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General introduction

Chapter 1

From their very first appearance on this planet, organisms have been struggling for
their survival by adaptation to the changing conditions around them. By a continuous
development of traits and capabilities that allowed them to survive these changes, it
can be safely stated that the animals currently inhabiting the globe are the product of
past environmental change. While the earth has seen many cycles of climatic changes,
       ͝͠ Ǐ    ǡ   
million years, strong fluctuations in temperature between glacials and interglacials,
climatic changes have typically shown gradual trends over time. In the current geological
time period, aptly called the Anthropocene, we see strong and sudden changes in
climatic conditions, set in motion by humankind itself as it started to change their own
environment after having adapting to it. Anthropogenic climate change will possibly
turn into the largest threat to the continued existence of humans on this planet, but it
also poses a challenge for other organisms to make quick adaptations. Indeed, we see
strong shifts in the phenology of flowering of plants and reproduction period of animals,
as the optimal conditions shift forward in the season under temperature increase. As
climate warming is especially pronounced high up in the Northern hemisphere, the
Arctic region, we should expect organisms that live here to show the largest phenological
adjustments to warming conditions. However, as many of the animals living in this
environment are migratory, their rate of adaptation in the Arctic depends on their
ability to adjust their migration from southern wintering areas. In this thesis I study how
Arctic climate warming alters the phenology of migration and reproduction of migratory
animals breeding in the Arctic, and how this can affect their fitness.

Rapid climate warming in the Arctic
As a consequence of the increase in levels of CO2 and other greenhouse gasses in the
atmosphere, temperatures have been rapidly increasing during the last decades on a
global scale, and will continue to increase during the 21st century (Parry et al. 2007;
Stocker et al. 2013). The increase in temperature is however not homogeneous across
the globe, and is especially pronounced in the Arctic region (ACIA 2004). By storing
greenhouse gasses and reflecting a large part of the solar radiation which passes the
atmosphere, the Arctic has for a long period functioned as the refrigerator for our planet.
At this moment, climatic changes seem to have broken through a threshold, triggering
positive feedback mechanisms which lead to a rapid warming of the Arctic, and
eventually our planet as a whole. Due to increasing temperatures, the surface area of sea
ice and snow are diminishing more rapidly in summer, which results in a lower albedo,
in turn leading to a further temperature increase in the Arctic but also on a global level.
Already, the cover of Arctic sea ice over the past 30 years has declined by 15% per decade
(Parkinson & Comiso 2013) and it is expected that the Arctic Ocean will be free of ice in
late summer before the year 2050 (Massonnet et al. 2012; Notz & Stroeve 2016). In late
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2017 Richter-Megne et al. (2017) concluded that the Arctic environmental system has
reached a ‘new normal’, characterized by long-term losses in the extent and thickness
of the sea ice cover and strong shortening in the duration of the winter snow cover
(Richter-Megne et al. 2017). As such, the Arctic is not expected to be able to return to its
original state as a ‘reliable frozen region’. This can also be ascribed to another important
feed-back mechanism. Due to the melting of permafrost layers across the whole Arctic,
high levels of the strong greenhouse gas methane are released, which is expected to be a
major source of global temperature increase. The combination of feedback mechanisms
leading to amplified warming in the Arctic region is known as ‘Arctic amplification’
(Serreze et al. 2000; Serreze & Francis 2006a; Serreze & Barry 2011). Current predictions
show that the Arctic will warm 2.2 to 2.4 times faster than the global average (Stocker
et al. 2013; Figure 1.1), but these predictions might even be underestimating the rate
of amplified warming. Although patterns of climatic change in the Arctic are erratic
(Stocker et al. 2013), rapid climate warming in the Arctic has already affected plants and
insects in the high Arctic, for which temperature is an important trigger for phenological
processes (Tulp & Schekkerman 2008; Livensperger et al. 2016), and which show strong
advancements during recent years (Høye et al. 2007).
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Figure 1.1: Climate warming in 2046 – 2065 under the climate scenario 2A by the IPCC (2007).

Optimal timing of breeding
In order to understand how larger migratory organisms may adjust their phenology
to climate warming, we first explore what drives their phenology regardless of climate
change. Many larger organisms, such as birds, adjust their reproduction period to the
phenology of their food, plants or smaller animals, in order to maximise their fitness
(Lack 1968). Typically, offspring survival is strongly linked to the synchrony in timing
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of hatch with seasonal peaks in food availability (van Noordwijk et al. 1995), and chicks
in nests that hatch too late will experience less beneficial growing conditions due to a
mismatch with these seasonal peaks. In addition, earlier hatching chicks have a longer
period to attain body condition before the end of the season, necessary to survive the
winter. Earlier hatching chicks thus have increased growth and survival rates compared
to late hatching chicks (Sedinger & Flint 1991; Prop & Vries 1993; Brinkhof & Cavé 1997;
Sedinger et al. 1997; Lepage et al. 1998, 1999, 2000; Verhulst & Nilsson 2008), resulting
in a seasonal decline in reproductive success, which favours selection for early breeding
(Sedinger & Raveling 1986; van der Jeugd et al. 2009). Most birds however lay ´too late´
to maximise offspring survival (Perrins 1970), suggesting that optimal timing of breeding
is not just a matter of laying early. Reproducing itself is costly for an animal, affecting its
chances for surviving up to the following year (Drent & Daan 1980). To maximise fitness,
an individual should consider both its reproductive success in a given year as well as
its survival from one year to the next, given its expected reproductive success in future
breeding seasons. Fisher (1930) therefore argued that because early laying might inflict
reduced adult survival, laying date might be the result of two conflicting selective forces,
one for adult and one for offspring survival. Parents would thus choose not to lay earlier
than they do. In extremely unprofitable breeding seasons, this may drive long-lived birds
which still have many breeding seasons ahead to forego breeding to ensure their own
survival. Alternatively, Perrins (1970) suggested that a shortage of food for the parents
early in the season prevents most birds from laying on optimal dates in terms of offspring
survival (the ‘constraint hypothesis’). In this case, it is hypothesized that a small group of
high quality individuals is able to lay early as they can monopolize the little amount of
available food, but most individuals cannot lay earlier. This idea has since been proven
in a number of experiments with different species (Meijer & Drent 1999), showing that
food supply for the female is indeed one of the proximate drivers in laying date (Drent
2006). Parents can improve their body condition by delaying their laying date, which
allows them to lay a larger clutch (Ebbinge & Spaans 1995; Prop et al. 2003), but should
not delay for too long, as at the same time they experience a seasonal decline in offspring
value resulting from reduced availability of food. Depending on their body condition and
the prospects for gaining body stores, birds will adjust both their laying date and clutch
size, which is the result from a individually optimized trade-off between fitness benefits
of breeding early against those of breeding late (Partridge 1989; Tinbergen & Daan 1990;
Descamps et al. 2011), known as the ‘cost of delay hypothesis’ (Reynolds 1972; Drent &
Daan 1980). Rowe and colleagues (1994) modelled this hypothesis and predicted that for
birds with a similar arrival date on the breeding grounds, individuals in poor condition
have more to gain from a delay in terms of an relative increase in potential reproductive
success via clutch size. However, due to differences in onset of the condition gain, these
birds will still have a lower clutch size than birds with a better condition on arrival,
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explaining a seasonal decline in clutch size, which is common in birds (e.g. Christians et
al. 2001). Birds thus individually optimize their laying date and clutch size depending on
arrival time and energy stores on arrival. Bêty and colleagues (2003) indeed showed that
female snow geese (  ) adjusted both laying date and clutch size to their
condition as predicted in the model, and females with high pre-migration condition
had an earlier laying date than those in low condition. Consequently, individuals in
good condition should be expected to arrive and lay earliest (ensuring good growing
conditions for the offspring) and have the largest clutches, thereby achieving the highest
reproductive success.

Optimal timing of migration to the Arctic
By making long migratory flights in spring and autumn, migratory birds can breed at
high latitudes in the Arctic region, where increased day length permits longer foraging
times (Rose & Lyon 2013), while escaping unfavourable conditions during winter when
migrating to mid-latitudes (Alerstam & Högstedt 1982; Alerstam et al. 2003). In the
Arctic, birds are however faced with a short breeding season, in which they have to lay
and incubate eggs, raise chicks and moult their feathers. As a consequence, they are
more time-constrained than birds breeding in temperate regions, and the individual
optimized trade-off between late against early breeding also becomes more pronounced.
This is particularly the case for larger birds, as their slower pace of life, with longer
incubation and chick-rearing periods, makes them more time constrained than smaller
birds (Klaassen 2003). Such a strong time-constraint drives birds to lay their eggs early,
but in order to do so birds also need to arrive early on the breeding grounds, in a period
in which a scarcity of food resources and adverse weather conditions can jeopardize
adult survival (Arzel et al. 2006). Optimal timing of breeding may only be possible if
birds are also able to optimally time their migration.
As discussed before, early nest initiation can be limited by available resources, and
more specifically by the nutrient status of the female (Drent et al. 2006). Decisions on
when to breed for migratory birds importantly rely on both the bird’s accumulated
energy stores and the abundance of food resources in the local environment, which
are referred to as capital and income (Drent & Daan 1980; Stephens et al. 2009). While
‘income breeders’ depend on local food resources on the breeding grounds for acquiring
the energy needed for egg production, ´capital breeders´ evade the problem of limited
food resources on the breeding grounds early in the season by accumulating these energy
stores during migration (Thomas 1988; Stearns 1992; Stephens et al. 2009). In this way,
capital breeding migrants have found a solution for the trade-off which resident income
breeders face: to use the single peak in food availabillity either for themselves when
preparing for breeding, or for their offspring by breeding in front of the food peak. The
classification of capital and income breeding strategies is rather a continuum between
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two extremes than a sharp dichotomy (Meijer & Drent 1999; Williams et al. 2017), and
birds generally use a mixed strategy (Gauthier et al. 2003; Drent et al. 2006, 2007; Klaassen
et al. 2006; Nolet 2006). Strategies lying closer to capital breeding are especially expected
for larger birds, as for these birds the energetic costs of egg-laying and incubation are
relatively small compared to the costs of migration (Klaassen 2003; Klaassen et al. 2006;
Nolet 2006). However, even for larger birds such as geese, strategies are not fixed and
differ between individuals depending on timing of migration and nesting (Klaassen et
al. 2006; Hahn et al. 2011). Taken together, the body stores which a bird can bring to its
breeding grounds may be an important predictor for its laying date and, possibly as a
consequence, its reproductive success (Prop & Black 1998; Drent 2006).
In order to be most efficient in accumulating body stores during migration, it has
been proposed that Arctic-nesting geese make optimal use of a seasonal environment
during migration by following a climatic gradient of successively delayed flush of grass
growth at the onset of spring, known as the ‘green wave hypothesis’ (Drent et al. 1978;
Schwartz 1998). For barnacle geese ( ) it has been shown that they indeed
track the green wave as they arrive on stop-over sites at the peak of food quality in
forage plants (van der Graaf et al. 2006; Figure 1.2a), but continue on migration when
quality declines (Prop et al. 2003). To track this green wave, geese seem to be able to use
local temperature or vegetation greenness (van Eerden et al. 2005; Eichhorn et al. 2009;
Shariatinajafabadi et al. 2014), which together with day length form the most important
cues for the timing of migration (Duriez et al. 2009). Also, as should be expected for
capital breeders which bring in energy stores from mid-latitudinal stop-over sites to
start nesting early, it has become clear that geese can overtake the green wave and reach
the breeding grounds before the onset of spring (Shariatinajafabadi et al. 2014; Kölzsch
et al. 2015; Si et al. 2015a) in order to make the chicks benefit from the same food peak
after hatching (Lepage et al. 1998). Interestingly, barnacle geese which have abandoned a
migratory strategy and do now breed as residents at temperate latitudes, do not seem to
be able to breed early enough to profit from a local food peak (van der Jeugd et al. 2009),
potentially as they cannot make use of a green wave to fuel reproduction.
Long-distance migrants are thus faced with the challenge of optimal timing of
breeding on distant Arctic breeding grounds, where they have to arrive early but with
enough stores of energy accumulated during migration to start breeding soon after
arrival. We have seen that optimal timing of breeding is strongly linked with the optimal
timing of migration (Alerstam & Hedenström 1998; Drent et al. 2003), as the arrival
time and stores upon arrival necessary for successful breeding are the outcome of an
optimal migration strategy. As Arctic geese follow a green wave of peak food availability
on stopover sites, Drent and co-workers concluded that these stopover sites, and the
migration timing of the birds to make use of these stopover sites, are indeed the weak
links to meet the targets for successful reproduction (Drent et al. 2007).
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Figure 1.2: (A) Long-distance migrants breeding in the Arctic can follow a ‘green wave’ of
peaks in food quality during migration. Birds leave their wintering site when food quality
starts to decline, and they can find higher food quality at a following staging site. By making
use of multiple peaks in food quality, birds can arrive at the their Arctic breeding sites and
start breeding in front of the green wave. In this way their chicks can profit from high food
quality right after hatching. (B) When climate warming is occurring more rapidly in the Arctic
than in temperate sites, birds may not be able to adjust their migration schedule accordingly,
and as a result arrive too late in the Arctic. If they start breeding late relative to the local food
peak, their chicks hatch too late to profit from the peak in food quality, which may reduce
their survival and growth.
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Challenges of adapting to climate warming
Climate warming can importantly affect the optimal timing of breeding and migration, as
climate dictates the availability and quality of food on stop-over and breeding sites, and is
also used by migratory birds as a cue to optimally time their migration. This is especially
the case for flyways where rates of climate warming largely differ between wintering
and breeding sites, such as is the case for Arctic migrants under Arctic amplification.
Already, the short peak in food availability in the Arctic is strongly advancing (Tulp
& Schekkerman 2008; Doiron et al. 2014), and some Arctic migrants do not seem to
advance their laying dates enough to match these advancing food peaks, resulting in a
strongly reduced growth of their chicks (Doiron et al. 2015). It has been proposed that
birds do not adapt their migration timing to earlier food peaks on the Arctic breeding
grounds, and thus arrive ‘too late’ to initiate a nest in time (Clausen & Clausen 2013). The
pivotal question thus becomes whether birds mistime their reproduction and migration
because 1) they cannot use current cues to predict rapid climate warming in their
breeding grounds; or because 2) an advancement is limited by revenues for foraging, on
the wintering grounds and during migration.
1. Local cues to which birds have access to on their wintering grounds may not
enable them to predict the rate of seasonal advancement on their breeding grounds,
which may be thousands of kilometers away. Although migrants are known to be able
to use yearly variations in local temperature and plant phenology as cues to time their
migration (Duriez et al. 2009; van Wijk et al. 2012), the climatic system at their wintering
grounds is poorly correlated with that of their breeding grounds, and cannot be used to
forecast the advancement of spring in the Arctic (Kölzsch et al. 2015). When using a stepwise migration with multiple stopover sites, birds may become better able to predict
conditions on the breeding grounds while aproaching, but environmental barriers such
as oceans and mountain chains might then still disrupt correlations between climatic
systems in the different areas. As birds are at least to some extent unable to predict
climatic conditions on their breeding grounds, they have to time their migration
independent from environmental or climatic variables. While these cues may allow
for optimal arrival under average conditions, they will not shift together with rapidly
advancing onset of spring in the Arctic. The utilization of either one of these cues is likely
to lead to a mistimed migration timing under unequal climate warming in the Arctic
2. In order to advance migration timing, birds will need to have acquired enough
body stores before departure from their wintering or stop-over site to complete their
migratory journey, or at least to fly up to the first stopover site. If birds depend on food
peaks at temperate sites or even on a green wave for the first stretch of their migratory
journey (van der Graaf et al. 2006), they may simply not be able to accumulate enough
body stores to advance their departure for migration. Alternatively, another way to
advance migration timing would be to not necessarily advance their departure from the
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wintering grounds, but to spend less time feeding on stopover sites, and thus advance
the arrival on the breeding grounds (Schmaljohann & Both 2017; Figure 1.2b). Birds may
then entirely skip stopover sites, as has been observed for barnacle geese, for which a
large part of the population currently skips a historically important stopover site in the
Baltic Sea during spring migration (Eichhorn et al. 2006).In this way birds might be able
to advance their migration timing, but by spending less time foraging underway it would
potentially reduce the capital fat stores which they can bring with them to the breeding
grounds. As capital breeders, geese tend to use part of their fat stores for reproduction,
and a reduction of their body condition on arrival at the breeding grounds would impact
their reproductive output, causing them to either lay less eggs, or delay initiation of
breeding as they have to fuel up on the breeding grounds.
While climate warming is causing an advancing onset of spring in the Arctic,
summers may also become warmer and longer. Higher summer temperatures have
been shown to positively affect chick survival and total reproduction in Artic breeding
waders and waterfowl (Meltofte et al. 2007; Dickey et al. 2008; Van Oudenhove et al.
2014; Wood et al. 2016). In longer summers, the period of vegetation growth and insect
abundance can be extended (Chapin III et al. 2005), granting offspring a longer period
to grow and accumulate body condition before feeding conditions deteriorate, which in
turn can increase their chances to survive southward migration (Owen & Black 1989).
It has indeed been shown that in seasons with longer food peaks, offspring survival of
Sanderlings   has been higher (Reneerkens et al. 2016). If longer seasons
increase offspring survival, the selection pressure to start nesting early is likely to drop
(Tomotani et al. 2016), as birds that start nesting relatively late also have a chance to
produce viable offspring.

Goals and structure of the thesis
The main goal of this thesis is to examine how Arctic climate warming alters the
phenology and fitness of Arctic migrants. I approach this goal by first making predictions
how climate warming may alter optimal timing of migration and reproduction, after
which I investigate the limitations for Arctic migrants to make these adjustments, and
how this affects their fitness. I specifically aim to understand which mechanism is a
more important factor limiting advancement of migration and reproduction timing
under climate warming – revenues for energy deposition prior to and during migration
or predictability of climatic conditions in the breeding grounds.
I investigate these questions by a study on the barnacle goose, an Arctic longdistance migrant which breeds in coastal regions of Greenland, Svalbard and NorthWestern Russia and spends the winter in North-western Europe. Barnacle geese are
one of the most intensively studied migratory waterfowl, with 18 dissertations on the
ecology and behaviour of this species published to date (Box 1.1; Black 1987; Choudhury
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1992; Ebbinge 1992; Forslund 1992; Larsson 1992; Tombre 1995; Loonen 1997; van der
Jeugd 1999; Stahl 2001; Prop 2004; van der Graaf 2006; Portugal 2008; Eichhorn 2008;
Jonker 2011; Karagicheva 2011; Kurvers 2011; Sandström 2017; Shariati Najafabadi 2017).
Not only has this generated a large body of knowledge on this species (also compiled in
two monographs: Black et al. 2007; Black et al. 2014), but also do we now have long-term
datasets on migration and reproduction timing of this species. In addition, following a
population increase in the 1980s (Madsen et al. 1999), the barnacle goose population has
started to expand its breeding range along its flyway, and now breeds down to temperate
regions in North-West Europe (Larsson et al. 1988; Meininger & Van Swelm 1994), a
region where it used to occur only in winter. This enables to study the characteristics
of an Arctic migrant breeding in environmental conditions which differ greatly from its
original breeding grounds in the Arctic, as if it has already undergone climate change on
its breeding grounds.
In the first part of the thesis I aim to make predictions on effects of climate warming
on optimal timing of migration and reproduction. In Chapter 2 we study the effect
of climate warming on timing of food peaks, important for timing of migration and
reproduction. We use a field-experiment with open-top chambers to study the effect
of increased temperatures on quality and growth of forage plants at three sites along
their migratory flyway. In Chapter 3 we model migration timing of barnacle goose under
unequal rates of climate warming to study whether time needed for energy deposition or
the predictability of climate warming on the breeding site is a more important limitation
for advancement of migration timing.
In the second part of the thesis I deal with the most important research technique
used to study animal migration, the application of electronical tracking devices. In Box
A we demonstrate our method of attaching tracking devices to geese, and in Chapter
4 we study whether attachment of tracking devices in this way has effects on survival,
migration and reproduction in three species of Arctic-breeding geese. In Chapter 5 we
review the potential effects of tracking device attachment for waterfowl in general and
study to what extent these are reported in research papers. In Box B we present the
results of our tracking study in 2015 on the spring migration of barnacle geese using GPSloggers, showing detailed patterns in migration timing and stopover site use.
In the third part of the thesis I study the limitations for barnacle geese to adjust
migration and reproduction timing, and how this affects their fitness under current
climate warming and climatic variation in the Arctic. In Chapter 6 we use time budgets
derived from this study to investigate whether Arctic barnacle geese can advance
fuelling for migration in the wintering grounds, by comparing fuelling rates of the Arctic
population with the resident population. In Box C we further dive into this fuelling
period by investigating what drives geese to make a shift in habitat use during fuelling
along the North Sea coast. In Chapter 7 we use the yearly climatic variation in the Arctic
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and long-term data on migration and reproduction data to study how geese adjust
migration and reproduction timing under warmer Arctic springs, and whether mistimed
reproduction has fitness consequences. In Chapter 8 we consider the potential benefits
of climate warming on fitness through earlier breeding, which we study using long-term
data on reproduction timing and reproductive output in three colonies of barnacle geese
in the low and the high Arctic. In Chapter 9, I take the findings from previous chapters
together to find an answer to the initial question of this thesis – how Arctic climate
warming alters the phenology and fitness of Arctic migrants.
Box 1.1 Dissertations on the ecology and behaviour of barnacle geese
The first studies on barnacle geese have been initiated in the geese’s wintering grounds in
North-Western Europe, most notably in Scotland and in the Netherlands. The first dissertation
in which barnacle geese features as a study species was defended by Jeffrey Black (thesis
defence: 1987) at Oxford University, who studied barnacle geese in their wintering grounds in
Scotland under supervision of Myrfyn Owen. This study was focussed on the unique social life
of geese: the long-lasting pair bonds and the relationship with offspring which stay together
with their parents for almost a year. Sharmilla Choudhury (1992) continued this work under
supervision of Black, to study the formation of these pair bonds, and to what extent barnacle
geese choose their mates based on their own experience, body size and the familiarity with
their new partner.
At the same moment a long term study on breeding barnacle geese in Gotland and Öland,
from the emerging breeding population around the Baltic Sea, was initiated from Uppsala
university. Kjell Larsson (1992) and Pär Forslund (1992) used this population to study the
influence of density dependent processes on reproduction and population growth in this
colony. Forslund focussed on the additional effects of age on reproductive success, and how
the experience of a bird, but also that of its partner, affected reproductive success. Larsson
found that traits such as body and egg size were heritable, and simultaneously affected
reproductive success of geese. Supervised by Larsson, Henk van der Jeugd (1999) continued
the study on the Baltic population. He found that colony size was the main determinant for
reproductive success, with large colonies producing more, but also smaller offspring. At the
same time, reproductive success was importantly affected by climate.
By then, the study of barnacle geese from Scotland had been extended with expeditions
to the breeding grounds in Arctic Svalbard, where Norwegian, Dutch and British scientists
collaborated in the study of breeding barnacle geese. One of the first to visit this region to study
barnacle geese was Barwolt Ebbinge (1992), who visited Nordenskioldkysten in 1975 and used
his study on the breeding ecology and population dynamics of wintering geese to investigate
the cause of the enormous population growth of several goose populations in western Europe
in the 20th century. He concluded that the main cause of this population increase was primarily
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improved survival, resulting from hunting restrictions and not necessarily improved feeding
conditions in the wintering region, because goose numbers were also much higher in the
first half of the 20th century. Ingunn Tombre (1995) and Maarten Loonen (1997) continued
the work in Svalbard and worked together in the Kongsfjorden, where they studied several
aspects of reproductive success in Arctic-nesting barnacle geese. While the studies around
the Baltic Sea had put the main focus on the conditions in the colony and the experience
of birds, Tombre focussed on the importance of timing of laying and the body mass of
individual females prior to breeding on their clutch size, aspects which may be especially
important in the Arctic. Loonen investigated what happened after the chicks had hatched,
and found that earlier hatch dates but also larger broods positively affect the growth rate
of goslings. Jouke Prop (2004) initiated a long term study of barnacle geese breeding at the
Nordenskioldkysten in 1977, which makes this colony the longest term study site for barnacle
goose breeding studies. In his research, Prop showed the importance of individual differences
in foraging success, both in wintering, stopover and breeding sites for the fitness and survival
of barnacle geese.
Both Ebbinge, Loonen and Prop were students of Rudi Drent, who was one of the main
instigators of barnacle goose research in the Netherlands. He was also the supervisor of Julia
Stahl (2001), who took up the study of foraging in barnacle geese from a different angle, by
investigating how social status and location in the flock determine foraging opportunities
and energy expenditure of an individual goose. The potential benefits of living in flocks
were further investigated by Ralf Kurvers (2011), under the supervision of Herbert Prins.
Kurvers looked into personality of geese, and found that barnacle geese which were less
explorative benefitted from copying the behaviour of bolder geese. The topic of foraging was
taken up again by Stahl and Drent, who supervised Alexandra van der Graaf (2006) who
studied foraging along the migration route of barnacle geese breeding in Arctic Russia. She
investigated how geese selected foraging sites in space and time, showing for the first time
how barnacle geese make use of a green wave of spring grass growth during migration. The
green wave hypothesis was more thoroughly explored with the use of satellite imagery by
Mitra Shariati Najafabadi (2017), who added important evidence that barnacle geese indeed
follow a green wave.
Initiated by Mennobart van Eerden, Rudi Drent, Konstantin Litvin and Henk van der
Jeugd, the breeding colony in the Kolokolkova Bay in Arctic Russia was visited in 2002 and
became another location of long-term field study. Under the supervision of Drent, Götz
Eichhorn (2008) started a study which aimed to connect migration timing and reproduction
success. Eichhorn uncovered the flexibility in migration schedules of barnacle geese, but also
the importance of feeding prior to and during migration for optimal reproduction timing. The
colony structure in this Arctic colony was further investigated by Julia Karagicheva (2011),
who found that offspring tended to nest close to their parents. The energetics of migration
and moult of barnacle geese was investigated by Steven Portugal (2008), supervised by Pat
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Butler. Portugal used heart-rate loggers to quantify energy expenditure year-round, and
found that the moulting period was a much more strenuous period for geese than previously
considered.
Although a first comparison between Arctic and temperate (Baltic Sea) breeding geese
had been made by Maarten Loonen, this comparison was made more comprehensively by
adding a study population breeding in the Netherlands, studied by Henk van der Jeugd and
Götz Eichhorn. It appeared that temperate breeding geese nest too late relative to the local
food peak. The comparison between Arctic and temperate breeding geese was used again by
Rudi Jonker (2011), who was supervised by Herbert Prins. Jonker studied the emergence of
the non-migratory barnacle goose population. Using genetical analyses, he found that both
populations show large admixture, as there is still gene-flow between migratory and resident
populations. The potential benefits of breeding in the Arctic were investigated by Cecilia
Sandström (2017), who was supervised by Maarten Loonen and compared the immune
defence of Arctic and temperate breeding geese, and found that Arctic geese have to spend
less energy in defending themselves from parasites than their temperate counterparts.
Together, these theses give a comprehensive overview of barnacle geese as a social
herbivore, which makes optimal use of its environment prior to and during migration to
increase its fitness. The tremendous amount of knowledge generated has paved the way to
study how the barnacle goose can cope with a changing environment. Where Prop, Eichhorn
and van der Graaf have all shown how geese can adapt to land-use changes, rapid climate
warming in the Arctic has now set the scene for a study entirely focussed on the effects
of climate change on barnacle geese. This thesis truly stands on the shoulders of giants,
benefitting heavily from the extensive knowledge on foraging intake and energy expenditure
of barnacle geese, and the data from long-term field studies in the Arctic and temperate
breeding areas.

21

PART I

Predictions on climate
ơ 

ĈčĆĕęĊė 2

Forage plants of an Arctic-nesting herbivore
show larger warming response in breeding
than wintering grounds, potentially
disrupting migration phenology
Thomas K. Lameris, Femke Jochems, Alexandra J. van der Graaf,
Mattias Andersson, Juul Limpens, Bart A. Nolet

ABSTRACT
During spring migration herbivorous waterfowl breeding in the Arctic depend
on peaks in the supply of nitrogen-rich forage plants, following a ‘green wave’ of
grass growth along their flyway to fuel migration and reproduction. The effects
of climate warming on forage plant growth are expected to be larger at the Arctic
breeding grounds than in temperate wintering grounds, potentially disrupting
this green wave and causing waterfowl to mistime their arrival on the breeding
grounds. We studied the potential effect of climate warming on timing of food
peaks along the migratory flyway of the Russian population of barnacle geese using
Ǧ Ǥ ͝Ǥ͜Ǧ͝ǤͣǏ
experimental warming on forage plant biomass and nitrogen concentration at
three sites along the migratory flyway (temperate wintering site, temperate spring
stopover site and Arctic breeding site) during two months for two consecutive years.
We found that experimental warming increased biomass accumulation and sped up
the decline in nitrogen concentration of forage plants at the Arctic breeding site
but not at temperate wintering and stop-over sites. Increasing spring temperatures
in the Arctic will thus shorten the food peak of nitrogen rich forage at the breeding
Ǥ  ͝Ǧ͞Ǐ
climate warming, which will likely cause migrating geese to mistime their arrival
at the breeding grounds, particularly considering the Arctic warms faster than the
temperate regions. The combination of a shorter food peak and mistimed arrival, is
likely to decrease goose reproductive success under climate warming by reducing
growth and survival of goslings after hatching.

Ecology and Evolution (2017) 7 (8): 2652-2660

Chapter 2

Introduction
The matching of animal’s annual cycles to peaks in food availability is considered to
be an important adaptation for successful reproduction (Lack 1968). A multitude of
species match their period of reproduction to peaks in food availability in order to feed
their young and to maximize their growth rates (Both & Visser 2005). During spring
migration, migratory species can also travel along a climatic gradient and match arrival
on stopover sites to local peaks of food abundance along the gradient, described as the
‘green wave hypothesis’ (Drent et al. 1978; van der Graaf et al. 2006; Shariatinajafabadi
et al. 2014; Thorup et al. 2017). This strategy is especially important for species which
partly rely on capital body stores accumulated at staging sites for egg formation and
incubation, such as geese (Gauthier et al. 2003; Drent et al. 2007; Hahn et al. 2011). The
matching of migration timing to peaks in food availabillity could be strongly disrupted
by global climate warming when food peaks change asynchronously over the migratory
flyway (Klaassen et al. 2012).
Global climate warming has advanced the phenology of spring events, such as the
leafing and flowering of trees and emergence of insects (Visser & Both 2005; Menzel
et al. 2006; Parmesan & Yohe 2003). Several bird species have been able to advance
their laying date accordingly (Visser & Both 2005), while others, notably long-distance
migrants, have not (Clausen & Clausen 2013; Møller et al. 2008; Both & Visser 2001). Such
a mismatch in intertrophic relationships can have large consequences for reproductive
success and, ultimately, population size (Both & Visser 2001; Miller-Rushing et al. 2010;
van Gils et al. 2016; Møller et al. 2008). Migratory species are more vulnerable to these
mismatches, as changes in climate are often not correlated between their wintering sites
and breeding grounds (Kölzsch et al. 2015; Emmenegger et al. 2016). In the Arctic region
climate warming is expected to be more severe than the global average, a process called
arctic amplification (Stocker et al. 2013; Serreze et al. 2009), and rapid advancement of
the onset of spring inducing strong phenological responses of plants and animals are
already found in the Arctic (Høye et al. 2007; Post et al. 2009). Accelerated warming
in the Arctic is expected to cause food peaks in Arctic regions to advance at a faster
rate than in temperate regions, which could cause mismatches especially for Arctic long
distance migrants (McKinnon et al. 2012).
Arctic long distance migrants, such as geese, take benefit from both temperate and
Arctic food peaks to maximize reproductive success, by using the food peaks in temperate
regions to fuel migratory flight, egg production and incubation (Drent et al. 2007) and
the food peak in the Arctic to rear their chicks (van der Graaf et al. 2006; Doiron et al.
2015). As food peaks along the migratory flyway match the onset of spring (Van Der
Graaf et al. 2006; van Eerden et al. 2005), geese use these to time their migration (Duriez
et al. 2009; Shariatinajafabadi et al. 2014; van Wijk et al. 2012). Food peak phenology
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might be differentially affected by climate warming at different latitudes, as plants in
colder, higher latitudes might be more responsive to temperature increase (Havström
et al. 1993). When food peaks along the flyway advance at different rates this can affect
migration and reproduction of Arctic nesting geese in two ways: 1) When food peaks in
the Arctic advance faster than in temperate regions, the period between the food peaks
in temperate zones and the food peak on the breeding grounds becomes shorter. This
may make it more difficult for the geese to benefit from multiple food peaks along a
green wave (van der Graaf et al. 2006), causing them to arrive on the breeding grounds
either later or with less body stores to initiate breeding. 2) When food peaks in the Arctic
and in temperate regions advance at different rates, the cues which the geese currently
use to time their departure might prove to be no longer valid (McNamara et al. 2011;
Emmenegger et al. 2016). Geese will then suffer from reduced capacity to predict an
earlier peak at the Arctic site and arrive too late (Kölzsch et al. 2015).
Already now, some Arctic nesting geese have been found to initiate nesting too late
under increased spring temperatures in the Arctic, resulting in a mismatch between
hatching date and high quality food availability (Dickey et al. 2008), reducing gosling
growth rates (Doiron et al. 2015) and possibly driving declines in reproductive success
(Clausen & Clausen 2013). As Arctic food peaks are predicted to advance under
increasing temperatures (Doiron et al. 2014) these mismatches will likely become
stronger under amplified climate warming in the Arctic (Doiron et al. 2014; Doiron et
al. 2015). However, as food peak phenology might be differentially affected at different
latitudes, it is currently unclear how an advancement of food peaks in the Arctic relates
to advancement of food peaks along the migratory flyway, and thus whether it can lead
to a mismatch of migratory timing. In order to make predictions on the extent of such a
mismatch it is necessary to study how food peaks along the complete migratory flyway
will advance under predicted climate change.
We studied the potential effect of climate warming on the advancement of food
peaks along the migratory flyway of an Arctic nesting goose. We examined the impact
of experimental warming on forage plant biomass, nitrogen concentration and peak
nitrogen availability, using open top chambers at a wintering, staging and breeding
site. We then apply the empirically determined relationship between growing degree
days, i.e. the sum of mean daily temperatures above a certain temperature threshold
(van Wijk et al. 2012), and nitrogen / nitrogen concentration to calculate the potential
      ͝  ͞Ǐ  Ǥ      
hypothesis that climate warming advances food peaks more in the Arctic breeding site
than in temperate wintering and stopover sites, thus shortening the period between
subsequent food peaks along the migratory flyway.

27

Chapter 2

Methods
Study system and study sites
As a study system we used the migratory flyway of the Russian population of barnacle
geese  , which stretches between their wintering areas in North-Western
Europe, along the Baltic Sea and White Sea to the breeding grounds along the Barents
Sea coast in Northern Russia. This is a well-known model system to study bird migratory
timing in relation to the green wave (van der Graaf et al. 2006; Shariatinajafabadi et al.
2014) and climatic variables (Kölzsch et al. 2015). Our study sites are located in preferred
feeding salt marsh habitats at three sites along this migratory flyway: one temperate
wintering site, one temperate spring stopover site and one Arctic breeding site (Figure
2.1). The first temperate site is situated on the island of Schiermonnikoog in the Wadden
Sea, the Netherlands, which is both a wintering and spring staging site for barnacle geese
(53°30’N, 6°10’E). The second temperate site is located on the island of Gotland in the
Baltic Sea (57°07’N, 18°27’E), a traditional stopover site for migrating barnacle geese in
April and May (van der Graaf et al. 2007). The Arctic site is at the Kolokolkova Bay on
the Barents Sea coast, northern Russia (68°35’N, 52°20’E), which hosts a breeding colony
of barnacle geese (van der Jeugd et al. 2003). Barnacle geese have been breeding in this
area since at least 1994 (Syroechkovskiy 1995), and the colony now (2015) comprises
approximately 600 breeding pairs (T.L. unpublished data).

Experimental setup
We conducted a warming experiment at our study sites in the spring of 2014 and 2015
to study the effect of warming on forage plants for barnacle geese. At temperate sites
we specifically studied Red Fescue (   ) and at the Arctic site we studied
Hoppner’s Sedge ( ). The use of different plant species on different
sites could pose a confounding factor, as differences between sites could alternatively
be explained by the differences between species. However, by studying the main forage
plants for barnacle geese for these specific sites (van der Graaf 2006; van der Graaf et al.
2006; van der Graaf et al. 2004), we are able to study the effect of warming in the context
of goose migration timing rather than to gain a specific understanding of the effects
of warming on vegetation at different latitudes. We experimentally warmed vegetation
plots at small scale using hexagonal open top chambers (OTC’s) with a basal diameter
of 208 cm, a height of 50 cm and a side angle of 60°, made from LEXAN polycarbonate
(non UV-resistant; Figure 2.1). Our open-top chambers were constructed according to
the protocol for the International Tundra Experiment (ITEX) program, which are used in
many studies of climate warming (Bokhorst et al. 2013; Marion et al. 1997; Elmendorf et
al. 2012; Molau & Edlund 1996). Open-top chambers typically warm the soil temperature
with 1 – 3 °C (Molau & Edlund 1996; Marion et al. 1997), which is line with expected
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climate warming in this century(Stocker et al. 2013). For every warmed plot we placed a
control plot at 1 m distance, which was fenced with chicken wire (1 cm mesh size, 50 cm
in height) to prevent geese and other herbivores from entering the plot (Figure 2.1). Five
open top chambers and five control plots were placed with at least 50 m distance on each
study site for two months during the growing season when the geese were preparing
for migration (March – April; Schiermonnikoog), staging on a stopover site during
migration (April – May; Gotland) or nesting / rearing offspring on the breeding grounds
(early/mid-June – early/mid-August; Kolokolkova Bay, see Table S2.1 for exact dates).
Plots were placed in low – middle saltmarsh where forage plant abundance exceeded
50% cover (van Wijnen et al. 1997; van der Graaf et al. 2007; Van Der Graaf et al. 2004).
In 2015, plots were placed at least 50 m from locations used in 2014 to avoid repeated
measuring on the same plot. In the Kolokolkova Bay the experiment was set up after
disappearance of sea ice from the saltmarsh, which was 10 days earlier in 2015 compared
to 2014. This could have caused differences between years in the amount of warmed
days to which the experimental plots were exposed, which in turn could affect measured
parameters. We expect that the general pattern between sites would not be affected.

Data collection
Vegetation
Every 14 days, we 1) counted the density of living green tillers of the forage plants
(individual sprouts consisting of 1 – 3 leaves) and 2) collected individual tillers using pairs
of tweezers, both in randomly placed 5x5 cm surface squares (2014: 10 squares, 3 tillers
collected per square; 2015: 5 squares, 5 tillers collected per square). Measurements were
almost always conducted on a single day, and otherwise on (up to three) consecutive days.
To reduce the time it took to conduct the measurements, we adjusted the measurement
protocol in 2015 to count less squares. We tested that when counting 5 squares, all counts
values would fall within the confidence intervals of the original counts using 10 squares
(Figure S2.1). We simultaneously increased the number of collected tillers per square in
order to collect enough biomass for determining nitrogen concentrations. Once a square
was used for data collection it was excluded for the remainder of the experiment. After
collection tillers were dried at room temperature and thereafter stored in paper bags
for 1 – 2 months. Samples were re-examined in the lab to remove soil particles and dead
material, after which they were oven dried at 60 °C for 48 hours, and weighed to the
nearest milligram. Samples were then grinded to 1mm particles using a bead mill with
steel beads (QIAGEN TissueLyser II), after which nitrogen (N) and carbon (C) content
(% of dry weight) were determined on 3-5 mg powdered material in 6 mm diameter
metal cups, using a C:N analyser (Flash EA 1112 analyzer from Thermo Fisher Scientific
Inc. Waltham, USA). We determined total above ground biomass (dry weight in g m-2)
by multiplying the average tiller weight with average tiller density count per square,
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multiplying by 400 as we measured in 5x5 cm squares. We combined the measures of
above-ground biomass and N concentration to calculate total above-ground nitrogen (in
g N m-2). We placed temperature loggers (Ibutton Thermochron 1922L) in the centre of
each plot, 2 cm below the surface, which measured soil temperature every 24 min at 0.1
° C accuracy. For every site, the loggers recorded temperature from the day of the first
measurements until the day of the last measurement.

<ŽůŽŬŽůŬŽǀĂĂǇ

'ŽƚůĂŶĚ

^ĐŚŝĞƌŵŽŶŶŝŬŽŽŐ

Figure 2.1: Our study sites (black circles) along the spring migration route of the Russian
barnacle goose population (black dashed line). Dotted lines connect to photographs of the
study sites showing the experimental set-up, with the experiment plots covered by open-top
chambers and fenced control plots. Photographs were taken in April 2015 (Schiermonnikoog,
photograph by TKL and Gotland, photograph by FJ) and June 2015 (Kolokolkova Bay,
photograph by BAN)

Growing degree days
We calculated growing degree days for every year, study site and plot using a combination
of the temperature data collected in our plots and temperature data from nearby weather
stations. We used the daily mean air temperature data from 2014 and 2015 of the weather
station located closest to each study site (Lauwersoog; 8.2 km from Schiermonnikoog,
Visby: 58.8 km from Gotland site, Naryan-Mar / Konstantinovsky: 121.8 / 107.1 km from
Kolokolkova Bay site; more information in Supplementary materials). We acquired these
temperature data from national weather services and from the Russian weather site ‘RP5’
(KNMI; Swedish Meteorological and Hydrological Institute; www.rp5.ru). To acquire
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mean daily temperature specifically for each study site and plot for the entire years 2014
and 2015, we used mean daily temperature data from our plots and added data from
weather stations for the months outside the experiment. For the complete dataset we
 ȋ Ȍ Ǥȋ͜͞͝͞Ȍǡ͜Ǐ
a threshold temperature for grass growth (Gallagher 1979).

Statistics
We calculated the daily mean and maximum temperature per plot, treatment, and
site and tested the effect of our warming treatment by running linear mixed models
using the package “ͤ” in R 3.0.2 (R Development Core Team 2014). We fitted plot
as a random factor and included fixed factors treatment, site, year and the interactions
between treatment and year and treatment and site. We fitted treatment, year and site
as fixed factors and plot (nested in site and year) as a random factor.
We tested the effect of warming on above ground biomass (g m2), nitrogen
concentration (%) and above ground nitrogen (g m2) by running linear mixed models.
We fitted plot (nested in site and year) as random factor in our models, and included
multiple fixed effects, including: days (since start of the experiment), the quadratic term
of days, year, site, warming treatment, the interaction between warming treatment
and days and an interaction effect between days and site. In models including the fixed
factor of treatment we tested whether the treatment led to an increase or decrease in
biomass or nitrogen, while in models including the interaction between treatment and
days and the quadratic term of days, we tested whether the treatment advanced or
delayed the peak value of biomass or nitrogen. Models with combinations of variables
were compared using Akaike’s Information Criterion (AICc; Burnham & Anderson 2002)
and we chose the model with the lowest AICc value as our final model. We tested for
significance of fixed factors by comparing the final model with a reduced model in which
the fixed factor was absent, using a Likelihood ratio test. As site and the interaction effect
of days and site were significant in most models, we tested models separately per site.

Food peak advancement
To investigate the effect of warming on the advancement of food peaks, we additionally
conducted an analysis in which we using growing degree days to predict the moment
of the food peak under climate warming. Local climate and plant phenology are closely
linked (Van der Graaf et al. 2006; Cleland et al. 2007) and peaks in food quality can be
predicted by GDD (Botta et al. 2000; Si et al. 2015b). As we advanced the GDD under
our warming treatment, we expected food peaks to advance, but only if our treatment
affected plant growth. We defined the food peak as the peak in (above ground) nitrogen
(g m2) at temperate sites, while for the Arctic site we defined the food peak as the peak
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in nitrogen concentration (%), as food requirements differ between adults and chicks,
and thus between sites. Food peaks at temperate sites are mostly determined by the
combination of high nitrogen concentration and above ground biomass (van der Graaf
et al. 2006), facilitating adult geese to rapidly accumulate fat reserves prior to and during
migration. The food peak to which geese should time hatching of their eggs in the Arctic
is on the other hand determined by the food requirements of the goslings, which should
forage on short vegetation, which is high in nitrogen concentration in order to grow fast
(Richman et al. 2015; Doiron et al. 2015).
As our treatment only affect plant growth at the Arctic site (see results), we assumed
the timing of the food peaks at our temperate sites to be unaffected by climate warming.
We calculated the timing of the Arctic food peak by applying the empirically determined
polynomial regression between nitrogen concentration (%; NC) and growing degree
days (GDD) under climate warming. We determined these relations by running linear
mixed models on our experimental data. In our models GDD explained nitrogen
concentration better (i.e., lower AICc) than days since start of the experiment or Julian
days. This relationship did not differ between warmed and control treatments, but
     ȋɝ2 = 40.26, p < 0.001), as we started measuring
before nitrogen concentration peaked in 2014 but not in 2015. We included both years
in the analysis, as the peak in nitrogen concentration was reached at approximately the
same GDD in both years (Figure 2.2). We thus obtained the intercept and the fixedeffects regression coefficients (a, b and c) from linear mixed models including both
treatments and both years. This allowed us to create a growing degree day model to
calculate nitrogen concentration (NC) for any given Julian day (d) using the GDD of the
specific site and day:






Ϗ ϊ(GDD)3ϊ(GDD)2ϊ (GDD)

(2.1)

We validated the growing degree day model for nitrogen concentration with data
collected in the field (Figure S2.2). We applied the empirically determined relationships
     ͜Ǥ͜Ȃ͞Ǥ͜Ǐǡ
consistent with the rate of warming in our warming treatment. To calculate the GDD
under warming, we first acquired the baseline temperatures from the average temperature
per Julian day over the period 2005 – 2015, specific per site (data from weather stations
  ȌǤ    φ ͝ǡ φ͝Ǥ͡  φ ͞Ǥ͜Ǐ    Ǥ
From these temperatures we calculated GDD as described above, and then used these
GDD values in formula one and two to calculate nitrogen concentration over Julian days.
For every temperature increase we then determined the Julian day at which nitrogen
concentration reached its maximum value, which is the ‘peak’. We then calculated the
advancement of the food peak respective to a the food peak without warming.
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Results
Temperature in open-top chambers
The open-top chambers increased the soil temperature in plots on average by 1.0 to
1.7oC for all sites. Both mean and maximum daily temperature were significantly higher
    Ǧ      ȋ ǣ  ɝ2
ϋ ͤ͝͞Ǥͣ͢ǡ  ϋ ͝ǡ  ώ ͜Ǥ͜͜͝Ǣ ǣ  ɝ2 = 178.08, df = 1, p < 0.001). The
interaction effect of treatment and year was included in the best model for maximum
ǡ ȋɝ2 = 2.72, df = 1, p = 0.099).
There was no difference in the treatment effect between sites (Table S2.2 and S2.3).
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Figure 2.2: Nitrogen concentration (%) over growing degree days (GDD) for the Arctic site.
Open symbols represent measurements from the control treatment, closed symbols from
the warmed treatment. Circles represent data from 2014, triangles data from 2015. The line
show the polynomial regression, with the shaded area representing the 95% CI of the linear
functions. Specific regression function: NCk = 1.364 + 1.748-02 . GDDd + -4.305-05 . GDDd2 +
2.684-08 . GDDd3 (adjusted R2 = 0.619).
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200 Schiermonnikoog
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0.029***
0.012*
0.010**

All

Schiermonnikoog

Gotland

-0.0004***

-0.0005***

Kolokolkova Bay

-0.268*

0.199

0.092*

14.521**

1.737**

Treatment

0.306**

0.279**

0.362*

͠Ǥͤͤ͡

0.299***

34.800***

10.408**

Year

Days ×
Treatment

1.246***

0.954***

44.829***

Site

-0.353*

Site ×
Treatment
12.558*

Kolokolkova Bay
0.095***
-0.001***
1.025***
Asterisks denote significant effects (p < 0.05: *; p < 0.01: **; p < 0.001: ***), italic values denote marginally significant effects. Models for which site is indicated
in the second column where run separately for a single site. The variables Site and Site x Treatment were only included in models which were run for all sites.

Nitrogen (g/m2)

-0.0003***

Gotland

-0.0003**

0.012

Schiermonnikoog

-0.039***
-0.0004***

3.750***

Kolokolkova Bay
0.009*

0.416**

Gotland

-0.008**

Days^2

All

0.367*

Schiermonnikoog

Nitrogen concentration (%)

0.967***

All

Biomass (g/m2)

Days

Site

Test variable

Table 2.1: Significant fixed factors with unstandardixed coefficients in GLMMs run for biomass, nitrogen concentration and above ground
nitrogen (g m2).

ơ   
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ơ 
The effect of warming on plant growth differed between sites and only at the Arctic
breeding site Kolokolkova Bay did experimental warming affect forage plant growth
and development (Figure 2.3, Table 2.1). Here, the warming treatment was included in
the best model for above ground biomass and nitrogen concentration (Table S2.4), in
   ȋ ǣɝ2 = 7.588, p = 0.006;
  ɝ2 = 6.300, p = 0.012). In warmed plots, the increase in biomass
was significantly higher while the decline in nitrogen concentration was significantly
faster. The interaction of the warming treatment and days since start of the experiment
was not significant. At the Gotland and Schiermonnikoog sites the treatment effect nor
the interaction effect were ever significant (Table 2.1).

Food peak advancement
As our warming treatment did not affect plant growth in our experiment at temperate
sites, we assume that timing of temperate food peaks are not affected by the degree of
climate warming expected in the coming century. At the Arctic site, our growing degree
day analysis predicted the food peak in nitrogen concentration to advance by 4, 5 and 7
φ͝Ǥ͜ǡφ͝Ǥ͡φ͞Ǥ͜Ǐǡ Ǥ

Discussion
We found that experimentally increasing temperatures had a strong effect on forage
plants of barnacle geese at our Arctic site but not at the two temperate sites. At the
Arctic site, warming resulted in an increase in the peak of biomass and faster decline
of nitrogen concentration, whereas warming had no such effects at the temperate sites.
͝͞Ǐ ǡ ǡ
while food peaks at the Arctic site are predicted to advance up to 7 days.

ơ  
The increase of 1.0 – 1.7oC in our warmed treatment did not differ between sites or years,
and were in line with other studies using ITEX open-top chambers in similar climatic
regions (Marion et al. 1997; Doiron et al. 2014; Rustad et al. 2001). In our Arctic site,
aboveground biomass accumulated faster and to a higher peak level in warmed plots,
while nitrogen concentration in the shoots was lower. This is consistent with other
experimental warming studies on graminoids in the Arctic region (Doiron et al. 2014;
Jónsdóttir et al. 2005). Plants in Arctic regions have in general been found to be more
responsive to increased temperatures in summer (Havström et al. 1993; Wal & Stien
2014). Warming, either experimental or natural, will have proportionally larger effects in
Arctic regions compared to temperate regions due to colder average temperatures and
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can result in prolongation of the growing season (Wal & Stien 2014), which is otherwise
inhibited by low summer temperatures (Atkin et al. 2005). A seasonal decline of nitrogen
concentration occurs simultaneously with increasing aboveground biomass, a pattern
generally found in Arctic plants as they age (Chapin III et al. 1975; van der Graaf et al. 2006;
Lepage et al. 1998). The accelerated decline of nitrogen under experimental warming
could be a dilution effect which occurs during a simultaneous increase in carbon-rich
plant tissues as plant productivity is increased (Doiron et al. 2014; Tolvanen & Henry
2001; Day et al. 2008), although we do not find carbon concentration to be increased in
warmed plots. Finally, as previously suggested by Doiron et al. (2014), warming appeared
to increase aboveground nitrogen and thus the height of the food peak, although this
was not significant. The amplified effect of warming at Arctic sites is in line with results
from other studies: meta-analyses report greater positive effects of warming on plant
productivity in colder regions (Elmendorf et al. 2012; Rustad et al. 2001).

Food peak advancement
The interaction of days since start of the experiment and the warming treatment
was never significant for any of our sites, suggesting that the warming treatment did
not advance the moment peak food availability, either in nitrogen (g m2) or nitrogen
concentration. The detection of small advancements in timing of the food peak under
experimental warming might however be weakened by differences in the height of the
food peak between years and treatments and the low frequency of our measurements
(i.e. once every 14 days). When we use our growing degree day model, we predict food
 ͣ  ͞Ǐ Ǥǡ
             ͝Ǥͣ Ǐǡ  
warming treatment did not affect plant growth. The largerwarming response of Arctic
forage plants which we find can more strongly advance peaks in food availability further
along the migratory flyway, and thus give rise to mismatches between bird migration
and peak food availability (Kölzsch et al. 2015; Meltofte et al. 2007; Doiron et al. 2015).

Disruption of the green wave
 ͝Ǥ͜͝ǤͣǏ 
growth in the Arctic, leading to a stronger increase of biomass and a stronger decline
of nitrogen concentration in plants. This can be problematic for small goslings, which
cannot access tall grass swards and need short, nitrogen-rich grass for rapid growth after
hatching (Doiron et al. 2014; Richman et al. 2015). In the breeding grounds of barnacle
geese, climate warming is expected to result in a shorter ‘food-peak’ during which this
high quality forage is available. When goslings feed on lower quality forage after the
food peak, they suffer from reduced growth (Doiron et al. 2015; Lepage et al. 1999) and
a shorter food peak could thus strongly reduce gosling growth and survival, as has been
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found for Arctic-nesting Sanderlings (Reneerkens et al. 2016). At temperate wintering
and staging sites experimental warming did not affect forage quality, and fat deposition
rates of adult geese preparing for spring migration is thus unlikely to change under
climate warming. If the departure date from staging sites is triggered by a seasonal
decline in fat deposition rate (Prop et al. 2003), geese would not advance their migration
timing in temperate regions under climate warming.

ǡ͞Ǐ    
site but not at temperate sites. A similar climate warming might thus shorten the period
between food peaks in the temperate wintering area and the Arctic breeding area. Under
a shortening of this period, geese might not have the time to both exploit temperate food
peaks prior to migration and still arrive on the breeding grounds on time (Meltofte et
al. 2007). Also, as geese time their spring migration according to peaks of nitrogen (van
der Graaf et al. 2006), the lack of advancement of food peaks in temperate regions could
deteriorate the ability of the geese to predict food conditions on the Arctic breeding
grounds (Kölzsch et al. 2015). Either one or the combination of these effects is likely
to result in a mismatch between goose migration phenology and peak food availability
(Dickey et al. 2008), which has been shown to strongly reduce gosling growth (Doiron et
al. 2015). In combination with a shortened food peak in the Arctic the negative effects on
gosling growth will be amplified.
Under Arctic amplification the temperature rise in the Arctic is predicted to be 2.2
to 2.4 times higher than the global average (Serreze et al. 2009; Stocker et al. 2013).
In addition, high inter-annual variability of the Arctic climate can cause extreme early
springs in some years (Gauthier et al. 2013), during which a shortening of the Arctic food
peak is likely to occur. Under amplified Arctic warming, the period between food peaks
will be shortened even more, increasing the chance of mismatched migration phenology
of geese.

Conclusions
To study the effects of climate warming on migratory organisms, spring phenology of
their breeding areas has to be seen in connection to their wintering and staging areas
along the migratory flyway (Emmenegger et al. 2016). From this viewpoint, we show that
climate warming can have a strong deteriorating effect on forage quality in the Arctic
breeding grounds, potentially reducing gosling growth, but will not affect forage quality
on temperate wintering grounds for staging adult geese. In addition, an advancement of
the food peak in the Arctic but not at temperate sites can disrupt the timing between food
peaks along the migratory flyway in our study system, which can cause goose migration
phenology to become mismatched, particularly considering the Arctic warms faster than
the temperate regions (Stocker et al. 2013). The combined effect of a mismatched food
peak which becomes shorter as the climate warms, will likely have strong impacts on
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goose reproductive success under climate warming by reducing growth and survival of
goslings after hatching.
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Supplementary material
1. Temperature data
We acquired temperature data from weather stations located closest to our study
sites. For the Schiermonnikoog site this was the weather station of Lauwersoog (data
from Royal Netherlands Meteorological Institute; www.knmi.nl), located 8.2 km
from our study site. For the Gotland site this was Visby, Gotland (data from Swedish
Meteorological and Hydrological Institute; www.smhi.nl ) located 58.8 km away from
our study site (Grotlingbo-udd). For the Kolokolkova Bay site we gathered temperature
data from two weather stations (data from Raspisaniye Pogodi Ltd: www.rp5.ru and the
all-Russian scientific institute for hydro-meteorological information: www.meteo.ru),
as these were either located far away from the study site (Cape Konstantinovsky, 121.8
km) or further away from the coast than our study site (Naryan-Mar, 107.1 km) which
could be of influence for the temperature. For all sites we checked whether daily average
temperature measured by the weather station matched the daily temperature measured
by our Ibuttons at the study site during the period of study. At the Kolokolkova Bay site
 ȋϏ͞ǏȌ
create a closer match.

2. Validation of growing degree day model
We validated our growing degree day model on nitrogen concentration for our Arctic
study site using data gathered by SvdG on nitrogen concentration in  
in 2003 at out Arctic study site in the Pechora delta (van der Graaf et al. 2006). We used
temperature data as collected on the study site between 7th of June and 1st of August, which
we complemented with temperature data from weather stations as described above.
From these temperature data we calculated growing degree days and used our model
to calculate nitrogen concentration for every Julian day. We compared the moment of
the nitrogen concentration food peak as predicted by our model and as measured at our
study site. The model predicted the food peak to occur at day 188 (7th of July), while the
highest nitrogen concentration was measured at day 184 (3th of July; Figure S2.2).
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Figure S2.1: Boxplots of the average count values when using 1 to 10 squares for counting.
Horizontal dotted lines delineate the 95% confidence intervals of the counts when using 10
squares.

Nitrogen concentration (%)

4

3

2
100

150

200

250

Day number

Figure S2.2: Comparison of our growing degree day model in nitrogen concentration at the
Arctic site (line) for temperature data from 2003, compared with actual data on nitrogen
concentration in   (diamonds).
Table S2.1: All measurement moments during the experiment for all sites and both years 2014
and 2015. The experimental set-up was put up at the day of the first measurement (moment
1) and taken down after the last measurement (moment 5).
Site & year
Measurement
moment

Schiermonnikoog

Gotland

Kolokolkova Bay

2014

2015

2014

2015

2014

2015

1

7 March

5 March

30 March

28 March

15 June

5 June

2

21 March

19 March

12 April

11 April

3 July

20 June

3

4 April

5 April

26 April

25 April

17 July

3 July

4

19 April

16 April

10 May

11 May

30 July

18 July

5

2 May

1 May

24 May

23 May

10 August

5 August
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Table S2.2: Mean, maximum and minimum daily differences in Celsius degrees between
warmed and control treatments, separated for year and location.
2014

Schiermonnikoog

2015

min

mean

max

min

mean

max

0.87 ± 0.45

1.04 ± 0.14

1.30 ± 0.56

1.13 ± 0.70

1.32 ± 0.21

1.90 ± 0.97

Gotland

1.10 ± 0.45

1.68 ± 0.51

2.90 ± 1.26

0.60 ± 0.36

1.37 ± 0.27

2.00 ± 0.84

Kolokolkova Bay

0.87 ± 0.51

1.29 ± 0.33

1.80 ± 0.72

0.77 ± 0.58

0.99 ± 0.19

1.50 ± 1.19
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1330.00

9.837

Intercept

-1.26***

-0.78**

Site

865.37***

1.28***

Treatment

-0.59***

Year

Ǧ͠Ǥͤͣ
8

7

Treatment* Treatment* degrees of
Site
Year
freedom
-11957.84

-10602.56

Log
likelihood

 

0.220

0.126

-0.149



-0.235



2.597



Nitrogen (g/m2)

 

2.122

3.314





1.936

9.049



Nitrogen
concentration (%)

 

5.749

-21.3





-8.729



Biomass

Intercept

0.012

0.010

0.095

0.029

0.012

0.009

0.367

0.416

3.750

0.967

-0.0001

-0.0001

-0.001

-0.0004

-0.0003

-0.0003

-0.0005

-0.0004

-0.002

-0.002

-0.039

-0.008

Days since
Days ^2
start

0.199

-0.268

0.092

1.417

14.521

1.737

0.010

0.055

1.025

0.306

0.144

0.362

0.279

0.299

-1.803

34.800

10.408

Treatment Year

1.246

0.954

44.829

Site

-0.353

12.558

Site ×
treatment

6

6

6

8

6

6

6

11

6

6

7

11

degrees of
freedom

23931.7

21217.1

AICc

15.06

63.48

-86.50

-224.04

43.50

-433.01

-71.14

-275.17

355.28

-341.03

-451.48

-1733.56

-17.1

114.0

186.0

464.5

100.0

78.9

155.2

573.1

723.5

695.0

918.2

3489.8

Log
AICc
likelihood

Table S2.4: Final GLMMs for biomass, nitrogen content and nutrient biomass with coefficient values for fixed effects.

Maximum temperature

Mean temperature

Test variable

Table S2.3: Final GLMMs for mean and maximum temperature with coefficient values for fixed effects. Asterisks denote significant effects (p
< 0.05: *; p < 0.01: **; p < 0.001: ***), italic values denote marginally significant effects.
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Potential for an Arctic-breeding
migratory bird to adjust spring
migration phenology to
  Ƥ 
Thomas K. Lameris, Ilse Scholten, Silke Bauer, Marleen M.P. Cobben,
Bruno J. Ens, Bart A. Nolet

ABSTRACT
  Ƥ ǡ  ǡ 
a more rapid advancement of the onset of spring in the Arctic than in temperate
Ǥǡ  
             ǡ 
 ƤǤ 
         Ǧ     
               
Ƥ ǡ    
or the ability to anticipate climatic changes. Our model predicts that barnacle
geese Branta leucopsis ơ        
      Ƥ    ǡ   
   Ǥ
   ǡ 
   Ƥ ͠͠
reproductive costs in terms of optimal condition or timing of breeding. Negative
ơ   
   ǡ 
   Ǥ          Ƥ  
rather be constrained by the (un)predictability of changes in the Arctic spring than
by the time available for fuel accumulation. Social migrants like geese tend to have
    ǡ
  ƪǤ

Global Change Biology (2017) 23 (10): 4058–4067
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Introduction
During the period 1880-2012, global average temperatures have risen with 0.2°C per decade
and are projected to continue to rise (Parry et al. 2007; Stocker et al. 2013). In the Arctic
region, temperatures are increasing more rapidly (Cohen et al. 2014) and are predicted to
be 2.2 to 2.4 times higher than the global average by the end of the 21st century through
 ǡ    Ƥ  ȋǤ ͥ͜͜͞Ǣ
Stocker et al. 2013). As a consequence, the spring phenology in the Arctic has advanced
and the growing season lengthened, and concurrently, the optimal time window to
reproduce for many animals is advancing considerably (Tulp & Schekkerman 2008; Post
et al. 2009). Winters in the Arctic are inhospitable, and many animals are therefore
migrants that visit the Arctic only in summer. Migrants such as birds need time to prepare
for their migration, and they have to time their journey based on cues at their departure
site, that may be far away from the Arctic (Bauer et al. 2011). The asynchronous advance of
spring phenology between temperate wintering areas and Arctic breeding grounds could
severely impair their ability to advance their spring arrival (Klaassen et al. 2012; Kölzsch
et al. 2015). As reproductive success is largely determined by the timing of spring arrival
(Sedinger & Flint 1991; Møller 1994), changes in spring arrival may have considerable
ơ Ƥ ȋÞǤͤ͜͜͞Ǣ
Both et al. 2009; Saino et al. 2011).
For Arctic-breeding long-distance migratory birds, spring arrival is probably a tradeơ  Ƥ  
migration (Prop et al. 2003). In order to time the hatching of chicks with the short peak
of local food abundance, birds need to arrive early enough to start breeding before the
onset of local spring (Sedinger & Raveling 1986; Lepage et al. 1998). To initiate egg-laying
shortly after arrival and survive the fasting period of incubation (Eichhorn et al. 2010),
larger birds such as geese take part of the necessary body stores with them from distant
wintering and staging sites (Drent et al. 2006). These birds build up their reserves during
the early stages of migration, and like other migratory animals follow a ‘green wave’ of
successive peaks in food availability (spring growth of forage plants) along their migratory
route (Bischof et al. 2012, van der Graaf et al. 2006; Shariatinajafabadi et al. 2014; Thorup
et al. 2017). By eventually overtaking this green wave, they can arrive and start breeding at
their Arctic breeding site before the peak in local food abundance, from which the goslings
Ƥ ȋÚ Ǥ͜͞͝͡ǢǤ͜͞͝͡ȌǤ  Ƥ 
 Ǧơ   ǡ
as it is predicted to shorten the time between peaks in food availability in temperate
and Arctic sites and thus, the time available for geese to accumulate fuel and reach
the Arctic destination to start breeding before the local onset of spring (Lameris et al.
ͣ͜͞͝ȌǤ ǡ  Ƥ   
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   Ƥ 

the onset of spring in the Arctic and the cues that birds use to time departure from the
wintering grounds. This could pose a further constraint for their capacity to advance
spring migration (Kölzsch et al. 2015). Taken together, Arctic-breeding migrants may be
forced to make larger compromises on their reproductive needs, by arriving later and/
 ȋ²Ǥ͜͜͟͞ȌǤǡ  Ƥ 
expected to increase the length of the summer season, the period during which geese can
stay and forage at the breeding grounds, which may ameliorate conditions for survival of
ȋǤͣ͜͜͞Ȍơ Ǥ

ǡơ   Ƥ ǡ
body condition and ultimately, reproductive success in a long-distance, Arctic breeding
migrant, the barnacle goose ( ȌǤ Ƥ ǡ 
adjust migration phenology to an asynchronous advancement of spring at multiple sites,
and to what extent this depends on their ability to anticipate these advancements. To this
end, we simulated the optimal spring migration of barnacle goose under sets of climate
warming scenarios with synchronous or asynchronous changes between sites, and
ơǡ ȋǢ
Houston et al. 1988). We hypothesised that geese will be constrained in terms of energy
or time, and thus, unable to adapt to an accelerated advancement of spring in the Arctic,
even more so when they cannot anticipate this. As a result, we expected geese to either
arrive at the breeding grounds on time but with reduced body condition or survival, or
  ǡơ    Ǥ  
  ơ              
mitigated by the lengthening of the summer season.

Materials and Methods
Study system
 ǡ Ƥ 
individuals breeding on the edge of the Kolokolkova bay, northern Russia (68°35’N,
͡͞ϓ͜͞ǯȌǤ ƪ ͜͜͡Ǧ͜͜͝͡ȋ 
al. 2003; van der Jeugd et al. 2009, T.K. Lameris unpublished data, 2015). In early spring,
barnacle geese of this population reside in the coastal region of the Dutch and German
Wadden Sea and depart on spring migration in the beginning of May (Eichhorn et al.
2009). During spring migration, barnacle geese make on average a one-week stopover
in the Baltic Sea region, and a one-week stopover in the (sub-)Arctic region (White Sea
coast and Kanin peninsula) (de Boer et al. 2014). Foraging habitats consist of agricultural
pastures in the temperate region and salt marshes in temperate and (sub-)Arctic region
(van der Graaf et al., 2006). Barnacle geese arrive on their breeding grounds in late May,
and initiate nests within a few days after arrival (Drent et al. 2007). The migration timing
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of geese is very much linked to climate, as the onset of spring and the phenology of food
plants determines food intake rates at wintering and staging sites (Prop & Black 1998;
Ǥͥͥͤ͝Ȍƪ  ȋ 
al. 2006; Duriez et al. 2009, van Wijk et al. 2012; Shariati Najafabadi et al. 2015; ShariatiNajafabadi et al. 2016).

The model
We employed a dynamic programming approach developed for spring migration (Weber
et al. 1998), and earlier applied to geese (Bauer et al. 2006, Klaassen et al. 2006; Bauer
et al. 2008b). Given the elaborate descriptions of the model in these earlier papers, we
only provide a brief outline in the following paragraph, an appended description in the
supporting materials (supplementary materials), and a section on the terminal reward
     Ƥ     Ǥ    
calculations on energy intake and expenditure, including the empirical data on which
this was based, in the supplementary materials.
The model calculates the optimal migration strategy in terms of location (), time ()
and body condition () for individual geese in spring. Migration starts at the wintering
site along the Wadden Sea coast. During their journey towards their breeding grounds
at the Kolokolkova bay, geese can stop on several locations to feed: the Baltic Sea region,
the White Sea coast and Kanin Peninsula (Figure 3.1a). The model unit of time is one day.
At  = 0, i.e. January 1, all individuals reside at the wintering site. At each time step (1, 2,
…, ), an individual may stay and forage at its current location, where it will gain energy
taking in food and lose energy for maintenance, of which both rates are site and time
 Ƥ Ǥ   ǡ    ƪ
costs. Consequently, its body condition and/or location may change. The time of arrival
on the breeding grounds and the body condition at arrival jointly determine the expected
reproductive success which is described in the terminal reward function (see below).
   ȋ Ȍ ǡ   Ƥ  Ȃ
ƤȂ  , time  and location ǡ
for which it uses the terminal reward function as a starting point. These optimal decisions
are then used to generate (forward) individual migration itineraries and predict timing
of migration, staging site choice, staging duration, survival and reproductive success for a
given scenario of environmental variables. The simulation for an individual is terminated
when it reaches the breeding site, when it dies (when its body condition is reduced to 0),
or when the endpoint of the time series,  (day 181, June 30), is reached.

Terminal reward function
The expected reproductive success of an individual depends on its time of arrival on the
breeding grounds and its body condition at arrival. Both determine when and in which

48

   Ƥ 

condition the individual will start breeding. The time reward (K) is determined by the
timing of breeding () relative to the start of the breeding window (0). The state reward
(R) is determined by its body condition at the start of breeding ().
The time reward K indicates the probability that an individual reproduces successfully.
Geese can only breed successfully when they start breeding within a short period after the
onset of spring (the ‘breeding window’). As weather conditions vary between years, the
start (0) of this breeding window is also variable. The geese cannot predict this moment
exactly, but can make an estimation based on the general climatic conditions along
ƪȋÚ Ǥ, 2015). In a given year, 0 can occur with a certain probability
(depending on a probability density function, Figure 3.1c, supplementary materials)
at a given time point , between an earliest possible date ͠ǡ to a latest possible date
͠ǡ. Between ͠ǡ and the day after ͠ǡ , the time rewards decreases from one to zero,
ƪ     
late years (MacInnes et al. 1974; Davies & Cooke 1983).The maximum time reward for a
given year is reached at 0. The eventual time reward of an individual depends on the date
at which it starts breeding, , relative to the start of the breeding window t0.






͠ǡǦ
( , 0)Ϗ1 + (
ϊ1)Ǧ͠ǡ
͠ǡ

(3.1)

When arriving before the start of the breeding window 0 (i.e.  < 0, so before spring
has started), a goose has to wait until t0 to start breeding, so  = 0. When a goose arrives
after the start of the breeding window (i.e. ϑ0, when spring has already begun), it can
start breeding immediately, so  = .
If an individual arrives in time, the state reward  is a measure of its reproductive
output, i.e. the number of eggs it can lay, which depends on the body condition at the start
of breeding (). As we assume that food availability on the breeding grounds before the
onset of spring is very low, a goose that arrives before the start of the breeding window 0
will deplete its body reserves while awaiting the earliest possibility for nest initiation:








Ϗ—(0 — )* 

(3.2)

where xa is body condition at arrival and e is the daily maintenance energy. When a goose
ȋϑ͜ȌǡǤǡ
state reward is:








( )Ϗ

Ǧ




(3.3)

with  the minimum amount of reserves needed to start breeding and complete
incubation (thus, if  <  , R() = 0) and  the reserves required to produce one egg. As
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barnacle geese usually lay clutches of three to six eggs (van der Jeugd et al. 2003; Eichhorn
2008), the maximum state reward is six.
Thus, the expected reproductive success for an individual that reaches the breeding site
 at time  in condition  is:




͠ǡ
(, ,)Ϗȳ Ϗ

͠ǡ

(ȏ0ϏȐ* Kȏ, 0Ȑ* RȏȐȌφ

(3.4)

with ȋ0 Ϗ Ȍ the probability that  is the start of the breeding window 0 (based on
probability density functions, Fig. 1c),(, 0) the time reward, R() the state reward and
 the future reproductive success.

Calibration and scenarios
The basic model was calibrated against spring migration trajectories of eleven barnacle
geese tracked in 2009 and nest initiation data and survival data of barnacle geese
recorded in our study site at the Kolokolkova Bay (see supplementary material). We then
ran several sets of scenarios with the basic model (as described above) that were based on
ȋ͝Ȍ Ƥ
  Ǣȋ͞Ȍǯ Ƥ
the Arctic sites; and (3) changes in the length of the breeding window. All combinations
of these scenarios simulations were run with 100 individuals and repeated 20 times.

1. Temperature rise
The IPCC (Stocker et al. 2013) predicts that annual mean surface air temperature could
maximally rise between 2.6 and 4.8°C, and that temperatures in the Arctic will rise to
reach 2.2 to 2.4 times higher than the global average in the period of 2081-2100, compared
to the period 1986-2005. Based on this, we used temperature rises in the temperate zone
(i.e. the Wadden Sea, the Baltic Sea and White Sea coast) of between +0 to +5 °C, while
temperature in the Arctic (the Kanin and Kolokolkova bay locations) was set at 1, 1.5, 2
͞Ǥ͡ȋ  Ƥ Ǣ͟Ǥ͝ȌǤ 
sites we gathered daily temperature data from the period 1959 to 2014, and added the
described temperature values to attain temperature data for every scenario. Growing
degree days (GDD) are a cumulative temperature sum which characterises the phenology
of vegetation growth (van Wijk et al. 2012). These were calculated from the scenario
temperature data, from which we then calculated a daily GDD value for an average year
between 1959 and 2014. Based on correlations from the literature between GDD and food
quality and quantity (supplementary materials), we calculated the daily energy intake of
a goose as a function of GDD, for every site and Julian day for all scenarios (Figure 3.1b).
Simultaneously we recalculated the probability density function of ͠ as a function of GDD

50

   Ƥ 

(supplementary materials) to advance the optimal breeding window under increasing
temperatures at the breeding site. These probability densities not only advanced but also
broadened with increasing temperatures (see Lengthening breeding window below).
We therefore advanced the distribution of the original probability density function for a
scenario of +0 °C, proportional to the maximum probability of the calculated probability
density, to keep the width of the breeding window constant (Figure 3.1c).
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Figure 3.1:  ƪ          ȋȌǡ ǡ  
temperature scenarios, intake rates on the model sites (b) and breeding window probability
density curves (c). Barnacle geese started from their wintering site at the Wadden Sea and
bred at the Kolokolkova bay along the Barents Sea coast (blue circle). During migration, geese
could stop at several stopover locations (orange circles): the Baltic Sea, the White Sea coast
and Kanin. On each site, food availability changes characteristically over time (b), which may
   Ƥ   ȋ͜
to 12.5 as indicated with line colours). At the breeding site, the breeding window (c) advances
with increasing temperatures, while in other scenarios, it can also lengthen.
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͞Ǥ   Ƥ 
In contrast to the above, we also ran scenarios in which geese were ignorant of the
Ƥ   Ǥ 
optimal decision matrix was calculated for synchronous temperature rise over the entire
ƪǡ         Ƥ     Ǥ 
geese expected and thus based their migration decisions on temperature rise in the Arctic
ǡ ơǤ

3. Lengthening breeding window
Rising temperatures may not only advance phenology but also incur changes in the length
of seasons. In longer summer seasons, a late onset of breeding might be less penalized as
goslings have a longer period to grow, resulting in a broader optimal breeding window. In
addition to the temperature rise scenarios above, in which the optimal breeding window
only advances with rising temperatures, we ran scenarios with broadening breeding
window by taking the original probability density distributions of t0 calculated according
to GDD (Figure 3.1c). Distributions at the highest temperature scenarios (+7.5, +8, +10,
+12.5 °C) were steeper and narrower than expected, as we did not allow the optimal
breeding window to start before January 1 (0 in the model).

Results
1. Temperature rise
 ǡƪǦ
the Wadden Sea to the Kanin site, skipping the Baltic Sea and White Sea sites, and the
departure from the Wadden Sea was thus synchronous with arrival at the Kanin stopover
site. Geese arrived at the Kanin stopover site as soon as potential intake rates in Kanin
exceeded those in the Wadden Sea in all temperature scenarios, except for the most
Ƥ   ȋφ͡Ǐ Ƭ ͞Ǥ͜ Ȃ ͞Ǥ͡Ƥ Ȍǡ
they departed 10 – 12 days later (Figure 3.2). The geese thus departed from the Wadden
Sea before food conditions peaked and extended their stay at the Kanin stopover sites
(Figure 3.2).
Our model predicted that geese were able to advance their arrival at the breeding
grounds according to the advancing optimal breeding window under all temperature
 ǡ    Ƥ ȋ ͟Ǥ͟ȌǤ 
Ƥ  ȋφ͡ǏƬ͞Ǥ͡Ƥ Ȍ
arrived up to 44 days earlier than in a scenario with no temperature rise (arrival on day
117.73 ± 2.17 compared to day 161.96 ± 0.90; mean ( SD). Despite an increasingly earlier
arrival, average arrival condition remained high in all temperature rise scenarios (ranging
ͥ͝Ǥͣ͞ψ͝Ǥͥ͟͡͝Ǥͥ͜ψ͜Ǥ͠͡ Ȍ  ơ ȋ 
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͟Ǥ͠ȌǤơ 
(ranging between 0.90 ± 0.03 and 0.92 ± 0.03).
Table 3.1. Overview of temperature rise scenarios. Colours denote the temperature range as
ƤǤ
Temperature
rise in temperate
region (ºC)

Temperature rise in Arctic (ºC)

Null scenario

Temperature rise,
  Ƥ 
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Figure 3.2: Mean arrival date at the Kanin stopover site (triangles) and at the breeding area
ȋ  Ȍơ Ǥ   
the Arctic sites, error bars represent standard deviation. The dotted lines show the moment
of peak food availability at the wintering site in the Wadden Sea (light green) and the Kanin
stopover site (dark green). The green shaded area shows the period during which food
availability in Kanin exceeds the Wadden Sea, prior to the peak food availability at Kanin. In
 ǡ    Ƥ 
constant.
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          Ƥ ǡ     
arrival date at the breeding grounds only varied with temperature rises at the temperate
sites but not with those in the Arctic. Therefore, arrival was increasingly mismatched
ȋ ͟Ǥ͟ȌǤ ơ
from other scenarios (ranging between 19.35 ± 1.07 and 19.88±0.66 MJ), the mismatched
arrival resulted in considerably reduced reproductive success under the most extreme
    ȋ  ͟Ǥ͠ȌǤ     ơ  
scenarios and varied little (ranging between 0.89 ± 0.03 and 0.92 ± 0.02).
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Figure 3.3:     ơ    ǡ   
showing temperature rise at temperate sites (Wadden Sea, Baltic Sea, White Sea) of +0, +1,
φ͟φ͡ϓǡǦǡƤ    
(Kanin, Kolokolkova bay). Colour scale indicates temperature rise at the Arctic sites, error bars
represent standard deviation. The lower and upper boundaries of the grey areas indicate the
start (t0,min) and the end (t0,max) of the optimal breeding window, with the dark grey line
  ͜ ǤơƤ
ơ ǣȋȌ ǡȋȌ  Ƥ
arctic warming, (c) increasing summer length under anticipation and (d) increasing summer
ǡ  Ƥ  .
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3. Lengthening breeding window
      ơ     Ǥ  
      Ƥ          ǡ
reproductive success was generally slightly lowered when the breeding window
lengthened (Figure 3.4a,c). Under a broadening optimal breeding window, the time
reward for starting to breed even at the best possible moment, namely the onset of spring
(0), was lower than under scenarios with constant breeding window length (equation 3.1,
͟Ǥ͝ ȌǤ    Ƥ ǡ  
was generally higher with broader breeding windows as compared to scenarios with a
constant breeding window (Figure 3.4b, d), as the geese still arrived within the breeding
window (Figure 3.3d).
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Figure 3.4:    ơ ǡ
with the panels showing temperature rise at temperate sites (Wadden Sea, Baltic Sea, White
Ȍφ͜ǡφ͝ǡφ͟φ͡ϓǡǦǡƤ  
the Arctic sites (Kanin, Kolokolkova bay). Colour scale indicates temperature rise at the Arctic
sites; error bars represent standard deviation. The horizontal line at y = 2 marks the portion of
future reproductive success that every individual receives regardless its time or state reward,
    ǤơƤơ
  ǣ ȋȌ   ǡ ȋȌ  Ƥ  
warming, (c) increasing summer length under anticipation and (d) increasing summer length,
  Ƥ  Ǥ
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Discussion
In contrast to our expectations, our model predicted that barnacle geese were potentially
able to arrive at the breeding area on time in all scenarios, without compromising arrival
condition or survival. However, this largely depended on their ability to anticipate warming
ǣ   Ƥ ǡ
        Ƥ   Ǥ
  ơ            
mitigated by increasing summer lengths under temperature rise in the Arctic. According
to our simulations for geese that did not anticipate, reproductive success can be reduced
by 50 - 90% under temperature rise of 1-3°C in the temperate and 2-6°C in Arctic regions,
which are conditions predicted by the IPCC for the period of 2046-2065 (Stocker et al.
2013). This suggests that the potential for migrants to advance the timing of migration in
  Ƥ     
advancing spring phenology, rather than by the time to accumulate body reserves prior
to migration.

        Ƥ ǡ       
and departed from wintering and stopover sites before food availability peaked. As they
advanced departure from the wintering site, they extended their staging time at Arctic
stopover sites, which have earlier been suggested to enable geese to arrive with ample
body stores to start breeding on arrival (Hübner 2006). In the Netherlands, the daily
ƥ 
accumulate energy stores for migration to the Arctic, suggesting that geese have enough
leeway to advance fuelling for migration. This is also shown by barnacle geese that have
adopted new breeding areas in the Baltic and the South West of the Netherlands since the
ͥͤ͜͝ǡ   ƥ  
timing of reproduction by roughly two months relative to the Arctic breeding populations
(van der Jeugd et al. 2009). Not all migratory animals might be able to advance fuelling
in preparation for migration. For example, the departure dates of smaller long distance
migratory passerines from the wintering areas seems to be currently constrained by low
fuelling rates in years with lower productivity (Jonzen et al. 2006; Tøttrup et al. 2012).
Migratory species with more complex dietary requirements seem indeed to be more
constrained in advancing their spring phenology (Végvári et al. 2009), while geese might
be able to overcome such a constraint by making use of more stable resources in fertilized
grasslands (van Eerden et al. 2005, Dokter et al. unpublished), which are less susceptible
to climatic variation between years.
Many migratory animals time their migration using proximate cues based on both
internal and external, environmental information to time their migration (Duriez
et al. 2009; Bauer et al. 2011; Mysterud 2013). These cues have evolved under past
climatic conditions (Visser et al. 2004) and might thus lose their predictive value when
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(asynchronous) global warming in the future changes the correlation between climatic
conditions and the optimal moment of migration (Kölzsch et al. 2015; Mysterud 2013). The
     ơ  
success via belated arrival and thus mistimed reproduction (Clausen & Clausen 2013,
Ǥ͜͞͝͡ǢǤǡ͜͞͝͞ȌǡƤȋ ȌǤ
Currently, barnacle geese seem unable to anticipate year-to-year variations in climatic
conditions on the breeding grounds (Kölzsch et al. 2015) and during spring migration
do not adapt their departure date from the Baltic Sea to climatic variations between
years (Eichhorn et al. 2009). Although we show in our model that longer summers may
  ơ     ǡ    
to adopt new migration strategies by changing the cues or behavioural rules they use to
time migration, to anticipate the future phenology at the breeding site (Visser et al. 2004;
Visser 2008; McNamara et al. 2011). Such an adaptation might be constrained by the rate
of change through genetic variation (Anderson et al. 2013; Robinson et al. 2009). In longlived species, including geese, strategies often spread through the population by social
learning, i.e. juveniles adopt the migration strategy of their parents or other older, more
experienced individuals (Sutherland 1998; Mueller et al. 2013; Teitelbaum et al. 2016).
This cultural transmission allows relatively fast adaptation compared to genetic change
(Sutherland 1998; Visser 2008). As learning seems to play an important role in optimizing
individual migratory performance (Madsen 2001), newly adopted, successful migration
strategies need to be passed on to other individuals in order for the population to adapt.
Several goose species already show high potential of changing their migration strategy
at short term in response to varying or novel environmental conditions, like changes
in spring temperature (Bauer et al. 2008b; Dickey et al. 2008), introduction of a novel
disturbance regime (e.g. Béchet et al. 2003; Klaassen et al. 2008a) and feeding conditions
altered by overexploitation (e.g. Cooch et al. 1993; Madsen 2001). Such a high behavioural
plasticity trough learning may enable geese to depart earlier in response to climate
ǡ    Ƥ Ǥ   
question to ask is whether the rates of adaptation match those of climate warming in the
  Ǥ ǡ   ơ
become completely uncoupled and therefore unpredictable for migrants, any adaptation
ƥ ǡ   Ǥ 
on the breeding grounds can have strong negative impacts on reproductive success, and
in the long run also impact population sizes (Clausen & Clausen 2013; Doiron et al. 2015;
Knudsen et al. 2011).
Responses of migratory animals to climate warming can extend beyond changes in
 ǡ      ơ     
habitats and resources (Robinson et al. 2009; Teitelbaum et al. 2015, Wauchope et al. 2016).
Suitable breeding and staging habitats are likely to shift northward with the temperature
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rise (ACIA, 2004; Hughes, 2004; Kaplan & New, 2006). In response, species may follow the
northward shift of the climate envelop and use wintering and breeding sites further north
of the current sites (Huntley et al., 2006; Visser et al., 2009; Pavón-Jordán et al., 2015),
increase the distances they travel between wintering and breeding sites (Teitelbaum et
al., 2015) or possibly even shift their migratory routes (Wauchope et al., 2016). When
animals can shorten the distance between the wintering and breeding area, this may in
some environments enable them to predict spring phenology on the breeding sites more
accurately and thus may be an adaptation to keep up with earlier springs (Visser et al.,
2009).
Our model predictions suggest that the potential of Arctic-breeding long-distance
  Ƥ 
anticipate the timing of Arctic spring. Especially generalist long-lived, social migrants have
high potential to adapt their migratory behaviour fast enough to keep up with advancing
Arctic springs when they are not constrained by fuelling rates early in the season, as
our results here suggest. In order to validate and complement model predictions, it is
important to monitor migratory behaviour of populations that experience asynchronous
ƪǡ
of migratory birds to adopt new cues to time their migratory journeys.
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Supplementary material
1. Terminal reward function
͡Ǥ͡ 0
Nest initiation dates of the Barnacle Goose breeding colony at the Kolokolkova Bay
(Tobseda: 2003-2006, 2008, 2009 and 2014; data provided by K.E Litvin) were correlated
with temperature data from weather station Konstantinovsky, Russia (Carbon Dioxide
  ǡ ȌǤơ   
were correlated with the nest initiation dates: the accumulative sum of temperatures,
or Growing Degree Days (GDD), the change in temperature per day (GDD”) and the
acceleration of temperature (GDDjerk). These were determined according to the methods
in van Wijk et al. 2012, using a threshold temperature for plant growth at all locations of
0°C. A high correlation (R2 > 0.7) between the nest initiation dates and the GDD of 30 to
100 of the same year was found. Although the GDD of 30 had the weakest correlation of
these (R2 = 0.761), GDD 30 was used as predictor of onset dates of the breeding season
(0) as the GDD 30 most often preceded the mean nest initiation dates, which is expected
when geese would base their timing on GDD 30 (Fig. S1). The 0 for 49 years during the
period 1959 to 2014 was then predicted using 0 = 0.29*GDD+114.98. The probability
density function of 0 Ǥ ơ ǡ
   Ƥ          
 ȋ͡Ǥ͢ȌǤƤ  Ǥ
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Figure S3.1. Relation between the date when Growing Degree-Days reaches 30 (GDD30) and
average lay dates (LD) of barnacle geese in the breeding colony at the Kolokolkova Bay for the
years 2003-2006, 2008, 2009 and 2014. Linear (dashed) regression line shows the relation LD
=0.29* ͣ͠+114.98, the solid line shows Ϗ.
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͡Ǥ͢ 
The fuel load of an individual goose is described in the model as , for which 1 = 0.232
MJ (Table 3.1). The necessary fuel load which a goose needs to have upon arrival in order
to breed depends on the costs of incubation. During incubation a barnacle goose loses
on average 300 grams of fat, or 11790 kJ, i.e. 50.8 . The average residuel fuel load consists
of 70 grams of fat, i.e. 11.9 . Accordingly, the amount of energy needed for incubation
and thus the critical amount of reserves upon arrival ( ) is 62.7 or 14616 kJ (Drent 
Ǥ, 2007). The state reward then depends on the extra fuel load which a goose has left for
laying eggs. To produce an average brood of 4.5 eggs, a barnacle goose needs 100 grams
of fat, i.e. 3930 kJ (Drent Ǥ, 2007). Consequently, the amount of reserves needed to
produce one egg accounts to 873 kJ, i.e. 3.8 .

2. Backward iteration
 ǡ Ƥ
ȋǤǤƤȌ  , time 
and location . An individual can either decide to remain at its present site and forage (H)
or depart to a location further along the migration route (H):




(ǡǡ) = max[H(ǡǡ), H(ǡǡ)]



(S3.1)

2.1 Foraging
The amount of energy the goose could add to its body stores in the case that it stayed at its
present location is determined by the maximum daily energy gain (, in /day), foraging
intensity () and daily energy expenditure (, in /day). Maximum daily energy intake
ǡƤ  ͝.
The fraction of a day spent feeding is given by the feeding intensity , i.e. with constant
eating (=1) or not eating at all (=0). The fuel load at the next time step was calculated
as follows:








+1 = ϊ*(ǡ) —

(S3.2)

Feeding intensity and fuel load incur a predation risk:





Ʌ(ǡ) = o() + Ʌ()

(ϊ * ȏǡȐ—)+1 —+1
(+1)*( * ȏǡȐ—)

(S3.3)

where ͠() is a background mortality risk and Ʌ() the constant attack rate, which were
set to 10-8 and 10-3 respectively on all locations.  is an indicator of the mass-dependent
escape performance and was set to 2.
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The optimal foraging intensity * is determined as:




F

(ǡǡ) =


 [(1—ɅȏǡȐ) * F(ϊȏǡȐ—ǡϊ1, )]

(S3.4)

Maximum fuel load was 800 gram, assuming a lean body mass of 1500 g and a maximum
body mass of 2300 g (Eichhorn 2008). One gram of body mass contained 29 kJ (Madsen
& Klaassen 2006) and thus, maximum energy load was 23.2 MJ. When an individual’s fuel
load was reduced to 0, it died.

2.2 Departure
ƪǡ D, so






 =

(( Ǧ

2

ȏ1-(1+  )-0,5—Ȑ)2

)*



(S3.5)

where the constant ƪ ǣ






D
= 1- 1+  -0,5
(  )



(S3.6)

ƪǡ    
Ǥƪ D is described by:








 =



(S3.7)



where ƪ  ȀǤ
According to the distance between the current and potential target site Dzǡƪ
 and expected fuel load upon arrival  at site j, the optimal target site can be determined:








=


j [F(ǡϊȏȳ

Ȃ1
z=

DȀȐ, j)]

(S3.8)
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3. Calibration
We used parameter values based on literature and subsequent calculations (Table S3.1).
The model was parameterized for the year 2009 by using the mean daily temperatures
of 2009 for the calculation of food availability. Predicted migration pattern and nest
initiation dates were subsequently compared to their empirical equivalents from the year
2009. Spring trajectories from 2009 of eleven barnacle geese showed diverse migration
strategies, but geese timed the crossing from the Dutch, German and Baltic spring staging
sites to the staging sites on the White Sea coast and further north simultaneously (Fig.
͟Ǥ͞ǢǤ͜͞͝͠ȌǤ ǡƪ 
Sea staging sites to Kanin, just north of the White Sea. The simulated arrival date at
Kanin (140.53 ( 1.19; mean ( SD) corresponded with the observed arrival date at staging
sites on the White Sea coast and further north (139.59 ( 4.13). Mean arrival date at the
breeding site in the model (162.00 ( 0.51) closely matches the mean nest initiation date
for the breeding site at the Kolokolkova bay in 2009 (162.38; K.E. Litvin, unpublished
data). Finally, mean survival in the model was 0.91 ( 0.02 and corresponded well with the
empirical survival of 0.93 for 2002-2008 (Lameris et al., unpublished data). No further
calibration was executed.
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Figure S3.2. Spring migration trajectories for individual barnacle geese of the Barents Sea
  ͥ͜͜͞Ǥ        ȋ     ƪ ȋ ȌȌ
around day 140 from temperate staging sites, including sites in the Netherlands (NL), northwest and northern Germany (NW and W DE), Denmark (DK), Sweden (SE), Estonia (EST),
to staging sites on the White Sea coast (Whi), Kanin Peninsula (Kan), Kolguev and Tobseda
(Tob). NZ stands for Novaya Zemlya, the most northern breeding location. Figure is based on
data from de Boer et al. (2015).
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Table S3.1. Parameter values used in the model.
Parameter

Value

Reference

Total energy reserves (xmax)

23.2 MJ

(Eichhorn 2008)

Energy density per x

0.232 MJ

(Madsen & Klaassen 2006)

Initial amount of body reserves
(random)
Critical amount of body stores upon
arrival (xc)
(xc)

͢͜͠͠ ϐϐ͢͜͜͝͝ 

(Eichhorn 2008)
(Drent Ǥ, 2007)

14616 kJ

r

3.8

(Drent Ǥ, 2007)

Flight speed

18m/s

(Green, 2001)

ƪ ȋf)

6.23 kJ/km

(Jonker et al. 2010)

Dmax

3723.9 km

Follows from  and 

c

12714.3

Follows from D and 

Daily energy expenditure (e)

835.2 kJ

(Boudewijn 1984)

Starting time (t=0)

January 1

Endpoint (T; t=181)

June 30

Future reproductive success (B0)

2

Number of stopover sites

4

Distance Wadden Sea

to Baltic Sea:
to White Sea:
to Kanin:
to Kolokolkova bay:
to White Sea:
to Kanin:
to Kolokolkova bay:
to Kanin:
to Kolokolkova bay:
to Kolokolkova bay:

Distance Baltic Sea

Distance White Sea
Distance Kanin

(Jonker et al. 2010)
1069 km
2246 km
2725 km
3055 km
1177 km
1656 km
1986 km
479 km
809 km
330 km

Mass-dependent escape
performance exponent
Ǧ Ƥ   

a=2

(Jonker et al. 2010)

10-3

(Jonker et al. 2010)

Predation risk baseline

10-8

(Jonker et al. 2010)

4. Energy intake and expenditure in temperature rise scenarios
4.1 Daily energy intake
Daily energy intake was related to growing degree days (GDD; see van Wijk et al. 2012)
based the relationship with biomass and quality measurements of some of the main food
  ǡ Ƥ ȋ   Ǥat the
Wadden Sea and the Baltic Sea;  Ǥand   Ǥat the White Sea and
Kanin (measured at Kolokolkova Bay); van der Graaf et al. 2006). As measurements were
 Ƥ  ơǡ
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determine the overall relation between growing degree day and grass biomass and quality
in order to determine the average daily energy intake for the period of 2004 to 2014 (see
Table S3.2 and S3.3). Daily energy intake (kJ/day) was determined by daily food intake (g/
day) and metabolizable energy (kJ/g) (Fig. S3.3).
The daily food intake was determined by foraging time (min/day) and instantaneous
intake rate (IR; g/min). Daily foraging time depends mainly on the hours of daylight. It is
assumed that geese spend 80% of the daytime foraging (Ebbinge et al. 1975; Owen et al.
1992; Prop & Vulink 1992). The IR of barnacle geese is relatively constant across vegetation
ϑ͜Ǥͥ ǡ   ͜Ǥͥ͞͡ȀǤ
below 0.9 cm, IR was calculated according to 0.33 · vegetation height (cm; Durant et al. 2003).
Vegetation height was estimated using the biomass measurements. The relation between
biomass and vegetation height was based on grass height and biomass measurements
of grazed polders in the Netherlands (data provided by Daan Bos). According to these
measurements vegetation height is 0.0001·biomass2-0.0049·biomass+2.12 (F2,81= 176.6; P=
ώ͜Ǥ͜͜͝Ȍ ϑ͝͠Ǥ͜͠Ȁ2. When < 14.40 g/m2 the vegetation height
is calculated according to 0.14·biomass.

Food availability

Day
Photoperiod

GDD

(min)

Biomass

N content

(g/m2)

(%)

DigesƟbility
(%)

VegetaƟon
height

Dropping interval

ADF

(cm)

(min)

(%)

Foraging Ɵme

Intake rate

Metabolisability

(min/day)

(g/min)

(%)

Energy metabolized
maƩer

Food intake

Energy intake

(g/day)

(kJ/g)

Daily energy intake
(kJ/day)

Figure S3.3. Overview of calculation of daily energy intake (kJ/day).

The metabolizable energy was determined by the metabolizability of the food (%) and
the energy content of metabolized matter (kJ/g). Metabolizability is strongly related
to Acid Detergent Fibre (ADF) content and dropping rate (Prop et al. 2005). Data on
the relationship between GDD and these aspects was not available, instead we used the
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relationship with food quality measurements described above to predict digestibility
(Prop & Vulink 1992). Digestibility was calculated by means of the relation with nitrogen
content (Table S3.3) (Prop & Vulink 1992: digestibility =5.05 · Nitrogen content + 20.86;
R2=0.576). It is assumed that the relation between nitrogen content and digestibility
   ơ    Ǥ        
content (-0.2709 · digestibility + 31.022) and dropping rate (droppings per minute: 0.153
· digestibility - 1.0459), which were used to calculate metabolizability (- 1.81 · ADF + 3.95
· dropping rate + 57.68) (Prop et al. 2005). The total energy intake per grams of food
ingested was calculated by multiplying the amount of food metabolized by the energy
content of metabolized matter which consists of 18.6 kJ/g (Prop & Black 1998).

4.2 Daily energy expenditure
It is assumed that the daily energy expenditure (kJ/day) of geese consists of activity costs
and thermoregulatory costs. Activity costs (CA) were calculated according to Boudewijn
(1984):








Ϗ523 Ǘ M0.74

(S3.9)

in which is the mean body mass of barnacle geese. With a mean body mass of 1.9 kg in
spring (lean body mass 1.5 kg (Eichhorn 2008) plus 50% load (maximal load of 400g)),
daily activity costs consisted of 841 kJ, or 3.6 , i.e. 1.7 times the basic metabolic rate (Nolet
et al. 1992). Activity costs were held constant through time and across location.
Thermoregulatory costs below a lower critical temperature (LCT) of 7°C amounted
to 1.272 kJ/h/°C (Clausen et al. 2012). Daily thermoregulatory costs were calculated using
    ͜͜͞͠Ǧ͜͞͝͠   ơ  ǣ 
(The Netherlands), Kalmar and Hoburg (Sweden), Vilsandi (Estonia), Archangelsk and
Kanin (Russia). The temperature data for Europe was provided by European Climate
Assessment & Dataset (KNMI The Netherlands; Klein Tank et al. 2002) and the data
for Russia was provided by Carbon Dioxide Information Analysis Center, USA. Mean
daily temperatures of the three weather stations in Sweden and Estonia were averaged
to calculate mean daily thermoregulatory costs for geese staging in the Baltic stopover
region. Thermoregulatory costs were allowed to vary through the season and per location.
No additional thermoregulatory costs were assumed for temperatures above the LCT.
When thermoregulatory costs were below the activity costs it was assumed that the heat
produced during activity contributed to thermoregulation (Paladino & King 1984). So in
this case, no additional energy costs were made to regulate body temperature. According
to our calculations thermoregulatory costs never exceeded the activity costs, therefore
only activity costs were taken into account in the scenarios.

65

Chapter 3

Table S3.2. Multiple regression analysis of biomass (g/m2) of food plants of barnacle geese on
 ȋ ȌǤƥ ψ
1 SE.
Biomass
Schiermonnikoog, grazed
Festuca (1998)

ƥ 

t

P

GDD

0.52 ± 0.12

4.29

0.005

GDD2

-3.1E-04 ± 7.71E-05

-3.96

0.007

-139.87 ± 43.87

-3.19

0.019

Constant
Gotland, grazed Festuca
(2003, 2004)

Tobseda, Carex (2003)

Model

F2.6 = 13.67

GDD

0.014 ± 0.0047

2.88

0.007

Year

-

1.54

n.s.

Subarea

-

0.15

n.s.

Constant

9.46 ± 2.27

4.17

0.0002

Model

F1.31 = 8.28

GDD

0.19 ± 0.02

9.31

1.27E-07

GDD2

-8.80E-05 ± 4.4E-05

-2.02

0.06

no intercept*

-

Constant
Model

0.006

0.007

F2.15 = 322

4.78E-13

*it is expected that the growth of  starts at zero, considering the amounts of snow in winter and early
spring in the arctic.

Table S3.3. Multiple regression analysis of nitrogen content (%) of food plants of barnacle
          ȋ ȌǤ ƥ   
given with ± 1 SE.
Quality (N%)
Schiermonnikoog, grazed
Festuca (1998, 2004)

GDD
Year
Constant

Gotland, grazed Festuca
(2003, 2004)

Tobseda, Carex &
Puccinellia (2003)

t

P

-6.29

6.28E-06

-

-1.4

n.s.

4.0 ± 0.20

19.89

1.06E-13

Model

F1.18 = 39.54

GDD

-0.0014 ± 0.00027

-5.11

1.43E-05

Year

-

0.15

n.s.

Subarea

-

-0.04

n.s.

Constant

2.91 ± 0.13

22.57

<2E-16

6.28E-06

9.82E-05

Model

F1.32 = 26.14

GDD

-0.0037 ± 0.00083

-4.45

-

-0.37

n.s.

3.91 ± 0.24

16.61

<2E-16

Species
Constant
Model
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-0.0018 ± 2.9E-04

F1.32 = 19.78

1.43E-05

9.82E-05

PART II

Tracking migratory geese
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A novel harness for attaching
tracking devices to
migratory geese
Thomas K. Lameris, Andrea Kölzsch, Adriaan M. Dokter,
Bart A. Nolet, Gerhard J.D.M. Müskens

ABSTRACT
Harness attachments have been used already for almost 30 years to equip migratory
swans and geese with tracking devices. Harnesses for geese need to be sturdy and
         Ƥ  Ǥ 
we present a novel harness for attaching tracking devices to migratory geese which
ƤǤǣ 
adjusted to the size of the bird during deployment, and it is constructed out of three
ȋƪǡȌǤ
instructions on how to construct the harness as well as how to deploy it on a bird and
encourage others to use this harness to track migratory geese and possible other larger
bird species.

Goose Bulletin (2017) 22: 25-30

Box A

Introduction
Tracking devices attached using harnesses have already been used to track the migratory
journeys of geese and swans for almost 30 years (Nowak et al. 1990; Seegar et al. 1996).
Using harness attachments to equip birds with tracking devices is the best solution for
most species including several smaller species of geese, as 1) the device can be brought
above the centre of gravity of the bird and the weight can thus be best supported and 2)
a sizeable surface for solar power cells can be optimally positioned for solar charging.
ǡ ǦƤ      ơ   ǡ   
cases harnesses have been found to reduce survival rates (Ward & Flint 1995) and induce
changes in behaviour (Glahder et al. 1997). Also, harnesses sometimes unintentionally
break or wear down, and especially larger geese are capable of destroying harnesses with
their strong beaks. The type of harness, the quality and sturdiness of the material and the
Ƥ   ƪ 
bird, the longevity of the harness itself, and eventually how representative the tracking
data are for normal behaviour.
We developed a novel harness to attach tracking devices to larger birds, with the aim
to make a sturdy harness which can be used on medium-sized geese, and that can be
ƤǤ ͜͞͝͞
to track migration of Arctic nesting geese, including brent geese  , barnacle
geese   and greater white-fronted geese . Here we describe
our methods to construct the harness, and to deploy it on a goose.

Harness construction
Materials
The harness consists of three main components: straps, attachment rings and cramping
ǤƤȋȌ ǣ
Tygon tube (outside diameter 4mm, inside diameter 2.2mm, VWR) with nylon (2.2mm,
Ledent) as inner layer. The Tygon gives the harness a tubular shape, in order to create a
smooth harness which does not rub against the birds’ skin and to prevent the bird from
Ǥ  ƪ
(pattern 8476, .25”, Bally Ribbon Mills, USA) is added as outer layer to increase sturdiness.
Attachment rings are 6 - 10mm stainless steel key rings. Stainless steel as material for
the rings is important especially when the harness is used on species than occur in saline
environment. Cramping rings are copper rings, 4 – 8mm in width, cut from a 12mm
copper pipe. Copper can bend but does not break after bending, as would Aluminium for
ǤǦƤ Ǥ
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Material and tools needed to construct the harness include: superglue, a lighter,
ǡ͜Ǥ͟ǡ ǡ ǡƤǡ 
Ƥȋ  ȌǤ

Construction
    Ƥ
Ǥ Ƥ ǡthe harness being 80 cm
in length and weighing 16 grams.

   Ƥ 
www.tobseda.com.

Making copper rings
1. Cut small (4mm), medium (6mm) and wide (8mm) copper rings from a copper
ǡ Ǥ  ǡƤ
attaching the pipe cutter on the other end, and using the drill to rotate the pipe.
2. Now polish the inside of the ring on both sides, using a milling cutter in a drill, while
holding the ring in a set of pliers (best used are ringing pliers for banding birds).
͟Ǥ ǡƤƤ
(normally used to sharpen chainsaws)
͠Ǥ ǡ  ƤǤ
5. Make sure all sharp edges are gone, so the ring can shift smoothly on the harness.

Constructing the harness
͢Ǥ ơ ͣ͡ ͤ͜ ƪǤͥ͜ ǡ
but not .
ͣǤ ƪǡȋȌǤ
ƪǡȋȌǡ
 ƪǤ
8. Attach the Nylon rope to a strong thread or yarn. It is best to use thread normally
used to sew buttons on coats. You can strengthen the tip of the rope by burning it
slightly with a lighter, then put the thread through using a needle (a). Suck (using
your mouth) the thread through the Tygon tube (b). If the thread is too heavy to suck
trough, attach it to a lighter thread which you can suck trough. Pull the thread gently
Ǥ ƥ  
depends on how well the thread is connect to the nylon and how smooth the tip is. Try
improving the smoothness of the tip by clipping of most of the hardened parts after
burning. When the nylon is entirely through the Tygon, you can pull the Nylon all the
way through. Either pull the entire length of the nylon rope through,
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ͥǤ Ƥƪ
of the strap.
͜͝Ǥ  ƪǤ   
large keyring, which you can use to hang the harness on a doorknob for example, to be
Ƥ Ǥ
11. Make sure both ends of the strap (including nylon) are of equal lengths. Then put a
medium-sized copper ring next to the keyring, and pull the other end of the harness
through the copper ring, to create a noose in which the keyrings sits. This is the topend of the harness.
12. Put a wide copper ring on the strap, and pull the other end of the harness through the
ring, so you now have both ends of the strap through the ring. You have now created a
hole for the head.
13. Now, on both ends of the harness, place a small copper ring, followed by a keyring, and
pull the end of the harness trough the copper ring, thereby creating a small noose in
which the keyring sits.
14. Tie knots in the nylon at the end of the straps. Detach the large keyring from the
attachment ring at the top-end of the harness and attach the tracking device to this
attachment ring.
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Fitting the harness on a bird
By adjusting the location of the cramping rings it is possible to adjust the harness to the
size of the individual bird during deployment. Attaching the harness is best done by two
persons: an experienced person attaching the harness and another person holding the
bird on the lap. It is best to sit facing each other, with the head of the bird facing the
person attaching the harness. A short movie
1. Pull the head loop over the head of the bird.
2. Take one strap and pull it under the wing, while making sure not to get any wing
feathers between the strap. Then reach the tracking device which now sits on the back
with the straps. Attach the keyring of the strap to the tracking device, while making
sure it does not sit too tight.
3. Repeat the process for the other strap and wing.
4. Check whether the parts of the strap sticking out from the outer copper rings (including
nylon) are of equal length on both sides!
5. Make sure the harness sits well between the feathers of the geese in front of the
breast, by actively putting the harness between the breast feathers. Check (by feeling)
whether the copper ring is located right above the sternum. If not, shift it up or down.
6. The harness should be loose enough to allow for the bird to gain fat prior to spring
migration. Check how tight the harness sits by feeling 1) whether you can put 1.5 –
͞Ƥ͞Ȍ 
ǤƪƤǡ
towards the front or the back.
7. Adjust the harness is necessary, making it smaller or larger by pushing the strap
material through the copper rings. Make sure the straps on both sides are still of equal
length!
8. If the harness is well adjusted to the bird, squeeze all 4 copper rings shut with a pair of
Ǥ ƤǤǤ ƪ
+ Tygon (not the nylon!) with a set of clipping pliers, until about 2cm above the copper
Ǥƪ ǡƪ
ǤƪǤ
9. Put superglue on the knot (while making sure you don’t put glue on the bird!), wait
until it is dry, and clip the nylon until about 0.5 cm from the knot. Make sure you don’t
put glue on the birds’ feathers.
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Conclusion
We show how to construct a novel harness to attach tracking devices to migratory geese
and want to encourage others to use this harness. We see scope to use this harness for other
species or groups of larger birds, and the harness has been successfully used on European
honey buzzards (Vansteelant et al. 2015), but we recommend careful forethought and tests
in captivity before using it on wild birds. Expertise in making the harness but especially in
attaching the harness on the bird is of vital importance, and we are happy to collaborate
with any researchers interested in using the harness.
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Chapter 4

Introduction
With the rise of advanced electronic tracking devices, such as satellite transmitters and
GPS-loggers, scientists have become able to gather detailed data on movement of birds,
allowing unique insights in their ecology and behavior (Seegar et al. 1996; Kays et al.
2015). At the same time it has become clear that attaching tracking devices to birds can
 ơ   ȋǤ ͜͜͞͝Ȍǡ
   ƪ   Ǥ
ǡ            ơ ǡ 
tracking devices in most cases provide the only approach to gather data on movement of
Ǥ  ƪ ǡ
 Ƥơ   ǡ
  ơ Ǥ
Due to the possibility of attaching solar-powered tracking devices which make use
of GPS, and the small chance of the bird losing the device over a longer time period,
harness attachments are the most common attachment method for larger birds, including
raptors (Klaassen et al. 2008b; Vansteelant et al. 2015) and waterfowl (Gladher et al. 1997;
Ƭͣ͜͞͝ȌǤ ǡ ơ 
birds, including reduced survival rates and reproductive success (Ward and Flint 1995;
Ƭͥͥͤ͝Ȍǡ ƪȋ Ǥ͜͞͝͡Ȍǡ 
  ȋ  Ǥ ͥͥͣ͝ȌǤ      ơ 
harness attachment on a single behavioral aspect, only a few studies make an attempt
ơ ȋ Ǥ͜͜͢͞Ȍǡ
ơ Ǥǡơ 
ƥ    
ǡ ơ ȋǤ͜͜͞͝ȌǤ 
ơ  ǡơ  
also carry over across parts of the annual cycle. As an example, timing of migration can be
 ǡơ 
ơ ƤǤ
 ơ Ǧ   
harness attachment itself. Because migratory birds vary in body mass during the year
(Ankney 1982), harnesses may become too tight or too loose, which can cause irritation
for the bird (Chan et al. 2016) and abrasian of the skin (Cappelle et al. 2011). The type of
Ƥ   
ƪ ȋǤ͜͢͞͝Ȍ 
for normal behavior (Wilson and McMahon 2006).
 Ƥǡ
ơ  
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ơ    

aspects, including survival, migration, and reproduction, in order to gain a complete
ơ  Ǥ
to attach tracking devices to three Arctic-nesting migratory species of geese, including
Greater White-fronted Geese , Brent Geese  , and Barnacle
Geese  . We additionally created control groups of birds equipped with
color bands and neck collars, including color bands with attached geolocators to record
 ǡ   ơ        
groups for survival, timing of migration and reproduction and reproductive output.

Methods
ƤǦȋǤǤǤͤ͜͜͞Ȍ 
ȋ ͠Ǥ͝ȌǤ ȋƪǡǡȌ
to create a sturdy, but smooth, harness that was tubular in shape. We included sliding
   Ƥ
ơǡ  Ƥ
of the loops. Stainless steel rings were used to connect the harness to the tracking device.
 ƤơǦ Ǥ
Full methods and instructions on how to construct and deploy the harness can be found
in Lameris et al. (2017a).

Study species and capture methods
From 2012 to 2014 we equipped in total 111 geese with tracking devices and the harness
we developed. Apart from a tracking device, all birds received metal and color bands for
Ƥ ƤǤ 
equipped with tracking devices was equipped with colour bands or neck bands.
During the winters of 2013/2014 and 2014/2015 in Noord Brabant, The Netherlands,
35 Greater White-fronted Geese (7 males, 7 females, 21 juveniles) were caught in family
groups using a remote controlled clap net (see Kölzsch et al. 2016a). Each bird was
equipped with a plastic, numbered neck band and a 45- g e-obs GPS-GSM transmitter
with the described harness. Another 92 birds were captured and equipped only with neck
bands.
In April and May 2012 on the islands Terschelling and Schiermonnikoog, The
Netherlands, Brent Geese were caught using canon nets and 30 male geese (21 on
Terschelling, 9 on Schiermonnikoog) were equipped with plastic, numbered color bands
and 16 g UvA-BiTS GPS-loggers (Bouten et al. 2012) with a prototype of the harness,
  Ǥơ
 ƪ 
carbon steel instead of stainless steel. In 2014 Brent Geese were caught using canon nets
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on Terschelling, and 6 female Brent Geese were equipped with 19 g UvA-BiTS GPS-loggers
and the standard version of the harness (as described above: including an outer layer of
Telfon and with attachment rings made of stainless steel). For our analysis on return rates,
  ơ 
was too low.

A

Body loop

Neck loop Satellite / GPS tag

Copper ring

B

C

D

Figure 4.1: Schematic design of the harness attachment design and study species. (A) a
schematic design of the harness attachment design with locations indicated where carmping
rings are placed. Before deployment the harness is attached to the front end of the tracking
device (upper picture). During deployment the harness is fastened on the goose by placing the
neck loop over the head and attaching the ends of the body loop to the sides of the tracking
device (under the wing of the bird). The cramping rings are used to adjust the size of the
  Ƥ   Ǥ ȋǦȌ          
and the harness: (B) a male Brent Goose; (C) a family Greater White-fronted Geese and (C) a
female Barnacle Goose.

In June and July 2014 at the Kolokolkova Bay, Russia, 40 adult female Barnacle Geese were
caught on the nest during incubation using a remote controlled clap net, and equipped
with plastic color band and 19 g GPS-loggers (UvA-BiTS, Bouten et al. 2012) with the
described harness. A control group of 40 adult female geese was caught on the nest (22
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Ȍƪȋͤ͝Ȍǡ
plastic color bands (6.6 g total) and an Intigeo C-65 Migrate Tech geolocator (1 g) attached
to the left color band. Because the geolocator weighed only a small fraction of the total
weight of the two color bands, we assume that geese equipped with color rings and a
 ơ Ǥ
the geese in the control group were caught during catches during the molt period rather
than on the nest, we ran analyses separate for the complete control group (40 geese) and
the subset of geese caught on the nest (22 geese; thus in similar state as the geese with
GPS-loggers).

Comparison of parameters
To calculate one-year return rates we collected all resighting data from the focal birds from
www.geese.org, an online platform where observers can submit sightings of individually
marked geese and swans. Observations from volunteer ring reads as well as those made by
the researchers themselves were included. For Barnacle Geese, we calculated return rates
based on birds caught during the molting period one year after equipping the birds with
transmitters, as resightings of birds with GPS-loggers was biased, as we used GPS tracking
ƤƤǤ
We compared the timing of departure and migration speed of Barnacle Geese with
harness attachments and those with geolocators as a control group. UvA-BiTS GPSloggers stored 48 to 288 accurate GPS locations (mean stationary error = 3.23 m, Bouten
et al. 2012) per day. Geolocators are less accurate (error of 1.4 – 4.0 102 km, Lisovski et al.,
2012) and can be used to calculate a maximum of two longitude positions per day. The
Intigeo C-65 geolocators recorded light intensity every 5 min. Data were retrieved at our
study site in the Kolokolkova Bay, Russia, in the summer of 2015. Data from GPS-loggers
were downloaded remotely using a Zigbee two-way receiver unit in the tracker that made
connection to a UvA-BiTS base station and six relays (Bouten et al. 2012). Geolocators were
ƪǤ
 ǦǦƤ
latitude and longitude positions. After retrieving geolocators, data were downloaded and
processed using the program Intiproc (Migrate technology 2014). Further analysis was
carried out using the package ‘GeoLight’ (Lisovski & Hahn 2012) in R 3.1 (R Core Team).
ƤǮǯȋ͜͜͞͠Ȍ
intensity value of 2 (Lisovski et al. 2012) and used to calculate two longitude positions
per day. For both spring migration tracks acquired using GPS-loggers and geolocators we
ȋƤ
ϏͥǏȌ 
ȋƤϏ͟͜ǏȌǤ  
and migrated continuously after departure from the Wadden Sea, the latter position
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was often absent in geolocator data as these geese quickly arrived in the region north of
the Baltic Sea, which is governed by 24 hours of daylight during this period of the year.
For these geese, we took the day after the last day at which we could obtain a longitude
position as the day of leaving the Baltic region. We calculated the speed of migration as
the number of days in between departure from the wintering grounds and departure from
the Baltic region.
We measured reproductive performance of Barnacle Geese with harness attachments
and those with geolocators at our study site at Kolokolkova Bay, Russia (van der Jeugd
2003). We searched for new nests and checked known nests every 2 to 3 days between 31
May and 25 June 2015. Eggs were marked and number of eggs was recorded at every visit.
ƤǤ  
clutches found during egg laying, initiation date was estimated as follows: 1 egg, day of
discovery; 2 eggs, day of discovery minus 1; 3 eggs, day of discovery minus 3, 4 eggs, day
of discovery minus 4 (van der Jeugd et al. 2009). Clutch size was only determined for
nests with the same number of eggs after more than two visits. We measured reproductive
performance of Brent Geese with harness attachments by observing them on their
wintering grounds in the Wadden Sea, the Netherlands, and noting whether they were
accompanied by juveniles.

    ͜͞͝͡ǡ   ƪ      
boats. We visually assessed condition and damage on geese carrying harness attachments.
We weighed geese using a spring scale (± 10 g).

Statistical analyses
All analyses were conducted using R 3.0.2 (R Development Core Team 2014). We
compared one-year return rates of birds with the harness attachment and the control
ǤƤ ơ  
regression models that included species, sex, experimental group (harness or control),
 ơ  ȀǤǦ
Mann-Whitney U tests to compare departure date from the wintering grounds, departure
date from the Baltic Sea region, migration speed, nest-initiation dates, and clutch sizes of
Barnacle Geese equipped with harness attachments and their control group, which were
either geese with geolocators or birds without attached devices (i.e., only color bands).
 ǡǡơ  
 Ǥͥ͡τ Ƥ ơ 
sizes (Cohen’s D) for all tests, rather than conducting a post-hoc power analysis (Colgrave
& Ruxton 2003).
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ơ    

Results
Return rates
Geese with tracking devices experienced reduced one year return rates compared to their
ȋ  ƥ ϋǦ͝Ǥ͝͠ψ͜Ǥͤ͞ȋȌǡz = -4.0,  < 0.001, Table 4.1).
ơ ǡ ơ  
and species/sex was not present in the highest ranking models (Table 4.2).
Migratory behavior
   Ƥ  ơ          
Ǧ  Ǧ     Ǥ ǡ  ơ  
suggests that birds with GPS-loggers were potentially slightly delayed (~1 day) in moment
of departure, including the moment of departure from the Wadden Sea region (GPSlogger, N=18: 45 ± 6; geolocator, N = 18: 43 ± 10 days since 1 April; W = 136, d = 0.43, 95% CI
[-0.26, 1.11], P = 0.21) and the moment of departure from the Baltic Sea region (GPS-logger,
N=18: 50 ± 3; geolocator, N=19: 48 ± 3 days since 1 April; W = 138.5, d = 0.47, 95% CI [-0.21,
͝Ǥ͝͡Ȓǡϋ͜Ǥ͢͝ȌǤơ ȋ Ǧǡϋͤ͝ǣ͠Ǥ͡͡ψ
4.60; geolocator, N=18: 5.33 ± 7.84 days; W = 162, d = 0.22, 95% CI [-0.46, 0.90], P = 0.51).
Reproduction
We found that 27 of 40 Barnacle Geese with harness-attached GPS-loggers returned
to breed in 2015 and 20 initiated nests (17 nested successfully). Barnacle Geese with
geolocators also bred successfully, based on 12 found nests out of 40 tagged birds. Clutch
 Ǧơ 
or other birds in the colony (GPS-logger: 4.3 ± 1.0 eggs, N = 18; geolocator: 4.5 ± 0.93 eggs,
N = 11; colony: 4.4 ± 1.2 eggs; N = 351; GPS-logger vs geolocator: W = 80, d = 0.51, 95% CI
[-0.28, 1.31], p = 0.19; GPS-logger vs colony: W = 3307, d = 0.51, 95% CI [-0.36, 0.59], P =
0.64). However, geese with GPS-loggers started laying their eggs on average 2 - 3 days later
than geese with geolocators and other geese in the colony (GPS-loggers: 37.1 ± 1.9 days
since 1 May, N = 18; geolocator: 34.1 ± 2.0 days since 1 May, N = 8; colony: 34.7 ± 2.4 days
since May 1st , N = 216; GPS-logger vs geolocator: W = 106.5, d = 1.35, 95% CI [0.39, 2.31], p
= 0.004; GPS-logger vs colony: W = 917.5, d = 0.67, 95% CI [0.18, 1.16], P < 0.001).
          ǡ   Ƥ
females that returned to the wintering grounds in 2014 nested successfully, as they were
accompanied by juveniles. Tagged males did not nest successfully in 2013, but it must be
noted that this was a year with generally very low nesting success, also for untagged geese.
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0.43
0.29
0.29
0.52
0.83
0.45

7
21
21
6
40

For this comparison only the subset of control birds caught on the nest is used as a control group

Winter 2013/2014 – Winter 2014/2015 & Winter
2014/2015 – Winter 2015/2016
Winter 2013/2014 – Winter 2014/2015 & Winter
2014/2015 – Winter 2015/2016
Winter 2013/2014 – Winter 2014/2015 & Winter
2014/2015 – Winter 2015/2016
May 2012 – May 2013
May 2014 – May 2015
June 2014 –August 2015

Greater White-fronted
Goose (males)
Greater White-fronted
Goose (females)
Greater White-fronted
Goose (juveniles)
Brent goose (males)
Brent goose (females)
Barnacle goose (females)

Return rate

Sample size
tagged birds
7

37
15
40
22 (1)

66

13

0.78
0.93
0.55
0.55

0.70

0.69

-0.81
-0.65
-0.40
-0.38

-1.37

-1.34

Sample size
Return rate ƥ 
control group
13
0.62
-0.37

-0.065

0.669

0.395

~S

~S+A+T

~ S + T + S*A

0.900

0.182

~ S + T + T*S

0.673

~S+T

~T

Intercept

Return rate

1.47**

1.36*

1.15**

1.38*

0.88*

Species (S)

-0.64

Sex/Age (A)

-0.71

-1.13***

-0.38

-1.14***

-1.14***

Treatment (T)

-1.17

Treatment*
Species (T*S)

-1.04

Treatment*
Sex/Age (T*A)

8

6

3

6

2

Degrees of
freedom
4

Table 4.2: Final binomial logistic regression models for return rates over species (S), sex and age groups (A), attachment treatment (T), the
  ȋȝȌ ȋȝȌǤƥ 
ǡƤ ơ ȋώ͜Ǥ͜͡ǣȝǢώ͜Ǥ͜͝ǣȝȝǢώ͜Ǥ͜͜͝ǣȝȝȝȌǤ

1

Time frame of measurement

Species

Table 4.1: Return rates of birds equipped with harness-attached tracking devices (tagged birds) compared to their control groups, equipped
with color bands or neck collars. For each return rate, the time frame of measurement is given over which the return rate has been measured,
 ƥ  ǡ Ǥ
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ơ    

ơ 
For the 18 Barnacle Geese with harness-attached GPS-loggers which we recaptured during
molt, we were able to assess physical damage on the geese caused by the harness, as well as
overall condition and weight of the bird. Of 18 geese, 12 were either not damaged, missing
some down feathers in the armpits or had some broken back feathers below the logger.
Four geese had both slightly damaged armpits and broken back feathers and two birds
ơǡǤ
ơ Ǧǡ 
color-rings (GPS-logger: 1621 ± 120 g, N = 18; geolocator: 1645 ± 103 g, N = 22; color-bands:
1620 ± 137g ; N = 3186; GPS-logger vs geolocator: W = 237, d = 0.34, 95% CI [-0.31, 0.99],
P = 0.29; GPS-logger vs colony: W = 1720, d = 0.05, 95% CI [-0.44, 0.53], P = 0.85). The
ƪ
outer loops.
Although all 14 observed male Brent Geese with harness-attached tracking devices
had a mate after the initial catch in 2012, only 36% of those males returned with their
͜͟͞͝ȋƤ
that spring period). Of the six females with harness-attached tracking devices in 2014, all
returned with their mate.
Of seven families of White-fronted Geese equipped with harness-attached tracking
devices, the parents of two families separated within a week after tag attachment. Only
one of the six tagged juveniles in those two families was not shot or predated during
ǤƤǡ
the parents of those families returned to the wintering grounds together in the following
year.

Discussion
Ǧ    ơ 
 ǡơ  ơ 
sexes. Reduced return rates of geese with harness attachment compared to a control group
can be partly explained by birds not returning to their original wintering or breeding
grounds, but we argue that this is largely the result of a reduced survival. In addition
        ơ    ǡ     
 ǡơ  Ǥ
  ǡƤ
and a high probability of being observed if alive. Individual Brent Geese return to the
island of Terschelling every spring, and due to the open landscape and high observation
ơǡ ͜͜͝τ  Ǥ
holds for Greater White-fronted Geese, due to the good visibility of the neck collars
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combined with a good network of voluntary ring-readers in the Netherlands. We observed
female Barnacle Geese at their breeding colony, to which female geese are known to
return to every year (Karagicheva et al. 2011), and we maximized our observation and
 ơ ǤǦ
were never detected in subsequent years, supporting the conclusion that detection rate
was high and non-observed individuals were likely dead. Lower return rates should thus
indeed represent lower survival rates.
However, male geese tend to follow the female year-round, and can thus change
wintering area when divorcing their original partner. Divorce rates are however extremely
ȋ͟τ Ȍ Ƥ
long-lasting partnerships (Ens et al. 1996). We found that divorce rates for male Brent
Geese and Greater White-fronted Geese with harness-attached tracking devices were
unexpectedly high, and increased divorce rates have also been reported for female Brent
Geese with transmitters (Ward & Flint 1995) and neck collars (Lensink 1968). Attachment
       ơ         ǡ   
Ǥ Ƥ
to be of lower quality, as these birds experienced relatively low reproductive success and
it is suggested that pairs where one of the birds is tagged forego breeding (Green et al.
͜͜͞͞Ǣ Ǥ ͜͜͟͞ȌǤ  ǡ   ơ     
output as they more often seem to mate with younger, inexperienced partners (Leach
& Sedinger 2016) and birds are less likely to survive while being divorced (Nicolai et al.
͜͞͝͞ȌǤ             ơ   
ơǡ 
Ǥơ   Ǧ Ƥ ǡƤ
high divorce rates for male Brent Geese but not for female Brent or Barnacle geese. These
ơ     
rather than males, and the choice of which birds are being tagged can thus importantly
ƪ   Ǥ
Besides potential shifts in wintering grounds for divorced male geese, decreased
return rates of individuals equipped with harness-attached tracking devices likely
 Ǥơ 
return rates and survival in geese (Ward & Flint 1995; Dzus & Clark 1996; Garrettson
Ƭ  ͥͥͤ͝Ȍǡ    Ƥ  ơ  ȋ Ǥ ͜͜͟͞Ǣ
Fleskes 2003). These latter studies measured return rates over a shorter time span. An idea
about additional causes of death from geese equipped with harness attachments could be
gained from the Greater White-fronted Geese in this study, of which out of 35 birds, 14
had been retrieved as shot and 7 as predated by large birds of prey or fox during the spring
migration following tag deployment. The increased susceptibility of bird with attached
tracking devices to being predated or shot, can potentially be attributed to changes in
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behavior, notably an increasing time spent preening (Enstipp et al. 2005). In addition, we
  Ǧ Ƥ    ƪ ǡ
ƪȋǤ͜͜͞͝ȌǤ ƪ 
 ƪ ƪ ǡ
Ǥơ ǡ
      Ƥ      
(Ward & Flint 1995),
   ơ ǡ
Ǧ ơ    Ǥ          
individual data on migration timing gained from geolocators, we can convincingly show
that harness attachments cause only a slight delay in timing of migration departure for
  Ǥơ Ƥ 
between individuals. At the same time, the migration speed of these birds was not
ơ Ǥ  ǡ          found that
birds with harness-attached tracking devices arrived 19 days later on the breeding grounds
in comparison to the population mean (Hupp et al. 2015). This is ascribed to a higher cost
of migration, which is also suggested by models from Pennycuick et al. (2012). Also, we
found a 2-3 day delay in laying date for Barnacle Geese with harness attachments, which
is slight in comparison with earlier studies on Mallards  with harness
attachments, which were delayed between 8 – 14 days (Pietz et al. 1993; Rotella et al. 1993).
ǡƤơ    ǡ  
  ơ  ȋǤͥͥ͟͝Ǣ
Ǥͥͥ͟͝Ǣ Ƭͥͥͤ͝ȌǤơ 
ǡơ 
 Ƥơ   
attachment and females in control groups.
             ơ    
devices on birds (White et al. 2013; Barron et al. 2010), and show that harness-attached
 ơ Ǧǡ
    Ǥ   ơ      
       Ǥ      Ƥ  
tracking device attachment does delay timing of reproduction, and possibly timing of
ǡ  ǡ    ơ Ǥ
  ơ 
and reproduction for birds equipped with tracking devices (Hupp et al. 2015; Pietz et al.
ͥͥ͟͝ǢǤͥͥ͟͝ȌǡƤ  
 Ǥ ǡơơǡ
stress that researchers make a good consideration which birds they equip with tracking
devices.
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tracking devices on waterfowl
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Introduction
The development of lightweight electronic tracking devices, which can transmit or
log global positions and are small enough to deploy on free-ranging wild birds, has
unchained a revolution in ornithology (Bridge et al. 2011). Such devices enable tracking
  ǡƤǦ 
ǡ ƥ  
marking methods (metal rings or colour bands), especially in long-distance migrants.
The ability to remotely track bird movements with high resolution and accuracy, for
   Ǧ ȋ  ͡      ǦƤ  ͟
seconds), has greatly improved our understanding of their behaviour and ecology, with
important implications for their conservation (Kays et al. 2015). Due to their large body
size, waterfowl (swans, geese and ducks) were already tracked regularly by radiotelemetry
since the 1960s (e.g. Raveling 1969). When satellite transmitters were introduced in the
ͥͤ͜͝ǡƤ  
Ƥ      ȋǤǤǡ      and
Tundra Swan Ǥ ; Strikwerda et al. 1986). As tracking devices became smaller,
lighter and cheaper over the years (Bridge et al. 2011), their use on birds has become a wellestablished tool in ornithology and an increasing number of species are being tracked in
their natural habitat.
However, with an increasing availability of tracking devices and the corresponding
increase of individual birds on which they are being deployed, the need to understand
 ơ Ǥ
of publications show that tracking may come with a cost for the animal, which becomes
      ơ     ȋ   
al. 2010; Calvo & Furness 1992; Murray & Fuller 2000; White et al. 2013). Among the
ơ Ƥ ǡȋȌ
   ǡƤǤ
species, transmitter type and attachment method are the most obvious factors that
 ơ        Ǥ
Taking these factors into account when designing a telemetry study is not only important
  ǡ           Ƥ  
observed behaviour (e.g., migration strategy) is not an artefact of the tracking method
(Wilson & McMahon 2006). Thorough understanding of such factors, especially prior
to studying an unfamiliar species or using unfamiliar materials or techniques, requires
open communication among researchers and the exchange of positive as well as negative
 ƤǤ

   ơ 
  Ƥ  Ǥ  Ǧ
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ơ 

ơ     Ǥ (2010) has shown that tracking
 ȋǡǤ͜͟͞͝Ȍơ  
Ǥ      Ƥ    ơ   ƪ ǡ   
 ơ           ǯ    
covered in this study. Energy expenditure and the probability to initiate nesting were
  ơ ǡ   Ǧ Ƥ  Ǥ  Ǧ
  ơ    ȋ  Ǥ ͜͞͝͝Ȍ     
number of studies making use of tracking devices, still relatively few studies explicitly
ơ  Ǥ
In this study, we focus on waterfowl (Anatidae), a group of birds that, despite their
ǡ ơ Ǥ
are migratory (del Hoyo et al. 2016) and may be energetically constrained by carrying
a tag (Pennycuick et al.2012). Also, due to their aquatic habitat, the breaching of their
  ơ ȋ
al.1996; Latty et al. 2016; Paquette et al. 1997). Thanks to the long history of waterfowl
 ǡ              ƤǤ  ǡ
   ơ           
literature, but considering the vast number of species tracked in the past decades,
 ơ Ǥ 
information is essential to improve tracking methods and reduce the associated negative
ơ Ǥ  
ơ       ǡ        
 ơ  ǡ   
ơ ƤǤ
   ǡ    ơ          
   ơ 
͜͞͞ ǤƤǡ
for reporting details of tracking methods used in waterfowl studies and give suggestions
  ơ 
   Ǥ Ƥ 
best practice methods for each combination of tracking method and waterfowl species.
         Ƥ       
on pioneering work and it is explicitly not our intention to judge the practices of any
individual researcher or research group. Rather, we hope to show here that these studies
are now invaluable for evaluating how we can prevent problems in the future, which will
ultimately lead to better science.
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Methods
           ơ ǡ  
a literature search in Web of Science and Google Scholar in December 2015 using the
following search terms: (goose OR swan OR duck) AND (tracking OR GPS OR telemetry).
  Ƥȋ Ȍǡ
and which used any attached electronic tracking device on waterfowl (thus including
the full range of VHF-transmitters, PTT satellite transmitters, GPS-loggers, GPS-GSM
transmitters and geolocators), attached using any method (thus including harness
attachments, implants, neck collars, subcutaneous attachments, and other methods). We
  ǡƤ
202 relevant studies (see Table S5.1 in the Supporting Information for the complete list).
Note that this list of waterfowl tracking studies is not fully comprehensive, but provides
a representative sample for our evaluations. From this set of studies, we extracted basic
    ǡ   ǡ  ơ       
 ơ ǡơ ǡ
    ȋ ͡Ǥ͞ȌǤ       ơ   
compared the performance of birds equipped with tracking devices with a control group
or with data extracted from earlier studies or other literature. For studies not reporting
the body mass of the birds, we extracted the mean body mass for the relevant species
and sex from the Handbook of Birds of the World (del Hoyo et al. 2016). If it was unclear
which sex was tracked, we used the average weight of males and females taken together.
By dividing the weight of the tracking device by the bird’s body mass, we calculated the
relative weight of the tracking device. For this calculation we excluded studies that failed
to report the weight of the tracking device or did not specify device weights used for
ơ   Ǥ  Ƥ      ǡ   
ƤƬȋͥ͜͜͞Ȍǣ͝Ȍ  ǡ͞Ȍǡ͟Ȍ
 ǡ͠Ȍ  ǤƤ ǲ ǳǡ
but this method was used so rarely that we combined it into an “other methods” category,
including also tags glued to other parts of the body, or to plastic leg rings. For the category
of harness backpacks, we found only studies using wing loop attachments, none of the
studies in our analysis used leg loop attachments.

Waterfowl tracking - a brief history
Our literature review revealed that the use of telemetry to remotely track waterfowl
movements has increased rapidly over the past three decades (Figure 5.1). So far, tracking
devices have been deployed on waterfowl on all continents where waterfowl occur and
included at least 54 species. Most tracking studies have been carried out in North America,
making up 63% of the papers in this review. Europe and Asia lag far behind, accounting
for 18% and 12% of the tracking studies, respectively. Less than 5% of all tracking studies
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were carried out in Africa and Australia, and our literature search revealed only one study
 ǤƤ  ͥ͢͜͝ȋƤ
in our review were carried out in the 1970s) and exclusively used radio-transmitters. The
Ƥȋǡ
transmitters) appeared in 1986, and since then PTTs have become most used device
 ȋ  ͡Ǥ͝ȌǤ ǡ  Ƥ   ͜͜͞͡ǡ 
devices using GPS have become increasingly popular in waterfowl telemetry and studies
using this method already made up 42% of the publications in 2015. It would be expected
  ǤǡƤ
of research is still under rapid development.
    ǡơ
attachment methods has remained largely unchanged (Figure 5.1b). Backpack harnesses,
 Ƥ         ǡ      ǡ
followed by implantation. Neck collars were used more often in the early 2000s, but have
      ͜͝Ǥ  ơ   
ơ ǡ   
depend on the research question of the researcher (Kölzsch et al. 2016b). Harness-attached
  Ƥ    
the bird (Kölzsch et al.2016b), while its placement on the back creates a large surface for
charging of solar panels. Transmitter implantation in the abdominal cavity is sometimes
preferred over the use of backpacks, especially in diving species, since this overcomes the
problem of interruption of the waterproof plumage, as well as the problem of drag created
 ƪǤ 
it does not allow the use of a solar panel to charge the batteries and that the procedure
requires surgery by a specialized veterinarian. Mortality during or shortly after surgery
can occur (e.g. Rosenberg et al. 2014), and some studies using internal antennas also
report a limited signal range of the transmitter as a major disadvantage (Olsen et al.1992).
Tracking devices can also be attached partly or completely subcutaneous. After making a
small incision in the skin, either anchors attached to the tracking device (on one or two
ends, e.g., Lewis et al.2008) or the complete tracking device can be placed under the skin
(e.g. Korschgen et al. 1996a), after which the incision can be closed by suture and/or glue.
 ǡ ƪ
(e.g. Brook & Clark 2002). An important drawback of this attachment method is the high
loss of subcutaneously attached transmitters, as was found in studies on Mallard 
  (31 out of 49 transmitters lost, Rotella et al. 1993), Northern Pintail 
 (37 out of 82 lost, Fleskes et al. 2003) and Northern Shoveler  (20 out
of 42 lost, Zimmer 1997). Neck collars with inscriptions are a common method to mark
ǡ Ǧ  ǡ ƤȋǤǤ
and Fuller 2000; Clausen and Madsen 2014), but they can also be used as a basis for the
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attachment of tracking devices. As neck collars are exterior, they can be used for devices
working on solar power.

20
15

A

Tracking device
Geolocator
GPS
PTT
RDGLRíWransmitter

10

15
10

2015

2010

2005

1995

2000

B

Attachment method
Backpack harness
Implant
Neck collar
Subcutaneous
Other
Combination

20
15

2015

2010

2005

2000

1995

1980

0

1990

5

1985

Number of studies

20

1990

1980

0

1985

5

C

Reporting on adverse effects
Negative effect
No effect
Not reported

10

2015

2010

2005

2000

1995

1990

1980

0

1985

5

Year of publication
Figure 5.1: Use of tracking devices, attachment methods and reporting rates over years
of publication. Number of studies per year of publication, split per tracking device type (a),
 ȋȌơ ȋ ȌǤ
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Since the start of telemetry in birds, the mass of the tracking device relative to the bird’s
body mass has received much attention to make sure that the bird would not carry too
much additional load. As a rule of thumb, devices weighing up to 5% of the body mass
were considered acceptable and this was later reduced to a preferred 3% as tracking devices
 ȋ͜͜͞͝ȌǤƤǡ
relative mass of tracking devices was kept around 3% of the bird’s body mass. This was
mainly due to the large species selected for these studies. Despite the decreasing weight of
tracking devices over time (especially PTTs and GPS transmitters, Figure 5.2a), the weight
relative to the bird’s body mass has not decreased much on average and remained stable
around 2%, with occasional extremes within studies down to 0.1% and up to 6.5% of the
bird’s body mass (Figure 5.2b).

Year of deployment

Figure 5.2: Changes in weight of tracking devices over study years. (a) Average weight
in grams of tracking devices used in study years with coloured areas delineating the region
between maximum and minimum weight, for radio-transmitters (red), PTTs (green) and GPS
devices (blue). (b) Average weight of tracking devices as a fraction of the weight of the bird on
which it was deployed, with the coloured area delineating the region between minimum and
maximum fraction of weight.
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Part of the explanation for this is that smaller devices are used to track smaller waterfowl
species. Radio transmitters have long been light enough to track small duck species, but
only since a few years these species could be tracked using PTT or GPS devices, which
 ǤƤ ͜͜͡ 
modern tracking devices was the Eurasian Teal   (mean weight 325 g), tracked
with 9.5 g GPS-PTTs in 2007 (Palm et al. 2015). Another important explanation is that
with the development of telemetry techniques, researchers opted for novel devices with
more possibilities, rather than reducing device weight.

ơ   
Ƥ ơ   
on waterfowl is to know what can go wrong. We found that 17% of all original tracking
ȋ͜͠τơ ȌǡǦ
ơ      Ǥ ǡ    ơ   ơ 
  ǡ ơ ǡǡ
and reproduction.

Harness-attached backpack
  ơ Ǥ 
Ƥ ǡ
before or during migration, which was attributed mostly to the weight of the 170 g devices
(Strikwerda et al. 1986). Over the years it has become clear that apart from the burden of
carrying a heavy device, harness backpacks themselves are probably the main cause of
ơ  Ǥ 
backpacks are that they are relatively large external structures causing abrasion and drag,
disrupt waterproof plumage and that the harness may be too loose or too tight, partly
depending on the bird’s body stores, which can vary greatly over the year especially in
migrants (Perry 1981; Garrettson et al. 2000; Pennycuick et al. 2012; Kesler et al. 2014).
ơ  
or staging sites compared to ring-marked individuals. The lowest return rate was reported
in a study on female Barrow’s Goldeneyes    , with none of 16 tagged
birds being recaptured in nest boxes during successive breeding seasons, relative to a
background return rate of 66% (Robert et al. 2006). Almost as poor was the 4% return
rate of 62 Brent Geese  Ƥ  
breeding site, compared to 57-83% return rates of colour-ringed individuals (Ward and
Flint 1995). In a study in Saskatchewan, Canada, Mallards with harness transmitters
had a return rate of 22.6% to their breeding grounds compared to 55% in individuals
ȋƬͥͥ͢͝ȌǤ Ƥ
species, mortality is the most likely cause of these low return rates, although emigration
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Ǥ  ǡƤơ 
attachments on survival. Survival rates over the course of the breeding season did not
ơ  Ǧ     with a harness backpack (61% survival
over 90-day period) and individuals with an implanted transmitter (73% survival over
ͥ͜ǦȌǡ ơ ǡ
observed cases of mortality in this study seemed unrelated to the transmitter (Garrettson
Ƭͥͥͤ͝ȌǤơ
control individuals (Fleskes 2003). Cappelle et al. (2011) reported loss of signal for nine out
of 47 harness-attached satellite transmitters within 3 days after deployment for Garganey
 (1 out of 18), Fulvous Duck    (2 out of 3) and Comb
Duck (4 out of 20). Signal loss may result from transmitter failure,
 Ƥ Ǥ 
this was related to stress induced by handling and capture. Other studies did not observe
increased mortality shortly after release (e.g. Garrettson and Rohwer 1998). Linking longơ ƥ ƤǤ
Besides occasionally reported to increase mortality, harnesses have been found to
ơ     Ǥ       
reported regularly, involving increased maintenance behaviour and reduced foraging
(Perry 1981; Pietz et al; 1993; Blouin et al. 1999; Glahder et al. 1997; Garrettson et al. 2000;
Ǥ ͜͜͢͞ȌǤ  ơ   ȋ Ǥ
1997; E.K. pers. obs.), while they persisted in others (Perry 1981; Garrettson et al. 2000). In
 ǡ ǡƤ
capacity of the plumage caused by the harness, which may limit the access to food,
reduce body condition and prompt (sometimes fatal) illness or starvation (Perry 1981;
Garrettson et al. 2000; Kesler et al. 2014; E.K. pers. obs.). On the longer term, feather and
skin abrasion may occur, especially on the bird’s back (underneath the transmitter) or at
the pectoral muscle where the harness goes under the wing (Perry 1981; E.K. and T.L. pers.
obs.). These abrasions could potentially lead to infection of the skin or altered behaviour
Ǥ  ơ  
 ơ  Ǥ
However, as most captivity studies (e.g. Capelle et al. 2011; Nuijten et al. 2014) are relatively
  ȋ͝ Ǧ ͞ Ȍ      ƪǡ 
ƥ ơ Ǥ
There is also evidence that harnesses increase the costs of migration. The shape and
  ȋ  Ȍ ơ 
ƪǤ ǡ ǡ 
the migration distance and the reserves of the birds upon arrival, as shown by computer
simulations by Pennycuick et al. (2012). This is supported by Bowlin et al. (2010) who show
    ơ increased drag
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   ƪ Ǥ ǡ Ǥ ȋ͜͞͝͡Ȍ    
equipped with 12 - 20g satellite transmitters (1 - 3% of the bird’s body weight (BBW))
in East Asia build up a delay of 7.7 days per 1000 km during their migration compared
Ǥ   ƪ
explanation. In a recent study on Barnacle Geese  , timing of migration
 Ǧȋ͟͡ǡ͞τȌƤ
stretch of northward migration when compared to individuals that carried lightweight (1
g) geolocators on their colour rings (Chapter 4). Blouin et al. (1999) speculate that the tag
or harness may have contributed to the fact that none of the six satellite-tagged Greater
Snow Geese    in their study completed migration successfully (tag
ǣ͜͜͝Ǧ͜͝͠ǡ͠Ǧ͡τȌǤ ǡơ ǡ 
ơ  Ǧ
Geese equipped with dummy satellite transmitters (38 - 54g, 1.5 - 2.0% BBW; Glahder et
al. 1997) and timing of arrival and departure at a fall staging site in radio-tagged Brent
Geese ǤǤ  (radio transmitters of 26 - 25g, 1.5 - 2.0% BBW; Ward and Flint 1995)
  Ǧ Ǥ     ơ     
ƪ   Ǧ
ƪǡ 
 ƪ ȋ͝͞ǡ͟τǢ
Cappelle et alǤ͜͞͝͝ȌǤ ơ 
are probably less, as shown by a study of captive Brent Geese where energy expenditure
     ƪ   ơ     ͟͡   ȋ͞τ
BBW; Sedinger et al. 1990).

     ơ    
    ǡ    Ǧ ơ    
 ǡ ơ   ơǤ   
 ơ   Ǥ
Pennycuick et al. (2012) point out that lower energy height (a measure of energy reserves)
      ơ   
   Ǥ ơ 
a study by Ward & Flint (1995), return rates from the wintering grounds to Alaska were
dramatically low (1 out of 62) and the one female that had returned with a transmitter
did not breed, in contrast to 90% breeding initiation in colour-ringed females. Pietz
et al.ȋͥͥ͟͝ȌƤ   
in radio-tagged Mallards compared to ringed individuals may have been related to the
energetic consequences of a shifted time budget with less feeding and more preening
and maintenance behaviour due to the radio-tag. Accordingly, Rotella et alǤ(1993) report
that Mallards with harness transmitters nested two weeks later than birds with suturedǦǡ ơ 

100

ơ 

by the transmitter attachment. Barnacle Geese with GPS-loggers bred some days later
than a control group carrying lightweight geolocators (Chapter 4). Blue-winged Teals
captured and equipped with a backpack shortly before the breeding season failed to
          Ƥ      ȋ  Ƭ
Rohwer 1998). Similarly, two Barrow’s Goldeneyes equipped with a transmitter shortly
before the onset of incubation abandoned the nest (Robert et al. 2006). In contrast,
the Blue-winged Teals as well as most of the Barrow’s Goldeneyes captured and tagged
during incubation did continue breeding (Garrettson & Rohwer 1998; Robert et alǤ
2006). Mallards tagged during late incubation did not have lower brood or duckling
survival than mallards with implanted transmitters (Dzus and Clark 1996). Finally,
       ơ   Ǧ  
on pair bond, as suggested by a high proportion of unpaired tagged female Brent Geese
(Ward and Flint 1995, Chapter 4).
In conclusion, although the weight of modern tracking devices is no longer the
  ơ   ǡ ǡ
the device and the harness itself may still induce changes in survival and behaviour. These
ơ  ǡ 
ǡ  ƤǤǦ
term tracking of birds, devices need to be solar-charged, requiring external attachment.
Unless the lifetime of tiny batteries will be greatly enhanced, which would enable lessinvasive alternative attachment like attachment to leg rings, harnesses remain the only
available attachment method for many species.

Abdominal implants
Ǥȋ͜͟͞͝ȌǡǦǡơ 
devices on birds are less severe than for external devices. This is supported by several
studies in waterfowl. Direct comparison between implants with internal antenna and
(anchored) backpacks in wild female Mallards revealed that individuals with implants
 Ƥ   ȋ
alǤ1997). Dzus & Clark (1996) compared the return rates of Mallards with harness-style
backpacks and implants with internal antenna to their breeding areas and found a twice as
Ǥ ǡơ 
is unclear since no untagged control group was included in the experimental design. A
study with captive Blue-winged Teal, in which individuals with backpack, implant and no
 ǡƤ
after surgery compared to both other groups, but had recovered by the second week. Bluewinged Teals with implants with internal antenna did not alter their behaviour, unlike
birds with harness transmitters (Garrettson et alǤ͜͜͜͞ȌǤ ƤǡǦ
       ǡ   Ƥ ǡ
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higher survival over the course of a breeding season than birds with harness transmitters
and were more likely to initiate a nesting attempt (Garrettson & Rohwer 1998).
               ơ  
mortality due to surgery. Korschgen et al. (1996b) describe the histological reaction of
Mallards to implanted transmitters with external antennas and conclude that the mild
to moderate air sac alterations they found did not cause any behavioural or physiological
ơ Ǥ Ǧ        Ƥ  equipped with
implants with external antennas was found to be impacted by pH and hematocrit values
of the blood prior to surgery. Birds with low pH, or extremely low or high hematocrit,
        Ƥ Ƥ    ȋ  Ǥ
2014). Obtaining these values prior to surgery may help reduce the mortality rate. A
paper describing the surgical procedure for implantation of transmitters in Canvasbacks
 reports no abnormal behaviour or increased mortality after implanting
devices with internal antennas (Olsen et al. 1992). Hupp et al. (2006) reported no postsurgery mortality in Lesser Canada Geese  tagged with radioǤ Ƥ
of control individuals, although survival and return rates 2-4 years after tag deployment
  ǡ        ơ Ǥ  ǡ
maintenance and active behaviour of these tagged individuals was similar to that of
ơ  
agonistic interactions (Hupp et alǤ2003). The implantation of satellite transmitters with
external antennas in Common Eiders  during incubation led to the
abandonment of 11 out of 12 nests in a Canadian study, but 30% of the tagged birds were
observed nesting in the following years. Furthermore, the tagged birds spent more time
 Ǧơ͜͞τ Ƥ
year after surgery compared to the control group (Fast et alǤ2011). Limping was observed
in some individuals, something which was also found by 1 out of the 6 Common Eiders in
the study of Latty et al. (2016).
The lack of a harness and large external structures other than percutaneous antennas
makes implanted transmitters the preferred tracking devices for diving ducks, such as
eider species   Ǥ and Harlequin Ducks    . Negative
ơ   ǡ   ƥ          
them post-surgery is often impossible. Brodeur et al. (2008) were faced with signal loss
of most satellite transmitters with internal antennas implanted in Harlequin Ducks in
the months after deployment, but argue that resightings of several individuals up to four
years later, combined with normal body temperature measurements before signal loss,
indicated that this problem was caused by transmitter failure rather than bird mortality.
  Ƥ 
 ǡ      ơ   Ǥ      
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          ơ    
without implants with external antennas, and only an average loss of body mass of 15g was
detected in the two weeks following the surgery (Esler et alǤ2000). Implanted transmitters
can cause a change in diving behaviour as was shown in Common Eiders (Latty et alǤ
2010). The descents and ascents of foraging dives were slower, and total dive durations
were longer after implantation of transmitters with an external antenna than before. This
may have been caused by muscle damage from the surgery, or by a biomechanical change
ơ   Ǥ 
may result in overall higher energy expenditure in tagged eiders, or force them to use
ơȋǤǤȌȋǤ2010). Latty et al. (2016)
ơ 
physiology by a change in biomarkers up to 3.5 months after surgery. Although we did not
Ƥ  ơ    
internal antennas, and no studies comparing the two, Hupp et al. (2006) suggest that
chronic low grade infections from bacteria entering the body along the external antenna
could potentially reduce long-term survival.

Subcutaneous attachments
ơ  ǡ  
be due to the low number of studies in our analysis that used this method. There is some
    ơ  Ǥ
In ducklings of Mallard and Gadwall  , survival was lower for individuals
equipped with subcutaneously anchored radio transmitters compared to an untagged
control group (Amundson et al. 2010; Krapu et al. 2004; Pietz et al. 2003). The authors note
entanglement as possible cause for lower survival, which was also reported for Harlequin
Ducks (Bond & Esler 2008). Bakken et al. (1996) found higher surface temperatures
around transmitters attached with subcutaneous anchors in Mallard ducklings, but
  Ƥ ơ          
unmarked ducklings. The reduction of short term survival rates of female Mallards of
 ͟͞τ  Ǥ ȋͥͥͣ͝Ȍǡ Ƥ  Ƥ
ǡ    ơ 
Ǥ ơ 
of Lesser Scaups ƥ (Brook & Clark 2002), Surf Scoters  
and White-winged Scoters (Iverson et al. 2006) or on annual survival
of Wood Ducks   (Hepp et al. 2002). Subcutaneous attachments have been
ơ   ǤǤȋͥͥͣ͝Ȍ
Mallards with subcutaneously anchored backpacks to spend less time on egg laying
and incubation and to initiate fewer nests. Enstipp et al. (2015) found strongly altered
behaviour in Long-tailed Ducks   with subcutaneous attachments,
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 ǡƤ
individuals developed a bacterial infection at the site of attachment. Radio transmitters
 ơ   ȋ 
al. 2002).

Neck collars
Neck collars with tracking devices are often used in large, long necked species, such as
swans and geese. For these species, a neck collar can be more suitable than a backpack,
as it diminishes the area over which abrasion and drag occurs, and lacks a harness which
can be wrongly adjusted to the bird’s shape and disrupts the plumage. However, as the
weight of the tag is not positioned at the centre of gravity, this may become problematic
for the bird when tags are relatively heavy (Kölzsch et al. 2016b). In general, we found
that neck collars used in studies are lighter (in mass relative to the bird’s body mass)
than harness-attached or implanted tags (backpack vs neck collar: t185, 33 = 8.26, p < 0.001;
implant vs neck collar: t105,33 = 8.34, p < 0.001). Although several studies combined the
use of neck collars and backpack attachments (Blouin et al. 1999; Petrie & Wilcox 2003;
ơǤͣ͜͜͞Ȍǡ ơ  Ǥ. (1999) report
that none of the Greater Snow Geese equipped with backpack transmitters reached the
breeding grounds in 1993 and 1994 (due to signal loss, natural mortality or being shot),
while four out of 11 birds equipped with neck collar transmitters did reach the breeding
grounds in 1995. However, these transmitters were also lighter than the backpacks and
direct comparison of attachment methods could not be made.
Neck collars with tracking devices can alter bird behaviour in similar ways as harness   ǡǦơ Ǥ  ǡ
Kölzschet alǤȋ͜͢͞͝Ȍơ  
with neck collar transmitters or backpack transmitters, but both groups tended to spend
more time preening and less time feeding. Increased preening behaviour was also
observed in a study on captive Bewick’s Swans Ǥ  with neck collar
ǡ ơ   ͢ ȋǤ2014). Shortơ ƤǤ  
collar radio transmitters spent 2-3 times less time foraging than the control group in the
 ǡơ 
season (Demers et alǤ 2003). Black Swans   equipped with conventional
  ơ   ȋ 
and Mulder 2009).
 ơ    Ǥ 
equipped with neck collar transmitters showed a high rate of divorce from their original
mate (Demers et al. 2003). In subsequent breeding seasons, they delayed nest initiation
and had smaller clutch sizes (Bêty et al. 2003; Demers et al. 2003). Also Canada Geese with
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neck collar transmitters experienced a lower nesting propensity and nested later than the
control group (Dieter & Anderson 2009). Delayed laying can be the result of delayed or
   ƪȋǤ͜͜͟͞Ȍǡ
 ơ Ǥ
 Ǧ     ơ     Ǧ ǡ    
 Ƥ   Ǥ          
various duck species (Wood Duck, Canvasback, Redhead   ) showed
ơ ǡ ȋ . 1974; Montgomery
1985; Sorenson 1989). As can be expected for shorter-necked species, ducks with neck
collars can get their lower mandible stuck in the collar, which leads to retarded behaviour
and sometimes mortality (Montgomery 1985; Sorenson 1989). Not only ducks experience
  ǡơ Ǧ 
geese. The relatively short-necked Emperor Geese    experienced lower
survival, lower breeding propensity, and laid one average one egg less when carrying a
neck collar compared to a control group with leg rings (Schmutz & Morse 2000). Ross’s
Geese  wearing neck collars were more vulnerable to being shot by hunters than
birds marked with tarsal bands (Caswell et al. 2012). Feeding behaviour during winter was
ơ     ȋ 
et al.͜͜͞͝Ȍǡơ     
behaviour (Abraham et al. 1983) and nesting success in this species (Lensink 1968).
   Ƥ                  
accumulate on plastic collars under freezing temperatures (e.g. Fox et alǤ2014). Formation
of ice has in rare cases been shown to be fatal for birds (e.g. Zicus et al. 1983), although
ơ ȋǤ2001; Fox et al. 2014).
There are no reports of ice accumulation on other types of tracking devices.

Other attachment methods
ơ  ǡ ǡ
have not often been tested in comparative studies. Enstipp et al. (2015) compared tesasutured devices with subcutaneously anchored devices in Long-tailed Ducks, and found
that while birds with tesa-sutured devices recovered more rapidly from alterations of
ǡ  ͢͞Ǥơ  
methods were reported in original tracking studies. Survival and (re)nesting of Wood
Ducks carrying a radio-transmitter on a bibs, a piece of fabric hanging from the neck
on the chest, was lower than expected based on earlier studies, which may be related
to the transmitter attachment (Ryan et alǤ 1998). We are unaware of other experiences
with waterfowl carrying bibs. More conventional are devices mounted to the tail feathers.
Guillemain et alǤ(2002) glued and bound 3.5 g radio-transmitters to the central rectrices
Ƥ  Ǥ͞͝
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deployment, but this was likely unrelated to tag attachment. Similarly, radio-transmitters
were glued and bound to the tail feathers of Mallard, Eurasian Teal and Northern Pintail
in France by Legagneux et al. (2009), but no details are provided about whether or not
ơ Ǥ͜͞Ǧͣ͝  
were lost prematurely in a study by Phillips et al.ȋ͜͜͟͞Ȍǡ ơ 
the birds were reported. Reynolds (2004) cut a small patch of feathers on the lower back
of Laysan Teal   to glue radio-transmitters directly onto the skin and
adhered them to uncut feathers with strips of tape. Also in this study, transmitter loss by
   ơ 
on the birds. Miniature geolocators (light loggers) were attached to plastic leg rings of
   Ǥȋ͜͜͢͞Ȍơ 
were reported. A peculiar tag attachment method was tested in canvasbacks. After
particularly bad experiences with harness backpacks, Perry (1981) tested the attachment
of radio-transmitters on Canvasback nasal saddles. Pilot studies on a limited number of
 ƤǦ
adjustment period the birds behaved normally. However, we are not aware of follow-up
studies by the author or any more recent study using this attachment method.

ơ  
         ơ      
ơ   ǡ
ơ     Ǥ         ơ 
            ơ  
studied and reported. No two tracking studies are carried out under exactly the same
circumstances following the exact same procedure, hence every study can add knowledge
 ơ  Ǥ   
  ơ    ǡ  Ƥ     
current waterfowl tracking literature.
Eighty-four out of the 202 (42%) primary tracking studies in this review (Table S5.2)
   ơ      ȋ ͡Ǥ͝ȌǤ
In only 18 of these 84 studies (21%) this was based on a comparison of the tagged birds
with a control group. Other studies based this on a comparison of tagged birds with data
of the rest of the population (36 studies), a comparison with birds tagged using another
tracking method (7 studies), observation of tagged birds (6 studies) or did not clarify (17
ȌǤͤ͠ơ ǡ
ơ     ǡ ͟͠ Ƥ 
ơ Ǥ ͥͤ͟͠ǡ
ơ  ȋơ Ȍǡ ͥ͝Ǥ͟τ
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͜͞͞Ǥ ơ
ȋͥȀͥ͟Ǣ͟͞τȌƤơ ȋͥȀ͟͠Ǣ͞͝τȌǤ
ơ ȋ 
         Ȍ   ơ  ȋ 
 Ƥơ ǡ Ȍǡ
ͥ͟͟͠ơ  ơ ǡ 
ͣ͝τ     ͜͞͞ Ǥ     ơ   ǡ
reproduction and migration, and found that only one of these 34 studies discussed
   ȋ   Ǥ ͜͜͢͞ȌǤ       ơ  
Ȁ ǡơ Ǥ 
 ơ Ǧ ƪǡ
 ơ ƥ 
  ơ   Ǥ   ơ       ƥ     
ǡ  ơ 
study species without the use of an untagged control group, used an appropriate study
  ơ Ǥ
Table 5.1: ȋ Ȍơ ơ
types of tracking devices. The “reported” category includes all studies reporting whether or not
ơ Ǥǲ ǳ  ȋ 
Ȍ ơ  Ǥ
ơ ȋǲǳȌ ǡ
Ǧ ơ  ȋ  Ƥ ơ ǡ 
 Ȍ     ȋȌ  ǡ  Ǧ  ơ Ǥ 
 Ǧơ ơ 
on survival, migration and reproduction if this information was provided. As in some studies
ơ   Ƥǡ
number of papers in these categories does not equal the number of studies that found negative
ơ Ǥơ   Ǥ

reported

ackpack
harness
45/112 (0.40)

subcutaneous
25/59 (0.42) 6/14 (0.43)

9/23 (0.39)

3/6 (0.50)

84/202 (0.42)

control group

8/45 (0.18)

5/25 (0.2)

1/6 (0.17)

4/9 (0.44)

0/3 (0.0)

18/84 (0.21)

negative

22/45 (0.49)

9/25 (0.36)

1/6 (0.17)

6/9 (0.67)

1/3 (0.33)

39/84 (0.46)

minor negative

4/22 (0.18)

1/9 (0.11)

0/1 (0.00)

0/6 (0.00)

0/1 (0.00)

5/39 (0.13)

major negative

18/22 (0.82)

8/9 (0.91)

1/1 (1.00)

6/6 (1.00)

1/1 (1.00)

34/39 (0.87)

survival

7/18 (0.39)

5/8 (0.63)

1/1 (1.00)

2/6 (0.33)

1/1 (1.00)

16/34 (0.47)

migration

4/18 (0.22)

2/8 (0.25)

0/1 (0.00)

0/6 (0.00)

0 (0.00)

6/34 (0.18)

reproduction

8/18 (0.44)

3/8 (0.38)

0/1 (0.00)

6/6 (1.00)

1/1 (1.00)

18/34 (0.53)

implant

neck collar other

total

ǡ      ơ        
seems to have changed over time. It was rather high until the early 2000s (65.0% of all
  ơ ͥͤ͜͜͝͝͞͠Ȍǡ
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to the novelty of using various techniques on birds. While more tracking studies were
published in later years, this reporting rate dropped to 26.5% between 2005 and 2015.
          ơ ǡ    
ơ ͡͝τȋ Ǥ͝ ȌǤ
ơ ȋ͡Ǥ͝ȌǤ  
Ƥơ  ȋ͢
ͥơ ǡ͡Ǥ͝Ȍǡ
Ƥ     ƤǤ    ơ         
attachments were found on reproduction, while studies using implants more often found
ơ Ǥ  ơ ǡ
but note the high loss rate of the tags and the low number of studies that used this method.

 ơ 
Our review demonstrates that attaching tracking devices to waterfowl may lead to adverse
ơ ǡȀ  Ǥ 
ơ ǡƥ  ơ  Ǥ
Moreover, many studies did not include a control group in the study design, which hampers
 ơ Ǥ  ơ 
in their study population, the question rises whether this could be due to low sample
sizes, which decreases the detection probability, or due to inadequate measuring of
ơ ǤƤơ ǡ 
ơ   ǡǡ
ǡƤơ ǡƤȋǤǤǡͤ͝͡
birds in study by Esler et al. 2000; 228 birds in Gaidet et al. 2010; 235 birds in Pietz et
Ǥͥͥ͟͝ȌǤ   ơ 
Ǥ    ơ    
 ơ ǡ   
ơ   ǡơ ǡ    
ơ       Ǥ          
ơ Ǥ ǡ͝Ȍ
 ǡ͞Ȍ  ơ 
study species.
During our literature review we found that details concerning the attachment
of tracking devices were lacking in many studies. Most often, studies were unclear in
ơȋ
ơȌ  
(43 out of 202 studies). Also, the sex and age of the tagged birds were often not reported
(19 out of 202 studies did not report the sex), and some studies did not report the weight
of the tracking device (12 out of 202 studies). In order to compare the used methods

108

ơ 

and assess which method would be best for a certain species, studies need to report the
methods used for tracking birds to a certain detail. This information should be available
in publications, but also in (open-access) databases where tracking data are stored, such
as the Movebank Data Repository (Wikelski and Kays 2016). We propose a standard set of
metadata to be reported for any tracking study on waterfowl:
1. Tracking device: type of positioning system (e.g., radio tracking, GPS, geolocation),
type of transmitting system (e.g., satellite, GSM, bluetooth), producing company,
dimensions and weight;
2. BirdǣȋȌ ǡǡȋơȀȌǡǡ
sample size of tagged birds, sample size of birds from which data was used in the
analysis, whether control group is used, marking method of control group, sample size
of control group;
3. Capture method: location, date, period of the bird’s annual cycle (e.g., breeding
season, moulting period), catching method, handling time and other samples acquired;
4. Attachment method: type, material for attachment and combined weight of the
attachment materials and the tracking device.
ơ 
     Ǥ    ơ         
direct interest for the study, these can still carry over in aspects of behaviour that are of
interest. As an example, if birds fail to breed because they carry a tracking device, this
    ơ        Ǥ   
 ǡơ  
device on the bird. Based on the studies used in this paper, as well as personal experience,
Ƥ ơ  
thoroughly reviewing the proposed methodology and measure them by adding a control
group to the experimental design.
   Ƥ
deploying tracking devices on a bird. Methodological studies, such as Roshier and Asmus
(2009) and Cumming & Ndlovu (2011), can be very useful for this purpose. Studies
       ǡ   ơ  ȋ  
Ȍ  ơ Ǥ
example, steel rings in a harness did not show wear in Barnacle Goose, but became rusty
and likely broke when used in a harness in the closely related Brent Goose (A. Dokter,
personal communication), as these geese spend more time in saline environments (Stahl
et al. 2002). Experts in bird tracking often have experience with multiple species and can
assist in evaluating what method would be suitable for which study species.To provide a
Ƥ   
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 ǡ ơ 
ơ ȋ͡Ǥ͟ȌǤ
When using a little known or unfamiliar attachment method or study species, it will
prove very informative to perform a study in captivity before applying the tracking device
on wild birds (e.g. Nuijten et al. 2014; Kölzsch et alǤ͜͢͞͝ȌǤǡơ 
on time budgets (e.g., time feeding, preening) can be studied relatively easily, as well as
shedding of the tracking device or the possibility that birds become entangled by the
attachment method.
When designing a tracking study on wild birds, adding a control group which is treated
in the same way as the tagged group but which lacks the tracking device makes it possible
ơ ȋǤǤ Ƭ͜͜͜͞Ǣet
al. 2005). Marking birds in a control group with lightweight visual marks (metal and
Ȍ ƪ ȋƬ 
ͥͥ͝͞Ȍǡ ƤǤ   
Ǧ Ǧơ ǡơ 
reproduction and survival in some species (Lensink 1968; Schmutz & Morse 2000; Reedet
al. 2005; Caswell et al. 2012), and should thus be used as a control with caution. A control
group should be treated in the same way as the tagged group in as many aspects as possible,
including the method of capture, other samples taken (e.g. blood samples), attachment
of visual marks (metal and colour rings) and potentially also handling time (although the
attachment of the tracking device may increase handling time substantially). Adverse
ơ   
ƤǤơ  ǡƥ  
birds in the control group equally well as birds with tracking devices. This is particularly
   ơ   Ǥ   ǡ     
equip a control group with lightweight (<1 g) geolocators on the colour rings, which can
be used to measure migration variables such as moment of departure and arrival, and
migration speed (Eichhornet alǤ2006; Chapter 4). Yet, ring resightings and recoveries
can also give useful estimates for comparison of some migration variables (Hupp et alǤ
2015), such as the moment of arrival (Bothet alǤ2016). Observing birds after release can
ơ Ǧ
control group. One year return rates (e.g., to the breeding colony) can give an indication
ơ ǡ 
method (i.e. visual observation) for both tagged and control groups. This will also enable
estimation of the rate of transmitter failure, which helps to distinguish between signal loss
Ǥơ   ǡ 
nesting propensity, nest initiation date, clutch size and hatching success. When possible,
recapture of birds of the tagged group and the control group can give insights in physical
ơ ǡ     
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attachment (Esler et al. 2000). Finally, it should be evaluated and discussed by the authors
  ơ 
within the context of the species’ life history and ecology.

Conclusions
The primary aim of this study was to identify how attaching tracking devices on waterfowl
ơ ǡ ǡ
 ơ      ơ 
Ǥơ  
all methods of attaching tracking devices, and there is not a single best method for all
 Ǥ ǡ         ơ   ơ   
and attachment methods, and based on earlier studies it is often possible to determine
       ȋ ͡Ǥ͟ȌǤ    ơ     
 ǡ Ƥ Ƥǡ
legally mandatory and should be assessed by an animal welfare committee. In recent
ǡơ   ǡ
  ơ  Ǥ
worrisome trend which is also reported for studies on seabirds (Vandenabeeleet al. 2011).
When studying birds using tracking devices, it remains essential to determine whether
Ƥơ ǡ ƪ Ǥ
 ơ    
survival of birds to make sure that data on natural behaviour are collected. A promising
way to reach broadly supported ‘best practice’ methods for tracking studies is to combine
expert knowledge of waterfowl researchers with comparative observations in the lab and
ƤǤ 
methods will improve the exchange of information, and we encourage researchers to
ơ    Ƥ   
to their studies. These data should be reported in publications, but also in (open-access)
databases where tracking data are stored for future use. This will lead to better science
 ơ   
in the future.
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Supplementary material
Table S5.1 (Complete list of all 202 papers used for meta-analysis) can be found online:
https://static-content.springer.com/esm/art%3A10.1186%2Fs40317-017-0139-6/Media
Objects/40317_2017_139_MOESM1_ESM.docx
Table S5.2: Information extracted from studies, including categories when used
Information

Categories

Year of publication
Study species
Sex studied
Capture and tagging year
Capture and tagging season
Method of attaching tracking device
Type of tracking device

outside breeding season / during breeding season /
during moulting
harness backpack / neck collar / abdominal implant /
subcutaneous implant / other
radio-transmitter / PTT / GPS-transmitter / geolocator

Weight of tracking device
Weight of birds in study
Number of birds tagged
Number of birds used in analysis
 Ȁ ơ ǫ

yes / no

ơ ǫ

yes / no

 ơ ǫ

negative / positive

ơ 

ȀȀơ 

ơ 

ȀȀơ 

ơ  

ȀȀơ 

 ơ 

ȀȀơ 
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 Ƥ 
name
 




1/3

1

1
2
4

1
2

1/4

2


  




1

1

 

5

Bar-headed
Goose
Pink-footed
Goose
Lesser Whitefronted Goose
Greater whitefronted Goose

3/4

1

5

2

1/1

1/1

1/1


 

1

1

6

4/5

1

4

1/4

Birds with backpacks departed and arrived later (Ackerman
et al. 2006); Fox et al. 2003; Gladher et al. 1997; van Wijk et
al. 2012

Aarval and Oien 2003; Lorentsen et al. 1998

Glahder et al. 2006

Malecki et al. 2001; Hupp et al. 2003; 2006; 2010; Greater
canada geese with neck collars nested less often and later
(Dieter & Anderson 2009);
Reduced survival, breeding propensity and lower clutch size
(Schmutz & Morse 2000)
High mortality for backpacks (Blouin et al. 1999), neck collars
ơ  ȋDemers et
al. 2003); Bechet et al. 2003; Bêty et al. 2003; 2004
Hawkes et al. 2012; Bishop et al. 2015

Klaassen et al. 2004; Beekman et al. 2002; Nowak et al. 1990;
Nuijten et al. 2014
   ƪ   ȋWard & Flint 1995) and
reproduction (Green et al. 2002; Green et al. 2002; Clausen et
al. 2003); Gudmundur et al. 1995; Hassal et al. 2001
Kölzsch et al. 2015; Eichhorn et al. 2006

Neck Subcut- Other Total  Ƥ ơ 
Backpack Implant collar
aneous
studies
2
2
Gaidet et al. 2008; Petrie & Rogers 1997

Greater Snow
Goose

Emperor Goose   

Canada Goose

Barnacle Goose  

Brent Goose

Tundra Swan

White-faced
whistling duck

Species

Table S5.3ǣơ Ƥơ  ȋȌǤ
ǲǳ ơ  ǣȋ͜Ȃ͟͟τƤơ Ȍǡȋ͟͠Ȃ͢͢τ
Ƥơ Ȍȋͣ͢Ȃ͜͜͝τƤơ ȌǤ 
 ȋȌơ Ǥ͟ǣơ Ƥơ 
 ȋȌǤǲǳ ơ  ǣȋ͜Ȃ͟͟τ
Ƥơ Ȍǡȋ͟͠Ȃ͢͢τƤơ Ȍ ȋͣ͢Ȃ͜͜͝τƤơ ȌǤ
  ȋȌơ Ǥ

ơ 
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Harlequin
Duck

Redhead

Canvasback




 

Egyptian goose  
 
Wood Duck


Barrow’s
Goldeneye

Black Scoter

 


 
 
 

Stellers eider

1/1

1

2/2

1

1/4

1/1

1/1

1

1/1

1

2

2

1

6

3

1

1/1

3

3/4

3

2

2

2/3

1

1/1

1/2

 Ƥ   
less likely to survive after surgery (Sexson et al. 2014)
Bentzen & Powell 2015; Oppel et al 2008


Ƥ 

 
Common eider 


Spectacled
eider
King Eider

Long-tailed
Duck

Hepp et al. 2002; Possibly reduced breeding propensity by
bibs (Ryan et al. 1998)
weight loss and feather wear (Perry et al. 1981); Olsen et al.
1992
 ơ       ȋ
1989)

       ǡ  ơ  
reproduction (Robert et al. 2006; 2010) females with implants
left nests after surgery (Savard & Robert 2013)
ơ  ȋRobert et al. 2008);
Brodeur et al. 2002; 2008; Esler et al. 2000; birds entangled
in subcutaneous attachment (Bond & Esler 2008); Bond et
al. 2009
Cumming & Ndlovu 2011

Impaired diving behaviour (Latty et al. 2010), reduced 1st
year survival (Fast et al. 2011) and evidence for long-term (at
least 3.5 month) change in health and physiology (Latty et al.
2016); Petersen & Flint 2002
  ơ    ȋMartin et al. 2015;
Rosenberg et al. 2014); Petersen et al. 2006
ơ  ȋLoring et al. 2014)

Neck Subcut- Other Total  Ƥ ơ 
Backpack Implant collar
aneous
studies
1/1
1/1
1/1
1
High mortality after surgery of implants (Mallory et al. 2006)
and increased preening and infections by subcutaneous
attachment and suture attachment (Enstipp et al. 2015)

Species

 Ƥ 
name



Table S5.3: Continued
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Common Teal

  

American

black duck
Red-billed Teal 
 
Northern
 
Pintail
1

1

6

2/4

1

1

1

14

2

2

1

1

1

5

1

1/2

1

2

6 / 10


 

1/1

Mallard

2/2

1

2/2

1

 ơ       
migration (Hupp et al. 2011; 2015); Fleskes 2003; Miller et al.
2005
Guillemain et al. 2002

 ơ     ȋLosito et al. 1995; Pietz
et al. 1993; Paquette et al. 1997), decreased body condition
(Dugger et al. 1994; Kessler et al. 2014) and survival (Dzus &
Clark 1996); Davis et al. 2011; Hagy et al. 2014; Kesler et al.
2014; Van Toor et al. 2013; DeVries et al. 2003; Gue et al. 2013;
Pietz et al. 1995; Guillemain et al. 2002
Worn feathers and calluses on back in tagged birds (Longcore
et al. 2000); Parker 1998
Cumming & Ndlovu 2011

   ơ     ǡ  
Ƥ
(Garrettson & Rohwer 1998, Garrettson et al. 2000); birds
became entangled in transmitter (Gue et al. 2013)
Guillemain et al. 2002

Guillemain et al. 2002

Neck Subcut- Other Total  Ƥ ơ 
Backpack Implant collar
aneous
studies
1
1
Brook & Clark 2002



 

 

 Ƥ 
name
ƥ

Gadwall

Northern
Shoveler
Blue-winged
Teal

Lesser Scaup

Species

Table S5.3: Continued
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Migration schedules and stopover
site use during spring migration
of Russian barnacle geese
Thomas K. Lameris

Box B

Introduction
Electronical devices to track the migratory journeys of animals are becoming increasingly
 ǡǦơǡ  
tracked during migration is constantly increasing. While it seems that the revolutionary
    ǡ ƪ
revealed by light-weight GPS tracking devices (Egevang et al. 2010; Thorup et al. 2017), the
increasing accuracy and additional measurements of modern GPS-loggers may be even
more important for increasing our knowledge on migratory birds.
The migration route of barnacle geese to the Russian Arctic has been well-documented
already over a decade ago (Eichhorn 2005; Eichhorn et al. 2006) using a combination of
data from geolocators and implanted satellite transmitters and observational data. These
data allowed closer examination in changes in the use of temperate stopover sites in the
Baltic (Eichhorn et al. 2009), but due to constant sunlight in the Arctic summer, data from
geolocators did not provide information on Arctic stopover sites. Another study tracked
barnacle geese from their wintering grounds in the Netherlands in 2008 and 2009 (Ens et
Ǥͤ͜͜͞ȌǡƤ   
up to their Arctic breeding grounds, including several individuals which were tracked for
multiple years in a row. These data was used by multiple studies concerning the stopover
routines of barnacle geese in relation to the green wave (Shariatinajafabadi et al. 2014;
Ú Ǥ͜͞͝͡ȌǤ Ƥǡ
   Ƥ  
used for less than 8 hours.
In the summer of 2014 we deployed UvA-BiTS GPS-loggers (Bouten et al. 2013) on
barnacle geese in a breeding colony in the Russian Arctic. These loggers provided accurate
ǦǡƤȋ͡Ȃ͢͜ȌǤ
In addition, an integrated accelerometer can be used to identify movement and behaviour
of the bird during migration. Here I use GPS and acceleration data to study the migration
schedules and stopover site use during the spring migration of barnacle geese. I combine
this with data on energy intake on staging sites to shed new light on changes in stopover
site use in the past decades.

Methods
In June and July 2014 we deployed GPS-loggers on female barnacle geese in the breeding
colony located at the edge of the Kolokolkova Bay, North-Western Russia (68°35’N,
52°20’E). We captured female geese on their nests during the incubation phase. We placed
remote-controlled clap nets at their nests, while replacing their eggs with dummy eggs to
prevent damage on the eggs, which we kept warm by placing them in a down-lined shelter
together with hot water bottles. We then waited until the female returned to the nest, after
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which we triggered the clapnet using a remote control. In cases when the female did not
return within 60 minutes from placing the trap, we removed the trap from the nest and
replaced the eggs. In this way we were able to catch 63 females. We banded every goose
with a metal ring and plastic leg rings with engraved markings, and measured biometry
(tarsus length, size of the head and length of the wing) and body mass. We equipped 41
geese with 19 grams UvA-BiTS GPS-loggers (Bouten et al. 2013) which we attached using
    ƪǡȋ͢͝ȌȋǤ
2017a). Average body mass of geese was 1495 ± 121 grams, and the mass of the logger and
harness relative to the body mass of the bird was on average 2% (3% for the lightest bird).
GPS-loggers were programmed to collect GPS positions at an interval of 30 to 15 min in the
wintering region, 15 to 7.5 minutes during migration and 5 to 2.5 minutes in the breeding
Ǥ    ǦƤǡ ͜͝   Ǧ      
20 Hz. In the summer of 2015 at the Kolokolkova Bay we could remotely download data
from GPS-loggers of birds which returned to the breeding grounds, using Zigbee wireless
antennas and base station (Bouten et al. 2013). This resulted in 23 complete migration
tracks.
From GPS-locations we determined the time which individual birds spent on stopover
sites. We considered a bird to be on a stopover when it resided in an area with a maximum
size of 10 by 10 km (as birds can travel from roosting to foraging sites within a stopover)
for at least 6 h. Birds often made shorter stops on the water, mostly on the Baltic Sea,
  ȋǡȌǤ Ƥ
  ȋώ͜͝Ǐ
longitude), in the Baltic Sea region (between 10° E and 30° E longitude), in the Barents
Sea region (> 30 ° E longitude), around the Kolokolkova Bay (within 35 km great circle
distance from the breeding colony), or in the breeding colony.
  ƤǦ   
the spring of 2015. This allowed us to distinguish grazing, active (walking and preening),
 ȋȌƪǤ   
    ǦƤ ȋ     ͢  ͣȌǡ 
     ǦƤ           
performing this behaviour. We constructed time budgets for staging sites in the North Sea
(starting from April 15th), Baltic Sea, Barents Sea, Kolokolkova Bay, the breeding colony,
and in the breeding colony after birds had started laying their eggs. We determined the
Ƥǡ ͣǤ
To collect data on energy intake at staging sites we conducted measurements on
foraging plants, goose droppings and dropping rates of barnacle geese. We conducted
measurements on two representative temperate staging sites for migratory geese, on salt
ȋϋ͟Ȍ Ƥȋϋ͟Ȍ ǡ
Netherlands (Eichhorn et al. 2012) and the natural grasslands (n = 3) at Grötlingbo-ud
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on the island Gotland, Sweden (van der Graaf et al. 2007). We conducted measurements
every 1 – 2 weeks in 2016, between early March – mid-May at Schiermonnikoog and
between mid-April – late May at Gotland. From sampled forage plant and dropping
material we analysed nitrogen content, energy content, digestibility, dropping mass and
eventually metabolisable energy intake. Full methods in sampling methods and analyses
are described in the supplementary materials of Chapter 6.

Results and discussion
Migration route and stopover sites
   ȋ  Ǥ͝Ȍ        ơ  
described in earlier publications (Eichhorn et al. 2006; Ens et al. 2008). After departing
from staging sites in the Dutch and German Wadden Sea, geese stages at stopover sites
in Gotland, Sweden and at various locations along the Estonian coast. After departure
from the Baltic Sea, some geese made a stopover on islands in lake Ladoga or in the
surroundings of this lake. Few geese made a stopover at the White Sea, a staging site
previously reported as important for barnacle geese (Drent et al. 2007; Shariatinajafabadi
Ǥ ͜͞͝͠Ȍ  Ƥ   ǡ 
of them on the Kanin peninsula. In addition, many geese stopped close to the breeding
colony, on staging sites along the Kolokolkova Bay, before arriving in the breeding colony.

Migration schedules and stopover site use
Average departure from the staging sites along the Wadden Sea was at 15th of May
(Figure B.2). Barnacle geese have delayed their departure since the 1990s, likely following
increased competition for food on staging sites along the Baltic Sea (Eichhorn et al. 2009).
 Ƥ   ͞ Ȃ ͟    ǡ
average departure from the Baltic Sea took place at 20th May. Unlike presented in previous
tracking studies (de Boer et al. 2014), not all geese staged for longer times on stopover sites
ǡ ƪ 
breeding grounds in the Kolokolkova Bay (Figure B.3). Many geese spent a long period on
staging sites around the Kolokolkova Bay, which is likely an alternative to staging along
stopovers along the Barents Sea coast. Extensive use of these ‘pre-breeding sites’ has not
become apparent from earlier tracking studies on barnacle geese (de Boer et al. 2014). If
food quality is high enough (Ganter & Cooke 1996) geese can indeed stage at pre-breeding
sites, from which they may be better able to accurately predict conditions in the breeding
colony (Hübner 2006). This may especially be the case in years with an early Arctic spring,
such as was the case in 2015 (Chapter 7).
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Barents
Sea

Kolokolkova
Bay

ĂůƟĐ
Sea

North
Sea

Individually tracked bird

Figure B.1: Tracks (blue lines) of spring migration for 23 barnacle geese breeding in the
Kolokolkova Bay. Dots show important stopover sites, with their size dependent on the time
which geese spend at these sites.
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Figure B.2: Timing and stopover site use in the spring migration tracks of 23 individually
tracked barnacle geese. Colours show the time spent in staging sites in the North Sea region
(blue), Baltic Sea region (yellow), Barents Sea region (orange), staging sites around the
Kolokolkova Bay (light-red), in the breeding colony (dark-red), and incubation (green). Black
ƪǡ Ǥ
White bars show missing data. Individual tracks are ordered by date of departure from the
North Sea.
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Figure B.3: Timing and migration distance in the spring migration of 18 barnacle geese which
 Ǥơǡ
the track in time and distance from the breeding colony.
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Figure B.4: Time budgets of geese at stopover sites showing the fraction of time spent grazing
ȋȌǡ ȋȌǡ ȋȌƪȋȌǤ  
of daylight as measured on the median day of presence for every staging site.
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Figure B.5: Nitrogen concentration (%) and combustion energy (kJ) in forage plants of barnacle
geese, digestibility, dropping mass (g) and metabolisable energy intake rate (kJ / minute) over
ǡȋȌ Ƥȋ Ȍ
Sea region, and in natural grasslands (dark grey) in a staging site in the Baltic Sea region.

Time budgets on stopovers and food intake
Geese spent more time grazing on sites where more daylight hours were available. On
stopover sites in around the Baltic and Barents Sea, geese spent relatively little time
grazing relative to the number of daylight hours available, which is especially apparent
in the Baltic Sea (Figure B.4). This may be explained as many geese spent long periods
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ƪǤǡ
     ƪ   ǡ
    Ǥ Ƥ  
and metabolisable intake rates of geese are relatively low at a staging site in the Baltic
Sea (Figure B.5), and geese may rather opt to stage longer in staging sites in the Wadden
Sea, where food quality is higher. On the other hand, as we cannot distinguish resting
behaviour from alert behaviour (both are placed in ‘ inactive’ category), geese may spend
more time being alert at staging sites in the Baltic, in response to increased predation
danger from white-tailed eagles   at this site as suggested by Jonker et
al. (2010). Geese spent the most time grazing at staging sites around the Kolokolkova Bay,
where they prepared for reproduction, again pointing to the importance of these prebreeding sites.
While the migration route of barnacle geese has not changed, barnacle geese seem
ƪǡ
ƪ  Ǥ
be in reaction to changed food quality on sites as well as to local climatic conditions.
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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.

Chapter 6

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
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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

133

Chapter 6

 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

139

Chapter 6

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
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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
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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:








 =  * ƪ

(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:








Ϗ−Ϗ*Ϗ ȏ͝ǦȐ *

(S6.8)

where is the apparent metabolisability, which equals:








Ϗ1−


ADF
 
ADF ȝ  

(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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Habitat switch in a migrating herbivore:
individual variation in switching behaviour
of pre-migratory Barnacle Geese
Morrison Pot, Susan de Koning, Coen Westerduin, Willem F. de Boer,
Mitra Shariati Najafabadi, Thomas K. Lameris

ABSTRACT
Arctic breeding birds, wintering in temperate regions, require large energy deposits in
ƪǡ ǡ 
swans, also bring energy deposits to the breeding grounds for reproduction. To attain
ƥ ǡ
food. During the period of extreme energy demand, it is common behaviour for
  Ƥ
habitat or diet. Herbivores are not limited by absolute food abundances, but rather
by food quality (digestibility). Pre-migratory barnacle geese along the Dutch Wadden
   
    Ǥ  Ǧ        
during spring, we show large individual variation in switching behaviour. To study
which factors drive the seasonal habitat switch of geese, we combine data on GPSǡ Ǧ   ǡ       ơ 
 ǡǤ  
salt marsh habitat grazed for longer time periods and experienced less disturbance
 Ǧ Ǥ  
continued grazing in agricultural pasturelands gained higher fat deposition and a
Ǥ
ơ   Ǧ  ǡ 
Ǧ  ƪ Ǥ
 Ǧơ  
 ǡ
level.

Box C

Introduction
Many birds, especially those breeding in the arctic, undertake long-distance migrations
between their wintering areas and breeding grounds. During migration most bird
  ƪǤ
  ƪǡ
or at stopover sites (Lindström 1991; Bairlein 2001). Larger birds, such as geese and swans,
also bring body stores to the breeding grounds for reproduction (capital breeding), because
time constraints forces them to arrive in front of the peak in food availability (Meijer &
Drent 1999; van der Graaf et al. 2006; Drent et al. 2007; Kölzsch et al. 2015). Pre-migratory
fattening can cause dramatic changes in body mass. During this period, individuals can
almost double their body mass in a couple weeks time in some wader species (Lindström
& Piersma 1993). This is less dramatic for larger geese, as they experience slower fuelling
rates (Klaassen 2003). Maximum fat deposition rates recorded are 10-15% of lean body
mass per day (Bairlein 1990, 2001; Lindström 1991). Obviously, carrying this extra weight
has costs, and fat deposition should occur fast and shortly before migration (Lindström
ͥͥ͝͝ȌǤƥ 
rates of high quality food in preparation for their migration (Ebbinge et al. 1975; Drent &
Prins 1987; Prop & Vulink 1992; Bairlein 2001).
Switching habitat and/or diet is common behaviour, especially in birds preparing for
migration. To accumulate energy stores, pre-migratory birds follow changes in nutritive
food value to be able to utilize high food abundances or high food quality. Habitat switches
are common in waterfowl in which switching behaviour is often driven by food depletion
ȋ Ƭ͜͜͞͝ǢǤ͜͜͞͞Ȍǡ Ƥ
winter to arthropods during the breeding season in the arctic (Dekinga et al. 2001), while
songbirds switch from insects to ample available fruits in autumn (Bairlein 2001). Most
herbivores are however not limited by absolute food abundances, but rather by food quality,
which is determined by protein content and digestibility of food plants. An example from
mammalian herbivores is the blue wildebeest  , which migrate away
from grasslands with high resource availability to areas with more readily digestible food
plants (Fryxell & Sinclair 1988). Especially avian herbivores with their limited guts rely on
relatively high quality food. Winter staging Barnacle Geese   switch from
agricultural pastures to more natural habitats prior to migration to the Arctic (Prins &
Ydenberg 1985; Prop & Black 1998). According to Prins & Ydenberg (1985) protein levels
drop over the season, and switching occurs when protein levels in both habitats become
equal. This would suggest that geese prefer the salt marsh, probably because lower levels
of disturbance allow the geese to graze at a lower rate whereby digestion of carbohydrates
is improved. A similar pattern is observed in pink-footed geese    
 Ƥȋ
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1985), and Bewick’s swans    switching from feeding on pondweeds to
Ƥ(Nolet et al. 2002).
Many geese populations have increased over the last 50 years, probably as a result of
reduced human persecution, milder winters (Ebbinge 1991) and enhanced food supply
      Ƥ  ȋ   Ǥ ͜͜͞͝ȌǤ   
herbivorous waterfowl have increasingly switched in land use during winter staging from
natural habitats to nutrient rich agricultural habitats (van Eerden et al. 2005). Geese have
become more dependent on agricultural crops as a food source during winter staging
(Abraham et al. 2005; Fox et al. 2005; Eichhorn et al. 2012), to which they cause economic
damage (Eichhorn et al. 2012; Nolet et al. 2016). Agricultural crops, especially grains and
maize, are easy digestible and provide geese with high energy intake. It has been suggested
  ƥ ǡ
natural habitats, such as salt marshes, would provide geese with the necessary nutrients
(Prop & Black 1998; Prop & Spaans 2004; Eichhorn et al. 2012). However, Eichhorn et al.
ȋ͜͞͝͞Ȍơ    
geese using either pastures or salt marshes, suggesting no impaired protein deposition
in geese primarily using anthropocentric food sources. It is paradoxical that geese
increasingly use anthropological food sources, where they are likely to experience more
disturbance (Nolet et al. 2016).
With this study we aim to assess which factors drive the seasonal habitat switch
of individual barnacle geese during spring staging. We hypothesize that geese behave
optimally, resulting in a choice of habitat where they can maximize energy gain and
minimize energy loss. We expect that energy gain is primarily determined by the
availability of high amounts of high quality food, while we expect energy loss to be
ƪȋǤ͜͢͞͝ȌǤ

Methods
GPS data
In the summer of 2014 in the breeding colony of the Pechora Delta, Russia (68°40’N,
52°17’E), 40 female Barnacle Geese were captured on their nests using a spring-trap.
Ǧ Ǧȋͥ͝ǢǤ͜͟͞͝Ȍ ƪ
backpack harnesses (Lameris et al. 2017a). Full methods on the attachment of tracking
devices can be found in Chapter 4. Data of 23 GPS-loggers was remotely downloaded in
the summer of 2015. The GPS-loggers stored 48 GPS-locations per day and recorded 10
Ǧ ȋ͜Ǥ͡ Ȍ͜͞  ǦƤǤǦ
accelerometers can measure posture, speed and body movements (Wilson et al. 2008;
Halsey & White 2010) from which behavioural classes can be derived (Shamoun-Baranes
et al. 2012).
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Behaviour and time budgets
To classify behaviour of individual geese we calibrated a machine learning model which
        Ƥ   ͤ   
geese. With this data we annotated the behavioural classes inactive, active and grazing.
Inactive behaviour (n= 796) was annotated when a goose was sitting or standing still for
a period longer than 1 sec. Active behaviour (n= 57) was annotated when a goose was
walking faster than 5 km/h for longer than 1 sec with its head up. Grazing behaviour
ȋϋ͠͠Ȍ ǡơ
grass tillers, for a period longer than 1 sec. Flying behaviour (n= 48) was annotated using
        ƪ  Ǧ   
annotated when a goose was moving faster than 20 km/h and clear slopes of y acceleration
Ǥǡƪǡ
behaviour. Remaining behaviours or transitions from one behaviour to another were not
annotated. The dataset of annotated behaviours was randomly split for training (0.4) and
ȋ͜Ǥ͢Ȍ Ǥ ƤͥͤǤ͡τ
Ƥ  ǤƤ  
 ǦƤ
barnacle goose. Time budgets were measured as the time between two data points, from
 Ƥ 
behaviour between the two points.

Habitat use and moment of switch
Habitat use in the Wadden Sea coast was measured as min/day in which a goose was
grazing on either agricultural grasslands or natural habitats (salt marsh and fresh water
marshes; Figure C.1). To determine the habitat use, we used the CORINE database to
classify land use (Büttner et al. 2004; Büttner & Kosztra 2007). We determined land use
for every GPS location where a goose was grazing, and distinguished between the land
   ǡ      Ǥ   Ƥ
where a bird was indicated as grazing, we encountered other classes of land use. With
Google Earth (Google 2017), we determined whether this was due to an erroneous land
 Ƥ ȋ͡ǤͣτȌǡ   ǡ
  Ƥ    ȋ͜ǤͤτȌǤ        
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. The geese were
expected to make a habitat switch from pastureland to salt marsh in the course of spring.
We determined this moment of switch for each individual as the date from which it spent
ϑ70% of its foraging time on salt marsh habitat. Thirteen individuals showed a clear habitat
switch (switching individuals), while 10 did not (not switching individuals; Figure C.2).
In our analyses we therefore divided the geese in three groups: geese that do not switch
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(group 1), geese that switch but graze in the period of the analysis on agricultural lands
(group 2) and geese that switch but graze in the period of the analysis on salt marshes
(group 3). The individual moment of switch ranged from julian date 53-126 (Figure C.2).
We included time in our analysis by dividing the data in three periods: julian date 16-82
(period 1), julian date 83-106 (period 2) and julian date 107-130 (period 3).

50 km

Figure C.1: Map showing locations of barnacle geese from winter (January) until departure for
migration (mid-May). Orange areas indicate locations in agricultural pastures and blue areas
indicate natural (salt marsh) habitats.

Food availability
ǡơ 
Index (NDVI), was used as a measure of food availability and plant nitrogen content
(Walker et al. 1995; Ryan et al. 2012; Doiron et al. 2013). We measured the NDVI in the
grazing areas using 16-day composite MODIS NDVI data (MOD13A2, glovis.usgs.gov) of
the period between 2008 and 2010 which was collected by NASA’s MODIS Terra satellite.
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The data has a spatial resolution of 1 km and has been interpolated to obtain data with a
temporal resolution of 1 day by a simple linear regression. We used these maps with the
NDVI values per day to extract the values of the locations visited by geese while grazing in
ArcMap (Version 10.1, 2012).
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Figure C.2: Daily grazing locations of individual Barnacle Geese between 1 January until
departure (mid-May). Orange bars indicate grazing on agricultural pastures, dark blue bars
indicate grazing on salt marshes, and the intermediate colours indicate days when geese
grazed both habitats.

Protein, fat and net energy intake
Data on intake rates was collected between March-May 2016 on the Dutch wadden island
Schiermonnikoog (53°30’N, 6°10’E, see Prins & Ydenberg (1985) for detailed description
of the study site). The island is a main wintering site for barnacle geese from the Russian
breeding population. There are two habitats of interest to barnacle geese, agricultural
dairy pastures in the western part of the island and natural salt marshes in the east.
Sampling was done at 3 locations on agricultural pastureland where geese mainly forage
on   and 3 locations on the salt marsh with    as main food
plant.
Intake rates of fat (g), protein (g) and total energy intake (kJ) per day were calculated
according to the methods used by Prop & Black (1998), for the period after the moment
of switch. Dropping intervals, as a measure of defecation frequency, were obtained by
observing an individual goose with a 30-60x telescope (Ebbinge et al. 1975, Prop & Black
1998). We only observed individuals that were grazing on an area for at least two hours, to
be certain that vegetation of the current habitat was being passed through the digestive
tract. Interval time (min) was measured using a stopwatch and dropping interval was
analysed following (Dokter et al. 2017). After each observation, 10 fresh droppings were
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collected and weighed and chemical analyses were done on their contents. In both
habitats, 3 exclosures (0.5 m x 0.5 m x 0.5 m) were placed in representative subsections
to prevent grazing by geese. Freshly grown vegetation from within the exclosures was
collected every two weeks (using tweezers to imitate grazing), after which the exclosure
was moved by 5 m in the same subsection. We calculated digestibility by measuring acid
Ƥȋ ȌǤ  
(g/min-1) by dividing the dropping rate by a measure of digestibility. Protein content of
vegetation and droppings was derived from nitrogen content. Formulas used to calculate
ǡ      ǡ  ǡ  ƥ   
nitrogen, ingestion rate of nitrogen, retention rate of nitrogen, excretion rate of nitrogen,
accumulation of nitrogen, accumulation of protein stores and accumulation of fat stores
were calculated according to Prop & Black (1998).
      ƪ       ȋȌǤ
According to (van der Graaf et al. 2001) BMR of barnacle geese is 991 kJ/h. Flight costs
͝͠ȋǤͥͥ͢͝ȌǤƪ 
ƪ  ƪ Ǥ

Disturbance
 ƪȋǤ͜͢͞͝Ȍ 
ƪ      Ǥ            
  ƪ    Ǥ ơ
         ƪ    
Ȁ    ǦƤȋ  
with the great circle distance formula) by the duration of the interval between the two
ƤǤ           ͜Ǥ͝ Ȁ   
ơǡ ͜Ǥ͝
m/s or higher the same trends kept emerging, from which we assume that this threshold
 ƪǤ  
͢Ȁƪǡ 
 Ǥ ƪǡ
ƪ Ǥ

Statistical analyses
  ȋȌ       ơ     ǡ
number of movements and NDVI values between switch groups with period included as
 Ǥ ȋ ȌǡƤ 
julian date as covariate, were used to assess the relation between nitrogen content of food
plants and metabolizable energy with julian date for agricultural pasturelands and salt
marshes. Intake rates were analysed using LM of daily fat deposition, protein deposition
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and energy intake as a function of switch group with julian date as covariate. Additionally,
 ȋȌơ  Ǥ
All statistical analyses were performed using R statistics (R Core Team 2017).

Results
Grazing time
Barnacle geese that did make a habitat switch increased their grazing time after they
switched to the salt marsh, independently from the period in which the geese switched.
Over the whole period, individuals grazing on the salt marsh spend more time grazing
than the other two groups (F5,1319=136, p<0,001). All geese increased their grazing time with
julian date (F5,1319=136, p<0,001, Figure C.3a).

Movements
Individuals that did not make a habitat switch, and thus stayed on the agricultural
pasturelands, had higher daily movements than individuals that make a habitat switch to
the salt marshes (F5,1318=86,92, p<0,001). Individuals that did make a habitat switch made
less movements on both the agricultural pasturelands and the salt marshes. All the groups
ơȋ 5,1318=86,92, p<0,001, Figure C.3b).

NDVI
Switching individuals forage on agricultural pastures with the highest NDVI values before
switching to the salt marshes (F5,1319= 117,6, p<0,001). Agricultural pasturelands visited by
 ǡ Ƥ
data on nitrogen content and digestibility (F5,1319=117,6, p<0,001). In period 3, the NDVI
  Ƥ 
lower than in the other periods (F5,1319=117,6, p<0,001, Figure C.3c).

Food availability
The nitrogen content in food plants of barnacle geese decreased with Julian date for
both agricultural pasturelands (GLM, n= 19, t= -4.048, p<0.05) and salt marshes (GLM,
n= 18, t= -3.625, p<0.05), but was in general higher for agricultural pasturelands (GLM,
habitat: F1,35=35,049, p<0.001, Julian date: f1,35= 29.995, p<0.05). Digestibility of food
plants did not change with julian date on agricultural pasturelands (GLM, n= 9, t= -0.118,
p>0.05) and salt marshes (GLM, n= 7, t= 0.183, p>0.05). Digestibility of food plants from
agricultural pasturelands was higher compared to food plants from the salt marshes
(GLM, habitat: F1,13=5.804, p>0.05, Julian date: F1,13=0.015, p>0.05). The potential intake
ơ 
marshes, the metabolizable intake rate was higher on agricultural land (GLM, location
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F1,34= 10.139, p<0.05; Julian date F1,34= 5.715, p<0.05). Moreover, the intake rates on the
agricultural lands increased over time (GLM, n= 7, t= 2.890, p<0.05), whereas we found
no such trend in the intake rates on the salt marshes (GLM, n= 6, t= 1.282, p>0.05).
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Figure C.3: Boxplots showing the distribution of daily grazing time in min (a), number of
movements (b) and NDVI values (c) of Barnacle Geese divided in groups and periods. Groups
are indicated as 1= not switching individuals (orange), 2= switching individuals still using
agricultural pasturelands (red) and 3= switching individuals grazing on salt marshes (dark
blue). Periods 1-3 refer to julian date 61-82, 83-106 and 107-130 respectively.
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Figure C.4: Plant nitrogen content (%) for Lolium perenne (agricultural pasturelands)
Festuca rubra (salt masrhes) (a) and metabolizable energy intake (min) (b) with julian date on
agricultural pastures (orange) and natural (salt marsh) habitat (dark blue).

Intake rates and energetic costs
  ơ Ƥ      ȋǡ ϋ ͞ǡ ϋ ͜͞͠Ǥ͢ǡ
p<0.001). A post-hoc Tukey test showed that individuals in switch group 1 and 2 were
Ƥ ơǡ    ͟ Ƥ  
fat deposition compared to those in switch group 1 and 2 (p<0.001, Figure 5a). Protein
Ƥ ơ ȋǡϋ͞ǡ ϋ͜͠Ǥ͟͟ǡ
p<0.001). A post hoc Tukey test showed that individuals in switch group 1 and 2 were not
Ƥ ơǡ     ͟ Ƥ  
deposition than individuals in switch group 1 and 2 (p<0.001, Figure 5b). Flight costs were
Ƥ ơ ȋǡϋ͞ǡ ϋ͟Ǥͥ͡͝ǡώ͜Ǥ͜͡ȌǤ ǡ
 Ƥ ơ ȋϏ͜Ǥ͜͡ǡ 
͡ ȌǤơƤ  ȋǡϋ͞ǡ ϋ
71.75, p<0.001). A post hoc Tukey test showed that individuals in switch group 2 had
Ƥ   ͟͝ȋώ͜Ǥ͜͜͝Ȍǡ
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switch group 1 (p<0.001, Figure 5d).
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Figure C.5: Boxplots showing the distribution of daily fat deposition in g (a), protein deposition
in g (b) and energy intake in MJ (c) of Barnacle Geese that do not make a habitat switch (group
1, orange), perform an early habitat switch (group 2, red) or perform a late habitat switch
(group 3, dark blue).

Discussion
Our results provide evidence that pre-migratory Barnacle Geese staging at the Wadden
Sea coast decide on an individual level whether to make a habitat switch, and if so, at
what moment during spring this habitat switch is being made (ranging between FebMay). Although geese experience higher potential energy intake in agricultural habitats,
Ǧơ   
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ƪ Ǥ   
compensate for the lower food quality, but can reach equal net energy intake compared
to geese that do not switch.
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Arctic geese tune migration to
 ơ
a phenological mismatch
Thomas K. Lameris, Henk P. van der Jeugd, Götz Eichhorn, Adriaan M. Dokter, Willem
Bouten, Michiel P. Boom, Konstantin E. Litvin, Bruno J. Ens, Bart A. Nolet

ABSTRACT
Climate warming challenges migratory organisms to advance timing of migration
and reproduction. Advancement of spring migrating might be achieved by reducing
stopover time, but only in capital-breeding migrants, which use stopovers not only to
fuel migration but also to acquire endogenous body stores needed for reproduction.
By connecting long-term tracking and reproduction data, we show that a longdistance migratory bird (barnacle goose Branta leucopsis) accelerates its 3000 km
spring migration to advance arrival on its rapidly warming Arctic breeding grounds.
However, as egg laying has advanced much less than arrival, they still encounter a
phenological mismatch that reduces offspring survival. A shift towards using more
local resources for reproduction suggests that geese first need to refuel body stores at
the breeding grounds after accelerated migration. While flexibility in the use of body
stores allows migrants to accelerate migration, this cannot solve the time constraint
they are facing under climate warming.

Submitted manuscript
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Introduction
Under contemporary climate warming many animals have advanced their timing of
reproduction (Parmesan & Yohe 2003), but typically advance at a slower rate than their
food species (Høye et al. 2007; Thackeray et al. 2010). This can give rise to a mismatch
         ơ   
availability (Visser & Both 2005; Doiron et al. 2015; Lameris et al. 2017b), with potentially
far-reaching consequences up to population levels (Clausen & Clausen 2013). For longdistance migrants, adjustment of migration and reproduction phenology to climate
warming may be hampered by their inability to predict conditions at breeding grounds
at the moment of departure from the wintering grounds (Kölzsch et al. 2015). Some
migratory birds, however, have shown the ability to advance arrival time by accelerating
migration speed when encountering advanced phenological conditions  (Ahola
Ǥ͜͜͞͠ǢǤ͜͜͞͡ȌǤ ƥ  
by acceleration of migration speed, resulting from reduced time on stopover sites, is
unfeasible for long-distance migrants (Schmaljohann & Both 2017). Strong reductions in
stopover time are indeed unlikely, given that this study considers stopover time only to be
ƪǤ ǡ
long-distance migrants breeding in the polar regions also use stop-overs to acquire body
stores, which they use on the breeding grounds to fuel reproduction (Klaassen et al. 2006;
Drent et al. 2007; Kölzsch et al. 2016a). As these energy stores are not essential to complete
their migratory journey, we hypothesize that these capital-breeding migrants have leeway
to reduce stopover time and to advance arrival under climate warming by accelerating
migration speed.
    ǡ   ǡ      Ƥ
    ƪǡ    ơ     
migration and breeding phenology of barnacle geese,   . Barnacle geese
are herbivorous long-distance migrants that travel every spring from their temperate
wintering and staging grounds along the North Sea coast via stop-over sites along the
Baltic and Barents Sea to their breeding grounds in the Russian Arctic (Figure 7.1a). In
the past decades, higher spring temperatures have caused an increasingly early onset of
snowmelt in their Arctic breeding grounds (Figure S7.1; Derksen and Brown 2012; Stocker
et al. 2013Ȍ. The onset of snowmelt frees nesting sites of snow and triggers plant growth,
which peaks in quality approximately one month after snowmelt (Figure S7.2; Doiron et
al. 2015). To match the moment of gosling hatch with the peak in food quality, barnacle
geese should thus aim to lay their eggs right after snowmelt (Drent et al. 2007).
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Results
During six years between 2004 and 2015, we used tracking devices to study timing of spring
migration in female barnacle geese nesting in colonies at the mouth of Kolokolkova Bay
and on Kolguev Island (Figure 7.1a). We found that barnacle geese did not adjust their
departure date from the temperate stop-over sites in the North Sea and Baltic Sea to match
earlier snowmelt at the breeding grounds (Figure 7.1b; North Sea (blue line): t64 = -1.395, p
= 0.31; Baltic Sea (yellow line): t67 = -0.479, p = 0.63), and in some years geese departed from
the Baltic Sea only after snow had already melted in the Arctic. Nevertheless, geese arrived
up to 13 days earlier at the breeding site in years with earlier snow melt (Figure 7.1b, red
ǣ ƥ Ʌϋ͜Ǥ͡͝ψ͜Ǥ͜͡ǡ53 = 10.18,
p < 0.001), although not early enough to fully compensate for the earlier date of snowmelt
ȋόǡ53 = -9.62, p < 0.001). In years with early snowmelt,
   ƪ
ȋ ͣǤ͝ ǣɅϋ͡ǤͣͣȀψ͝Ǥ͞͡ǡ53 = -4.67, p =
0.003), spending less time refuelling at Artic stop-over sites (Figure S7.3). In 2015, the year
with the earliest date of snowmelt in our dataset, some individuals performed an almost
non-stop migration from the wintering grounds to the breeding grounds (Figure S4) and
reached speeds of up to 500 km day-1, six-fold faster than expected speeds of c. 70 km day-1
(including necessary stop-overs) for a bird of this size (based on allometric relationships
 ƪ    Ǣ  ͜͜͢͞ȌǤ       
ȋ ͣǤ͝ǡ ǣɅϋ͜Ǥ͟͡
of earlier snowmelt ± 0.03, t53 = 10.33, p = 0.004), but this advancement was less than the
advancement in arrival date (F1,91 = 10.39, p = 0.005) so that geese undertook a longer ‘prebreeding’ period between arrival and egg-laying.
When snow melted early, geese started laying their eggs well after the moment of
snowmelt (Figure 7.1b), which resulted in an increased phenological mismatch between
the moment of gosling hatch and the peak in food quality. In years with early snowmelt
and a larger mismatch, goslings experienced reduced survival in the month after hatch
ȋ ͣǤ͞ǣɅȋȌϋ͜Ǥ͜͜͢͞ψ͜Ǥͥ͜͜͜ ǡ
earlier snowmelt, t93ϋǦ͞Ǥͤǡϋ͜Ǥ͜͜͢ǢɅȋ Ȍϋ͜Ǥ͜͜͟͞ψ͜Ǥ͜͜͝͞ 
survival rate, per day of increased mismatch, t93 = -2.6, p = 0.0134). Although geese laid
         ȋ  ͣǤ͞ǡ   ǣ Ʌ ϋ ͜Ǥ͜͞
± 0.002 eggs per day of earlier snowmelt, t3393 = -9.89, p < 0.001), a fecundity analysis
including clutch size and survival rate over the complete 40-day period from hatching
ƪȋ ͣǤ͡Ȍǡ   
survival rates.
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Figure 7.1: In years with early snowmelt in the Arctic breeding grounds, geese migrate
faster and arrive earlier on the breeding grounds, but do not advance laying dates as
much as arrival dates. (A) In spring, barnacle geese migrate from their wintering region
in the North Sea (blue), via staging sites along the Baltic Sea (yellow) and the Barents Sea
(diagonal grid) to their Arctic breeding grounds (red), including breeding colonies on Kolguev
Island and at Kolokolkova Bay. (B) With earlier snowmelt at the Arctic breeding grounds
(white-green transition), geese do not adjust departure date from the North Sea and Baltic
Sea. However, birds do advance arrival at the breeding grounds, and, to a lesser extent, advance
their laying dates. Circles (geese breeding at Kolguev Island) and triangles (geese breeding at
Ȍơǡ 
represent average laying dates of tracked birds, open triangles represent average laying dates
in the whole Kolokolkova Bay colony (years 2003, 2006 – 2009, 2013 – 2014). (C) Geese speed
 ƪȋ 
breeding grounds) in years with earlier snowmelt.

The question arises why barnacle geese do not advance their laying dates more in years
with early snowmelt to avoid a phenological mismatch, especially as they arrive on the
breeding grounds much earlier. While geese are generally able to breed shortly after arrival
  ƪȋǤ͜͜͢͞Ǣ
Hahn et al. 2011), they seem limited to do so in years with early snowmelt. We argue that
this is the result of their accelerated migration, which compromises accumulation of body
stores during stopovers. After accelerated migration geese have to postpone laying relative
ǦȋǤǤȌƤǡ
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Daily gosling survival rate

and thus become more reliant on a local ‘income’ of resources for reproduction (Klaassen
et al. 2006; Williams et al. 2017). Geese spent their pre-breeding time mostly grazing (47%
of the time), nearly as much as on stop-over sites (59% of the time; Figure 7.3a), as shown by
time-budgets derived from accelerometer data (Shamoun-Baranes et al. 2012). Moreover,
geese which arrived relatively early on the breeding grounds in 2015, compensated for
the lost time on stop-overs by spending a longer period pre-breeding (Figure 7.3a).
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Figure 7.2: As a result of a mismatch between gosling hatch and peak quality of food,
 ơ         ǡ    
slightly larger clutch size in these years cannot compensate. (A) When date of snowmelt
is earlier in the Kolokolkova Bay (white circles, black line), barnacle geese experience a larger
mismatch between laying date and snowmelt (green squares, green line), leading to reduced
daily survival rates of goslings. (B) In years with earlier snowmelt, average clutch size of tracked
birds (red circles) and the whole colony (white circles) is smaller. Data points include standard
deviations.

Data on stable isotope signals in hatchling down feathers (which represent the stable
isotope signal of the egg; (Hahn et al. 2011)) collected in the same year, revealed that
when spending more time pre-breeding, geese increasingly relied on local resources for
 ȋ ͣǤ͟ǣͤǤ͝ǦǡɅϋ͜Ǥͥ͜ψ͜Ǥ͜͝  
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Figure 7.3: Geese that spent little time at Arctic stop-over sites compensated for this by
increasing their pre-breeding time, which made them more reliant on local resources
for egg production. (A) Time budgets in the Arctic between departure from the Baltic Sea
and laying dates, show that in 2015 geese that spent little time at Arctic stopover sites (orange)
balanced this by spending more time pre-breeding (red). Darker shades of orange / red show
ǡ ƪǤ 
by the day of arrival at the breeding site. (B) Geese which spent longer than 8 days pre-breeding
used a larger fraction of local resources for egg production in 2015. (C) The fraction of local
  Ƥ ȋ͜͞͝͡Ȍ
than one with later snowmelt (2003).

resources per day spent pre-breeding, t = 6.66, p = 0.001). The use of local resources is
more pronounced in years with early snowmelt, as becomes clear from a comparison with
a year of late snowmelt (2003, when also stable isotope data was collected), in which geese
used much fewer local resources for egg production than in 2015 (Figure 7.3c: 2015: 35 ±
13; 2003: 23 ± 7; t = -4.518, df = 60, p < 0.001). Alternative to our proposition that geese
need the pre-breeding period to refuel before they can start laying in years with early
snowmelt, geese may use an extended pre-breeding period after early arrival to gain extra
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body stores to produce a larger clutch (Rowe et al. 1994). Since we found clutch size to
be only slightly larger in years with early snowmelt (Figure 7.2b), a longer pre-breeding
period is better explained by the need to recover body condition before laying (Figure
S7.6). When snow melts early, the time necessary for fuelling rather than arrival time
constrains Arctic-breeding barnacle geese to advance laying dates. This is analogous to
the situation in recently established temperate-breeding populations of barnacle geese,
  ơ              
body stores early in the season (van der Jeugd et al. 2009).

Discussion
Under early snowmelt in the Arctic, we show that barnacle geese are able to accelerate
migration and thereby advance arrival up to 13 days. This advancement is in line with data
presented for geese in the study by Schmaljohann and Both (2017); their method, which
calculates potential advancement from a general relationship between migration speed
and stopover duration, results in a relative advancement in arrival of 16 days for geese,
 Ƥ͜͜͝͡Ǥ
While such an adjustment in migration speed may not be possible for smaller migrants,
  ƪ  
resources for reproduction (Klaassen et al. 2006; Williams et al. 2017) allows them to
adjust the extent of stopover site use. But despite a strong advance in arrival (which may
Ƥ  Ǣͥͥͥ͝Ȍ, geese do not advance their
lay dates enough to fully avoid a mismatch in years with early snowmelt, and therefore
ơ   Ǥ   ǡ  
advancing laying dates may not be spring arrival (Both & Visser 2001), but the time
needed to acquire resources during spring migration to fuel reproduction. Although
 ƪ 
laying date, stronger shifts in laying date require an advancement of the moment of body
store deposition. This goes hand in hand with an advancement in migration departure
from the wintering grounds, which also forms the main limitation for advancements in
smaller migrants, which are unable to accelerate migration (Schmaljohann & Both 2017).
While geese do not appear to be limited by food resources at temperate staging grounds to
advance body store deposition (Lameris et al. 2017c), the moment of departure from the
 ơ 
grounds. In some years, geese even departed after snow had already melted at their Arctic
Ǥ  ƪ
not correlated and, as many other long-distance migrants, geese presumably lack reliable
cues to correctly adjust timing of departure from the wintering area to conditions on
the breeding grounds (Gwinner 1996; Kölzsch et al. 2015). Little variation in departure
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dates as observed for many Arctic long-distance migrants (Duriez et al. 2009; Clausen &
͜͟͞͝Ȍ ȋͥͤ͝͞Ȍǡ ƪ
timing of migration departure. While this may have been, on average, optimal under
 ƪ        ǡ    
of arrival and laying date under rapid climate change in the Arctic. In the near future,
such constraints may limit the possibility for successful reproduction in migratory Arctic
species which in turn is likely to impact their populations. Whether these migrants
can adapt their cue sensitivity to match their migration timing with changing climatic
conditions will be a pivotal question in a rapidly warming Arctic (McNamara et al. 2011).

Methods
Date of snowmelt and food quality
We used the date of 50% snowmelt as a proxy for the optimal moment of nesting, i.e.
        ƤǤ      
suggested to be determined by the moment of peak food quality, which is highly important
    ȋ  Ǥ ͜͞͝͡ȌǤ  Ƥ     ȋ
supplementary materials), we show that the peak in nitrogen concentration occurred 24.8
± 5.1 days after the day of 50% snowmelt (Figure S7.1), which is similar to results of a study
at another Arctic site (Doiron et al. 2015). As the complete laying and incubation period
totals around 30 days (van der Jeugd et al. 2009), geese which start laying at snowmelt will
 ǡƤ
conditions for gosling growth.

Snow cover data
We estimated snow cover during spring for the years 2000 – 2015 for the breeding
    ȋͥ͢Ǐ͜͝ǯǡ ͥ͠Ǐͣ͜ǯȌ    ȋͤ͢ϓ͟͡ǯǡ ͡͞ϓ͜͞ǯȌǤ
As geese used several breeding locations on Kolguev Island (Kondratyev et al. 2013), we
estimated snow cover for the whole island. For Kolokolkova Bay snow cover was estimated
for the colony itself (described in van der Jeugd et al. 2003Ȍ. We estimated snow cover
using satellite images of the MODIS snow cover product (MOD10a2, (Hall et al. 2006).
To limit the distortion by clouds, composite satellite images are generated over eight
ǡ ǡ Ƥ ǡ  ǡ   Ǥ   ȋ͜͜͡
Ȍ Ƥ  
eight days over which the image is composed. With a spatial overlay of the breeding areas
  Ƥ
could be retrieved. Dividing this number of pixels by the total number of pixels inside the
breeding area resulted in the percentage of snow cover. Snow cover disappearance was a
homogeneous process, and the midpoint of snowmelt thus correlates well with onset and
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complete snowmelt. To be able to estimate the midpoint of snowmelt (day at which the
snow cover had decreased to 50%), the snow cover estimates between 26th of February and
1st of July were linearly interpolated between points to attain a daily percentage of snow
cover. We excluded images with a cloud cover of more than 25%.

Timing of migration, reproduction and clutch size
We determined timing of migration and lay dates from spring migration tracks and
   ƤǤ           
Kolokolkova Bay in 2004, 2005 and 2015, and from birds nesting on Kolguev Island in
2009 – 2011. In our main study site at the Kolokolkova Bay we equipped geese with tracking
devices in 2003, 2004 and 2014. In the summer of 2003 and 2004 we equipped 54 female
geese with geolocators (9 g) attached to legrings. Geolocators were retrieved in 2004 and
2005 which resulted in 31 spring migration tracks (23 in 2004 and 8 in 2005). Positions
were determined from geolocator data using the program ‘Multitrace’ (see Eichhorn et
al. 2006 for details). In addition, in 2004, 16 female barnacle geese were caught during
moult and implanted with PTT satellite transmitters (30 g; Eichhorn 2005), from which
we retrieved 4 spring migration tracks for 2005. In the summer of 2014 we captured 40
female barnacle geese on their nests and attached UvA-BiTS GPS-loggers (19 g; Bouten
Ǥ͜͟͞͝Ȍƪ  ȋǤͣ͜͞͝ȌǤ ͜͞͝͡
we remotely downloaded data from these loggers which resulted in 24 spring migration
tracks. An analysis including data form both geolocators and GPS-loggers is feasible, as
 Ǧơ
a control group equipped with geolocators (Chapter 4). In the winter of 2008 and 2009,
15 female barnacle geese were captured using canon nets on their wintering grounds in
the north-western part of the province of Frysland, the Netherlands (53°37’N, 6°13’E) and
Ƥȋ͟͜Ȍ Ǧ  ȋ
et al. 2008); 4 of them migrated to breeding grounds on the island of Kolguev between
2009 – 2011 (de Boer et al. 2014), which resulted in a total of 9 migration tracks included
in this analysis.
For every spring migration track we determined the day of departure from the North
ȋƤ Ϗ͜͝ǏǢ ͣǤ͝Ȍ
 ȋƤ Ϗ͟͜ǏȌǤ
site in the breeding colony either visually (Kolokolkova Bay) or based on PTT locations
(Kolguev Island). The nesting sites in Kolguev Island were determined as an area of < 200
m where at least 75% of the daily PTT locations were located for a period of more than
10 days in late May / June. Date of arrival on the nesting site was then determined as the
Ƥ ͡Ǥ 
with geolocators, the day of arrival could not be estimated from the geolocation data
ǡƤ
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day the bird was observed in the colony (7.4 km2), based on observations of colour rings
which were conducted for at least 5 h daily between end of May – mid June (K.E. Litvin,
  ȌǤƤ 
be excluded, this was unlikely as no geese were observed to be present in the colony at the
start of the observation period. Day of arrival using this method could be estimated for 16
birds in 2004 and 2 birds in 2005. Migration speed in km day-1 was eventually calculated
as the great circle distance (km) between the average point where birds departed from the
Baltic Sea region (61°18’ N, 30°00’E) and the nesting site for every individual bird, divided
by the time in days between departure from the Baltic Sea and arrival at the nesting site
(i.e. excluding the period of fuelling in the Baltic Sea region).
 Ƥ
determined from PTT locations for birds nesting at Kolguev Island. In Kolokolkova Bay
between 2003 – 2009 and 2013 – 2015, we determined lay dates by active searching nests,
in which we marked the eggs, and checking known nests every 2 to 3 days between late
May and end of June, following methods described in (van der Jeugd et al. 2009). Clutch
size was recorded when the number of eggs found in the nest did not change between
visits. Using this method, lay date and clutch size was recorded for most focal birds
with tracking devices in the Kolokolkova Bay, including 21 birds in 2004, 8 birds in 2005
and 18 birds in 2015. We observed lay date and clutch size for other birds in the colony
yearly for >200 nests per year, from which average lay dates and clutch sizes per year were
 Ǥ  Ƥ
Ƥͣ͡τ ȋ
paragraph).
In addition, for birds equipped with PTT satellite transmitters (2009 – 2011) and GPSloggers (2015) we determined the time birds spent on stopover sites. We considered a bird
to be on a stopover when it resided in an area with a maximum size of 10 by 10 km (as
birds can travel from roosting to foraging sites within a stopover) for at least 6 h. We then
calculated the total time birds spent on stopover sites between departure from the Baltic
and arrival at the breeding site (Figure S7.3). For birds tracked with GPS-loggers in 2015
we also calculated a daily average position between 15th of April and 5th of June (at which
all geese had arrived in the breeding colony), and calculated the great circle distance
between their position and the breeding colony in the Kolokolkova Bay (Figure S7.4).

Gosling survival
In the breeding colony at the Kolokolkova Bay in 2003 – 2007 and 2015, we estimated daily
gosling survival from series of observations of colour-banded adults with accompanying
goslings after hatch. Prior to hatch we calculated expected hatch dates from nest initiation
dates (see above), and then visited nests during expected hatch (early – mid July) to
determine hatch date and to count the number of goslings on the nest. As long as the
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parents were still on the nest, we assumed that goslings would successfully hatch from
eggs with holes or cracks. During the post-hatching period (mid July – mid August), we
determined brood size of colour-banded pairs of geese from a hide using a spotting scope.
In this way we were able to collect multiple observations from 110 families with known
hatch dates (2003 = 6; 2004 = 12; 2005 = 21; 2006 = 17; 2007 = 16; 2015 = 28) during an
average period of 11.2 ± 11.9 days. We calculated overall survival for every family using the
ǮƤǯǡǤǤ
(functional mortality rate) by the number of days between observations (exposure;
Ƥ ͥ͢͝͝ȌǤ   ơ 
between laying date (hatch date – incubation and laying period of 30 days; van der Jeugd
et al. 2009) and date of snowmelt for that year. We then calculated an average daily
survival rate and average mismatch for every year. We found snowmelt and mismatch
to be the most important predictors explaining gosling survival (Table S7.3 and S7.4).
 ƪȋ ͣǤ͡Ȍ 
(Lameris et al. 2016), as F = Y*S, in which Y is the clutch size and S is the survival for the
 ƪǡ͜͠ȋ Ǥ
2009), calculated as S = s40.

Time budgets
ͤ͝  ƤǦ ǦȋǤ͜͟͞͝Ȍ
͜͞͝͡ǡ ƤǦ 
to calculated time budgets for the spring of 2015. A tri-axial accelerometer measures
  ȋǦ Ȍ    ǯ Ƥ  
directions: surge (x), sway (y) and heave (z; Shamoun-Baranes et al. 2012). We calibrated a
machine-learning model to classify behaviours from these accelerometer data. We trained
 Ƥͤ
barnacle geese kept in captivity at our research facilities in Wageningen, the Netherlands
in April 2014 (approved by Animal Welfare Committee, protocol NIOO 14.01). 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 head down and
ơǡ͝ǡǤ 
other cases (e.g. other behaviours or transition between behaviours) we did not annotate
Ǥ ƪ   
ƪǦǡ Ǯƪǯ
͜͞Ȁ ƪǦǤ
To calibrate the machine learning model we randomly split the dataset of annotated
ȋͥ͠͡ǣͣͥ͢ ǡͣ͡ ǡ͠͠ǡͤ͠ƪȌȋ͜Ǥ͠Ȍ
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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
in a Kappa statistic of 0.95. We than ran the machine learning model to annotate all
   ǦƤ͜͞͝͡Ǥ
            ơ  ǡ 
calculated time budgets for every individual goose at every staging site (North Sea, Baltic
Sea, Russian Arctic, breeding site); for the breeding site we calculated separate time
ǦȋȂȌƤ
period (lay date – 14 days after lay date). For the North Sea, we started calculating time
budgets from the 15th of April onwards, when local pre-migratory fuelling rates are close
ȋ Ǥ͜͞͝͞ȌǤ ƪȋƪϏ͝͡
 Ȍǡ ȋƤȌ
a bird remained for at least 6 h.

Stable isotope analysis
In July 2003 and 2015 we collected down feathers from 1-2 day old goslings in the nest, and
stored these in paper bags. We determined laying dates for these nests as described above.
In addition, we collected goose dropping in April and May 2002-2006 on the wintering
grounds (pastures and salt marshes at Schiermonnikoog Island, the Netherlands) and in
June 2004 on the breeding grounds (saltmarshes at the breeding colony at the Kolokolkova
Bay). Goose droppings consist of undigested plant material that provides a representative
isotopic signature of the diet (Hahn et al. 2011; Eichhorn et al. 2012).
We determined the discrimination factor from droppings to down feathers by a
Ɉ͝͡Ɉ͟͝    
Ǧȋ͡͝Ǐͣͤǯǡ͠Ǐ͟͝ǯȌ͜͞͝͡Ǥ
geese are resident and spend most of the three months prior to egg laying in the breeding
colony, we inferred that they would not shift in diet in this period, and discrimination
  ơ  
egg production and the signal of exogenous food sources. We sampled droppings on 8
locations shortly prior to nest initiation (mid-April). In 6 nests we collected 1 to 3 eggs
in the fourth week of incubation, when embryos had already developed down feathers.
Eggs were boiled and stored in a freezer, after which we collected down feathers from
these embryos in the lab. Prior to analyses, feather samples were cleaned in a chloroform
/ methanol mixture (2:1) to remove any contamination. Dropping samples were oven
͢͜Ǐ͝ ȋ   ȌǤ
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Subsamples of 0.5 – 1 mg material were then analysed in 6mm diameter metal cups for
Ɉ͝͡ȋυơ ͝͡Ȁ͝͠ ͞ȌɈ͟͝ȋυơ 
from 13C/12C ratio in Vienna PeeDee limestone) in a C:N analyser (Flash EA 1112 analyzer
  Ƥ   ǤǡȌǤ  
͜Ǥͣ͟ψ͜Ǥͥ͠Ɉ͝͡͝Ǥͤ͜ψ͜Ǥͥ͞Ɉ͟͝Ǥ
For gosling down feathers from the breeding area at the Kolokolkova Bay, we estimated
the proportion of down feather tissue originating from endogenous versus exogenous
resources by calculating the median probability that a down feather originated from two
sources (wintering grounds versus the breeding grounds). We used the Bayesian mixing
modelling tool SIAR (Parnell & Jackson 2013), which takes into account the uncertainties
    ơȋ
et al. 2009; see above).

Statistics
   ơ          North Sea, departure
from the Baltic Sea, arrival on the breeding grounds and on lay date by running linear
mixed models using the package “lme4” in R 3.0.2 (R Development Core Team 2014), and
determined the best model using AICc ȋ Ƭ  ͜͜͞͞ȌǤ  Ƥ
  Ƥ ȋ
or Kolguev Island), but found that area was never present in the highest ranking model
ȋͣǤ͝ȌǤơ 
model of arrival date over snowmelt with a slope of 1. To compare the slopes of arrival and
lay date over snowmelt we used a dummy variable representing either arrival or lay date,
Ƥ  
ǡ Ƥ ǡ
 Ǥơ   
 Ƥ  
Ƥ ȋͣǤ͞ȌǤơ 
   Ƥ
 ȋͣǤ͟ȌǤơ  
 Ƥ   
Ƥ ȋͣǤ͠ȌǤ    
days spent pre-breeding showed an abrupt increase, we ran a segmented linear mixed
model on the data, which included two separate linear regression factors (before and
after a breaking point) for resources over days pre-breeding and nest as a random factor.
First, we determined the breaking point which led to the maximum likelihood estimates
ǡ   Ƥȋ
S7.5). We compared the fraction of local resources between the years 2003 and 2015 using
a t-test.
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Supplementary material
1. Methods
To investigate whether date of 50% snowmelt is a good proxy for the optimal date of nesting,
we related our snowmelt data to data on peak food quality at our study site Kolokolkova
Bay. We used nitrogen concentration as proxy for forage quality, because it relates directly
to protein content and correlates well with digestibility (Prop & Deerenberg 1991). In 2003,
2014 and 2015 we biweekly measured the nitrogen concentration in the main forage plant
Carex subspathacea for barnacle geese at the breeding site in Kolokolkova Bay (van der
Graaf et al. 2006), and from these data determined the day of peak nitrogen concentration.
In addition, we measured nitrogen concentration in an experimental setup where plants
φ͝Ǥ͡Ǐǡ    
the day of peak nitrogen concentration from temperature data (see Lameris et al. 2017a
for full methods). We used this model to calculate the day of peak nitrogen concentration
for the years 2004 – 2009 and 2013.
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Table S7.1: Generalized linear mixed models for departure date, arrival and laying date
    ơ    ȋȌǤ ƥ        Ƥ
ơ ǡ  Ǥ
were run separately for birds for which we also had tracking data (“tracked birds”), and the
average laying date of the breeding colony at the Kolokolkova Bay (“colony birds”) over the
period 2003 - 2015. Snowmelt is included in the best models for arrival and laying date, but not
ȋơ ͞ȥ  ǡ 
by a larger proportion of geese not staging in the Baltic in recent years with earlier snowmelt,
(Eichhorn et al. 2009).
Intercept

Area
(A)

Date of
snowmelt
(DSM)

degrees
Log
of
AICc
likelihood
freedom

ȥ c

Departure North Sea
̽ȋȌ

131.37

̽ϊȋȌ

156.75

̽ϊȋȌ

134.05

̽ϊϊȋȌ

158.41

3

-246.0

498.4

0.00

4

-245.5

499.6

1.24

-2.88

4

-245.7

500.1

1.70

-2.88 -0.16 ± 0.13

5

-245.2

501.5

3.10

3

-166.5

339.3

0.00

-1.00

4

-166.0

340.6

1.34

-0.17 ± 0.12

Departure Baltic Sea
̽ȋȌ

139.58

̽ϊȋȌ

140.44

̽ϊȋȌ

141.80

-0.01 ± 0.03

4

-166.3

341.3

2.04

̽ϊϊȋȌ

142.56

-0.99 -0.01 ± 0.03

5

-165.9

342.8

3.47

0.51 ± 0.05

4

-150.3

309.4

0.00

0.51 ± 0.05

5

-150.2

311.7

2.29

3

-157.3

321.0

11.63

4

-157.2

323.3

13.91
0.00

Arrival breeding site
̽ϊȋȌ

78.07

̽ϊϊȋȌ

77.52

0.58

̽ȋȌ
̽ϊȋȌ

152.70

1.15

Laying date (tracked birds)
̽ϊȋȌ

108.00

̽ϊϊȋȌ

107.80

0.41

0.35 ± 0.03

4

-131.1

271.00

0.35 ± 0.03

5

-131.0

273.30

2.33

3

-135.3

277.10

6.07

4

-135.3

279.30

8.36

4

17.4

44.80

0.00

̽ȋȌ
̽ϊȋȌ

158.80

0.67

Laying date (Colony birds)
̽ϊȋȌ
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Table S7.2: Generalized linear mixed models rate for clutch size, with year (Y) as a random
 Ǥ ƥ   Ƥơ ǡ    
highest AICc values.
Intercept

Date of
degrees of
snowmelt (DSM) freedom

Log
likelihood

AICc

̽ϊȋȌ

6.917

-0.020

4

-4934.0

9876.1

0.0

̽ȋȌ

3.929

3

-4939.3

9884.6

8.5

Clutch size

ȥ c

Table S7.3: Generalized linear models for gosling daily survival over date of snowmelt.
ƥ Ƥơ ǡ
AICc values. The best model includes only day of snowmelt.
Gosling
survival

Intercept

Date of
Day of
degrees of Log
AICc
snowmelt (DSM) hatch (DH) freedom
likelihood

ȥ c

̽

0.516

0.003

0.0

̽ ϊ 0.456

0.003

̽

-0.016

3

99.35

-192.4

0.0004

4

99.36

-190.3

2.2

0.005

3

97.69

-189.1

3.3

Table S7.4: Generalized linear mixed models for gosling daily survival over mismatch.
ƥ Ƥơ ǡ
AICc values. The best models include mismatch and day of hatch.
Gosling
survival

Intercept

Mismatch Day of
degrees of
(M)
hatch (DH) freedom

Log
likelihood

AICc

ȥ c

̽ϊȋȌ

4

98.67

-188.9

0.0

5

99.36

-188.0

0.8

4

97.69

186.9

1.9

0.937

-0.003

̽ϊ ϊȋȌ 0.380

-0.003

̽ ϊȋȌ

0.005

-0.016

0.003

Table S7.5: Segmented linear mixed models for fraction of local resources used for egg
 ǡ  ȋȌ     Ǥ ƥ   
 Ƥ ơ ǡ  Ǧ  ȋ͝Ȍ   ȋ͞Ȍ   ǡ   
determined to lie at 8.1 days pre-breeding (see statistics section for methods). Models are
ordered from lowest to highest AICc values. The best model includes only days pre-breeding
Ƥ Ǥ
Fraction of
Intercept
local resources

Days pre- Days prebreeding 1 breeding 2
(PB1)
(PB2)

̽͢ϊȋȌ

0.285

̽͡ϊȋȌ

0.373

-0.036

̽͡ϊ͢ϊȋȌ 0.273

0.004

0.092
0.098

degrees of Log
AICc
freedom
likelihood

ȥ c

6

35.3

-55.1

0.0

6

30.0

-44.6

10.5

10

33.0

-35.1

20.0
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Date of snowmelt
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Figure S7.1: Date of 50% snowmelt has advanced by almost 1 day per year between 2003 – 2015
in Kolokolkova Bay (solid line) and Kolguev Island (dashed line), shown by the black solid
line ( = -0.91 + 1981.23, R2 = 0.14, t = one-tailed p = 0.028). ). For visualization, light grey
background indicates that on one site snowmelt has passed 50% and dark grey indicates that
this applied to both sites.
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Figure S7.2: Measured and modelled day of peak nitrogen concentration in sprouts of the
grass  ơ
( = 0.94 ± 0.19 + 37.82, R2ϋ͜Ǥͣ͢Ȍǡ ȋȌơ͝ȋ 1,8 =
͜Ǥ͝͝͡ǡϋ͜Ǥͣ͠ȌǤƤǡƤǤ
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Figure S7.3: The total time in hours which birds spent on stopover sites ( = 9.93 -1238.52, R2 =
0.37, t = 4.24, p < 0.001) during their migration along the Barents Sea in 2009 – 2011 to Kolguev
Island (dark grey) and 2015 to the Kolokolkova Bay (light grey), the letters denote groups of
 Ƥ ơǤ
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Figure S7.4: Migration schedules of the 18 nesting barnacle geese tracked with UvA-BiTS GPSloggers in spring 2015. After a period of staging at the North Sea, most geese migrate fast to the
ǡƪǦȋǤǤǡ
near vertical lines).
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ǆƉĞĐƚĞĚŇĞĚŐůŝŶŐƐ
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ůƵƚĐŚƐŝǌĞ

Figure S7.5ǣ ƪơȋ  Ȍ
or the mismatch between laying date and date of snowmelt (green squares). The expected
ƪ     Ǥ
͟ǡ ͜͠ ƪǤ

DŝŶŝŵƵŵ
ƚŚƌĞƐŚŽůĚ

ĂƚĞ
Figure S7.6: Illustration of the condition-dependent model on optimal clutch size and laying
date, developed by Rowe et al. (1994), showing how geese in a year with early snowmelt (red
ȌȋȌ ơ ǦǤ
Geese arrive at a certain date (x-axis) with a certain body condition (y-axis), after which they
gain in condition, which above a certain minimum threshold (black dotted line) can be used
to produce a certain clutch size. Due to a seasonal decline in egg value because of a lower
recruitment of later hatched young (Drent & Daan 1980) there exists an optimal combination
of lay date and clutch size (black lines). This optimum decreases from an earlier date in years
with earlier snowmelt (black solid line) than in years with a later snowmelt (black dashed
line), as prospects for goslings decline with date relative to the moment of snowmelt rather
than an absolute date. This results in a combination of two processes which can explain
ơ   ơǤ͝Ȍ 

186

Adjusting migration to climate warming

with a low body condition in a year with early snowmelt, they will need a longer period to reach
a minimum threshold for laying (red solid line) than birds which arrive with a higher body
condition when snow melts later (blue solid line). 2) The optimal combination of lay date and
clutch size should fall earlier in a year with earlier snowmelt (solid line) as compared to late
snowmelt (dashed line). Due to this it should be expected that geese have a similar waiting
time and clutch size in years with early (red dashed line) and late snowmelt (blue dashed line)
if they reach the minimum threshold condition at the same moment relative to snowmelt.
If under earlier snowmelt geese would arrive relatively early, but with a high body condition
(pink lines), we would expect to observe a longer waiting time as compared to a year with late
snowmelt, but also a larger clutch size and likely a larger advance in laying date. We thus argue
that the longer waiting time in years with early snowmelt results from geese needing to refuel
up to an adequate body condition for laying, as they arrive with less body stores after a rapid
migration schedule.

187

ĈčĆĕęĊėͤ

 Ƥ 
ơ 
 
Thomas K. Lameris, Margje E. de Jong, Maarten J. J. E. Loonen, Michiel P. Boom,
Henk P. van der Jeugd, Konstantin E. Litvin, Bart A. Nolet, Jouke Prop

ABSTRACT
          ǡ         
        Ǥ  
  Ǧ
         Ǥ ǡ     
   ǡ          
 ǯ   ǡ 
   Ǥ           
  
Ǥ   
ǡ  
   Ǥ
        Ǥ    
Ȃ   Ȃ  

Ǥ
 ǡ       Ǥ      
ǡ  ǡ   
    ȋȌ          ȋȌ  ͜͜͜͞
Ȃ͜͢͞͝Ǥǡ ͜Ǥ͢͡
       ǡ       
͜Ǥ͟͠Ǥ 
ǦǡǤ
   ǡ          
 Ǥ   ǡ ǡ
  ǡ  Ǥ
  ǡ   
    ǡ   ͢Ǥ͢     Ǥ
   
  ǡ  Ǥ

Chapter 8

Introduction
Earth’s climate has warmed rapidly in the past decades, resulting in warmer and earlier
springs (Schwartz et al. 2006; Stocker et al. 2013). As a reaction, many migratory bird
species have advanced their arrival on the breeding grounds (Jonzén et al. 2006) as well as
their laying dates (Crick et al. 1997). A general concern is that this advance does not fully
compensate any forward shifts of seasonal food abundance peaks (Thackeray et al. 2010;
Gienapp et al. 2014). This inability to optimise timing of reproduction may lead to a socalled phenological mismatch (Both & Visser 2005) with potential negative consequences
ƤȋƬ͜͜͞͡ǢǤͤ͜͜͞ǢǤ͜͞͝͡ȌȋǤ
2013a). However, an advancement of laying dates may also relieve current time constraints
ǯ   ȋǤ͜͢͞͝Ȍơ  
success (Dickey et al. 2008; Van Oudenhove et al. 2014).
Especially in seasonal environments where the breeding season is short, migratory
 ơ
to the wintering grounds (Tomotani et al. 2017). Under an advancement of egg laying
dates under climate warming, birds become less time-constrained as the length of their
breeding season increases (Halupka et al. 2008). In earlier and warmer springs birds
   ȋǤͣ͜͜͞Ȍǡ Ƥ
stages of reproduction (Van Oudenhove et al. 2014). Earlier seasons may provide better
conditions for foraging as food becomes available earlier (Lameris et al. 2017b), allowing
more individuals to initiate nesting (Syroechkovskiy et al. 1991; Madsen et al. 2007; Dickey
et al. 2008), birds to lay a larger clutch (Rowe et al. 1994; Van Oudenhove et al. 2014), and
more pairs to hatch their clutch successfully (Prop & de Vries 1993). Climate warming thus
ơ     ǡ
ơ   Ǥơ   
 ȋ Ǥͤ͜͜͞ǢǤ͜͞͝͠Ȍǡƥ 
         ơ     ȋǦ
Rushing et al. 2010; Dunn & Møller 2014).
 ơ   Ƥ  
in the Arctic region, which is facing the most rapid climate warming on the planet (Stocker
et al. 2013). Climate warming has advanced optimal conditions for reproduction (Post et
al. 2008; Doiron et al. 2013), and in reaction animals have advanced their breeding season
as well (Høye et al. 2007; Liebezeit et al. 2007). However, also in the Arctic at least some
species do not advance enough to avoid phenological mismatches, leading to reductions
ơȋ͜͟͞͝ǢǤ͜͞͝͡ǢͣȌǤ
other hand, animals breeding in the Arctic are typically constrained in time by a short
breeding season, which is tightly delineated by the moment of snowmelt in spring and
snowfall in autumn. This is illustrated by juvenile brent geese   found frozen
 ƪȋͥ͢͝͞ȌǤ
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Climate warming has likely led to an increase in the length of the breeding season as the
onset of spring is rapidly advancing with earlier snowmelt (Derksen & Brown 2012), but
also as snow starts to fall later in the season (Callaghan et al. 2011). An increase in summer
temperatures may also ameliorate conditions for chick growth and survival (Meltofte et
al. 2007). When the Arctic climate warms and birds are able to advance their egg laying
 ǡơ 
reproductive success.

ơ   
 ơ  Ǥ Ƥ ǡ
extent barnacle geese adjust laying dates to earlier seasons, and whether earlier and longer
     Ǥ Ƥ
     ơ ǡ
close to the breeding grounds up to the moment of gosling hatch. We hypothesize that bird
populations towards the North pole would be more time constrained as they experience
an even shorter breeding season (Owen 1980; Klaassen et al. 2006). Therefore we expect
  Ƥ
more from earlier springs in terms of reproductive success than birds at lower latitudes.

Methods
Study sites
  Ǧ        ƪ ǡ  
breeding in Eastern Greenland, Svalbard and along the Barents Sea coast, and wintering
in the North Sea region (Madsen et al. 1999). Between 2000 – 2016 we studied barnacle
geese in three breeding colonies, two located in the high Arctic (Svalbard) and one in
the low Arctic (at the Russian coast of the Barents Sea): 1) on the islet Storholmen in
Ʀ ȋ Ȍǡ  ȋͣͤϓ͡͡ǯǡ ͝͞ϓ͝͞ǯȌǢ ͞Ȍ    Þ   
tundra at Nordenskiöldkysten (NSK), Svalbard (77°46’N, 13°42’E) and 3) surrounding
the abandoned village of Tobseda at the Kolokolkova Bay (KB), Russia (68°35’N, 52°20’E,
 ͤǤ͝ȌǤ    ǡ      ơ     
ơǣƦȋ͜͜͜͞ǡ͜͜͞͝ǡ͜͜͟͞ǡ͜͜͞͡Ȃ͜͢͞͝ȌǢÚȋ͜͜͞͠ǡ
2010 - 2016), Kolokolkova Bay (2003 – 2009, 2014, 2015). From positions of geese equipped
with tracking devices (Tombre et al. 2017; Box B), we additionally determined staging sites
 ǡȋ ò͜͜͢͞ȌǤƤ͢
ǣǢ ȋ Ȍǡ¤ȋȌǡƪ
(LF), Vårsolbukta (VB), Daudmannsøyra (DØ), Sarsøyra (SØ); and 2 sites around the
Kolokolkova Bay: Neruta river delta (ND) and Molotsnii river delta (MD); Figure 8.1). We
   Ƥ  ǣ  
Úǡ]ƦǤ
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Figure 8.1: Location of study colonies (stars) with pre- and post-breeding sites (white circles)
in the high Arctic on Svalbard (right upper panel) and in the low Arctic at the Barents Sea
coast (right lower panel). Dotted arrows indicate approximate migration routes. Staging site
names are abbreviated: Barents Sea (ND = Neruta river delta, MD = Molotsnii river delta);
ȋ ϋ ǡϋ¤ǡ ϋƪǡϋ¤ǡ]
= Daudmannsøyra, SØ = Sarsøyra).

Snow cover
We used the snow-free period between the moment of snowmelt (spring) and snowfall
(autumn) as a proxy for the period during which geese can stay in the Arctic, as this
determines the availability of forage plants (Prop & Vries 1993). Snowmelt appears to be
an important driver of reproduction timing (Madsen et al. 2007) as it is thought to drive
the phenology of Arctic plants (Livensperger et al. 2016) and may thus predict the moment
of peak forage plant quality, to which geese should match hatching of their goslings
(Chapter 7). Snowfall, on the other hand, puts a rigid end to feeding opportunities as it
covers forage plants, forcing birds to leave their breeding grounds. We estimated daily
snow cover for all study sites (table S1) for the period during which the day length was long
enough to collect data at all sites (26 February – 30 September), for the years 2000 – 2016
using satellite images of the MODIS snow cover product (MOD10a2, Hall et al. 2006). To
ơ   ǡ 
ͤǡǡ Ƥǡǡ Ǥȋ͜͜͡
Ȍ Ƥ 
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period. With a spatial overlay of the breeding areas with the MODIS images the number
 Ƥ Ǥ
of pixels by the total number of pixels in the breeding area resulted in the percentage of
snow cover. We linearly interpolated between values from composite images to attain a
daily percentage of snow cover. Even though images over 8 days were combined, we still
encountered pictures with a high percentage of cloud cover obstructing reliable snow
cover estimates, and we excluded images with a cloud cover exceeding 25%. From the
  ǡ ƤƤ
the season at which snow cover was less than 50%. Similarly, we calculated the moment
of snowfall as the last day of the season at which snow cover was less than 30%. The
date of 50% snow cover did often not fall before the last date at which data collection
ǤƤ   Ǧ  ǡ
which conditions geese and swans probably use as a cue to depart, we consider that 30%
snow cover is a good proxy for the end of the season. We calculated season length at the
 ơ Ǥ

Nesting parameters
We determined lay date, clutch size, nest fate and number of hatchlings for as many nests
as possible (table S2). The number of parameters estimated and the precise methodologies
ơ Ǥ  
hatchlings in all colonies, data on nest fates (for nests with known laying dates) were
collected in KB and NSK colonies, and data on clutch size in KB and KF colonies.
In KB colony we systematically searched for nests and checked known nests every
2 to 3 days during the laying and early incubation period (late May - late June). Eggs
were marked and the number of eggs was recorded at every visit. Both in the KB and KF
Ǧ Ƥ  
size, which we determined as the total number of eggs in a nest when encountered with
the same number of eggs during two subsequent visits. We excluded nests in which eggdumping was evident (more eggs per interval than expected or additional eggs after clutch
completion). We visited nests during and after hatch (mid June – late July) every 2 days to
estimate day of hatch and record nest fate and number of hatchlings. We recorded nest
 ǡǡƪǤ  
hatched when at least one chick had hatched, which we determined either by presence
of hatchlings at the nest on a visit, or presence of egg membranes and trampled sides of
the nest (Davis et al. 1998). Empty nests, nests containing eggshells without membranes,
 ǡ ƪǤ
When we encountered a nest after the laying period containing cold eggs and without
nest owners present, the nest was considered as abandoned. We recorded the number
of hatchlings for all nests in which we observed 1) at least half the eggs in the process of
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hatching (cracks, hatching or hatched chicks), or 2) when less than half of the eggs had
successfully hatched (thus hatched chicks present) and other eggs did not show signs of
hatching. For the number of hatchlings we assumed all eggs with sign of hatching as to
become hatchlings.
At NSK, we observed the goose colony on ơ island from an observation tower
on the mainland, 200 meters away from the colony. Nests were monitored 6–16 h per
day during the period that nesting geese were present. Nests in view of the tower were
mapped on high-resolution images of the island, which enabled us to assess the breeding
history of individual birds by visual observation from laying until hatching. 30–60% of
the pairs was recognizable by coded leg rings (either one or both partners carrying a ring).
Ƥơ 
unmarked pairs, all pairs were used in subsequent analyses. To avoid disturbance, the
island was not visited during the incubation period and therefore clutch sizes were not
determined. Nest fate was established from direct observations, and rated as successful (at
least one gosling was seen at the nest and no predation of eggs or goslings was observed),
predated (eggs or chicks taken by predator, most often polar bears ), or
abandoned (nest owners abandon the nest territory before the eggs hatched and prior to
any predation event taking place – after nests were abandoned the eggs were usually taken
by glaucous gull ). The number of hatchlings was recorded by visual
  ǤƤ
nest rim was taken as the date of hatch.
Not all nests were visited at hatch and therefore we did not acquire data on number
of hatchlings for every successful nest. In order to combine nest fate and number of
hatchlings into a measure of reproductive success, we calculated the total number of
expected hatchlings per nest and laying date, per year and per colony, as the product of 1)
fraction of hatched nests and 2) average number of hatchlings in successful nests.

Determination of laying date
ȋƤ Ƥ
ȌơǤ ǡ   
for clutches found during egg laying, assuming a laying interval of 33 hours, as follows:
day of discovery when 1 egg was found; day of discovery minus 1 at 2 eggs; day of discovery
minus 3 at 3 eggs; day of discovery minus 4 at 4 eggs (van der Jeugd et al. 2009). Both in KB
and KF, laying dates were also back calculated from hatch date. Hatch date was estimated
for clutches found in the process of hatching, hatch date was determined as follows: at
least 1 egg cracked, day of observation plus 1; at least 1 egg with holes, hatching chick or
  ǡǢ  ƪơǡ
of observation minus 1. For back calculation we assumed a period of 29 days between lay
date and hatch date (as derived from 573 nests in the KB colony between 2005 - 2015 for
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 Ƥ 

which both lay and hatch date were determined). In NSK lay date was estimated as the
Ƥ  Ǥ 
one day were not considered in analyses.
  ơ      ơ     
comparisons. In KB and NSK there is the possibility to verify laying dates by observing
hatching dates, which should fall after 24 – 26 days of incubation (Dalhaug et al. 1996)
and is initiated after the 3th egg is laid (which takes at least 3 days assuming 33h laying
ȌǤƤ ͥ͞
days in the KB colony and 30 days in the NSK colony (derived from 99 nests between
2010 – 2016), which gives us reason to believe that these methods are comparable. By back
calculated laying dates from hatching dates as done for the KF colony, we do not take into
   Ǥƪ ǡ
nest failure can be higher in either early or in later laid nests (Prop & Vries 1993).

Statistics
We tested relationships between snowmelt, laying dates and reproductive success by
ȋ ȌǦơ 
models (GLMM) with Gaussian distribution in R 3.0.2 (R Core Team, 2017), using the
package “lme4” for mixed models (Bates et al. 2012). In GLMMs we added year and / or study
site (all sites where we measured snow cover) as random factors. Candidate models were
constructed from all possible combinations of predictor variables, including interactions
which were considered ecologically meaningful. All mixed models were compared using
Akaike’s information criterion (AICc; Burnham & Anderson, 2004) and we chose the
  ƤǤƤ  Ƥ
  Ƥ  Ƥ 
absent, using a likelihood ratio test. Besides predictor variables relating to snow cover,
Ƥ ǡ  
Arctic sites and staging and breeding sites, including ‘area’ (high or low Arctic), ‘site’ (all
sites from which we gathered data on snow cover), ‘types of sites’ (southern staging sites
/ proximate staging sites / breeding colonies) and ‘colonies’ (the three breeding colonies
under study).

ǡǦơ
Arctic and whether it changed over time, we ran GLMMs with date of snowmelt / snowfall
/ season length as response variable and time and area as predictor variables, with site as a
 Ǥơ
sites, we ran GLMMs with date of snowmelt as an explanatory variable and types of sites
as predictor variable, with site and year as random factors. We also tested correlation
between snowmelt at colonies and pre-breeding sites in a GLMM, with year and area as
random factors.
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Season length

Snowfall

Snowmelt

259 ± 7

NSK

KB

94 ± 12
94 ± 12

KF

NSK

KB

259 ± 7

KF

KB

165 ± 7
165 ± 7

NSK

Mean date /
length

KF

Colony

0.76 ± 0.56

0.76 ± 0.56

0.15 ± 0.37

0.15 ± 0.37

-0.61 ± 0.33

-0.61 ± 0.33

Change,
days per year

Southern staging site

110 ± 16

86 ± 16

72 ± 13

261 ± 12

254 ± 11

244 ± 10

151 ± 9

169 ± 10

173 ± 9

Mean date /
length

0.65 ± 0.54

1.41 ± 0.52

-0.76 ± 0.63

0.12 ± 0.41

0.62 ± 0.38

-0.01 ± 0.51

-0.53 ± 0.30

-0.78 ± 0.34

-0.78 ± 0.44

Change,
days per year

Proximate staging site

91 ± 17

80 ± 15

77 ± 15

252 ± 10

252 ± 11

248 ± 9

160 ± 9

172 ± 9

171 ± 10

Mean date /
length

2.07 ± 0.68

1.05 ± 0.71

1.91 ± 0.57

0.96 ± 0.46

0.57 ± 0.54

1.05 ± 0.34

–1.11 ± 0.35

–0.48 ± 0.43

–0.86 ± 0.44

Change,
days per year

Breeding colony

Table 8.1: Mean date of snowmelt / snowfall / mean season length (± SD), and change in snowmelt / snowfall / season length over time (± SD)
for the southern and proximate staging sites (related to breeding colonies) and the breeding colonies itself.
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 ǡ       ơ       ơ
between colonies, we tested laying dates over time in a GLM with average yearly laying
dates as a response variable and years as predictor variable, adding colony as a covariate. To
ơ ǡ 
average laying date as response variable, date of snowmelt (in colonies / proximate staging
sites), colony, and their interactions as predictor variables, and time as random factor. We
ơ 
Ǧ  ơ         ơ 
as explanatory variable and colony as predictor variable, and year as random factor.
 ǡơ Ƥ
components. We ran a GLMM with clutch size, number of hatchlings and the number
of not-hatching eggs as explanatory variables, day of snowmelt and lay date, their
interaction and colony as predictor variables, and year as a random factor. We tested the
correlation between clutch size and number of hatchlings in a GLMM with year and site as
random factors. We ran GLMs per colony with nest success and total expected hatchlings
as explanatory variables and laying date, laying date squared (laying date^2), date of
snowmelt, and the interaction between date of snowmelt and laying date as predictor
variables. For NSK we ran this analysis also excluding the years 2012 and 2014, when nest
success was 0. We ran a similar analysis for total expected hatchlings per year (excluding
date of snowmelt) to retrieve slopes per year per site. From these slopes we calculated the
date at which the total expected number of hatchlings peaked for every year, which we
compared with average laying date.

Results
Patterns of snowmelt and snowfall
The date of snowmelt occurred on average 16 days later in the high Arctic as compared
to the low Arctic sites (F2,182 = 82.0, p < 0.001, table 1). Between 2000 and 2015, the date of
snowmelt advanced at similar rates in the high and the low Arctic, with 0.65 days per year
(F1,181 = 82.0, p < 0.001). In the high Arctic colonies date of snowmelt was on average 7 ± 2
days later than at the southernmost pre-breeding site HN (F1,46 = 6.0, p = 0.006), but did
ơǦȋ͟ψ͡ Ǣ
1 ± 4 days earlier in KF relative to SØ; F1,80 = 1.7, p = 0.337). In the low Arctic colony date of
snowmelt was 9 ± 7 days later compared to proximate pre-breeding sites (F1,46 = 48.5, p <
0.001). Date of snowmelt in the colonies was closely related to date of snowmelt on both
ȋɅǣ͜Ǥͤͥψ͜Ǥͥ͝ǡ 1,29 = 22.8, p = 0.002) and proximate pre-breeding sites
ȋɅǣ͜Ǥͣ͟ψ͜Ǥͣ͜ǡ 1,46 = 133.7, p < 0.001). The date of snowfall was 5 ± 3 days earlier in the high
Arctic than in the low Arctic (F1,182 = 3.1, p = 0.131). Between 2000 and 2015, date of autumn
snowfall moved back in time at all sites at 0.40 days per year (F1,182 = 8.0, p = 0.007). As a
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result of earlier spring snowmelt and later autumn snowfall, the snow-free period became
ȋɅϋ͝Ǥͣψ͜Ǥ͠ǡ 1,46 = 7.2, p < 0.001), in total
25.5 days over the course of 15 years. This period was on average 13 days longer in the low
Arctic (F1,46 = 10.2, p < 0.001).
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Figure 8.2: Annual snow-free periods (indicated by grey area) for each of the barnacle goose
colonies during 2000–2016. Linear trends over the years of dates of snow melt and snow fall
are indicated by dashed black lines. Dates of snow melt and snow fall at the pre- and postbreeding sites are indicated by grey lines. Average lay dates (± SD) are indicated by symbols
and associated error bars, linear trends by solid black lines.

Timing of reproduction
Both in the high and the low Arctic, barnacle geese advanced their egg laying dates at 0.43
± 0.12 days per year (F1,28 = 9.4, p = 0.005). Laying dates were positively related to snowmelt
ǦȋɅϋ͜Ǥͣ͞ψ͜Ǥ͜͠ǡ 1,25 = 32.2, p < 0.001, Figure 8.3a) and
 ȋɅϋ͜Ǥ͢͞ψ͜Ǥ͜͡ǡ 1,25 = 27.9, p < 0.001, Figure 8.3b). The interaction between
snowmelt and colonies Models containing only snowmelt at proximate pre-breeding sites
gained higher support (Table S8.3), suggesting that this was a more important factor
determining laying dates. We performed subsequent analyses with snowmelt on proximate
pre-breeding sites. Surprisingly, laying date was inversely related to latitude, with geese
in the high Arctic sites laying the earliest, and geese in the low Arctic laying up to 12 days
later (F1,25 = 45.4, p < 0.001, Figure 8.2). As a result, lower Arctic geese also laid their eggs
closer to snowmelt (KB: 7 ± 3 days after snowmelt, KF: 20 ± 2 days before snowmelt, NSK:
8 ± 3 days before snowmelt, F1,26 = 93.6, p < 0.001, Figure 8.3a). The number of nests, as a
ơǡơ ȋ 1,10 = 0.36, p = 0.561).

Clutch size and number of hatchlings
  ȋɅϋ͜Ǥ͜͞ψ͜Ǥ͜͜͢ǡ 1,1908 =
͝͝Ǥͣǡώ͜Ǥ͜͜͝ǡ ͤǤ͠ȌǡȋɅϋ͜Ǥ͜͠ψ͜Ǥ͜͜͢
egg per earlier date of snow melt, F1,1908 = 43.0, p < 0.001, Figure 8.4b). However, hatching
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success of eggs (measured number of hatching goslings divided by clutch size) decreased
  ȋɅϋ͜Ǥͣ͜ψ͜Ǥ͜͞  
 ǡɝ2 = 15.5, p < 0.001). The number of hatchlings was
   ȋɅϋ͜Ǥͣͥψ͜Ǥ͜͞ǡ 1,1908 = 1446.9, p < 0.001), and declined
ȋɅϋ͜Ǥ͜͠ψ͜Ǥ͜͜͡ ǡ 1,2300 = 49.5, p < 0.001,
Figure 8.4c) but not with date of snowmelt (F1,2300 =0.7, p = 0.420, Figure 8.4d).
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Figure 8.3: (A) Relationship between yearly average laying dates (shown with standard
deviations) and date of snowmelt at proximate staging sites; (B) relationship between yearly
average laying dates and date of snowmelt in breeding colonies. Lines show linear regressions,
     ǣ Ʀ ȋ ǡ
lines), Nordenskiöldkysten (grey squares, dotted lines) and Kolokolkova Bay (white triangles,
dashed lines).

Nest success
In the high Arctic (NSK), nest success was zero in two years as all nests were predated by
polar bears (2012 and 2014). When excluding these years (see Methods), nest success was
ȋǣɅϋǦ͜Ǥ͝͝ψ͜Ǥ͜͟ǡ 1,162 = 41.4, p < 0.001; lay
ɅϋǦ͜Ǥ͜͟͠ψ͜Ǥ͜͟͝ǡ 1,162 = 12.6, p < 0.001 ; Figure 8.4e), but only in years with
early snowmelt (interaction lay date and snowmelt: F1,162 = 6.7, p = 0.010, Figure 8.4e, f).
As a result, the expected number of hatchlings peaked in early laid nests in years with an
early snowmelt, while the number was invariably low in years with late snowmelt (Figure
8.5). In the low Arctic, hatching success and expected number of hatchlings was highest
ȋǣɅϋ͜Ǥͥ͠ψ͜Ǥ͝͞ǡ 1,143ϋ͟Ǥ͞ǡϋ͜Ǥͣ͜͢Ǣ̸͞ǣɅϋǦ͜Ǥ͜͜͞ǡ
F1,143ϋ͝͡Ǥͤǡώ͜Ǥ͜͜͝ǡ ͤǤ͠Ȍơ ȋ 1,143 = 1.5, p
= 0.221; Figure 8.4f). When comparing peak date of expected number of hatchlings with
ǡƤ  ǡ
relative to the date of peak expected success in years with earlier snowmelt, while in the
low Arctic site, geese generally appeared to nest in sync with the date of peak expected
success (Figure 8.5, Figure S8.1).
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Figure 8.4: Clutch size (A; B), number of hatchlings (C; D) and hatching success (E; F) for
ơȋ ǡǢǢȌơ
at proximate pre-breeding sites (B; D; F). Lines show linear regressions, symbols and colours
ǣƦȋ ǡȌǡÚ
(grey squares, dotted lines) and Kolokolkova Bay (light grey triangles, dashed lines). In E, the
expected number of hatchlings is depicted for KB for all years, and for NSK only for years when
hatching success was above 0.
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Discussion
Barnacle geese advanced laying dates in response to earlier springs, but at a slower rate
       Ǥ    ǡ  Ƥ 
improved foraging conditions prior to breeding, as they were able to lay larger clutches.
However, this did not result in more hatching goslings, as hatching success of eggs
 Ǥ ơ 
high Arctic, where early nesting geese could avoid nest predation, but not in the low
  ǡơǤǡ  
    Ƥ   ǡ        Ǥ
 ǡ  ơ
phenological mismatches, as they nest later relative to the onset of spring than their high   Ǥơ  
ơ  Ǥ

Advance of egg laying in high- and low-Arctic
During the past 15 years, Arctic-breeding barnacle geese advanced egg laying by 0.43 days
per year, coinciding with an advancement of the onset of spring (date of snowmelt) on
the breeding grounds by 0.65 days per year. Although this suggests that geese keep track
of earlier springs on the long term, geese show a much smaller response (with a slope
of 0.27, Figure 8.3) in adjusting laying dates to yearly variations in the onset of spring.
Egg laying dates of birds have been repeatedly shown to advance under climate warming
in temperate regions (Crick et al. 1997; Parmesan & Yohe 2003), and more recently also
for Arctic migrants (Høye et al. 2007; Saalfeld & Lanctot 2017). The strong correlation
between the date of snowmelt and egg laying dates suggests that barnacle geese indeed
advance their egg laying dates as a reaction to an earlier date of snowmelt in the Arctic, but
seem to advance at a slower rate than the onset of spring (Barry 1962; Prop & Vries 1993;
Lindberg et al. 1997; Bêty et al. 2003). Birds typically advance egg laying dates slower than
the advance of their food peaks (Gienapp et al. 2014), as they may face constraints which
limit them adequate adjustments of laying date. Long-distance migrants such as barnacle
geese may be constrained to advance laying as they do not arrive earlier at their breeding
grounds (Both & Visser 2001). However, barnacle geese breeding in the low Arctic have
been found to advance their arrival under earlier springs (Chapter 7). After arrival, geese
may also need time to build up body stores locally before laying (Prop & Vries 1993; Prop
et al. 2003; Hahn et al. 2011) and an advance in egg laying may be constrained by local
feeding opportunities (Prop & Vries 1993; Hübner 2006; Hübner et al. 2010). This is also
  Ƥ   
ǡƥ ơ 
in the breeding colony. Potentially, timing of egg-laying is primarily determined by the
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ǦǡǡƤǦ
tuned by date of snowmelt in the breeding colony, which allows nest initiation (Hübner
et al. 2010).
Surprisingly, average dates of laying in the three study colonies were inversely related
to latitude, with geese in the most northern colony laying eggs earlier than in the southern
Ǥ Ƥ
later at higher latitudes (Owen 1980). There may be several mechanisms which allow high
      Ƥ Ǥ ǡ
  ơ  
them to the breeding grounds. In the high Arctic, earliest nesting geese draw heavily
from endogenous body stores for egg production (Hahn et al. 2011), which allows them
to breed shortly after arrival. In the low Arctic, the earliest nesting geese use much more
local resources for egg production (Pokrovskaya et al. 2011; Chapter 7), suggesting that
nesting only takes place after geese have accumulated body stores close to the breeding
grounds. Additionally, earlier laying dates in the high-Arctic can be attributed to the
ƤǦ 
high-quality graminoids, which are thought to be the reason why herbivores like geese
are able to occupy most northern parts of the tundra (Prop & Vulink 1992). These lowquality plants form a substantial part of the phytomass in the high Arctic tundra system
and are among the food plants available as soon as snow melt starts (Prop & Vries 1993;
 Ǥ͜͢͞͝Ȍǡ   Ƥ
spots of the tundra become uncovered from snow and well before the onset of the growth
of more nutritious graminoids. In the coastal low-Arctic occupied by barnacle geese, an
early surge of low-quality food is lacking and geese depend entirely on the development of
high-quality food (van der Graaf et al. 2004, 2006), which starts growing only after snow
has already melted (Prop & Vries 1993).

 ơ Ƥ 
Under an earlier onset of spring breeding propensity is known to increase in Arctic geese
(Madsen et al. 2007; Dickey et al. 2008). Fewer barnacle geese indeed seem to nest in years
ȋ Ǥͥͥ͝͝ȌǡƤơ 
onset of spring on the number of recorded nests.
Barnacle geese increased their clutch size with earlier lay dates and with an earlier date
of snowmelt. A seasonal decline in clutch size is common in geese and birds in general
(Crick et al. 1993; Rowe et al. 1994; Dalhaug et al. 1996). This is thought to result from a
 ơǡ 
to invest less in reproduction (Drent & Daan 1980; Rowe et al. 1994). As laying dates
advanced, larger clutches can be expected from the strong relationship between laying
date and clutch size (Winkler et al. 2002). In earlier and warmer springs, larger clutches
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 Ƥ 

have often been found in other species of geese (Barry 1962; Dalhaug et al. 1996; Bêty et
al. 2003; Van Oudenhove et al. 2014). If geese do not proportionally advance their laying
dates with local snowmelt, local forage plants become available to them prior to breeding
in early seasons (Prop & Vries 1993). As they can use extra income to lay a larger clutch,
a delay of laying dates relative to the date of snowmelt may be an optimal decision to
increase reproductive output (Rowe et al. 1994).
 ơ   ǡƤ 
in the number of hatchlings in earlier springs. Due to a decrease in hatching success in
ǡ ơǤ
A decrease in hatching success can be caused by factors on the population level, if nests
with large clutches have an increased chance of being depredated in early years, or on
the level of the individual nest, when single egg predation or the number of unfertilized
eggs (Cooke et al. 1995) is proportional to the clutch size (thus larger clutches losing more
eggs). Single egg predation by glaucous gulls is common in both colonies in which we
measured clutch size (Tombre & Erikstad 1996; Dorofeev et al. 2013), and a proportional
chance of egg predation with clutch size might indeed be possible.
Nesting success was strongly associated with laying date, with more successful nests
at intermediate laying dates in the low Arctic and at early laying dates in the high Arctic.
  ǡ ƪ ǡ
Arctic, nesting success was higher in earlier springs. During the study period, failure of
nests in Arctic geese was primarily caused by nest predation, mostly by glaucous gulls
(van der Jeugd et al. 2003), but also by Arctic foxes  (Jensen et al. 2014)
and polar bears (Prop et al. 2015). In the low Arctic, geese which settle before the peak in
laying dates may experience an increased predation pressure, as they are one of the few
birds which have started nesting by this time (Findlay & Cooke 1982). Birds which settle
after the peak may similarly experience higher predation pressure, or may be birds of
lower quality which are more prone to nest predation or to abandon their nest. In the high
Arctic, nesting success of early laid nests of barnacle geese was relatively low in the past,
explained by the potentially small fat reserves of early laying geese which allowed less
time for nest attendance and protection (Prop & Vries 1993; Spaans et al. 2007). Currently,
Ƥ ǡ  
a new predator moving southwards under climate warming (Prop et al. 2015). Since the
2000s, the most important predators are polar bears which enter the colony from midJune onwards to predate substantial numbers of nests in the colony (Prop et al. 2015).
Early laid nests have a chance to hatch in time and escape predation, explaining why
 ơ ǡ
birds are able to nest relatively early. As such, the window during which nests successfully
hatched did not become longer, and especially late nests experienced a very low nesting
success in the high Arctic. At the same time, polar bears are advancing the date at which
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Ƥ ȋǤ͜͞͝͡Ȍǡ
able to advance their laying dates enough to keep escaping predation pressure.

Kolokolkova Bay
2003

2004

2005

2006

2007

2008

2014

2015

0.3

4.0
3.0

0.2

2.0

0.0
150
160
170
180

150
160
170
180

150
160
170
180

150
160
170
180

150
160
170
180

150
160
170
180

150
160
170
180

0.0

Nordenskiöldkysten
2010

2011

2012

2013

2014

2015

2016
1.00

Expected productivity

1.0

150
160
170
180

Distribution of laying dates

0.1

0.15
0.75
0.10

0.50

150
160
170
180

150
160
170
180

150
160
170
180

150
160
170
180

0.00
150
160
170
180

0.00
150
160
170
180

0.25

150
160
170
180

0.05

Laying date

Figure 8.5: Distribution of laying dates (bars) in Kolokolkova Bay and Nordenskiöldysten by
year. The timing of snow melt is indicated by intensity of shading of the bars (dark grey –
late snowmelt, light grey – early snowmelt). Black lines result from linear models of expected
number of hatchlings.

Selection for earlier laying
When organisms do not advance their reproduction phenology at the same rate as their
food under climate warming, there can be strong selection pressure for earlier breeding,
especially in earlier seasons (van Noordwijk et al. 1995; Both & Visser 2001; Gienapp et
al. 2014). On the other hand, earlier seasons may allow more time for adults to prepare
ơǡ  
seasons (Tomotani et al. 2016). For geese and other large bird species with long lifespans,
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adjustment of phenology under rapid climate warming is more importantly determined
by phenotypic plasticity via social learning (Visser 2008; Mueller et al. 2013; Teitelbaum
et al. 2016) than through genetic change, and these birds may optimize migration and
reproduction timing by learning (Madsen 2001; Agostini et al. 2017). The framework of
selection pressure can help us to understand whether geese advance laying dates enough
in relation the climate warming (e.g. Clermont et al. 2017). As we only investigated
reproductive success up to gosling hatch, our measure of reproductive success is mostly
ơ       ǡ         
   ǡ ƪ
 Ǥ    ǡƤơ 
between years in selection pressure (as found also by van der Jeugd et al. 2009), suggesting
that the ability of geese to synchronize laying dates with peak expected hatching success
 ơ  Ǥ      ǡ  
always occurred early in the season. While this is the result of extremely high predation
pressure of polar bears as discussed above, a similar pattern can be expected when seasons
are extremely short. Consistent pressure for earlier breeding under a short season may
drive the continuous advance of laying dates in the other high Arctic colony (KF).

Sensitivity to mismatches
ƤǦ  
pre-breeding sites and in the colony, low-Arctic geese start laying only after the date of
snowmelt. This may have important consequences for their sensitivity to a phenological
mismatch. Phenology of plants in the Arctic is importantly determined by snowmelt
(Livensperger et al. 2016; Semenchuk et al. 2016). While forage plants respond directly to
snowmelt, sprouting right after snow has melted (Livensperger et al. 2016), geese show
a much slower advancement in their adjustment of laying dates, which may result in a
phenological mismatch between peak forage plant quality and the moment of gosling
 ȋǤ͜͞͝͡ȌǤ Ǧ   ơ
from a phenological mismatch in early springs which reduces gosling survival (Chapter
7). For high-Arctic barnacle geese, goslings may still hatch prior to the peak in forage
plant quality, as laying dates fall well before the date of snowmelt.

Conclusions
      ơ      ȋ   Ǥ
2012), high Arctic communities are often considered to be especially vulnerable to climate
warming by disruption of trophic interactions (Høye et al. 2007; Post et al. 2009). In
contrast, here we show that climate warming may potentially have stronger negative
ơ        Ǧ         Ǧ
   ǡ         Ƥ       
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hatching goslings, and in fact run a greater risk of facing a phenological mismatch as
they nest late in comparison to the date of snowmelt. In the high Arctic barnacle geese
  Ƥ
ǡƤ  
springs, as has been found before in high Arctic snow geese    (Dickey
et al. 2008; Van Oudenhove et al. 2014). For both high and low Arctic barnacle geese, the
   Ƥ           
limited as hatching success decreased in all colonies with earlier seasons. Combined with
the increased risk of facing phenological mismatches with potential strong reductions
Ƥǡơ    Ǥ
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Difference in peak laying date /
peak reproductive success

Supplementary material




í

í

í










Date of snowmelt

Figure S8.1ǣ ơ             
ȋ  ȌơǦ
sites, for the high Arctic (NSK: dark grey squares) and the low Arctic (light grey triangles).
Table S8.1: Pre-breeding sites and colonies for which snow cover data was determined,
including size of the sites in pixels as used for MODIS and in km2. As snow cover could not be
estimated for the island of Storholmen, we used two adjacent sites (totalling 16 km2).
Area

Area type

Number of Surface
pixels
area (km2)

Longitude

Latitude

Kolokolkova Bay (KB)

Breeding

168

42

68°35’51.60”N

52°20’12.45”E

Nordenskiöldkysten (NSK)

Breeding

361

90.25

77°47’18.59”N

14° 5’51.05”E

Ʀȋ Ȍ

Breeding

64

16

78°57’42.19”N

12° 4’9.87”E

78°50’57.97”N

11°50’19.14”E

Molotsnii delta (MD)

Staging

320

80

68°30’1.49”N

52° 0’58.65”E

Neruta delta (ND)

Staging

370

92.5

68°17’4.35”N

52°16’39.79”E

Hornsundneset (HN)

Staging

78

19.5

76°52’1.13”N

15°34’56.68”E

Ralstrånda (RS)

Staging

83

20.75

77° 1’24.45”N

15°11’35.85”E

ƪȋ Ȍ

Staging

90

22.5

77°30’4.56”N

13°56’5.96”E

Vårsolbukta (VB)

Staging

73

18.25

77°46’2.70”N

14°15’18.91”E

Daudmannsøyra (DØ)

Staging

113

28.25

78°12’44.16”N

13°25’44.25”E

Sarsøyra (SØ)

Staging

84

21

78°45’23.00”N

11°40’10.35”E
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Table S8.2: Number of nests for which data was available on laying date, nest fate, clutch size
and number of hatchlings, grouped per colony and year.
Colony

Year

Laying date

Nest fate

NSK

2010

336

336

Clutch size

Hatchlings
19

NSK

2011

225

225

4

NSK

2012

317

317

NSK

2013

226

226

NSK

2014

289

289

12

NSK

2015

225

225

17

NSK

2016

236

236

22

KF

2000

158

131

46

KF

2001

282

246

159

KF

2003

113

23

KF

2005

25

25

21

KF

2006

73

71

42

KF

2007

71

73

32

KF

2008

128

116

83

KF

2009

142

135

95

KF

2010

170

156

102

KF

2011

172

126

73

KF

2012

214

212

119

KF

2013

136

107

54

KF

2014

220

195

118

KF

2015

295

260

130

KF

2016

312

274

170

KB

2003

153

153

76

37

KB

2004

355

355

220

161

KB

2005

344

344

170

86

KB

2006

553

553

404

147

KB

2007

316

316

122

KB

2008

446

446

KB

2014

450

450

450

252

KB

2015

380

380

276

114
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109

-3289

91

SL ~ Y + (S)

SL ~ C + (S)

-13.06

1175.50

-13.06

-3280

-4072

SL ~ C + Y + (S)

SL ~ C + Y + C*Y + (S)

Country
(C)

-5.38

-0.25

-5.38

Country
(C)

16.03

Intercept

-548

258

SF ~ C + Y + C*S + (S)

SF ~ C + (S)

Season Length (SL)

-544

-548

SF ~ C + Y + (S)

Intercept

SF ~ Y + (S)

Snowfall (SF)

1480

154

SM ~ Y + (S)

SM ~ C + (S)

16.03

1468

1605

SM ~ C + Y + (S)

SM ~ C + Y + C*Y + (S)

-171.2

Country
(C)

Intercept

Snowmelt (SM)

1.68

2.07

1.68

Year
(Y)

0.40

0.40

0.40

Year
(Y)

-0.65

-0.72

-0.65

Year
(Y)

-0.59

Interaction
(C*Y)

-0.003

Interaction
(C*Y)

0.09

Interaction
(C*Y)

4

4

6

5

degrees of
freedom

4

6

4

5

degrees of
freedom

4

4

6

5

degrees of
freedom

-211.1

-205.5

-201.9

-202.2

Log
likelihood

-702.2

-698.6

-700.0

-698.6

Log
likelihood

-679.8

-676.0

-666.8

-666.9

Log
likelihood

431

420

417.7

415.7

AICc

1412.7

1409.6

1408.2

1407.5

AICc

1367.9

1360.1

1346.1

1344

AICc

15.3

4.2

2.0

0.0

ȥ c

5.2

2.1

0.7

0.0

ȥ c

23.8

16.1

2.0

0

ȥ c

Table S8.3: Generalized linear mixed models for date of snowmelt, date of snowfall, season length, laying date, amount of nests, clutch size,
 ǡ  Ǥ ơ ȋȌȋȌǤƥ Ƥ
ơ ǡ c values.
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209

210

107

Intercept

157

LD ~ SMP (Y)

7.5

8.4

3.7

4.0

TC ~ S + (Y)

TC ~ LD + (Y)

0.00

-0.03

11.4

TC ~ S + LD + SMP + (Y)

TC ~ S + LD + (Y)

-0.03

12.5

TC ~ LD + SMP + (Y)

TC ~ SMP + (Y)

-0.41

-0.02

TC ~ LD + S + SMP 83.4
+
LD*SMP +
(Y)
TC ~ LD + S + SMP + (Y) 14.1

0.39

0.60

-0.63

Site
(S)
-0.13

0.14

0.24

0.27

Laying
date (LD)
-0.47

Intercept

133

Total clutch size (TC)

7.13

154

LD ~ SM + (Y)

9.06
30.66

108

116

0.06

0.01

4.48
30.01

105

0.03

Snowmelt
(SM)

29.18

Site
(S)
12.06

LD ~ SM + S + SMP +
SM*S + SMP*S + (Y)
LD ~ S + (Y)

LD ~ SM + S + SMP +
SM*S + (Y)
LD ~ SM + S + (Y)

LD ~ SM + S + SMP +
109
SMP*S + (Y)
LD ~ SM + S + SMP + (Y) 107

LD ~ SMP + S + (Y)

Laying date (LD)

Table S8.3: Continued

-0.4

0.28

-0.02

-0.04

-0.03

-0.04

4

4

5

4

5

5

6

degrees of
freedom
7

0.5

0.29

-2595.5

-2576.1

-2564.8

-2557.1

-2548.1

-2544.8

-2542.3

Log
likelihood
-2526.6

4

4

5

11

6

9

7

9

5199.1

5160.2

5139.6

5122.1

5106.2

5099.5

5096.7

5067.2

AICc

-90.5

-89.2

-78.3

-61.5

-69.6

-63.7

-66.5

-62.6

Interaction Interaction degrees of Log
(S*SM)
(S*SMP)
freedom
likelihood
6
-66.5

Snowmelt pre- Interaction
breeding (SMP) (LD*SMP)
-0.46
0.003

0.00

-0.01

0.23

0.26

0.23

Snowmelt prebreeding (SMP)
0.27

42.1

39.4

20.4

10.3

6.1

5.5

3.4

131.9

93.0

72.4

54.9

39.0

32.3

29.5

0.0

ȥ c

190.6

187.9

169.0

158.8

154.6

154.0

151.9

3.2

0.0

148.5
151.7

ȥ c

AICc
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5.9

5.6

3.2

5.0

TH ~ S + SMP + (Y)

TH ~ SMP + (Y)

TH ~ S + (Y)

TH ~ LD + (Y)

52.1

4.1

3.3

1.5

2.5

0.6

0.5

0.7

DCH ~ LD + S + SMP +
SMP*LD + (Y)

DCH ~ S + SMP + (Y)

DCH ~ LD + S + SMP
+ (Y)

DCH ~ SMP + (Y)

DCH ~ LD + SMP + (Y)

DCH ~ S + (Y)

DCH ~ LD + (Y)

DCH ~ LD + S +(Y)

Intercept

ơ   Ȁ ȋ Ȍ

9.5

10.0

TH ~ LD + SMP + (Y)

30.9

TH ~ LD + S + SMP +
SMP*LD + (Y)

TH ~ LD + S + SMP + (Y)

9.4

TH ~ LD + S + (Y)

Intercept

Number of hatchlings (TH)

Table S8.3: Continued

0.00

0.00

-0.01

0.01

-0.31

Laying
date (LD)

-0.01

-0.02

-0.04

-0.18

-0.04

Laying
date (LD)

0.03

0.02

-0.55

-0.44

-0.33

Site
(S)

0.7

-0.53

0.92

0.97

0.97

Site
(S)

0.001

-0.01

-0.01

-0.02

-0.02

-0.31

0.002

Snowmelt pre- Interaction
breeding (SMP) (LD*SMP)

-0.01

-0.02

-0.02

0.00

-0.13

Snowmelt pre- Interaction
breeding (SMP) (LD*SMP)

5

4

4

5

4

6

5

7

degrees of
freedom

4

5

4

6

5

7

8

6

degrees of
freedom

-2439.9

-2440.0

-2439.9

-2436.2

-2436.8

-2427.5

-2428.4

-2417.7

Log
likelihood

-3535.5

-3522.7

-3522.0

-3514.5

-3513.1

-3498.7

-3497.1

-3499.0

Log
likelihood

4889.9

4888.0

4887.9

4882.4

4881.6

4867.0

4866.9

4849.5

AICc

7079.0

7055.4

7052.0

7041.1

7036.2

7011.5

7010.2

7010.0

AICc

40.4

38.5

38.4

32.9

32.1

17.6

17.4

0.0

ȥ c

68.9

45.4

42.0

31.0

26.2

1.5

0.2

0.0

ȥ c
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Table S8.3: Continued
Amount of nests (NN)
Intercept

Site
(S)

201

184.6

NN ~ S + SMP + (Y) 441

159.5

NN ~ S + (Y)

Snowmelt prebreeding (SMP)

degrees of Log
AICc
freedom
likelihood
4

-86.4

184.9

0.0

-1.43

5

-86.2

189.1

4.3

3

-92.0

192.3

7.4

4

-90.3

192.6

7.7

NN ~ (Y)
NN ~ SMP + (Y)

1739

-9.10

ȥ c

Table S8.4: Generalized linear models for nest success and total number of expected hatchlings,
run separately for Kolokolkova Bay (KB) and Nordenskiöldkysten (NSK). Covariates include
laying date, laying date squared and the date of snowmelt at proximate staging site. Also the
interaction between laying date and date of snowmelt is included in the model concerning
nest success at NSK. Given are degrees of freedom, sum of squared, mean square, F – statistic
and P value.
Nest success KB
degrees of
freedom

Sum Squares

Mean Square

F

P

laydate

1

0.24

0.24

3.2

0.076

Snowmelt staging

1

0.11

0.11

1.5

0.221

Laydate ^ 2

1

1.10

1.10

14.6

0.000

Residuals

143

10.80

0.08

degrees of
freedom

Sum Squares

Mean Square

F

P

laydate

1

12.57

12.57

10.4

0.002

Snowmelt staging

1

10.12

10.12

8.4

0.005

Laydate ^ 2

1

18.79

18.79

15.6

0.000

Residuals

110

132.32

1.20

degrees of
freedom

Sum Squares

Mean Square

F

P

1

0.30

0.30

41.4

0.000

Total number of hatchlings KB

Nest success NSK

laydate
Snowmelt staging

1

0.01

0.01

0.8

0.379

Laydate ^ 2

1

0.09

0.09

12.6

0.001

interaction laydate x snowmelt staging

1

0.05

0.05

6.7

0.011

Residuals

162

1.17

0.01

degrees of
freedom

Sum Squares

Mean Square

F

P

laydate

1

2.26

2.26

34.7

0.000

Snowmelt staging

1

0.09

0.09

1.4

0.241

Laydate ^ 2

1

0.74

0.74

11.4

0.001

Residuals

159

10.33

0.06

Total number of hatchlings NSK
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Synthesis:
Optimal timing of migratory geese
breeding in a warming Arctic

Chapter 9

       ƪ 
barnacle geese
The onset of spring from a goose perspective
The onset of spring is a key event in the annual cycle of animals living in seasonal
environments. While the winter is a strongly stringent period, when short time for
foraging and low food quality puts pressure on animals to acquire enough resources for
daily upkeep (Owen et al. 1992), these limitations are lifted during spring. With more
daylight hours the time for foraging increases, and as temperatures start to increase,
thermoregulation costs start to drop and food availability gradually increases, as insects
start to appear and forage plants start to grow. Graminoids, which are the main forage
plants for geese, peak in protein concentrations shortly after the onset of spring (van der
Ǥ͜͜͢͞ȌǤƤ   
body stores to prepare for migration or reproduction. During migration, geese and other
bird species are considered to time their migration in phase with a “green wave” of the
ǡƤȋ Ǥ͜͜͢͞Ǣ
Shariatinajafabadi et al. 2014; Thorup et al. 2017). Approaching the breeding grounds,
geese then overtake this green wave to arrive in front of peak food quality (Kölzsch et
al. 2015; Si et al. 2015a) which they then match with the moment of largest energetic
requirements for their goslings. In this way the onset of spring forms a crucial factor
in spring phenology of Arctic geese, which in temperate wintering and staging sites
determines the phenology of their food plants (van Eerden et al. 2005; van der Graaf &
Stahl 2006; van der Graaf et al. 2006), and later in the season provides an important cue
for departing on migration (Bauer et al. 2008a; Duriez et al. 2009; van Wijk et al. 2012).
Which exact environmental predictors geese use to perceive the onset of spring is not
entirely clear, but several studies have investigated measures in temperature or vegetation
greenness as proxies for the onset of spring. As a result, migration timing of geese has been
found to correlate with accumulated temperature, in plant phenology known as growing
degree days (GGD) (Bauer et al. 2008a; Duriez et al. 2009), with a derivative of GDD (third
derivative, known as the “GDD-jerk”) (van Wijk et al. 2012; Kölzsch et al. 2015), or with
vegetation greenness as measured by satellite imagery (Shariatinajafabadi et al. 2014; Si
et al. 2015a). When geese approach Arctic regions on their spring migration, snow cover
may be used for timing of migration, as it limits feeding opportunities on Arctic staging
sites as well as accessibility of nesting sites (Madsen et al. 2007; Jensen et al. 2008; Si et
al. 2015b). Also we see that the date of snowmelt can be used as a prediction for peak food
quality in the Arctic (Chapter 7). Which cues geese use to time their migration may also
 ǡƤǦ 
becoming more important as geese approach their Arctic breeding grounds (Bauer et al.
2008a; Shariati-Najafabadi et al. 2016). While recently it has become apparent that also
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  ǡ        ǡ  ƪ  
timing (Eichhorn et al. 2009; Jonker et al. 2010), climatic factors determining the onset of
ơ Ǥ

An advancing onset of spring under Arctic climate warming
The Arctic is the earth’s region which is predicted to be most subjected to climate warming
(Stocker et al. 2013), but evidence is building up that rapid climate warming in the Arctic
is already taking place (Stroeve et al. 2007; Serreze et al. 2009; Serreze & Barry 2011). To
investigate whether climate warming has led to an advanced onset of spring in the Arctic,
  ƪ 
  Ǥ  ơ
of spring, with accumulated temperature in temperate staging sites and date of snowmelt
in (sub) Arctic staging and breeding grounds (see Box 9.1 for methods). Although we can
observe no clear temperature trends during the past 30 years in temperate and sub-Arctic
sites, a warming trend becomes evident in Arctic staging sites and much more strongly in
ȋ ͥǤ͝Ȍǡ ơ 
Ǯ  Ƥ ǯǤ ͤǤ͟͜͞
the last Arctic staging site, Kanin peninsula (light red), and 33.4 days over 15 years in the
Arctic breeding site at Kolokolkova Bay (red lines), while no such change has occurred in
temperate staging grounds. In contrast, the onset of spring in the Baltic Sea (yellow) has
 ͟͜Ǥơ  
ƪ   
anomalies in May, the month most important for goose migration, in 2015 (Figure 9.1b)
and 2016 (Figure 9.1c). While 2016 was the warmest year since modern recordkeeping
began in 1880 (Blunden & Arndt 2017), it can be expected that these records are only to
be broken in the near future, with temperatures as in 2016 becoming the norm rather
than the exception (Stocker et al. 2013). If the Arctic keeps warming at a faster rate than
temperate regions (Serreze & Francis 2006b), this will result in unequal advancement
ƪ  Ǥ ǡ
geese should advance their timing of reproduction on the breeding grounds under rapid
climate warming, but may not be able to advance their migration timing from temperate
regions where climate warming is occurring at a slower rate. An unequal advancement in
the onset of spring can impact the migration timing of geese by 1) changing the timing of
food availability, and 2) change the cues which geese currently use to optimally time their
migration. I will discuss these two issues separately in the paragraphs below.
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Figure 9.1: (A) The onset of spring has strongly advanced in the past decade in the Arctic,
but not in temperate and sub-Arctic sites. Solid lines show onset of spring as measured by
GDD, dashed lines show the onset of spring as measured by date of 50% snowmelt. (B – C)
Temperature anomalies during May 2015 and 2016 (relative to mean temperature 1981 - 2010)
  ƪ   ȋ  Ȍ  
Arctic which are warmer than average, while conditions in temperate regions are around or
below average. Data and maps were provided by ECMWF Copernicus Climate Change Service.

1. Food availability
  Ƥ  ǡ ơ       ƪ   
current pattern of the green wave which barnacle geese track. If peak food availability falls
 ǡơ  
body stores during migration. Already now, under varying onset of spring in the Arctic,
there may be strong yearly variations in how well geese can track a green wave, and to what
extent they can use a green wave to supply their body stores. Preliminary results show that
in years with strong climate warming in the Arctic, the green wave itself becomes shorter,
as the onset of spring in the Arctic relative to temperate stop-over sites falls relatively
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early (Figure S1). In these years, geese may reach Arctic staging sites relatively late and
stage here for a shorter period, as they are more concerned with reaching their breeding
Ǥ   Ƥ
years with early snowmelt in the Arctic, with some geese migrating from their wintering
to their breeding site in 5 days, it is questionable whether geese will continue to surf on a
green wave under future climate warming.
  ǡ       ơ ơ    
temperate and Arctic sites. In Chapter 2 I use an experimental approach to show that a
 ͝Ǥ͡Ǐơ 
ǡ ơ   Ǥ 
ơ ǡ
peak in quality much earlier in the Arctic, especially given the strong advance in the onset
of spring on the Arctic breeding site in the last decade (Figure 9.1a). If geese are indeed
relying on a green wave to arrive with ample body stores on the breeding grounds, a lack
 ƪ 
arrival, as they have to wait for optimal food quality before migrating, or to arrive with a
 ǡ Ƥ
foraging food quality on stopover sites. In addition, the experiment in Chapter 2 shows
that climate warming will lead to a faster decrease in food quality in the Arctic, as has
been previously observed in the Canadian Arctic (Doiron et al. 2014). High quality food
in the form of grass tillers containing high concentration of proteins has been shown to
be essential for gosling growth and survival (Lepage et al. 1998; Doiron et al. 2015) and a
 Ƥ  ȋ
al. 2016).

2. Cues
An advancing onset of spring by itself may not be the main problem for migratory birds,
but rather the change in climatic connectivity, the correlation of climatic variables between
wintering and breeding grounds (Saino & Ambrosini 2008). Although certain periods of
the year show high climatic connectivity between sub-Saharan wintering grounds and
temperate breeding grounds of passerines (Saino & Ambrosini 2008), allowing birds to
 ǡ ƪ 
(Kölzsch et al. 2015). The temperate wintering and staging sites in the North Sea and
Baltic Sea share a similar climate, but show little climatic connectivity with the stop-over
sites and breeding sites in the Arctic. Due to low climatic connectivity, local climatic
cues in temperate sites do not give correct predictions of optimal arrival in the Arctic
in a given year. This suggests that even without climate warming, local environmental
conditions may not provide useful cues for migrants. A stable cue not related to the local
ǡ   ȋ%Ǥͣ͜͞͝Ȍ 
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safeguard for birds to make sure not to depart too late under a relatively late onset of spring
in the wintering grounds (Bauer et al. 2008a). Still, geese appear to use local temperature
and vegetation greenness to time their departure from temperate staging grounds (Bauer
et al. 2008a; Duriez et al. 2009; Shariatinajafabadi et al. 2014; Kölzsch et al. 2015; Si et al.
2015a). However, due to the low climatic connectivity, this results in a migration timing
which is hardly plastic under advancing phenology in their northern breeding grounds,
as witnessed by a stable date of migration departure for barnacle geese in the Svalbard
population (Tombre et al. 2008) and the Barents Sea population (Eichhorn et al. 2009).

Limiting factors for advancing migration and reproduction phenology
The unequal advancement in the onset of spring between temperate staging and Arctic
ơ    
their migration. This can in turn constrain an advancement in the timing of migration,
by 1) changing the timing of food quality and availability at a faster rate in the Arctic then
in temperate regions, there constraining the time available for accumulating body stores
before and during migration (constraint hypothesis), and 2) a rapid advancement of Arctic
   ǡƥ 
to correctly time their departure for migration (cue hypothesis; Visser et al. 2012). The
pivotal question is which of these mechanisms forms a more important limiting factor for
adapting phenology of migration and reproduction to climate warming.

Timing of fuelling for migration
While the migration period is often viewed as the time during which animals move from
their wintering grounds to their breeding grounds, the time needed for energy deposition
prior to departure is just as crucial in animal migration (Alerstam & Lindström 1990).
Preparation for the migratory period may already start in mid-winter, when animals can
feed on locally abundant resources to make the journey to a next stopover site (Bayly et
al. 2012; Thorup et al. 2017). Some birds which travel large distances between wintering
and breeding grounds, such as Arctic Terns travelling over 80.000 km between Antarctica
and the Arctic (Egevang et al. 2010), may in fact be in a migratory state for the larger
ǡ ƪǤ 
reproduction phenology may not only require migrants to advance their timing of active
migration, but also in the preparation of migration. Energy deposition or ‘ fuelling’, is
only possible when energy intake exceeds energy expenditure (Lindström 2003), and an
advancement in fuelling may be limited by the revenues for foraging early in the season.
For barnacle geese fuelling in North-Western Europe during early spring, short day
length permitting only little time for grazing during the day and low quality of forage
plants can importantly limit the daily energy intake of geese (Owen et al. 1992), while
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cold conditions can keep energy expenditure at high levels. Although an advancement
in fuelling may be constrained, geese may currently not be driven to initiate fuelling at
the earliest possible day, suggested by an increase of body mass occurring only in late
spring (Ebbinge & Spaans 1995). This creates a challenge when investigating whether a
time constraint potentially limits the advancement of fuelling for migration. I strived to
answer this question using a theoretical approach, a dynamic migration model in which
we advanced optimal conditions for reproducing in the Arctic (Chapter 3), and a natural
experiment, where we compared time budgets of migratory geese during spring fuelling
with those of resident geese, which breed 2 months earlier and appear to be under a
stronger time constraint (Chapter 6).
Our dynamic programming model (Chapter 3) calculates the optimal migration
 ǡ ƪ 
 Ǥ         ơ  ǡ 
availability varies with the season (Figure 3.1a). Individual animals start at a wintering
site, and at each time step they may choose to stay and increase body stores by foraging
at the current site, or spend energy by migrating to a subsequent staging site. Timing of
    ǤƤ
ran this model for a baseline scenario, in which timing of food availability and optimal
 ƪ    ͥ͜͜͞Ǥ
observing the body mass trajectories obtained from the model in the baseline scenario
(Figure 9.2b), we can see that the onset of fuelling in mid-March is comparable with onset
Ǧ ͜͞͝͡ȋƤͥǤ͞ǢͥǤ͝
for methods). We then compared the baseline scenario with climate warming scenarios,
in which we advanced the timing of food availability and optimal reproduction timing,
with a relatively larger advancement in Arctic sites compared to temperate sites. Under
climate warming, geese were able to advance the onset of fuelling by roughly 52 days when
they needed to advance arrival on the breeding grounds by 59 days. As geese in the model
initially lost body mass during winter, a response to increase manoeuvrability for escaping
predators incorporated in the model, they were able to make a strong advancement in the
onset of fuelling by shortening the period of body mass loss (Figure 9.2b, c). Body mass
loss during winter months is indeed observed in geese, but it is questioned whether this
is an adaptive response of birds, or whether it is driven by a negative energy budget in
the stringent winter period (Owen et al. 1992). Nevertheless, the duration of the period
of body mass loss in the dynamic programming model seems comparable to results from
the time-budget based body mass trajectories (Figure 9.2a). The dynamic programming
model thus shows that under the need to advance departure for migration under climate
warming, the time available for foraging and food quality early in the season does not
limit an advancement in fuelling. On the other hand, when we ran scenarios in which
geese were unable to predict, from the wintering grounds, an strongly advancing onset

221

Chapter 9

of spring in the breeding grounds, they were unable to arrive in time on the breeding
grounds. Our dynamic migration model thus predicts that cues, not constraints, are the
most important limiting factor for advancing migration timing.

Figure 9.2: (A) Body mass trajectories for individually tracked barnacle geese in the spring
of 2015, as modelled from accelerometer derived time-budgets and environmental data, with
thin lines showing individual geese and the thick line showing average body mass. Boxplots
show body mass measurements taken at the same day numbers between 1980 – 2017. Colours
show locations (blue = Wadden Sea region, yellow = Baltic Sea region, orange = Barents Sea
stop-overs, red = Kolokolkova Bay). (B-C) Modelled body mass trajectories of geese from the
dynamic migration model described in Chapter 3, under environmental conditions as in the
 ͥ͜͜͞ǡ φ͡ǏƤ 
factor of 2.5.
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ơ  
the body mass trajectories obtained from time-budgets is the relatively rapid fuelling rate
      ǡ    Ƥ    
Ƥȋ ͥǤ͞Ǣ ͤ͜͜͞ȌǤ
on foraging in natural salt marsh habitats in the dynamic programming model, barnacle
geese currently make more use of agricultural habitats for fuelling where intake rates
are higher (Box C). While it has been suggested that by fuelling only in these habitats
they might miss important protein sources necessary for successful reproduction (Prop
Ƭ ͥͥͤ͝Ȍǡơ   
ȋ Ǥ͜͞͝͞ȌǡƤ  
habitats for fuelling can successfully reproduce (Box C). Moreover, faster fuelling rates
in agricultural habitats would even increase the potential for advanced fuelling under
climate warming.
In recent decades barnacle geese have expanded their breeding range from the Arctic
to temperate latitudes, where they have taken up a resident lifestyle (van der Jeugd et al.
2009). As resident and migratory geese mix during winter, they still show genetic exchange
between populations (Jonker et al. 2013). Although resident barnacle geese have advanced
their laying dates by 2 months in comparison to their Arctic counterparts, they apparently
breed too late, as most individuals initiate nesting while the prospects for survival of
ơ ȋ Ǥͥ͜͜͞ȌǤ
fact that another species of goose breeding in temperate Europe, the greylag goose 
ǡ ǡ   Ƥ
from high food quality (Kamp & Preuss 2005). It is hypothesized that resident barnacle
geese are limited in time to acquire enough body stores for earlier breeding. As it can thus
be expected that resident barnacle geese start to deposit energy to fuel body stores at their
earliest possibility, this creates a unique opportunity to test whether migratory barnacle
geese, which may not initiate fuelling at the earliest possibility, still have leeway to
advance the onset of fuelling. In Chapter 6 we study the onset of fuelling with GPS-loggers
including accelerometers, deployed on a migratory and resident population of barnacle
Ǥ        ơ     
(Shamoun-Baranes et al. 2012). I compared accelerometer-based time budgets, and found
ơ ǡ
populations of barnacle geese started to increase grazing in mid-February (Figure 6.3a
and b). This increase resulted from a constantly increasing grazing time with increasing
day length, supplemented with grazing during moonlit nights to keep a stable grazing
time per day until mid-February. Energetic costs still remained high until mid to end
ȋ ͢Ǥ͞ ȌǡǤƤ
able to deposit energy and thus increase in body mass, we combined time-budgets with
data on potential energy intake and calculations of energy expenditure (basal metabolic
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costs and thermoregulation costs) to model body mass trajectories over the season (Figure
6.3). These show that both populations started to increase in body mass around midMarch, matching body mass measurements of migratory geese (Figure 9.2a). Despite the
     ǡƤ 
may be able to advance the moment of fuelling. Geese appear able to compensate for
limited grazing during short days by grazing during moonlit nights (Ebbinge et al. 1975),
but also increased day time grazing as a response to higher energy expenditure or lower
metabolisable energy intake, suggesting that geese are not necessarily limited in daytime
hours to increase grazing. The similar onset of fuelling in both populations however
indicates that geese initiate fuelling as a response to increasing day length. The onset of
fuelling has indeed been shown to be endogenously determined in passerines, suggesting
ƪȋƬ͜͜͞͝ǢǤ͜͟͞͝ǢǤ
ͣ͜͞͝ȌǤ ǡ ƪ
cues to advance under climate warming, which again supports the cue hypothesis.

Timing of migration departure
Although animals may be busy preparing for migration for months in advance, active
migration starts only when animals begin their journey towards their breeding grounds.
ơǡ
strategy of a species or individual (Schmaljohann & Eikenaar 2017). Some animals migrate
northwards by ‘hopping’ or ‘skipping’ (Piersma 1987), making several shorter migratory
ƪ ǡǤ
strategy is used by for example greater white-fronted geese (Kölzsch et
al. 2016a)ǡ which can in this way make optimal use of a green wave of peak food quality
on staging sites (van Wijk et al. 2012). Departure for migration in such a strategy may
be importantly determined by increasing revenues for foraging on subsequent staging
   ǡ    Ƥ      
staging sites. On the other side of the spectrum are species which make a migratory
ƲƲǡ            ƪ
(Piersma 1987). Typical examples include mostly high Arctic species, such as bar-tailed
godwits    (Battley et al. 2012) and brent geese    (Green
et al. 2002). These migrants use only few stopover sites and may stage for long period
on their wintering grounds (Ebbinge & Spaans 1995). Their departure for migration may
then be more importantly driven by either their internal state, such as the amount of
accumulated body stores (Schmaljohann & Eikenaar 2017), and environmental factors,
including cues which can predict the optimal timing of arrival on the breeding grounds
(Bauer et al. 2011) or favourable wind conditions for migration (Piersma & Jukema 1990).
 ǡơ 
and Arctic breeding grounds may have strong impact on environmental factors, including
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the timing of food availability on staging sites, but also the value of local cues to correctly
predict the timing of optimal conditions in the breeding grounds. This can strongly
ơ ǡ
strategy. For barnacle geese, multiple studies have shown how they make use of a green
wave during migration (van der Graaf et al. 2006; Shariatinajafabadi et al. 2014; Si et al.
2015a) which would suggest a ‘hopping’ strategy (Hübner et al. 2010). On the other hand,
the low predictability between stop-over sites (Kölzsch et al. 2015) might allow for such a
  ƪǡǤ
The long staging time in the wintering grounds during which barnacle geese accumulate a
large energy deposit (Figure 9.3a) is more reminiscent for birds which use a ‘jump’ strategy
ȋÚƬͥͥ͟͝Ǣ͜͜͞͞ȌǤ ƥ 
for barnacle geese, but the essential question in the scope of climate warming is what
determines the decisions for migration timing in barnacle geese.
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Figure 9.3: (A) Departure from the Wadden Sea (blue), Baltic Sea (yellow), and nest initiation
dates (black) of barnacle geese between 1987 and 2016. Dark-blue and yellow dots show counts
of mass migration, black dots show average nest initiation dates in the Kolokolkova Bay. Lightblue, light-yellow and white dots show data from individually tracked birds (Chapter 7). Lines
show linear regression of the migration count data and average laying dates. (B) Migration and
 ơ  ǡ  
for the Wadden Sea and Baltic Sea (see above) and by date of 50% snowmelt in the Kolokolkova
Bay. The dotted line shows y = x, on which dates would fall if birds would match departure /
laying dates with the local onset of spring. Data from mass migration counts from the Wadden
ƥǡ  Ú ȋ Ǥ
2009).

Within the temperate segment of their migration, barnacle geese have shown a strong
shift in migration timing, as shown by Eichhorn and colleagues (Eichhorn et al. 2009).
During past decades, barnacle geese have delayed their departure for migration from their
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wintering grounds in the North Sea region, thereby decreasing staging time on stopover
sites in the Baltic Sea (Figure 9.3a; see Box 9.1 for methods). This appears not so much a
response to a change in local climatic conditions (Figure 9.3b), but more likely has evolved
in reaction to increased competition for food at the Baltic staging sites, where a local
breeding population of barnacle geese has increased in recent decades (van der Jeugd et
al. 2009). Alternatively, perceived predation risk increased due to increasing numbers of
local white-tailed eagles  (Jonker et al. 2010). Potential metabolisable
energy intake derived from food and dropping samples and dropping rates, show that
energy intake is currently much lower in the Baltic region compared to the North Sea
region (Figure B.5). Additionally, from time budgets derived from accelerometer data
of migrating barnacle geese, I show that barnacle geese which make a stopover in the
Baltic Sea region spend relatively little time grazing (Figure B.4), instead displaying more
inactive behaviour. This is a likely indication that geese have reacted to low food quality
by shortening their stay in the Baltic, and using the Baltic stopover mostly for resting.
However, by using acceleration data I probably lump resting and vigilant behaviours
together in inactive behaviours, and the increased amount of time inactive may thus
indicate that geese cannot forage as they have to remain vigilant for marauding whitetailed eagles. Currently, variation in departure from the North Sea region mostly results
ơ ơ 
years.
      ơ    
geese, departure from the Baltic Sea is very much synchronized, with all geese departing
within a few days (Box B, Chapter 3). The date of departure also shows little variation
between years (Figure 9.3a), and although there is adjustment of departure dates to local
onset of spring, the reaction norm to earlier onset of spring is very slight (0.07 days earlier
departure per earlier day onset of spring, Figure 9.3b). Local climate in the Baltic region
is supposedly not a reliable cue for predicting climatic conditions in the Arctic (Kölzsch
et al. 2015), and as I show in Chapter 7, the departure timing of geese is not adjusted to
optimal timing of arrival in the Arctic breeding grounds. A rigid timing of migration
departure may result from the use of local climate-related cues, which have not shown
change over time, or from static photoperiodic cues (day length) (Gwinner 1996; Duriez et
al. 2009; Conklin et al. 2013). Alternatively, migration departure could be constrained by
the time needed to fuel up before departure, especially when birds need body stores not
only to fuel their migration, but also their reproduction (Drent et al. 2007; Kölzsch et al.
2016a). As shown above, an advance in the timing of fuelling may also be constrained the
use of cues which do not give information on optimal timing of migration under climate
warming. Although a rigid departure timing may result in an arrival timing which is on
average optimal under yearly variations in the current Arctic climate, lack of plasticity
may become problematic under ongoing advancement of the onset of Arctic spring.

226

Synthesis

Timing of arrival and reproduction
Despite a rigid departure timing from the Baltic, I show in Chapter 7 that barnacle geese are
ƪ      
grounds. Geese advanced their arrival in years with an earlier onset of spring (measured as
the date of snowmelt) in the Arctic, thus appearing to be capable of adjusting migrating
timing under conditions of climate warming. Geese can make such an adjustment in
   ƪ        ǡ 
increasing their migration speed by reducing time on stopovers (Schmaljohann & Both
2017). While approaching the breeding grounds, local climatic conditions become better
correlated with those on the breeding grounds (Kölzsch et al. 2015). This allows birds
to assess the progress of spring conditions on the breeding site from staging sites, and
to decide to continue on migration if they run the risk of arriving too late. Rather than
staging on stop-over sites along the Barents Sea, geese seem to skip part of the green
wave and continue to their breeding grounds when spring comes early. Advanced arrival
Ƥ   ǡ 
ȋͥͥͥ͝ȌǡƤ  
is the possibility for advanced timing of reproduction (Both & Visser 2001). However, in
Chapter 7 we show that despite a strong advancement in arrival timing under an early
onset of spring, barnacle geese advanced their laying dates much less. As this resulted in
  Ƥ  ǡ
springs geese lay at suboptimal dates as they are unable to lay earlier. While arriving much
earlier, geese seem to need the ‘pre-breeding’ time after arrival to fuel up to an ample
body condition necessary for laying and incubating eggs (see next paragraph). We show
that they use this pre-breeding time mostly for grazing, and use more locally acquired
body stores for egg production when spending more time pre-breeding, but also in years
with an earlier onset of spring. Combined with the fact that geese do not lay much larger
clutches in years with an early onset of spring, which shows that the acquired resources
during the pre-breeding period are not used to produce more eggs, this suggests that
an increased pre-breeding period after advanced arrival results from the necessity for
refuelling.
       ƪ      
to advance arrival on the breeding grounds under climate warming, the timing of
reproduction for geese is more importantly determined by the time necessary to acquire
body stores for breeding. In most species of waterfowl the female incubates the eggs
alone, and as this leaves little time for foraging during the incubation period, she needs
Ƥ ǡ
while incubating the eggs (Spaans et al. 2007; Eichhorn et al. 2010). This makes the energy
reserves necessary for reproduction relatively large, and geese can only start laying when
having acquired a minimum threshold of resources (Rowe et al. 1994). Being a partial
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capital breeder (Drent et al. 2006; Nolet 2006), barnacle geese are able to bring part of
the required body stores with them from temperate staging sites, but also rely on body
stores which are acquired locally (Hahn et al. 2011) or on proximate staging sites (Klaassen
et al. 2006). As geese appear to be unable to predict conditions in the Arctic from
temperate staging sites, not only their departure timing, but also the amount of body
stores upon departure may show little variation between years. After departure they lose
part of these body stores by migration itself and thus need time to replenish these stores,
either on Arctic stopover sites or on the breeding grounds itself. This is nicely visible
in the body mass trajectories of individually tracked birds in 2015 (Figure 9.3a), where
geese bring more body stores on migration to the Arctic than necessary for migration
only, but replenish body stores after arrival, on stop-over sites or during pre-breeding, to
gain a body condition high enough to fuel reproduction. The time needed to refuel after
departure from the Baltic Sea therefore forms the main limitation for an advancement in
timing of reproduction, rather than an advancement in the timing of arrival. Changes in
ƪ    
acquired.
 ƪ  
stores (Klaassen et al. 2006; Williams et al. 2017). In Chapter 7, I show that the extent to
      ƪ  ǡ
geese use more local resources for reproduction when arriving at the breeding grounds
early. Under climate warming, when early snowmelt causes advanced forage plant growth
on the breeding sites, geese may opt to spend less time on Arctic stopover sites and arrive
earlier on the breeding site to fuel there, which makes them shift more towards an incomebreeding strategy. Regardless of such a shift, the time needed to acquire the amount of
necessary body stores may not change much, shown only by a small advancement in
laying dates under climate warming (Figure 7.1b). This suggests that advancement of
reproduction timing is mainly limited by a time-constraint. This time-constraint may
come about by a lack of advancement in migration departure, which seems to result from
the use of cues which no longer match the advancing onset of spring in the Arctic. In
conclusion, the main limiting factor for advancing migration and reproduction phenology,
are cues at wintering and staging sites, due to which geese initiate fuelling and migration
too late. A time-constraint exists in combination with a too late departure for migration.
Breeding strategy may be a keystone factor determining the ability of migratory birds
to advance migration timing under climate warming. While capital breeders may show a
strong acceleration of migration speed as we have seen in Chapter 7, the migration speed
of smaller birds which are not capital breeders appears much more rigid (Schmaljohann
& Both 2017). The duration and speed of migration is mostly determined by the time
spent fuelling on stopover sites (Alerstam & Hedenström 1998; Alerstam 2003). For
income breeders, which gather the energy stores needed for reproduction locally on the
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breeding site, the accumulation of body stores on stopover sites serves primarily to fuel
migration itself. As this generates short stopover times, it can be expected that without
increased fuelling rates on stopover sites (Hedenström et al. 2007) there is little room for
income breeders to shorten their stopover duration and thus accelerate their migration
(Schmaljohann & Both 2017) but see (Ahola et al. 2004; Marra et al. 2005). Arctic shorebirds,
which breed at similar sites as Arctic-nesting geese but are income breeders (Klaassen et
al. 2001), form a useful analogy to waterfowl as capital breeders. Arctic shorebirds seem
ƪ    ȋ
et al. 2007). Laying dates of 8 species of Arctic shorebirds in Barrow, Alaska, have in the
past 14 years advanced at a slower rate than the date of snowmelt, on average 0.36 day
ȋƬ ͣ͜͞͝ȌǡƤ
a similar value for barnacle geese (0.35, Chapter 7). This timing of reproduction may
become similarly mismatched with the peak in food availability, which comes in the form
of arthropod abundance for shorebirds, and also appears to be regulated by the onset of
spring and possibly the date of snowmelt (Tulp & Schekkerman 2008; Reneerkens et al.
͜͢͞͝ȌǤ   ǡơ
arrival, both will need to advance migration departure, in order to advance their laying
dates under Arctic climate warming.

Fitness consequences of a warming Arctic
Despite the observed advancement in laying dates for barnacle geese when facing an
earlier onset of spring (Chapter 8), as found in many other species (Crick et al. 1997;
Saalfeld & Lanctot 2017), we have seen that this advancement may not be enough as
ơ  
(Chapter 7). There is increasing evidence that many species are facing phenological
mismatches under climate warming, also in the Arctic (Stenseth & Mysterud 2002; Visser
& Both 2005; Donnelly et al. 2011; Saino et al. 2011; Gilg et al. 2012; Thackeray et al. 2016).
  ơ ơȋǤ͜͞͝͡Ǣ 
Ǥ͜͢͞͝Ȍ Ƥ ȋǤͤ͜͜͞ǢƬ͜͟͞͝Ǣ
al. 2016). Although a lack of advancement in breeding phenology has been connected to
population declines in many trans-Saharan migrants (Both et al. 2006; Møller et al. 2008;
Ǥ͜͞͝͝Ȍǡ ơ 
(Miller-Rushing et al. 2010; Reed et al. 2013a; Dunn & Møller 2014; Franks et al. 2017). In
contrast to the emergence of phenological mismatches under climate warming, an earlier
onset of spring has also been associated with ameliorated conditions for reproduction
for animals breeding in the Arctic. Earlier springs provide an advanced food availability
ȋ͞Ȍǡ  Ƥǡ
(Jensen et al. 2014; Van Oudenhove et al. 2014) and to accumulate more body stores which
they can use to lay a larger clutch (Rowe et al. 1994; Van Oudenhove et al. 2014). Higher
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nest survival and in earlier and warmer springs has been found for species of waterfowl
and waders (Meltofte et al. 2007; Dickey et al. 2008; Van Oudenhove et al. 2014; Wood et
Ǥ͜͢͞͝ȌǤ    ơơ 
and late stages of reproductive success (Dickey et al. 2008; Van Oudenhove et al. 2014),
Ƥ 
ơǡ  ƤǤ
In Chapter 8 I collaborated with colleagues who collect data on in high Arctic
ǡ Ƥ
by increasing reproductive output up to gosling hatch. We show that when the onset of
spring fell earlier barnacle geese are not only able to advance laying dates but also lay
slightly larger clutches. A lower synchrony in laying dates in earlier years suggested geese
were less time-constrained to initiate laying, potentially allowing more individuals to nest
than in late years. Nevertheless, the number of hatching goslings did not show a strong
trend with the onset of spring. Larger clutch size in years with an early onset of spring
was apparently counteracted by an increase of partial nest predation or decrease of egg
 Ǥ   ơ 
low Arctic Russia, but was much higher in years with an early onset of spring in one of
the high Arctic sites in Svalbard. Early nesting geese are able to ‘escape’ from predation
by polar bears ( ), which arrive in barnacle goose colonies in June are
the main nest predators in these colonies. In years when geese nest relatively late, polar
bears are able to reduce nesting success down to zero (Prop et al. 2015). When looking at
the total reproductive success measured up to hatching, an earlier onset of spring has no
Ƥ ơ   ǡ  Ǥ
In Chapter 7 we show that the peak in food quality falls roughly 25 days after the date of
50% snowmelt, and hence in order to match the moment of gosling hatch with this peak,
barnacle geese have to initiate laying around this date of snowmelt. When they initiate
ǡơ 
rate. Survival rate decreases with an earlier date of snowmelt and a larger ‘mismatch’,
ơ Ǥ
hatch relatively late, food quality of forage plants may already be strongly reduced, as
shown in Chapter 2 and by Doiron and colleagues (Doiron et al. 2014). Such a reduction
          ơ    ȋ
et al. 1998; Brook et al. 2015; Doiron et al. 2015; Richman et al. 2015), but also survival,
as goslings cannot survive on diets too poor in proteins (Lindholm et al. 1994; Richman
et al. 2015). Also, smaller goslings are probably more susceptible to predation, diseases
 ǡơȋǤͥͥ͝͠ȌǤ
 Ƥ  ǡ
often observed the smaller goslings to be taken by avian predators, glaucous gulls 
and white-tailed eagles.
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   ơ  
ǡ  ơ 
of climatic variation on demography. Such analysis is typically conducted by studying
the number of recruits in a population under years varying in weather conditions (Van
Oudenhove et al. 2014). When combined with the birthdate of these recruits, this also
allows studying the selection pressure on earlier laying under climate warming (van
  Ǥ ͥͥ͝͡Ǣ  Ƭ  ͜͜͞͝ȌǤ   ơ      
survival to the wintering grounds has been calculated for our colony in Arctic Russia by
combining results from multiple years (van der Jeugd et al. 2009), the low proportion of
ƥ  
allow a similar comparison among-years. However, by combining multiple components
on reproduction and survival in a matrix model as developed by Crets-Fokkema and
 ȋǦ   Ǥ ͣ͜͞͝Ȍ     Ƥ    ơ    
variation on recruitment up to the 1st year in barnacle geese. I combined our data from
the study site in Arctic Russia on the number of hatchlings, nest survival, gosling survival
 ƪǡ ƪ         
months and spring migration, which was complete for the years 2003 – 2007 (see Box 9.1
ȌǤ  ơ 
of snowmelt, with lower recruitment when snowmelt comes earlier (Figure 9.4a)., This
         ƪ    Ǥ
ơ   
average percentage of juvenile barnacle geese observed in the Netherlands during winter
(9.7 % calculated vs. 11.7 % observed, data from (Hornman et al. 2016)). The pattern over
years in observed percentage of juvenile birds does not match these results (Figure 9.4c),
likely as the wintering population of barnacle geese in the Netherlands consists of birds
breeding in the Arctic, the Baltic Sea region and in the North Sea region, which may
ơ  ȋ Ǥͥ͜͜͞ȌǤ 
success in temperate colonies may be more importantly driven by density-dependent
ơ   ȋǤͥͥͥ͝ȌǤ
      ơ           
ǡơ Ǥ
Low reproductive success in years with mismatches may be compensated for by increased
survival during winter months as competition for resources becomes smaller (Reed et
al. 2013a, 2013b) or as food availability in wintering grounds is not a limiting factor, as is
likely the case for barnacle geese which can feed on agricultural grasslands (van Eerden
et al. 2005). In case mismatches are dependent on yearly climatic variations and do not
take place in every year, the lower recruitment after a mismatch may be compensated
by years without mismatches (Figure 9.4b). Despite current strong climatic variations
ȋ ͥǤ͝Ȍǡ    ơ 

231

Chapter 9

demography. The current population of barnacle geese wintering in NW-Europe is still
 ȋ Ǥ͜͢͞͝Ȍǡ ƪ 
an increase in both temperate and Arctic populations. Especially given the fact that there
is still exchange between populations (van der Jeugd & Litvin 2006; van der Jeugd 2013;
Ǥ͜͟͞͝Ȍǡơ   
for barnacle geese. This may however quickly turn around when climate warming will
follow the route predicted by the IPCC (Stocker et al. 2013), and years with an early onset
of spring in the Arctic will become the norm rather than the exception.

A

40

0.05

0.00
140

150

160

170

180

B
Population growth rate

C

0.10

1.05

Percentage of juveniles in winter

Surviving juveniles
per breeding adult

0.15

30

20

10

1.00

0.95
0
140

150

160

170

180

Date of snowmelt in the Arctic

1990

1995

2000

2005

2010

2015

Year

Figure 9.4: (A) The number of recruits (juveniles which survive up to the following summer)
ǡ͡ȋ͜͜͟͞Ȃͣ͜͜͞Ȍơ
Arctic breeding site. (B) The population growth rate (lambda), calculated from adult survival
and the number of recruits (see Box 9.1 for methods). (C) Percentage of juvenile birds observed
 ƪ          ͥͤͤ͝  ͜͞͝͡ ȋ  
(Hornman et al. 2016)). White points show the predicted percentage of juveniles from the
matrix model, vertical lines connect these to observed percentages in these same years.

How can geese adjust timing of migration to a rapidly warming Arctic?
If a current mistiming of reproduction in years with early snowmelt has such strong
 Ƥ  ǡ  
reproduction and their migration timing under persistent climate warming in the Arctic?
As we have seen, the time needed to acquire enough body stores for breeding after
departure from temperate staging sites seems the main limitation to advance timing of
reproduction. As a consequence, geese may only be able to advance reproduction under
climate warming if they can adjust both departure for migration and the body stores they

232

Synthesis

bring with them, as predicted by our dynamic migration model as the optimal strategy
(Chapter 3). While geese may not be time-constrained to advance departure, we show
that the potential of geese to advance migration departure is very much dependent on
their ability to predict, from their temperate wintering and staging grounds, the rapid
climate warming on their breeding grounds. Indeed, we have seen that barnacle geese
do not adjust timing of departure from the North Sea and the Baltic Sea to climatic
conditions in the Arctic (Chapter 7), and timing of departure from the Baltic Sea seems
to be only partially driven by local climatic conditions, and is likely the result from static
cues such as photoperiod (Rees 1982). Alternatively, migration departure could be limited
by the moment at which geese have acquired ample body condition for migration. While
in theory geese appear able to advance the onset of fuelling (Chapter 3 and 6), the onset
of fuelling may also be driven by day length as a static cue. With the optimal moment of
reproduction in their Arctic breeding grounds being far apart from the onset of fuelling in
the wintering grounds, in both time and space, it cannot be expected that geese can adjust
their timing to yearly variations in the optimal timing of breeding.
To advance the onset of fuelling in the wintering grounds and the departure for
migration from staging sites, geese will thus need to adjust their sensitivity to the cues
they currently use (Visser 2008; McNamara et al. 2011). As an example, if barnacle geese
use a photoperiodic cue and their departure from the Baltic Sea coincides with a day length
of 17.4 hours (daynumber 140), they should adjust their date of departure to coincide with
a shorter day length, such as 17.0 hours (daynumber 135). While most of the advances
in migration timing which are currently observed are ascribed to phenotypic plasticity
(Knudsen et al. 2011), changes in cue sensitivity are often considered to be implausible
within the limits of phenological plasticity in an individual, as individual birds typically
show little variation in migration timing (Van Buskirk et al. 2012; Conklin et al. 2013; Gill
et al. 2014). Alternative to phenotypic plasticity, changes in timing may come about by
evolutionary responses. Although the general potential of evolutionary response to drive
changes in phenology and migration timing has been shown (Pulido 2007; van Asch et al.
2012), the only study to date with the data necessary to link genetic change with advanced
migration timing, found that an advance in migration timing occurred due to phenotypic
plasticity, as selection for migration timing only occurred on the non-genetic component
of this trait (Tarka et al. 2015). Also, the Arctic region harbours many species which live
relatively long, and for which evolutionary changes may act too slow to allow an adequate
response to rapid climate warming (Gilg et al. 2012).
If Arctic migrants are to adjust their migration timing to climate warming, this will
be most likely via phenotypic plasticity. As pointed out before, individual geese may be
able to adjust migration timing within temperate and Arctic segments of their migration
route. This is shown by the increasing delay in departure from the North Sea in the past
decades, likely resulting from individually altered behaviour (Eichhorn et al. 2009), but
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also by the advance in arrival on the breeding sites under early snowmelt, which partially
results from individuals advancing their migration timing in the Arctic (Chapter 7). Given
the rigid timing of departure from the Baltic Sea, it is the question whether a phenotypic
response is also possible in adjusting migration timing between temperate and Arctic
Ǥ   ƪ    ǡ ƪ  
timing may come about rapidly in barnacle geese, as they are social migrants. In geese and
other long-lived bird species, such as cranes, social learning may play an important role
in transferring migration and reproduction strategies within a population, as juveniles
adopt the strategies of their parents or other adults (Mueller et al. 2013; Teitelbaum
et al. 2016). Such a cultural transmission is relatively fast compared to genetic change
ȋ ͥͥͤ͝Ǣ  ͤ͜͜͞ȌǤ   Ǧ    ơ 
ƤǡǤ 
and adults only become separated during spring (Jonker et al. 2011), after which juveniles
ƤǤǡ
groups together with other individuals allow juveniles to pick-up important knowledge
on migration and stopover strategies (Agostini et al. 2017). During their life, individuals
may be able to optimize migration strategies by learning from past mistakes (Madsen
2001). If some individuals initiate an early departure from the wintering site, for example
the single individual departing from the Baltic Sea 8 days before average departure at 20th
of May in 2015 (Figure B.1), this may show rapid spread through the population, given that
 Ƥ  Ǥ 
adaptation, its success depends on the question whether the rate of adaptation can equal
the rate of Arctic climate warming.
If birds fail to adjust their migration phenology to climate warming, an alternative
option to avoid a mismatch between the moment of chick hatching and peak food quality
may be to migrate further north (Burger & Both 2011; Burger et al. 2013). Modelling studies
show that suitable habitat for Arctic breeding birds will indeed shift northward (Jensen
et al. 2008; Wauchope et al. 2017), and there are indeed examples of birds which have
made a northward shift in their breeding grounds (Knudsen et al. 2011). For barnacle geese
breeding along the Barents Sea, the most likely shift would be to start occupying northern
Ǥ Ƥȋ Ǥ͜͞͝͝Ȍǡ
not be prone to make such a northward shift.

Forward look
In this thesis I have studied the limitations of long-distance migrants to adjust migration
and reproduction timing to rapid climate warming in the Arctic by zooming into the
barnacle goose as a model species. Barnacle geese, and geese in general, appear to have
   ƪǤ  
Ƥ   
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  ǡ ƪǤ 
on a green wave to acquire these resources during a ‘hopping’ migration, but may also
  Ǯǯ ǡ   Ƥ      
agricultural landscapes to depart relatively late from the wintering grounds, partly skip
the green wave, and arrive early at their Arctic breeding sites where they can acquire the
        Ǥ     ƪ 
adjusting migration timing by individual plasticity and social learning, which may also
enable them to adjust their departure on migration timing under persistent early onsets
  Ǥǡ ƪ
in migration timing cannot lift the current time-constraints to adequately advance
reproduction timing under rapid climate warming in the Arctic. The rise of a phenological
mismatch between late hatching chicks and food quality which peaks much earlier in
  Ƥ ǡ 
consequences for the population growth rate.
While there may be hope for geese to advance migration departure, and thereby timing
of reproduction, through social learning under ongoing climate warming, this may be
ơ  Ǥǡ
the Arctic, in contrast to geese, do not migrate together with their parents (van de Kam
et al. 2004; Péron & Grémillet 2013), which means that they depend largely on internal
 ȋ%Ǥͣ͜͞͝ȌǤ  
ƪ ǡȋǤ͜͜͞͠Ȍǡ 
does not enable the passing on of changes in migration timing. Also in contrast to geese,
which winter mostly in anthropogenic landscapes where food is abundant (van Eerden
et al. 2005), Arctic shorebirds depend on natural wetlands which are under increasing
pressure from anthropogenic use (Halpern et al. 2008) through habitat destruction and
the harvesting of food sources on which these birds rely (Piersma 2007; Murray et al. 2014).
 ơ 
deposition rates and survival of shorebirds (Piersma et al. 2016; Studds et al. 2017), this
becomes even more of a threat under the need to advance migration timing under Arctic
climate warming.
Many species of Arctic geese have gone through rapid population growth in the past
decades (Madsen et al. 1999; Koons et al. 2014; Lefebvre et al. 2017), as after coming close
    Ƥ     ȋ  Ƭ  ͣ͜͞͝Ȍ
high food availability in agricultural landscapes (Abraham et al. 2005; Gauthier et al.
2005; van Eerden et al. 2005). Currently, large populations of Arctic geese cause major
 Ƥǡ 
Ǯǯȋ Ƭͣ͜͞͝ǢǤͣ͜͞͝ȌǤ ƪ 
Arctic goose populations and agriculture, management plans are put into place, involving
large-scale harvesting of geese down to a population target level (Koons et al. 2014; Madsen
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Ǥͣ͜͞͝Ȍ  ƤȋǤ͜͢͞͝Ǣ
et al. 2017). However, geese seem to have little other options than to use manmade
grasslands, as the natural wetlands which are their original wintering habitat – natural
wetlands - are simultaneously being destructed (Gibbs 2000; Kennish 2001; Millennium
Ecosystem Assessment 2005; Ma et al. 2014). While wintering goose populations are still
numerous in Europe and North-America, geese in China show steep declines (Fox et al.
͜͞͝͝Ȍǡ  Ƥ 
wetlands (Yu et al. 2017). With a rapid growth of the local economy, these wetlands are
disappearing through human exploitation and destruction (Fang et al. 2006).
The destruction of wintering and staging habitats of many migratory animals is
continuing at fast rates on a global level (Millennium Ecosystem Assessment 2005).
Together with the need to advance migratory schedules under human-induced climatic
warming, this can become a life-threatening mix for migrants (Travis 2003). Paradoxically,
Arctic species which breed on our world’s edge, furthest away from large civilizations, may
be most vulnerable to this combined anthropogenic threat.
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Box 9.1 Methods
Climate data
I collected data on the average daily temperature between 1987 and 2015 from weather stations
in the North Sea and Baltic Sea region, and calculated an average daily temperature per region.
Weather stations along the North Sea included Lauwersoog, The Netherlands (53°24’ N, 6°12’
E), Wangerland, Germany (53°37’ N, 8°01’ E), Sankt Peter-Ording, Germany (54°18’ N, 8°38’
E), List (Silt, Germany) (55°01’ N, 8°25’ E). Weather stations along the Baltic Sea included
Visby, Sweden (57°38’ N, 18°17’ E), Vilsandi, Estonia (58°22’ N, 21°48’ E) and Ristna, Estonia
(58°55’ N, 22°04’ E). I collected data on snow cover, measured as the extent of snow around
the weather station rated from 0 (no snow) to 10 (full snow cover), from weather stations
along the Barents Sea, including Onega, Russia (63°90’ N, 38°12’ E) and Shoina, Russia (67°88’
N, 44°13’ E). Additionally, I collected data on daily temperature from Naryan-Mar (67°63’
N, 53°03’ E), and included snow cover data from our study site at the Kolokolkova Bay (see
Chapter 7 for methods). Data from The Netherlands was acquired from the Royal Netherlands
Meteorological Institute (www.knmi.nl), data from Germany was acquired from the Deutscher
Wetterdienst (www.dwd.de), data from Sweden was acquired from the Swedish Meteorological
and Hydrological Institute (www.smhi.nl), data from Estonia was acquired from the Estonian
Weather Service (www.ilmateenistus.ee), data from Russia was acquired from the All-Russian
 Ƥ      ȋǤǤȌǤ
From average daily temperatures I calculated growing degree days (GDD) according to
ǤȋǤ͜͞͝͞Ȍǡ͜Ǐ
(Chapter 2). The onset of spring was then determined as the Julian date at which GDD reached
180 (Chapter 3). For snow cover, the onset of spring was determined as the Julian date at which
half the snow had melted (a snow cover lower than 6 for data from weather stations, and a
snow cover lower than 50% for satellite data).
Body mass trajectories
We used GPS and acceleration data collected from the 18 Barnacle geese equipped with UvABiTS GPS-loggers which initiated breeding in 2015, to model their body mass trajectories
between January – June 2015. The GPS-loggers stored 48 (wintering grounds) to 288 (breeding
grounds) GPS locations per day together with tri-axial accelerometer measurements (0.5
seconds at 20 Hz, i.e. 10 measurements). Energy budgets were calculated from 1) time budgets
 ǡ͞ȌƤ͟Ȍ
on thermoregulation and existence energy from weather data and a bio-energetics model.
While most information on these components is provided in Chapter 6 and the supplementary
methods of this chapter, I here provide details on how these data combined to calculate body
mass trajectories, and which assumptions were made.


 ǦƤȋȌ͟͜ȋ Ȍ͝͡

(locations beyond wintering grounds), we calculated the bird’s body mass (Wi) as a result of
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 ǦƤȋǦ͝Ȍȋ i) minus
the energy needed for existence (Ei) and thermoregulation (Ti), multiplied by the cost and
ƥ  Ǥ  
be used for thermoregulation (Paladino & King 1984), and only when Ti > Ei the bird pays
additional thermoregulation costs. When energy is metabolised above the energetic needs,
birds store the product (PiȌ           ƥ    ͜Ǥͤ
(Blaxter 1989). When energetic costs exceed the metabolized energy, body stores are burned
ƥ  ͝Ǥ ǡǡ
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).
We collected data on forage plants in the Wadden Sea (Chapter 6), Baltic Sea (Box A) and
Barents Sea to calculate metabolisable energy intake (MEI) for staging sites, following the
methods as provided in supplementary materials of Chapter 6. I calculated growing degree
days for the Baltic Sea from temperature as described above. MEI for staging sites on the
Barents Sea was measured by Eichhorn and Prop in 2002 (unpublished), and equalled 2.45 kJ
per minute.
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) I calculated body mass from tarsus length (as
taken in summer 2014 at catch) for the 18 barnacle geese.
We validated our model outcomes by comparing body mass (Wi) with body mass taken from
590 adult female geese over the season: 202 geese caught in several places in the Netherlands in
January – February 2000 – 2009 (Müskens, unpublished); 29 geese caught in the Lauwersmeer
region in January 2008 and 2009 (Ens et al. 2008); 77 geese caught in Schleswig-Holstein in
March 1979 and 1989 (Ebbinge et al. unpublished); 67 geese caught in March 2016 and 2017
near Freiburg (Müskens, unpublished); 109 geese caught at Schiermonnikoog in April 2004
(Eichhorn et al. 2012); 29 geese caught in Gotland in May 1982 (Ebbinge et al. unpublished);
68 geese shot by hunters at the Kolokolkova Bay in late May – early June 2003, 2004 and 2015
(Eichhorn, Lameris, unpublished; 3) 76 geese weighed on the nest during incubation in June –
early July 2014 and 2015 at the Kolokolkova Bay, including 14 of the GPS-logger geese (following
methods (Eichhorn et al. 2010)).
Departure dates
I collected data on departure for mass migration as observed from counting posts at Eemshaven,
The Netherlands (53°26’ N, 6°53’ E) and at Kotka, Finland (60°27’ N, 26°56’ E). Data from
     ƥ ȋ  Ȍǡ   
Kotka was extracted from Eichhorn et al. (Eichhorn et al. 2009). The date of mass migration
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was then determined as the date at which the highest number of barnacle geese were observed
ƪ Ǥ   
the Kolokolkova Bay, and added data on migration departure from the North Sea and Baltic
Sea as collected in Chapter 7. I combined migration and laying dates with the onset of spring
as described above for the North Sea region, Baltic Sea region and our study colony at the
Kolokolkova Bay.
Population matrix model
I collected data on fecundity and survival to employ a matrix model as described in CretsFokkema et al. (Crets-Fokkema et al. 2017). I used this model to calculate per year for our
study colony at the Kolokolkova Bay: 1) number of juveniles produced per breeding pair which
survived up to the wintering grounds (fecundity divided by juvenile survival up to winter); 2)
number of recruits per breeding adult (fecundity divided by juvenile survival up to following
summer, divided by two to calculate per adult rather than per breeding attempt) and 3)
population growth rate per year (lambda; calculated from the total adult survival chance over
one year added to the recruit survival). As fecundity we took the combined measure of total
hatching goslings per nest (Chapter 8), as juvenile survival (during growth and development)
we took the gosling survival measures (Chapter 7), and as juvenile survival during autumn
migration, winter period and spring migration we calculated survival rates with a markrecapture analysis. We also calculated adult year-round survival in the components autumn
migration, winter period and spring migration in a similar fashion.
Barnacle geese were captured and ringed with engraved plastic bands at the study
colony at the Kolokolkova Bay between 2002 – 2009 and 2013 – 2015. Geese were observed
by a large network of volunteers in the Netherlands (October – April) and by our research
team in the breeding colony (late May – August). All observations were collected on www.
geese.org. We extracted these observations and ringing data between 2002 and 2016, and
separated observations in three periods of three months; autumn (October – December),
winter (February – April) and summer (June - August). If a goose was observed once in one of
these periods we assumed it was alive. We then ran a mark-recapture analysis with observation
ơ    ǡ     
ơǡơ
and years.
We compared juvenile survival up to the wintering grounds with juvenile percentages
observed on the breeding grounds. These were observed by the Dutch Centre for Field
      ƥ ȋ   Ǥ ͜͢͞͝ȌǤ  
juvenile survival to a percentage of juveniles in the population, we divided juvenile survival by
(1 –juvenile survival).
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Summary

Summary
Birds breeding in seasonal environments need to optimally time their reproduction.
       ơǡ        
the hatching of their chicks with the local peak in food availability. Climate warming
 Ƥǡ
advance their timing of reproduction accordingly. The region which is subjected to the
most rapid climate warming on the planet is the Arctic, where a combination of feedback
        ǲ  ǦƤ ǳǤ  
in the Arctic would therefore be expected to show the largest adjustments to warming
conditions. Many Arctic species are migratory and spend the winter in more southern
regions from which they may not be able to forecast warming conditions in their Arctic
breeding grounds. An advancement in timing of reproduction importantly depends on
their ability to advance their timing of migration. In this thesis I study how climate warming
 ǡơ Ƥ
Arctic long-distance migratory bird, the barnacle goose. A central question in this study
is to uncover the most important limiting factor for advancing timing of migration and
reproduction under rapid climate warming in the Arctic. This is hypothesized to be either
the time available for feeding prior to and during migration, or outdated cues which geese
use to time migration from temperate staging grounds.
I start investigating this question by making predictions on how climate warming
may alter optimal timing of migration and reproduction. Barnacle geese are herbivores,
and during their migration they are considered to follow a green wave of grass growth,
occurring at the onset of spring. This allows geese to make use of peaks in food quality
during migration and to arrive on the breeding grounds before the local food peak,
 ơ ƤǤ ͟͜
advanced more rapidly in the Arctic than in temperate regions due to higher temperatures
in winter and early spring. In Chapter 2 we study how such an increase in temperatures
alters the timing of food peaks, by experimentally warming food plants of barnacle geese
using open-top chambers. Under a temperature increase of 1.5 °C the peak in nitrogen
concentration advances in the Arctic breeding grounds, but not in temperate staging and
wintering grounds. In the Arctic, this peak of high quality food also becomes shorter,
      ơ     Ǥ  ơ     
 Ƥ  Ǧ
plants.
 ơ ǡ 
in temperate and Arctic regions can change the reliability of cues to optimally time
migration from temperate wintering and staging grounds. In Chapter 3 we use a dynamic
programming model to predict whether time available for feeding or outdated cues are
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a more important limiting factor for advancing migration and reproduction timing. We
Ƥǡ   ǡ
and advance both the deposition of energy stores and their departure for migration, and
can arrive in the Arctic breeding grounds at the optimal time. However, an advance in
migration timing is strongly hampered by their inability to predict, from their wintering
grounds, an earlier onset of spring on their Arctic breeding grounds. Outdates cues thus
seem to be a more important limiting factor.
In the second part of my thesis I evaluate the methodology of tracking bird movement
with electronic tracking devices, an increasingly popular method in ornithology which I
also use extensively in this thesis. Although tracking studies can provide us with unique
    ǡ         ơ  
behaviour and survival of birds. In Box A we introduce a novel harness attachment
method for geese. In Chapter 4 we show that although attaching this harness on three
         ǡ  ơ    
reproduction timing were only very slight. It remains important to measure and report
ơ ǡChapter 5ǡơ 
  ơ ǤƤ
  ǡơ  
not disappeared. In Box B I provide detailed information and results of the tracking study
which forms the basis of this thesis, showing the migration and stopover timing of Arcticnesting barnacle geese.

    Ƥ               
  ǦƤ 
of barnacle geese to advance their phenology during the entire preparation period for
reproduction: from fuelling body stores on wintering and staging grounds in early spring,
migration from temperate to Arctic regions, to the initiation of reproduction and hatching
of chicks on the Arctic breeding grounds. For every stage I study whether time constraints
or cues are the most important limiting factor for advancing phenology.
Preparation for migration starts early in the season, when barnacle geese begin to
accumulate body stores on their wintering grounds. Studying whether geese may be able
to advance fuelling for migration forms a challenge, as geese may not be driven to advance
fuelling under current climatic conditions. However a population of resident breeding
barnacle geese, which has established in the Netherlands since 1990s, has advanced laying
dates by 2 months in comparison to their Arctic counterparts, but still appear to be nesting
too late relative to the peak in food quality. They would thus be expected to start fuelling
at the earliest opportunity. In Chapter 6 we use a comparison in fuelling rates between
resident and migratory barnacle geese to study whether migratory geese still have leeway
to advance fuelling rates. We construct time-budgets of geese from accelerometers placed
 Ǧǡ ǤƤ

279

Summary

that both populations initiate fuelling roughly around the same time, but appear to have
leeway to advance fuelling as they do not use all their available time for foraging. This
suggests that the onset of fuelling is endogenously regulated by day length as a cue. As
 ƪ ǡ 
fuelling under climate warming. The increasing use of agricultural habitats, where geese
can reach higher energy intake rates than in traditional saltmarsh habitats, may enable
geese to increase the rate of fuel deposition, as we discuss in Box C.
While the onset of spring is advancing in the Arctic under climate warming, there is
large yearly variation in the onset of spring. In Chapter 7 we use this variation to study
how barnacle geese adjust the timing of spring migration and reproduction to earlier
  ǡ    Ǥ  Ƥ  
earlier snowmelt, barnacle geese advance their arrival in the Arctic by speeding up their
migration. Despite an earlier arrival, they do not advance their laying dates as much, which
results in a mismatch between the moment of chick hatching and the peak in food quality.
As a consequence, survival of goslings is strongly reduced in years with early snowmelt.
We suggest that geese postpone egg laying after accelerated migration, with reduced time
on stop-overs, as they need this time to refuel their body stores. This is evidenced by a
shift from the use of brought-in ‘capital’ body stores for egg production to the use of local
Ǯ ǯ     ǡ    ƪ   Ǥ
ƪǡ 
an important time-constraint for geese in the Arctic, which limits their possibilities to
advance their laying date.
     ͣǡ      Ƥ   
Arctic migrants. However it has been suggested that warming may also ameliorate
conditions for breeding in the Arctic. In Chapter 8   Ƥ
earlier onset of spring for barnacle geese in three colonies in both the high (Svalbard)
and the low Arctic (Northern Russia). In all colonies geese have advanced laying dates
in earlier springs, and also increased their clutch size. In contrast, larger clutches did
not result in more hatching goslings. In the low Arctic, an earlier onset of spring did
ƤƤǡ  ǡ 
reproductive success as they could evade nest predation by polar bears, which appeared
in the colony during summer. When taking together all aspects of reproductive success to
ơ  Ƥǡ 
of juveniles surviving up to the following summer in breeding seasons in which snow
melts early.
In conclusion, the main limitation for barnacle geese to advance their migration and
reproduction timing appears to be their inability to forecast the onset of Arctic springs.
The resulting mistiming of migration departure puts a time-constraint on geese when
they arrive in the Arctic, which limits their possibilities to advance reproduction timing,
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      ƤǤ       
about by phenotypic plasticity (changes in timing by individual birds) or evolutionary
ȋơ ȌǤ
act too slow in comparison to climate warming in the Arctic, especially given the long
life-spans of most Arctic migrants, the question is to what extent a phenotypic response
is possible in adjusting migration departure. Geese may be especially plastic as they are
social migrants, for which social learning is a key mechanism for transferring migration
and reproduction strategies. This is an important mechanism through which geese may
be able to adjust their migration timing to Arctic climate warming.
While Arctic migrants face a challenge to advance their migration and reproduction
timing to climate warming in their Arctic breeding grounds, many of these bird species
are simultaneously threatened in their wintering grounds by human exploitation and
destruction of natural habitats. This makes human-induced climate warming and habitat
destruction a life-threatening mix for migrants. Paradoxically, the animals which breed
on our world’s edge in the Arctic, furthest away from large civilizations, appear to be most
the vulnerable to this combined anthropogenic threat.
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In gebieden waar seizoenen voorkomen moeten vogels op het juiste moment beginnen
met broeden. Om te zorgen dat hun kuikens snel groeien en overleven moeten ze het
uitkomen van de eieren samen laten vallen met de lokale piek in het voedselaanbod. Door
klimaatopwarming valt deze voedselpiek steeds vroeger, en vogels zullen steeds eerder
moeten beginnen met het leggen van eieren. Door een combinatie van verschillende
  ǲ  Ƥ ǳǡ
opwarming van het klimaat momenteel plaats in het noordpoolgebied. Men zou daarom
verwachten dat Arctische broedvogels de grootste aanpassingen aan klimaatopwarming
maken. Veel Arctische vogelsoorten zijn echter trekvogels en brengen de winter door in
zuidelijke streken, waar ze een eerdere start van het voorjaar in hun broedgebieden onder
snellere opwarming niet kunnen voorzien. Maar om in het Arctische broedgebied eerder te
kunnen leggen, moeten ze wel ze eerder weg trekken uit hun overwinteringsgebied. In dit
 ơ   ǡ
de brandgans. Ik onderzoek daarbij hoe opwarming de timing van de voorjaarstrek en
 Ãǡ        Ƥ  Ǥ 
belangrijke vraag in dit onderzoek is wat de belangrijkste limiterende factor vormt voor
het vervroegen van de legdatum. Hebben de vogels te weinig tijd om op te vetten vóór en
gedurende de voorjaarstrek? Of wordt de planning van de voorjaarstrek verstoord door
een mismatch tussen lokale omgevingssignalen en de sneller veranderende condities in
het broedgebied.
Een eerste stap voor het beantwoorden van deze vraag is het maken van voorspellingen
hoe opwarming van het klimaat de optimale timing van de voorjaarstrek en legdatum
zal beïnvloeden. Brandganzen zijn herbivoren die tijdens hun voorjaarstrek een
zogenaamde ‘groene golf’ volgen van opkomend jong gras, die samenvalt met het begin
van het voorjaar. Hierdoor kunnen ganzen gebruik maken van voedselpieken tijdens de
voorjaarstrek, waarna ze arriveren in het broedgebied voordat daar de voedselpiek heeft
plaatsgevonden. Wanneer ze vervolgens tijdig beginnen met broeden kunnen hun kuikens
ƤǤ
het begin van het voorjaar de afgelopen 30 jaar steeds eerder in het Arctisch gebied, een
verschuiving die daar veel sneller plaatsvind dan in de gematigde streken. In hoofdstuk 2
bestuderen we hoe hogere temperaturen de timing van de voedselpiek veranderen langs
de gehele trekroute van de brandgans. Voedselplanten van brandganzen die geplaatst
waren in ‘open-top chambers’, kleine kasjes die de temperatuur met 1.5 °C verhogen,
ȋ  Ȍǡơ 
trad alleen op in het Arctische broedgebied, en niet in een gematigde pleisterplaats en
overwinteringsgebied. In het Arctisch gebied was de voedselpiek onder opwarming ook
ǡ   ơ        Ǥ  
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snellere opwarming in het Arctisch gebied is de respons van de voedselplanten op hogere
temperaturen dus ook groter, waardoor de voedselpiek nog sneller zal verschuiven.
  ơ         
opwarming in het Arctisch gebied ook invloed hebben op de mate waarin omgevingssignalen
in de overwinteringsgebieden een goed beeld geven van de situatie in het broedgebied.
Ganzen gebruiken deze signalen om hun voorjaarstrek te plannen. In hoofdstuk 3 maken
we gebruik van een dynamisch programeermodel om te voorspellen of de tijd beschikbaar
voor opvetten, of signalen die niet meeveranderen met een opwarmend klimaat de
belangrijkste limiterende factor zijn voor brandganzen om hun legdatum te vervroegen.
Het model laat zien dat zelfs onder sterke opwarming in het noordpoolgebied ganzen
voldoende tijd hebben om tijdig vetreserves aan te leggen en het moment van vertrek uit
de overwinteringsgebieden te vervroegen, om zo nog steeds op het optimale moment aan
te komen in hun broedgebieden. Wanneer ze een versnelde opwarming van het klimaat in
hun Arctische broedgebieden vanuit hun overwinteringsgebied niet kunnen voorspellen
lukt het ze echter niet om op tijd aan te komen. Onveranderende omgevingssignalen lijkt
een belangrijkere limiterende factor voor vervroeging van de voorjaarstrek.
In het tweede gedeelte van dit proefschrift evalueer ik de zendermethoden die gebruikt
worden om bewegingen van vogels te volgen, een technologie die steeds populairder word
in de ornithologie en waarvan ik ook gebruik maak in dit proefschrift. Hoewel zenders
unieke data kunnen leveren over de bewegingen van dieren in hun omgeving, kan het
aanbrengen van een zender het gedrag van een dier beïnvloeden, en zelfs zijn kans op
overleving. In Box A introduceren we een nieuw ‘rugzakharnas’ waarmee zenders aan
ganzen bevestigd kunnen worden. In hoofdstuk 4ơ 
op gedrag en overleving bij drie soorten migrerende ganzen. Hoewel ganzen uitgerust
ǡ ơ 
timing van vertrek uit de overwinteringsgebieden en de legdatum. Zoals we laten zien
in hoofdstuk 5 ơ  
Ǥơ ǡ
ơ Ǥ Box B geef ik een gedetaileerd overzicht
van de resultaten van de zenderstudie die wordt gebruikt in dit proefschrift.
In het derde en laatste gedeelte van dit proefschrift gebruik ik deze zenderstudie in
combinatie met data verzameld over meerdere jaren om te bestuderen hoe brandganzen de
timing van hun voorjaarstrek en legdatum kunnen vervroegen onder klimaatopwarming.
Hierbij bestudeer ik alle stadia van de jaarlijkse cyclus die daarbij een rol spelen: van de
opvetperiode in het vroege voorjaar, voorjaarstrek van de gematigde naar de Arctische
streken, tot het leggen en uitkomen van de eieren in de broedgebieden. Voor elk stadium
onderzoek ik of gebrek aan tijd of onveranderende signalen de belangrijkste limiterende
factor zijn voor het vervroegen onder klimaatopwarming.
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De voorbereiding op de voorjaarstrek begint vroeg in het seizoen, wanneer brandganzen
beginnen met het opbouwen van een vetvoorraad in hun overwinteringsgebied. Het is erg
lastig om te bestuderen of ganzen dit moment kunnen vervroegen, aangezien ze op het
moment nog niet onder druk staan om eerder te beginnen met opvetten. Een populatie
van in Nederland broedende brandganzen, die zich hier in de jaren ‘90 heeft gevestigd,
legt de eieren 2 maanden eerder dan hun Arctische soortgenoten. Het blijkt echter dat ze
daarmee nog steeds te laat broeden ten opzichte van de lokale piek in voedselkwaliteit,
en we verwachten daarom dat ze in het vroege voorjaar onder druk staan om zo vroeg
mogelijk te beginnen met opvetten. In hoofdstuk 6 maken we een vergelijking in de
opvetstrategie tussen deze lokale populatie en de migrerende populatie brandganzen, om
erachter te komen of de migrerende brandganzen nog ruimte hebben om het opvetten
te vervroegen. We doen dit door tijdsbudgetten van ganzen te construeren op basis van
versnellingsmeterdata verzameld door GPS-loggers die bevestigd zijn op ganzen van beide
populaties. De resultaten laten zien dat beide ganzenpopulaties op hetzelfde moment
beginnen met opvetten, maar omdat ze niet al hun tijd gebruiken voor foerageren kunnen
ze in theorie wel eerder beginnen met opvetten. Het moment van opvetten lijkt bepaald
te worden door daglengte, een omgevingssignaal dat niet meeverandert met opwarming
van het klimaat. In Box C laten we zien dat ganzen steeds meer gebruik gaan maken van
agrarisch grasland, waar ze gras van betere kwaliteit kunnen vinden dan in hun natuurlijke
habitats en waardoor ze wellicht in staat zijn om sneller op te vetten.
Onder opwarming van het klimaat zal het Arctische voorjaar steeds eerder beginnen,
maar de start van het voorjaar varieert sterk tussen jaren. In hoofdstuk 7 maken we
gebruik van deze variatie om te bestuderen of brandganzen de timing van voorjaarstrek en
legdatum aanpassen aan een eerder begin van het voorjaar, dat we meten met het moment
dat de sneeuws melt. We zien dat in jaren waarin de sneeuw eerder smelt, de brandganzen
eerder aankomen in het broedgebied door hun trekroute sneller af te leggen. Ondanks
de vroege aankomst beginnen de ganzen niet veel eerder met broeden, waardoor er een
mismatch ontstaat tussen het moment dat de kuikens uit de eieren komen en de piek
in voedselkwaliteit. In een vroeg voorjaar overleven er daardoor minder jonge ganzen.
Waarschijnlijk stellen de ganzen het leggen van eieren uit nadat ze sneller naar het het
noorden zijn gevlogen, omdat ze deze tijd nodig hebben voor het opnieuw opbouwen
van hun lichaamsreserves. Dit blijkt ook uit een verschuiving van de oorsprong van de
lichaamsreserves die ze gebruiken om hun eieren te maken, waarbij ze in jaren met vroege
ơǤ ƪ
migratiestrategie, krijgen ze tijdgebrek in het Arctisch gebied, doordat ze niet eerder
vertrekken uit het overwinteringsgebied. Een combinatie van onveranderende signalen
en gebrek aan tijd zorgt ervoor dat ze hun legdatum niet genoeg kunnen vervroegen
onder opwarming van het klimaat.
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In hoofdstuk 7 laten we zien dat klimaatopwarming grote consequenties kan
Ƥ  Ǥ 
voor broedvogels in het noordpoolgebied mogelijk ook verbeteren. In hoofdstuk 8
bestuderen we of een vroeger voorjaar ook voordelen biedt voor brandganzen, zowel
in de meer zuidelijke (Noord Rusland) als noordelijke (Spitsbergen) gedeelten van het
noordpoolgebied. In beide gebieden zijn brandganzen vroeger gaan broeden als reactie
op vroegere voorjaren, en leggen tegelijkertijd ook meer eieren. Grotere legsels leidden
echter niet tot meer kuikens. In Noord Rusland zijn er daardoor geen voordelen van
een vroeger voorjaar. Op Spitsbergen wel, omdat vroeg broedende vogels in een vroeg
     Ǥ   Ƥ 
tezamen genomen worden, zien we een sterke reductie in het aantal kuikens dat succesvol
opgroeit in jaren wanneer de sneeuw vroeg smelt, hetgeen vooral te wijten is aan de lagere
kuikenoverleving.
Al met al kunnen we concluderen dat onveranderende signalen onder sterke
klimaatopwarming in het noordpoolgebied de belangrijkste beperkende factor vormt
voor vervroeging van de voorjaarstrek en legdatum voor Arctische trekvogels. Wanneer
het voorjaar vroeg valt in het noordpoolgebied ondervinden de ganzen daar een gebrek
aan tijd om op te vetten, en kunnen ze niet op tijd beginnen met broeden waardoor hun
kuikens minder goed overleven. Een vervroeging van de voorjaarstrek zou hiervoor de
oplossing bieden, en zou teweeg gebracht kunnen worden door fenotypische plasticiteit
(een verandering in timing binnen een individuele vogel) of evolutionaire aanpassingen
(nieuwe genotypes met een veranderd gevoel voor omgevingssignalen). Arctische
trekvogels hebben een relatieve lange levensduur, waardoor ze waarschijnlijk niet snel
genoeg kunnen evolueren om zich aan te passen aan klimaatopwarming. Vervroeging van
migratie is mogelijk door een fenotypische respons. Deze treedt wellicht sneller op bij
sociale trekvogels zoals ganzen, die nieuwe trekstrategiëen kunnen van elkaar aanleren.
Dit is een belangrijke manier waarop aanpassingen aan klimaatopwarming zich snel in
een populatie kunnen verspreiden.
Terwijl Arctische trekvogels onder druk staan om hun reisschema’s en legdatum aan
te passen aan klimaatopwarming in het broedgebied, worden veel van deze trekvogels
bedreigd in hun overwinteringsgebied, waar hun habitats worden ontgonnen of
vernietigd door mensen. Hierdoor is opwarming van het klimaat en habitatvernietiging
een dodelijke cocktail van menselijke impact voor trekvogels. Wonderlijk genoeg is de
dreiging van menselijke impact het grootst voor dieren die broeden in de noordelijke
uithoeken van deze planeet, ver weg van menselijke beschaving.
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