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Keeping up with early springs:
can avian herbivores advance fuelling
under climate change?
Thomas K. Lameris, Henk P. van der Jeugd, Adriaan M. Dokter,
Coen Westerduin, Jasper Koster, Willem Bouten, Bart A. Nolet

ABSTRACT
Under climate warming the onset of spring is advancing, and species need to adjust
their reproduction phenology to keep up with these early springs. Migratory species
therefore need to advance their migratory schedules, which they could achieve by
fuelling for migration earlier. Advancement of fuelling may be constrained early
in the season by high energy expenditure in cold winter conditions and little time
available for foraging under short day lengths. We investigate whether Arcticnesting migratory barnacle geese Branta leucopsis have potential to advance
ǡ ơ ǡ 
abandoned their migratory strategy and currently breed in their former wintering
grounds, where they have advanced laying dates to match the local onset of spring.
We therefore expect resident geese to also have advanced fuelling, but only if they
are not constrained in time or energy to do so. We equipped migratory and resident
barnacle geese with GPS-trackers including accelerometers to record time budgets
and grazing time, which we combined with environmental data to quantify energy
expenditure. We show that geese adjusted grazing time to available foraging time,
and increased grazing time with increasing day length, available moonlit hours
during the night and higher thermoregulation costs. Both migratory and resident
geese started to increase grazing time with longer day lengths from mid-February.
However, geese appear to have leeway to advance fuelling by increasing grazing time
early in the season, as they do not graze during all moonlit nights, and can increase
grazing time when facing high energy expenditure. This suggests there is scope for
advancing fuelling, but the current onset and rate of fuelling in early spring is not
triggered by a release from environmental constraints, but by photoperiod. Resident
populations of barnacle geese may still use the same cues for the onset of fuelling
as their migratory counterparts, while this has in fact become outdated in relation
to their advanced reproductive season. Current climatic conditions may not provide
the need to advance fuelling, but an advancement of fuelling under future climate
warming may be hampered by cue sensitivity rather than environmental constraints.
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Introduction
Animals in seasonal environments can optimise reproduction success by matching
reproduction timing with seasonal peaks in food availability (van Noordwijk et al. 1995).
  ǡǦơ
have a longer period to grow, early reproducing individuals typically experience highest
  ǤǡǡƤ
season, as a low availability of food early in the season constrains them from getting into
optimal condition for breeding. Food supply for the female has been found to be one of
the proximate drivers of laying date, with higher food availability allowing animals to
   ȋ Ƭ  ͥͥͥ͝Ǣ  ͜͜͢͞ȌǤ  ơ  Ƥ
from hatching at the peak of food availability and quality, adults may need to use the same
food peak to accumulate reserves for laying eggs.
Migratory animals escape this problem by making use of multiple food peaks along
ƪǡȋǲǳǢ
Drent et al. 1978; van der Graaf et al. 2006; Shariatinajafabadi et al. 2014). This allows adults
to prepare for reproduction during migration, using peaks in food quality in the wintering
ǡơƤ
breeding grounds (van der Graaf et al. 2006). Under current climate warming the onset
of spring is advancing, and with that the timing of peak food availability on the breeding
grounds (Tulp & Schekkerman 2008; van Asch et al. 2012; Doiron et al. 2015; Lameris et al.
2017b). To keep a match between chick hatching date and peak food availability, animals
are expected to advance their timing of reproduction (Visser et al. 2012). Mismatches
between the timing of hatch and peak food availability have been found to have far   ơǡƤȋǤ
2004; Doiron et al. 2015; van Gils et al. 2016). To advance laying dates, migrants should
advance arrival on the breeding grounds (Both & Visser 2001), and with that, departure
from the wintering grounds (Ouwehand & Both 2017; Schmaljohann & Both 2017).
However, an advancement of departure may only be possible if animals can come into
ƪǡ 
migration and reproduction (Lameris et al. 2017c).
An animal can initiate fuel deposition by increasing its energy intake so that it exceeds
its daily energy expenditure, known as hyperphagia (Lindström 2003). The onset and rate
of fuel deposition can be constrained by high energy expenditure (e.g. in cold winter
conditions; Owen et al. 1992), time availability for foraging (e.g. when foraging is only
possible during daylight conditions; Owen et al. 1992) or digestive capacity (e.g. when
food is of low quality; Gauthier and Bédard 1992; Prop and Vulink 1992). On the other
hand, animals can choose to postpone fuelling until shortly before migration (Ebbinge
& Spaans 1995), as they are more susceptible to predators when carrying larger fuel loads
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(Hedenström 1992; Witter & Cuthill 1993). In winter, when fuelling is constrained by
cold conditions, short day length and low food quality, animals may have to forage at
maximum intensity to balance energy intake with expenditure. In early spring, when
animals become less constrained, they can initiate fuelling by keeping up maximum
foraging intensity, or by increasing foraging time in phase with a certain cue, such as
increasing photoperiod or temperature. When the need comes to advance departure for
migration under a warming climate, animals can therefore only advance fuelling if they
do not already hit the ceiling of energy intake early in the season (Herbers 1981; Owen
et al. 1992; Jeschke & Tollrian 2005). At the same time climate warming can ameliorate
conditions for fuelling early in the season, by milder winter temperatures which lower
energetic costs for thermoregulation, and which may contribute to an improved food
quality (although this can also be ascribed to the increased use of chemical fertilizers; van
Eerden et al. 2005). However, the time available for foraging during daylight hours, which
ơ  ǡ  
Ǥ  ǡƪ 
be inherently linked to the cues which they currently use to time the onset of fuelling, and
whether these cues change under climate warming (Knudsen et al. 2011; McNamara et al.
2011).
In this paper we study whether Arctic migratory barnacle geese   are
constrained to advance the onset of fuelling in early spring in their wintering grounds.
As migratory geese may currently not be driven to initiate fuelling at the earliest possible
day, we investigate this by making use of a unique comparison between the migratory
population and a resident population of barnacle geese, of which we expected the latter
to have advanced their fuelling already in response to advanced laying dates. Migratory
and resident populations co-occur along the North Sea coast of the Netherlands and
Germany and share the same potential constraints for fuelling in their wintering habitat,
 ơ     ǡ        ǡ 
migratory birds depart on a 3000 km migration to their Arctic breeding grounds in
ǦǤƤ 
reproduction, resident geese are driven to initiate fuelling at the earliest possibility, as
they currently already nest too late to avoid a mismatch between chick hatching and peak
food availability (van der Jeugd et al. 2009). By remotely measuring daily time budgets
 Ǧ   ǡ      ơ ȋ  
time) in barnacle geese is regulated by 1) time available for foraging, and 2) by energy
expenditure, and how these factors together determine the onset fuelling, and how the
ơǤ
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Methods
We used data from GPS-trackers and accelerometers deployed on free-living barnacle
in the spring of 2015 (migratory geese, n= 23 individuals) and 2017 (resident geese, n= 12
individuals), from which we derived their behaviour and calculated daily time budgets and
daily grazing time. We gathered data on available foraging time for geese during the day
(daylight hours) and the night (moonlit hours). By combining time budgets with climate
  Ǧ Ƥ   ǡ    
Ǥơơ
populations, the close similarity in climatic conditions in these two years (Figure S6.1)
allow for a comparison between populations.

Study populations
Barnacle geese are originally Arctic migratory birds, and the complete population is
   ƪ ǡ    ǡ 
along the Barents Sea coast (Madsen et al. 1999). The population in the Barents Sea
region migrates northwards in spring from wintering grounds in North-Western Europe,
using staging grounds in the Baltic Sea, the White Sea, Kanin peninsula and the Barents
Sea (Eichhorn et al. 2006; Figure 6.1a). This population has in past decades expanded
its breeding range and has started nesting in former temperate staging and wintering
sites. Migratory Arctic breeders and resident temperate breeders now spend the winter
together in the coastal region of the North Sea (the Netherlands and Germany). Foraging
habitat consist of both manmade, agricultural pastures and natural habitats, mostly saltand freshwater marshes (van der Graaf et al. 2006). The migratory population of barnacle
geese stage longer and depart on spring migration in mid-May (Eichhorn et al. 2009).
These geese then initiate nesting on their Arctic breeding grounds shortly after snowmelt
in early June (Drent et al. 2007).
We study migratory and resident barnacle geese from an Arctic and temperate
breeding colony. The Arctic breeding colony is located on the edge of the Kolokolkova
bay, northern Russia (68°35’N, 52°20’E; van der Jeugd et al. 2003; Fig 1A). The temperate
breeding colony is located in the Delta region (Westplaat Buitengronden), in the SouthWestern part of The Netherlands (51°47’N, 4°08’E; van der Jeugd et al. 2009; Fig. 1C). Geese
from both populations forage along the North Sea coast in winter and early spring, with
migratory birds mostly residing along the Wadden Sea coast (Fig. 1B), while resident
birds reside close to their breeding colony in South-West Netherlands, ranging maximally
50 km from the colony (Fig. 1C).We study migratory and resident barnacle geese from
an Arctic and temperate breeding colony. The Arctic breeding colony is located on the
edge of the Kolokolkova bay, northern Russia (68°35’N, 52°20’E; van der Jeugd et al. 2003;
Figure 6.1a). The temperate breeding colony is located in the Delta region (Westplaat
Buitengronden), in the South-Western part of The Netherlands (51°47’N, 4°08’E; van der

130

Advancement of fuelling under early springs

Jeugd et al. 2009; Figure 6.1c). Geese from both populations forage along the North Sea
coast in winter and early spring, with migratory birds mostly residing along the Wadden
Sea coast (Figure 6.1b), while resident birds reside close to their breeding colony in SouthWest Netherlands, ranging maximally 50 km from the colony (Figure 6.1c).

A

B

B

C

C

Figure 6.1: Overview of the areas where geese resided during the study period: (A) the
migration route of Arctic-breeding migratory barnacle geese (orange lines) which breed in a
colony at the Kolokolkova Bay, along the Barents Sea coast (orange star); (B) foraging locations
of migratory birds (orange dots) and resident birds (blue dots) in their wintering grounds
along the North Sea; (C) foraging locations of resident barnacle geese (blue dots) in the Delta
region of The Netherlands, which nest in a local colony (blue star).

Attachment of GPS-trackers
Of the migratory population, we captured 40 adult female barnacle geese on the nest
at the colony at the Kolokolkova Bay, Russia, during the incubation period in late June
– early July 2014. Of the resident population, we captured 19 adult female geese on the
nest in the colony at the Westplaat Buitengronden, during the incubation period in late
April – early May in 2016. At capture, we measured birds’ body mass and size, applied
       Ƥ    ͥ͝  Ǧ Ǧ
 ȋǤ͜͟͞͝ȌǤ  Ǧ ͢͝Ǧƪ
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ȋǤͣ͜͞͝ȌǤ  ơ 
  ȋ Ƭ  ͣ͜͞͝Ȍǡ     ơ   ǡ
migration and reproduction of tagged birds (Chapter 4). For the migratory population,
GPS-trackers were programmed to collect GPS positions at an interval of 15 to 30 minute
in the wintering region. For the resident population, GPS-trackers were programmed to
collect GPS positions at an interval of 30 to 60 minutes in the wintering range and at an
͡ Ǥ   ǦƤǡ͜͝Ǧ
axial acceleration data were collected at 20 Hz. In the summer of 2015 at the Kolokolkova
Bay, and the spring of 2017 at the Westplaat Buitengronden, we could remotely download
data from GPS-loggers using Zigbee wireless antennas and base station (Bouten et al.
2013). This resulted in 35 complete spring tracks, 23 for the migratory population and 12
for the resident population. We used GPS and accelerometer data from migratory birds
up to the onset of migration (up to the last position in the Wadden Sea area), and from
ȋƤǡ
see (van der Jeugd et al. 2009) for methods).

Time budgets
From tri-axial accelerometer data collected by our GPS-trackers time budgets were
calculated for individual geese from both populations. A tri-axial accelerometer measures
  ȋǦ Ȍ   ǯ Ƥ  
directions: surge (x), sway (y) and heave (z) (Shamoun-Baranes et al. 2012, 2016). We
calibrated a machine-learning model to classify behaviours from these accelerometer
Ǥ Ƥ
behaviours from 8 barnacle geese kept in captivity at our research facilities in Wageningen,
the Netherlands in April 2014 (approved by Animal Welfare Committee, protocol NIOO
͝͠Ǥ͜͝ȌǤ    Ǧ       ǡ ƪǡ
inactive and active behaviour (see supplementary materials for full methods).
 ơ ǦƤ ǡ
 Ƥ͟͜Ǥ 
 ǦƤǤ 
we generated daily time budgets for every individual bird (Figure 6.2a).

Day length, weather and land use data
For every day in 2015 and 2017 we collected data on sunrise and sunset for the locations of
individual geese using the NOAA sunrise and sunset calculator tool (Cornwall et al. 2014)
 ǮǤǯ ǮǯȋƤ  ͥ͜͜͞ȌǤ
collected data on moonrise, moonset and fraction of moon visible for every day using an
average location for each population (migratory: 53°52’N, 7°18’E; resident: 51°76’N, 4°10’E)
in the USNO moonrise and moonset calculator (Naval Meteorology and Oceanography
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Command 2011). From these data we calculated hours of day length, and the hours per
night during which the moon was visible. Data on daily average temperature, cloud
cover, U and V wind components at 10 m and long- and short-wave radiation were
collected at 6 hourly interval for locations of individual geese from the NCEP reanalysis
numerical weather model (Kalnay et al. 1996), using the R package ‘RNCEP’ (Kemp et
al. 2012). For every locationwhere a bird was grazing, we categorized locations by land
use, using the CORINE dataset from 2006 (Büttner et al. 2004; Büttner & Kosztra 2007),
and distinguished between agricultural area (arable land, pastures and heterogeneous
agricultural areas) and natural areas (natural grassland, inland marshes and salt marshes).
͢Ǥ͡τƤ Ƥǡ  
of land use. With the help of Google Earth (Google, 2017), we determined whether this
  Ƥ  ȋ͡ǤͣτȌǡ   
ǡ Ƥ  ȋ͜ǤͤτȌǤ
was often the case when birds were sitting still on open sea, as waves would result in an
accelerometer signal similar to grazing, and for these points we corrected the behaviour
to resting (Shamoun-Baranes et al. 2011, 2016).

Modelling costs of thermoregulation and activity
As resident geese spent the winter and early spring slightly more to the south than
migratory geese (Fig. 1) where they experience a somewhat warmer winter climate, the
   Ǥ ơ 
ơǤơ 
 ơ Ǥ
modelled thermoregulation and activity costs by combining time budgets derived from
  Ǧ Ǥ  ǦƤȋ)
every 30 minutes, we calculated the energy needed for existence (E), thermoregulation
energy costs (), and the total energy costs (). We calculated energy costs for the entire
͢͜͜͝ǡơ
populations and equal weight facilitates comparisons.
We calculated existence energy E ǦƤ as:








 = ȝȝ

(6.1)

Where  is the basal metabolic rate of an individual bird (4.853 W for a 1600 g barnacle
goose, following Daan et al. 1989; Nolet et al. 1992), Ǧ Ƥ 
(inactive = 1.5, active = 1.9, grazing 1.6; Stahl et al. 2001) for behaviours determined using
accelerometer data (see above) and        ǦƤ  until the
 ǦƤ  φ ͝Ǥ    ƪ ǡ ǦƤ
͟͜  ƪǡơ
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 ƪ ȋȌǤ
Thermoregulation costs  are the costs to maintain a relatively constant body temperature
when environmental temperature drops below the thermoneutral zone. We follow the
model developed by Cartar and Morrison (1997), which calculates the thermoregulation
costs as a function of body mass, ambient temperature, wind speed at 10 m and global
radiation at . Our parameterisation was similar to Baveco et al. (2011), but we used
the plumage resistance measured for barnacle geese (van der Graaf et al. 2001) and we
extrapolated the wind speed from 10m height to the level of the bird (15 cm height) using
roughness length z0 for open terrain / lower salt marsh (0.01 meter; de Vries 1999). We
assumed that heat generated during activities can be used for thermoregulation (Paladino
& King 1984), and only when ϓthe bird pays additional thermoregulation costs. Total
energy costs were calculated as:






Ϗ(ϒїE) ^ (ϓїϊ)

(6.2)

Statistics
͝Ȍơ 
time during day and night over the season; 2) when geese started to fuel body reserves
by an increase of grazing time and a decrease in energy expenditure; and 3) how these
 ơǤ  ǡ
restricted our data to the period up to mid-April (day number 100), as after this date
resident geese started to decrease their grazing time. This could partially be due to laying
dates which occurred soon after this date, but also by increased disturbance in the colony
caused by human activities.
We tested relationships by running linear- mixed models using the package “lme4”
in R 3.0.2 (R Core Team, 2014). Models with combinations of variables were compared
using Akaike’s information criterion (AICc; (Burnham & Anderson 2002)) and we chose
  ƤǤ
     Ǥ    Ƥ    Ƥ
     Ƥ           Ƥ  
was absent, using a likelihood ratio test. To test at which point in time total grazing
time, thermoregulation and total energy expenditure started to increase / decrease, we
determined breaking points for a segmented linear mixed model (Bacon & Watts 1971),
where we selected the breaking point which led to the maximum likelihood estimates for
all parameters in the model. We determined breaking points for populations separately,
but also for the combined dataset including both populations.
    ơ       Ǧ  Ƥ 
 ǡ Ƥ 
day length, habitat, population (migratory vs resident) and the interaction between day
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length and population (for daytime models); hours of moonlight, habitat, population,
date, date^2 (the quadratic term of date), the interaction terms of date and population
and date^2 and population (for night-time models). We tested how energy expenditure
ơ ȋ ȌƤ 
Ƥ   ǡ ǡ  Ȁ
total energy costs (analysed in separate models).
 ơ ǡǡ
the basis of the date found as the breaking point for populations combined, into a ‘prefuelling period’ (before the breaking point) and a ‘fuelling period’ (after the breaking
point). We made a separate split for the breaking point in grazing time (determined at
February 14th) and the breaking point in total energy costs (determined at February 7th).
 ǡƪ ǡƪ
ơ     Ǧ     
ơ   
Ƥ Ǥ Ȁ ơ 
ơ ǡ
thermoregulation costs and total energy costs including individual birds as a random
 Ƥ Ǥ

Results
Grazing time and available foraging time
Geese mostly grazed during daylight hours, and initiated long bouts of grazing shortly after
dawn, continuing grazing until dusk, after which they took long periods of rest (Figure
6.2a, b). Geese increased daytime grazing from the start of the season simultaneously
ǡȋ ƥ 
Ʌϋ͟͟ǤͤͣψͣǤ͠͝ ǢɅϋ
ͥ͞Ǥ͞͞ψ͝Ǥ͡͝Ǥǣɝ2ϋͥ͜͟͞Ǥͤǡώ͜Ǥ͜͜͝Ǣ ǣɝ2 =
9.5, p = 0.002; Figure 6.2c, d). Daytime grazing of both populations was at a relatively stable
  ơ
ȋǡɅǣ͜Ǥ͢͢ψ͜Ǥ͜͝ǢǢɅϋ͜Ǥ͢͝ψ͜Ǥ͝͝
Ǣɝ2 = 153.1, p < 0.001; Figure S6.2).
Night-time grazing was mostly possible under moonlight conditions, as geese spent
a maximum of 4 – 6 hours grazing in nights around full moon, and night-time grazing
 ȋɅϋ͠Ǥ͟͞ψ͜Ǥͥ͞ǡɝ2 =
221.1, p < 0.001; Figure 6.2c, d). Night-time grazing initially decreased over the season
ȋɅϋ͞Ǥͣ͡ψ͜Ǥ͟͝ ǡɅϋ͝Ǥ͟͞ψ͜Ǥ͢͞Ǣ
ǣɝ2ϋ͢͢͠Ǥ͟ǡώ͜Ǥ͜͜͝Ǣ ǣɝ2 = 15.1, p < 0.001)
and was most intensive during moonlit nights in January – February, but increased again
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later in the season as geese started to graze early in the morning, shortly before sunrise
ȋɅϋ͜Ǥͥ͜͝ψ͜Ǥͥ͜͜͜ ǡɅϋ͜Ǥ͜͢͝
ψ͜Ǥ͜͜͜͞Ǣǣɝ2 = 493.6, p < 0.001; interaction day number squared and
ǣɝ2 = 2.2, p = 0.136; Figure 6.2a, b).

ơǡ͡͝ψ
͢ȋɝ2 = 78.6, p < 0.001); and 26 ± 4 minutes more
Ǧȋɝ2 = 42.9, p < 0.001) compared to agricultural habitats (Figure 6.2c, d).

Figure 6.2: (A; B): Daily time budgets during the spring season show time periods (of each 30
Ȍ ȋȌǡȋȌǡƪȋȌǡ ȋȌ
data available (white), showing data for one individual bird in the migratory (A; bird 6087) and
resident population (B; bird 6088). Black lines delineate time of sunrise (lower) and sunset
(upper), black dashed lines show the day of nest initiation. The migratory individual departs
Ǧǡ ƪǤȋǦȌǣ
The time spent grazing during the spring season in the migratory and the resident population
by individual birds (thin lines, n = 23 (C) and n = 12 (D)) and the population average (thick
lines), during daytime hours (green, left x-axis) and night-time hours (blue, right x-axis).
ơ ȋȀȌ
natural habitats (dark green / dark blue). The black shadowed area shows night-time hours,
the white area shows daytime hours, yellow bars show the time during which the moon was
visible.

Grazing time and energetic costs
    ƪ     ȋɅ ϋ
͜Ǥ͢͝ ψ ͜Ǥ͜͟           Ǣ ɝ2 = 30.0, p
ώ ͜Ǥ͜͜͝Ȍ     ȋɅ ϋ ͜Ǥ͜͢ ψ ͜Ǥ͜͝         
 Ǣɝ2 = 23.4, p < 0.001). The close link between expenditure and
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Thermoregulation and
total energetic costs (kJ)

Total grazing (hours)

      ơ   Ǥ  
spent more total grazing time than resident geese during January – mid February (up
͟͢ȌȋǢɅϋͣ͟͠ψ͝͝ǢǢɅϋͤ͟͠ψͤ͝Ǣɝ2 = 45.7, p <
0.001, Figure 6.3a, b). In this same time period, migratory geese also experienced higher
thermoregulation costs (ȌȋǢɅϋͤ͟͡Ǥͤ ǢǢɅϋͤ͞͠Ǥ͜ ǡ
ɝ2ϋͣǤ͡ǡϋ͜Ǥ͜͜͢Ȍǡ ȋǢɅϋ͟Ǥ͠͠
Ȁ ǢǢɅϋ͞Ǥ͢͠Ȁ ǡɝ2ϋͥ͝͠Ǥͣǡώ͜Ǥ͜͜͝ȌǤƪ 
of migrants were higher (FȌȋǢɅϋͥͤǤͣψͣǤ͢ǡǢɅϋͥ͢Ǥ͢ψͥǤ͞ ǡɝ2
ϋ͜͝Ǥ͜ǡϋ͜Ǥ͜͜͞ȌƪȋǢɅϋ͝͡Ǥͣψ͝Ǥ͝ǡǢɅϋ͝͞Ǥ͟
ψ͝Ǥ͡ƪǢɝ2 = 5.2, p = 0.023). As a result, migratory geese experienced
higher total energy costs (ȌȋǢɅϋͥ͝͞Ǥ͠ ǢǢɅϋͤͣ͢Ǥ͢ 
ǡɝ2 = 14.3, p < 0.001, Figure 6.3c, d).
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Figure 6.3: (A; B): Total grazing hours during the spring season for barnacle geese in the
migratory (A) and the resident (B) population, by individual birds (thin lines) and the
population average (thick lines). The dark green line shows the model regression over time,
with total grazing time increasing from 14 February (migrants) or 12 February (residents). (C;
D): Daily thermoregulation and total energetic costs during the spring season for migratory
(C) and resident barnacle geese (D). The thin red line and area show thermoregulation costs,
the thin black line shows total energetic costs, and the grey area shows the activity costs which
contribute to the total energetic costs. The thick red and black lines show the model regression
over time.
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Onset of fuelling in resident and migratory populations
Birds can deposit fuel when their energy intake exceeds their energy expenditure
(Lindström 2003), which can take place when their energy intake increase or their energy
 ǤƤ  
grazing time at February 14th (Figure 6.3a, b). During the fuelling period geese increased
 ǡȋɅϋ͠͡Ǥ͢
ψ͝Ǥ͢ ǡɝ2 =742.5, p < 0.001; Figure 6.2c,
d). Total energy expenditure () started to decrease from February 5th (migrants) and
January 25th (residents; Figure 6.3c, d). During the fuelling period total energy costs
decreased at equal rates for both populations (Ʌϋ͝Ǥ͢͠ψ͜Ǥ͟͝  ǡɝ2 =35.0,
p < 0.001). Thermoregulation costs () followed a similar trend (Ʌϋ͝Ǥ͡͞ψ͜Ǥ͜͢  
per day,ɝ2 = 26.8, p < 0.001).

Discussion
Geese adjusted their grazing time to available foraging time during the day and the night,
and mostly in winter also adjusted their grazing time to their energy expenditure. From
mid-February onwards geese increased daytime grazing time during longer days, and their
thermoregulation costs decreased, pinpointing the onset of fuelling. In contrast to our
ǡơ
populations of barnacle geese. In the discussion we further explore whether geese have
 ǡ ơ 
between migratory and resident geese in the onset of fuelling.

Available foraging time
Grazing time of barnacle geese was strongly regulated by the time available for foraging.
During the day, barnacle geese grazed for a stable fraction (residents 61%, migrants 66%)
of the daylight hours throughout the season. Barnacle geese are known to be mostly
diurnal foragers and during daylight hours spend around 80% of their time feeding
(Ebbinge et al. 1975; Prop & Vulink 1992). This is higher than our results on grazing time,
   ơ   Ƥ      ǡ
which also includes short bouts of food searching without actual pecking at forage plants
(Sedinger & Raveling 1988). The fraction of daylight hours during which barnacle geese
graze remains remarkably constant as the season progresses, suggesting that geese can
only feed during a proportion of daylight hours. The remainder of the time they may have
to spend time on other important activities, such as commuting to the feeding grounds,
preening and washing, and being vigilant for predators (Metcalfe & Furness 1984). Geese
may also be constrained by their digestive capacities (Sedinger & Raveling 1988; Kersten
& Visser 1996), but this is unlikely to be the case in early spring, when foraging intake
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and food retention times rates are low (Prop & Vulink 1992), and harvesting rate is likely
a more important constraint (McWilliams & Raveling 1998). A digestive constraint may
become important later in the season.
During the night, geese grazed more during moonlit hours. When necessary, geese are
known to supplement daytime foraging by foraging at night (Owen 1972; Ebbinge et al.
1975; Riddington et al. 1996), which can add substantially to their daily intake (Tinkler et
Ǥͥ͜͜͞ȌǤƤǡ͜͡τ
intake on night-time foraging. Geese seem only able to graze in bright moonlit nights
(Ebbinge et al. 1975; McWilliams & Raveling 1998). Night-time grazing occurred mostly
early in the season, when short day length reduced foraging time during the day. In this
way, barnacle geese kept to a constant daily foraging time of around 7 hours per day during
winter months (January and February).
In addition to available time, geese also adjusted grazing time to their habitat. In
natural salt and freshwater marshes, where food quality in terms of energy intake is
slightly lower than in agricultural habitats (Prop & Black 1998; Eichhorn et al. 2012), geese
increased their grazing time, likely in response to the lower food quality.

Energy expenditure
Geese increased their total grazing time when daily thermoregulation costs were higher,
which may be an adaptation to match energy intake with energetic costs. This is also
shown by the fact that migratory geese, which face higher energy costs in winter, seem to
compensate for this by increased grazing time. At least during winter months, geese may
aim to match their energy intake with their expenditure. As low temperatures in winter
cause an increased energy expenditure (Ladin et al. 2011; Clausen et al. 2015) and time
for foraging during daylight is short, geese are thought to be time-constrained to reach
ƥ  ȋǤͥͥ͝͞Ǣ
Ǥͥ͜͜͞Ȍǡơȋ
1989; Tinkler et al. 2009; Ladin et al. 2011; Clausen et al. 2015). In order to explore this,
we modelled the energy budgets of barnacle geese from time budgets, potential energy
intake and energy expenditure (see supplementary material for methods). From the body
mass trajectories of both populations it becomes clear that during winter months birds
are close to energetic balance as they keep a constant body mass, or slightly decrease in
body mass (Figure 6.4).

The onset of fuelling
From mid-February onwards, longer days enable geese to graze more than 7 hours per
day by daytime grazing only, after which geese continue to increase grazing time with
increasing day length. At the same time, their energy expenditure starts to decrease
from early February onwards. From this moment onwards, the energy intake is likely to
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exceed the expenditure (Lindström 2003), pinpointing the onset of fuelling. While this
onset appears to be similar for migratory and resident population based on the onset of
increase in grazing time and decrease in energy costs, we can closer examine this in the
Ǥ Ƥ ơ 
intake and expenditure, and shows the moment of potential body mass increase. While
we hypothesized resident geese to have advanced fuelling in response to an advance in
laying dates, the modelled body mass trajectories (Figure 6.4) shows that populations
ơȂ Ǥ ǡ
seem to fuel faster in April, reaching an average body mass of 2300 grams earlier than their
migratory counterparts. As resident geese never spend more time grazing than migratory
geese, this appears to result from 1) a higher body condition after the winter period, during
which resident geese can stay in energetic balance, and 2) a lower energy expenditure in
spring, allowing for higher net energy intake.
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Figure 6.4: Modelled body mass trajectories over the season for individual birds (thin lines)
and the population average (bold lines) for the migratory (light grey) and the resident (dark
grey) population.

Advancing the onset of fuelling
Geese will attain a higher fuelling rate when experiencing lower energy expenditure,
which allows resident geese to gain a high body condition at an earlier date. This would
be one way to advance fuelling, but geese may at the same time be able to advance the
onset of fuelling. The onset of fuelling is determined by the moment when energy intake
exceeds energy expenditure, and seems mostly driven by the increase in grazing time
following more daylight hours in early spring. While this suggests that geese are limited
in time available for grazing to advance the onset of fuelling, we also show that geese
can supplement daytime grazing with night-time grazing, and are able to increase total

140

Advancement of fuelling under early springs

grazing time when facing high energetic demands. By these mechanisms geese could in
theory reach a higher total grazing time early in the season than they currently reach,
which would allow them to advance the onset of fuelling (Lameris et al. 2017c), as they
would reach the tipping point where energy intake exceeds expenditure earlier in the
season. This suggests that migratory and resident geese are not constrained in time to
advance the onset of fuelling, as appears to be the case also for other herbivore species
(Jeschke & Tollrian 2005). Grazing time still seems closely linked to day length, as both
migratory and resident geese similarly adjust grazing time to day length. Given the lack
of a time constrain, day length may not be an environmental constraint, but rather a
cue to which the geese respond. Resident populations of barnacle geese may still use the
same cues for the onset of fuelling as their migratory counterparts, while this has in fact
become outdated in relation to their advanced reproductive season. An advancement of
the onset of fuelling in the resident population may be restricted by the sensitivity of
geese to increasing day length as a cue to increase grazing time.

Conclusions
When geese have to advance timing of migration under a warming climate, time available
for foraging does not seem to form a limiting factor for an advancement in the onset of
fuelling (Lameris et al. 2017c). This is especially true given the fact that barnacle geese,
like many species of waterfowl, have in the past decades started utilizing agricultural
landscapes for grazing, where quality of forage plants is greatly enhanced by addition of
chemical fertilizers (van Eerden et al. 2005). Where barnacle geese previously switched to
natural habitats as soon as these match the quality of agricultural areas (Prins & Ydenberg
1985), we have recorded at least some individuals which currently stick to utilizing
agricultural habitats during spring staging (see also Box C). Although uptake of proteins
is potentially lower in agricultural landscapes, intake rates of fat are much higher (Prop
& Black 1998; Prop & Spaans 2004; Eichhorn et al. 2012), even early in the season. In line
with the outcomes of a recent modelling study, advancement of fuelling and departure
for migration under future climate warming may not so much be constrained by the time
available for foraging or food availability, but rather by the lack of cues which correctly
predict the optimal timing of migration (Lameris et al. 2017c). By the prerequisite of having
acquired enough body stores before birds can depart for migration, an advancement of
migration timing can be importantly limited by a lack of advancement of fuelling. As
geese already seem unable to correctly predict, from their wintering grounds, the optimal
timing of arrival on the breeding grounds (Kölzsch et al. 2015), adjustment of the onset of
fuelling in line with rapid climate warming in the Arctic may not be possible.
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Supplementary material
1. Temperature variation between years

'DLO\DYHUDJHWHPSHUDWXUH Û&

We compared temperature data for the wintering site of the migratory population
(Northern Netherlands, weather station Lauwersoog) and the resident population (Delta
region, weather station Hoek van Holland). Temperature data was downloaded from
www.knmi.nl.
The daily average temperature (an average of both Lauwersoog and Hoek van
Holland temperatures) follows a similar trend in 2015 and 2017 (Figure S6.1). Only 2017
temperatures in late March – early April and late May are higher than in 2015.
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Figure S6.1: Daily average temperature, averaged between weather stations Lauwersoog and
Hoek van Holland, for 2015 (grey) and 2017 (black line).

2. Deriving behaviours from accelerometer data
2.1 Training and validation dataset
We used this dataset to annotate the behavioural classes inactive, active and grazing.
When a goose was sitting or standing still for a period longer than 1 s we annotated
inactive behaviour. When a goose was walking (head up, not faster than 5 km/h for longer
than 1 s) we annotated active behaviour. When a goose was foraging actively, with its
ơǡ͝ǡ
behaviour. In all other cases (e.g. other behaviours or transition between behaviours) we
Ǥ ƪ 
  ƪǦǡ 
Ǯƪǯ͜͞Ȁ ƪ 
the z-axis were visible (Shamoun-Baranes et al. 2016).
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2.2 Machine-learning model

Rleative grazing time (day / night)

To calibrate the machine learning model we randomly split the dataset of annotated
ȋͥ͠͡ǣͣͥ͢ ǡͣ͡ ǡ͠͠ǡͤ͠ƪȌȋ͜Ǥ͠Ȍ
and testing (0.6). The model was set up to use bouts of 10 accelerometer measurements.
We selected features to use for the model by comparing model accuracy of a ‘pruned tree’
ơ Ǥ Ƥ
overall dynamic body acceleration, mean pitch (angle of the body along the z-axis), and
mean absolute derivative of the acceleration of the x- and y-axis. We then ran a random
͜͡ ǤƤ   Ƥ
͜Ǥͥͥȋϋͥ͟͝Ȍǡ͜Ǥͤ͢ȋȌ͝Ǥ͜͜ȋƪȌǤ
     ȋ        ơ
annotations (Sim & Wright 2005) of 0.95. We then ran the machine learning model to
   ǦƤǤ
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Figure S6.2: Time which geese spent grazing during the day relative to the day length (light
grey) and during the night relative to night length (dark grey). Lines show linear regressions,
data from the migratory population is shown in solid lines, data from the resident population
is shown in dashed lines and darker shades.

͟Ǥ ƪ 
  ǦƤ, we determined the great circle distance in meters (D) between this
Ƥ Ƥȋφ͝ȌǤƪ
Ƥǡ  ȋȀȌƤ
as:
D
(S6.1)
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If VϏ͜Ǥͤ͞Ȁȋϋ͝ȀȌǡ ƪ 
 ǦƤǤ   ƪ
Ƥȋƪ) and the airspeed (V) of the bird:








ƪϏ

D


Ϗ 2ϊ 2−2 * *  * (ɇ− ɟ)

(S6.2)

(S6.3)

where Vgi is the ground speed, Vwiǡɇǡɟ
direction. For Vgiƪǡ
 ͝͠Ǥͤ͢ȀǤ ǦƤ
ƪǡ  ƪ ƪ from Ǥ.
The energetic costs for the remaining time period  are calculated according to formula 1
(for behaviours grazing, active or inactive).
From the airspeed Vai, body mass Wi-1 and basal metabolic rate BMRi of the bird,
  ƪ   ƪ
  ȋ  ͥͤͥ͝ȌǤ   ƪ F:
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(S6.4)

4. Energy budget model
4.1 General model
Energy budgets were calculated from 1) time budgets, 2) metabolisable energy intake
Ƥ͟Ȍ Ǥ  ǦƤȋ) every 30
minutes we calculated the bird’s body mass (W) as a result of body mass at the previous
ǦƤȋǦ͡) plus the net intake of metabolised energy ( ) minus the total energy costs
(Ȍǡ ƥ  Ǥ
metabolised above the energetic needs, birds store the product () in the form of fat and
ƥ  ͜Ǥͤȋͥͤͥ͝ȌǤ   
ǡƥ  ͝Ǥ
change, either for storing or burning body reserves, comes with a cost, for which we use
the energy density of deposited tissues as calculated for female pink-footed geese, which
equals 29 kJ/g (Madsen & Klaassen 2006).
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4.2 Metabolisable energy intake
4.2.1 Study sites
We calculated metabolisable energy intake from data on food quality and foraging intake
rates collected in the wintering regions of migratory and resident geese. We conducted
measurements on foraging plants, goose droppings and dropping rates of barnacle geese.
We conducted measurements on a representative wintering site for migratory geese, the
island of Schiermonnikoog in the Wadden Sea region (Eichhorn et al. 2012), from early
 ȂǦ͜͢͞͝ Ƥȋϋ͟Ȍȋϋ͟ȌǤ 
   Ƥȋϋ͟Ȍȋϋ
1) from mid-February to mid-April 2017 in the Delta region, with locations based on GPSlocations of tagged birds.

4.2.2 Field and lab methods
During measurements we collected fresh droppings and the upper leaves of the main
forage plants for barnacle geese on Schiermonnikoog (van der Graaf 2006; van der
Graaf et al. 2006) and the Delta (Uceda-Gomez unpublished data):    on
Schiermonnikoog saltmarshes,   on Delta natural grassland and 
  ƤǤ   
in temporal exclosures every 1 – 2 weeks, fresh droppings were collected in these same
Ƥǡ               ͞
Ǥ  ͢͜͞͠ǏǤ
individual droppings to the nearest milligram after which samples were grinded (Figure
S6.3). We measured nitrogen concentration using a C:N analyser (Flash EA 1112 analyzer
    Ƥ   Ǥ ǡ ȌǤ      
samples (~ 0.5 g of dry material) using an IKA C5000 oxygen bomb calorimeter (Figure
S6.3). We chemically determined the mass concentration of an indigestible marker
ȋ Ƥ ǡ ǡͥͥ͝͝Ȍ
Technology (Macedon, NY, USA) for a subset of samples. In order to comprise a model
to estimate ADF from near-infrared (NIR) measurements, we took NIR measurements
from all samples using a NIR spectrometer (Bruker MPA FT-NIR analyser with OPUS
7.0.129 software). From the chemical ADF measurements, and a larger set of samples
ȋ              ƪ
between 2003 – 2015) we could successfully comprise a model which we used to estimate
ADF for all samples. We determined the fraction of inorganic matter, and all chemical
measurements were corrected to ash free dry matter basis (AFDM). We recorded the
time between subsequent defecations of foraging geese (dropping rate , analysed after
Dokter et al. 2017) in March – mid-May on Schiermonnikoog and between April – June
2015 in the Delta region. We collected temperature data from the study site regions (from
Lauwersoog for Schiermonnikoog and from Hoek van Holland for the Delta region, taken
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from www.knmi.nl). From these data we calculated the growing degree days (GDD) with
͜ǏȋǤͣ͜͞͝ȌǤ

4.2.3 Calculating metabolisable energy intake
Using sets of samples of forage plants and droppings which were collected at two week
intervals we calculated the digestibility (Figure S6.3):








ADF

Ϗ1 − ADF


(S6.5)

where ADFd and ADFg      Ƥ     
respectively. Thereafter, we calculated the metabolizable energy intake Rǡ  Ƥ
determining the rate of excretory energy output (R) and ingested energy input (R) as:
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where is the dropping rate in droppings per minute,  the dropping weight,  and 
the energetic content of droppings and grass respectively. For samples from Barents Sea
region the energetic content was not measured and we used the average value of 18.6 kJ/g
ơ ȋƬ ͥͥͤ͝ȌǤ
rate of metabolised energy intake R (kJ / min foraging) can then be calculated as:
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where is the apparent metabolisability, which equals:








Ϗ1−
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(S6.9)

We then analysed the relationship between R and growing degree days for both
 ȋ ͢Ǥ͟ȌǤ  ǦƤwe calculated the
potential energy intake  based on the habitat and growing degree day. To get a GDD for
every GPS fox , we also calculated GDD for every day in the dataset of our tagged birds.
We used temperature data from a range of weather stations in the Wadden Sea for the
migratory populations (Lauwersoog, data from www.knmi.nl; Wangerland, Sankt-Peter
and List, data from www.dwd.de) and from the weather station Hoek van Holland for the
resident population (data from www.knmi.nl).
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The actual metabolisable energy intake was then calculated as:








  =  ȝ

(S6.10)

where  Ƥ Ƥ + 1.

4.3 Starting body mass
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As we did not weigh the individual birds during staging at the wintering grounds, we
derived a correlation between body size (measured as tarsus length * head length) and
body mass from measurements of 29 female geese caught during winter 2008 – 2009 in
the province of Friesland, the Netherlands (Ens et al. 2008). Using this correlation (body
weight = 0.2186*(tarsus length * head length) + 254.43) we calculated body mass from
tarsus length (as taken in summer 2014 at catch) for the 18 barnacle geese.
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Figure S6.3: Digestibility and combustion energy content (ADFM corrected) in forage plants
of barnacle geese, dropping mass and metabolisable energy intake on wintering and spring
staging sites of migratory (orange) and resident geese (blue), for natural grasslands (dark
orange, dark blue) and agricultural grasslands (light orange, light blue). Points show single
measurements, lines show linear regression.
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