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Preface 

Barnacle geese (Branta leucopsis), as well as for all organisms, need to survive so 
they can reproduce. A key component of survival is protection against parasites 
and diseases, thus geese need to adapt to inferred disease risk, food availability, 
perceived stress, and internal factors such as wing moult and growth. The main 
focus of this thesis is to investigate how these factors contribute to the variation 
of immune activity, and to some degree health, in barnacle geese. Immunological 
assays were conducted on blood of geese collected from the Svalbard archipelago, 
Arctic tundra in Russia, wetlands in Denmark, and evergreen grass fields in The 
Netherlands in order to address the following questions:   

i) What is the role of migratory geese in transmitting diseases between 
their temperate wintering areas and Arctic breeding grounds? 
(Chapter 2)

ii) How do ultimate (reproduction and wing moult) and proximate 
(disease risk and food availability) factors explain variation in 
immune activity? (Chapter 3)

iii) How does health status explain differences in growth? (Chapter 4)

iv) How do populations differ in their perception and immune response 
to an acute stressor? (Chapter 5)

     



Chapter 1

12

Introduction to the immune system 

Every living organism needs to protect itself from harmful agents in its environment. 
In vertebrates, this defence system is the immune system: a multi-layered protective 
network of different defence strategies involving a variety of mechanisms, each 
with different benefits and costs (Hanssen et al. 2004, Klasing 2004). The first layers 
of defence in the immune system are physical, chemical and behavioural barriers 
against an invading disease or parasitic organism. For example, the rapid change 
in pH between the stomach and the intestine provides a biochemical barrier, 
while preening, grooming and parasite avoidance are behavioural barriers. Skin 
and mucus in the respiratory tract are examples of a physical barrier. If invaders 
manage to pass the first layers of defence, other mechanisms are triggered, such as 
the innate and acquired immune responses (Murphy 2011).

The innate immune system responds immediately to an invading organism 
in a non-specific generic manner.  Innate immunity cannot recognize earlier 
encounters and is considered the basal or oldest defence strategy in almost all life 
forms (Murphy 2011). Important functions of the innate immune system include 
the onset of inflammation, fever, agglutination and lysis of invaders, and other 
non-generic defences against foreign or abnormal cells. Furthermore, baseline 
levels of innate immune activity, such as concentrations of white blood cells 
(leukocytes) can indicate health status (Campbell 1995). 

The acquired immune system, on the other hand, is specific and more complex.  
It is found solely in jawed vertebrates and reacts first after the invader has been 
recognised; consequently it is a delayed response, using an antigen-specific 
response based on immunological memory. The main actor within the acquired 
immune system is the leukocyte “lymphocyte” (Murphy 2011). A schematic 
overview of the innate and acquired system is presented in Table 1.1. 

Table 1.1 Key characteristic of the two branches of the immune system: innate and acquired immunity. 

Innate immune system Acquired immune system
Response is non-specific Pathogen and antigen specific response
Immediate max. response after exposure 
(minutes to hours)

Lag between max. response and exposure (days to weeks)

Cell-mediated and humoral components Cell-mediated and humoral components
No immunological memory Exposure leads to immunological memory
Found in nearly all forms of life Found only in jawed vertebrates
Constitutive Induced
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SPECIFIC           
(acquired or adaptive) 

IMMUNE SYSTEM 

NON-SPECIFIC                       
(innate) 

IMMUNE SYSTEM 

Direct response 

Always present 

HUMORAL 

•Antibodies 

CELL-MEDIATED 

•Lymphocyte           
(T-cell & B-cell) 

HUMORAL 

•Natural antibodies,  
bridges to specific immunity 

•Complement proteins 

•Acute phase proteins 

CELL-MEDIATED 

•Monocytes, heterophils 
and other white blood cells 

assay: 
-White blood cell-count 
 

assay: 
-Hemolysis (HL) 
-Hemagglutination (HA) 
-White blood cell-counts 

Delayed response 

Recognition 

Figure 1.1 Schematic illustration of the major branches, concepts and components of the immune system 
relevant for this thesis. Assays used in this thesis are mentioned at the outer edges.

Both the innate and the acquired systems are subdivided into cell-mediated and 
humoral immunity (Fig. 1.1). Cell-mediated immunity deals with invaders that 
have entered both the body and cells of the host’s body. It is very effective in removing 
virus-infected cells as well as fungi, cancer cells, and some protozoan organisms 
(Yap, Sher 1999). Cell-mediated immunity does not involve antibodies, but white 
blood cells, such as activated monocytes, heterophils and T-lymphocytes. Humoral 
immunity on the other hand, is located in the fluids of the body (excluding the blood 
cells) and is based on secreted antibodies, which are produced in B-lymphocytes. 
Also included in humoral immunity are complement and acute phase proteins. 
There is often redundancy between the branches and systems of immunity where 
different functions interact to recognize and eliminate any invader. 

Box 1.1 Leukocytes and other important concepts of the immune system

Both the innate and acquired immune systems are centered on the functions of two 
major types of leukocytes (white blood cells): phagocytes and lymphocytes. Phagocytes 
ingest and destroy foreign invaders by phagocytosis. Since their recognition system 
is primitive and non-specific, they recognize and eliminate a large variety of foreign 
invaders and consequently, are one of the key cells in the innate immune system. Within 
the grouping of phagocytic cells there are two main cell types, the monocytes and the 
polymorphonuclear granulocytes. When a monocyte is activated it migrates from the 
bloodstream to other tissues, becoming a macrophage. Macrophages have two main 
functions, the professional phagocytes, which first engulf and then remove particular 
antigens, and the antigen-presenting cells, which capture, process and present the antigen 
to T-lymphocytes. The antigen-presenting cells are a major link between the innate and 
the acquired immune systems. 
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Another group of phagocytes are polymorphonuclear granulocytes, consisting of 
heterophils (equivalent to neutrophils in mammals), eosinophils and basophils. During 
early stages of inflammation, heterophils rapidly migrate into tissues, where they 
phagocytise foreign matter and die. Together with lymphocytes, they are the most 
abundant leukocyte circulating in the blood stream. Eosinophils are much less abundant, 
but also have the ability to phagocytise, mainly killing other cells (cytotoxic) and larger 
extracellular parasites. Basophils are the least abundant polymorphonuclear granulocytes 
and are only present at very low concentrations. They mediate inflammation and play 
a role in allergic reactions and against parasites. The precise function of eosinophils and 
basophils is not yet fully understood. 

Lymphocytes consist of B-lymphocytes (B-cells) and T-lymphocytes (T-cells), which are 
responsible for the specific recognition and memory of antigens during the acquired 
response. Every B-cell is genetically programmed with a specific receptor for a particular 
antigen on its cell surface. When a B-cell contacts its specific antigen, it is activated and 
starts to differentiate into a plasma cell (large lymphocyte). The plasma cell produces a 
huge amount of the same antigen receptor molecule as the one first activating the B-cell, 
but in a soluble form called antibodies. The antibody now binds to the specific type of 
antigen that first activated the B-cell. When the antibody binds to its antigen, the antigen 
gets marked for destruction by phagocytes. When the infection is subdued, some B-cells 
will retain the specific antigen receptor, but will never become a plasma cell. These cells 
are called memory B-cells and are important for immunological memory and will be 
activated if the same antigen re-enters the body, thereby affording immunity. T-cells also 
recognize a specific antigen, but only if present on a major histocompatibility complex 
(MHC) molecule. 

Natural antibodies are present before any immune response occurs, therefore they do 
not respond to a specific antigen and serve as the first response of the immune system 
to fight infections. As natural antibodies are not made for a specific antigen, some might 
bind to the antigen, whereas others do not bind at all. Once a natural antibody has 
bound to an antigen, however, the antibody can be modified and the “new” antibody 
can then bind specifically.

Haemagglutination (HA) refers to the agglutination of foreign red blood cells, the 
interactions between natural antibodies and antigens. The reaction results in clumping 
of the foreign material and is used as a measurement of the level of natural antibodies 
in the plasma. 

Haemolysis (HL) reflects the interaction between complement and natural antibodies. 
Lysis refers to the process of breaking open foreign red blood cells and is a function of 
the amount of lytic complement proteins present in the collected blood plasma. 

The complement system is a biochemical cascade. The system consists of a number of 
small proteins (complement proteins) and protein fragments, which together help to 
clear pathogens from the host by disrupting the pathogen’s plasma membrane. The 
system is primarily part of the innate immune system, though it also can be recruited 
and activated by the acquired immune system. The system is not adaptable and does 
therefore not change over an individual’s life time.

The acute phase response is associated with fever as well as loss of body mass, reduction 
of food intake and reduced activity (Owen-Ashley, Wingfield 2006). The response 
also releases acute phase proteins from the liver, which have antibacterial properties 
(Baumann, Gauldie 1994). The acute phase response is in the first line of innate immunity 
to an invader and is considered one of the most costly responses in terms of energy use, 
damage on the host and lost opportunities (Klasing 2004).
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Different aspects of the immune system have different costs

The immune system is a highly complex and multi-layered system of overlapping 
and interlinked defence mechanisms. It is essential to survival and offers significant 
benefits, such as minimizing fitness loss caused by infections and diseases 
(Brown, Brown & Rannala 1995, Fitze, Tschirren & Richner 2004). However, this 
multifaceted and sophisticated system also comes with costs due to the energy 
and time it requires to develop, be activated and maintained (Schmid-Hempel, 
Ebert 2003, Schmid-Hempel 2003, Klasing 2004, Råberg et al. 1998). Furthermore, 
collateral damage to the body’s healthy cells may result from certain immune 
responses (Råberg et al. 1998). Consequently, maximum immune activity is not 
always the best approach (Viney, Riley & Buchanan 2005). 

Different aspects and phases of the immune system, such as the development, 
maintenance and utilization, have different costs (Table 1.2) (Klasing 2004). For 
innate immunity, the development costs of resources and time are generally low 
as there is no diversification or selection. Maintenance costs are moderate, since 
the need of replacement is low as the cells and proteins are “just circulating” while 
waiting for an invader. This is generally true except for the heterophils, which are 
short-lived white blood cells associated with inflammation (Splettstoesser, Schuff-
Werner 2002, Murphy 2011). The cost of maintaining innate baseline immune 
activity is mainly due to resource allocation. When the innate immune system 
is activated, however, the costs become high. The damage to the host that are 
associated with inflammation, acute phase response and fever are significant, 
in addition to the cost of resources and lost opportunities as a consequence of 
sickness-related behaviour (Klasing 2004). 

Induced specific immunity on the other hand is also associated with costs, but in 
the opposite direction. Thus, the costs of development are high (Reynaud, Weill 1996), 
while the maintenance, use and self-damage are low (Table 1.2) (Klasing 2004).

Table 1.2 Relationships between types and cost of the immune system during different phases (modified 
from Klasing 2004).

Phase Cost Baseline, innate   Induced, specific
Development Time, resource LOW-no diversification or selection HIGH-diversification and 

selection
Maintenance Resource MODERATE- slow replacement, 

“resting” cells
LOW- long-lived cells, ready 
to be used

Use Lost 
opportunities, 
resource

HIGH- high damage on host due to 
acute phase response and fever

  LOW- specific response, little 
cell damage
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Depending on the situation, such as available resources and current level of 
disease threat, animals can react to a threat with different immune strategies and 
intensities (Sheldon, Verhulst 1996). Consequently, the “best response” depends 
on the specific circumstances and infection status of the host (Viney, Riley & 
Buchanan 2005) and leads to a great variety in immune activity observed both 
within and among species. Exploring and explaining this variation in immune 
activity are central goals within ecological immunology, where measures of 
immunology are used to answer ecological questions, rather than understanding 
the precise molecular mechanisms (Sheldon, Verhulst 1996, Sadd, Schmid-
Hempel 2009, Schulenburg et al. 2009). 

Box 1.2 Costs and benefits of the immune system from an evolutionary and 
an ecological perspective

There is one major benefit of the immune system: it prevents the host from infections 
and diseases, and ultimately, reduces disease-related mortality. The complex system of 
defence mechanisms, however, does incur two types of costs to fitness: evolutionary cost 
and ecological costs.

Evolutionary costs are the most basic costs and are driven by natural selection (Zuk, 
Stoehr 2002, Schmid-Hempel 2003). Selection for different degrees or types of immune 
investment comes with certain consequences. For example, house sparrows (Passer 
domesticus) have a lower reproductive success if initiating an immune response 
(Bonneaud et al. 2003), poultry with high growth display low immune capacity (van der 
Most et al. 2011), and turkeys with a high egg production and a large body mass have low 
resistance to disease (Nestor et al. 1996). Overall, birds with a high reproductive effort 
are often found with more parasites and a lower immune activity (reviewed in Knowles, 
Nakagawa & Sheldon 2009). Consequently, natural selection favors individuals with 
the best balance of costs and benefits, and optimal strategy with largest fitness. While 
natural selection works on evolutionary time scale, my main research focus focused on 
an ecological time scale. 

Ecological costs associated with immune activity can be seen from three standpoints: 
cost of resources, cost of damage, and cost of lost opportunities. The cost of resources 
is the energy or nutrients necessary to develop, maintain, and use the immune system; 
resources that could have been invested in other necessities, such as breeding or 
migration (reviewed in Zuk, Stoehr 2002, Schmid-Hempel 2003). The cost of damage, or 
immunopathology occurs when immune activity harms the host simultaneously when 
defending against a pathogen (Råberg et al. 1998). Thus, a balance must be maintained 
where the immune system is not too active, but still active enough (Reeson et al. 
1998, Råberg et al. 1998, Klasing 2004). The cost of lost opportunities is incurred when 
important life-history activities such as migration, breeding or moult, are temporarily 
delayed while the host attempts to fight infections and/or parasites (Sanz et al. 2004, 
Owen-Ashley, Wingfield 2006, van Gils et al. 2007, Männiste, Hõrak 2011, Romano et 
al. 2011). 
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Understanding the concept of ‘ecological immunology’ 

Ecological immunology is a relatively young field (Martin et al. 2011), with its 
roots in sexual selection and life-history theory. The functionally diverse immune 
system according to life-history theory is costly and thus subject to trade-offs 
between other life-history processes such as growth and reproduction (Sheldon, 
Verhulst 1996, Norris, Evans 2000). As the benefits of the immune system promote 
survival, hence indirectly promoting future reproduction, the immune system is 
likely to have evolved concomitant to other life-history traits also maximizing 
fitness. This initial approach of ecological immunology, based on the trade-off of 
costs, has resulted in various studies exploring the variation in immune activity 
in relation to reproductive success, growth or other physiological traits associated 
with fitness (Bonneaud et al. 2003, Schmid-Hempel 2003, Deerenberg et al. 1997, 
Verhulst, Riedstra & Wiersma 2005, Moreno-Rueda 2010b, van der Most et al. 
2011).

A second and more recently developed approach emphasizes the benefits of 
the immune system in light of the variation found in immune activity. As the most 
obvious benefit of the immune system is resistance against infections, diseases, and 
parasites, it is easy to embrace the idea that an animal living in an environment 
with high disease risk possibly benefits more from an active immune system than 
an animal living in an environment where disease risk is low (Lindström et al. 2004, 
Tschirren, Richner 2006, Horrocks, Tieleman & Matson 2011). Habitats typically 
considered to have high disease risk are often wetter, such as mesic or tropical 
areas (Guernier, Hochberg & Guegan 2004, Møller 1998). Areas with a harsh 
or dry climate, such as the cold and windy Arctic (Greiner et al. 1975, Bennett, 
Montgomerie & Seutin 1992, Piersma 1997) or hyper-arid deserts (Horrocks et al. 
2012a), are often categorised as low disease risk-habitats. 

Barnacle geese - Migration, or not?

Many animals alternate between high and low disease risk areas during the course 
of annual migrations, which is reflected in the variation of their immune indices 
(Buehler, Tieleman & Piersma 2010b). Migratory behaviour of animals may lower 
disease risk (Altizer, Bartel & Han 2011) through the loss of infected individuals at 
the beginning of migration, in that infected individuals might simply not be able 
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to migrate (e.g. van Gils et al. 2007). Furthermore, migration can allow the host to 
periodically “escape” a parasite-laden environment when moving to a new habitat. 
This is especially true for parasites with transmission stages that can build up in the 
environment, such as various types of helminths. While hosts are gone, parasite 
numbers greatly decrease so that the migrating animals find a largely disease-free 
habitat when they return (Loehle 1995).

Barnacle geese (Branta leucopsis) typically migrate to high Arctic breeding 
grounds and return in autumn to temperate wintering grounds such as Scotland 
and The Netherlands. However, recent changes in agriculture and land use have 
improved the summer conditions for geese in The Netherlands (van Eerden et 
al. 2005, van der Jeugd et al. 2009), resulting in the establishment of a sedentary 
population of barnacle geese in the river deltas along the southwest parts of The 
Netherlands. These geese are part of a population that originated from the Arctic 
migratory geese that subsequently ceased migration (Black, Prop & Larsson 2014). 
The relatively young temperate population is genetically differentiated from the 
Arctic migratory populations, although the difference in genetic structure is small 
due to a high rate of genetic exchange (Jonker et al. 2013). Benefits of abandoning 
traditional migration are decreased predation risk during the migration itself 
(Jonker et al. 2010), shorter parental care (Jonker et al. 2012) and a stable food 
supply (van Eerden et al. 2005) at temperate summering grounds. Moreover, the 
sedentary population of geese has no dangerous and energy-demanding journey 
of thousands of kilometres to and from the Arctic summering grounds. Breeding 
in the energetically expensive Arctic, however, is rewarded by nutritious (though 
scarce) food plants (van der Graaf et al. 2006b, Black, Prop & Larsson 2014), 
concomitant with lowered inferred disease pressure relative to temperate sites. 
Reduced disease pressure in the extreme environment of the Arctic is largely due to 
the climate, which is inhospitable for micro- and macro-parasites and for parasite-
transmitting organisms (Greiner et al. 1975, Bennett, Montgomerie & Seutin 1992, 
Guernier, Hochberg & Guegan 2004, Coulson 2007, Fierer et al. 2009). 

How to infest the Arctic? 

The dynamics of disease-causing agents and transmitters are likely to be influenced 
by interactions between the infected host, the susceptible host, the infection 
pathway and local environmental conditions. Even though the Arctic tundra is 
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considered as an environment of low disease pressure, high prevalence estimates 
of avian influenza have been reported from Northern molting and pre-migratory 
staging grounds (Ito et al. 1995, Wallensten et al. 2007). To determine if the 
congregation of migratory birds in the Arctic actually did result in infection, Pink-
footed geese (Anser brachyrhynchus) were sampled over the full migratory flyway: 
from The Netherlands, via Denmark and Norway, to Spitsbergen, and all the way 
back again (Hoye et al. 2011). Results showed that infection occurred first when the 
geese return to temperate wintering ground in The Netherlands, probably when 
the wintering aggregations mix with dabbling ducks, a group often considered a 
natural reservoir of avian influenza virus (Nishiura et al. 2009, Hoye et al. 2011).  

Figure 1.2 The classical life cycle and known transmission routes of T. gondii. There are three infective 
stages, tachyzoites (during active infection in host tissue), bradyzoites (cysts in tissue) and sporozoites (in 
oocysts from cat faeces). Figure is reused with permission from Prestrud (2008).

Polar regions are isolated both by their extreme environment and remote 
location. Nevertheless, both in the high Arctic (Prestrud et al. 2007, Oksanen et 
al. 2009, Jensen et al. 2010) and Antarctic (Jensen et al. 2012, Rengifo-Herrera et 
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al. 2012), various animal species were found to be seropositive with the parasitic 
protozoan Toxoplasma gondii even though neither area is known to harbour 
felines, which are the definitive host for T. gondii (Fig. 1.2).  For example, in the 
high Arctic Svalbard archipelago (78–81°N, 10–30°E), including the main island 
Spitsbergen, no wild felines are present and domestic cats are prohibited. Yet, T. 
gondii infection has been observed in resident top predators such as Arctic foxes 
(Vulpes lagopus) and polar bears (Ursus maritimus) (Prestrud et al. 2007, Oksanen 
et al. 2009, Jensen et al. 2010). How is this possible?

Thesis outline

Transmission of T. gondii by migratory birds
Despite the absence of felids on the Arctic archipelago of Svalbard, T. gondii has 
been found in resident wildlife. Whether the initial infestation of T. gondii in 
resident wildlife is a result of oocyst transported via ocean currents or via tissue 
cysts from migratory animals is largely unknown. Chapter 2 addresses:

| What is the role of migratory geese in transmitting diseases between 
their temperate wintering areas and Arctic breeding grounds?

It has been proposed that oocysts of the parasite could travel with the sea 
currents and subsequently with filter feeding fish and mussels (Arkush et al. 2003, 
Miller et al. 2008, Massie et al. 2010), thereby entering the high Arctic food web. 
Migratory birds also have been discussed as possible vectors (Prestrud et al. 2007). 
Together with my co-authors, I investigated this alternative pathway further: an 
“aerial” transmission route via migratory geese. We analysed antibody levels of 
two migratory geese (pink-footed, Anser brachyrhynchus and barnacle, Branta 
leucopsis) and three non-migratory geese (greylag, Anser anser, Canada, Branta 
canadensis and barnacle, Branta leucopsis), specifically by analysing plasma of 
goslings both on their hatching site and during their first year spring migration. 
No seropositive juvenile geese were found at any brood-rearing location, however 
nine-month old geese were seropositive during their first spring migration. We 
concluded that goose species encounter T. gondii infection when arriving in their 
wintering areas for the first time.  But how does the parasite infect Arctic resident 
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top predators? The following summer the infected geese transport the parasite 
to their Arctic summering grounds. When an infected goose is consumed by an 
Arctic predator/scavenger, the parasite enters the Arctic food web.

We also found that infected geese showed a high degree of interannual variation 
in their levels of seroprevalence. This was surprising as it is generally expected that 
infected individuals remain protected against the parasite with specific antibodies 
circulating in the blood stream such that upon re-infection, circulating antibody 
concentrations can rapidly increase and stop the invader. To our surprise, we found 
that almost half of the seropositive birds showed no seroprevalence the following 
year. Such annual variation of seroprevalence of antibodies against T. gondii was 
previously unknown. By extension our study suggests that other aspects of the 
immune system may display temporal variability. Hegemann et al. (2012a) showed 
that the immune activity of skylarks (Alauda arvensis) varies between years and 
between annual cycle events, such as breeding and migration. They suggested 
that birds seasonally modulate their immune system, and that this modulation 
is not only a trade-off between energetically-demanding predictive annual-cycle 
demands (e.g. breeding, moult, wintering or migration) but that environmental 
variation, such as food availability and disease pressure is equally important 
(Hegemann et al. 2012a). 

Temporal and spatial variation in immune activity and health
For some species, such as the barnacle goose, variation in these environmental 
factors is expected to vary not only between, but also within an annual cycle event. 
This is especially true during wing moult when geese are restricted in movement 
and hence confined to a certain area. Accordingly, Chapter 3 was designed to 
better understand the influence of physiological demands (internal factors, such 
as wing moult) and environmental circumstances (external factors, such as disease 
and food) on the immune system within the annual cycle event. Specifically:

| How do ultimate (reproduction and wing moult) and proximate 
(disease risk and food availability) factors explain variation in 
immune activity?

We focused on variation in immune activity within one life-cycle event. 
Variation in immune defence in birds is often explained by external factors such 
as food availability and disease pressure or by internal factors such as moult and 
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reproductive effort. In Chapter 3, these factors were explored together in one 
sampling design by measuring immune activity over the time frame of the (wing) 
moulting period of Arctic-breeding barnacle geese. 

During moult, energetic costs are associated with feather growth (Owen, Ogilvie 
1979, Lindström, Visser & Daan 1993, Silverin et al. 1999, Black, Prop & Larsson 
2014), increased thermoregulation due to lost feather-insulation (Hohman, Akney 
& Gordon 1992, Klaassen 1995), and shifts in somatic tissues towards strongly 
developed leg muscles during the flightless moulting period (Fox, Kahlert 2005). 
If baseline immune activity is mainly affected by internal factors such as moult, 
variation in immune activity is expected to be strongly associated with the stage 
of feather growth. On the other hand, variation in immune activity could be 
explained by external factors, such as disease pressure and food resources. 

Geese are constrained in their mobility during wing moult, and as a result 
local food resources are depleted as the season progresses (Black, Prop & Larsson 
2014). In addition, as the birds intensively graze the tundra and repeatedly use 
the same grazing areas, the risk of cross-infection is likely to increase. If this is 
the case and if immune activity is mainly associated with external factors, then 
immune activities among individuals would be synchronised and there should be 
a strong association between immune activity and calendar date, where calendar 
date reflects temporal changes in the external environment. 

In Chapter 3, my co-authors and I show that the variation in immune activity 
during wing moult in migratory barnacle geese is strongly associated with calendar 
date and to a smaller degree with the growth of the wing feathers.  To further explore 
this environmental factor, we compared the migratory population in Svalbard 
(Arctic) with the sedentary population in The Netherlands. As immune activity 
in the Arctic population was mainly determined by external factors, including 
disease pressure, a difference between the immune performances between these 
two populations was expected, as the environments differ. Indeed, we found 
that the immune activity in the Arctic population was generally lower than in 
the temperate population, where both disease pressure and food availability was 
predicted to be higher (Chapter 3).  

However, as immune activity is increased in environments of inferred higher 
disease pressure (Buehler, Piersma & Tieleman 2008, Buehler, Tieleman & Piersma 
2010b, Horrocks, Matson & Tieleman 2011, Horrocks et al. 2012a, Horrocks et al. 
2015) the temperate population might have lower health status than the Arctic 
population. Therefore, Chapter 4 asks: 
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| How does health status explain differences in growth?

To answer this question, 16 barnacle geese goslings were hand-raised in the 
Arctic Svalbard and another 16 in the temperate Netherlands in order to monitor 
the effect of health status and parasite load on growth (Chapter 4). A full post-
mortem examination of the fledging goslings revealed that the temperate group 
had: 1) a lower overall health status, 2) a significant higher burden of intestinal and 
renal parasites, 3) clear histopathological changes in liver, kidney and intestine, 
and 4) significantly lower body mass.  These results are consistent with other 
studies demonstrating a clear negative correlation between growth and parasite 
burden (Chappell, Zuk & Johnsen 1996, Tompkins, Greenman & Hudson 2001, 
Dæhlen 2003, Dudaniec, Kleindorfer 2006, Fessl, Kleindorfer & Tebbich 2006, 
Quiroga, Reboreda 2012). 

To determine if health status explained the lower growth rate, we treated half 
of the Arctic group with an anthelmintic (drug used to expel parasitic worms) to 
experimentally improve the health status. Within the Arctic group we found no 
effect of the treatment on growth. In The Netherlands the equivalent treatment was 
not approved by authorities, nevertheless, the natural span in body mass and health 
status was relatively broad. However, we found no causal link between growth and 
health status within the temperate group. We concluded that: 1) variation within 
our groups was too small to identify an effect of health status on growth and 2) 
there are other factors of importance affecting growth in young geese.  

Together, the past and the present shape future immune activity 
So far it has been shown that immune activity (Chapters 2 and 3) and health status 
(Chapter 4) differ with habitat and that differences in the environmental factors 
are the main cause of these findings. The combination of previous experiences (e.g. 
Chapter 2), type of infection, the condition of the host and its current environment 
(e.g. Chapter 3) determine the impact of an infection on the host (Martin, Hawley 
& Ardia 2011). Disease-causing agents are known to have an effect on the immune 
activity (Horrocks, Matson & Tieleman 2011, Murphy 2011, Horrocks et al. 2012a, 
Horrocks et al. 2015), and encounters with these agents are likely to be similar 
within one population. Response to stress, both chronic and acute, is also known 
to have a significant effect on immune activity (Dhabhar 2014, Dhabhar 2009). For 
example, handling of wild animals causes an acute stress response, resulting in: 1) 
elevated stress hormones (Reneerkens et al. 2002, McEwen, Wingfield 2003, Millet 
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et al. 2007, Buehler, Piersma & Tieleman 2008), 2) an altered immune response 
(McEwen et al. 1997, Ewenson, Zann & Flannery 2003, Berzins, Tilman-Schindel & 
Burness 2008) and 3) altered baseline immune parameters (Apanius 1998, Scope et 
al. 2002, Buehler et al. 2008a). Overall, a clear, but not always uniform, relationship 
between experienced stress and immune activity has been documented (Matson, 
Tieleman & Klasing 2006, Martin 2009, Dhabhar 2009). Chapter 5 leads to the 
final research question of this thesis:  

| How do populations differ in their perception and immune response 
to an acute stressor?

In the final Chapter (5), my co-authors and I evaluate differences in the immune 
response to a common stressor by measuring the stress-related immune response 
after capturing wild barnacle geese. We sampled geese during wing moult in the 
Arctic and temperate summering grounds, over four populations differentially 
exposed to human presence (high, moderate and low exposure) in order to test the 
hypothesis that populations that are less frequently exposed to human activity are 
likely to exhibit a stronger stress-related immune response during capture.  Results 
revealed that different populations of wild barnacle geese were differentially 
sensitive to (acute) stress, with the least human-habituated population showing 
the strongest changes in immune activity during capture. This study emphasises 
the necessity to keep different aspect in mind when studying immunological 
variation as both short temporal scale variation (e.g. duration of capture) as well 
as large spatial scale variation (e.g. disease pressure or food abundance) can play 
a significant role.   

What can we learn from my research?

One important finding of my research is, no matter how clear the effect of the 
environment explains the variation in immune activity, at the end of the day it 
is the state of the single individual that determines the actual impact of the 
environment. This is most strongly demonstrated in Chapter 4, by hand-raising 
goslings in two different environments. The temperate sample was significantly 
infested with parasites, though we could not find a causal link between health 
status and growth. The smallest (body mass) individual might well have been the 



1

General Introduction and Synthesis

25

smallest due to the energy invested in its immune system and defence, or simply 
due to its infestations. In Chapter 2 my co-authors and I show that infection of 
the parasite T. gondii likely occurs at temperate wintering grounds, subsequently 
entering the Arctic ecosystems with its migratory goose-host. It also is clear that 
the variation in immunity is greater than expected, where the (detectable) levels of 
specific antibodies is not as constant as assumed before. The levels of circulating 
antibodies are most likely correlated to its current benefits, ready to rise upon 
re-infection at temperate wintering grounds. This leads to my second conclusion: 
the benefits of immune activity are important when explaining its variation. As 
geese are restricted in movement during wing moult, inferred increase of disease 
pressure at moulting grounds likely increase the benefits of an active immunity, as 
it most likely contributes to a higher fitness (Chapter 3). We suggest in Chapter 
3 that proximate factors, such as disease risk and food availability, are important 
when explaining variation in immune activity. Consequently, I agree with Horrocks 
(2012) and Hegemann (2012) in calling for a wider focus when explaining variation 
in immune activity, not exclusively on costs, but also to include the benefits of an 
active immune system. Disease risk differs between habitats; for example pink-
footed geese get infected with avian flu first when being on temperate wintering 
grounds (Hoye et al. 2011). Disease pressure is important in shaping the immune 
activity; however it is not the only factor. As mentioned before, the state of an 
individual is of relevance, moreover how the individual perceive its environment. 
The same stressor can cause different immune-stress responses between different 
individuals and populations (Chapter 5). When populations differ in their 
perception and immune response to acute stress, immune measures become 
difficult to interpret and a holistic view of the studied system is essential to bear 
in mind. 

Abandoning migratory traditions - a flexible non-migrant

Last but not least, I must acknowledge the barnacle goose for its flexibility. How 
can one explain that the barnacle goose has adapted to a changing environment, 
while none of the other Arctic breeding and temperate wintering species of geese 
have? For example, greater white-fronted geese (Anser albifrons) winter in The 
Netherlands and just as for the barnacle goose, some pairs abandoned northwards 
migration in the 1980’s and began to breed in the Dutch river deltas. However, 
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the population of greater white-fronted goose never showed a similar dramatic 
increase as a result of this new strategy and has remained small (Koffijberg, van 
Winden 2013). Pink-footed geese (Anser brachyrhynchus) also winter in The 
Netherlands, but has kept its migratory traditions and breeds solely in the high 
Arctic (Madsen et al. 1999, Koffijberg, Foppen & van Turnhout 2013). Why it’s 
only the barnacle goose that has been successful in expanding its breeding habitat 
to temperate grounds is an unanswered question. What is obvious is that they are 
successful (Boele et al. 2016, van der Jeugd, Kwak 2017). Despite new management 
plans, such as using disturbance programs where they are not welcome, trying to 
concentrate the population to areas where the (economic) damage is minimal, 
regulating the population by culling and removing eggs from nests, the Dutch 
barnacle goose population continues to increase. 

Future management of the increasing barnacle goose population in The 
Netherlands should be re-examined. For example, forced dispersal programs 
inevitably result in geese returning to the same area. With few sufficiently large 
feeding grounds, the geese are left with little choice other than to return to the land 
from which they were dispersed. In addition, the observed variation in reaction to 
acute stress (Chapter 5) suggests that the geese adapt to the stressor as they may 
accommodate to the disturbance. It is clear that the Dutch breeding population 
of barnacle geese has continued to increasing (Boele et al. 2016, van der Jeugd, 
Kwak 2017) despite the disturbance program and a low health status (Chapter 4). 
Previous studies on barnacle geese have suggested that the high predation pressure 
over the migratory fly-way has contributed to the emergence of the temperate 
non-migratory population (Jonker et al., 2010). Will "predation by parasite" be the 
next major hurdle or will the population continue to grow as long as the geese are 
rewarded with a stable food supply and a minimum of large predators?

One of the underlying questions of this thesis was: Can health issues determine 
the population size and distribution of the barnacle goose? That is a question I 
haven’t been able to answer.  Health issues may determine the population size of 
barnacle geese especially if disease rapidly permeates the populations.  However, 
this hypothesis may be tempered by the capacity of the barnacle geese to adjust its 
immune activity to the current level of disease pressure, coupled with the plasticity 
to adjust to local stressors. Regardless, it is remarkable that the barnacle goose is 
the only one of the traditionally Arctic migratory geese species that has altered 
its traditional migration behaviour by establishing a breeding population in The 
Netherlands, an area that previous was used solely as wintering ground.
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Abstract

Toxoplasma gondii is an intracellular coccidian parasite found worldwide and 
is known to infect virtually all warm-blooded animals. It requires a cat (family 
Felidae) to complete its full life cycle. Despite the absence of wild felids on the 
Arctic archipelago of Svalbard, T. gondii has been found in resident predators such 
as the Arctic fox and polar bear. It has therefore been suggested that T. gondii may 
enter this ecosystem via migratory birds.The objective of this study was to identify 
locations where goose populations may become infected with T. gondii, and to 
investigate the dynamics of T. gondii specific antibodies. Single blood samples of 
both adults and juveniles were collected from selected goose species (Anser anser, 
A. brachyrhynchus, Branta canadensis, B. leucopsis) at Arctic brood-rearing areas 
in Russia and on Svalbard, and  temperate wintering grounds in The Netherlands 
and Denmark (migratory populations) as well as temperate brood-rearing grounds 
(The Netherlands, non-migratory populations). A modified agglutination test was 
used on serum, for detection of antibodies against T. gondii. Occasional repeated 
annual sampling of individual adults was performed to determine the antibody 
dynamics. Adults were found seropositive at all locations (Arctic and temperate, 
brood-rearing and wintering grounds) with low seroprevalence in brood-rearing 
birds on temperate grounds. As no juvenile geese were found seropositive at any 
brood-rearing location, but nine month old geese were found seropositive during 
spring migration we conclude that geese, irrespective of species and migration, 
encounter T. gondii infection in wintering areas. In re-sampled birds on Svalbard 
significant seroreversion was observed, with 42% of seropositive adults showing no 
detectable antibodies after 12 months, while the proportion of seroconversion was 
only 3%. Modelled variation of seroprevalence with field data on antibody longevity 
and parasite transmission suggests seroprevalence of a population within a range of 
5.2% to 19.9%, in line with measured values. The high occurrence of seroreversion 
compared to the low occurrence of seroconversion hampers analysis of species- or 
site-specific patterns, but explains the absence of an increase in seroprevalence 
with age and the observed variation in antibody titre. These findings imply that 
even though infection rate is low, adults introduce T. gondii to the high Arctic 
ecosystem following infection in temperate regions.
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Introduction  

Infectious diseases represent a significant threat to both human and animal 
populations. As a consequence, it is of great relevance to understand the infection 
dynamics and distribution of important zoonotic pathogens (Altizer, Bartel & Han 
2011). Toxoplasma gondii is a globally distributed coccidian protozoan (Dubey 
2010). Infection with T. gondii is one of the most common parasitic infections 
of warm-blooded animals worldwide, including humans (Dubey, Beattie 1988, 
Tenter, Heckeroth & Weiss 2000). A wide range of mammals and birds can serve 
as intermediate hosts, where asexual reproduction and tissue cyst formation occur. 
Intermediate hosts can be infected by ingestion of oocysts or tissue cysts, and in 
some cases by placental transmission. Sexual reproduction can only happen in the 
intestines of the definitive host and results in infective oocysts being shed with their 
faeces. Oocysts are essential for the transmission to a non-carnivorous host and are 
only shed by domestic cats and other felines (Dubey 2010). As the cat population 
has developed parallel to the human population, there is a strong potential for 
T. gondii transmission in rural settings (Amendoeira et al. 2003). Oocysts have 
been found both in water and in soil samples around human dwellings (Weigel et 
al. 1999, Dubey 2010) and may enter the marine environment through freshwater 
runoff or via sewage systems (Lindsay et al. 2003, Conrad et al. 2005). Here, the 
oocysts can travel long distances via physical and biological processes, the latter 
including ingestion by marine mammals or accumulation in filter feeding fish 
and bivalves (Arkush et al. 2003, Fayer, Dubey & Lindsay 2004, Miller et al. 2008, 
Massie et al. 2010). 

Polar regions are isolated both by their extreme environment and remote 
position. Nevertheless, both in Arctic (Prestrud et al. 2007, Oksanen et al. 2009, 
Jensen et al. 2010) and sub-Antarctic (Afonso et al. 2007) regions individuals 
seropositive with T. gondii have been found. Clearly, T. gondii is found in areas 
not inhabited by its definitive host. For example, in the high Arctic Svalbard 
archipelago (78–81°N, 10–30°E), including the main island Spitsbergen, no wild 
felines are present and domestic cats are prohibited. Yet, T. gondii infection has 
been observed in resident top predators such as Arctic foxes (Vulpes lagopus) and 
polar bears (Ursus maritimus) (Prestrud et al. 2007). Whether the initial infection 
is a result of oocysts transported via ocean currents or tissue cysts from migratory 
animals is unknown. 
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Ecosystems are connected via seasonal migrations (reviewed in Altizer, Bartel 
& Han 2011). Along the flyway migratory birds may transport infectious disease 
agents (Bradley et al. 2005, Altizer, Bartel & Han 2011) and Prestrud et al. (2007, 
2008a, 2008b) suggested that T. gondii is brought to the Arctic by migratory birds. 
In support of this notion, 7% of migratory barnacle geese (Branta leucopsis) on 
Svalbard were found seropositive, whereas no resident herbivores such as Svalbard 
reindeer (Rangifer tarandus platyrhynchus) (n=390) or sibling voles (Microtus 
epiroticus) (n=361) were found seropositive, suggesting that T. gondii oocysts in 
the terrestrial ecosystem are not an important mode of transmission on Svalbard 
(Prestrud et al. 2007). In the same study, foxes captured at sites devoid of goose 
colonies showed lower seroprevalence than foxes captured close to goose colonies 
(Prestrud et al. 2007). In addition, as the Svalbard goose populations have doubled 
over the last decades (Fox et al. 2010), so has the prevalence of antibodies to T. 
gondii in Svalbard’s polar bears (Oksanen et al. 2009, Jensen et al. 2010). 

The objective of this study was to determine T. gondii seroprevalence in goose 
populations at various locations in order to assess the role of migratory birds as 
vector of T. gondii to isolated Arctic ecosystems. As juveniles are infection naïve 
at birth and limited in their habitat exposure, they were specifically targeted to 
determine the area of infection. To this end, we sampled adults and juveniles of 
two Arctic migratory goose species; the barnacle goose (Branta leucopsis) and 
the pink-footed goose (Anser brachyrhynchus), at Arctic breeding and temperate 
wintering grounds. To expand the sampling of the temperate environment, 
resident Dutch populations of barnacle, Canada (B. canadensis) and greylag geese 
(A. anser) were included, sampled during the brood-rearing period.

Our main assumption was that the likelihood of infection with T. gondii is 
high in areas with suspected high densities of cats, and that infection results in 
increased specific antibody levels in the blood. Both adult and juvenile geese 
would consequently show higher seroprevalence at temperate, compared to 
Arctic, locations. Therefore, the following hypotheses were tested:  i) in Arctic 
areas only adults are seropositive; ii) in temperate areas both adults and juveniles 
are seropositive, and both show a higher titre of antibodies in the blood: iii) the 
proportion of seropositive individuals increases with age.
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Materials and methods

Blood samples were collected between 2006 and 2010 at four locations: Svalbard 
(1), Nenets Autonomous Okrug NW Russia (2), Denmark (3) and The Netherlands 
(4) (Fig. 2.1). In the Arctic, birds were sampled on Spitsbergen, the western island 
of Svalbard (79°N/12°E) and in NW Russia at Tobseda (68°N/52°E) and Kolguev 
(69°N/49°E). In Denmark all birds were sampled during spring staging at Vest 
Stadil Fjord (58°N/8°E). In The Netherlands birds were sampled in the provinces of 
Groningen, Friesland, Gelderland, Noord and Zuid Holland (52°N/4°E - 53°N/6°E) 
during summer and in Friesland (53°N/6°E) during winter staging (Table 2.1). 

!
!

!
!
!
!
!

Figure 2.1. The four main sample locations with species and seasons sampled at each location. Location one 
and two fall within the Arctic Circle (66°N) while location three and four are located in the temperate zone.  
Resident (non-migratory) populations are indicated by a star (*).  Species are abbreviated as follows: AnAn, 
Anser anser, greylag goose; AnBr, Anser brachyrhynchus, pink-footed goose; BrCa, Branta canadensis, 
Canada goose; BrLe, Branta leucopsis, barnacle goose. 

In total four species of wild geese were investigated: barnacle goose (n = 1543), 
pink-footed goose (n = 787), greylag goose (n = 266) and Canada goose (n = 79) 
(Table 2.1). In the Arctic, barnacle geese were sampled from populations using 
two different flyways; those migrating from Arctic Russia to The Netherlands 
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and those migrating from Svalbard to Scotland (Black, Prop & Larsson 2007).  
A second species sampled in the Arctic was the pink-footed goose migrating 
from Svalbard to Denmark-The Netherlands-Belgium (Madsen et al. 1999). The 
pink-footed goose is sharing habitat with both the earlier mentioned migratory 
barnacle goose populations. The migratory and non-migratory populations have 
overlapping winter habitats though do not fully mix during winter staging (van 
der Jeugd, Olthoff & Stahl 2001).

Both juvenile and adult birds were sampled at all locations (Table 2.1). Juvenile 
birds caught in Denmark were a maximum of 9 months old. From the population 
of barnacle geese on Svalbard age was known for 739 birds. The sample collection 
included 108 birds sampled more than once during the period 2006-2010, resulting 
in a total of 144 non-overlapping records (Table 2.2). 

Table 2.1. Percentage of individuals with detectable antibodies to T. gondii per species, season and sample 
location. Resident populations are marked with a star (*) and are only sampled during summer (June-July). 
Migratory populations are sampled in the Arctic during summer (July-August) and at temperate regions in 
winter (January) and spring (March). All birds caught during summer were moulting at brood-rearing 
grounds. Birds younger than one calendar year are referred to as juveniles. Locations are abbreviated as 
follows: SV, Svalbard; RU, Russia; NL, the Netherlands and DK, Denmark.

Species Season Location % Infected adults (n) % Infected juveniles (n)
B. leucopsis Summer Arctic (SV) 14.8 (811) 0.0 (259)

Summer Arctic (RU) 17.8 (157) 0.0 (28)
Summer Temperate (NL)* 8.7 (103) 0.0 (166)
Winter Temperate (NL) 25.0 (16) 0.0 (3)

A. brachyrhynchus Summer Arctic (SV) 6.5 (168) 0.0 (100)
Spring Temperate (DK) 11.9 (405) 9.6 (114)

A. anser Summer Temperate (NL)* 8.1 (161) 0.0 (105)
B. canadensis Summer Temperate (NL)* 7.9 (38) 0.0 (41)

Table 2.2. Conversion and reversion in individuals sampled at two different time intervals. In 144 cases an 
individual was re-sampled 1, 2, 3 or 4 years later (t=y). Only non-overlapping periods were considered.

Transition Time interval (Year) N samples N samples Calculated proportion
Negative -> positive  Negative at t=0 Positive at t=y  Converting  (λ)

0 -> 1 64 2 0.0313
0 -> 2 39 3 0.0480
0 -> 3 15 1 0.0335

  0 -> 4 2 0 n.a.
Transition Time interval (Year)   N samples N samples Calculated proportion
Positive -> negative  positive at t=0 Negative at t=y Reverting (δ) 

0-> 1 12 5 0.4167
0 -> 2 10 5 0.2995

  0 -> 3 2 1 0.2160
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Flightless birds were captured during summer by being herded into a key-hole 
shaped net raised on land. Birds were captured on their winter and spring staging 
grounds by means of cannon netting. From each bird a blood sample of 0.2-2 ml 
was taken from the brachial vein, using non-heparinised equipment (syringe and 
needle). The blood was allowed to coagulate followed by centrifugation (10,000 
rpm, 7 min) within 24 hours of sampling in order to separate red blood cells from 
serum. The serum was subsequently stored at -20 °C until analysis. All sampling 
was conducted according to national and international animal regulations, acts 
and laws.

The presence of antibodies against T. gondii in individual serum samples was 
tested at 1:40 dilutions, using a commercially available modified agglutination 
test (Toxo-Screen DA kit, bioMerieux S.A., Marcy-l’Etoile, France) following the 
manufacturer’s instructions. Agglutinated samples at cut-off 1:40 were by eye 
defined seropositive and further analyzed at dilutions of 1:160, 1:640 and 1:2560 
to assess antibody concentration. Incidental testing on lower titres proved hard to 
interpret (results not shown) which was confirmed by Prestrud (2008). Prestrud 
(2008) and Oksanen et al. (2009) compared results from titres of 1:10 to 1:80 and 
1:25 to 1:40 (respectively) and found agreement between the results.

Using re-caught individuals the annual proportion of seroconverting individuals 
(prop. λ), and the proportion seroreverting individuals (prop. δ) were calculated 
(hereafter λ and δ respectively). These values were used in an iteration predicting 
seroprevalence (γ) in a population of 1000 individuals after 20 years.  Together 
with random generated numbers it was decided if seroconversion has occurred, 
and if so, if seroreversion would occur the following year. Repeatedly sampled 
individuals from non-overlapping periods longer than one year gave additional 
values for λ and δ. Using these additional values for λ and δ, the variation within 
the parameters resulted in a range of potential γ. 

The differences in seroprevalence between various groups (site, age, species, 
and gender) were tested using a chi-square test. A Fisher’s exact test was included 
when sample size in one of the observed groups was below 5. Non-parametric tests 
were used to compare the antibody concentration between groups, Mann-Whitney 
U-test comparing two groups and a Kruskal-Wallis ANOVA test comparing three 
or more groups. Binary logistic regressions were used to estimate the effect of age 
on the seroprevalence in the population.  All statistical tests were performed using 
SPSS, version 16 (SPSS Inc. 2007).
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Results

All juveniles sampled on brood-rearing grounds were found seronegative, (n=699) 
(Table 2.1). At the Arctic locations (Svalbard and Russia) 10.4% of all adults 
(n=1136) were seropositive. A similar seroprevalence was found during summer 
at temperate sites: 8.3% of all adults (n=302) were seropositive. The seroprevalence 
varied for different species and seasonal groups, ranging from 6.5% in pink-footed 
geese on Arctic breeding grounds to 25% in migratory barnacle geese on wintering 
grounds in The Netherlands (Table 2.1). On Svalbard the seroprevalence of pink-
footed geese was significantly lower than of barnacle geese (Χ2=8.170, p=0.006).  
Between the different populations of barnacle geese there was no significant 
difference in seroprevalence found for the various locations. When following goose 
populations from Arctic grounds to temperate wintering and spring grounds, the 
seroprevalence for pink-footed geese during spring staging was higher than during 
brood rearing (tested one-sided 6.5% to 11.9% Χ2=3.617,p=0.036) while this 
increase was non-significant for adult barnacle geese (17.8% to 25.0% Χ2=0.495) 
(Table 2.1). Of the 114 nine month old pink-footed goose juveniles sampled on 
spring staging grounds in Denmark, 11 were seropositive. Within the spring 
staging population, no difference was found comparing juveniles (9.6%) to adults 
(11.9%) (Χ2=0.265, p=0.622) (Table 2.1). 

Re-sampled individuals over a period of one to three years revealed the 
proportion of seroreversion (δ) and seroconversion (λ) (Table 2.2). For adults 
sampled negative at t=0 (n=64) λ was calculated to 3.1 % over one year while δ 
was more than ten times higher, at 41.7%. Other time intervals between repeatedly 
sampled individuals gave additional independent estimates for λ and δ (Table 2.2). 
In all cases, seroreversion was much higher than seroconversion. These findings 
were integrated in a simple model. This model estimated combinations of λ 
and δ resulting in given values of seroprevalence  (γ) (Fig. 2.2A) or in observed 
transitions (seroreversion or seroconversion) in γ over a defined time interval of 
one, two or three years (Fig. 2.2B). Both simulations combined suggest values of λ 
ranging from 2.5% to 5% and δ ranging from 20% to 45%, giving a span of γ in the 
population between 5.2% and 19.9%. We measured a γ range of 6.5% to 17.7% in 
the sampled population, with a highest value of 25% for a small sample size of 16. 
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Figure 2.2. Modelled combinations of delta (δ) and lambda (λ) resulting in: a set value of seroprevalence (γ) 
(panel A); an observed transition over a given time period of 1, 2, or 3 years, were each line shows conversion 
(a, b, c) or reversion (d, e, f) (panel B). In the range of values for λ: 0.025 to 0.050 and δ: 0.200 to 0.450, 
calculated values for γ range from 5.2% to 19.9%. Input-values are presented in Table2. 2.

The variance of antibody concentration within an individual showed that no 
seronegative individuals had antibody titres higher than 1:160 the following or 
previous year. The individuals with the highest measured concentration the first 
year (seropositive at dilution 1:640 at t=0) stayed seropositive the following year 
(1:160 at t=1).  A seropositive individual (1:40 at t=0) showed the highest titre 
measured of 1:2560 the following year.  No individuals maintained the minimum 
threshold level of 1:40 between the years. 

Figure 2.3. Modelled numbers of infected individuals per age groups.  Lines represent individuals in a 
population of 1000 individuals in a given age class (left y-axis). Bars show average numbers of infection per 
once infected individuals (right y-axis). Individuals were in each age class assigned to seroconversion and/
or –reversion based on random numbers and measured population values. The iteration is run 100 times. 



Chapter 2

38

To investigate the effect of age, individuals were grouped into four age classes. 
Number of positive individuals and total sample size were (npositive/ntotal sample): class 
<1, 0/158=0; class 1-5, 1/24=4.2%; class 6-10, 3/40=7.5%; class >10: 16/122=13.1%. 
There was a significant increase in seroprevalence over age (Χ2= 25.276, p=0.000). 
This increase was not significant if only adults were considered. The number of 
seropositive individuals per age class was modelled by randomly assigning annual 
seroconversion (3.1%) to seronegative individuals and seroreversion (41.7%) to 
seropositive individuals in a population starting with 1000 naive individuals. The 
model showed that the number of individuals which have been seropositive over 
their life time increases with age while the number of seropositive individuals in 
a given age class stabilized for values of gamma (Fig. 2.3). At an age of 20 years, 
466 individuals of 1000 have at least once been infected (Fig.2.3, dashed line), 
nevertheless only 69 individuals were seropositive at the same age (Fig.2.3, full 
line). The average numbers of infections per once infected individual was found to 
increase from 1.00 to 1.33 times over a 20 year period (Fig. 2.3 bars). The results 
are based on 100 iterations.

Discussion

We hypothesized that both adult and juvenile geese would show higher 
seroprevalence at temperate, compared to Arctic, locations. We expected no 
positive juveniles in the Arctic. If only one Arctic juvenile had been confirmed 
seropositive, the marine infection pathway would have to be considered as relevant 
transport route of T. gondii to the high Arctic. Instead, the chance of sampling a 
seropositive juvenile on temperate breeding grounds was expected to be high due 
to felines shedding oocysts on the grasslands. 

The absence of seropositive juveniles on temperate breeding grounds seemed 
counterintuitive. However, the exposure time for goslings to become infected 
before being sampled on the breeding grounds was on average only 35 days. 
With the observed annual proportion of seroconverting individuals of 3.1% and 
assuming a constant chance of infection over a year, the chance of sampling a 
seropositive gosling would be 1 out of 336 while our sample size of juveniles is only 
312 individuals (see Table 2.1). In addition, the environment that flightless birds 
encounter is possibly less contaminated with oocysts than the environment visited 
by flying birds.  Due to their exposure and vulnerability to predation, flightless 
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birds inhabit areas with a lower predator encounter risk (Madsen, Mortensen 1987, 
Kahlert, Fox & Ettrup 1996). Such an area is often close to water, where cats are 
supposedly less likely to hunt. Systematic goose counts in The Netherlands during 
2005-2011 showed that while only 1 cat was observed close to a water body, 142 
cats were seen on grasslands (Voslamber, unpublished data). The observer counted 
all geese and mammals weekly in a predefined area of 1500 ha, subdivided in fields 
of settlements, grasslands and shore land. During winter when the geese can fly, 
they forage on grasslands where they may be subjected to a higher infection risk.  

Seroprevalence did not increase with age of tested individuals when juveniles 
were excluded. Rate of (re-)infection is seemingly low in relation to seroreversion. 
Our results suggest that the species investigated here undergo a more rapid 
seroreversion than previously known. The effect of seroreversion on immunity 
needs to be unravelled before definite statements can be made about the status of 
infection. As the exact relation between immunity and seroprevalence is unknown, 
in this study the status of infection is based on seropositive individuals.

Based on field values of infection and antibody dynamics a seroprevalence 
of 7% was calculated in the Arctic barnacle goose population. A value of 7% for 
seroprevalence is in the lower end found in our study, though it fits very well with 
previous work of Prestrud et al. (2007) in the same population. When integrating 
measured values from years with more than one winter between sample occasions 
the range of possible seroconversion and reversion increased and so did the 
variation of stable seroprevalence (from 5.2% to 19.9%), matching measured field 
values well.

Infection risk might be considerable higher than the 3.1% measured over a 
full year in barnacle geese. Juvenile pink-footed geese acquired seroprevalence 
of 9.6% over a lifetime of nine months. The observed values of seroprevalence 
in adult pink-footed geese (11.9%) would then rely on an almost twice as high 
species-specific seroreversion of 71%. However with the variation in sample sizes 
and potential species specific values of seroreversion, further interpretation would 
become speculative.

As the antibody titre in the blood is expected to increase when an individual is 
(re-)infected, we expected higher antibody titre on temperate grounds, especially 
during winter. However our data did not support this. On the other hand, within 
a migrating population a trend for higher antibody titres on temperate grounds 
than on Arctic grounds was found both over the migration route within a species 
(summer vs. winter) as well as when comparing Arctic breeders to temperate 
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breeders. Additionally, of all positive birds at temperate brood-rearing grounds 24% 
were positive at the highest titre (1:2560) compared to only 6% at Arctic grounds. 
The largest fraction (35%) of birds at Arctic breeding grounds was positive at the 
lowest antibody titre (1:40). The different patterns observed in the concentration 
titres support our hypothesis that infection is occurring in temperate regions.

The average number of infection events per infected individual increases 
from 1.0 time for a one year old to a maximum of 1.3 times for an individual of 
20 years. Re-infection would probably result in higher antibody concentrations 
with a slightly lower sero reversion rate. We have no significant evidence for this 
statement but that could result in a somewhat higher prevalence with age, which 
is hinted at in the non-significant highest value of seroprevalence in the age class 
older than 10 years.

Identification of the source of infection is vital for understanding how the 
parasite is infecting new ecosystems. The observed trend towards increased 
seroprevalence as well as antibody titre on wintering grounds suggested that the 
wintering grounds are a source of (re-)infection. However, geographical differences 
were not always significant, which can be explained by the big variation in sample 
numbers in combination with small differences in seroprevalence.  For barnacle 
geese, we calculated the required sample size for the wintering population to 
obtain significant differences at 25% seroprevalence with the empiric results 
from the three summer-sampled sites. The required sample sizes were n=1108 
for Arctic Russia on a seroprevalence of 17.8%, n=52 for Arctic Svalbard on a 
seroprevalence of 14.8% and n=20 for non-migratory geese in The Netherlands 
on a seroprevalence of 8.7%. This clearly shows the sensitivity for sample size 
in combination with observed differences.  Within the same flyway from Arctic 
Russia to The Netherlands, sample size for significant results would be extremely 
large. Nevertheless, if we expected a seasonal difference over the flyway, for 
pink-footed geese the seroprevalence in the Arctic was significantly lower than 
on winter and spring staging grounds. When considering variability within one 
season (brood-rearing) there was always a difference between Arctic and temperate 
regions. Surprisingly, the seroprevalence for Arctic breeding barnacle geese was 
significantly higher than the Dutch breeding equivalent. On the contrary, pink-
footed geese breeding on Svalbard had the lowest seroprevalence measured which 
corroborate the hypothesis of northern regions carrying a lower disease risk 
(Piersma 1997).
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More evenly represented sampling populations would increase the rigidity to 
this study. The majority of the field campaigns were aimed on summer populations. 
However, an increased number of winter staging birds from both The Netherlands 
and Scotland would have contributed to the understanding for the seasonal 
variation of seroprevalence, antibody dynamics and the possible infection location 
in the light of the annual cycle. 

In conclusion, infection with T. gondii is likely to happen on temperate grounds 
during the winter period when the birds are able to fly. Infected birds transport 
the parasite to Arctic breeding grounds, and if predated the parasite can enter 
the ecosystem. As no naive Arctic birds (juveniles) were found seropositive in the 
Arctic we have no support for an alternative transmission pathway of T. gondii 
to the high Arctic. We found the proportion of individuals seroreverting over a 
time interval of one year being >40%, while the proportion seroconverting was a 
magnitude lower. Using an iteration based on values from individuals sampled in 
multiple years we predicted the expected level of seroprevalence in a population 
which corresponded well within the range of measured values.

This study advances our understanding of ecological drivers behind the 
occurrence of spatial and temporal variation of T. gondii within two naturally 
defined geographical areas. However, future studies should focus on achieving 
a full picture of the flyway to determine the antibody dynamics. In general, 
juveniles must be sampled in greater numbers to directly link site of infection with 
environment. 
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Abstract

Variation in immune defence in birds is often explained either by external factors 
such as food availability and disease pressure or by internal factors such as moult 
and reproductive effort. We explored these factors together in one sampling design 
by measuring immune activity over the time frame of the moulting period of Arctic-
breeding barnacle geese (Branta leucopsis). We assessed baseline innate immunity 
by measuring levels of complement-mediated lysis and natural antibody-mediated 
agglutination together with total and differential leukocyte counts. Variation in 
immune activity during moult was strongly associated with calendar date and to a 
smaller degree with the growth stage of wing feathers. We suggest that the association 
with calendar date reflected temporal changes in the external environment. This 
environmental factor was further explored by comparing the immune activity of 
geese in the Arctic population with conspecifics in the temperate climate zone at 
comparable moult stages. In the Arctic environment, which has a lower expected 
disease load, geese exhibited significantly lower values of complement-mediated 
lysis, their blood contained fewer leukocytes, and levels of phagocytic cells and 
reactive leukocytes were relatively low. This suggests that lower baseline immune 
activity could be associated with lower disease pressure. We conclude that in our 
study species, external factors such as food availability and disease pressure have 
a greater effect on temporal variation of baseline immune activity than internal 
factors such as moult stage.
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Introduction

Energy investment in the immune system can be viewed as a trade-off between 
the costs and benefits of maintaining an active system. Costs are associated with 
the energy and nutrients needed for production of components, unnecessary 
expenditure of energy due to misregulation, and the running and maintenance 
of the immune system (Schmid-Hempel, Ebert 2003, Klasing 2004, Sorci, Faivre 
2009). Additionally, any resources channelled towards the immune system will 
not be available for other demanding processes (Sheldon, Verhulst 1996, Norris, 
Evans 2000, Owen-Ashley, Wingfield 2007). As a consequence, relative costs 
are high when investment in competing life-history events like feather moult or 
reproduction, is at a premium. The benefits of an active system, and associated 
enhancement of disease resistance, depend strongly on environmental factors. 
Firstly, disease pressure can evoke a response (Horrocks et al. 2012a) so when 
disease risk is low, an immune response might be unnecessary and better avoided 
(e.g. Mendes et al. 2006, Buehler, Piersma & Tieleman 2008, Horrocks et al. 2012b). 
Secondly, food conditions limit available energy that could be spent on either 
moult/reproduction or immune activity (Ilmonen, Taarna & Hasselquist 2000, 
Bonneaud et al. 2003, Moreno-Rueda 2010a). When disease risk is low and food 
availability is high, baseline immune activity is expected to be low, and investment 
can be directed towards somatic growth and reproduction (or another life-history 
event). Thus, both the state of an individual and environmental conditions affect 
the activity of the immune system (Lindström et al. 2004, Ardia 2007, Buehler, 
Tieleman & Piersma 2010b, Buehler, Tieleman & Piersma 2010a). 

Determining temporal variation in activity of the immune system within a given 
stage of the annual cycle sheds light on (individual) flexibility and, consequently, 
can be used to calibrate the single time-point measurements often used in wild 
populations. Hegemann et al. (2012a) revealed patterns over the annual cycle from 
repeated measures on single individuals, which were consistent with patterns at 
the population level. In this study, we explored variation of baseline immune 
activity within a single period of the annual cycle. Using multiple measurements 
over time, we studied changes in immune activity over the period of wing feather 
moult. This provides a reference for baseline levels at various time-points for later 
studies where sampling is only possible once during the moult season. As wild 
animals serve both as reservoirs and sentinels of diseases (Daszak, Cunningham & 
Hyatt 2000), understanding immunological variation can predict when individuals 
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are susceptible to infections and when further transmission of diseases is likely to 
occur (Sandström et al. 2013, Gonzalez-Quevedo, Davies & Richardson 2014). The 
current study focuses on explaining variation in baseline immune activity during 
moult, using Arctic-breeding barnacle geese (Branta leucopsis) as a model species. 

The moulting period is an energy-demanding period due to the direct energetic 
costs associated with the synchronised growth of the wing feathers (Owen, Ogilvie 
1979, Hohman, Akney & Gordon 1992, Lindström, Visser & Daan 1993, Black, 
Prop & Larsson 2014). In addition, various indirect costs add to the stress by a 
more expensive metabolism: more energy is needed for thermoregulation due 
to temporary loss of insulating feathers (Klaassen 1995), and there are shifts in 
somatic tissues towards strongly developed leg muscles during the flightless period 
to cope with increased predator vulnerability (Fox, Kahlert 2005). Breeding in the 
energetically expensive Arctic, however, is rewarded by nutritious (though scarce) 
food plants (Black, Prop & Larsson 2014, van der Graaf et al. 2006b), and disease 
pressure from the environment may be lower than at southerly sites (Greiner et 
al. 1975, Bennett, Montgomerie & Seutin 1992, Callaghan et al. 2004, Guernier, 
Hochberg & Guegan 2004). Reduced disease pressure in the extreme environment 
of the Arctic is largely due to the climate, which is inhospitable for micro- and 
macro-parasites and for parasite-transmitting organisms (Bennett, Montgomerie 
& Seutin 1992, Piersma 1997, Callaghan et al. 2004, Guernier, Hochberg & Guegan 
2004, Coulson 2007, Fierer et al. 2009, Sandström et al. 2013). For animals living 
in the Arctic, the inferred low disease pressure could allow a less active immune 
system (Horrocks et al. 2012a, Mendes et al. 2006, Buehler, Piersma & Tieleman 
2008, Horrocks et al. 2012b, Lindström et al. 2004, Piersma 1997). Under these 
conditions, variation in immunity could well be connected to other proximate 
causes, such as those set by moult requirements.

We explored baseline innate immune activity due to its broad benefits: it is 
effective in controlling multiple pathogen types, provides first-line defence, 
responds immediately to threats, does not require previous exposure to a particular 
antigen, is constantly maintained and thereby predicted to generate continuous 
energetic costs (Martin, Weil & Nelson 2008, Buehler et al. 2008b). Baseline 
innate levels vary over time in response to changes in environmental conditions 
(Hegemann et al. 2012a, Buehler et al. 2008b), which is in contrast to induced levels 
(Hegemann et al. 2012b). In this study, two categories of baseline immunity were 
addressed, which cover a range of protective mechanisms. Firstly, leukocyte (white 
blood cell) concentrations were determined, as well as the relative contributions 
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of various leukocyte types, which provide information on circulating immune 
cells. These measures can be used as an index of health, reflecting innate and 
adaptive components of the immune system (Campbell 1995). Secondly, levels 
of complement and natural antibodies were determined. These components of 
the immune system provide a line of defence against infection via cell lysis, and 
link the innate with adaptive immunity (Ochsenbein, Zinkernagel 2000, Matson, 
Ricklefs & Klasing 2005). 

By investigating temporal changes in baseline immune activity, we aimed to 
distinguish the influence of internal and external factors on the immune system. 
We hypothesize that if baseline immunity is mainly affected by internal factors 
(such as moult), then immune functions will be strongly associated with the stage 
of feather growth. “Moult stage” incorporates energetic costs due to restricted 
mobility, increased dermal inflammation due to breaking feather follicles (Råberg 
et al. 1998, Silverin et al. 1999), and use of resources directed towards feather 
growth. As these stress factors are likely highest during the first days of moult, we 
expect immune activity to decrease over the progressive stages of moult. 

Alternatively, if immune activities are mainly affected by external factors, 
such as disease pressure and food resources, we expect immune functions to be 
associated with a measure of phenological events, as approximated by calendar 
date. Geese are constrained in mobility during the moult period and local food 
resources are depleted as the season progresses (Black, Prop & Larsson 2014), 
potentially leading to a drop in immune activity over time. Similarly, as the birds 
intensively graze the tundra and repeatedly use the same stretches, the risk of 
cross infection is likely to increase. If true, immune activities among individuals 
would be synchronised and there should be a strong association between immune 
activity and calendar date. 

To further explore the aspect of environmental factors, we compared 
immune performance of an Arctic-breeding population of barnacle geese with 
the performance of barnacle geese breeding in a temperate (more southerly) 
environment. If immune activities are largely determined by environmental 
factors (including disease pressure), then we expect immune activities to be lower 
in the population in the Arctic than in the temperate population. 
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Material and methods

Study populations and study areas
Barnacle geese (Branta leucopsis) have both migratory Arctic and sedentary 
temperate breeding populations. The Arctic study population breeds at 
Nordenskiöldkysten, Spitsbergen, Svalbard, Norway (78°N/13°E), and undertakes 
a 3000 km migration to the wintering area at the Solway Firth, United Kingdom 
(55°N/4°W) (Black, Prop & Larsson 2014). Incubation spans the period from 
early June through mid-July, followed by a flightless period from mid-July to mid-
August when the wing feathers moult. During the moulting period, goose density 
at the foraging grounds is on average 10 geese per ha (Black, Prop & Larsson 2014). 

The temperate study population spends the summer breeding and moulting 
at Krammerse Slikken, The Netherlands (51°N/4°E) (Eichhorn et al. 2010, van 
der Jeugd et al. 2009). These geese are part of a population that originated from 
migratory Arctic geese that ceased migration. Since the 1980s the population size 
has rapidly increased. The relatively young temperate population is genetically 
differentiated from the Arctic-breeding populations, although the difference in 
genetic structure is small due to a high rate of genetic exchange (Eichhorn et al. 
2010, van der Jeugd et al. 2009). Incubation and moulting periods in the temperate 
population cover April through mid-June and early June to mid-July, respectively 
(van der Jeugd et al. 2009). Goose densities during moult are on average 13 birds 
per ha (derived from Black, Prop & Larsson 2014). 

Catching and field sampling
In the summers of 2007 and 2008, we captured moulting, and consequently 
flightless, geese. The catching period at Svalbard covered 14 days (205–218 Julian 
date = 23 July until 5 August), while the catching period in The Netherlands 
was only four days (186–189 Julian date = 4–8 July). Geese were herded into a 
V-positioned net that ended in a corral where they were collected. To minimise 
disturbance, geese were transferred to small tents immediately after catching. 
Approximately one hour after catching, measuring and sampling were initiated. 
Geese were individually marked by leg rings, their sex was established by cloacal 
examination (Gross, Siegel 1983), and their age group was noted as juvenile or 
adult (including individuals in their second calendar year). Only data collected 
from adults were used in subsequent analyses. 
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Immune measures may respond to stress caused by capture (Buehler et al. 
2008a). To account for potential effects of the duration that geese had been kept in 
captivity, the sequential order of handling was noted. As a measure of the progress 
of moult, we used a standard technique (Dzubin, Cooch 1992) by measuring the 
length of the longest primary feather (P9) to the nearest mm. This was done by 
inserting a thin ruler between the 8th and 9th primary and measuring the distance 
from the skin surface to the distal end of the feather (Dzubin, Cooch 1992). As 
primaries and secondaries are shed almost simultaneously in geese and regrowth 
of the feathers is synchronous (Hohman, Akney & Gordon 1992), measuring 
a single wing feather adequately describes moult stage. Moult of other feathers 
seems less of an energetic burden to geese. Moulting of body and tail feathers 
starts after completion of the wing moult and lasts for several months (Cramp, 
Simmons 1977).

For each sampling date, we aimed to cover the whole range of moult stages 
present at that moment in the goose flocks. This was possible due to the strong 
cohesion among group members, and in most cases all individuals present were 
caught during a single catch. Variation in moult stage within each of the groups 
was high (Fig. 3.1), which enabled us to separate the effects of moult stage and 
date.

A blood sample of 0.2–2 ml was drawn from the brachial vein using a non-
heparinised syringe and needle (2007: n=114 and 50; 2008: n= 224 and 116, from 
the Arctic and the temperate populations, respectively). A blood smear was made 
(Campbell 1995) with a drop of fresh blood, which was air-dried and stored for 
later processing. Not all samples were analysed for each of the immune measures.

Processing of blood samples
Blood samples were transported from the sampling location to a field laboratory 
where they were stored at cool temperatures (5°C). Samples were allowed to 
coagulate for 24 hours followed by centrifuging (7000 rpm, 12 min) in order to 
separate red blood cells (rbc) from serum. The centrifuge was a ZipSpin, 12V DC 
(LW Scientific) suitable for use under field conditions. The serum was subsequently 
stored in a mobile freezer (Waeco CoolFreeze CF-35) at –18°C for 2–3 weeks 
(for one week in the temperate area), then transported to the main laboratory by 
cold-chain, after which samples were stored at –20°C until analysis. Handling and 
transport of samples was similar in the Arctic and temperate study areas, though it 
inevitably took longer before the Arctic samples reached the final laboratory. There 
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is little reason, however, to believe that the Arctic samples were degraded by the 
longer period of transport (see Discussion). 
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Figure 3.1. Moult stage of geese during each of the catches. Throughout the season, geese exhibited a large 
variation in moult stage. At later dates, some of the early moulters might have regained flight capacities 
(birds were able to fly after 27 moult days, as indicated by the dashed line). Size of symbols varies with 
sample size (1–12). 

Immunological measures

Leukocyte counts
After fixing in ethanol, blood smears were stained by Hemacolor and covered 
by cover slips embedded in Pertex. Microscope examination was at 1250× 
magnification for leukocyte enumeration, following a grid system covering the 
slide. Counts of different types of leukocytes were performed by one observer. 
For leukocyte identification, counts up to and including the row containing the 
100th leukocyte were completed, which resulted in, on average, 120 (± 27, SD) 
identifications per slide (Samour 2006). The leukocyte density was determined by 
counting the numbers of leukocytes and red blood cells in 30 vision fields at 500× 
magnification (totalling approximately 5000 red blood cells).

Leukocytes were classified as heterophils, eosinophils, basophils, monocytes 
(activated or non-activated) and lymphocytes (reactive or non-reactive). 
Heterophils, eosinophils, basophils and monocytes are phagocytic cells, and fight 
infections by engulfing (phagocytising) foreign particles and removing dead or 
dying cells (Campbell 1995). Basophils only occurred at a frequency of 0.1% and 
were not considered in further analyses. We distinguished activated monocytes 
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from non-activated cells by their darker cytoplasm and coarse nuclear chromatin 
(Samour 2006). Activated monocytes work together with reactive lymphocytes to 
clear infected host cells (Gerlach 1994). Reactive lymphocytes were recognised by 
their large size and dark blue cytoplasm, which is thought to be caused by antigenic 
stimulation of resting lymphocytes (Campbell 1995). Activated monocytes 
and reactive lymphocytes were grouped into the category “reactive leukocytes”. 
Eosinophils were grouped together with non-activated monocytes as “eos+monoc”. 
Heterophils are the most abundant phagocytic cell and are recognized by their 
orange-red, rod-shaped granules. Heterophils and lymphocytes together form the 
majority of leukocytes (Samour 2006). The H/L-ratio, the ratio of heterophil to 
lymphocyte occurrence, is commonly regarded as a measure of physiological and/
or social stress (Gross, Siegel 1983, Davis, Maney & Maerz 2008). 

Hemagglutination – Hemolysis assay
Two immunological tests were performed on the preserved serum. Firstly, 
solutions from a serial dilution of plasma samples (25 μl) were incubated in a 
fixed volume of red blood cells collected from rabbits (Harlan, UK) following 
the method described by Matson, Ricklefs & Klasing (2005). Agglutination was 
scored as the negative logarithm (with base two) of the last dilution for which 
hemagglutination was exhibited. Hemagglutination results from the activity of 
natural antibodies, which causes clumping of foreign red blood cells into a pellet-
like structure (agglutination).  Secondly, serial dilution of serum and subsequent 
scoring of hemolysis were performed in the same way as for hemagglutination 
(Matson, Ricklefs & Klasing 2005). Hemolysis reflects the interaction of natural 
antibodies and complementary proteins to dissolve (i.e. lyse) foreign red blood 
cells. All samples were blindly scored by one observer. 

Progress of moult
Moult stage was estimated by dividing the length of the 9th primary by their daily 
growth rate. Growth rates for the Svalbard population were 7.3 mm/day for males 
and 7.0 mm/day for females (Loonen et al. 1997) (males are somewhat larger than 
females). Growth rates were presumed to be similar in the temperate population 
(van der Jeugd et al. 2009). Date of initiation of moult was calculated as date of 
catching minus the progress of moult. 
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Statistics
Whenever possible, immune measures were transformed to achieve normal 
distributions. Proportions were arcsine-transformed, and relative densities 
of leukocytes and H/L- ratios were log-transformed (base 10). Distributions 
of the transformed values were checked visually by Q–Q plots and were found 
to be reasonably close to normality (Shapiro–Wilk’s statistic >0.96). Only the 
proportions of reactive leukocytes were not successfully transformed due to an 
overrepresentation of zero values (see below). Lysis and agglutination scores were 
composed of discrete values, which are best described by a Poisson distribution. 
To explore the variation in the immune measures, the metrics were analysed with 
the following independent variables: year (2007 – as reference factor – or 2008) 
and sex (female – as a reference factor – or male) as fixed factors; Julian date, 
moult stage (number of days), initiation of moult (date) and order of handling as 
covariates. To account for non-linear trends in time, a quadratic term of Julian 
date was also included as an independent variables. A set of candidate models was 
defined containing all possible combinations of main terms explored. As the three 
date measures were confounded (see above), models contained no more than two 
of these measures (Julian date or Julian date squared, and moult stage). 

Depending on the distribution of the dependent variable, relationships were 
analysed by linear regression (arcsine-transformed proportions, log values of 
leukocyte densities and H/L-ratio; lm in R), generalised linear models with a 
Poisson-link (lysis and agglutination; glm in R), or generalised linear models that 
account for distributions with excess zeros (proportions of reactive leukocytes; 
zeroinfl in the package pscl in R), with a Poisson distribution for the counts and a 
logit-link for the excess zeros (Zuur et al. 2009). For this last analysis, proportions 
were expressed as percentages rounded to the nearest integer.

Model selection was based on the Akaike Information Criterion corrected 
for finite sample sizes (AICc), as executed by the function aictab (package 
AICcmodavg). Selected models were those that had the lowest AICc in the 
candidate set. The significance of each term in the top-rated models was tested 
by ANOVA (comparing the models with and without the term), and terms were 
dropped from the final model when not significant. The relative importance of 
the independent variables was further assessed by calculating a cumulative AICc 
weight for each variable by summing the weights from all models in the candidate 
set that contained the variable of interest (Burnham, Anderson 2002). Descriptive 
statistics and correlation matrices of dependent and independent variables are 
given in the Supporting Information (Table S 3.1, Table S 3.2, Fig. S 3.1).
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Arctic compared to lower latitudes
Barnacle geese at temperate grounds breed and moult earlier in the season than 
geese at Arctic grounds (Loonen et al. 1997, van der Jeugd et al. 2009). Although 
the birds were sampled when at similar moult stages (P9 mean ± SD; Arctic: 82.0 
mm ± 51.2; temperate: 82.9 mm ± 43.2; t326=–0.15, p=0.88), the average sampling 
date differed by 23 days. To compare immune measures obtained from the two 
populations, a common time scale was created based on time from average 
initiation of moult. Mean initiation of moult for the temperate population was 
estimated at 176 Julian date (25 June) and 199 Julian date (18 July) for the Arctic 
population. Corresponding sampling occasions in both populations were day 
10–14 after average initiation of moult (Julian date 186–189 and 209–212 for 
temperate and Arctic, respectively). 

As the temperate population was sampled within a restricted period of time, 
testing for date effects within this population was not possible. Therefore, analysis 
of the difference between populations followed a similar model structure as 
described for the Arctic population alone but without date parameters (Julian 
date). Modelling started with the final model generated for the Arctic population 
with population (Arctic or temperate) included as a fixed factor. Non-significant 
terms (as derived from ANOVAs comparing models with and without the term) 
were omitted from the models. Analyses were performed using the statistical 
program R version 3.0.2 (R Development Core Team 2012).

Results

Temporal variation
In the Arctic, immune activities during the moulting period were closely associated 
with time parameters. Based on the top-ranking models, variation was associated 
with Julian date in seven of the eight immune measures and with moult stage in 
one immune measure (proportion of eos+monoc; Table 3.1). Agglutination was 
the only measure exhibiting no (significant) association with a date parameter at 
all. Considering all models within 2 AIC-units of the top-ranking model (Table 
S 3.3) gave support for moult stage as an explanatory variable in another three 
measures (density leukocytes, proportions of heterophils and reactive leukocytes). 
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Table 3.1. Parameter estimates based on top-ranking models. Parameter estimates for each of the immune 
measures, based on selected models (as listed in Table S 3.3). Individual parameters that were not significant 
in the selected models were omitted. Immune measures were transformed before analyses. The test statistic 
is the t-value or the z-score (for reactive leukocytes, lysis and agglutination).

Immune measure Predictor Mean SE Test statistic P
Density leukocytes (n/1000 rbc)

Intercept 126.13 47.64 2.65 <0.01
Date –1.185 0.453 –2.62 <0.01
Date^2 0.003 0.001 2.61 <0.01
Year –0.093 0.027 –3.43 <0.001
Sex –0.058 0.024 –2.43 <0.02

Lymphocytes (proportion)
Intercept 5.35 1.22 4.35 <0.001
Date –0.020 0.006 –3.39 <0.001
Sex –0.106 0.039 –2.69 <0.01
Order of sampling –0.005 0.001 –4.40 <0.001

Heterophils (proportion)
Intercept –3.13 1.24 –2.52 <0.05
Date 0.024 0.006 4.02 <0.001
Sex –0.106 0.040 –2.68 <0.01
Order of sampling 0.005 0.001 5.08 <0.001

H/L-ratio
Intercept –4.25 1.41 –3.01 <0.005
Date 0.022 0.007 3.23 <0.001
Sex 0.112 0.045 2.50 <0.05
Order of sampling 0.005 0.001 4.41 <0.001

Eosinophils+monocytes (proportion)
Intercept 84.73 42.66 1.99 <0.05
Date –0.800 0.404 –1.97 0.05
Date^2 0.002 0.001 1.96 0.05
Moult stage –0.006 0.002 –3.88 <0.001
Year 0.062 0.026 2.43 <0.05

Reactive leukocytes (proportion)
Intercept –1473.0 507.6 –2.90 <0.005
Date 13.870 4.801 2.89 <0.005
Date^2 –0.033 0.011 –2.88 <0.005
Year –1.336 0.243 –5.50 <0.001

Lysis (titre)
Intercept –518.4 150.1 –3.45 <0.001
Date 4.905 1.420 3.45 <0.001
Date^2 –0.012 0.003 –3.45 <0.001
Year 0.652 0.114 5.71 <0.001

Agglutination (titre)
Intercept 1.74 0.05 39.29 <0.001



Baseline immune activity is associated with date rather than moult stage

55

3

The support for Julian date and moult stage as determinants of time variation 
was confirmed when considering the cumulative AIC weights of the independent 
variables in the complete sets of candidate models (Table 3.2). The explanatory 
power of Julian date (and its squared value) exceeded that of moult stage by a factor 
of 2–4 (the ratio of cumulative AICc weights of Julian date and moult stage in 
Table 3.2). The exception was the proportions of eos+monoc, which were more 
likely to be affected by moult stage than by Julian date. 

Parameter estimates indicated that the temporal variation was different among 
some of the immune measures (Table 3.1, Fig. 3.2A–G). The proportion of reactive 
leukocytes and lytic activity showed a convex polynomial relationship with highest 
values halfway through the study period (Fig. 3.2F, G). Density of leukocytes and 
proportion of eos+monoc showed a concave polynomial relationship with lowest 
values halfway through the study period (Fig. 3.2A, E). Proportion of lymphocytes 
decreased with date (Fig. 3.2B), whereas proportion of heterophils and H/L-ratio 
increased with date (Fig. 3.2C, D). 

Table 3.2. Cumulative AIC values of each independent variable. Cumulative AICc values of each independent 
variable based on its contribution to the AICc values of the candidate model set. Values are based on the 
contribution of the independent variable to the AICc of the candidate model set. Full support would be 
indicated by 1.00.

Immune measure Predictor

Julian 
date

Julian date 
squared

Moult 
stage

Year Sex Order of 
sampling

Log density leukocytes 0.83 0.77 0.25 0.92 0.88 0.53

Lymphocytes (proportion) 0.98 0.31 0.26 0.27 0.93 0.98

Heterophils (proportion) 0.97 0.25 0.34 0.27 0.92 0.97

Log H/L-ratio 0.98 0.31 0.25 0.27 0.87 0.99

Eos+monoc (proportion) 0.62 0.44 0.96 0.93 0.36 0.45

Reactive leukocytes (proportion) 0.99 0.98 0.51 0.99 0.24 0.41

Lysis (titre) 0.97 0.97 0.25 0.97 0.36 0.25

Agglutination (titre) 0.65 0.37 0.34 0.50 0.29 0.50
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Figure 3.2. Measures of baseline immune activity (means ± SE) over time. Immune activity over the 
moulting season presented for each immune measure: (A) leukocyte density, (B) proportion lymphocytes, 
(C) proportion heterophils, (D) the H/L-ratio, (E) proportion eosinophils + monocytes (eos+monoc), (F) 
proportion reactive leukocytes, (G) lysis and (H) agglutination. The two x-axes show Julian dates (JD) from 
the average initiation of wing moult per population: the temperate population started at 176 JD (grey scale) 
and the Arctic population started at 199 JD (black). Males and females are displayed separately when sexes 
differed significantly (Table 3.2), otherwise means are for all birds. Trend-lines are based on the models in 
Table 3.2 (after back-transformation). The four catches in the temperate area (triangles) are too close in time 
to show seasonal effects. 
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Variation between sexes
Differences in immune activity between the sexes were found in total leukocyte 
density, and in the closely correlated proportion of lymphocytes, proportion of 
heterophils and the H/L-ratio (Table 3.1). Females displayed more leukocytes and 
lymphocytes than males, whereas males had higher proportions of heterophils 
and higher H/L-ratios (Fig. 3.2A–D). None of the interaction terms between sex 
and date were significant (P>0.05), indicating that the changes over time were 
similar for males and females.

Variation between years
Several immune parameters varied with year (Table 3.1). Density of leucocytes 
and proportion of reactive leucocytes were higher in 2007, while proportion of 
eos+monoc and lytic activity were higher in 2008. 

Variation by order of sampling
Proportions of lymphocytes and heterophils, and the H/L-ratio were associated 
with order of sampling. Proportion of lymphocytes was negatively related to the 
order of sampling, and the two other measures were positively related.

Comparison with lower latitude
Compared to the Arctic population, the temperate population had higher density 
of leukocytes, proportion eos+monoc, proportion of reactive leukocytes and lytic 
activity (Table 3.3; also Fig. 3.2). Other measures did not differ between the two 
populations. 
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Table 3.3. Comparing immune measures between Arctic and temperate populations. Given are mean, 
standard error (SE), sample size (N) for the Arctic and temperate populations. Data are selected for four 
dates corresponding in moult stage. Initial models were those listed in Table 3.1, with population (pop) as 
an additional term. Non-significant terms were omitted. Test statistics given are t-value for the first five 
measures and z-value for the last three. NS=non-significant (P>0.05).

Immune measure Arctic Temperate Test 
statistic

P-value Other terms 
in modelMean SE N Mean SE N

Log density 
leukocytes

0.793 0.026 40 0.891 0.027 70 2.36 0.02 –

Lymphocytes 
(proportion)

0.250 0.019 60 0.242 0.015 67 0.31 NS1 Order, 
order×pop

Heterophils 
(proportion)

0.680 0.021 60 0.646 0.016 67 1.41 NS –

Log H/L-ratio 0.493 0.048 60 0.488 0.043 67 0.07 NS1 Order, 
order×pop 

Eos+monoc 
(proportion)

0.069 0.007 60 0.109 0.009 67 4.33 <0.0001 Year, moult 
stage

Reactive 
leukocytes 
(proportion)

0.009 0.002 60 0.031 0.006 67 5.05 <0.0001 –

Lysis (titre) 1.980 0.141 53 3.910 0.070 79 5.51 <0.0001 –
Agglutination 
(titre)

6.000 0.093 53 6.080 0.090 79 0.17 NS –

1 Difference between populations evaluated for an average value of the covariate “order”.

Discussion 

We found that immune activity during moult in Arctic migratory geese was 
strongly associated with calendar date, whereas moult stage was less influential. 
Moreover, immune activities were generally lower in the Arctic study population 
than in temperate areas, where both disease pressure and food abundance is 
predicted to be higher. Our observations support the hypothesis that changes 
in immune activities are strongly determined by external factors, rather than by 
internal factors alone. Effects of environmental factors, such as disease pressure 
and food availability, which have been shown to be important in other studies 
(Buehler, Piersma & Tieleman 2008, Buehler et al. 2008b, Horrocks, Matson & 
Tieleman 2011, Hegemann et al. 2012a, Horrocks et al. 2012a), could provide a 
plausible explanation for our findings, regarding variation in immune activities 
over both time and space.
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External factors 

Effects of disease pressure
Risks of disease transmission and parasitic infections increase with animal density 
(Anderson, May 1978, May, Anderson 1978, Shields, Crook 1987, Reeson et al. 
1998, Møller et al. 2006, Ardia, Schat 2008, Krauss et al. 2010); therefore, it was 
expected that the heavily-grazed goose moulting grounds (Loonen, Oosterbeek & 
Drent 1997, Prop 2004, Black, Prop & Larsson 2014) would be increasingly infested 
by parasites and pathogens. Indeed, the proportion of heterophils increased 
over time (Fig. 3.2C). Heterophils defend against extracellular pathogens by 
phagocytosis, and circulate in the blood ready to migrate to tissue during early 
stages of inflammation (Gerlach 1994). Similarly, the density of leukocytes showed 
an increase after an initial drop, and it seems plausible that the increase was a 
response to an increasing disease pressure. This interpretation is supported by 
Buehler, Tieleman & Piersma (2010b) who showed increased levels of leukocytes 
at stop-over sites where infection risk is likely to be elevated. 

The increase of the H/L-ratio, indicating growing stress, may likewise have been 
caused by an increased disease pressure. The trend may have been exacerbated by 
stress directly or indirectly associated with moulting (inability to fly, increased 
vulnerability to predation) (Ardia, Schat 2008). 

Effects of food availability
Typically, food availability on goose moulting grounds is highest halfway through 
the moulting season just before the most attractive foraging areas become depleted 
(Prop 2004, Black, Prop & Larsson 2014). Changes in density of leukocytes and lytic 
activity showed a striking similarity with the shifts in food resources with turning 
points of the trends occurring at similar dates (end of July). A possible causal link 
is supported by a study showing a close relationship between foraging rates and 
immune activities in young serins (Serinus serinus) (Hoi-Leitner et al. 2001). Our 
observations suggest that lysis baseline levels increase as long as food resources 
allow (possibly to cope with increasing infection pressure) and drop when food is 
depleted. Density of leukocytes (Fig. 3.2A) appears complementary to lysis, as it 
decreased when lysis was increasing, and vice versa. This interpretation is in line 
with observations by Buehler et al. (2008b) who suggested that heterophils and 
lysis work together within the same costly “immune strategy”.
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Effects of habitat 
Comparing the temperate population with the Arctic population, we found 
differences in several of the investigated measures. Before discussing the 
immunological implications, we need to address several possibly confounding 
factors.

1) During acute stress, such as during catching and subsequent handling, 
leukocyte profiles in the blood may shift when heterophils move 
towards the peripheral blood while lymphocytes are redeployed to 
the lymph system (Buehler et al. 2008b). In the Arctic population, this 
stress-factor was apparent from the effect of “order of handling” on 
the relative abundance of lymphocytes and heterophils (decreasing 
and increasing, respectively, with order of handling, Table 3.1). In 
the temperate population, a similar stress effect could not be shown 
(slopes were 0.004 ±SE 0.003 and –0.001 ±SE 0.003 for proportions 
of lymphocytes and heterophils regressed against order of handling, 
respectively). We cannot exclude, therefore, the possibility that 
results have been affected by a difference in stress response by 
the two populations. However, this concerns only proportions of 
lymphocytes and heterophils and the H/L-ratio, as other measures 
did not exhibit an order of handling effect (Table 3.1).

2) Lytic activities of stored blood are affected by the quality of storage 
(Owen 2011, but see Cecchini, Bekele & Kasalo 1992, Pinsky et al. 
2003). As equivalent equipment was used at both locations and 
samples were kept frozen during transport, we feel that any difference 
in lytic activities between the populations is unlikely to result from 
differences in sample conservation. Similarly, differential leukocyte 
counts were not likely affected by transport. Blood smears from both 
locations were transported in a dry condition to The Netherlands 
and subsequently stained there. 

3) The Arctic and temperate study areas differ in various (known or 
unknown) aspects. As in correlative studies in general, caution is 
needed when drawing any conclusions. Below we discuss proximate 
external factors that differ between the studied habitats, and which 
could have had an effect on immune activity: food availability and 
disease load.
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The observed difference in immune activities between the Arctic and temperate 
population corresponds to previous studies that suggested that investment in 
immune defence is habitat-dependent, and well reflected by baseline immune 
activity (Buehler, Tieleman & Piersma 2010b, Horrocks et al. 2012c, Horrocks et al. 
2012b). First, foraging conditions vary widely between moulting sites in the high-
Arctic and at temperate latitudes; peak plant standing crop (as a measure of goose 
food availability) in the Arctic is at most half of that found at temperate sites (data 
for The Netherlands in Bakker et al. 1993, for Svalbard in Johansen, Tommervik 
2014), whereas food quality is similar (Black, Prop & Larsson 2014). The more 
favourable feeding conditions in the temperate habitat may have enabled the 
geese to invest more in immune activities (Hoi-Leitner et al. 2001). Measures that 
we supposed to be affected by food conditions in the Arctic (see above) showed 
elevated values in the temperate area. Thus, factors important in shaping trends 
in baseline immunity within one area seem also effective in explaining differences 
between areas.

Another reason for the differences between the populations may be higher 
disease pressure, including the likelihood of parasitic infestations, in the temperate 
than in the Arctic population. The prolonged habitat use in The Netherlands 
allows parasites with environmental transmission mode, i.e. many helminths, 
ectoparasites and microbial pathogens with faecal-oral transmission, to locally 
accumulate as birds stay in the same habitat for the entire year. This leads to 
not only a higher parasite load but can result in evolution of more virulent and 
pathogenic strains (reviewed in Altizer, Bartel & Han 2011). The overall higher 
levels of immune activity, especially proportion eos+monoc and proportion 
reactive leukocytes, could reflect higher exposure to parasites in the temperate 
population.

Horrocks et al. (2012b) showed that in habitats where disease risk and humidity 
are low, lysis and agglutination titres are low as well. Our results confirm lower lysis 
titres in habitats where we expect a lower disease risk, though agglutination did 
not differ. This lack of difference in agglutination titres in our study is consistent 
with the results of Buehler et al. (Buehler et al. 2008b, Buehler et al. 2009, Buehler, 
Tieleman & Piersma 2010b). While lysis reflects the lysing of foreign blood cells 
as a result of complement action, hemagglutination indicates the action of natural 
antibodies (Matson, Ricklefs & Klasing 2005). Natural antibodies are related to 
adaptive immunity but differ from specific antibodies in their wide specificity and 
in that they are present without previous stimuli (Ardia, Schat 2008). As adaptive 
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defence is suggested to be cheaper in maintenance than innate defences (reviewed 
in Lee 2006), this could be a reason why natural antibody titres are still reasonably 
high in the Arctic population. 

Internal factors 

Moult
The proportion of eos+monoc was the only immune measure that exhibited a 
significant association with moult stage. The negative relationship (highest levels 
during early moult) could be due to the open, easily infected wound caused by 
the new, emerging feathers (Silverin et al. 1999), which require increased levels of 
phagocytes for healing (Warrington et al. 2011). Surprisingly, there was only little 
support for the hypothesis that proportions of reactive leukocytes were influenced 
by moult stage (Table S 3.3). These cells could play a role to suppress dermal 
inflammation resulting from breaking of feather follicles but external (date) effects 
apparently obscured any moult-related activity. 

Reproductive investment 
Initiation of moult can be used as an indication of breeding history, as non-
breeding and early-failed birds initiate moult earlier than breeding birds (Loonen 
et al. 1997). However, we did not have an independent measure of timing as we 
calculated initiation of moult from date and moult stage. Preliminary analyses 
(by testing effects of each time factor separately) indicated that moult initiation 
date did not perform better as an independent variable for variation in any of the 
immune measures than date or moult stage. Therefore, we found no evidence to 
suggest that previous breeding history affected immune activities as established for 
various bird species (Lochmiller, Deerenberg 2000, Ilmonen et al. 2003, Hanssen et 
al. 2005, Knowles, Nakagawa & Sheldon 2009). However, we found differences in 
immune measures between the sexes. Males had lower proportions of lymphocytes, 
higher proportions of heterophils, and consequently higher H/L-ratios but lower 
leukocyte densities. This indicates that males suffered higher stress-levels (Gross, 
Siegel 1983, Davis, Maney & Maerz 2008) than females. This is possibly explained 
by their more vigilant behaviour (Ardia, Schat 2008). Moreover, males spend less 
time feeding than females, which may result in less energy available to invest in 
immune functions.
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Conclusions

This is the first immune-ecological study on a wild Arctic population using 
multiple sampling occasions during a single life-history stage, the moult stage. We 
report variation in multiple indices of baseline immune activity over the moulting 
period, which was mainly related to date and, to a smaller degree, stage of moult. 
Date likely reflects changes in environmental factors, including disease pressure 
and food availability. The observed lower immune activity in the Arctic population 
of Barnacle geese compared to the temperate breeding population suggested that 
lower baseline levels are associated with lower disease risk. An intriguing next step 
would be a comparative study within the Arctic to further investigate the effect 
of variation in environmental factors, due to latitude and/or human impact, on 
immune activity during moult. 
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Appendix

Table S 3.1. Descriptive statistics for dependent and independent variables. Descriptive statistics include 
sample size (N), mean, standard deviation (SD) for both dependent and independent variables, with 
additional maximum and minimum ranges for independent variables. Corresponding calendar dates for 
Julian dates 205 and 218 are 23 July and 5 August, respectively.

Independent variables N Mean SD Minimum Maximum
Julian date 338 210.7 4.0 205 218
Moult stage 338 11.7 7.4 0 26
Moult initiation 338 199.1 7.5 182 213
Order of sampling 338 28.8 18.3 1 81

Dependent variables N Mean SD    
Log density leukocytes (n per 1000 rbc) 199 0.801 0.175
Lymphocytes (proportion) 249 0.247 0.138
Heterophils (proportion) 249 0.681 0.153
Log H/L-ratio 249 0.502 0.374
Eos+monoc (proportion) 249 0.072 0.051
Reactive leukocytes (proportion) 249 0.010 0.017
Lysis (titre) 232 2.040 0.957

  Agglutination (titre) 232 5.700 0.946    

Table S 3.2. Correlation matrices based on Pearson correlations. Correlation matrices based on Pearson 
correlations for dependent and independent variables. Sample sizes of pairwise correlations are given for the 
dependent variables; sample sizes for independent variables are 338.

Correlation matrix of 
independent variables

(1) (2) (3) (4) (5) (6)    

(1) Julian date 1
(2) Moult stage 0.251 1
(3) Moult initiation 0.287 –0.856 1
(4) Order of sampling –0.185 0.063 –0.161 1
(5) Year –0.137 –0.042 –0.032 –0.183 1
(6) Sex 0.041 0.009 0.012 –0.023 0.046 1
Correlation matrix of 
dependent variables

(1) (2) (3) (4) (5) (6) (7) (8)

(1) Log density 
leukocytes  
(n per 1000 rbc)

1              

(2) Lymphocytes 
(proportion)

–0.263 1

(3) Heterophils 
(proportion)

0.224 –0.945 1

(4) Log H/L–ratio 0.259 –0.986 0.963 1
(5) Eos+monoc 

(proportion)
0.014 0.133 –0.437 –0.231 1

(6) Reactive leukocytes 
(proportion)

–0.12 0.099 –0.072 –0.11 –0.025 1

(7) Lysis (titre) –0.187 0.073 –0.109 –0.09 0.146 –0.204 1
(8) Agglutination (titre) 0.081 –0.154 0.168 0.169 –0.117 –0.138 0.115 1
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Sample sizes of 
(pairwise) correlations

(1) (2) (3) (4) (5) (6) (7) (8)

(1) Log density 
leukocytes (n per 
1000 rbc)

199

(2) Lymphocytes 
(proportion)

196 249

(3) Heterophils 
(proportion)

196 249 249

(4) Log H/L–ratio 196 249 249 249
(5) Eos+monoc 

(proportion)
196 249 249 249 249

(6) Reactive leukocytes 
(proportion)

196 249 249 249 249 249

(7) Lysis (titre) 139 174 174 174 174 174 232
(8) Agglutination (titre) 139 174 174 174 174 174 232 232

Table S 3.3. Ranking of candidate models using Akaike Information Criterion (AIC). Candidate models to 
explore effects of various independent variables on immune measures. Independent variables were: JD = 
Julian date, JD_SQ = Julian date squared, MS = moult stage, S = sex (male or female), Y = year (2007 or 
2008), O = order of sampling. Models are listed when within 2 AIC units from the top-ranking model. 
Candidate models included all possible combinations of the independent variables (without interactions). 
K = number of parameters, Delta_AICc = difference in AICc with the top-ranking model, AICcWt = 
model weight, LL = log-likelihood.

Immune measure Model K AICc Delta_AICc AICcWt LL
Density leucocytes (n/1000 rbc)

JD+JD_SQ+Y+S+O 7 –142.26 0 0.25 78.42
JD+JD_SQ+Y+S 6 –142.04 0.21 0.23 77.24
JD+JD_SQ+MS+Y+S+O 8 –140.41 1.85 0.10 78.58

Lymphocytes (proportion)
JD+S+O 5 126.97 0 0.33 –58.36
JD+JD_SQ+S+O 6 128.46 1.49 0.16 –58.06
JD+Y+S+O 6 128.81 1.85 0.13 –58.23

Heterophils 
(proportion)

JD+S+O 5 133.10 0 0.31 –61.42
JD+MS+S+O 6 134.22 1.12 0.18 –60.94
JD+Y+S+O 6 134.98 1.89 0.12 –61.32

H/L-ratio
JD+S+O 5 195.44 0 0.32 –92.60
JD+JD_SQ+S+O 6 196.91 1.48 0.15 –92.28
JD+Y+S+O 6 197.39 1.95 0.12 –92.52

Eos+monoc (proportion)
JD+JD_SQ+MS+Y 6 –151.89 0 0.15 82.12
MS+Y 4 –151.59 0.30 0.13 79.88
JD+JD_SQ+MS+Y+O 7 –151.16 0.74 0.10 82.81
MS+Y+O 5 –150.59 1.31 0.08 80.42

Table S 3.2. Continued
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Table S 3.3. continued
Immune measure Model K AICc Delta_AICc AICcWt LL

MS+Y+S 5 –150.50 1.39 0.08 80.37
JD+JD_SQ+MS+Y+S 7 –150.35 1.54 0.07 82.41
JD+MS+Y 5 –150.10 1.79 0.06 80.17

Reactive leukocytes (proportion)
JD+JD_SQ+Y+O 11 590.68 0 0.32 –283.57
JD+JD_SQ+Y 9 591.62 0.95 0.20 –286.36
JD+JD_SQ+MS+Y+O 13 591.98 1.31 0.17 –281.78

Lysis (titre)
JD+JD_SQ+Y 4 676.85 0 0.33 –334.34
JD+JD_SQ+Y+S 5 677.89 1.04 0.20 –333.81

Agglutination (titre)
JD+JD_SQ 3 871.75 0 0.07 -432.82
O 2 872.06 0.30 0.06 -434.00
JD+JD_SQ+O 4 872.40 0.65 0.05 -432.11
Y 2 872.41 0.65 0.05 -434.18
JD+Y 3 872.65 0.90 0.05 -433.27
Y+O 3 872.67 0.92 0.05 -433.28
JD+JD_SQ+Y 4 872.81 1.06 0.04 -432.32
JD+O 3 873.19 1.44 0.04 -433.54
MS+O 3 873.31 1.55 0.03 -433.60
JD 2 873.55 1.80 0.03 -434.75
JD+Y+O 4 873.63 1.88 0.03 -432.73
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Figure S 3.1. Boxplots of each immune measure in the Arctic population. Boxes represent data between the 
25th and 75th percentiles. Thick bars inside the box indicate the median values. Whiskers indicate the 1.5 
interquartile range. Outliers are indicated by circles.
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Abstract 

Several populations of geese have abandoned their migratory behaviour and 
are now sedentary and established along the northwest European coast, an area 
characterized by extensive changes in agriculture and land use. Young geese 
from sedentary populations grow slower compared to their Arctic migratory 
conspecifics. To examine whether these differences are due to health status, 32 
barnacle goslings (Branta leucopsis) from the Arctic Svalbard (16 birds, migratory) 
and the temperate Dutch (16 birds, sedentary) populations were raised within 
their natural environment. Natal areas were exposed to parasites naturally shed 
from wild conspecies. Body mass and size were measured weekly until fledging, 
followed by post-mortem examination to analyse health status. Antihelmintics 
were administrated to eight of the Arctic goslings to experimentally address 
health status on growth rate. Treatment with antihelmintics showed no effect on 
growth rate, but decreased parasitic burden. The temperate sedentary group had 
a significantly lower health status than both Arctic groups, with higher burden of 
intestinal and renal parasites, clear histopathological changes in liver, kidney and 
intestine, and significantly lower body mass after week 2. There was no relation 
between health status and growth rate, neither within nor between groups. Overall, 
abandoning migratory traditions can increase risk of parasite infestations with 
consequences on health status of young barnacle geese, although a causal relation 
between health status and growth rate could not be proven.
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Introduction 

Avian migration is driven by food availability, predation risk and disease avoidance 
(van der Graaf et al. 2006a, van der Graaf et al. 2006b, Buehler, Piersma & Tieleman 
2008, McKinnon et al. 2010, Altizer, Bartel & Han 2011), all of which vary with 
habitat. Life history theory predicts that the costs of long distance migration 
should be balanced by benefits. For example, geese travelling northwards benefit 
from nutritious spring grass (van der Graaf et al. 2006b, van der Jeugd et al. 2009), 
while wading birds utilize burgeoning insect populations (Chapman et al. 2012). 
Northward migration also may incur lower predation risk (McKinnon et al. 2010) 
and environmental disease pressure (Greiner et al. 1975, Bennett, Montgomerie & 
Seutin 1992, Callaghan et al. 2004, Guernier, Hochberg & Guegan 2004). Reduced 
disease pressure in the extreme environment of the Arctic is largely due to an 
inhospitable climate for many parasites and their vectors (Greiner et al. 1975, 
Bennett, Montgomerie & Seutin 1992, Callaghan et al. 2004, Guernier, Hochberg 
& Guegan 2004, Coulson 2007, Fierer et al. 2009, Sandström et al. 2013).

Reduced growth rate and/or body mass due to parasitic infestations (Soler et 
al. 2003, Fessl, Kleindorfer & Tebbich 2006) often affects survival (Magrath 1991, 
Souchay, Gauthier & Pradel 2013). As a result, life history traits, overall fitness 
and behaviour are altered in infected individuals (Watt, Dobson & Grenfell 
1995, Thomas, Adamo & Moore 2005). Young birds, however, can adjust to the 
environmental disease pressure by decreasing somatic growth relative to disease 
defence (van der Most et al. 2011). This in turn can lead to slower growth in 
environments with higher disease pressure. Significantly, growth rates of young 
geese in temperate regions are lower than those in Arctic regions (Loonen et al. 
1997, van der Jeugd et al. 2009).

Barnacle geese (Branta leucopsis) typically migrate to high Arctic breeding 
grounds and return in autumn to temperate wintering grounds in Scotland and 
The Netherlands. Recent changes in agriculture and land use have improved the 
summer conditions for geese in The Netherlands, resulting in establishment of 
a sedentary population of barnacle geese in the delta along along the SW of The 
Netherlands. Benefits of abandoning traditional migration are decreased predation 
risk during the migration itself (Jonker et al. 2010), shorter parental care (Jonker et 
al. 2012) and stable food supply (van Eerden et al. 2005) at temperate summering 
grounds. Moreover, the sedentary population of geese has no dangerous and 
energy-demanding journey of thousands of kilometres to and from the Arctic 
breeding grounds. 
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The main objectives of this research were to: 1) study individual growth of 
barnacle geese and relate growth to health status in each habitat and treatment 
group, and 2) experimentally manipulate health status and study its effect on 
growth. Arctic migratory (Svalbard) and temperate sedentary (The Netherlands) 
animals were raised within their natural environment to examine if differences 
in growth rate could be explained by health status. Health status was assessed 
summarising results of post-mortem examination as “general infestation/lesion 
index”. The effect of the health status on growth rate was projected using weekly 
measures of body size. To experimentally address the effect of health status on 
growth rate, a single administration of antihelmintics was given to eight of the 
Arctic goslings. 

Material & Methods

Study populations and study areas
The Arctic study population of barnacle geese (Branta leucopsis) breeds on the tundra 
of Spitsbergen, west Svalbard, and undertakes a 3000 km migration to the wintering 
area in Solway Firth, Scotland (Black, Prop & Larsson 2014). The temperate study 
population breeds at the deltas of Zuid Holland, SW of The Netherlands, and in 
contrast to the Arctic population, does not undertake seasonal movements (van 
der Jeugd et al. 2009, Eichhorn et al. 2010). The difference in genetic structure 
between the two populations is small due to a high rate of genetic exchange (Jonker 
et al. 2013). In the Arctic population, incubation spans the period from end of May 
through mid-July followed by a moulting period during July and early August. 
Incubation period in the temperate population ranged from mid-April through 
mid-June followed by a moulting period from early June to mid-July (van der 
Jeugd et al. 2009).

Field capture and bird handling
Newly hatched goslings (4 July 2008; n=16; age 12 ± 6 hours) were collected from 
eight nests in the Kings Bay near Ny Ålesund, Svalbard (Indrebreøyane, 78°93’ N, 
11°95’ E) and individually marked. Although two goslings were collected from 
each nest, kinship cannot be guaranteed because of “egg dumping” (Black, Prop & 
Larsson 2014). All goslings were raised together as one group in the area concurrent 
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of wild conspecifics and kept overnight in a restricted area with a minimum risk 
of depredation. Water was given ad libitum while food availability mirrored the 
natural conditions of the wild population by grazing the natural vegetation visited 
by their wild conspecies, enriched by pellets (Kasper Faunafood, anseres I) during 
night. Measurement of body size, including full head-, mid wing-, total tarsus- 
length and body mass, were collected on a weekly basis (Dzubin, Cooch 1992).
Eight goslings from the Arctic group (one from each nest) were treated with 
an anthelmintic by oral administration of 1 ml of 10 % fenbendazole solution 
(Panacur®) at the age of three weeks (day 21). The remaining eight goslings 
were left as Arctic controls, to allow later comparison between the three groups:  
Arctic treated, Arctic untreated, and temperate untreated. 

Newly hatched goslings (8 June 2010, n=16; age 12 ± 6 hours) from the 
temperate Dutch population were collected from ten nests (from five nests one 
individual was collected; from four nests two individuals were collected; from one 
nest three individuals were collected) at Goeree Overflakkee near Haringvliet, The 
Netherlands (51°79’ N, 4°12’ E). Nests with up to 14 eggs were identified (personal 
observation) indicating a high rate of “egg dumping” at Dutch breeding grounds, 
casting doubt on within-nest kinship (Black, Prop & Larsson 2014). Goslings were 
collected and raised within the concurrent area of wild conspecies. The collection, 
upraising and measurements followed the same protocol as on Svalbard. Full 
head length data are missing from one individual at week 2 and week 3. Due to 
lack of permission by the Dutch Animal Ethics Committee, no treatment with an 
antihelmintic was given to half of the Dutch group. 

A comparable stage of development close to fledging was chosen for both 
populations to end the experiment. The temperate goslings were allowed 
additional time to reach similar size as the Arctic group (Table 4.1). Therefore the 
Arctic goslings were euthanized at five weeks after hatch and the Dutch group at 
seven weeks after hatch. All goslings were sedated and euthanized according to 
approved protocols by the Institutional Animal Care and Use Committee in The 
Netherlands and by the Norwegian Animal Research Authority. 
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Table 1. Body size parameters as a function of habitat and anthelminthic treatment. Descriptive statistics 
include sample size (N), mean, standard deviation (SD) with additional maximum and minimum ranges for 
all groups by the end of the experiment (end exp.). Test statistics are F-values to t-test between habitats and 
treatment, and t-values to paired t-test between week 5 and week 7. P-values (P) and degrees of freedom 
(DF) are given for all tests.  

Group Pa
ra

m
et

er

M
ea

n

SD N M
in

im
um

M
ax

im
um

di
ffe

re
nt

 ab

P D
F

Te
st

 st
at

is
tic

the Netherlands full head (µm) 700 29 16 637 746 yes b <0.001 15 13.862

Week 5 mid wing (µm) 991 98 16 772 1164 yes b <0.001 15 16.229

total tarsus (µm) 803 41 16 743 909 yes b 0.017 15 -2.697

  body mass (g) 904 136 16 620 1155 yes b <0.001 15 23.855

the Netherlands full head (µm) 762 18 16 732 801 no a 0.261 1, 22 1.334

Week 7 (end exp.) mid wing (µm) 1336 55 16 1212 1435 no a 0.29 1, 22 1.176

total tarsus (µm) 816 40 16 755 900 yes a 0.03 1, 22 5.401

  body mass (g) 1243 133 16 995 1510 yes a 0.001 1, 22 14.792

Svalbard untreated full head (µm) 772 23 8 738 804 - - - -

Week 5 (end exp.) mid wing (µm) 1310 57 8 1230 1380 - - - -

total tarsus (µm) 858 42 8 792 900 - - - -

  body mass (g) 1493 182 8 1257 1754 - - - -

Svalbard treated full head (µm) 763 27 8 731 798 no a 0.506 1, 14 0.466

Week 5 (end exp.) mid wing (µm) 1313 43 8 1250 1360 no a 0.922 1, 14 0.01

total tarsus (µm) 848 31 8 815 890 no a 0.608 1, 14 0.276

  body mass (g) 1493 153 8 1270 1682 no a 1 1, 14 0

a Are compared to Svalbard untreated
b Are compared to the Netherlands, Week 7

Post-mortem examination 
Post-mortem examination was performed by a veterinary pathologist. Animals 
were assessed grossly and extensive histological samples were obtained from:  
brain, tongue, (para)thyroid gland, thymus, pectoral muscle, trachea, lung, heart, 
kidney, adrenal gland, liver, spleen, gonad, proventriculus, gizzard, duodenum, 
pancreas, jejunum, caecum, colon, bursa of Fabricius, bone marrow and bone. 
Samples were fixed in 10 % formalin, paraffin-embedded and sectioned for routine 
histopathological evaluation using haematoxylin and eosin stained sections. Bone 
was decalcified. 
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Presence of intestinal parasitic infestation (jejunum and caecum) was classified 
as absent, mild, moderate or severe, where absence was scored as zero and severe 
as three. The severity of the histopathological changes in the sampled organs was 
likewise scored. To represent the individual health status, the five most prominent 
findings from the post-mortem examination were used to generate a general 
infestation/lesion index, (hereafter GII) (Table 4.2). To generate GII, scores were 
numerically added (maximum score 15) and then graded into four classes; absent 
or minimal (score 0-2), mild (score 3-6), moderate (score 7-11) and severe (score 
>11) infestations and/or lesions. In each habitat group there was one individual 
with partially missing data, consequently GII is averaged per group excluding the 
missing data.

Table 2. General Infection/Lesion Index (GII) scores per population and treatment. Five parameters and a 
summarizing GII were individually scored in four classes (absent, mild, moderate and severe) based on the 
finding from the post-mortem examination. The kidney, liver, jejunum and colon represent the histological 
changes and the intestinal parasitic infestation was determined macroscopically. Test statistics show 
difference from Svalbard untreated. 

group
 

parameter
 

 
 

individuals (n) per class   Mann-Whitney Ub

absent a mild moderate severe U Z P
the Netherlands kidney - - 16 - 0.0 -4.699 0.000

jejunum 2 1 13 - 8.5 -3.598 0.000
colon 2 8 6 - 12.0 -3.131 0.002
liver - 3 13 - 14.0 -3.461 0.001
parasitic infestation* 3 4 6 2 12.0 -3.325 0.001
GII- score*    - 3 12  -   0.0 -3.751 0.000

Svalbard untreated kidney 4 4 - - - - -
jejunum ** 6 1 - - - - -
colon** 6 1 - - - - -
liver 4 3 1 - - - -
parasitic infestation 8 - - - - - -
GII- score**   5 2  -  -    -  -  -

Svalbard treated kidney 7 1 - - 20.0 -1.567 0.117
jejunum 8 - - - 24.0 -1.069 0.285
colon 8 - - - 24.0 -1.069 0.285
liver 8 - - - 16.0 -2.219 0.027
parasitic infestation 8 - - - 32.0 0.000 1.000

  GII- score   8  -  -  -   6.0 -2.794 0.005

*is based on 15 individuals
** is based on 7 individuals
a for GII; absent or minimal
b is different from Svalbard treated
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Statistics
Differences in body size variables were tested with ANOVA with the covariates 
group (Netherlands untreated - as reference factor- or Svalbard treated and Svalbard 

untreated) as fixed factor. Distributions were graphically analysed by histograms and 
found reasonably close to normality. Changes in body size over time within one 
group were tested using paired t-test. Differences in pathological scores were 
evaluated using Mann Whitney U-test.

General linear models (GLM) were used to explore the variation in body mass 
in week 5, with the covariates treatment (Svalbard untreated - as reference factor- or 
Svalbard treated ) and habitat (Svalbard- as reference factor- or The Netherlands) as 
fixed factor, and body mass as main effects. Separate models were made with body 
mass for week 1, 2 and 3 as explanatory covariate. First models included treatment 
which was removed if not significant. Second model included habitat as well as the 
interaction fixed factor (habitat) with covariate (week). Final model was selected 
after stepwise removal of non-significant terms.

Residuals of growth were determined by a regression of body mass at week 5 
over body mass at week 2, hereafter referred to as growth. For all tests, P ≤ 0.05 was 
considered significant. All analyses were performed using the statistical program 
SPSS version 20 (IBM Corp. 2011).

Results

Growth 
No difference in body mass was observed between the different groups during 
the first two weeks (Fig. 4.1). From week 2 onwards, the Arctic goslings gained 
significantly more body mass than the temperate group (two sample t-tests d.f. 
=1, 30; all p < 0.05; Fig. 4.1). Within the Arctic group there was no difference in 
body mass or other size measurements found after treatment with an antihelmintic  
(d.f. = 1, 14; all p > 0.50). At week 5 the Arctic group was bigger than the temperate 
group in all body size measurement. The difference in body mass and total tarsus 
length remained significant until the end of the experiment while mid wing- and 
full head- length did catch up when temperate goslings were allowed to grow for 
another two weeks (Table 4.1). Despite the wide range in body mass, all goslings 
were concluded to be in good body condition at the end of the experiment.
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Figure 4.1. Growth differences of the Arctic and temperate group remain until conclusion of the experimental 
period. The development of body mass (g) over time given for the temperate Netherlands and Arctic 
Svalbard goslings. Antihelmintics were administered (dashed line) to half of the Arctic group at week 3. 

Post-mortem examination 

Macroscopic examination
All goslings at both locations were in good body condition with well-developed 
musculature and moderate fat reserves appropriate for their age. The majority 
of the temperate group was moderately infested with intestinal parasites (Table 
4.2). Twelve goslings of the temperate group had mild to severe infestation of 
Heterakis dispar (Nematoda, Ascaridida, Heterakidae) in the caecum. Three of 
these had an additional mild infestation of Drepanidotaenia lanceolata (Cestoda, 
Hymenolepididae) in the jejunum. Three goslings of the temperate group had no 
intestinal parasitic infestations. The two temperate goslings with a severe parasitic 
infestation in the caecum showed diffusely mild thickening of the mucosae. Within 
the Arctic groups there were no parasitic infestations in the intestine (Table 4.2). 
Further, there were no significant macroscopic changes present in other organs of 
either group.

Histologic examination
The main histopathological changes for both habitat groups were in the intestine, 
kidney and liver (Table 4.2) with the most prominent lesions found in the 
temperate group (Fig. 4.2). Changes in the intestine (small intestine, caecum and 
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colon) of the temperate group varied from no significant microscopic changes 
to mild to moderate infiltration of lymphocytes, plasma cells, macrophages 
(mononuclear infiltrate) and eosinophilic granulocytes in the lamina propria  
(Fig. 4.2 A). Occasional intralesional parasites consistent with cestodes were 
present in the jejunum and nematodes in the caecum. The renal changes varied 
from no significant microscopic changes to multifocal moderate chronic 
histiocytic to lymphoplasmacytic interstitial nephritis with intralesional protozoal 
organisms (coccidian) with multifocal mild haemorrhage and mild to moderate 
necrosis of tubuloepithelial cells consistent with renal coccidiosis (Fig. 4.2 C). The 
hepatic changes varied from no significant microscopic changes to multifocal mild 
to moderate lymphoplasmacytic to histiocytic hepatitis with mild hepatocellular 
necrosis consistent with a nonspecific reaction (Fig. 4.2 E). In summary, there was 
an enterocolitis and nephritis, both varying in severity with presence of various 
parasites. The hepatitis represented a non-specific reaction, most likely due to 
parasite infestation in the intestine and kidney.

General infection/lesion index (GII) 
The temperate group showed significant histopathological changes in the kidney, 
liver and intestine (both jejunum and colon), as well as prominent parasitic 
macroscopic intestine infestation, resulting in a high GII (Table 4.2). Pathological 
changes were consequently scored higher for the temperate group compared to 
both the Arctic group as a whole (p = 0.000) and to Arctic untreated (p < 0.002). 
The antihelmintic treated group had a lower GII than the untreated Arctic group  
(p = 0.005), deduced from the changes observed in the liver (p = 0.027).The 
other organs of the Arctic goslings showed no difference according to treatment  
(p > 0.1, Table 4.2).
The temperate group was moderately healthy with three animals with GII mild 
and 12 animals with GII moderate. The Arctic group was considered healthy; 13 
animals with GII minimal or absent and two animals with GII mild (Table 4.2). The 
Arctic group had significantly lower GII and significantly higher body mass than 
the temperate group by the end of the experiment (Fig. 4.3). This difference was 
consistent for both treatment groups, Arctic treated and Arctic untreated.
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Figure 4.2. Histology of the intestine, kidney and liver of temperate and Arctic barnacle geese. Histology of 
the intestine (A, B), kidney (C, D) and liver (E, F) of the sedentary temperate (A, C, E) and migratory Arctic 
(B, D, F) group. The temperate goslings had moderate increase of mononuclear infiltrate with moderate 
number of eosinophilic granulocytes in the lamina propria (asterisk) (HE 100x) in the  intestine (A); 
moderate mononuclear infiltrate in the interstitium (asterisk) with intralesional protozoal organisms and 
tubular degeneration (arrow) (HE 200x) in the kidney (C); and moderate mononuclear infiltrate within 
portal area (arrow) and midzonal in the parenchyma (asterisk) (HE 200x) in the liver (E), while the Arctic 
goslings showed no significant changes (B, D, F). All photos from the Arctic group belonged to untreated 
individuals. Pairs of photos were made using the same magnification; differences in colour are due to 
processing and should be ignored.
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Figure 4.3. General Infestation/Lesion Index (GII) and body mass. The Arctic group had significantly lower 
GII and higher body mass than the temperate group by the end of the experiment (see Table 4.2 and Table 
4.1, respectively). 

 
 

 

Figure 4.4. Body mass at initiation and conclusion of antihelminthic treatment. Within the Arctic group 
treatment with antihelmintics at week 3 had no effect at later growth. 
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Manipulation of health
The administration of antihelmintics at the age of three weeks affected health 
status. Treated individuals had no histological changes in any organs, except for 
one individual that had mild renal changes (Table 4.2), whereas all untreated 
individuals displayed histological changes in at least one organ, except for one 
individual with no changes. Nevertheless, anthelmintic treatment did not affect 
growth rate (Fig. 4.4). There was no difference in increase of body mass from week 
3 to week 5 between Arctic treated and Arctic untreated (F1,13=0.676, P= 0.426), neither 
any differences in measurements of body size between both groups at week 5 
(Table 4.1). 

Growth differences determined early in life
Body size in week 5 for all four variables (body mass, full head, mid wing and total 
tarsus) could be explained by the same body size measurement at earlier age (Table 
4.3). There were no differences between the Arctic treated and Arctic untreated groups 
in any of the body size measurements. Growth rate between the two habitats was 
similar, as seen by the lack of significant interaction between location and body 
size. Nonetheless, individual differences in body size of week 1, week 2 and week 3 
significantly contributed to body size in week 5. 

Table 3. Differences in body size in week 5 are explained by differences early in life. Values represent the 
significance of body size at weeks 1, 2 or 3 on the same variable at week 5. In all models habitat (Svalbard or 
the Netherlands) is included. There was no significant effect of treatment within the Svalbard group and 
significant interaction between location and size at early life.

 
 

body mass  
 

full head  
 

mid wing  
 

total tarsus

F DF P F DF P F DF P F DF P

Week 1 14.47 1,29 0.00 1.81 1,29 0.189 17.0 1,29 < 0.001 5.0 1,29 0.033

Week 2 20.98 1,29 < 0.001 7.94 1,28 0.009 15.5 1,29 < 0.001 13.7 1,29 0.001

Week 3 71.32 a 1,29 < 0.001   20.35 1,28 0.000   37.3 1,29 < 0.001   71.0 1,29 <0.001
a= location included but not significant , DF= degrees of freedom

Growth not correlated to health status
Even though the Arctic goslings were heavier and healthier than the temperate 
goslings, no relation between health status and growth was evident (Fig. 4.5).  
There was no statistical support to explain health status, using GII, or any of the 
five parameters comprising GII, with growth (Kruskal-Wallis, P> 0.05).
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Figure 4.5. General Infestation/Lesion index (GII) with growth. 

Discussion 

Habitat, characterized by a number of factors such as environmental disease 
pressure, disease vectors, food quality and quantity, which directly or indirectly 
are influenced by population density, temperature, day length and season length, 
influence both growth and health status (Black et al. 1987, Cooch et al. 1991, Cooch 
et al. 1993, Loonen et al. 1997, Birkhead, Fletcher & Pellatt 1999, Cooch, Rockwell 
& Brault 2001, Hoi-Leitner et al. 2001, Horrocks et al. 2012a, Sandström et al. 
2014). Migration also can have a greater influence on health status, as previously 
suggested by Altizer, Bartel & Han (2011) showing that migration may help 
reduce disease risk. Our results reveal health differences between migrating and 
non-migrating groups of Barnacle geese. Specifically, the migrating Arctic group 
was heavier than the non-migrating temperate group, Arctic goslings were less 
infested with parasites and pathomorphological changes in organs were less severe 
compared to temperate goslings. However, even though temperate goslings had 
overall lower health status and lower body mass compared to Arctic goslings, there 
was no causal relation between health status and growth rate. 
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Migration
A consequence of abandoning migratory traditions, as demonstrated between 
migratory and sedentary monarch butterflies, is a negative influence on the health 
status of the sedentary population (Altizer, Bartel & Han 2011). One reason may 
be the loss of infected individuals at the beginning of migration (Bradley, Altizer 
2005). Work on Bewick’s swans (Cygnus columbianus bewickii) showed that 
individuals infected with low-pathogenic avian influenza virus delayed migration 
with one month compared with healthy individuals (van Gils et al. 2007), however, 
tolerance to infections seem species-specific (Kleijn et al. 2010). Furthermore, 
parasites may remain in the environment when moving to a new habitat (Loehle 
1995). This is especially true for parasites with transmission stages that can saturate 
the environment, such as various types of helminths. Migration, therefore, may 
lower the parasite load in the migratory population. 

Antihelmintic treatment 
High parasitic abundance can have a negative effect on growth rate and survival 
of wild birds, especially in young hosts (Shields, Crook 1987, Møller 1993, Møller 
1994, Slattery, Alisauskas 2002). For example, helminths have a negative effect on 
fat reserves and body condition (Sepúlveda et al. 1994, Bosch, Torres & Figuerola 
2000, McLaughlin 2008). Consequently, we expected an increase in body mass in 
Arctic goslings that received an antihelminthic (fenbendazole). To our surprise, 
however, the antihelminthic-treated goslings did not differ in body mass or growth 
from goslings not treated with the antihelminthic. 

A lack of effect could be due to: 1) ineffectiveness of the antihelmintic,  
2) absence or low numbers of parasites at the time of treatment, or 3) absence 
of direct relation between body mass and/or growth and parasite load. To our 
knowledge, no resistance against fenbendazole has been documented in waterfowl. 
A possible effect of antihelminthic treatment was noted at histopathological 
level, where treated individuals had minimal or no changes on liver and lower 
GII compared to untreated Arctic individuals (for details, see Table 4.1). The 
difference in overall parasite load may account for the observed differences in 
histology.  Unfortunately, a reciprocal experiment in the temperate group could 
not be conducted because regulatory permission was not allowed. 
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Growth determined early in life
Arctic goslings have a higher growth rate than more southerly populations (Loonen 
et al. 1997, van der Jeugd et al. 2009). The faster rates may be necessary because the 
Arctic season is shorter and migration must occur fairly early. Arctic goslings, no 
matter treatment with antihelminthics, were heavier by the end of the experiment, 
a difference that was observed as early as week 2. Individual growth towards 
week 5 was relative to initial body size, settled already at week 1, stronger at week 
2 and strongest at week 3. Future studies are needed to establish key elements 
determining early life-stage growth, either internal (genetic) or external such as 
characteristics of the habitat. 

Foraging conditions of the two habitats vary widely; peak plant standing crop 
(as a measure of goose food availability) in the Arctic is at most half of that found 
at temperate sites (data for The Netherlands in Bakker et al. 1993, for Svalbard 
in Johansen, Tommervik 2014), whereas food quality is similar (Black, Prop & 
Larsson 2014). The overall more favourable feeding conditions in the temperate 
habitat may have enabled the goslings to invest more in immune activities (Hoi-
Leitner et al. 2001), which in turn might have had a negative effect on growth 
(Nilsson 2003, Mauck et al. 2005). 

To fully separate environmental effect from genetic effect, a reciprocal transplant 
experiment, in which eggs collected at both areas were reared simultaneously 
under equal conditions, would be required. Permission for a reciprocal transplant 
experiment placed within habitats concurrent with wild conspecies, however, was 
not granted. 

Health status in a changing climate
The harsh climate and low temperatures of the Arctic reduce survivorship and 
development of protozoal oocysts, nematode eggs, and cestode proglottids during 
transmission from host to host, compared to more temperate climates. For example, 
optimal sporulation temperature of Eimeria tenella is ca. 20°C: therefore oocysts 
shed at Arctic grounds are likely to be ineffective (Edgar 1954, but see Dolnik, 
Loonen 2006). Nevertheless, the rapidly warming Arctic may modify host-parasite 
relationships and recent work revealed a positive relationship between prevalence 
of ticks in Arctic guillemots and increased mean winter temperatures (Descamps 
2013). We stress the importance of further studies addressing changes in the 
climate and its possible effect on health status. 
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Conclusions

Based on post-mortem examination of barnacle geese raised in two environments, 
we suggest that maturation in the high Arctic can increase fitness through better 
health status and higher initial growth rates. Overall, abandoning migratory 
traditions can increase risk of parasite infestations with consequences on health 
status of young barnacle geese, although a causal relation between health status 
and growth rate could not be proven.
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Abstract

The effect of stressors on the immune system is well studied in both humans and 
laboratory animals. However, wild animals live under varying conditions and 
individuals within the same species may react differently to the same stressor, 
depending on perception of the stressor and/or habitat conditions. In the present 
study, we investigated whether a stressor has a measurable effect on immune 
activity in wild birds. More specifically, we explored to what extent immune 
activities changed during exposure to a stressor and whether the responses were 
related to a perceived habituation to humans. ‘Handling’ by humans was used as 
the stressor, and the impact of this stressor on immune activity was measured 
during the catching of moulting barnacle geese (Branta leucopsis) in three widely 
separated areas in the high Arctic (Spitsbergen) and in a temperate site (The 
Netherlands). Innate immune activity was assessed by using the total leukocyte 
count, heterophil to lymphocyte ratio (H/L) and natural antibody-mediated 
hemagglutination. These three immune measures exhibited striking shifts during 
the catching events in all areas, with persistent changes being detectable for three 
hours or more after initiating the blood sampling procedure. Immune responses 
differed among areas, but there was no evidence that these differences were 
directly related to habituation to humans or habitat-related factors, such as food 
abundance or pathogen pressure. Unknown factors may affect immune responses 
during acute stress, as the responses of moulting geese in The Netherlands, a 
densely populated country in the temperate climate zone, were within the range of 
those found for the Arctic geese.
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Introduction

 “Stress” is defined as the non-specific response of the body to any demand for 
change (Selye 1936). The subsequent stress response is the (series of) reactions 
that help the body to survive, endure or recover from a stressor (Dhabhar, McEwen 
1997). A stressor can be anything that causes a stress response. The stress response 
includes release of hormones and chemicals that prepare the body for physical 
action. Non-essential body functions are slowed down, such as the digestive and 
immune systems, so that all resources are concentrated on rapid breathing, blood 
flow, alertness and muscle use. This is a typical reaction to acute stress, often caused 
by an unexpected stressor. When a stressor lasts for days to months, the individual 
is viewed as under chronic stress. To avoid self-damage when under chronic 
stress, the body starts to dampen the physiological stress responses (Sapolsky 
1992, Råberg et al. 1998). Chronic stress typically affects individuals settling in 
novel habitats. However, these individuals can become accustomed to the novel 
stressors, which could result in decreased sensitivity to the stressor. This implies 
that individuals of the same species settled in different habitats can perceive the 
same stressor differently, based on habituation to the stressor (Chapman, Rymer & 
Pillay 2012, Cavalli et al. 2016, Vincze et al. 2016).

The reaction to stressors, both acute and chronic, is known to have a significant 
effect on immune activity (Dhabhar 2009, Martin 2009, Dhabhar 2014). However, 
the relationship between perceived stress and immune activity is not always 
consistent (Matson, Tieleman & Klasing 2006, Dhabhar 2009). To gain further 
insight into the origins of this variation, we explored whether different colonies 
of one species react similarly to the same stressor. The barnacle goose, Branta 
leucopsis, has both Arctic breeding colonies as well as more recently established 
temperate breeding colonies (Black, Prop & Larsson 2014). We targeted three Arctic 
and one temperate breeding colonies of barnacle geese in this study. The three 
high Arctic colonies breed in similar habitats at Spitsbergen, Svalbard, Norway. 
Breeding in the Arctic is energetically expensive but rewarded by nutritious 
(though scarce) food plants (van der Graaf et al. 2006b, Black, Prop & Larsson 
2014). In addition, the disease pressure exerted by the environment may be lower 
than at more southern sites (Greiner et al. 1975, Bennett, Montgomerie & Seutin 
1992, Callaghan et al. 2004, Guernier, Hochberg & Guegan 2004, Sandström et al. 
2013). Even though they were located in similar habitats, the three targeted Arctic 
breeding colonies had varying exposure to human presence (high, moderate and 



Chapter 5

90

low). This variation in previous exposure to humans also allowed us to test the 
role of habituation to the stressor in innate immune responses. In addition, we 
included temperate conspecifics breeding in The Netherlands. The Dutch colony 
breeds in the temperate climate zone and, therefore, is exposed to different 
environmental conditions during breeding than the Arctic colonies.  In addition, 
the majority of studies addressing the effect of stress on immune system activity 
have traditionally been carried out on animals in captivity or in laboratory settings 
(Selye 1936, Padgett, Glaser 2003, Viswanathan, Dhabhar 2005). However, results 
obtained with captive animals are not necessarily applicable to wild populations. 
Moreover, effects could be more severe and variable in wild populations because 
of the disparate living conditions they face. As environmental factors are known 
to affect baseline immune activity (Buehler et al. 2008b, Horrocks, Matson & 
Tieleman 2011, Hegemann et al. 2012a, Sandström et al. 2014), immune response 
may be expected to differ between populations from different areas. 

In the present study, we address the effect of an acute stressor on the immune 
activity of wild geese. We used ‘handling’ as a stressor because human presence 
and handling are thought to provoke a stress response; wild animals are likely 
to experience fear in the hands of a human (Buehler et al. 2008a). In addition, 
the previous exposure to humans can be used as a measure of habituation to the 
stressor. This approach also served another goal: the emerging fields of ecological 
immunology and disease ecology depend on collecting blood samples from wild 
animals, but catching and handling animals are unavoidable when taking blood 
samples, in most cases. Thus, it is crucial to understand the possible effect of a 
stressor on the measured immune parameters and the possible variation in stress 
response during the catching event when interpreting the results. The general 
effect of this stressor (catching, holding in captivity and sampling blood) on 
baseline immunity is not clear.

We explored innate immune activity because of both its broad benefits in disease 
protection and its frequent application in the fields of disease ecology and ecological 
immunology. Innate immunity is predicted to generate continuous energetic costs 
because it responds immediately to threats, does not require previous exposure to 
a particular antigen and is constantly maintained (Ochsenbein, Zinkernagel 2000, 
Matson, Ricklefs & Klasing 2005, Buehler et al. 2008b, Martin, Weil & Nelson 
2008). Innate baseline levels are also known to vary with environmental conditions 
(Buehler et al. 2008b, Sandström et al. 2014). Previous studies on barnacle 
geese have shown variation in innate immunity between Arctic and temperate 



Does habitat or habituation to humans affect immune activity during acute stress?

91

5

populations. Immune parameters were found to vary with external factors (date) 
rather than internal factors (wing feather moult), while the temperate-breeding 
geese generally exhibited higher baseline levels than Arctic geese (Sandström et al. 
2014). Also, Sandström et al. (2014) found evidence for a stress-related immune 
effect for the Arctic population but not for the temperate population. Here, we aim 
to further investigate the possible effect of handling stress by monitoring changes 
in immune activity over the duration of a catch.  

Specifically, two categories of innate immunity were considered in the present 
study. First, levels of circulating leukocytes (white blood cell) were determined. 
Leukocytes are known to redistribute from the blood stream to the peripheral blood 
during acute stress (Viswanathan, Dhabhar 2005) at the same time as heterophil 
levels increase (Davis, Maney & Maerz 2008). Second, levels of natural antibodies 
were determined by addressing the ability of plasma to clump foreign red blood 
cells (hemagglutination) (Ochsenbein, Zinkernagel 2000, Matson, Ricklefs & 
Klasing 2005). Levels of natural antibodies have been suggested to decrease with 
lymphocyte function, and immunoglobulin levels typically fall during acute stress 
(Martin 2009, Matson et al. 2012). This resulted in three targeted parameters of 
innate immune functions: total density of leukocytes, the ratio of the two most 
abundant leukocyte types (heterophil/lymphocyte or H/L) and hemagglutination. 
These parameters were compared both within (three Arctic colonies) and between 
habitats (three Arctic colonies and one temperate colony).

Regarding the relationship between stress and innate immune activity, and the 
potential effects of exposure to humans and habitat constraints on this relationship, 
we made the following hypotheses:  

1) The stressor, here human handling, causes an immune response in 
wild animals. Specifically, the overall density of leukocytes decreases 
in the blood stream during the exposure to the stressor, while 
heterophils increase, resulting in elevated values of H/L. 

2) The stress-induced immune response changes during the exposure 
time as the individual adjusts to the current situation. 

3) The stress-related changes are weaker for populations most exposed 
to human presence because of habituation to the stressor.

4) The temperate population shows less variation over exposure time 
and higher baseline levels due to overall high environmental levels 
of antigens.
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Material & Methods

Study colonies and areas
Barnacle geese (Branta leucopsis) breed in both Arctic and temperate regions. For 
our study, we selected three colonies from an Arctic breeding population and one 
colony from a temperate breeding population. The Arctic colonies were located 
on Spitsbergen, Svalbard, Norway: (1) Nordenskiöldkysten (78°N/13°E), (2) 
Isdammen (78°N/16°E) and (3) Ny-Ålesund (79°N/12°E)(Black, Prop & Larsson 
2014). The temperate colony was located in the southwest of The Netherlands in the 
Krammerse Slikken (51°N/4°E) (van der Jeugd et al. 2009, Eichhorn et al. 2010). 

Geese from the Arctic breeding population undertake a 3000 km migration 
from the wintering area at Solway Firth, United Kingdom (55°N/4°W) (Black, 
Prop & Larsson 2014). The period of incubation spans from early June to mid-
July, followed by a flightless period from mid-July to mid-August during which 
the wing feathers moult. The breeding population at the temperate study area 
originated from migratory Arctic geese that had switched to breeding in their 
original wintering area from the 1980s onwards. Since then, the temperate 
breeding population has been increasing (Boele et al. 2016, van der Jeugd, Kwak 
2017). Although the differences in genetic structure are small, the relatively young 
temperate population is genetically differentiated from the Arctic-breeding birds, 
due to a high rate of genetic exchange (Jonker et al. 2013). Incubation for the 
studied temperate population takes place from April to mid-June, and the moulting 
period spans from early June to mid-July (van der Jeugd et al. 2009). 

Field sampling
During the summers of 2007 and 2008, we captured and sampled blood 
from moulting, flightless geese. Birds belonging to the Arctic colonies were 
caught between the following dates in 2007 and 2008: July 23–August 5 
at Nordenskiöldkysten, July 18–21 at Isdammen, and July 14–August 9 at  
Ny-Ålesund. The temperate barnacle geese from the Krammerse Slikken colony 
were caught between July 4–8 in 2007 and 2008 (see Table 5.1 for exact dates). 
Geese were herded into a V-positioned net that funnelled them into a pen. After 
approximately two hours in the catching pen, we initiated handling and sampling. 
After sampling, geese were placed in a holding pen adjacent to the catching pen 
and released simultaneously as soon as the last goose had been processed. The time 
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span between initiation of the sampling procedure until the first and last geese 
were sampled reached between 5 (first) to 425 (last) minutes.

Table 5.1. Number of adult geese sampled for blood per colony and date (catch) over two years.  As not every 
individual caught was sampled for blood, the total number of individuals caught per catch is given in 
brackets. 

    2007      
 

  2008    

 Date NK IS NÅ KS NK IS NÅ KS

4 July 20 (20)

5 July 19 (40)

6 July 14 (37)

7 July 31 (31)

8 July 19 (19)

14 July 13 (26)

18 July 40 (126)

21 July 85 (91)

23 July 38 (95)

24 July 20 (26)

25 July 15 (18)

26 July 48 (53)

27 July 30 (108) 28 (36)

28 July 2 (2 13 (14) 3 (108)

29 July 19 (20)

30 July 22 (25)

31 July 20 (67) 37 (101)

1 August 19 (30) 52 (83)

4 August 23 (75)

5 August 25 (101)

6 August 15 (17)

9 August 3 (48)

Total 113(302) 85(91) 138(239) 50(50)   194(512) 40(126) 0 53(97)

NK = Nordenskiöldkysten, Svalbard; IS = Isdammen, Svalbard; NÅ = Ny-Ålesund, Svalbard; KS = 
Krammerse Slikken, the Netherlands.

A standard procedure was followed for handling and sampling geese in both 
regions. Geese were individually marked using leg rings, their sex was established 
by cloacal examination, blood samples as well as biometrics were taken, and their 
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age class was recorded as juvenile or adult. Adults included individuals in their 
second calendar year and older. For all analyses, only data collected from adults 
were used. 

To address possible stress-related immune effects related to handling, the time 
passed after starting the processing of the first bird was recorded. Care was taken to 
handle and sample geese according to a strict protocol so that only the precise time 
of sampling (Ts) varied between individuals. The time that geese were subjected to 
a stressor was set at 0 when processing of the first individual had started (T0) and 
was calculated for subsequent individuals as Ts–T0. The procedure of sampling 
many individuals only once over time was assumed to reflect the immunological 
trends in the blood profile within an individual. For geese sampled at Krammerse 
Slikken, the order of sampling was noted but not the exact time of sampling. 
Therefore, in analyses that included Krammerse Slikken, we used the sequential 
order of sampling (To or order).

A blood sample of 0.2–2 ml was drawn from the brachial vein using a non-
heparinised needle and syringe, and the sampling sizes are given in Table 5.1. To 
identify leukocyte type and calculate density, a blood smear was made by applying 
one drop of fresh blood to a microscope slide, after which the slides were air-dried 
and stored in boxes for later processing (Campbell 1995). Not every sample was 
analysed for all three immune system parameters.

Processing of blood samples
Blood samples were transported from the sampling location to a field laboratory 
where they were stored at 5°C. Samples were allowed to coagulate for 24 hours, 
then centrifuged at 7000 rpm for 12 min in order to separate red blood cells from 
the serum (ZipSpin, 12V DC, LW Scientific). The serum was subsequently stored 
in a mobile freezer (Waeco CoolFreeze CF-35) at –18°C for a maximum of three 
weeks at the Arctic locations and for one week at the temperate location.  In the 
final laboratory located at the University of Groningen, samples were stored at 
–20°C until analysis. Handling and transport of samples were similar in the Arctic 
and temperate study areas, except that it took longer for the Arctic samples to 
reach the final laboratory. However, previous studies indicate that the Arctic 
samples should not have been affected by the longer period of transport (Cecchini, 
Bekele & Kasalo 1992, Pinsky et al. 2003). Blood smears from all locations were 
transported under dry conditions and were subsequently fixed and stained in the 
final laboratory.
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Immunological analyses

Leukocyte counts
After initial fixing by ethanol, blood smears were stained with Hemacolor (Merck 
Millipore) and overlaid by cover slips embedded in Pertex to prolong conservation 
of the smear. Leukocyte density was determined by first counting the numbers 
of both leukocytes and red blood cells in 30 ocular fields magnified at 500 ×, for 
a total of approximately 5000 red blood cells, and then calculated as the number 
of leukocytes per 1000 red blood cells. For leukocyte identification, they were 
examined under a microscopic at 1250 × magnification (oil immersion) using a 
grid system laid over the slide. Counts up to and including the row containing the 
100th leukocyte were completed, resulting in 112 (18.9 SD) leukocyte identifications 
per slide, on average (Samour 2006). All counts and identification of leukocytes 
were performed by one observer (JP).

Leukocytes were classified as heterophils, eosinophils, basophils, monocytes 
and lymphocytes. Heterophils are the most abundant phagocytic cells in the blood 
and are recognized by their orange-red, rod-shaped granules. Lymphocytes were 
recognised by their large, dark-staining nucleus with little to no surrounding 
cytoplasm. Together with heterophils, lymphocytes form the majority of leukocytes 
(Campbell 1995, Samour 2006). The ratio of heterophil to lymphocyte occurrence 
(H/L) is commonly used as a measure of physiological and/or social stress (Gross, 
Siegel 1983, Samour 2006, Davis, Maney & Maerz 2008).

Hemagglutination assay 
An immunological test was performed on the preserved serum to quantify non-
specific natural antibodies. Hemagglutination results from the activity of natural 
antibodies, which causes clumping of foreign red blood cells into a round 
pellet-like structure (Matson, Ricklefs & Klasing 2005). Natural antibodies 
facilitate pathogen recognition and initiate further (acquired) immune responses 
(Ochsenbein, Zinkernagel 2000). Solutions from a serial dilution (1:2) of plasma 
samples (25 μl) were incubated in a fixed volume of red blood cells collected from 
rabbits (Harlan, UK), following details in Matson, Ricklefs & Klasing (2005). 
Hemagglutination was scored as the negative logarithm (with base two) of the 
last dilution for which hemagglutination was exhibited, i.e. the dilution where 
the pellet-like structure still showed a round shape. All samples were randomised 
before scoring and blindly scored by one observer (JP).
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Assessment of habituation to human exposure
The classification of exposure to humans was based on two parameters.  First, the 
distance to the closest human settlement from the breeding colony was measured. 
Second, an index of direct disturbance was estimated based on road intersections 
and/or walking paths. This resulted in three categories:  low, medium and high 
human exposure. Human exposure was rated as low for Nordenskiöldkysten (90 
km from a human settlement, no roads or paths), medium for Isdammen (2.5 
km from a human settlement, the feeding area is bisected by one road), high for 
Ny-Ålesund (geese use the village for feeding, the village is intersected by roads), 
and medium for Krammerse Slikken (geese moult close to or adjacent to human 
settlements, the feeding grounds are intersected by several roads).

Statistics
To explore variation in the immune measures, we used linear mixed-effect 
models (package lme4 in the program R) (R Development Core Team 2016). To 
achieve normal distributions, densities of leukocytes and H/L ratios were log-
transformed (base 10). Distributions of the transformed values were graphically 
checked by Q–Q plots and found to be reasonably close to normal (Shapiro–
Wilk’s statistic >0.96). The following factors were used as explanatory variables: 
colony (Nordenskiöldkysten as reference factor), year (2007 as reference factor), 
sex (female as a reference factor) and catch. The time that geese were subjected to 
a stressor was used as a covariate. To account for non-linear trends over time, a 
quadratic term was included in the analyses, time2. For analyses that included the 
Krammerse Slikken colony, order and order2 were used, rather than time and time2. 
This resulted in two sets of analyses: (1) analyses of only the three Arctic colonies 
using time as a covariate, and (2) analyses including both Arctic and temperate 
colonies using order as a covariate. 

Model selection was based on a top-down-strategy, as described by Zuur et 
al. (2009). To account for dependencies of measures within flocks, catch was 
included as a random effect in all models. First, the optimal structure of the 
random effect was solved by comparing models containing the fixed main effects 
of colony, sex, year  and two time variables (time and time2, or order and order2), 
two-way interactions, and a varying random component (random intercept versus 
random intercept and slope) using catch as the random factor. After establishing 
the random effect (resulting in a random intercept model in all cases), the fixed 
structure was solved in a stepwise fashion by sequentially dropping insignificant 
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terms, based on comparing models with or without a term. Parameters associated 
with the final, optimal model were found by restricted maximum likelihood 
estimation. The selected models are presented in Table 5.2. Contrasts using least-
squares means were used to identify significant differences among colonies after 
adjusting for time effects, using the pairwise comparisons in the package lsmeans 
in R (Lenth 2016). A difference was considered significant if P ≤ 0.05. 

Table 5.2. Selected models based on mixed effects modelling for each of the immune parameters. The Arctic 
group includes geese from Nordenskiöldkysten, Isdammen and Ny-Ålesund; time is used as a covariate, 
where time is the number of minutes passed after initiation of catch. The Arctic + temperate group includes 
all colonies (Nordenskiöldkysten, Isdammen, Ny-Ålesund and Krammerse Slikken); order is used as a 
covariate, where order is the sequence of handling during catch.

Dependent 
variable

  Independent variable  

Immune 
parameter

Group Fixed effects Random 
effect

Code in R

Leukocyte density Arctic T, sex, colo, 
T*colo

catch lme(DENS ~ 1 + T * colo + sex, 
method=”REML”, random=~1 | catch)

Arctic+temp T, sex, colo,  
To *colo

catch lme(DENS ~ 1 + T * colo + sex, 
method=”REML”, random=~1 | catch)

H/L Arctic T, T2, colo, 
T*colo, 
T2*colo

catch lme(HL ~ 1+ T*colo+T2*colo, 
method=”REML”, random=~1 | catch)

Arctic+temp T, T2, colo,  
To *colo, 
To2*colo

catch lme(HL ~ 1+ To *colo+ To2*colo, 
method=”REML”, random=~1 | catch)

Hemagglutination Arctic T, T2, colo, 
T*colo, 
T2*colo

catch lme(AGGL ~ 1+ T*colo+T2*colo, 
method=”REML”, random=~1 | catch)

  Arctic+temp T, T2, colo, 
To*colo, 
To2*colo

catch lme(AGGL ~ 1+ To *colo+ To2*colo, 
method=”REML”, random=~1 | catch)

H/L = heterophil to lymphocyte ratio, Arctic+temp = Arctic+temperate, T = time, T2 = time2, To = order,  
To

2 = order 2, colo = colony.

Results

Leukocyte densities showed linear trends with time of sampling but differed 
significantly among the colonies with respect to slope (Table 5.3, Fig. 5.1). The 
strongest increase in leukocyte density over time was found in the low-exposure 
Arctic colony (Nordenskiöldkysten), while the high-exposure Arctic colony (Ny-
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Ålesund) showed a decrease over time (Table S 5.1). Subsequently, we included 
the medium-exposure temperate colony in the comparisons while using handling 
order as an ordinal time measure. In this analysis, the patterns for the Arctic 
colonies remained similar (Table 5.3, Fig. S 5.1). The temperate colony exhibited a 
decrease in leukocyte density with order of sampling and were most dissimilar to 
the low-exposure Arctic colony (Table S 5.1). Mean leukocyte density was higher 
in the temperate colony compared with all the Arctic colonies (Table 5.4, Fig. S 
5.1). In addition, leukocyte densities in males were lower than in females by a 
factor 0.84 (Table S 5.1).

Table 3. Results of mixed effects modelling for each of the immune parameters for Arctic colonies (with 
time elapsed as covariate) and Arctic+temperate colonies (with order as covariate). Statistics of terms in the 
selected models (in Table 2) by sequential testing of significance. Significance was set as P≤0.05. 

Arctic Arctic+ temperate

D
ep

en
de

nt

Fi
xe

d 
eff

ec
t

nu
m

D
F

de
nD

F

F P D
ep

en
de

nt

Fi
xe

d 
eff

ec
t

nu
m

D
F

de
nD

F

F P

Leukocyte density Leukocyte density
Intercept 1 379 6336.53 ≤0.001 Intercept 1 444 7273.20 ≤0.001
T 1 379 2.57 0.11 To 1 444 0.02 0.89
Colony 2 15 3.26 0.07 Colony 3 18 9.02 ≤0.001
sex 1 379 21.06 ≤0.001 Fsex 1 444 9.85 ≤0.01
T*Colony 2 379 5.24 ≤0.01 To*Colony 3 444 3.55 0.01

H/L H/L
Intercept 1 413 168.74 ≤0.001 Intercept 1 474 177.83 ≤0.001
T 1 413 46.38 ≤0.001 To 1 474 40.98 ≤0.001
Colony 2 19 0.66 0.53 Colony 3 22 0.62 0.61
T2 1 413 4.29 0.04 T2 1 474 6.17 0.01
T*Colony 2 413 0.54 0.58 To*Colony 3 474 2.29 0.08
T2*Colony 2 413 5.05 ≤0.01 To2*Colony 3 474 3.37 0.02

Hemagglutination Hemagglutination
Intercept 1 353 2736.58 ≤0.001 Intercept 1 425 3925.32 <0.001
T 1 353 9.44 ≤0.01 To 1 425 8.55 ≤0.01
Colony 2 14 7.38 ≤0.01 Colony 3 18 5.40 ≤0.01
T2 1 353 0.45 0.50 To2 1 425 0.60 0.44
T*Colony 2 353 6.42 ≤0.01 To*Colony 3 425 3.05 0.03

  T2*Colony 2 353 9.67 ≤0.001   To2*Colony 3 425 6.66 ≤0.001

NumDF = numerator degree of freedom, denDF = denominator degrees of freedom, T = time, T2 = time2, 
To = order, To2 = order 2, * = interactions between factors. 
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Figure 5.1. Leukocyte density (10log of number per 1000 red blood cells) over time. Immune activity of 
Arctic colonies (Svalbard) is presented as leukocyte density over the period between sampling of the first 
and last geese, where time passed is indicated in minutes. Males (blue solid line) and females (red dached 
line) are displayed separately. a) Colony with low exposure to humans (Nordenskiöldkysten), b) medium-
exposure colony (Isdammen) and c) high-exposure colony (Ny-Ålesund).
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The H/L exhibited strong patterns of change over time after the start of 
sampling with significant interaction terms indicating that trends differed among 
study colonies (Table 5.3). At the Nordenskiöldkysten colony with low exposure 
to humans, the H/L increased after start of sampling and stabilised after 200 min. 
At the medium-exposure colony in Isdammen, the H/L continued to increase 
over the 6-hour sampling period. At the high-exposure colony in Ny-Ålesund, 
the H/L increased after an initial drop in values (Fig. 5.2). Despite differences in 
trends among colonies, the least square means were not significantly different 
(Table 5.4). Including the medium-exposed temperate colony and modelling 
H/L using sampling order indicated similar interactions between the time 
elapsed since sampling initiation and colony (Table 5.3). In the medium-exposed 
temperate colony, H/L decreased after an initial rise, similar to the low-exposed 
(Nordenskiöldkysten) and medium-exposed (Isdammen) Arctic colonies (Fig.  
S 5.2, Table S 5.1).

Variation in hemagglutination in the Arctic colonies was best described by a 
model including a quadratic effect of time elapsed since initiating sampling, an 
effect of colony, and interaction terms between the time variables and colony 
(Table 5.3). Hemagglutination titres increased after initiating sampling in the low-
exposure Arctic colony (Nordenskiöldkysten), whereas the titres increased after 
an initial drop in both the medium-exposure (Isdammen) and high-exposure (Ny-
Ålesund) Arctic colonies (Fig. 5.3). Modelling hemagglutination using sampling 
order indicated similar interactions between the time elapsed since sampling 
initiation and colony (Table 5.3). Least-squares means indicated that the titres of 
the medium- exposure temperate colony at Krammerse Slikken were not different 
from the low-exposure (Nordenskiöldkysten) or medium-exposure (Isdammen) 
Arctic colonies, while the high-exposure Arctic colony of Ny-Ålesund was 
significantly different from the three other colonies (Table 5.4).
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Figure 5.2. Heterophil to lymphocyte ratio (10log of H/L) over time. Immune activity of Arctic colonies 
(Svalbard) is presented as H/L over the period between sampling of the first and the last geese, where time 
passed is indicated in minutes. a) Colony with low exposure to humans (Nordenskiöldkysten, b) medium-
exposure colony (Isdammen) and c) high-exposure colony (Ny-Ålesund).
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Figure 5.3. Hemagglutination over time. Immune activity of Arctic colonies (Svalbard) is presented as 
hemagglutination over the period between sampling of the first and last geese, where time passed is indicated 
in minutes. a) Colony with low exposure to humans (Nordenskiöldkysten), b) medium-exposure colony 
(Isdammen) and c) high-exposure colony (Ny-Ålesund).
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Discussion 

By catching and sampling blood from wild geese, we aimed to quantify the 
variability of stress-related changes in innate immune activity. We hypothesized 
that stress-related immune responses would change over the time elapsed since 
initial sampling. In addition, stress-related changes were expected to be different 
between colonies. We found striking variability in the response of all immune 
parameters over time, especially in H/L, but there were also small differences 
between colonies. Results indicate that different colonies of wild barnacle geese had 
varying levels of sensitivity to (acute) stress. The temperate colony with medium 
exposure to human presence (Krammerse Slikken) exhibited the lowest response 
in immune activity. Below, we discuss our findings on innate immune responses 
with respect to acute vs. chronic stress, previous exposure and possible habituation 
to stressors and habitat effects, such as food abundance or disease pressure. 

Acute stress
Living within the territory of a predator, or just seeing a predator, can induce 
stress hormones (Scheuerlein, Van’t Hof & Gwinner 2001, Cockrem, Silverin 
2002).  These, in turn, have regulating effects on immune parameters (Sapolsky, 
Romero & Munck 2000), including reduction of circulating leukocyte density in 
blood (reviewed in Martin 2009). This reduction of circulating leukocytes to acute 
stress does not seem to be related to immune suppression but to redistribution 
of immune cells. When animals encounter a transient stressor, leukocytes exit 
blood circulation and infiltrate sites of wounding and lymphoid tissues (Dhabhar, 
McEwen 1999, Viswanathan, Dhabhar 2005). This redistribution of leukocytes 
from circulating blood to tissue has been suggested to enhance healing of wounds 
or prevent infections, for example, after having escaped from a predator (Dhabhar, 
McEwen 1997). In our case, birds were forced into a pen made of soft nets or cloth, 
where their wings might strike the sides of the pen. This can cause slight damage 
to feathers or bruising of (wing) tissue, which is likely to stimulate the migration of 
the leukocytes from the peripheral blood to relevant tissues. In addition, the sight 
of approaching humans and handling by them were expected to affect both the 
levels of stress hormones as well as levels of circulating leukocytes. Subsequently, 
we expected a drop of total leukocyte density in the circulating blood for all four 
colonies over the sampling period. However, this was not the case. The colonies 
exhibited different changes in leukocyte densities over time. Consistent with 
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expectations, a slight decrease in leukocyte density was found for the Arctic 
colony with high exposure to humans (Ny-Ålesund) and the medium-exposure 
temperate colony (Krammerse Slikken).  However, a slight increase was observed 
for the low-exposure (Nordenskiöldkysten) and medium-exposure (Isdammen) 
Arctic colonies. The temperate colony at Krammerse Slikken had significantly 
higher overall density of leukocytes in the blood than the Arctic colonies. This 
is consistent with previous results for barnacle geese, where leukocyte densities 
found at temperate breeding grounds were higher overall than for Arctic breeding 
colonies (Sandström et al. 2014).

Moreover, Sandström et al. (2014) previously identified potential stress effects on 
the proportion of heterophils, proportions of lymphocytes and H/L. Also, an effect 
of sampling order (i.e. time exposed to stressor) was specifically verified in the Arctic 
study group while absent in the temperate population (Sandström et al. 2014). In the 
present study, we demonstrated an initial increase in H/L during catch for both the 
low-exposure (Nordenskiöldkysten) and medium-exposure (Isdammen) colonies 
in the Arctic. For the most human-exposed Arctic colony at Ny-Ålesund and the 
medium-exposure temperate colony, however, this initial increase was absent. 
This could indicate that the colonies with the least previous exposure to humans 
perceived handling as more stressful than colonies with more exposure. 

Hemagglutination reflects the amount of natural antibodies circulating in 
the blood. There are different predictions of how levels of hemagglutination will 
change during acute stress (Matson et al. 2012, Chin, Quinn & Burness 2013, 
Eberhardt et al. 2013, Davies et al. 2016, Jacques-Hamilton et al. 2016). We showed 
that the levels of hemagglutination varied over the duration of catch, but there was 
no clear overall pattern. The observed changes of hemagglutination were found 
to be associated with time, time2, colony and an interaction between colony x time. 
This means that the titres of hemagglutination were affected differently over time 
per colony (Fig. 5.2b). For the high-exposure Arctic colony (Ny-Ålesund) and the 
medium-exposure temperate colony (Krammerse Slikken), the changes were not 
linear over time but showed an initial decrease followed by a subsequent increase. 
For the medium-exposure (Isdammen) and low-exposure (Nordenskiöldkysten) 
Arctic colonies, the opposite trend was observed. These patterns of change over 
time could partly be explained by the long sampling periods in our study, which 
reached up to 400 minutes. Davies et al. (2016) found decreasing levels in stressed 
towhees. However, their sampling periods only reached up to 60 minutes, and 
the thresholds between the decreasing and increasing levels we reported for 
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hemagglutination only happened after at least 120 minutes. One explanation is 
that this initially decreasing response of hemagglutination may protect individuals 
from hyper-activation of the immune system and potentially harmful autoimmune 
responses (Råberg et al. 1998). However, as our results were not linear, an initially 
increasing trend, such as found for Nordenskiöldkysten and Krammerse Slikken, 
would be more in line with the argument of avoiding autoimmune damage because 
the final levels of hemagglutination after the subsequent decrease in levels would 
be lower. 

There appears to be considerable variation in how hemagglutination responds 
to acute stress. For example, Eberhardt et al. (2013) suggested that stress from food 
deprivation causes hemagglutination titres to increase while stress from being 
restrained results in decreased levels. A decrease in titres over time in response to 
being kept in captivity has also been found for both fairy-wrens (Malurus cyaneus) 
and Abert’s towhees (Melozone aberti) (Davies et al. 2016, Jacques-Hamilton et al. 
2016). Moreover, hemagglutination titres were also found to decrease as a response 
to handling in restrained gulls (Larus delawarensis) (Chin, Quinn & Burness 2013).  
Finally, birds challenged by intensive non-migratory flight, which resulted in 
elevated H/L-values, showed no change in titres of hemagglutination. This suggests 
that hemagglutination does not show an acute immune-like response similar to 
H/L (Matson et al. 2012). Overall, there appears to be considerable interspecific 
variation in innate immune response to acute stress, as well as variation depending 
upon the immune parameter considered (Vleck et al. 2000, Matson, Tieleman & 
Klasing 2006, Buehler et al. 2008a, Graham et al. 2012, Johnstone, Reina & Lill 
2012, Matson et al. 2012, Clark 2015, Zylberberg 2015). 

Gender differences 
Male geese generally show more vigilant behaviour than females (Black, Prop & 
Larsson 2014), which could result in higher levels of H/L for males (Sandström 
et al. 2014). However, no differences in H/L between the sexes were identified. 
Instead, only leukocyte density was significantly different between the sexes. For 
hemagglutination, the sexes also did not differ in response over time, which is in 
line with previous studies in towhees (Davies et al. 2016). The pattern of immune 
response over time was similar for both sexes for all measured immune parameters.  
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Chronic stress
The H/L ratio is commonly regarded as a reliable indicator of both acute and 
chronic stress (Gross, Siegel 1983, Davis, Maney & Maerz 2008, Cirule et al. 
2012, Goessling et al. 2015, Tan et al. 2015). Especially under mild to moderate 
stress, H/L seems a less variable indicator of avian stress than individual leukocyte 
numbers or levels of the stress hormone corticosteroid in plasma, for example 
(Maxwell 1993). High H/L is often correlated with high corticosteroid levels, but 
corticosteroid levels have also been shown to decrease under chronic stress while 
H/L remained high (Babacanoglu, Yalcin & Uysal 2013, Goessling et al. 2015, Tan 
et al. 2015, Alm et al. 2016, Ferrante et al. 2016). Therefore, we expected a colony 
under chronic stress to show a high baseline level of H/L already at the beginning 
of a catching event. Similarly, a population not under chronic stress was expected 
to have a low initial value of H/L. In Nordenskiöldkysten, the colony with the 
lowest exposure to humans, we noted an initially low H/L value followed by a 
subsequent increase. However, after correcting for a time effect, no differences 
between colonies remained (see Table 5.4). Chronic stress has also been suggested 
to cause general immunosuppression (Dhabhar 2002, Segerstrom, Miller 2004, 
Dhabhar 2009). This immune suppression can be considered as part of habituation. 

Habituation or habitat?
In a prolonged stressful situation, animals can become habituated to a reoccurring 
stressor to avoid the damage caused by chronically elevated levels of circulating 
stress hormones (Sapolsky 1992, Råberg et al. 1998). Habituation here refers to 
the ability to downregulate the physiological stress response and subsequently 
avoid self-damage (Fowler 1999, Romero, Wikelski 2002, Walker, Boersma & 
Wingfield 2006). This has been seen in blackbirds living in urban areas, for example 
Partecke, Schwabl & Gwinner (2006) proposed that the weaker response of urban 
European blackbirds (Turdus merula) to acute stress compared with forest-
dwelling conspecifics reflects this physiological mechanism of habituation, which 
enables blackbirds to live successfully in urban habitats. Without this, a successful 
adaptation to urban life style might not be possible because of chronically high 
levels of stress hormones, such as corticosteroids, and the triggering of physiological 
cascades (e.g. impaired reproduction, immunity and brain functions) (Sapolsky 
1992, Sapolsky, Romero & Munck 2000, Wingfield, Sapolsky 2003). 

As suggested earlier, spatiotemporal variation in environmental factors, such as 
food and disease, can also account for variation in immune parameters over time 
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and space (Hoi-Leitner et al. 2001, Buehler, Piersma & Tieleman 2008, Horrocks 
et al. 2012a). For example, Sandström et al. (2014) were able to demonstrate 
striking similarity between changes in leukocyte densities and shifts in available 
food resources for Arctic barnacle geese where increasing levels of leukocyte levels 
corresponded to decreasing food resources. Furthermore, Horrocks et al. (2015) 
found that larks in habitats where disease risk was low also showed low levels of 
natural antibodies. It is fair to assume that both food abundance (Bakker et al. 1993, 
van der Graaf et al. 2006b, Black, Prop & Larsson 2014) and pathogen pressure 
(Greiner et al. 1975, Guernier, Hochberg & Guegan 2004, Sandström et al. 2013) 
differ between the Arctic and temperate habitats, with Arctic habitats characterized 
by lower food abundance (but higher food quality) and lower pathogen pressure 
than temperate habitats.  We also found significant differences between the Arctic 
colonies of Nordenskiöldkysten (low-exposure) and Ny-Ålesund (high-exposure) 
for all immune parameters during the time exposed to the stressor. However, these 
temporal patterns were not consistent.  This inconsistency in temporal patterns 
remained when the temperate colony was included in the analyses. Overall, 
the patterns in the immune parameters for the temperate colony were the least 
pronounced over time. 

Conclusion

Baseline immune activity varied over time during exposure to an acute stressor in 
wild barnacle geese. Variations in immune response were found both within one 
habitat (the Arctic) and between habitats (Arctic vs. temperate), and differed per 
immune parameter. However, we can only speculate whether the observed changes 
in immune activity were direct responses to the perceived stress (handling) or 
responses to another, yet unknown, factor. We emphasize the necessity to keep 
different aspects in mind when studying immunological variation, as both short 
temporal variation (e.g. handling and sampling procedure) and large spatial 
variation (e.g. food abundance or disease pressure) can play a significant role on 
innate (baseline) immune activity. Last, we recommend further studies on wild 
animals focussed on other types of stressors than human handling and blood 
sampling, as well using a wide spectrum of immune system parameters, to answer 
questions about the effects of stressors on innate immune activity.
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Appendix

Table S 5.1 Parameter estimates of selected mixed effects models for Arctic colonies (with time as covariate) 
and Arctic + temperate colonies (with order of sampling as covariate). Statistics are given per immune 
parameter. Catch is random effect in all models.

Arctic
Dependent Fixed effect Estimate SE DF T P
Leukocyte density

Intercept 0.790 0.026 379 30.60 0.000
T 0.0004 0.0001 379 2.57 0.011
Colony2 -0.003 0.045 15 -0.07 0.945
Colony3 0.073 0.043 15 1.69 0.112
sexMale -0.077 0.017 379 -4.55 0.000
T*Colony2 -0.0003 0.0003 379 -0.91 0.362
T*Colony3 -0.0010 0.0003 379 -3.23 0.001

H/L
Intercept 0.120 0.081 413 1.48 0.141
T 0.005 0.001 413 5.21 0.000
Colony2 0.285 0.175 19 1.63 0.119
Colony3 0.359 0.173 19 2.08 0.052
T2 -0.00001 0.000004 413 -3.50 0.001
T*Colony2 -0.004 0.002 413 -1.87 0.062
T*Colony3 -0.007 0.002 413 -3.04 0.003
T2*Colony2 0.00001 0.000006 413 2.03 0.043
T2*Colony3 0.00002 0.000009 413 2.87 0.004

Hemagglutination
Intercept 5.195 0.209 353 24.88 0.000
T 0.006 0.003 353 2.11 0.036
Colony2 1.926 0.444 14 4.34 0.001
Colony3 16.445 4.627 14 3.55 0.003
T2 -0.00001 0.00001 353 -0.89 0.373
T*Colony2 -0.016 0.004 353 -3.89 0.000
T*Colony3 -0.199 0.058 353 -3.45 0.001
T2*Colony2 0.00003 0.00001 353 2.78 0.006

  T2*Colony3 0.00061 0.00017 353 3.54 0.001



Does habitat or habituation to humans affect immune activity during acute stress?

111

5

Table S 5.1. continued

Arctic+temperate
Dependent Fixed effect Estimate SE DF T P
Leukocyte density

Intercept 0.785 0.027 444 28.97 0.000
To 0.001 0.001 444 2.04 0.042
Colony2 -0.012 0.048 18 -0.25 0.808
Colony3 0.039 0.038 18 1.04 0.311
Colony4 0.191 0.060 18 3.19 0.005
FsexM -0.053 0.017 444 -3.17 0.002
T*Colony2 -0.001 0.002 444 -0.65 0.516
T*Colony3 -0.003 0.001 444 -3.05 0.002
T*Colony4 -0.003 0.002 444 -1.95 0.052

H/L
Intercept 0.121 0.081 474 1.49 0.137
To 0.022 0.004 474 5.34 0.000
Colony2 0.249 0.179 22 1.39 0.178
Colony3 0.335 0.154 22 2.18 0.040
To 0.266 0.220 22 1.21 0.240
To2 -0.0002 0.0001 474 -3.22 0.001
To*Colony2 -0.009 0.009 474 -1.07 0.285
To*Colony3 -0.026 0.008 474 -3.32 0.001
To*Colony4 -0.014 0.012 474 -1.11 0.267
To2*Colony2 0.0001 0.0001 474 0.95 0.345
To2*Colony3 0.0003 0.0001 474 3.16 0.002
To2*Colony4 0.0001 0.0002 474 0.49 0.623

Hemagglutination
Intercept 5.192 0.201 425 25.77 0.000
To 0.028 0.012 425 2.45 0.015
Colony2 1.764 0.424 18 4.16 0.001
Colony3 6.416 1.543 18 4.16 0.001
Colony4 0.513 0.525 18 0.98 0.341
To2 -0.0002 0.0001 425 -1.22 0.223
To*Colony2 -0.069 0.018 425 -3.80 0.000
To* Colony3 -0.241 0.070 425 -3.45 0.001
To*Colony4 0.015 0.037 425 0.40 0.688
To2*Colony2 0.001 0.0002 425 3.07 0.002
To2*Colony3 0.002 0.001 425 3.26 0.001

  To2*Colony4 -0.001 0.001 425 -0.99 0.325

H/L = heterophil to lymphocyte ratio, Colony1 = Nordenskiöldkysten, Colony 2 = Isdammen, Colony 3 = 
Ny-Ålesund, Colony 4 = Krammerse Slikken, DF = degrees of freedom; T = time; T2 = time2; To = order; To2 
= order 2; * = interactions between factors.
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Figure S 5.1. Leukocyte density (10log of number per 1000 red blood cells) in relation to order of sampling 
for all colonies. Immune activity is presented as leukocyte density over the period between sampling of the 
first and last geese, where time passed was estimated as the sequence of sampling (order). Males (blue solid 
line) and females (red dashed line) are displayed separately.  a) Arctic colony with low exposure to humans 
(Nordenskiöldkysten, Svalbard), b) medium-exposure Arctic colony (Isdammen, Svalbard), c) high-
exposure Arctic colony (Ny-Ålesund, Svalbard) and d) medium-exposure temperate colony (Krammerse 
Slikken, The Netherlands).
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Figure S 5.2. Heterophil to lymphocyte ratio (10log of H/L) in relation to order of sampling for all colonies. 
Immune activity is presented as H/L over the period between sampling of the first and last geese, where time 
passed was estimated as the sequence of sampling (order). a) Arctic colony with low exposure to humans 
(Nordenskiöldkysten, Svalbard), b) medium-exposure Arctic colony (Isdammen, Svalbard), c) high-
exposure Arctic colony (Ny-Ålesund, Svalbard) and d) medium-exposure temperate colony (Krammerse 
Slikken, The Netherlands).
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Figure S 5.3. Hemagglutination in relation to order of sampling for all colonies. Immune activity is presented 
as hemagglutination over the period between sampling of the first and last geese, where time passed is 
estimated as the sequence of sampling (order). a) Arctic colony with low exposure to humans 
(Nordenskiöldkysten, Svalbard), b) medium-exposure Arctic colony (Isdammen, Svalbard), c) high-
exposure Arctic colony (Ny-Ålesund, Svalbard) and d) medium-exposure temperate colony (Krammerse 
Slikken, The Netherlands).
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Every living organism needs to protect itself from harmful agents in its environment. 
In vertebrates, one of the internal defence systems is the immune system: a multi-
layered protective network of different defensive strategies involving a variety of 
mechanisms, each with different benefits and costs. It is essential to survival and 
offers significant benefits, such as minimizing fitness loss caused by infections 
and diseases. However, this multifaceted and sophisticated system also comes 
with costs due to the energy and time it requires for development, activation, and 
maintenance. Furthermore, collateral damage to the body’s healthy cells may result 
from certain immune responses. Consequently, maximum immune activity is not 
always the best approach. Ecological immunology centres around the notion that 
the immune system, according to life-history theory, is costly and thus subject 
to continual trade-offs between other life-history processes such as growth and 
reproduction. As the most obvious benefit of the immune system is resistance 
against infections, diseases, and parasites, it is easy to embrace the idea that an 
animal living in an environment with high disease risk possibly benefits more from 
an active immune system than an animal living in an environment where disease 
risk is low. 

Many animals alternate between high and low disease risk areas during the 
course of annual migrations, which is reflected in the variation of their immune 
indices. Barnacle geese (Branta leucopsis) typically migrate to high Arctic breeding 
grounds and return in autumn to temperate wintering grounds such as Scotland 
and The Netherlands. However, recent changes in agriculture and land use have 
improved the summer conditions for geese in The Netherlands, resulting in the 
establishment of a sedentary population of barnacle geese in the river deltas 
along the SW of The Netherlands. The sedentary geese are part of a population 
that originated from the Arctic migratory geese that subsequently ceased 
migration. Benefits of abandoning traditional migration are: decreased predation 
risks during the migration, shorter parental care, and a stable food supply at 
temperate summering grounds. Moreover, by definition, the sedentary population 
of geese no longer undertakes a dangerous and energy-demanding journey of 
thousands of kilometres to and from the Arctic summering grounds. Breeding 
in the energetically expensive Arctic, however, is rewarded by nutritious (though 
scarce) food plants, concomitant with lowered inferred disease pressure relative 
to temperate sites. Reduced disease pressure in the extreme environment of the 
Arctic is largely due to the climate, which is inhospitable for micro- and macro-
parasites and for parasite-transmitting organisms.
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Polar regions are isolated both by their extreme environment and remote 
location. Nevertheless, in the high Arctic, various animal species were found 
to be seropositive (with antibodies in the blood) with the parasitic protozoan 
Toxoplasma gondii, even though the region has no felines which are the definitive 
host for T. gondii.  For example, in the Svalbard archipelago, no wild felines are 
present and domestic cats are prohibited. Yet, T. gondii infection has been observed 
in resident top predators such as Arctic foxes (Vulpes lagopus) and polar bears 
(Ursus maritimus). It has been proposed that oocysts of the parasite could travel 
with the sea currents and subsequently enters the high Arctic food web via filter 
feeding animals, such as fish and mussels.  

The overarching question of this thesis was: Do geese gain health benefits by 
migrating to the Arctic?

To this end, the following specific questions were addressed:
i) What is the role of migratory geese in transmitting diseases between 

their temperate wintering areas and Arctic breeding grounds? 
(Chapter 2)

ii) How do ultimate (reproduction and wing moult) and proximate 
(disease risk and food availability) factors explain variation in 
immune activity? (Chapter 3)

iii) How does health status explain differences in growth? (Chapter 4)
iv) How do populations differ in their perception and immune response 

to an acute stressor? (Chapter 5)

In Chapter 2 my co-authors and I investigated an “aerial” transmission route via 
migratory geese by analysing antibody levels of two populations of migratory geese 
(pink-footed, Anser brachyrhynchus and barnacle, Branta leucopsis) and three non-
migratory geese (greylag, Anser anser; Canada, Branta canadensis; and barnacle, 
Branta leucopsis). No seropositive juvenile geese were found at any brood-rearing 
location, however nine-month old geese were seropositive during their first spring 
migration. Therefore we concluded that goose species encounter T. gondii infection 
when arriving in their wintering areas for the first time. The following summer the 
infected geese transport the parasite to their Arctic summering grounds. When the 
infected goose is consumed by an Arctic predator/scavenger, the parasite enters the 
Arctic food web. It is generally expected that infected individuals remain protected 
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against the parasite with specific antibodies circulating in the blood stream such 
that upon re-infection, circulating antibody concentrations can rapidly increase 
and stop the invader. Surprisingly, almost half of the seropositive birds showed 
no seroprevalence the following year. Such annual variation of seroprevalence of 
antibodies against T. gondii was previously unknown. 

For barnacle geese, environmental factors, such as food availability and disease 
pressure are expected to vary both within and between annual cycle events. This is 
especially true during wing moult when energetic costs are associated with feather 
growth, increased thermoregulation due to lost feather-insulation, and shifts 
in somatic tissues towards strongly developed leg muscles during the flightless 
moulting period. If baseline immune activity is mainly affected by internal factors 
such as moult, variation in immune activity is expected to be strongly associated 
with the stage of feather growth. On the other hand, variation in immune 
activity could be explained by external factors, such as disease pressure and food 
resources. During moult, geese are constrained in their mobility, and as a result, 
local food resources are depleted as the season progresses. In addition, as the birds 
intensively graze the tundra and repeatedly use the same grazing areas, the risk 
of cross-infection is likely to increase. If this is the case and if immune activity is 
mainly associated with external factors, then immune activities among individuals 
would be synchronised and there should be a strong association between immune 
activity and calendar date, where calendar date reflects temporal changes in the 
external environment. 

In Chapter 3, my co-authors and I show that the variation in immune activity 
during wing moult in migratory barnacle geese is strongly associated with 
calendar date and to a smaller degree with the growth of the wing feathers.  To 
further explore this environmental factor, we compared the migratory population 
in Svalbard (Arctic) with the sedentary population in the Netherlands. We found 
that the immune activity in the Arctic population was generally lower than in 
the temperate population, where both disease pressure and food availability was 
predicted to be higher. This could imply that the Dutch population might have 
lower health status than the Arctic population.

In order to estimate health status and the effect of parasite load on growth, 
16 barnacle geese goslings were hand-raised in the Arctic Svalbard and another 
16 in the temperate Netherlands (Chapter 4). A full post-mortem examination 
of the fledging goslings revealed significant differences between the groups. The 
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Dutch group had: 1) a lower overall health status, 2) a significantly higher burden 
of intestinal and renal parasites, 3) clear histopathological changes in liver, kidney 
and intestine, and 4) significantly lower body mass. However, within the Dutch 
group we found no causal link between growth and health status. We concluded 
that: 1) variation within our groups was too small to identify an effect of health 
status on growth and 2) there are other factors of importance affecting growth in 
young geese.  

So far it has been shown that immune activity (Chapters 2 and 3) and health status 
(Chapter 4) differ with habitat and that differences in the environmental factors 
are the main cause of these findings.  Response to stress, both chronic and acute, 
is also known to have a significant effect on immune activity. Overall, a clear, but 
not always uniform, relationship between experienced stress and immune activity 
has been documented. In the final Chapter (5), my co-authors and I evaluate 
differences in the immune response to a common stressor by measuring the stress-
related immune response after capturing wild barnacle geese. We sampled geese 
during wing moult in the Arctic and temperate summering grounds, over four 
populations differently exposed to human presence, in order to test the hypothesis 
that populations that are less frequently exposed to human activity are likely to 
exhibit a stronger stress-related immune response during capture. Results revealed 
that different populations of wild barnacle geese were differently sensitive to (acute) 
stress, with the least human-habituated population showing the strongest changes 
in immune activity during capture.

Last but not least, I must acknowledge the barnacle goose for its flexibility. How 
can one explain that the barnacle goose has adapted to a changing environment, 
an adaptation lacking in the other Arctic breeding and temperate wintering species 
of geese? For example, greater white-fronted geese (Anser albifrons) winter in The 
Netherlands and just as for the barnacle goose, some pairs abandoned northwards 
migration in the 1980’s and began to breed in the Dutch river deltas. However, 
the sedentary population of greater white-fronted goose has never displayed a 
similar dramatic increase as a result of this new strategy and the population has 
remained small. The pink-footed goose (Anser brachyrhynchus) also winter in The 
Netherlands, but have kept its migratory traditions and breeds solely in the high 
Arctic. Why it’s only the barnacle goose that has been successful in expanding its 
breeding habitat to temperate grounds is an unanswered question. What is obvious 
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is that they are successful. Management plans have been implemented to minimize 
the effect of large populations of Barnacle geese, such as using disturbance programs 
where they are not welcome, trying to concentrate the population to areas where 
the (economic) damage is minimal, and regulating the population by culling and 
removing eggs from nests.  Despite these activities, however, the Dutch barnacle 
goose population continues to increase. 

Future management of the increasing barnacle goose population in The Netherlands 
should be re-examined.  For example, forced dispersal programs inevitably result 
in geese returning to the same area. With few sufficiently large feeding grounds, 
the geese are left with little choice other than to return to the land from which 
they were dispersed. In addition, the observed variation in reaction to acute stress 
(Chapter 5) suggests that the geese adapt to the stressor as they may accommodate 
to the disturbance. It is clear that the Dutch breeding population of barnacle geese 
has continued to increase despite the disturbance program and a low health status 
(Chapter 4). Previous studies on barnacle geese have suggested that the high 
predation pressure over the migratory fly-way has contributed to the emergence 
of the temperate non-migratory population. Will “predation by parasite” be the 
next major hurdle or will the population continue to grow as long as the geese are 
rewarded with a stable food supply and a minimum of large predators?

One of the underlying questions of this thesis was: Can health issues determine 
the population size and distribution of the barnacle goose? That is a question I 
haven’t been able to answer. Health issues may determine the population size of 
barnacle geese especially if disease rapidly permeates the populations.  However, 
this hypothesis may be tempered by the capacity of the barnacle geese to adjust its 
immune activity to the current level of disease pressure, coupled with the plasticity 
to adjust to local stressors. Regardless, it is remarkable that the barnacle goose is 
the only one of the traditionally Arctic migratory geese species that has altered 
its traditional migration behaviour by establishing a breeding population in The 
Netherlands, an area that previously was used solely as wintering ground.



Appendix

136

Streszczenie po polsku



137

&

Wszystkie żywe organizmy muszą się chronić przed szkodliwymi czynnikami 
środowiska, w którym żyją. U kręgowców, systemem obronnym jest układ 
odpornościowy: wielopoziomowy system różnych połączonych i współgrających 
ze sobą mechanizmów obronnych, każdy posiadający wady i zalety. 

System ten jest niezbędny dla funkcjonowania zwierząt i zapewnia takie 
korzyści jak zapobieganie zmniejszeniu wydajności spowodowane infekcjami lub 
chorobami. Jednakże, utrzymanie i sprawne funkjonowanie tego systemu wymaga 
czasu i energii. W skrajnych przypadkach, autoimmunologiczne prosesy mogą 
prowadzić do niszczenia zdrowych komórek organizmu. Ponieważ utrzymanie 
sprawnego układu odpornościowego to duży wydatek energetyczny, zwierzęta 
równocześnie muszą wydatkować mniej energii na inne procesy, takie jak wzrost 
czy rozmnażanie. Jednakże, tak znaczny wydatek energetyczny może być bardziej 
opłacalny u zwierząt występujących w środowisku o częstym wystepowaniu 
infekcji, chorób i pasożytów niż w środowisku o niskim występowaniu tych 
czynników.

Znaczna ilość migrujących zwierząt na przemian występuje w środowiskach o 
niskim i wysokim ryzyku zachorowań co uwidacznia się w zmianach ich indeksów 
immunologicznych. Bernikla białolica (Branta leucopsis) migruje zazwyczaj z 
terenów lęgowych znajdujących się w Arktyce na zimowiska na terenie Szkocji 
i Holandii. Jednakże, zwiększona dostępność pokarmu spowodowana zmianami 
na obszarach rolniczych południowo-zachodniej Holandii, takimi jak większa 
wydajność plonów w czasie lata, spowodowała, że część populacji nie migruje i 
spędza cały rok na tych obszarach. W przypadków bernikli, korzyści wynikające 
z zaniechania migracji to zmniejszone narażenie na występowanie drapieżników, 
krótszy okres opieki nad lęgiem, całoroczna stabilna baza pokarmowa i 
zmniejszenie wydatków energetycznych związanych z samą migracją. Migrujące 
osobniki korzystają natomiast z występowania bardziej odżywczego pokarmu w 
Arktyce i zmniejszonego występowania chorób na tym obszarze. 

Arktyka charakteryzuje się niesprzyjającymi warunkami dla mikro i makro 
pasożytów oraz dla ich żywicieli. Regiony polarne są obszarami odizolowanymi 
zarówno przez ekstremalne warunki tam panujące jak i znaczne odległości 
dzielące je z innymi  obszarami. Pomimo tego, część zwierząt zamieszkujących 
zarówno północne jak i południowe regiony polarne jest seropozytywna w 
stosunku do pasożytniczego pierwotniaka Toxoplasma gondii, którego żywicielem 
ostatecznym są kotowate niewystępujące na żadnym z tych obszarów. Na przykład, 
na Svalbardzie, gdzie nie występują ani dzikie ani udomowione kotowate, infekcje 
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spowodowane przez T. gondii zostały zaobserwowane u lisów- (Vulpes lagopus) i 
niedźwiedzi polarnych (Ursus maritimus). Jedną z możliwych dróg jakimi dostały 
sie oocyty tych pasożytów na tereny arktyczne są filtrujące ryby i małże niesione 
przez prądy oceaniczne i w ten sposób pojawiające się w artycznych łańcuchach 
pokarmowych, na górze których są wyżej wymienione gatunki drapieżników. 

Pytaniem przewodnim mojej pracy jest: czy gęsi odnoszą korzyści zdrowotne 
migrując do Arktyki?

W tym celu postawiłam następujące pośrednie pytania:
i) Jaka jest rola migrujących gęsi w przenoszeniu chorób z zimowisk 

na obszary lęgowe (rozdział 2)
ii) W jaki sposób czynniki węwnetrzne (rozmnażanie i pierzenie) 

i zewnętzne (występowanie czynników chorobotwórczych, 
dostępność pokarmu) wpływają na aktywność immunologiczną 
(rozdział 3)

iii) Jak kondycja ptaków wpływa na ich wzrost (rozdział 4)
iv) W jaki sposób różne populacje reagują na gwałtowne czynniki 

stresujące (rozdział 5)

W prezentowanej pracy, rozdziale 2, analizowałam alternatywną, ”powietrzną”, 
drogę dostania sie tych pierwotniaków na tereny artyczne przez porównanie 
przeciwciał migrujących gatunków gęsi (gęś krótkodzioba, Anser brachyrynchus, 
i bernikla białolica) z tymi niemigrującymi (gęś gęgawa, Anser anser, bernikla 
kanadyjska, Branta canadensis, i bernikla białolica). Młode gęsi urodzone 
w Arktyce nie miały przeciwciał na T. gondii, natomiast takie przeciwciała 
występowały u dziewięcio miesięcznych osobników. Stąd wnioskuję, że gęsi miały 
styczność z T. gondii  w czasie swojego pierwszego pobytu na zimowiskach, a 
następnie zaniosły tego pasożyta na tereny lęgowe w czasie następnej migracji na 
północ. Kiedy zainfekowane osobniki zostaną zjedzone przez artyczne drapieżniki 
lub padlinożerców, pasożyt ten dostaje sie do artycznego łańcucha pokarmowego. 
Badania pokazują, że osobniki raz zainfekowane przez T. gondii pozostają 
odporne na tego pasożyta przy powtórnej infekcji. Mimo tego, prawie połowa 
seropozytywnych osobników nie wykazała seropozytywności w następnym sezonie 
migracyjnym. Taka roczna zmienność przeciwciał przeciwko T. gondii nie została 
wcześniej udokumentowana. Skowronki regulują swój układ immunoloczny nie 
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tylko w związku z regularnymi cyklami jak rozmnażanie, pierzenie czy migracja, 
ale również w związku z mniej regularnymi zmianami środowiskowymi jak 
dostępność pokarmu czy występowanie chorób. Moje badania prezentują również,                         
że inne składowe systemu odpornościowego mogą wykazywać czasowe wahania.
Dla bernikli białolicej, wahania warunków środowiskowych występują zarówno 
między jak i w przeciągu cyklu rocznego. Takie wahania są szczególnie ważne 
na pierzowiskach kiedy ptaki nie są zdolne do lotu i w związku z tym ich 
przemieszczanie się jest ograniczone do niewielkiego obszaru. W czasie wymiany 
piór zwiększone wydatki energetyczne są nie tylko związane z samym wzrostem 
nowych piór, ale również ze zwiekszoną termoregulacją związaną z utratą warstwy 
izolacyjnej i rozrostem mięśni nóg. Jeśli podstawowe mechanizmy obronne 
związane są głównie z czynniami wewnętrznymi ptaków, wahania aktywności 
układu immunologicznego powinny być w większości związane z różnymi stadiami 
wzrostu piór. Jeśli, jednak, zmiany w aktywności systemu są bardziej związane z 
czynnikami zewnętrznymi, występowanie czynników chorobotwórczych i zmiany 
dostępności pokarmu powinny byc skorelowane z tymi wahaniami. W związku 
z ograniczonymi możliwościamy poruszania się gęsi na pierzowiskach, lokalne 
zasoby pożywienia są wyczerpywane wraz z postępem sezonu. Dodatkowo, 
ze względu na duże zagęszczenie osobników, warunki takie sprzyjają częstnej 
wymianie pasażotów i czynników chorobotwórczych. Ponownie, jeżeli aktywność 
układu odpornościowego determinowana jest głównie przez czynniki zewnętrzne,                                  
na pierzowiskach, ta aktywność powinna więc być zsynchronizowana pomiędzy 
osobnikami. 

W rozdziale 3, wraz ze współautorami opisuję, że w rzeczy samej wahania 
aktywności układu immunologicznego sa głównie związane z okresem pierzenia 
a w mniejszym stopniu z fazami wzrostu piór. Aby pokazać, że to czynniki 
środowiskowe (zewnętrzne) głównie oddziaływują na układ odpornościowy, 
porównaliśmy dwie populacje bernikli białolicych: migrującą i stacjonarną. Wyniki 
pokazują, że aktywność immunologiczna jest mniejsza u osobników migrujących 
niż niemigrującyh, u których dostępność pożywienia i czynniki chorobotwórcze 
sa większe. 

W rozdziale 4 opisuję jak kondycja i zapasożycenie ptaków wpływa na ich 
wzrost. W tym celu 16 młodych bernikli białolicych było wychowanych w Artyce 
(Svalbard) i tyle samo w Holandii. Wyniki pokazują znacznie różnice miedzy tymi 
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dwoma grupami. Lęg holenderski charakteryzował się gorszą kondycją, zwiekszoną 
ilością pasożytów układu pokarmowego, zmianami histopatologicznymi w 
wątrobie,nerkach i jelitach oraz zmniejszoną masą ciała. Zmiany te jednakże 
nie wpływały na rozwój osobników. Wnioskujemy, że 1) zmienność osobnicza w 
obserwowanej grupie była zbyt mała aby oszacować wpływ kondycji ptaków na ich 
wzrost, 2) inne czynniki niż kondycja najprawdopodobniej wpływają na rozwój 
młodych osobników.

Rozdziały 2 i 3 opisują, jak aktywność immunologiczna i ogólna kondycja 
fizyczna (rozdział 4) różnia się w zależności od środowiska i pokazują, że wahania 
czynników środowiskowych są głowną przyczyną tych różnic. Reakcja na stres, 
zarówno przewlekły jak i ostry, jest również ważnym czynnikiem wpływającym                          
na aktywność układu immunologicznego. W rozdziale 5, razem ze współautorami, 
opisuję różnice w odpowiedzi immunologicznej na różne czynniki stresowe u 
bernikli białolicych. Dane pochodzą z czterech różnych populacji obserwowanych 
w czasie pierzowisk w Arktyce i Holandii i charakteryzujących sie różną 
ekspozycją na działalność człowieka. W ten sposób testuję hipotezę, że populacje, 
które mają mniejszą styczność z obecnościa człowieka mają silniejszą odpowiedź 
immunoliczną na ten czynnik w czasie łapania ptaków i rezultaty moich badań to 
potwierdzają. 

Moje badania również pokazują, że bernikle białolice to jedyny gatunek gęsi z 
tych mających lęgi na terenach arktycznych, który tak przystosował się do zmian 
środowiskowych. Tylko niewielka grupa gęsi białoczelnych (Anser albifrons) 
zimujących w Holandii zaprzestała migracji, a lęgi gęsi krótkodziobej do teraz 
nie zostały zaobserwowane na terenie Holandii i gatunek ten kontynuuje swoją 
tradycyjną migrację na tereny Arktyczne. Dlaczego bernikla białolica to jedyny 
gatunek, który zmienił swoje zwyczaje migracyjne jest ciągle pytaniem bez 
odpowiedzi. Co więcej, ta nowa strategia wydaje się korzystna dla niemigrującej 
populacji. Pomimo różnych planów zarządzania tym gatunkiem, jak agregacja 
osobników na terenach gdzie ich wpływ na uprawy jest minimalny, odstrzał i 
redukcja jaj, populacja ta ciągle rośnie. 

W związku z tym obecne i przyszłe zarządzanie tym gatunkiem powinny być 
ponownie rozpatrzone, szczególnie, że moje badania pokazują, że gatunek 
ten wykazuje duże zdolności adaptacyjne (rozdział 5) mimo niskiej ogólnej 
kondycji ptaków (rozdział 4). Inne badania wskazuję, że jednym z czynników 
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wpływających na zwiększenie liczby ptaków pozostających na lęgi w Holandii 
może być zwiększona ilość drapieżników wdłuż tradycyjnych tras migracyjnych. 
Czy zwiększona ilość pasożytów może przyczynić sie        do zmniejszenia populacji 
czy stabilny dostęp do pożywienia i brak obecności dużych drapieżników bedą 
temu przeciwdziałać? Jednym ze znaczących pytań postawionych w tej pracy, na 
które niestety nie udało mi się odpowiedzieć, jest: czy kondycja ptaków może 
wpływać na wielkość i rozmieszczenie populacji bernikli białolicej? 

Streszczenie po polsku
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Allt liv behöver skydda sig mot smittämnen i sin miljö. Immunsystemet, ett 
skyddsnätverk i flera nivåer med diverse försvarsstrategier och mekanismer, 
var och en med sina för- och nackdelar, är ett av ryggradsdjurens interna 
försvarssystem. Det är oumbärligt för överlevnad och har betydande fördelar, 
som att minimera konditionsförlust orsakad av infektion och sjukdom.  Dock 
har detta mångfacetterade och sofistikerade system nackdelar på grund av den 
energi och den tid det kräver för sin utveckling, aktivering och underhåll. Vissa 
immunreaktioner kan även orsaka följdskador på kroppsegna friska celler. Därmed 
är maximal aktivering av immunsystemet inte alltid det bästa tillvägagångssättet. 
Ekologisk immunologi är uppbyggd kring tanken att immunsystemet, i enlighet 
med livshistorieteorin, är kostsamt och därmed utsatt för ständiga avvägningar 
gentemot andra livshistorieprocesser, som kroppstillväxt och fortplantning. 
Eftersom immunsystemets mest uppenbara fördel är resistens mot infektioner, 
sjukdomar ocht parasiter ligger det nära till hands att anta att djur i en miljö med 
hög infektionsrisk skulle ha mer att vinna på ett aktivt immunförsvar än djur i en 
miljö med låg sjukdomsrisk. 

Många djurarter vistas omväxlande i områden med hög respektive låg 
infektionsrisk under loppet av årliga migrationscykler, vilket återspeglas i 
variationer i deras immunparametrar. Vitkindade gäss (Branta leucopsis) 
migrerar i normalfallet till häckningplatser i norra Arktis och återvänder under 
hösten till tempererade övervintringsplatser som Skottland och Nederländerna. 
Dock har sentida förändringar i lantbruk och markanvändning förbättrat 
sommarförhållandena för gäss i Nederländerna, vilket har gett upphov till en bofast 
population av vitkindade gäss längs med floderna i sydvästra Nederländerna. 
Dessa bofasta gäss ingår i en population som uppstod ifrån arktiska gäss vars 
migrationsbeteende sedermera upphört. Fördelarna med att överge etablerade 
migrationsmönster omfattar: minskat predationstryck under migrationen, 
förkortad omvårdnad av gässlingar, samt stabila födokällor vid de tempererade 
sommaruppehällena. Därtill slipper den bofasta gåspopulationen den farliga 
och energikrävande flytten på hundratals mil fram och tillbaka till arktiska 
sommaruppehällen. Häckning i det energikrävande Arktis belönas däremot med 
näringsrika (om än knapphändiga) födoväxter, samt lägre infektionsstryck jämfört 
med tempererade boplatser. Det minskade sjukdomstrycket i Arktis extrema 
miljö beror huvudsakligen på klimatet, som är ogästvänligt för såväl mikro- och 
makroparasiterna själva som för deras värddjur.

Sammanfattning på svenska
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Polarregionerna är isolerade genom sin extrema miljö och avlägsenhet. Trots 
detta har ett flertal djurarter befunnits vara seropositiva (med antikroppar i blodet) 
för det parasitiska urdjuret Toxoplasma gondii, trots att båda polarområdena 
saknar kattdjur, som är de huvudsakliga värddjuren för T. gondii. Exempelvis 
finns inga vilda kattdjur på ögruppen Svalbard i Norra Ishavet, och huskatter är 
förbjudna. Detta till trots har T. gondii-infektion påträffats i lokala toppredatorer 
som fjällräv (Vulpes lagopus) och isbjörn (Ursus maritimus). Det har föreslagits att 
parasitens oocystor skulle kunna driva med havsströmmarna och komma in i den 
högarktiska näringskedjan genom filtrerare som fisk och musslor.

Den övergripande frågeställningen i denna avhandling var: Är det fördelaktigt ur 
ett hälsoperspektiv för gäss att migrera till Arktis? 

I dagsläget har denna avhandling behandlat följande specifika frågor: 

i) Vilken roll spelar flyttande vitkindade gäss i sjukdomsspridning 
mellan de tempererade övervintringsplatserna och de arktiska 
häckningsplatserna? (Kapitel 2)

ii) Hur förklaras variationen i immunaktivitet av ultimata orsaker 
(fortplantning och ruggning av vingpennor) och av proximata 
orsaker (sjukdomsrisk och födotillgång)? (Kapitel 3)

iii) Hur förklaras variation i kroppstillväxt av hälsotillståndet?  
(Kapitel 4)

iv) Hur skiljer sig populationerna i sina uppfattningar av och reaktioner 
på akuta stressfaktorer? (Kapitel 5)

I kapitel 2 redogör mina medskribenter och jag för vår undersökning av en luftburen 
smittväg via flyttande gäss, med stöd av analyser av antikroppsförekomst i två arter 
av flyttande gäss (spetsbergsgås, Anser brachyrhynchus och vitkindad gås, Branta 
leucopsis) samt tre arter av bofasta gäss (grågås, Anser anser, Kanadagås, Branta 
canadensis, samt vitkindad gås, Branta leucopsis). Inga gässlingar påträffades 
seropositiva på någon häckningsplats, men niomånaders unggäss befanns 
seropositiva under sin första flytt. Vi drog därmed slutsatsen att gäss kommer i 
kontakt med T. gondii när de anländer till övervintringsplatserna för första gången. 
De infekterade gässen transporterar parasiten till de arktiska häckningsplatserna. 
Då en infekterad gås blir föda åt arktiska rovdjur/asätare kommer parasiten in i den 
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arktiska näringskedjan. Infekterade individer kan förväntas få fortsatt skydd mot 
parasiten genom att de vid förnyad infektion snabbt kan öka halten antikroppar i 
blodomloppet och därmed stoppa parasiten. Överraskande nog var nästan hälften 
av de seropositiva fåglarna seronegativa påföljande år. Denna årliga variation i 
seroprevalensen för T. gondii-antikroppar var tidigare okänd. 

Vad gäller vitkindade gäss förväntas miljöfaktorer som födotillgång och 
infektionstryck variera såväl inom som mellan de olika stegen i den årliga 
migrationscykeln. Detta gäller i synnerhet under ruggning av vingpennorna, 
då fjädertillväxten, den ökade termoregleringen som åtföljer en förlust av 
fjäderisolering, och omställningen av kroppsvävnader till benmuskulatur som en 
följd av den markbundenhet under ruggningen ger upphov till energikostnader. 
Förutsatt att den grundläggande immuniteten främst påverkas av interna faktorer 
som ruggning, bör variation i immunförsvarets aktivitet vara starkt bunden till 
fjädertillväxtperioden. Å andra sidan skulle variation i immunförsvarets aktivitet 
kunna förklaras av externa faktorer, som infektionstryck och födotillgång. 
Under ruggningen är gässens rörlighet nedsatt, och därför utarmas den lokala 
födotillgången under säsongens gång. Det är likaså sannolikt att risken för 
återinfektion ökar när fåglarna utnyttjar tundran intensivt och söker föda inom 
samma område. Om så är fallet och immunitetsnivån främst är kopplad till externa 
faktorer, borde immunitetsnivån bland individuella fåglar vara synkroniserad och 
man borde kunna påvisa stark koppling mellan immunsystemets aktivitet och 
kalenderdatum som respons på förändringar i den externa miljön. 

I kapitel 3 demonstrerar mina medskribenter och jag att variationen i 
immunitetsnivå under ruggning av vingpennor bland flyttande vitkindade gäss 
är starkt bunden till kalenderdatumet, samt i mindre grad till fjädertillväxt. I syfte 
att utreda denna miljöfaktor ytterligare jämfördes den flyttande populationen 
på Svalbard med den bofasta populationen i Nederländerna. Det påvisades att 
immunförsvarets aktivitet i den arktiska populationen generellt var lägre än i hos 
population i den tempererade zonen, där såväl sjukdomstryck som födotillgång 
förutsades vara högre. Detta skulle kunna innebära att nederländska populationen 
möjligen har ett sämre hälsoläge än den arktiska populationen.

För att utvärdera hälsotillståndet och parasittryckets effekt på kroppstillväxten 
föddes 16 gässlingar av vitkindad gås upp på Svalbard och ytterligare 16 gässlingar 
i Nederländerna. En fullständig undersökning post mortem av gässlingarna visade 
på betydande skillnader mellan grupperna. Den nederländska gruppen uppvisade: 
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1) sämre allmänt hälsotillstånd, 2) klart högre belastning av parasiter i inälvor 
och njurar, 3) tydligt sjukliga vävnadsförändringar i lever, njure och tarmsystem, 
samt 4) signifikant lägre kroppsvikt. Inom den nederländska gruppen kunde dock 
ingen kausal förbindelse mellan kroppstillväxt och hälsotillstånd påvisas. Vi drog 
följande slutsatser: 1) variationen inom våra provgrupper var för liten för att påvisa 
någon inverkan av hälsotillståndet på kroppstillväxten, samt att 2) andra viktiga 
faktorer påverkar kroppstillväxten hos unggäss och gässlingar.

Så långt har det påvisats att immunförsvarets aktivitet (kapitel 2 och 3) och 
hälsotillståndet (kapitel 4) varierar med boplatsen, samt att miljöskillnader 
är variationens huvudsakliga orsak. Det är även känt att såväl akut som 
kronisk stressrespons har en betydande effekt på immunförsvarets aktivitet. 
Generellt har ett klart, men inte alltid enhetligt, samband mellan upplevd 
stress och immunförsvarets aktivitet dokumenterats. I (kapitel 5) utvärderar 
mina medskribenter och jag skillnader i immunrespons på en gemensam 
stressfaktor genom att mäta stressrelaterad immunrespons efter fångst av vilda 
vitkindade gäss. Vi utförde prover på gäss under ruggning av vingpennorna på 
de arktiska och tempererade sommarboplatserna över fyra olika populationer 
med olika exponering för mänsklig närvaro, i syfte att pröva hypotesen att de 
populationer som mer sällan utsätts för mänsklig aktivitet sannolikt uppvisar 
högre stressrelaterad immunrespons under fångst. Resultaten klargör att olika 
populationer av vilda vitkindade gäss har differentierad känslighet för akut stress, 
där den minst människoutsatta populationen uppvisade de största förändringarna 
i immunförvarets aktivitet under fångst.

Slutligen vill jag uppmärksamma den vitkindade gåsen för dess anpassningsförmåga. 
Hur kan det förklaras att den vitkindade gåsen har anpassat sig till en förändrad miljö 
på ett sätt som ingen av de övriga gåsarterna som häckar i Arktis och övervintrar 
i tempererade zoner gjort? Likt den vitkindade gåsen övervintrar exempelvis 
bläsgåsen (Anser albifrons) i Nederländerna, och vissa par övergav under åttiotalet 
den nordliga flytten och började häcka i de nederländska flodmynningarna. Dock 
har den bofasta populationen av bläsgäss aldrig uppnått någon liknande dramatisk 
tillväxt tack vare den nya strategin och den har förblivit liten. Spetsbergsgåsen (Anser 
brachyrhynchus) övervintrar även den i Nederländerna, men den har behållit sina 
traditionella flyttvägar och häckar uteslutande i Arktis. Frågan varför endast den 
vitkindade gåsen har lyckats utöka sitt häckningsområde till tempererade zoner 
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förblir obesvarad. Deras framgång är däremot otvivelaktig. Handlingsplaner har 
satts i verket för att minimera skadeverkningar av stora populationer vitkindade 
gäss, såsom störningsåtgärder där de är ovälkomna, försök att koncentrera 
populationen till områden där ekonomiska skadeverkningar är minimala, samt 
populationsbegränsning genom gallring och äggprickning. Den nederländska 
populationen av vitkindad gås ökar dock fortgående, dessa åtgärder till trots.

Framtida förvaltning av den växande populationen av vitkindad gås i Nederländerna 
bör ses över. Exempelvis resulterar tvångsskingring med skrämselåtgärder 
oundvikligen i att gässen återvänder tillsamma område. Eftersom det finns ett 
fåtal födoområden av tillräcklig omfattning, saknar gässen andra möjligheter än 
att återvända till området de skingrats ifrån. Därtill indikerar den observerade 
variationen i reaktion på akut stress (kapitel 5) att gässen anpassar sig till 
stressfaktorer och vänjer sig vid störningar. Det står klart att den nederländska 
populationen av vitkindad gås har fortsatt sin tillväxt trots störningsprogram 
och dåligt hälsotillstånd (kapitel 4). Föregående studier av vitkindad gås låter 
förstå att högt predationstryck under flytten har bidragit till den ickeflyttande 
populationens framväxt i tempererade områden. Kommer parasitinfektion att 
utgöra ett betydande hinder, eller kommer populationen att fortsätta växa så länge 
gässen åtnjuter stabil tillgång till föda och ett minimum av större rovdjur?

En underliggande fråga för denna avhandling är: Kan hälsoproblem begränsa den 
vitkindade gåsens populationsstorlek och spridning? Det är en fråga som förblir 
obesvarad. Det är möjligt att hälsoproblem begränsar den vitkindade gåsens 
populationsstorlek, särskild om smittspridningen är snabb inom populationerna. 
Däremot kan ett sådant scenario motverkas av den vitkindade gåsens förmåga 
att justera sitt immunförsvar till rådande infektionstryck i samverkan med dess 
anpassning till lokala stressfaktorer. Oberoende av detta är det anmärkningsvärt 
att den vitkindade gåsen är den enda gåsarten med traditionell arktisk migration 
som har förändrat sitt traditionella flyttbeteende genom att etablera en häckande 
population i Nederländerna, ett område som tidigare endast tjänade som 
övervintringsplats.
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Levende organismen zijn genoodzaakt zich te beschermen tegen schadelijke 
stoffen in hun omgeving. Vertebraten gebruiken voor hun verdediging het 
immuunsysteem: een beschermend netwerk van afweerstrategieën met een 
verscheidenheid aan mechanismen, ieder met verschillende voordelen en kosten. 
Het immuunsysteem is essentieel voor de overleving en biedt significante voordelen, 
zoals minimalisering van fitnessverlies dat door infecties en ziektes teweeg wordt 
gebracht. Aan dit veelzijdige en geavanceerde systeem kleven echter ook kosten 
zoals energie en tijd die nodig zijn voor ontwikkeling, activering en onderhoud. 
Ook kunnen gezonde cellen in het lichaam schade ondervinden van bepaalde 
immunologische reacties. Maximale immuunactiviteit is dus niet altijd de beste 
benadering. Ecologische immunologie gaat over de afweging van kosten voor het 
immuunsysteem en voor andere levensprocessen zoals groei en voortplanting. Een 
duidelijk voordeel van het immuunsysteem is weerstand tegen infecties, ziektes en 
parasieten. Het is verleidelijk om aan te nemen dat dieren in een omgeving met 
een hoog risico op aandoeningen een mogelijk groter voordeel ondervinden van 
een actief immuunsysteem dan dieren uit een laag risico gebied.

Veel dieren alterneren tussen gebieden met hoog en laag ziekterisico tijdens 
jaarlijkse migraties, wat tot uiting komt in de variatie van hun immuunindex. 
Brandganzen (Branta leucopsis) migreren gewoonlijk naar Arctische broedgebieden 
en keren in de herfst terug naar gematigde overwinteringsgebieden zoals Schotland 
en Nederland. Door recente veranderingen in de landbouw en in landgebruik 
zijn de voorwaarden ’s zomers voor de ganzen in Nederland verbeterd. Dit heeft 
geresulteerd in de vestiging van een sedentaire populatie van brandganzen in de 
rivierdelta’s in zuidwest Nederland. De sedentaire ganzenpopulatie is ontstaan uit 
arctisch-migrerende ganzen met een afnemend migratiepatroon. Het opgeven 
van de traditionele migratie heeft voordelen: verminderde predatie-risico’s 
tijdens de migratie, kortere ouderlijke zorg, en een stabiele voedselvoorziening 
in de gematigde zomergebieden. Bovendien maakt de sedentaire populatie niet 
langer de gevaarlijke en energie eisende reis van duizenden kilometers naar de 
Arctische zomergronden. Broeden in het energetisch dure Arctische gebied wordt 
echter beloond met voedingsrijke planten en een verminderde ziektedruk in 
vergelijking met de gematigde gebieden. Verminderde ziektedruk in het Arctische 
gebied is grotendeels te danken aan het klimaat dat ongunstig is voor micro- en 
macroparasieten en voor organismen die parasieten overbrengen.

Poolgebieden zijn tamelijk ontoegankelijk voor ziekteverwekkers door 
hun extreme temperatuur als door hun afgelegen locatie. Niettemin worden 
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zowel in de Arctische als in de Antarctische gebieden verschillende diersoorten 
gevonden die seropositief zijn (met antilichamen in hun bloed) voor de parasitaire 
protozo Toxoplasma gondii, ondanks het feit dat de gebruikelijke gastheren voor 
T. gondii, namelijk katachtigen, ontbreken. Er komen geen wilde katachtigen 
voor op Spitsbergen en huiskatten zijn er verboden. Toch zijn er infecties van 
T. gondii waargenomen in toppredatoren zoals poolvossen (Vulpes lagopus) en 
ijsberen(Ursus maritimus). Een mogelijke verklaring is dat oöcysten van deze 
parasiet via zeestromen verspreid worden en vervolgens via filtervoedende vissen 
en mosselen in de Arctische voedselketen komen.

In dit proefschrift werd daarom als belangrijkste vraag gesteld: Hebben ganzen 
gezondheidsvoordelen door naar de Artische gebieden te trekken?

Vervolgens werden de volgende meer specifieke vragen gesteld:
i) Welke rol spelen migrerende ganzen in de overdracht van ziektes  

wanneer zij zich tussen hun gematigde overwinteringsgebieden en 
de Arctische broedgebieden bewegen? (Hoofdstuk 2)

ii) Hoe verklaren ultimate factoren (reproductie en vleugelrui) en 
proximate factoren (ziekterisico en beschikbaarheid van voedsel) de 
variatie in immuunactiviteit? (Hoofdstuk 3)

iii) Hoe worden verschillen in groei verklaard door de gezondheids-
toestand? (Hoofdstuk 4)

iv) Hoe verschillen populaties in hun perceptie en immuunrespons op 
een acute stressfactor? (Hoofdstuk 5)

In hoofdstuk 2 onderzochten mijn co-auteurs en ik een transmissie-route via 
migrerende ganzen door niveaus van antilichamen te analyseren van twee 
poloulaties trekkende ganzensoorten (de kleine rietgans, Anser brachyrhynchus en 
de brandgans Branta leucopsis), en drie niet-trekkende ganzensoorten (de grauwe 
gans, Anser anser; de Canadese gans, Branta canadensis en de brandgans, Branta 
leucopsis). Er werden geen seropositieve juveniele ganzen in de broedgebieden 
gevonden, daarentegen waren negen-maanden oude ganzen seropositief tijdens hun 
eerste voorjaarstrek. We hebben daarom geconcludeerd dat de ganzensoorten met 
T. gondii in aanraking komen bij de eerste aankomst in hun overwinteringsgebied. 
De volgende zomer vervoeren de besmette ganzen de parasiet naar de Arctische 
gebieden. Als de besmette gans door een predator of aaseter gegeten wordt, komt 
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de parasiet in het Arctische voedselweb. In het algemeen wordt verwacht dat 
geïnfecteerde individuen beschermd blijven tegen de parasiet door specifieke 
antilichamen die in de bloedstroom circuleren, waardoor bij her-infecties de 
concentratie snel toeneemt en een indringer tegenhoudt. Verrassend is dat 
bijna de helft van de seropositieve vogels het volgende jaar geen seroprevalentie 
vertoonden. Deze jaarlijkse variatie van seroprevalentie van antilichamen tegen T. 
gondii was voorheen onbekend.

Voor sommige soorten, zoals de brandgans, variëren factoren als 
voedselbeschikbaarheid en ziektedruk zowel binnen als tussen de jaarlijkse cycli. 
Dit geldt vooral tijdens de vleugelrui wanneer de ganzen beperkt zijn in hun 
beweging en daarmee aangewezen zijn op een begrensd gebied. Tijdens de rui 
zijn de energiekosten geassocieerd met veergroei, toegenomen thermoregulatie 
wegens vermindering van veerisolatie, en verschuivingen in somatische weefsels 
door onder andere sterk ontwikkelde beenspieren. Aangezien immuunaktiviteit 
voornamelijk wordt beïnvloed door interne factoren zoals de rui, zal na verwachting 
variatie in immuunactiviteit sterk geassocieerd worden met het stadium van de 
verengroei. Anderzijds kan variatie in immuunactiviteit worden verklaard door 
externe factoren, zoals ziektedruk en voedselbronnen. Ganzen zijn tijdens de rui 
in hun mobiliteit beperkt, met als gevolg dat de lokale voedselbronnen uitgeput 
raken naarmate het seizoen vordert. Bovendien neemt waarschijnlijk het risico op 
kruisbesmetting toe als de vogels intensief grazen en gebruik maken van dezelfde 
weidegrond. Als dit het geval zou zijn en tevens de immuunactiviteit voornamelijk 
geassocieerd wordt met externe factoren, dan worden de immuunaktiviteiten 
tussen de individuen gesynchroniseerd. Daarmee zou er een sterke associatie 
zijn tussen immuunaktiviteit en kalenderdatum, waarbij de kalenderdatum de 
temporele veranderingen in de omgeving weerspiegelt.

In hoofdstuk 3, laten mijn co-auteurs en ik zien dat de variatie in immuunactiviteit 
tijdens de vleugelrui bij de trekkende brandganzen sterk geassocieerd is met de 
kalenderdatum en in mindere mate met de groei van de vleugelveren. Om deze 
omgevingsfactoren verder te onderzoeken, hebben we de migrerende populatie op 
Spitsbergen vergeleken met de sedentaire populatie in Nederland. We vonden dat 
de immuunactiviteit in de Arctische populatie in het algemeen lager was dan in 
de populatie in het gematigde gebied, waar zowel ziektedruk als beschikbaarheid 
van voedsel naar verwachting hoger waren. Dit zou kunnen betekenen dat de 
Nederlandse populatie een lagere gezondheidsstatus dan de Arctische populatie 
zou kunnen hebben.
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Om de gezondheidstoestand en het effect van de parasietbelasting op de groei te 
onderzoeken, werden 16 jonge brandganzen op Arctisch Spitsbergen opgevoed 
en 16 in het gematigde Nederland (hoofdstuk 4). Een volledig post-mortem 
onderzoek van vliegklare gansjes toonde aan dat er belangrijke verschillen bestaan 
tussen de groepen. De Nederlandse ganzen hadden: 1) een algemeen lagere 
gezondheidsstatus, 2) een significant hogere belasting van intestinale en renale 
parasieten, 3) duidelijke histopathologische veranderingen in de lever, nieren 
en darmen, en 4) een significant lager lichaamsgewicht. Binnen de Nederlandse 
groep vonden we echter geen verband tussen groei en gezondheidstoestand. We 
concluderen daarom dat: 1) de variatie in onze groepen te klein is om een effect 
van de gezondheidstoestand op de groei te identificeren en 2) er andere factoren 
zijn die de groei van jonge ganzen beïnvloeden.

Tot nu toe is gebleken dat immuunactiviteit (hoofdstukken 2 en 3) en 
gezondheidstoestand (hoofdstuk 4) verschillen per standplaats en dat verschillen 
in de milieufactoren de belangrijkste oorzaak zijn van deze bevindingen. Het is 
ook bekend dat reactie op stress, zowel chronisch als acuut, een significant effect 
heeft op de immuunactiviteit. In het algemeen is er een duidelijke, maar niet altijd 
uniforme relatie tussen de ervaren stress en de immuunactiviteit gedocumenteerd. 
In het laatste hoofdstuk (5), evalueren mijn co-auteurs en ik de verschillen in de 
immuunrespons op een gemeenschappelijke stressfactor door de stress-gerelateerde 
immuunrespons te meten na het vangen van wilde brandganzen. Tijdens de 
vleugelrui verzamelden we in de Arctische en gematigde gebieden ganzen van 
vier populaties, die op verschillende wijze waren blootgesteld aan menselijke 
aanwezigheid. Dit werd gedaan om de hypothese te kunnen testen dat populaties 
die minder frequent worden blootgesteld aan menselijke activiteiten waarschijnlijk 
een sterkere stressgerelateerde immuunrespons vertonen tijdens de vangst. De 
resultaten duiden erop dat de verschillende populaties van wilde brandganzen op 
verschillende manieren gevoelig zijn voor (acute) stress; de populatie die het minst 
gewend was aan bevolking vertoonde de grootste verandering in immuunactiviteit 
tijdens de vangst.

Tenslotte wil ik de flexibiliteit van de brandgans onder de aandacht brengen. 
Hoe kan men verklaren dat de brandgans zich aan een veranderende omgeving 
heeft kunnen aanpassen, terwijl geen van de overige Arctische of gematigde 
overwinterende ganzensoorten dat hebben gedaan? Kolganzen (Anser albifrons) 
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bijvoorbeeld, overwinteren in Nederland. Net als de brandgans, stelden in de jaren 
1980 sommige paren de migratie naar het noorden uit en begon te broeden in 
de Nederlandse rivierdelta’s. De sedentaire populatie van de kolgans heeft echter 
nooit een vergelijkbare indrukwekkende toename getoond als gevolg van deze 
nieuwe strategie, en is klein gebleven. De kleine rietgans (Anser brachyrhynchus) 
overwintert ook in Nederland, maar heeft de traditie van migratie behouden en 
broedt uitsluitend in Arctische gebieden. Waarom alleen de brandganzen succesvol 
zijn geweest in het uitbreiden van hun broedgebied naar de gematigde gebieden, 
is nog een onbeantwoorde vraag. Maar ontegenzeggelijk zijn ze succesvol. 
Beheersplannen zijn uitgevoerd om de omvang van brandganspopulaties te 
verminderen. Zo wordt er gebruik gemaakt van storingen in gebieden daar ze 
niet welkom zijn, verplaatsing naar gebieden waar de (economische) schade 
minimaal is, en regulering van de populatie door eieren uit nesten te verwijderen. 
Desondanks blijft de Nederlandse brandganspopulatie toenemen.

Het toekomstig beheer van de uitdijende brandganspopulatie in Nederland 
moet opnieuw worden onderzocht, omdat niet alle methoden doeltreffend zijn. 
Gedwongen verplaatsing van de ganzenijvoorbeeld leidt onvermijdelijk tot 
een terugkeer naar hetzelfde gebied. Met onvoldoende grote voedselgebieden 
hebben de ganzen weinig andere keuze dan terug te keren naar het land van 
waaruit zij werden verplaatst. Bovendien is de waargenomen variatie in de 
reactie op acute stress (hoofdstuk 5) dat de ganzen zich aanpassen aan bepaalde 
stressfactoren en ze zich niet laten verdrijven door storingen. Het is duidelijk dat 
de Nederlandse broedpopulatie van brandganzen is blijven toenemen, ondanks 
storingsprogramma’s en een lage gezondheidsstatus (hoofdstuk 4). Eerdere studies 
op brandganzen suggereerden dat de hoge predatiedruk tijdens de migratie heeft 
bijgedragen aan het ontstaan van de gematigde sedentaire populatie. Zal “predatie 
door parasieten” de volgende grote hindernis zijn of zal de populatie blijven 
groeien zolang de ganzen worden beloond met een stabiele voedselvoorziening en 
een minimum aan grote roofdieren?

Een van de onderliggende vragen van dit proefschrift was: kunnen 
gezondheidskwesties de grootte en de verdeling van de brandganspopulatie 
bepalen? Dat is een vraag die ik niet heb kunnen beantwoorden. 
Gezondheidskwesties kunnen de grootte van de populatie van brandganzen 
bepalen vooral als een ziekte zich snel kan verspreiden in de populatie. Deze 
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hypothese wordt echter afgezwakt door de mogelijkheid van de brandganzen 
om de immuunactiviteit aan de huidige ziektedruk aan te passen, in combinatie 
met een potentiele aanpassing aan lokale stressfactoren. Het is desalniettemin 
opmerkelijk dat de brandgans de enige van de Arctische migrerende ganzensoorten 
is die zijn traditionele migratiegedrag veranderd heeft door de vestiging van 
een broedpopulatie in Nederland, een gebied dat eerder enkel werd gebruikt als 
overwinteringsgebied.
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