 
in June. Birds are in winter plumage (WP, grey) up to mid-March 
when they start prenuptial moult (PM, yellow), which is finished 
around early May when birds are in full breeding plumage (BP, 
orange). Red knot illustrations by Elwin van der Kolk.
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    |  3437LAMERIS et al.

both the belly and back, and scored in percentage categories of 0%, 
~5%, ~25%, ~50%, ~75%, ~75%, ~95% and 100% summer plumage.

2.6  |  Body mass and plumage change

To determine the onset and rate of body mass deposition and plum-
age moult, we compiled trajectories of body mass (Figures S3–S5) 
and plumage status for every individual bird over the course of 
the experiment. From these trajectories, we determined the start 
and end of body mass deposition and plumage status increase, as 
well as the rates of change in this period. To determine the start 
of body mass deposition, a breakpoint analysis was conducted on 
body mass trajectories from 1 March up to the end of the experi-
ment using the function ‘selgmented’ in the r-package ‘segmented’ 
(Muggeo,  2024), which compares models with different numbers 
of breakpoints (with a maximum of 3). We chose the number of 
breakpoints in the best-performing model and then determined the 
start of body mass deposition as the first breakpoint after which 
the slope coefficient was greater than 0.5 g/day. When none of the 
slope coefficients were greater than 0.5 g/day, we did not deter-
mine a start of body mass increase (27 out of 94 birds). These were 
typically birds that did not initiate body mass increase and kept a 
low body mass throughout the experiment. The maximum rate of 
body mass deposition was determined as the strongest slope coef-
ficient between the breakpoints.

The start of plumage change was determined as the first mea-
surement date at which plumage status reached 25% summer 
plumage or higher. For one bird which started the experiment with 
25% summer plumage, we did not determine this. We determined 
the end of prenuptial moult as the first date on which the maximum 
plumage status was reached. The rate of plumage status increase 
was determined as the difference between the maximum and mini-
mum fraction of summer plumage divided by the days between the 
start and end date. The rate of change of birds for which no start or 
end date could be determined, as they did not increase their plum-
age status, was set to 0 (47 out of 93 birds). For every bird, we also 
extracted the body mass (divided by length of the tarsus to correct 
for variation in body size) and plumage status measured on the day 
closest to the release day, that is 29 or 30 April. Individual plots of 
mass trajectories can be found in the supplements (Figures S3–S5).

2.7  |  Departure timing

On 29 April 2022 and 2023, we released respectively 27 and 32 
birds in the Wadden Sea (from the north-east side of the island Texel, 
52.12 N°, 04.90 E°). In order to detect birds departing from both the 
western and eastern Wadden Sea, each bird was equipped with two 
radio transmitters: (1) a WATLAS transmitter (4.4 g), which emits sig-
nals to a network of receiver stations to determine tracks by reverse-
GPS, currently operating in the western Wadden Sea, with detection 
ranges of up to 34 km for birds in flight (Bijleveld et  al.,  2022); (2) 

a Lotek NTQB2-3-2 VHF nanotag (0.7 g) which can be picked up 
by the MOTUS network (Taylor et al., 2017), which covers most of 
the Wadden Sea except the central and eastern Dutch Wadden Sea 
(Figure  2a) where birds can be detected in flight up to 10–15 km 
(Taylor et al., 2017). WATLAS transmitters were attached to the skin 
of the birds' rump with cyanoacrylate glue after cutting away the 
vanes of feathers in a small circle, the same size as the transmitter. 
Thereafter, MOTUS transmitters were glued on top of the WATLAS 
transmitter (Figure S2). A MOTUS receiver was present at the release 
location (see above) to ensure tags were picked up in this network. 
Birds were released in flocks of 9–11 birds, each flock consisting of a 
mix of birds from every treatment.

We determined the date of departure from the Wadden Sea 
using both tracks received within the WATLAS network (Figure 2b) 
and detections received from the MOTUS network in the Wadden 
Sea region (Figure 2a). To improve data quality, both WATLAS and 
MOTUS data were filtered and smoothed (see supplemental ma-
terials). For the analyses, we only included birds that had left the 
Wadden Sea before 15 June, as we considered later departures might 
no longer represent spring migration flights but rather movement 
between summer staging areas. Of the 59 released birds, 44 birds 
(19 in 2022 and 25 in 2023) yielded recorded signals that showed 
departure movements out of the Wadden Sea. When birds were 
last detected by the WATLAS network on a northward movement 
out of the Wadden Sea (often moving northward over the Wadden 
Sea, Figure 2b), we set the date of this movement as the departure 
date. When birds were last detected in the WATLAS network moving 
in another direction (mostly towards the eastern Wadden Sea), we 
checked the MOTUS network for detections outside of the WATLAS 
network. For tags that were last detected by a MOTUS receiver, we 
visually inspected the series of bursts received on the last day of 
detection. We only included detections that showed a typical pat-
tern of a ‘departure event’, with a peak in signal strength followed 
by a gradual decrease in signal strength (Müller et al., 2018). For one 
bird (Z101007), we excluded the last series of 4 consecutive bursts 
because they did not correspond to the typical departure pattern. 
Instead, we used the previous series of detections (that did show this 
pattern) as the departure event. Further details on birds for which we 
could not determine departure events, as well as individual plots and 
maps of MOTUS detections and WATLAS tracks, can be found in the 
Supporting Information (Figures S6 and S7).

2.8  |  Statistical analyses

We tested how treatment affected (i) body mass deposition and (ii) 
plumage moult in captivity, and how (iii) treatment affected the date 
of departure from the Wadden Sea, as well as how (iv) departure was 
affected by body mass deposition and plumage moult.

(i, ii) We used generalized linear models (GLMs) to test the effects 
of treatment on (1) the start and (2) rate of body mass deposition, (3) 
body mass at release (reached on 29/30 April), as well as start (4) and 
rate (5) of plumage status change of each individual, and (6) plumage 
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3438  |    LAMERIS et al.

status at release (on 29/30 April). As independent variables, we in-
cluded treatment as an ordered factor (6 < 12 < 24 h of food accessi-
ble), sex as a factor (female/male) and year as a factor (2021, 2022, 
and 2023). For models 1, 3 and 4, we fitted GLMs with Gaussian er-
rors. For models 2 and 5, we fitted Tweedie compound Poisson GLMs 
with a log link, and for model 6, we fitted Beta regression GLMs. 
We explored the data following the protocol described in Zuur et al. 
(2010). We checked for outliers using Cook's distance test in the 
‘check_outliers’ function in the package ‘performance’ (Lüdecke et al., 
2021). We explored collinearity by testing whether variance inflation 
factors (estimated from function ‘vif’ in the ‘car’ R-package (Fox et al., 
2012)) were below 3.0. Models were validated by visual inspection of 
the square root of the absolute standardized residuals plotted over 
the fitted values, and fitted over co-variates within the model (treat-
ment, sex and year) and co-variates not in the model (cage number). 
Within each model, we tested for significance of linear and quadratic 
trends of treatment, as well as significance of sex and year, using the 
t-statistic, or Wald's z-statistic for the Beta regression GLM.

(iii) We used Cox regression models to test how the date of de-
parture from the Wadden Sea (expressed as days between release 
and departure) was affected by either treatment or individual body 
mass deposition and the extent of plumage development at release. 
We included data for 44 individuals with departure dates as well as 
3 individuals that did not depart from the Wadden Sea, censoring the 
individuals from the latter group. We explored the data as described 
above. First, we tested the effects of treatment, including treatment 

as an ordered factor, sex as a factor and year as a factor as indepen-
dent variables. Within the model, we tested for the significance of lin-
ear and quadratic trends of treatment, as well as the significance of sex 
and year using the Wald's z-statistic. Due to the high variability of indi-
vidual onset of mass increase, not all individuals started mass increase 
during the experiment. To explore how this affected our results, we 
also repeated the above analysis using a dataset of only the individuals 
that did start mass increase while in captivity (n = 30).

(iv) Thereafter we tested the effects of body mass deposition 
and extent of plumage development on departure date using mixed 
effect Cox regression models. We included data from the 47 indi-
viduals as described above, after which we omitted 3 individuals for 
which the start of body mass increase could not be determined. We 
included (centred and scaled) start and rate of body mass deposi-
tion, body mass at release, rate of plumage status change, plumage 
status at release, sex and year as independent variables. We did not 
include start of plumage status change as more than halve of the in-
dividuals did not show plumage changes. As rates and scores at re-
lease for body mass and plumage status were correlated (variance 
inflation factors >3.0), we did not include rates and scores at release 
in the same model. As these models included parameters affected 
by the experimental treatment rather than the treatment itself, we 
used AICc model selection to determine the best model, which was 
the model with the lowest AICc, or the model with the least amount 
of parameters within 2 ΔAICc of this model (Arnold, 2010). A list of 
models is included in Table S2.

F I G U R E  2  Departure locations of individual birds as detected by MOTUS receivers (a) and by WATLAS receivers (b). (a) Empty diamonds 
show all MOTUS receiver stations in the Wadden Sea region, while orange diamonds show the departure locations (last detections) of 
tagged birds. The dashed rectangle shows the area covered by WATLAS receiver stations as depicted in (b). (b) Empty triangles show all 
permanent WATLAS receiver stations. Blue diamonds show the last detected location of individually departing birds, with blue lines showing 
the track up to 2.5 h prior to the last detection.
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3  |  RESULTS

3.1  |  Body mass increase in captivity

The starting date of body mass deposition was not affected 
by treatment (linear trend: t83 = 0.70, p = 0.48, quadratic trend: 
t83 = 0.44, p = 0.66, Figure 3; Figure S6) yet birds started earlier in 
2022 (2021: 12 April ±3.6 days, 2022: 2 April ±2.2, 2023: 11 April 
±1.9, t87 = −2.25, p = 0.027). Birds that had longer access to food in-
creased body mass faster (6-h access: 0.09 ± 0.16 g/day, estimated 
marginal mean ± standard error, 12-h: 0.25 ± 0.14, 24-h: 0.90 ± 0.13, 
linear trend: t87 = 5.17, p < 0.001, quadratic trend: t87 = 0.95, 
p = 0.34, Figure  3; Figure  S7), with a slower body mass increase 
in 2022 (2021: 0.55 ± 0.20, 2022: 0.07 ± 0.14, 2023: 0.44 ± 0.11, 
t87 = −2.00, p = 0.049). In addition, birds that had longer access to 
food reached a higher body mass at release (6-h: 141 ± 4 g, 12-h: 
154 ± 3, 24-h: 162 ± 3, linear trend, t60 = 4.34, p < 0.001, quadratic 
trend: t60 = −0.69, p = 0.50, Figure 3; Figure S8) with no difference 
between years. There was no difference between sexes for the 
start and rate of body mass deposition, and neither for body mass 
at release.

3.2  |  Plumage change in captivity

The start of plumage status change was not affected by treatment (linear 
trend: t39 = −0.68, p = 0.50, quadratic trend: t39 = 1.37, p = 0.18, Figure S8); 
the rate of plumage change did not differ between treatments (linear trend: 
t86 = 1.78, p = 0.08, quadratic trend: t86 = 1.15, p = 0.25, Figure 3; Figure S7), 
while birds that had longer access to food developed a more complete 
summer plumage before release (6-h: 26.8% ± 2.8%, 12-h: 31.0% ± 3.2%, 
24-h: 41.4% ± 3.8%, linear trend: z = 3.61, p < 0.001, quadratic trend: 
z = 0.80, p = 0.43, Figure 3; Figure S10). Development of plumage differed 
between years, with birds in 2023 having developed less into summer 
plumage (2021: 44.6% ± 5.9%, 2022: 37.3% ± 3.1%, 2023: 17.3% ± 1.8%, 
z = −5.052, p < 0.001) as well as between males and females, with males 
having changed further into summer plumage upon release (females: 
24.6% ± 2.8%, males: 41.6% ± 3.1%, z = 5.04, p < 0.001, Figure S10).

3.3  |  Treatment effect on departure date

The treatment effect was not significant (n = 44, z = 1.25, p = 0.21), 
yet birds that had longer access to food in captivity appeared to 

FIGURE 3 Trajectories of body mass (a–c) and plumage scores (d–f) from the years 2021–2023 combined and shown per treatment. 
Points and thin lines show data from individual birds, thick lines show loess regressions for all birds with grey areas showing 95% 
confidence intervals. Horizontal boxplots show the start date of increase in body mass and plumage status, vertical boxplots show the 
body mass and plumage status at release. Colours of dots and boxplots denote treatment, including 6-h (blue), 12-h (green) and 24-h 
food access (orange).
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depart earlier from the Wadden Sea (mean departure date of 6 h-
group: 22 May ±10 days, 12 h-group: 23 May ±11, 24 h-group: 13 May 
±12, Figure 4a). When including only individuals that started mass in-
crease while in captivity instead of all individual birds, the treatment 
effect was significant, with birds that had longer access to food de-
parting earlier (linear trend: n = 30, z = 1.99, p = 0.046), and departure 
also being earlier for males than for females (mean departure date 
males (n = 16): 13 May ±11 days, females (n = 14): 21 May ±7 days, 
z = 2.58, p = 0.010).

3.4  |  Body mass and plumage development effects 
on departure date

Analysing departure date in relation to body mass deposition and ex-
tent of plumage development revealed that only the rate of body mass 
deposition was retained in the best model (8.78 lower AICc compared 
to the null model, Table S2). Birds that had gained body mass faster 
departed earlier (Hazard ratio 0.52 ± 0.15, equals 5.3 ± 1.6 days earlier 
departure per gram/day faster body mass deposition).

4  |  DISCUSSION

We showed how migratory shorebirds responded to altered food 
accessibility, increasing the rate of body mass deposition and 

developing a more complete summer plumage when food was 
longer accessible, with no changes in the timing of the start of ei-
ther process. When released back onto the spring staging site in 
the Wadden Sea, individuals that had deposited body mass faster 
also departed earlier. In addition, individuals that had longer access 
to food departed earlier, although this trend was only significant 
when excluding individual birds that did not start depositing body 
mass in captivity.

4.1  |  Flexibility in mass deposition and 
feather moult

Effects of food accessibility on mass deposition of fuelling migra-
tory birds are known from earlier experimental studies, show-
ing increases in mass deposition under supplemental food (Kvist 
& Lindström,  2000; Ouwehand et  al.,  2023), or reduced intake 
rates under restricted food access (Reneerkens et al., 2007; Vézina 
et al., 2009). We show that mass deposition rates during spring body 
store deposition are regulated by food accessibility, with the compari-
son of three treatment levels reinforcing the idea that this stringency 
applies within individuals.

In addition to the effect of food accessibility on body mass depo-
sition rates, we show an effect of food access on moult from winter 
to summer plumage. While the effect of treatment on the rate of pre-
nuptial moult was not significant, treatment did affect differences in 

F I G U R E  4  (a) Date of departure from 
the Wadden Sea as affected by the 
treatment (hours of access to food per 
day) for all individuals combined and (b) 
only for individuals that started depositing 
mass in captivity. Colours of boxplots 
denote treatment, including 6-h (blue), 12-
h (green) and 24-h food access (orange). (c) 
Date of departure as affected by rate of 
body mass deposition (in g/day), with blue 
points show data from 2022 and yellow 
points show data from 2023, data from 
males as triangles and data from females 
as dots. The black line shows the linear 
regression as extracted from the best-
performing Cox regression model.
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developed summer plumage in late April. Birds like red knots are ca-
pable of gaining resources at rates sufficient to invest simultaneously 
in both mass deposition and moulting (Verhoeven et al., 2016), yet 
our experiments suggest that birds face a challenge once resources 
become restricted. In the trade-off between body mass deposition 
and moult to breeding plumage, the latter seems less critical at least 
at the early stages of migration. Red knots can arrest and resume the 
moult in the course of the migration (Piersma et al., 1992), and also 
in our experiment, many birds skipped prenuptial moult at least for 
the period of stay in the captivity. Together, this suggests that under 
limited foraging conditions, red knots prioritize body mass gain over 
plumage moult.

4.2  |  Timing of migratory departure

We found an effect of body mass deposition rate on departure timing, 
with birds depositing body mass faster during the experiment also 
departing earlier after release. This suggests that departure timing 
from the Wadden Sea is constrained by the rate at which individual 
birds have been able to deposit body mass. Past evidence of individu-
als with more body stores departing earlier (e.g. Cohen et al., 2014; 
Schmaljohann et  al.,  2013) has been disputed (Schmaljohann & 
Eikenaar, 2017), as this is typically based on correlational data, with 
departure often being measured as disappearance from local study 
sites which could also be movements to alternative staging sites. 
Ouwehand et al. (2023) were the first to overcome the hurdle of cor-
relational data by experimentally provide supplemental food to over-
wintering pied flycatchers Ficedula hypoleuca and observed that such 
individuals would disappear from the study site earlier in spring com-
pared to individuals which were not fed. We take an additional step 
by measuring departure from two large regional radio-tracking net-
works covering the entire Wadden Sea, thereby also overcoming the 
limitation of measuring departure as disappearance from the study 
site. As such, we provide strong evidence of mass deposition rate as 
an important constraint for departure timing, and a prioritization of 
sufficient body stores over earlier departure, at least for red knots.

Even though birds from the 24-h treatment departed 10 days ear-
lier on average compared to the 12-h and 6-h treatment, this effect 
of treatment was only significant when excluding individuals that did 
not start depositing body mass in captivity. This reflects an important 
role of variation in the onset of body mass deposition on the effect 
of the treatment. In all treatments, some birds did not start deposit-
ing body mass before 29 April. This fraction of birds was larger with 
less access to food (24 h: 7 out of 33 birds; 12 h: 10 out of 32; 6 h: 13 
out of 32, Figures S3–S5). While variation in the start of body mass 
deposition could be caused by individually consistent differences in 
phenology (Burnside et al., 2021), we consider it likely that especially 
in restricted treatments, access to food was monopolized by certain 
individuals that showed body mass deposition rates in accordance to 
the treatment (Bijleveld et al., 2012).

Our experiment forms an analogy to staging sites undergoing re-
source declines, yet an unchanging number of competing individuals. 

When resources are plentiful, many individuals can quickly deposit 
body mass and depart early, yet when resources become restricted, 
competition increases (Peng, Choi, et al., 2023) and only some indi-
viduals may be successful in timely body mass deposition and depar-
ture. For species prioritizing survival, resource restrictions will likely 
result in more individuals skipping migration and over-summering on 
non-breeding grounds (Tavera et al., 2020). Alternatively, for species 
prioritizing reproduction, such resource limitations may impose mor-
tality of individuals departing with small body stores. Strikingly, such 
imposed mortality is also found in bar-tailed godwits (Limosa lappon-
ica), a species prioritizing survival (Rakhimberdiev et al., 2018). This 
suggests that there are more factors in play determining how birds 
choose in the trade-off between departure timing and survival, per-
haps also related to individual variation (Ersoy et al., 2024).

A factor potentially complicating our results is the recent finding 
of a few individuals with the genetic make-up of the subspecies C.c. 
canutus overwintering in the Wadden Sea (Conklin et al., 2022). It is 
possible that some of the red knots in our experiment belonged to 
the canutus subspecies rather than islandica. Red knots ssp. canutus 
migrate to breeding grounds in the central Russian Arctic, and as such 
will differ in timing of migratory departure as well as fuel stores with 
which they depart (Dick et al., 1976, 1987). While red knots ssp. is-
landica are considered to depart earlier and with smaller body stores 
(Buehler & Piersma, 2008; Piersma et al., 2005), all previous work on 
how these aspects potentially differ between subspecies rests on the 
assumption that subspecies can be identified (Nebel et al., 2000), and 
unambiguously so based on wintering grounds (Conklin et al., 2022). 
The presence of both subspecies in our experiment seems rather un-
likely and in the worst case will have increased the variation between 
individuals (e.g. in the onset of mass deposition and plumage change).

4.3  |  Comparing experimental and free-living birds

Mass deposition rates of red knots are flexible and likely dependent 
on food availability, given a large range of rates observed in the wild 
(0.6 g/d to 3.0 g/d, Piersma et  al.,  2005) and even extreme rates in 
captivity (18.7 g/d, Kvist & Lindström, 2003). The aim of our experi-
ment was to simulate both increased and reduced mass deposition 
rates relative to a control treatment that is equal to deposition rates 
of birds in the wild. However, mass deposition of birds held under the 
increased treatment of 24-h food accessibility (2.2 ± 1.7 g/d) was simi-
lar or even slightly lower compared to mass deposition rates found for 
red knots ssp. islandica in the Wadden Sea (2.8 g/d, Prokosch, 1988). 
It is possible that conditions in captivity were not optimal for fuel-
ling, or that mass deposition rates in the Wadden Sea have declined 
in the last 30 years, yet recent measurements on fuelling rates in this 
area are missing. Interestingly, an advance in departure timing was 
mostly visible in the 24-h treatment, where departure timing of birds 
in the 12- and 6-h treatments was largely similar, suggesting that only 
the 24-h treatment allowed for an advance in migration timing. When 
comparing departure timing of experimental birds leaving towards the 
north-west as measured from WATLAS transmitters (Figure 2b) with 
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similar data from wild birds tagged in 2021 (supplemental materials), 
the departure date of wild birds (9 May ±3 days, n = 9) was roughly 
similar to birds from the 6- and 12-h treatment groups (6 h: 12 May 
±6 days, n = 5; 12 h: 11 May ±5 days, n = 3), whereas birds from the 
24-h treatment departed earlier (3 May ±5 days, n = 3). This suggests 
that the 24-h treatment indeed reflected favourable resource condi-
tions and that current conditions in the Wadden Sea constrain ear-
lier departures of red knots. This is perhaps not surprising, given the 
reported low efficiency of conservation efforts in the Wadden Sea 
(Meijer et al., 2025) and current declines in populations of molluscivo-
rous species (Kleefstra et al., 2022). Lifting resource constraints on 
fuelling (for a practical example, see Zhang et al., 2021) could advance 
departure dates beyond what is currently observed in the population, 
perhaps better allowing birds to keep pace with global warming.

5  |  CONCLUSIONS

Here, we experimentally demonstrated flexibility in the timing of 
annual-cycle processes during spring migration. Under reduced 
food availability, shorebirds like red knots can respond by (1) slow-
ing down or even postponing prenuptial moult to invest into body 
mass gain, and (2) delaying departure on migration to allow for 
longer mass gain. By such responses, birds may risk timely arrival 
on the breeding grounds and thus successful reproduction, but se-
cure survival (Grandmont et al., 2023; Legagneux et al., 2012; Norris 
et al., 2004). This strategy can be expected for a long-lived bird spe-
cies (Karagicheva et al., 2018). Flexibility to adjust the rate of mass 
gain and moult, but not the onset of these processes, is supported by 
the previously shown cue responses in red knots, where the impor-
tance of environmental factors (other than photoperiod) increases in 
the course of the annual cycle (Karagicheva et al., 2016). Phenological 
events have been shown to advance under currently changing spring 
conditions (Helm et al., 2019), even in shorebirds (Conklin et al., 2021; 
Rakhimberdiev et al., 2018) despite reported high consistency in their 
movements (Conklin et al., 2013). Our results suggest that once birds 
start to prepare for migration, improvement of foraging conditions 
at staging sites could facilitate earlier departures of individual birds, 
likely in turn supporting fitness. This underlines the importance of 
refuelling hubs such as the Wadden Sea to support long-distance mi-
grations, which makes maintenance of its ecosystem health a conser-
vation priority.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Figure S1. Aviary with 7 red knots, including two automated feeding 
trays (white round, in front, third one not visible), a tray for fresh 
water which is constantly refreshed (left) and a basin filled with salt 
water, including fountains (right).
Figure S2. Radio-transmitters and release of red knots.
Figure S3–S5. Body mass trajectories of all experimental birds in 2021 
(S1), 2022 (S2) and 2023 (S3), dots showing individual (bi weekly) 
measurements of mass, black lines showing the trajectories, coloured 
lines showing the predicted mass trajectories from segmented 
regression analyses (colours in accordance with treatment, 
orange = 24 h access to food, green 12 h access, blue 6 h access). Grey 
vertical lines show onset of mass increase, grey dotted vertical lines 
show offset of mass increase.
Figure S6. For each individual bird released in 2022, a top panel 
showing WATLAS and MOTUS detections over time and a bottom 
panel showing detections on a map.
Figure S7. For each individual bird released in 2023, a top panel 
showing WATLAS and MOTUS detections over time and a bottom 
panel showing detections on a map.
Figure S8. Effect of treatment (hours of access to food/day) on the 
start of body mass increase and plumage status increase. Blue bars 
show data for males, yellow bars show data for females.
Figure S9. Effect of treatment (hours of access to food/day) on slope 
of body mass increase and plumage status increase. Blue bars show 
data for males, yellow bars show data for females.
Figure S10. Effect of treatment (hours of access to food/day) on 
final body mass and final plumage status (expressed as % summer 
plumage) at release. Blue bars show data for males, yellow bars show 
data for females.
Table S1. Sample sizes and metadata of birds used in the experiments, 
including date and location of capture, dates of the experimental 
manipulation, and the number of aviaries and birds used in the 
experiments.
Table S2. The top-20 mixed effect Cox regression models of departure 
date (DD) including independent variables start (Sbm) and rate (Rbm) 
of body mass deposition and final body mass (Fbm), rate of plumage 
status change (Rpl) and final plumage status (Fpl), sex (S) and year (Y).
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