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The management of time and energy

All processes of life require energy and nutrients, and the efficiency at which organ-

isms exploit and utilise these resources has direct consequences for individual

fitness (survival and reproduction). Resource demands vary during the annual cycle,

with periods of reproduction taking a central position when supplies are needed not

only for parents but, in addition, for the growing offspring. Furthermore, most habi-

tats show notable seasonal fluctuations in the availability of resources. Therefore,

there is strong selection pressure on the tuning of pulses of resource demands to

pulses of availability (Lack 1968). Maximising fitness to a large extent means opti-

mising management of time and energy (Cuthill and Houston 1997). Different

phylogenetic background and morphological, physiological and behavioural capabil-

ities of animal species inhabiting different environments lead to the development of

a great variety of solutions to the same problem. 

However, it has become clear that this optimisation process largely acts at the

level of the individual. The combined reproductive value, including offspring and

adult survival, is maximised by birds timing their breeding season according to their

own capabilities and local environmental circumstances (‘individual optimisation

hypothesis’, e.g., Drent and Daan 1980; Daan and Tinbergen 1997; Brinkhof et al.

2002; Drent 2006). It will be crucial to account for the combined survival prospects

of both adults and young, because while the latter usually benefit from earlier

breeding (Rohwer 1992; Drent 2006), parents may have to pay the costs of laying

too early through reduced survival (Brinkhof et al. 2002). Nevertheless, the general

conclusion from supplementary feeding experiments (Nager 2006) is that early

spring food bottlenecks to some extent constrain birds from laying earlier, forcing

them to delay breeding until they reach an optimal nutritional state that is needed

for starting a breeding attempt (Perrins 1970). Adequacy of breeding condition is

determined by a number of factors, among them are: patterns of parental care (uni-

or biparental), mode of development (precocial or altricial), fasting endurance

(which increases with body size) and risk of predation, which, furthermore, interact

with environmental factors like climate, diet and food availability (Moreno 1989).  

Cost and benefits of avian migration

The flight skills of birds enable them to integrate resources over vast geographical

areas, and bird migration may be regarded primarily as an adaptation for exploiting

seasonal peaks of resource abundance and avoiding seasonal resource depression

(Alerstam et al. 2003). Migrants may take advantage of the spatial progression of

resource peaks along a climatic gradient. For Arctic-breeding geese it has been

proposed that they schedule their spring migration according to the ‘green wave’ of

the (most digestible) early spring growth of grass along the flyway and gradually

store body reserves based on the food they encounter at each site (Drent et al.

1978; Van der Graaf et al. 2006b). By bringing stored resources (notably fat and
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protein) for egg formation with them to the breeding grounds migrants can finally

get ahead of the wave of seasonal food abundance, enabling them to better match

the brood-rearing period to the local resource peak (Perrins 1970; Drent 2006). In

this way, migrants can circumvent the nutritional bottleneck preventing them from

laying earlier as outlined above. The strategy of importing resources for reproduc-

tion to the breeding grounds has been termed ‘capital breeding’ and contrasted with

‘income breeding’, which refers to the reliance on current intake to meet the

nutrient and energy demands of reproduction on the spot (Drent and Daan 1980).

Recent evidence suggests the predominance of a mixed capital-income strategy for

most arctic migrant birds, with the potential for capital breeding increasing with

body size (Meijer and Drent 1999; Klaassen 2003; Drent et al. 2006). 

However, benefits are balanced by associated costs. Adding migratory episodes

to the annual cycle comes at the expense of both extra time and energy, and

involves critical adjustments in the general management of these resources (Kokko

1999; Drent et al. 2003). Accordingly, time and energy are the assumed major

currencies for the selection of a certain migratory strategy (Alerstam and Lindström

1990). Most of the empirical evidence so far supports the assumption of time-

selected migration, reflecting the enhanced time pressure migrants face due to the

overall tighter annual schedule (Hedenström 2007). However, in practice it may be

often difficult to disentangle the relative importance of these theoretically distinct

currencies. Due to predation or other hazards encountered during the journey,

migration may take a high toll compared to other phases in the annual cycle (Sillett

and Holmes 2002; Newton 2006; Newton 2007). Many migrants rely on multiple

and very specific stopover sites for refuelling. This dependency renders them

vulnerable to deterioration or disturbance at such crucial stepping stones (Béchet et

al. 2004; Baker et al. 2004; Klaassen et al. 2006a; Jefferies and Drent 2006). 

Motivation and scope of the thesis 

This thesis investigates aspects of timing and resource acquisition and utilisation in

the barnacle goose Branta leucopsis during spring migration and reproduction. It

aims to contribute to our understanding of causes and constraints of migratory

decisions in animals. The barnacle goose population wintering along the Wadden

Sea coast from the Netherlands to Denmark, and traditionally migrating via a

stopover in the Baltic to its breeding sites in northern Russia (Fig. 1.1), is out-

standing in at least three characteristics. 

First: since a population low at ca. 20 000 birds in the 1950s the total flyway

population has grown exponentially to more than half a million birds at present.

Second: since the early 1990s an increasing share of the population delays its depar-

ture from the wintering quarters in the Wadden Sea by about four weeks. Third:

long being regarded as an obligate Arctic breeder, within the past three decades this

species has successfully colonised a wide variety of habitats at temperate latitudes,

thereby shortening the migratory distances considerably or refraining from migra-
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tion altogether. Moreover, this expansion seems contradictory to an expected north-

ward shift as a response to global warming. These remarkable changes raise ques-

tions about the flexibility of migratory and reproductive schedules. What are the

costs and benefits of different migration strategies? And, given the context of global

change, to what extent are animals capable of adapting to rapidly changing environ-

ments? 

Although it is now widely recognised that migration and reproduction are

tightly interlocking events (Drent et al. 2006), the monitoring of the progress of

avian long-distance migration at individual level and its linkage to events in the

breeding phase has so far only rarely been achieved (Madsen 2001; Bêty et al. 2003;

Alerstam 2006a; Drent et al. 2007). The present thesis attempts to bridge this

research gap for the migratory barnacle goose population breeding in the Russian

Arctic. The other central theme in this thesis is a within-species comparison of

major life-history traits in populations breeding along a large ecological gradient

from arctic to temperate environments exerting different selection pressures. For

instance, intra-specific studies on the use of nutrient-stores seem necessary in order
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Figure 1.1. Barnacle geese wintering along the North Sea coast are expected to schedule their

spring migration and reproduction according to resource peaks. These resource peaks progress

along a climatic gradient from south to north. While the peaks may increase in amplitude, the

time window allowing the deposition of body stores and raising young becomes increasingly

shorter. Fieldwork for this thesis has been conducted at following sites (marked out on the

map by squares): 1. in the Dutch Delta (breeding) and on the island of Schiermonnikoog

(staging period); 2. on and near the island of Gotland (breeding); 3. on Kanin Peninsula

(staging); 4. in breeding colonies at the Kolokolkova Bay.  



to verify and better understand the different tactics of reproduction evolved in

waterfowl, but have been scarcely conducted so far (Rohwer 1992; Alisauskas and

Ankney 1992a; Esler et al. 2001). Figures 1.1 and 1.2 illustrate the framework of

this thesis. 

Introducing the study populations

With the aim of comparing the solutions achieved by long- and medium-distance

migrants as well as resident populations within one species in meeting the demands

of their breeding schedules, barnacle geese were studied at three breeding sites

along the flyway as depicted in Fig. 1.1. As representative for the ancestral long-

distance arctic-breeding population, a colony on the Russian coast has been studied

intensively every summer since 2003. The newly established resident population in

the Netherlands studied 2004-2006 provides the maximum contrast, and the third

site in Sweden concerns the island population of Gotland studied intensively by

Larsson and his team during the past twenty years. Our own investigations on

Gotland were conducted during the incubation phase in 2000, 2003 and 2004.

Details on these study sites are appended to this chapter.
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Figure 1.2. Barnacle geese deposit (endogenous) body stores (mainly fat and protein) in

preparation of and during migration. Body stores are needed for the migratory flight itself and

for subsequent reproduction, when the female has to allocate these stores to clutch produc-

tion and incubation. Nutrient and energy demands during reproduction are supplemented by

(exogenous) food resources at a degree depending on local environmental conditions. 



Although the Baltic and Dutch populations have been growing rapidly since their

establishment in 1971 and 1981, respectively (Larsson et al. 1988b; Meininger and

Van Swelm 1994) now together numbering 46 000 individuals, the Russian arctic

breeding population is by far the most numerous, currently representing 90% of the

common wintering population of more than 500 000 birds (Black et al. 2007). All

recently established breeding areas are situated within the flyway, i.e. they are

confined to historical wintering areas and staging grounds of the species. Following

individual birds from these study populations was made possible by marking them

with engraved coloured leg rings, readable by telescopes. For this purpose we

colour-ringed approximately 1400 birds in the Barents Sea between 2002 and 2005,

and 420 birds from the Dutch population in 2004 and 2005. In the Baltic about

5500 birds were colour-ringed between 1984 and 2000 by Swedish colleagues (K.

Larsson and co-workers).

Life history of the barnacle goose

The barnacle goose is a long-lived, socially and genetically monogamous species

with biparental care (Black 1996). Ebbinge et al. (1991) estimated a mean annual

survival rate of adult birds belonging to the ‘Baltic-Russian flyway population’ of

90% corresponding to a mean life expectancy of nine years (Seber 1982) but life

spans of more than 20 years have been frequently recorded (Ebbinge pers. comm.).

Final pair formation and first breeding takes place at 2-3 years of age, often

preceded by a number of trial liaisons with potential partners (Van der Jeugd and

Blaakmeer 2001). The pair stays together year-round and usually throughout life.

For geese from the Baltic breeding population Forslund and Larsson (1991) meas-

ured an annual divorce rate of 2.4%. Barnacle geese breed in colonies. Most clutches

contain 3 to 6 eggs, from which the precoccial offspring hatches after an incubation

period of 24 to 26 days (Owen 1980; Dalhaug et al. 1996). The duty of incubation is

carried solely by the female, while the male takes an important role in the defence

of nesting and feeding grounds and protection of offspring against predator attacks

(mainly from larger gulls, skuas and foxes). Being obligate herbivores of relatively

small size, barnacle geese rely on forage of high nutrient content and digestibility,

and still, they spend most of the daylight feeding in order to gather and process the

necessary amounts of plant food (Prop 2004). The geese feed predominantly on

grasses, sedges and herbs utilising coastal salt marshes as their traditional feeding

habitat. However, like many other waterfowl, barnacle geese have increasingly

utilised improved grassland during the past 20 years, where forage quality is

enhanced due to intensive agricultural fertilization (Van Eerden et al. 2005). It has

been argued that, despite the apparent attractiveness to geese, forage from culti-

vated grassland provides them with a less favourable composition of nutrients

compared to food from salt-marsh habitat, thereby affecting the composition of

body stores deposited during spring feeding and finally impairing breeding success

(Prop and Black 1998; Prop and Spaans 2004). 
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In this thesis I focus on the adult, reproductively mature, female barnacle goose.

First of all because of the central role the female goose plays in the context of time

and resource management for reproduction (Fig. 2). Secondly, in geese it is mainly

the female who chooses the breeding site. Females prefer to breed in their natal

colony close to kin and/or at sites where they bred successfully before (Rohwer and

Anderson 1988; Van der Jeugd et al. 2002). Northern geese have been subject to

long-standing and intensive ecological study, which is testified by the impressive

compilation in Batt et al. (1992). The overviews by Afton and Paulus (1992), Ali-

sauskas and Ankney (1992a), and Rohwer (1992) for waterfowl in general, and the

very recent compilation by Black et al. (2007) for the barnacle goose provide a base-

line for comparison with my project. Valuable insights from the interface of migra-

tion and reproduction through long-term observation of individually marked birds

come also from studies on greater snow goose (Bêty et al. 2003; Gauthier et al. 2003),

emperor goose (Schmutz et al. 2006), pink-footed goose (Madsen 2001; Klaassen et

al. 2006a) and the barnacle goose population breeding on Spitsbergen (Prop et al.

2003). Finally, I can build on findings from van der Graaf (2006) who investigated

the interactions of barnacle geese and their food plants along the same flyway. 

Outline of the thesis

After an introduction to study sites and study populations at the end of this chapter,

the thesis is further divided into three major parts, followed by a general discussion

of the overall findings.

Part I: Tools and techniques 

Technological progress offers exciting opportunities to study wild animals in their

natural environment. Part I describes the techniques we used to follow individual

birds through space and time, and to study their acquisition and use of body stores.

Box A informs about the two remote tracking systems we used to monitor the

long-distance migratory journeys of individuals breeding in the Russian Arctic:

satellite telemetry using implanted transmitters and global location sensing (GLS)

using archival tags attached to the legring. These remote tracking techniques were

supplemented by an extensive ringing program, involving all three study popula-

tions. Direct observations on marked birds provided us with information about

survival rates and individual performance on the breeding grounds (timing, condi-

tion, clutch size, breeding success). In chapter 2 we calibrate and evaluate an

isotope dilution method as non-destructive means to estimate total body water, fat

and fat-free mass in the barnacle goose. Box B provides details of carcass composi-

tion at the organ level. 

Part II: Travel to breed

The first spring travel itineraries of females from the Russian breeding colony

equipped with GLS tags were gathered in 2004 and are presented in chapter 3.
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Most of our tracked birds delayed their departure from the wintering grounds in the

Wadden Sea considerably (by up to ca. four weeks) compared to mass departures in

former times. An important finding was that the staging duration in the Baltic was

reduced according to the delay of departure from the Wadden Sea, but that all birds

spent a remarkably consistent time period (ca. three weeks) in arctic pre-nesting

staging sites. In chapter 4 we investigate the change in spring migratory routines in

more detail using long-term data on spring migration counts, population counts

and temperature data. We also employ an analytical model based on optimal migra-

tion theory to evaluate conditions of ‘fuel deposition’ rates when bypassing the

Baltic may become beneficial. Data collated from GLS or satellite tracking over two

seasons (2004 and 2005) allowed us further to examine the within-individual vari-

ability of spring travel itineraries between years, and if alternative migration strate-

gies may incur differences in the timing of breeding. Chapter 5 reviews the impor-

tance of spring stopovers for reproductive prospects in Arctic-nesting geese. We

emphasise the resource demands needed to successfully complete incubation, which

exceed by far (additional) requirements to form the eggs. These total demands

cannot be met solely by feeding at the breeding grounds but must be supplied to a

significant part by body stores accumulated at pre-breeding staging sites.      

Part III: Why travel to breed: arctic and temperate-breeding compared

In this section we compare three breeding populations of the barnacle goose along

the Baltic-Russian flyway, one arctic (Barents Sea) and two temperate (Baltic, North

Sea). In chapter 6 the focus is set on the timing of reproduction in relation to

subsequent offspring production. We show that timing of breeding in the arctic

population coincides with the period of maximal offspring production, whereas

temperate populations currently seem not completely adapted to their novel envi-

ronment. We reason that there must be constraints preventing earlier breeding and

moulting in the temperate area. Nevertheless, survival of young until arrival in the

wintering areas (estimated by mark-recapture techniques) is much lower for the

arctic birds pointing at risks of migration. 

Incubation is a time of great nutritional stress to the female, when she,

constrained by her egg-caring duties, has to draw substantially from body stores.

The female supplements her resource needs by feeding during incubation recesses.

In Box C we examine frequency and duration of feeding recesses in relation to day

of incubation for females from the Dutch breeding colony. We also compare total

daily recess time of Dutch females to arctic-breeding females from the Barents Sea

population. In chapter 7 we concentrate on resource utilisation during reproduc-

tion. Temperate breeding barnacle geese loose more body mass during incubation

than their arctic conspecifics. We further distinguish between depletion of fat and

protein stores during incubation with the help of isotope dilution measurements

(method evaluated in chapter 2) and show that temperate breeders exhaust their

protein stores to a larger extent than arctic-breeding barnacle geese. We also

demonstrate the existence of opposite latitudinal gradients in clutch size and egg

size, with clutch size increasing from north to south.
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In Box D I examine the deposition of body stores during spring staging in two

different feeding habitats, agricultural pasture and salt marsh, differentiating

between fat and protein storage. In the final chapter 8 I integrate findings from the

previous chapters supported by supplementary information. The acquisition of body

stores receives special attention. A comparison of historical and current data on

body mass dynamics of barnacle geese supports the notion that fuelling prospects in

the Wadden Sea have improved over past decades. In the discussion around food

utilisation from agricultural pastures versus natural habitat an unresolved problem

concerns the different nitrogen retention efficiencies found for these two feeding

habitats. I end with a view on perspectives for the barnacle goose study, which

provides a well suited study system for more research into the mechanisms of adap-

tation to lifestyles at different latitudes thereby deepening our understanding of

how organisms may cope or fail to cope with the challenges of global change. 

General introduction 17



Details on study populations and study sites

In the Russian Arctic

Traditional breeding areas were restricted mainly to the islands of Novaya

Zemlya and Vaygach in the eastern Barents Sea. Through expansion back down

the flyway, since the 1980s breeding occurs now up to the eastern White Sea

coast, 650 km westwards from the traditional sites (Filchagov and Leonovich

1992; Syroechkovsky Jr. 1995; Litvin unpubl. data, see Fig. 1.3). Present

numbers along the Western Barents Sea coast, including the island Kolguev,

are not well known, but are likely to exceed 60 000 breeding pairs (Anisimov

et al. unpubl.). Our study colony is situated on the Kolokolkova Bay salt

marshes, Malozemelskaya Tundra, on the west coast of the Pechora Delta,

adjoining the nearly abandoned village Tobseda (68°35'N, 52°18'E) on a penin-

sula bordered by the Barents Sea to the north and the Kambalnichya Pakha

Gulf of the Kolokolkova Bay to the south. The colony comprises a varying

number of breeding sites hosting between 1200 and 2000 breeding pairs in

total, including up to 1000 pairs on islands in the north of the bay 5 km off the
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coast (Fig. 1.3). Van der Graaf et al. (2004) describe the habitats and their use

by geese (small numbers of White-fronted Anser albifrons and Bean Anser

fabalis Geese also nest). Barnacle geese have bred in the study area since at

least 1994 (Syroe chkovsky Jr. 1995). Data from this site were mainly gathered

during field expeditions in 2003 to 2005.

In the Baltic

In 1971, the first breeding pair in the Baltic was found (Larsson et al. 1988a),

and since then this population has grown at a spectacular rate, numbering

17 000 individuals in 1997 (Larsson and Van der Jeugd 1998) and approxi-

mately 21 000 individuals in 2005 (Black et al. 2007; Larsson unpublished). In

the Baltic, birds have been studied mainly in the oldest and largest breeding

colony situated at Laus holmar (57°17’N; 18°45’E) off the east coast of the
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island of Gotland, Sweden, from 1984 to 2006 (Larsson et al. 1988a; Larsson

and Forslund 1994; Larsson et al. 1998). During the 20-year study period, this

colony increased from 450 to a maximum of 2450 breeding pairs. During

recent years, the number of breeding pairs has declined due to predation and

disturbance by red foxes and white-tailed eagles. In addition to this colony, five

other Baltic colonies have been studied less intensively during the same period

(see Fig. 1.4 for location). A more detailed description of the study area can be

found in Larsson et al. (1988a) and van der Graaf et al. (2006a; 2007a). We

studied body mass of incubating geese in this population in 2000, 2003 and

2004. For analyses on the timing of reproduction and clutch size we could

make use of the long-term data set collated by K. Larsson and co-workers since

1984. 

Data on spring staging numbers of barnacle geese in Estonia were gathered

by our local colleagues. Birds were counted by ground surveys in 1964, 1968,

1970 and from 1974 onwards by aerial surveys (in 16 years during 1974 –

2005). Aerial censuses were conducted in the period 5-15 May using a constant

census area and routine over the years (Leito 1996). Recently established

staging sites in northern Estonia were not surveyed by airplane but visited

frequently from the ground. However, aerial census coverage of stopover sites

hosting 100 or more geese regularly has been nearly 98% until year 2000 and

has been still about 95% since then. 

Furthermore, census data on geese passing through the Baltic in spring has

been collected by the Ottenby bird observatory (56°12’N, 16°24’E) located at

the southern tip of the Swedish island Öland and by the Kymenlaakso Birding

Society for passage over the Gulf of Finland (counting post near Kotka:

60°28’N, 26°58’E). 

The North Sea

The stronghold of the North Sea breeding population is established in the

southwest of the Netherlands (Meininger and van Swelm 1994; Ouweneel

2001). Here, the first breeding pair was encountered in 1981, and this popula-

tion has also been growing rapidly since then, numbering 25 000 individuals in

2005 (van der Graaf et al. 2006a; Voslamber et al. 2007). We studied barnacle

geese at Hellegatsplaten, the Netherlands (51º42’N, 4º20’E), one of the largest

colonies in the Delta area in the southwest of the country between 2004 and

2006. This colony consists of several breeding sites, mostly situated on islands

(see Fig. 1.5). The total number of nests varied between 518 and 537 during

the three study years. 

We studied spring staging barnacle geese (preparing for migration to

Russian Arctic or Baltic breeding sites) on the Dutch barrier island Schier-

monnikoog (53°30’N, 6°10’E) in 2004. Here the geese utilise two major habi-

tats: natural saltmarsh and intensively cultivated grassland (for details see Bos
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and Stahl 2003). Finally, data on the timing of spring mass migration from the

Wadden Sea were collated in the north-eastern Wadden Sea in Schleswig-

Holstein, Germany (ca. 54°36’N, 8°52’E), by Stock and Hofeditz (2002),

Koffijberg and Günther (2005) and Koffijberg (pers. comm.). 
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Our means of transport in the Arctic.




