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I. Introduction

CHAPTER 1
Bethany J. Hoye

Host-pathogen interactions on the move

G

ERMS: THE BANE OF OUR EXISTENCE

Although not always visible, parasitism is the most popular
life-style on Earth (Price 1980). The ubiquity of parasitic
invasions and their ability to reduce host fitness have led to the
evolution of host defence strategies, including a bewildering array of
immune responses (Hedrick 2004). In order to exist parasites must
successfully evade the host’s defences, at least for long enough to
replicate and invade another host. Parasite attack and host counterattack are therefore locked in an evolutionary “arms race” where both
are fighting for their lives, and the persistence of their genes.
Assuming that parasites will become specialised on common host
genotypes, and thereby reduce the fitness of these genotypes, natural
selection should favour rare host genotypes and hence the evolution
of sexual reproduction (Ridley 1994). Or so the theory goes.
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The evolution of sex is quite theoretical for the first few lines of a thesis, but it does serve to
highlight the overarching influence that parasites (particularly pathogens) have on life as we
know it. An anthropocentric view, though more tangible, paints no meeker picture of the
impact of pathogens. Infectious diseases underpin the global patterns of human history, having
shaped the outcome of invasions, wars, and experiments in agriculture and civilization
(Diamond 1997). Pathogenic infections also lie behind some of the most important issues in
contemporary human health. They are one of the leading causes of morbidity and mortality
worldwide, particularly in children, young adults, and people living in developing countries
(World Health Organisation 2000). The pathogens responsible for these infectious diseases are
not confined to humans. In fact, emerging infectious diseases in humans have been dominated
by zoonoses; pathogens that evolved from those infecting animals (Jones et al. 2008). Over 70%
of these zoonoses originated in wildlife, with severe acute respiratory virus (SARS), Hendra
virus and HIV/AIDS just a few well-known examples (Jones et al. 2008). Disease emergence
events originating in wildlife are also becoming more frequent, even after adjusting for
increased surveillance and reporting (Daszak et al. 2000; Jones et al. 2008). The pathogens of
wildlife therefore represent both a significant threat to global health and a key interface
between human society and ecological understanding.

ECOLOGY OF GERMS
The vast majority of our knowledge regarding pathogens in wildlife has, understandably, come
from veterinary, human health and agricultural sciences (Daszak et al. 2000; Lafferty 2009b).
These fields have primarily investigated the biology of the pathogen; with an overwhelming
focus on pathogens of human interest. In a relatively disconnected field of study, wildlife
pathogens and parasites have been formative to a number of concepts in evolutionary biology.
These biologists posit (and demonstrate) that defending against pathogen attack, in the form of
an immune response, represents an evolutionary trade-off with host survival and reproduction
(Sheldon & Verhulst 1996; Lochmiller & Deerenberg 2000; Hanssen et al. 2004; Hanssen 2006)
or signals of individual quality that form a basis for sexual selection (Folstad & Karter 1992).
The integration of these ideas, that is research into the interface between hosts and their
pathogens, has only recently started to develop.
There appears to be considerable conceptual overlap between host-pathogen
interactions and other ecological topics, including predator-prey interactions and competition
(Anderson 1979; Raffel et al. 2008). Yet, ecological interest in host-pathogen interactions has
lagged behind these other, more conspicuous areas of ecological research (Johnson et al. 2009;
Lafferty 2009b). This apparent bias belies the overwhelming importance of pathogens, with
almost three quarters of the links in food webs thought to involve parasitic species (Lafferty et
al. 2008). Indeed, pathogens do more to their hosts than just provoke the immune system (and
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so they must, otherwise why hosts bother investing in an immune response?). Pathogens
exploit their hosts for resources in order to survive and reproduce (Price 1980; Smith et al.
2005); resources that could have been used by the host to increase its own fitness. Pathogens
also frequently damage the host tissues they infect, leaving the host with both a repair bill and a
(costly) reduction in tissue function until it is repaired. In fact, hosts may opt to invest more in
mechanisms to cope with pathogenic infection (‘tolerance’) than in immune defences
(‘resistance’) because although both tolerance and resistance entail immediate costs to the host,
tolerance will not alter selection pressure on the pathogen, and therefore involves no
evolutionary cost (i.e. sparking an "arms race" with the pathogen, Hedrick 2004; Read et al.
2008). The net effect of these propositions remains; pathogenic infection may entail a wide
range of costs to the host.
At the individual level, pathogens have been shown to alter host reproductive effort (de
Lope et al. 1998; Marzal et al. 2005) and survival (Latta 2003; Martinez-de la Puente et al.
2010), even when infection does not manifest any clinical signs of disease (Burthe et al. 2008).
Clearly, such significant impacts on individuals scale-up to population-level processes, with a
number of studies demonstrating pathogen-mediated regulation of host populations (Hudson
et al. 1998; Pedersen & Greives 2008; Johnson et al. 2009). Moreover, it is becoming
increasingly apparent that the effects of pathogenic infection are likely to extend beyond their
host populations to the point that they can influence entire ecological communities (Collinge et
al. 2008; Lafferty 2008; Perkins et al. 2008).
Host-pathogen interactions are not just a one-way stream of negative consequences for
the host. We must also recognise that host ecology will drive pathogen abundance. For
instance, if a host is in poorer ‘condition’ it may be more susceptible to infection and therefore
allow the pathogen to replicate more rapidly or to a greater extent than in an otherwise
‘healthy’ host (Beldomenico & Begon 2010). Therefore, in order to understand pathogen
abundance in natural host populations it is vital to integrate an understanding of the
pathogen(s) – how they invade, replicate, and transmit – with an understanding of host
ecology, including susceptibility, behaviour, and any infection-induced changes to these
(Plowright et al. 2008; Tompkins et al. 2011).

MIGRATORY HOSTS
Animals move; to find food, to find mates, and to stay out of trouble (Dingle 1996). For billions
of mammals, birds, fish, and insects these fundamental requirements drive them to undertake
regular long-distance movements in order to exploit seasonal changes in resource availability
(Dingle 1996; Wilcove 2008). These annual migrations, often from a breeding location to a
non-breeding location and back, may span thousands of kilometres and can take several
months to complete; constituting some of the most spectacular natural phenomena on the
planet (Greenberg & Marra 2005; Wilcove 2008). Long distance migrations are also
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accompanied by high energetic demands and extreme physiological changes (Gwinner 1990;
Piersma & van Gils 2011). These energetic requirements, together with the distances involved,
mean that animals rarely move directly between wintering and breeding sites. Instead migrants
are often obliged to make use of several stop-over sites to rest and refuel en route (Alerstam
1990). The distance covered on migration and the number of stop-over sites visited will clearly
define the degree to which they interact with other biota.
Migratory animals uniquely transfer large amounts of biomass and nutrients between
geographically disparate habitats, with ecological and evolutionary consequences on a global
scale (Greenberg & Marra 2005). In particular, animal migration has far-reaching implications
for the emergence and spread of infectious diseases (Altizer et al. 2011). Owing to their longdistance movements and exposure to diverse habitats, migratory animals may be exposed to a
greater diversity of pathogens, as has been shown for migratory birds and haematazoan
parasites (Figuerola & Green 2000). Moreover, migrants may actively transport both pathogens
and disease vectors along their migratory routes (Waldenstrom et al. 2002; Ricklefs et al. 2005;
Comstedt et al. 2006). Importantly, a number of the pathogens that have the potential to be
dispersed are known zoonoses, with migratory species their natural hosts. As a result it is often
assumed that the long-distance movements of migrating animals can enhance the geographic
spread of zoonotic pathogens such as Ebola virus, West Nile virus, Borrelia burgdorferi (the
agent of Lyme disease) and avian influenza viruses (Alekseev et al. 2001; Reed et al. 2003;
Hubalek 2004; Leroy et al. 2009).
Ricklefs et al. (2005) wisely conjectured ‘if migrants are such highly mobile sources of
potential infection, why is it that they do not cause more disease epidemics than they appear
to?’ Counter to popular opinion, long-distance migration may actually have the potential to
reduce the risk of infection and pathogen dispersal by at least three non-exclusive processes
(Altizer et al. 2011; Bartel et al. 2011). Firstly, if pathogens accumulate in the hosts’
environment over time, migration could allow animals to escape from contaminated habitats
('migratory escape', sensu Loehle 1995; Altizer et al. 2011). Secondly, in order for migratory
animals to disperse from the location of infection, and thereby spread a pathogen, they must be
able to perform their long-distance movements while infected (Weber & Stilianakis 2007). Yet,
the costs of pathogenic infection (as described above) may be considerable, forcing a trade-off
with the demands of migratory preparation and long-distance movement (Piersma 1997;
Buehler & Piersma 2008). If, through such trade-offs, infection results in a delayed departure or
slower migration, infected hosts will become epidemiologically removed from the population,
reducing pathogen prevalence ('migratory culling', sensu Bradley & Altizer 2005; Altizer et al.
2011). Lastly, because adverse conditions or experiences in one season can have carry-over
effects that reduce performance in subsequent seasons (Harrison et al. 2011), hosts that have
recovered from infection may also have altered migratory schedules. While delayed migration
of recovered hosts might not alter pathogen transmission on an ecological time scale, they have
the potential to alter the evolution of host migratory strategies (Piersma 1997), and therewith
pathogen distributions.
16
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Despite the pervasiveness of animal migrations, their dynamical consequences for host–
pathogen interactions remain largely unknown (Altizer et al. 2011; Bartel et al. 2011). Very few
studies have examined how the regular, directed mass movements that characterize seasonal
migration affect the transmission and evolution of pathogens within host populations and the
response of migratory species to infection. This may be because the act of migration makes it
difficult to follow individual hosts and their populations throughout the annual cycle, the
pathogens are largely invisible to the naked eye, and, because prevalence of infection is often
low, the number of individual hosts involved will be huge. However, recent advances in
ecological tracking techniques make these questions more tractable, and recent outbreaks of
zoonotic disease make them more important than ever.

ONE PATHOGEN IN PARTICULAR
Influenza A viruses are one of the most ubiquitous pathogens of animals and humans alike
(Stallknecht & Brown 2008). Although these viruses have been isolated from a wide range of
vertebrate taxa, wild birds have been demonstrated to be the natural hosts for all ancestral
influenza viruses (referred to as avian influenza viruses (AIV), Gorman et al. 1991; Webster et
al. 1992; Olsen et al. 2006). Among wild birds, AIV have been most frequently isolated from
dabbling ducks (Anas spp.), ruddy turnstones (Arenaria interpres) and gulls (Larus spp.)
(Stallknecht & Brown 2008), and as a result, waterbirds of the orders Anseriformes and
Charadriiformes are considered the reservoir for all AIV (Webster et al. 1992). Because many of
these host species perform regular long distance migrations (Del Hoyo et al. 1996), virologists
have long suspected that migratory waterbirds are responsible for the maintenance and global
dissemination of AIV (Hinshaw et al. 1980; Ito et al. 1995; Atkinson et al. 2006; Olsen et al.
2006).
The influenza A virus genome consists of eight segments of negative-stranded RNA that
together encode 11 proteins (Webster et al. 1992). Influenza viruses are classified on the basis
of two of these proteins, both of which are expressed on the surface of virus particles; the
hemagglutinin (HA) and neuraminidase (NA) glycoproteins (Webster et al. 1992). These
proteins are involved in the binding of the virus to host cells and the release of new virions
from host cells, respectively (Webster et al. 1992). In wild birds, AIV isolates have one of 16
different HA antigenic subtypes (H1-H16) and one of nine different NA antigenic subtypes
(N1-N9) (Fouchier et al. 2005) which can be found in almost all possible combinations (also
called subtypes, e.g., H3N2, H16N3) (Krauss et al. 2004; Olsen et al. 2006; Munster et al. 2007).
Sporadically, strains of poultry-adapted H5 or H7 AIV, but apparently not other HA subtypes,
may become highly pathogenic and can cause outbreaks of highly pathogenic avian influenza
(HPAIV, Alexander 2007). The switch from a regular low pathogenic avian influenza virus
(LPAIV) phenotype to the HPAIV phenotype is achieved by minor alteration to the amino acid
composition of the HA, which facilitates systemic virus replication. To date, HPAIV have
primarily been detected in domesticated ducks and poultry, with a limited number of isolations
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from dead or moribund wild birds (Alexander 2007). Yet, phylogenetic analyses of the HA gene
and antigenic characterization of the HA glycoprotein have demonstrated that most HPAIV
were closely related to LPAIV isolates recovered from wild birds (Munster et al. 2006). Recent
outbreaks of HPAIV have therefore been accompanied by calls for increased understanding of
the ecology and epidemiology of LPAIV in wild birds (Olsen et al. 2006; Fouchier & Munster
2009); the focus of this thesis.
Replication of AIV occurs primarily in the epithelial cells of the intestinal tract (Slemons
& Easterday 1977; Webster et al. 1978; Daoust et al. 2011) and/or the respiratory tract (Kawano
et al. 1979), with high concentrations of infectious virus shed in the faeces (Webster et al.
1978). These infections are transient, lasting approximately one to two weeks in naive,
laboratory-reared ducks (Kida et al. 1980; Costa et al. 2010a; Jourdain et al. 2010), and 3-8 days
in free-living Mallards (Anas platyrhynchos, Latorre-Margalef et al. 2009). Infection duration
does, however, show marked variation between even closely related species (Costa et al. 2011a),
and on the basis of age (Costa et al. 2010b) and prior infection with AIV (Fereidouni et al.
2009; Costa et al. 2010a; Jourdain et al. 2010). Once shed from an infected host, AIV survives
well in wet, cold places. Laboratory studies show AIV remains infectious in lake water for a few
days when maintained at 20 to 30 °C, a few weeks at 10 °C, and many months at -10 to 0°C
(Webster et al. 1978; Stallknecht et al. 1990b; Nazir et al. 2010). However, the presence of
microorganisms can substantially reduce this duration (Zarkov 2006; Nazir et al. 2010), as can
increased pH and salinity (Stallknecht et al. 1990a; Zarkov 2006). The extended persistence of
AIV in aquatic environments, together with a high prevalence of infection in birds living in
aquatic environments have meant that AIV is thought to be transmitted primarily via the
faecal-oral route via contaminated water (Hinshaw et al. 1979; Sinnecker et al. 1983); a
proposition recently substantiated by experimental results (VanDalen et al. 2010). Although
transmission may also occur via aerosols and perhaps even cloacal drinking (Fouchier &
Munster 2009), environmental reservoirs such as infected lake water or sediments may be
critical to the maintenance and transmission of AIV (Lang et al. 2008; Breban et al. 2009;
Rohani et al. 2009).
The host immune response to AIV appears sufficient to attenuate the duration and
intensity of subsequent infections (Fereidouni et al. 2009; Costa et al. 2010a; Jourdain et al.
2010). However, this relatively weak immune response may be extremely short lived, detectable
for a number of months at most (Kida et al. 1980). Because AIV infection is transient,
accompanied by a relatively weak immune response, and proceeds in the absence of clinical
symptoms of disease such as severe weakness, loss of appetite, mild diarrhoea and listlessness
(Fereidouni et al. 2010), AIV have long been considered not only avirulent, but also
inconsequential to their natural hosts (Kida et al. 1980; Webster et al. 1992; Webster et al. 2006;
Brown et al. 2007). The potential for migratory birds to disseminate AIV during migration has
therefore been developed on the basis of the movement patterns of uninfected birds (e.g.
Kilpatrick et al. 2006; Brochet et al. 2009; Lebarbenchon et al. 2009; Gaidet et al. 2010). Yet,
while AIV infection may proceed without clinical signs in the laboratory, free-living animals
18
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must satisfy a number of energetically costly demands that are not encountered in a laboratory
setting, such as procuring food, thermoregulating, and moving from one site to another (Feare
2007; Weber & Stilianakis 2007). Even if these increased ecological demands are ignored, the effect
of disease may not manifest as clinically observable symptoms, and may in fact result in more
subtle changes, such as changes to foraging, migration and breeding behaviour. To everyone’s
surprise, van Gils et al (2007) showed that Bewick’s swans (Cygnus columbianus bewickii)
naturally-infected with AIV had hampered foraging and pre-migratory movements compared to
uninfected birds, albeit with low sample sizes. This astounding finding epitomized the need to
consider the interactions between AIV and its natural hosts in order to understand the dynamics
of the pathogen and its role in shaping host ecology.

HOST-PATHOGEN INTERACTIONS ON THE MOVE
Virologists have been researching AIV in wild birds for over 50 years, yielding profound
insights into the ecology and epidemiology of the virus. However, host movement ecology is
not a mainstay of virological interest or expertise. Likewise, ecologists and ornithologists have
accomplished an impressive understanding of avian migration over the last 100 years, but are
not particularly well endowed on the topic of viral infections. Throughout my PhD I had the
extreme good fortune to work together with some of the world’s best virologists, ecologists,
ornithologists and epidemiologists to investigate interactions between AIV and its migratory
hosts, the profits of which constitute this thesis.
Delving into the ecology of this host-pathogen interaction understandably requires a
multitude of techniques, many of which were already established in their respective disciplines.
For instance, virologists have developed molecular diagnostic methods targeting conserved
gene segments of AIV that facilitate the rapid identification of specimens positive for influenza
A virus among large collections of samples (Fouchier & Munster 2009; Munster et al. 2009).
Ecologists and ornithologists have refined several methods for tracing the movement of
individual birds, such as stable isotope analysis and GPS-based tracking devices (Webster et al.
2002). In section II of this thesis, immediately following this introduction, I examine a few
additional technical details to aid my core investigations, starting with considerations pertinent
to conducting hypothesis-based surveillance for AIV in wild birds (Chapter 2). Shifting more
towards host ecology, Chapters 3 and 4 assess technical details related to tracking host diet and
physiology. Because the stable isotope composition of dietary items varies between habitats and
geographic locations, and these isotopic compositions are reflected in the consumer’s tissues,
tissue stable isotope concentration allows us to track the diet of migratory animals over time
and space (Hobson 2008). However, such studies fundamentally rely on a priori knowledge of
how reliably and rapidly animals incorporate the isotopic composition of the resources they use
(Martínez del Rio et al. 2009). In Chapter 3 I present tissue-specific discrimination and turnover times for stable isotopes in herbivorous waterfowl, paving the way for stable isotope
ecology to be applied to these species (e.g. Chapters 8 and 9). The fluid component of blood
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(serum or plasma) is widely used in both stable isotope ecology and measures of immune
function. However, this fluid component can be obtained in a variety of ways. Chapter 4
explores the consequences of different blood sample handling procedures for stable isotope
assays and several common in vitro measures of immune function.
Section III scrutinizes the host communities that interact with AIV, developing a novel
epidemiological method to quantitatively identify reservoir host(s) from observed endemic
prevalence data (Chapter 5); and a novel ecological approach to defining potential host species,
including those not yet sampled for AIV (Chapter 6). Focusing on single populations, and the
individuals within those populations, section IV examines the role host migration can play in
AIV dynamics. I start this section by tracking AIV infection and antibody dynamics
throughout the annual cycle of a long-distance migratory population of Pink-footed geese
(Anser brachyrhynchus; Chapter 7). Then, in Chapter 8, I introduce the Bewick’s swan – a long
distance migratory host that is pivotal to a number of further questions – through an
assessment of individual foraging strategies during autumn migration. Applying this newfound knowledge of habitat use, paired with a novel application of eco-immunology, Chapter 9
distinguishes antecedent behavioural and physiological traits associated with AIV infection at
the individual level. Finally, section V investigates the impact of infection on individual hosts,
and the epidemiological consequences of these impacts. In a large-scale field experiment, I
examine host response, in terms of foraging behaviour, movement and fitness, to both natural
infections (Chapter 10), as well as experimental infections and induced immune responses in
the absence of a replicating pathogen (Chapter 11). I also track infection in the population
throughout this field experiment; and assess the infection process of our experimental AIV
strain in captive Bewick’s swans (Chapter 11). Lastly, Chapter 12 combines the transmission
dynamics of AIV with the migration, reproduction and mortality of a population of migratory
Mallards to theoretically explore the epidemiological importance of infection-induced delays to
host migration.
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II. Techniques

CHAPTER 2
Bethany J. Hoye, Vincent J. Munster,
Hiroshi Nishiura, Marcel Klaassen,
Ron A. M. Fouchier

Avian influenza virus surveillance in wild birds
A critical assessment for a way forward?

R

ecent demand for increased understanding of avian influenza
virus (AIV) in its natural hosts, together with the development of
high throughput diagnostics, have heralded a new era in wildlife
disease surveillance. However, survey design, sampling, and
interpretation in the context of the host population(s) still present
major challenges for wildlife disease surveillance. We critically review
current surveillance in order to distil a series of considerations
pertinent to AIV surveillance in wild birds, including consideration of
who, when, where and how many to sample in the context of the
survey objective(s). Recognizing that wildlife disease surveillance is
logistically and financially constrained, we discuss pragmatic
alternatives for achieving probability-based sampling schemes that
capture this host-pathogen system. Through strategic compilation
over broad geographic areas, such standardized, local surveys that
make use of existing surveillance infrastructure and an abundance of
historical data will greatly enhance our global understanding of AIV
and other zoonotic diseases.
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BACKGROUND
Avian influenza virus (AIV) gained a high profile in the scientific community and the general
public after the direct bird-to-human transmission of an influenza virus entirely composed of
avian lineage gene segments in 1997. This Asian H5N1 highly-pathogenic avian influenza virus
(HPAIV) subsequently caused large scale mortality events in both wild and domestic birds in
south-east Asia, and radiated westward throughout Europe and Africa in 2005 and 2006. Yet
outbreaks of HPAIV are not a recent phenomenon, having been reported in domestic poultry
since the late-1800s and in wild birds as early as 1961 (Alexander 2000). Early studies in wild
birds revealed evidence of a wide range of AIV subtypes circulating in numerous species (e.g.
Easterday et al. 1968; Slemons et al. 1974; Webster et al. 1976; Hinshaw et al. 1985; Süss et al.
1994) and, after almost 50 years of research, it is generally thought that all subtypes of AIV are
perpetuated in aquatic bird populations (Webster et al. 1992). However, the unprecedented
magnitude and speed with which the Asian lineage HPAI H5N1 epidemic(s) took place greatly
increased demand for early warning of any potential threats to humans and poultry as well as
enhanced understanding of the natural history of AIV in their wild bird hosts. Consequently,
there has been a surge in the surveillance of aquatic bird populations (Spackman 2009).
Often, current surveillance for AIV employs state-of-the-art high throughput molecular
diagnostics that maximize the probability of detecting infection (Munster et al. 2009), yet
inferences made on the results of these studies are equally predicated on the collection of
samples and field data. Appropriate storage, transport and diagnostics must go hand-in-hand
with appropriate survey design, sampling, and interpretation in the context of the host
population(s); each of which present unique challenges for wildlife disease surveillance
(Stallknecht 2007). In the wake of such rapid growth in wild bird surveillance, we review both
methodological approaches and the subsequent interpretation of AIV occurrence in its natural
hosts. From this critique we distil a series of considerations crucial to a more scientifically and
statistically sound approach to the design, conduct, and interpretation of AIV surveillance in
wild birds; considerations which are likely to apply to a wide range of pathogens and will
hopefully foster more standardized, objective and cost-effective surveillance of wildlife diseases.

CURRENT SURVEILLANCE FOR AIV IN WILD BIRDS
Of the 191 published reports of surveillance in wild birds (see Appendix A.1 for details), the
average number of studies initiated per year rapidly increased following the first reports of
Asian H5N1 HPAIV, with thirty percent of all studies initiated after the 2005/6 outbreaks in
poultry and wild birds alone (Figure 2.1). These studies have addressed four major lines of
investigation: 1) early detection of highly pathogenic strains; 2) understanding the ecology and
epidemiology of the disease in natural host populations; 3) understanding the diversity of viral
strains within wild birds, as well as their evolution; and 4) understanding which pathogens
infect certain individuals and/or populations, often as part of multi-pathogen surveillance.
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These lines are by no means mutually exclusive – multiple aims can, and often are, addressed
from the same surveillance program. However, it is critical to identify the aim(s) of a specific
surveillance program in advance, as the question(s) to be answered will influence the subjects,
time, and space of sampling, depending on the purpose of the survey (Stallknecht 2007; Nusser
et al. 2008).

Figure 2.1 –The average number of surveys of avian influenza in wild birds
initiated per year in different awareness periods: each decade from the first
discovery in 1961 until the outbreak of Asian H5N1HPAIV (1997), post H5N1 (1997-2004) and post-mass mortality in wild birds from H5N1 (20052007). Studies citing the detection of contemporary HPAIV strains as (one of)
the main aim(s) of their survey are indicated in dark grey; studies
investigating other aspects of the wild bird-avian influenza system without
mention of monitoring HPAIV are shaded light grey.

I.

Early detection of HPAIV:

Over half of the studies reviewed, and all but a handful since the 2005/6 mass mortalities in
wild birds, cited the early detection of HPAIV as (one of) the main aim(s) for conducting their
survey (Figure 2.1). Such ‘early warning’ systems are, in essence, questioning whether or not
infection with HPAIV exists in a population at a given location and point in time.
II.

Understanding ecology and epidemiology:

Greater understanding of transmission cycles, reservoirs, and the role of wildlife in the ecology
of AIV invokes questions related to the epidemiology and ecology of the virus, including host
species range and spatial and temporal variation in infection (Olsen et al. 2006; Stallknecht &
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Brown 2008). Elucidating such questions requires investigation of not just presence or absence
of infection in a specific type of host, but also prevalence, over space and time. It may also
require understanding of viral diversity (aim III below).
III.

Understanding viral diversity:

Influenza viruses are highly diverse and are capable of rapid genetic alteration and adaptation.
Understanding the diversity of circulating AIV in the endemic host population, their
pathogenic and antigenic properties, and the rate and direction of genetic alterations may
provide further insight into the ecology and epidemiology of AIV (aim II), as a powerful tool
for identifying transmission parameters and reservoir populations (Haydon et al. 2002) as well
as understanding viral maintenance in the face of host immunity (Krauss et al. 2004;
Stallknecht & Brown 2008) and even factors promoting disease emergence (Stallknecht 2007).
Information on viral diversity and evolution also facilitates the compilation of comprehensive
reference panels for diagnostics and the generation of potential vaccines (Olsen et al. 2006). To
address each of these goals, investigation of variation in the viral population, like any study of
biodiversity, requires isolates that are representative of the entire circulating viral pool.
IV.

Host ‘health’ assessment:

Almost 15% of the studies reviewed aimed, either in isolation or in combination with the above
listed aims, to ascertain whether particular individuals or populations had been infected with
AIV either as part of broader health surveys, particularly within the context of conservation
programs, or in an attempt to understand causes of mortality and morbidity in wildlife
populations. This objective often has a pre-defined host population of interest, however it is
likely to be sensitive to both the diagnostic methods used, and the underlying temporal patterns
of disease.

A CRITICAL ASSESSMENT
In order to characterize the specific features required for more rigorous wildlife disease
surveillance, it is necessary to highlight the methodologies that have encumbered our historical
approach. The following critical assessment therefore aims to foster the development of more
objective and scientifically sound disease surveillance networks.
I.

‘Maximizing viral yield’

A ‘successful’ surveillance program is often perceived as one that finds a high number of
positive samples. Moreover, exploitation of spatial, temporal, phylogenetic and demographic
differences in viral prevalence has been advocated in order to maximize the proportion of
positive samples collected (e.g. Brown & Stallknecht 2008; Stallknecht & Brown 2008).
Although minimizing the number of negative samples is expedient from a laboratory
perspective, one of the key tenets of surveillance is that the sampling scheme is representative of
the host and/or viral population, such that the infection characteristics of the population are
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sufficiently captured and results can be interpreted on the basis of statistical probability
(Venette et al. 2002; Nusser et al. 2008). A study designed to maximize viral yield by sampling
certain cohorts, populations, times and locations with historically high number of isolates can
confirm the presence of the disease in the population cohort that was sampled. However, such
samples cannot be used to conclude absence of AIV in the whole population, nor estimate
prevalence or viral diversity (Venette et al. 2002).
II.

Host range

Although AIVs have been isolated from over 100 species in total, several species from the
orders Anseriformes (ducks, geese and swans) and Charadriiformes (shorebirds) are thought to
act as the reservoir community for AIV (Webster et al. 1992), primarily based on the
observation that these viruses are most frequently isolated from dabbling ducks (Anas spp.),
ruddy turnstones (Arenaria interpres) and gulls (Larus spp.; Spackman 2009). Yet, surveillance
is rarely representative of the diversity of wild birds or their relative abundance at the time and
location of sampling. Furthermore, prevalence in a given species may vary over space and time.
There is considerable bias towards species that are easily caught or are present in accessible
areas at high concentrations (Olsen et al. 2006; Spackman 2009). In addition, those surveys that
have included a wide range of species tend to have collected these samples in a highly
opportunistic manner, resulting in very few species being sampled in reasonable numbers
(Olsen et al. 2006; Stallknecht & Brown 2008). For instance, of the 174 species sampled in the
Netherlands since 1998 only 20 species have been sampled more than 300 times in 11 years.
Moreover, while passerines have often been found to be negative for AIV, recent evidence from
mainland China and central Europe suggests that, when sampled in or near waterfowl-rich
waterbodies, no less than 8 families of passerine birds can be naturally infected (Gronesova et
al. 2008; Peterson et al. 2008). Current surveillance may, therefore, overlook a large number of
potential host species and their role(s) in the transmission and maintenance of AIV (either as
part of the reservoir community or as temporary hosts), the introduction of novel strains, and
the maintenance of viral diversity.
III.

Temporal and spatial pattern

The prevalence of AIV infection has long been recognized to vary over time and between
locations. Viruses have been most frequently isolated from North American and European
duck populations in late summer and early autumn (Süss et al. 1994; Krauss et al. 2004;
Wallensten et al. 2007); a pattern attributed to high concentrations of susceptible juvenile birds
during aggregation on pre-migration staging grounds (Hinshaw et al. 1985; Webster et al.
1992). Less frequent isolations from wintering populations have prompted suggestions that
prevalence rapidly decreases over the course of autumn migration (Stallknecht et al. 1990c;
Munster et al. 2007). As a result, pre-migration staging grounds in late summer and early
autumn have been considered the preeminent time and location for conducting surveillance
(e.g. Brown & Stallknecht 2008). Sampling of shorebirds has a similar historical bias, albeit in a
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different time and location to studies in ducks (Hanson et al. 2008). Yet, when samples have
been collected elsewhere, a considerable number of AIVs have been found at times that are
inconsistent with the generalized trend, including high numbers of winter (e.g. De Marco et al.
2003; Munster et al. 2007), spring (Wallensten et al. 2007), and summer isolations (e.g. Alfonso
et al. 1995; Okazaki et al. 2000); as well as a number of positive samples from the tropics (e.g.
Haynes et al. 2009), including unexpectedly high prevalence estimates from tropical Africa
(Gaidet et al. 2007). The temporal and spatial bias in historical surveillance may, therefore,
result in delayed detection of novel strains, or an incomplete understanding of AIV
transmission, maintenance, diversity and evolution.
IV.

Age-dependent pattern

Pioneering work by Hinshaw et al. (1980) found significantly higher prevalence in juveniles
compared to contemporaneously sampled adults, and led to the suggestion that immunological
naivety may make juveniles a high risk group within waterfowl populations. Emphasis has
subsequently been placed on sampling juvenile birds, with hatch-year birds accounting for
upwards of 80% of some recent surveys. However, wild bird populations are rarely composed of
80% or more juvenile birds (although information regarding population age structure is rarely
collected or available to most surveillance studies). Furthermore, considerable numbers of
adults have also been found infected (e.g. Hinshaw et al. 1985), indicating AIV does not
exclusively infect juvenile birds. Different age cohorts may in fact play different roles in the
introduction, transmission, maintenance and diversity of AIVs.
V.

Site of infection

Replication of AIVs occurs in both the gastrointestinal tract, sampled by swabbing the cloaca or
collecting droppings, and the respiratory tract, sampled by swabbing the oropharynx (Brown &
Stallknecht 2008). In accordance with higher isolation frequencies from cloacal compared to
oropharyngeal samples from individual mallards (Anas platyrhynchos) (e.g. Ellström et al.
2008; Munster et al. 2009; Figure 2.2), apparent preferential infection of the gastrointestinal
tract, and a suggested faecal-oral transmission route (Webster et al. 1992), 61% of studies
investigating contemporary infection sampled the gastrointestinal tract alone. However, the site
of infection may be highly species-specific, even among closely related species. As part of
ongoing surveillance presented elsewhere (Munster et al. 2007; Munster et al. 2009), free-living
Eurasian wigeons (Anas penelope) showed no difference in infection probability between the
cloaca and oropharynx (p>0.05, McNemar’s test; Figure 2.2). White-fronted geese (Anser
albifrons) on the other hand, were roughly twice as likely to have infection detected in the
oropharynx (6.58%; 95% CI: 6.57-6.59) compared to the cloaca (3.13%; 95% CI: 3.13-3.14;
p<0.001), with almost 60% of the infected individuals oropharynx-positive alone (Figure 2.2).
Together with the apparent oropharynx-affinity of Asian H5N1 HPAIV in experimental and
natural infections (Sturm-Ramirez et al. 2005), these findings have ramifications for the
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quantification of viral diversity, prevalence of infection, or absence of AIV, particularly with
respect to host range.

Figure 2.2 – Proportion of wild mallards (Anas platyrhynchos), Eurasian wigeons (Anas penelope)
and White-fronted geese (Anser albifrons) positive for low-pathogenic avian influenza when
sampled both in the cloaca (C) and the oropharynx (O) in the Netherlands from September 2006 to
March 2009.

VI.

Disease-free populations and prevalence estimates

There is widespread recognition that survey sample sizes must be sufficiently large to draw
appropriate inferences, and awareness that many current sampling schemes do not meet the
minimal requirement for understanding AIV in the majority of wild bird populations (Guberti
& Newman 2007; Spackman 2009). Accordingly, we consider the limitations sample size can
place on interpretations from samples that have already been collected.
It is often concluded that AIV, particularly HPAIV, was absent from a certain
population or location. In reality, infected individuals may indeed have been present, but at a
prevalence below the level of detection of the study (Venette et al. 2002). Information on a
study’s detection limit is crucial to screening for HPAIV incursion, yet, only three of the studies
reporting negative findings (overall or for Asian HPAI H5N1) acknowledged their detection
limit.
Similarly, 81 of the articles reviewed (42%) explicitly report prevalence or
seroprevalence, however just three of these accounted for the uncertainty of their estimates (i.e.
confidence limits). This has fostered an impression that prevalence is a fixed property of a given
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host population, rather than a dynamic quantity potentially influenced by a multitude of
temporal, geographical and biological interactions, and has influenced the aforementioned
ecological and epidemiological interpretations.
VII.

Utility of birds found dead

Many surveillance programs aimed at the early detection of HPAIV focus on collections from
birds exhibiting morbidity or mortality, often without surveillance of the living avian
population (Komar & Olsen 2008). While finding an HPAIV is statistically more likely in birds
found dead (Komar & Olsen 2008), not finding any dead birds (or no infection in dead birds)
does not indicate disease freedom. Dead birds fail to provide information on any animals that
survived the infection, any animals that were not infected, or any viruses that were not lethal
(Sturm-Ramirez et al. 2005). Moreover, large numbers of carcasses may go undetected or
unreported (Stallknecht 2007).
VIII.

Only screening for the current strain of interest

Recently, some studies have only screened for H5 strains. As none of the known genotypes can
be ruled out as potential candidates for future pandemics, additional information on all
circulating gene segments is preferable both as a novel-incursion warning system and in the
broader context of AIV ecology, epidemiology and evolution.
IX.

Laboratory diagnostic methods

Although not the focus of this review, it is important to note that there are a number of sample
handling and diagnostic procedures that occur following the collection of samples, each of
which may influence the interpretation of results. While there appear to be optimal methods
for sample transport and storage (Munster et al. 2009), infection with AIV can be diagnosed
using either classical virus isolation (VI) techniques in embryonated chicken eggs (63% of
studies reviewed), molecular techniques (33% of studies reviewed), or a combination of the two
(Spackman et al. 2008; Munster et al. 2009). These methods differ in their sensitivity (VI
detects live virus; molecular methods detect viral RNA) and specificity, the details of which
have not been fully validated to date (Spackman et al. 2008). Both methods are also sensitive to
false positives through laboratory contamination and, hence, any interpretation of results needs
to take into account the diagnostic methods used.

A WAY FORWARD?
Although it is almost 50 years since AIV were first detected in wild birds, we are still in the
exploratory phase of research, primarily because sampling wild animals is logistically
challenging and expensive, and techniques for high-throughput molecular surveillance have
only recently become available. While any samples should be both representative of the
population in question, wildlife disease surveillance studies often involve limited samples
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obtained in various ways that are already readily available, such as ornithologist-captured and
hunter-collected individuals. Although these methods of ‘convenience sampling’ are often
implicitly or explicitly assumed to be representative of a population, sampling biases (most
notably selection bias) can occur. For instance, hunters and ornithologists often only handle
particular species, only operate at certain locations or times of year, or are more likely to
capture certain cohorts of a population; making it difficult to develop statistically-valid
estimates of disease absence or prevalence regardless of how many individuals are sampled.
Another major hurdle to our understanding of the introduction, transmission, and
maintenance of AIV strains (HPAIV or otherwise), as well as their diversity and evolution, is
the relative isolation in which surveillance studies are often conducted. In light of the vast
surveillance infrastructure highlighted in this review there is a clear need for global collation of
wild bird AIV data, as well as collaboration between epidemiologists, ornithologists, and
geneticists, to start unravelling the complex interaction among diverse host and virus
populations and the environments they utilize; a draft model for global AIV epidemiology.
Many such international initiatives exist in principle; however, there are currently a number of
challenges in terms of data coverage and compatibility, management, and ownership. The
following section outlines a number of considerations pertaining to the design, implementation
and interpretation of surveys that could ameliorate potential problems for increasingly
integrated studies of AIV and other wildlife diseases.

The sampling unit
I. Target virus
Particular strains, especially those with a history of HPAIV potential (H5 and H7), are of
greatest interest when screening for HPAIV incursions (Guberti & Newman 2007; Brown &
Stallknecht 2008). However, given the characteristic ability of AIV to evolve through
reassortment, screening for other virus subtypes by virus isolation, or targeting the matrix gene
segment in molecular-based diagnostics, could greatly enhance our ecological, epidemiological
and virological understanding of AIV, particularly when paired with full genome sequencing.
II. Dead or alive:
Birds found dead may indicate rapid changes in disease host range, geographic range, viral
pathogenicity or disease emergence, and as such warrant swift investigation. However, in order
to clarify the presence or absence of HPAIV, as well as trends in LPAIV presence, prevalence,
and circulating strains, such surveys should be paired with active surveillance of the (living)
wild bird population.
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III. Sampling site within the bird:
Given that AIV strains may differ in their affinity for either the digestive or respiratory tract,
sampling both the cloaca/faeces and oropharynx is desirable when screening for novel
incursions and when quantifying viral diversity. Similarly, host-species variation in the
prevalence of infection between tracts indicates that studies of AIV ecology and epidemiology
would also greatly benefit from sampling both ends of a bird.

Who should be sampled?
I.

Target population

With over 10,000 species of birds worldwide, and an estimated population in the order of 1011
individuals (Gaston & Blackburn 1997), careful selection of a local target population is critical
to the design of any surveillance program. Because the prevalence of infection is generally low
(requiring very large sample sizes), and can vary over the year and even between locations in a
single species, it is often difficult to make an initial assessment of the most important species to
target on the basis of virus detection alone. Each of the surveillance aims outlined above may be
most appropriately addressed by:
1) Identification of populations that show evidence of previous infection, or ecological
potential for infection (e.g. Garamszegi & Møller 2007), on the basis of historical
literature, conventional monitoring and serosurveillance* in a large number of locally
and regionally abundant species
2) Surveillance for contemporary AIV infection in:
a) Populations that were identified in step 1
b) Species in which AIV has historically been detected (for comparative
purposes)
Surveillance for emergent HPAIV may also benefit from targeting:
c) Species displaying natural histories of interest, including species that link wild
and human/agricultural populations, or disparate locations

* Serological studies have significant potential to enhance wildlife disease surveillance and
research, both through the identification of potential hosts and with respect to disease patterns
in the face of host immunity. However, seroprevalence should always be interpreted with some
caution. In isolation, cross-sectional observations of seroprevalence do not provide sufficient
information to interpret the degree to which a population is involved in the maintenance of
AIV. Without age-specificity, high seroprevalence may indicate a recent outbreak of infection
or long term antibody maintenance rather than persistence of AIV infection in the population
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(Haydon et al. 2002; Brown & Stallknecht 2008). Moreover, without knowledge of AIV
transmission dynamics, low seroprevalence may result from a high mortality rate among
infected individuals, a long time-interval between the last outbreak of infection and sampling,
or species-specific differences in the sensitivity or specificity of the antibody diagnostics (e.g.
Brown et al. 2009). Explicit interpretation of seroprevalence calls for age -specific sampling,
longitudinal observations and understanding of the underlying epidemiological dynamics.
II.

Individuals within populations

Within each species, prevalence may vary on the basis of age, gender, and potentially other lessobvious characteristics such as nutrition or social status. Given that most capture methods
inherently result in biases within these cohorts, a population should ideally be sampled to
account for these differences.

When, where and how often to sample?
When and where sampling is conducted should also be representative of the biology of the
hosts. Single time or location studies may be sufficient to inform of novel incursions of HPAIV
(Table 2.1). Both seasonal and aseasonal changes in climatic conditions, host population
dynamics, or host population immunity are likely to be relevant to understanding the ecology,
epidemiology, and evolution of AIV in its natural host(s). Enhancing our knowledge in these
areas will require information from before, during, and after infection from ecologically
connected populations (e.g. Langstaff et al. 2009), often over longer periods and possibly across
large spatial scales when dealing with migratory birds. To date, no AIV surveillance program
has targeted a single population throughout its entire annual cycle. Yet, with appropriate
planning, local surveys conducted throughout the year could be compiled both along flyways
and over time. Indeed, such collaboration would be possible from a number of current
surveillance programs, as shown by Pearce et al. (Pearce et al. 2009) in their genetic
comparisons of surveillance at both ends of the Northern Pintail (Anas acuta) flyway in North
America.
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Monthly to seasonally

Decades†
Multiple times per year
repeated for multiple years

Flyway to global*

Comparative prevalence

Comparative prevalence (of
viral strains)

III. Diversity and
evolution

*† larger scale studies can be compiled over large geographic areas from relevant local surveys (*) that are methodologically comparable, and
over long time periods from relevant annual surveys (†) that are likewise methodologically comparable.

Weekly to monthly
(multiple times before, during
and after an epidemic)

One to many epidemic
seasons†
(i.e. multiple times per
year)

Local to flyway*,
depending on the
process in question

II. Ecology and
epidemiology

Frequency

~Weekly (average infection
duration)

Temporal range

Period when birds present

Presence/absence

I. Early detection of
HPAIV

Geographic range

Local/regional

Type of question

Aim

Table 2.1 – Data requirements for assessment of the major questions regarding avian influenza in wild birds
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How many individuals need to be sampled?
On average, AIV is detected in less than one in every thirty wild birds (Munster et al. 2007),
implying that a relatively large number of individuals need to be sampled in order to detect
contemporary infection. Deciding just how many is critically dependent on the study aim, with
a clear distinction between surveys that aim to substantiate freedom from infection (presence
or absence), and those that are designed to provide an estimate of disease prevalence. Clear
definition of a study’s aim should therefore be one of the foremost stages of initiating a
surveillance program.
I.

Presence/absence

In practice, it is not possible to confirm disease freedom in a large population by any direct
observational method. Instead, appropriate sampling and analysis can demonstrate that at that
time and location, prevalence was below a nominal detection threshold (online supplement
part II) (2002). Although this nominal minimum detectable prevalence assumes binomial
sampling, it can also be used for gaining a rough quantitative estimate of the minimum number
of samples required prior to embarking on a surveillance program (Figure 2.3; Appendix A.2).
Given that information on the absence of pathogens is extremely important to our broader
understanding of the disease (Stallknecht 2007), post-surveillance reporting of such maximum
undetected prevalence is highly desirable for all studies with negative findings. The same
calculations can be used for individual subtypes.

Figure 2.3 – Probability of detecting at least one infected individual
from a given number of samples selected at random from an extremely
large population in which individuals are infected at random at
different prevalence levels.
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II.

Prevalence

The proportion of positives among a total number of samples is rarely sufficiently precise to
inform population prevalence. Thus, the confidence intervals of any observed proportion
should be calculated, using the binomial distribution, and reported alongside any prevalence
estimates when reporting surveillance results. Such confidence limits depend on both the
number of samples taken and the underlying true (unbiased) prevalence of infection (Figure
2.4), with extremely large sample sizes required to delineate differences in prevalence.

Figure 2.4 – The 95% confidence intervals of prevalence in an
independent population for a given number of samples, derived from
the binomial distribution.

Achieving effective surveillance
Each of the steps above highlight the need for surveillance that captures the underlying
temporal, spatial, demographic and phylogenetic variation in the wild bird population, often
requiring detailed information on host population size, density, demographic structure, rates of
recruitment and attrition, home range, habitat utilization, and species composition. However,
wildlife surveillance is also faced with logistical and financial constraints, often leading to a
reliance on convenience samples. Effective surveillance, therefore, requires a compromise
between sampling that is based on probability and the constraints of sample collection,
transport and analysis, the details of which will depend on the specific objective(s) of the
survey. To this end it may be possible to have active, investigator-defined surveillance designs
based on probability on a larger scale while employing convenience sampling within these units
(see Nusser et al. 2008 for both theory and practical examples). For instance, probability
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methods could be used to plan the species, locations and months of the year to sample (as
recommended above), and a certain number of individuals within these units could be sampled
by ornithologists and hunters, with additional top-up sampling where necessary. Such
convenience-within-probability surveillance could provide statistically valid estimates of
disease absence and prevalence by reducing the impact of bias generated by convenience
sampling on a first-come-first-served basis. It also provides the opportunity to stipulate an
upper-limit to the use of convenience samples, facilitating a more targeted allocation of limited
post-sampling resources.
To employ such convenience-within-probability surveillance, samples will often need to
be collected from times, places, and species that are not currently covered by ornithologists and
hunters. It is preferable that individual birds are sampled, as that allows the confirmation of
species, gender, age, and body mass, and sampling of both digestive and respiratory tracts.
However, when it is logistically and financially difficult to capture live birds, the swabbing of
fresh, species-specific faeces is one method for collecting a regulated number of samples (see
Brown & Stallknecht 2008 for guidelines on the collection of faecal samples). Species should
either be identified through careful pre-sampling observation of birds at the sampling sites, or,
particularly when the sampling location contains mixed-species flocks, through DNA
barcoding of the faecal samples (Cheung et al. 2009). Given that AIV can be detected from the
same nucleic-acid extract used in species identification (Cheung et al. 2009), these
environmental samples may greatly enhance our capacity to detect AIV in the population, not
least because manifold more samples can be collected at a much higher frequency than
traditional trapping methods.

Conclusions
Carefully planned surveys, with clearly defined aims and methodologies, integrated on
broader spatial and temporal scales and interpreted using the combined virological, ecological
and genetic expertise that are currently are available, could make significant inroads into the
complex task of understanding ecology, epidemiology, and evolution of AIV, as well as risks
associated with HPAIV.
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CHAPTER 3
Steffen Hahn, Bethany J. Hoye,
Harry Korthals, Marcel Klaassen

From food to offspring down:
Tissue-specific discrimination and turn-over of
stable isotopes in herbivorous waterbirds and other
avian foraging guilds

I

sotopic discrimination and turn-over are fundamental to the
application of stable isotope ecology in animals. However,
detailed information for specific tissues and species are widely
lacking, notably for herbivorous species. We provide details on
tissue-specific carbon and nitrogen discrimination and turn-over
times from food to blood, feathers, claws, egg tissues and offspring
down feathers in four species of herbivorous waterbirds. Diet-totissue discrimination factors for carbon (ɷ13C) and nitrogen stable
isotope ratios (ɷ15N) showed little variation across species but
varied between tissues. Apparent discrimination factors ranged
between -0.5 to 2.5‰ for ɷ13C and 2.8 to 5.2‰ for ɷ15N, and were
more similar between blood components than between keratinous
tissues or egg tissue. Comparing these results with published data
from other species we found no effect of foraging guild on
discrimination factors for carbon but a significant foraging-guild
effect for nitrogen discrimination factors. Turn-over of ɷ13C in
tissues was most rapid in blood plasma, with a half-life of 4.3d,

41

TECHNIQUES

whereas ɷ13C in blood cells had a half-life of approximately 32d. Turn-over times for albumen
and yolk in laying females were similar to those of blood plasma, at 3.2 and 6.0d respectively.
Within yolk, we found decreasing half-life times of ɷ13C from inner yolk (13.3d) to outer yolk
(3.1d), related to the temporal pattern of tissue formation. We found similarities in tissuespecific turn-over times across all avian species studied to date. Yet, while generalities regarding
discrimination factors and tissue turn-over times can be made, a large amount of variation
remains unexplained.

INTRODUCTION
The stable isotope composition of a consumer's tissue is generally assumed to reflect the
isotopic composition of its assimilated diet at the time of tissue synthesis (Peterson & Fry
1987). As such, the specific composition of stable isotopes in consumer tissues are commonly
used to address questions related to foraging ecology, e.g. the determination of foraging niches
(Bearhop et al. 2004), or an individuals’ position within food webs (Bocher et al. 2000).
Moreover, geographically specific isotope patterns archived in animals tissues allows for
spatial-temporal assignments of individuals and for tracking of migration (Hobson 2008).
However, such studies fundamentally rely on a priori knowledge of (1) how stable isotopes
discriminate between the original source, either food or body reserve, and the target tissue; and
(2) the speed at which a change in dietary isotopic regime is mirrored in the focal tissue, known
as tissue turn-over time. That is, how reliably and rapidly animals incorporate the isotopic
composition of the resources they use (Martínez del Rio et al. 2009).
Discrimination (ȴX) essentially describes the specific change of the isotopic
composition of the chemical element X, either enrichment or depletion, occurring between diet
and tissue, such that ȴX = ɷXtissue- ɷXdiet (Pearson et al. 2003). By considering the general
composition of diet and tissue and ignoring component specific assimilation efficiencies or
tissue specific nutrient allocation (Gannes et al. 1998), an 'apparent discrimination factor' can
be derived from the difference between isotope data of tissue and diet (Pearson et al. 2003).
Such discrimination factors have been shown to vary according to target tissue (Caut et al.
2009), diet protein content (McCutchan et al. 2003; Robbins et al. 2005), and the nutritional
state of the organism from which the tissue is sampled (Williams et al. 2007).
Tissue turn-over time is the period required to incorporate a specific isotope pattern
from diet into body tissue. Turnover time, therefore, determines the temporal window during
which changes in the isotopic composition of an animal’s diet can be discerned (Martínez del
Rio et al. 2009). Turn-over times, like discrimination factors, vary between different tissues
and depend on the speed of tissue renewal (Hobson & Clark 1992a). Metabolically active
tissues, such as blood components, liver, and muscle, represent a moving window of
information on diet composition (Hobson 2008). For example, blood cells and blood plasma
show rapid turn-over and therefore an archive on the scale of days to a few weeks only
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(Bearhop et al. 2002), whereas bone collagen shows much longer turnover times. In inert
tissues, such as hair, claws and feathers, isotopic information is retained, but only reflects the
resources incorporated during the discrete time interval in which that tissue was grown
(Hobson 2008). Such tissues, therefore, afford insights into the forgoing months to years
(Hobson & Clark 1992a; Bearhop et al. 2003). Finally, the speed of tissue formation co-affects
its final isotope composition. For example, when moulting birds travel between different
isotopic regions the isotope composition may differ both between and within feathers (Smith &
Dufty 2005).
Conclusions derived from isotope measures fundamentally rely on appropriate
discrimination factors, and detailed knowledge of turn-over (Klaassen et al. 2010; Robbins et al.
2010). Small errors in the discrimination and turnover values used can have substantial
ramifications for the interpretation of isotopic measurements, and yet many isotopic studies in
birds rely on a limited number of investigations into discrimination and turn-over times in
avian tissues, especially for tissues other than blood (Hobson & Clark 1992b; Bearhop et al.
2003; Pearson et al. 2003; Bauchinger & McWilliams 2009). Indeed, many studies have used
discrimination factors derived from inter-specific means or single values measured in other
species or tissues (Robbins et al. 2005; Caut et al. 2009). Discrimination factors have been
shown to vary according to target tissue and taxonomic grouping (Caut et al. 2009), dietary
protein quantity and quality (McCutchan et al. 2003; Pearson et al. 2003; Williams et al. 2007)
– with contradictory results depending on the nutritional state of the birds (Dalerum &
Angerbjorn 2005), temperature (Carleton & Martínez del Rio 2005), and mode of nitrogen
excretion (Vanderklift & Ponsard 2003). However, the strength and direction of these
relationships have proven equivocal, largely because the mechanistic basis for such differences
is not understood (Robbins et al. 2010). As such, extrapolation of any such relationship to
estimate discrimination for a study lacking empirical values remains problematic (Perga &
Grey 2010), and has prompted a renewed call for additional experimental data on
discrimination and turnover (Martínez del Rio et al. 2009).
Once discrimination factors and turn-over times are known, however, stable isotope
compositions of tissues carry valuable information about food or habitat use over various time
frames. Here, we provide critical baseline information about tissue-specific discrimination and
turn-over of stable carbon (ɷ13C) and stable nitrogen isotope ratios (ɷ15N) in herbivorous duck,
geese and swan species (Anatidae); a group of birds that are often used as model organisms but
for which the prerequisite isotopic data are still lacking. We assess isotopic patterns from food,
different blood tissues, body feathers, egg tissue, and finally chick down feathers, to provide
unique data covering the annual cycle in these species. Moreover, we compare these data with
data compiled from the literature to assess generalizations across avian foraging guilds and a
range of body masses.
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MATERIALS AND METHODS
Ethics statement
The experiments in the Netherlands were run under animal ethics permissions CL03.01 and
CL09.04 from the Royal Dutch Academy of Arts and Sciences (KNAW). Permission for field
work at Svalbard was given by the governor of Svalbard (2006/00482-4 a.522.01).

Diet-tissue discrimination
In the first part of our study we examined discrimination of ɷ15N and ɷ13C from food to various
body tissues, including blood plasma (plasma), red blood cells (cells), feathers (primaries and
back feathers) and claws in Bewick’s Swans (Cygnus columbianus bewickii) and European
Mallards (Anas platyrhynchos). Birds were held in outdoor aviaries for >2 years and fed a diet
resembling that consumed in the wild, containing 50% grain mixture and 50% chicken mash
(HAVENS Voeders, Maashees, the Netherlands). Diet composition was constant during the
experiment, but origin of the grains supplied may have varied. The isotopic composition of the
diet was -21.46±0.39‰ for ɷ13C (SD) and 1.95±0.45‰ for ɷ15N (SD); C/N ratio by atomic mass
was 20.3/1 (two random samples of the main components of the food mix). Blood samples
were collected from the tarsal vein of nine individuals of each species (5 males and 4 females)
and centrifuged (7g; 10 minutes) immediately to separate plasma from blood cells. We also
collected a sample from the tip of the first primary feather, a complete feather from the back,
and a sample (~1mm in length) from the tip of the inner-most claw. All blood cells (in 70%
ethanol) and plasma samples were stored at -20°C until analysis.
Second, we quantified discrimination of ɷ15N and ɷ13C from food to egg tissue and then
to chick down feathers in wild populations of Pink-footed Geese (Anser brachyrhynchus) and
Barnacle Geese (Branta leucopsis). Study populations winter in north-western Europe and
migrate to their breeding grounds in Svalbard with staging sites at the Norwegian coast. Herein
the food at staging and breeding sites are isotopically distinct (Hahn et al. in press). To quantify
discrimination from food to eggs we used droppings from Pink-footed Geese collected at
Norwegian staging sites as proxies for food. Isotope composition in droppings was 29.3±0.76‰ and 5.4±1.56‰ for ɷ13C and ɷ15N, respectively; C/N atomic mass ratio 15.5/1
(Hahn et al. in press). Values for yolk isotopic composition were obtained from well-developed
follicles of four female Pink-footed Geese shot at Hornsund (Svalbard) in 2004 immediately
after crossing the Barents Sea; precisely on arrival from spring migration. To quantify
discrimination from egg components to offspring down we collected 10 eggs from each species
on Svalbard in 2006 and 2007 (Klaassen et al. unpublished data). From each egg, we collected
samples of albumen, yolk and embryo feathers. The estimated mean age of embryos was
19±2.7d. All samples were stored in 70% ethanol at -20ºC until analysis.
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Turn-over in blood and egg tissues
We experimentally measured turn-over time of blood components and egg tissues in European
Mallards by switching between two diets that differed in ɷ13C composition. Such switches can
occur in waterfowl feeding on isotopically distinct resources throughout the annual cycle. In
ducks, final egg formation lasts ~8 days, with yolk deposition occurring during a 6d period of
rapid follicular growth followed by the segregation of albumen 1-2 days before the egg is laid
(Alisauskas & Ankney 1992). If the isotopic composition of diet changes during egg formation,
we would expect longer or similar turn-over times in yolk compared to blood plasma, because
the latter acts as main carrier of yolk precursors. Because yolk is deposited in concentric layers
during rapid follicular growth (Roudybush et al. 1979), we anticipate a temporal pattern of
isotope composition within the egg: the oldest, inner-most yolk would have longer turn-over
times and therefore the isotopic composition of the previous diet, while the youngest, outermost yolk would have the shortest turn-over time and an isotopic composition more similar to
that of the new diet.
Six mallards were held in outdoor aviaries in pairs, and fed a diet based on C4 plants
(maize) or C3 plants (wheat). Both diets were composed of 67% wheat or maize, 22% soybean
and 2% of sunflower seed, flax seed, millet, buckwheat and peanut. Ingredients were coarsely
ground but not compressed into pellets. The isotopic composition of the C4-based diet was 16.2±1.52‰ for ɷ13C and 4.4±0.84‰ for ɷ15N, with a C/N ratio by atomic mass of 16.4/1. The
isotopic composition of the C3-based diet was -26.9±0.41‰ for ɷ13C and 2.1±0.43‰ for ɷ15N,
with a C/N ratio of 14.4/1. After 40-47d of acclimatization on the C4 diet, food was switched to
the C3 diet. We collected blood samples before and after the diet switch, and collected eggs laid
by females during the experiments. Blood samples were centrifuged immediately for
plasma/blood cell separation. Eggs were boiled and a sample of albumen and samples from the
inner (earliest) segregated yolk, intermediate and outer (latest) segregated yolk were collected.
All samples were stored at -20ºC until analysis.

Stable isotope analysis
Food samples from the diet-tissue discrimination experiment were air-dried at 60°C for two
days and ground to fine powder using an analytical mill (mesh size < 1mm). The keratinous
samples (feathers and claws) were cleaned with hexane to remove any contamination, and airdried under a fume hood. All other samples were freeze-dried for two days. We removed lipids
from a sub-sample of whole yolk by extraction with chloroform-methanol (2/1 by volume). For
each tissue (and food sample), sub-samples of 200 – 500ʅg were analysed for ɷ15N (‰
difference from the 15N/14N ratio in atmospheric N2) and for ɷ13C (‰ difference from 13C/12C
ratio in Vienna PeeDee limestone) in a HEKAtech EuroEA elemental analyzer coupled on-line
through a Finnigan con-flo interface to a Finnigan Delta S isotope ratio mass spectrometer.
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Reproducibility based on replicate measurements on a casein standard (n = 145) during the
period of measurements was 0.12‰ (=SD) for N and 0.21‰ (=SD) for C.

Calculation of discrimination factors and turn-over time
We calculated apparent discrimination factors (ȴX) for carbon and nitrogen stable isotopes
between source and tissue as ȴXst = ɷXtissue - ɷXsource, wherein sources were bulk diets or egg
tissues (for chick down feathers). To describe tissue specific turn-over after a diet switch we
calculated exponential decay curves with ɷ(t) = ɷ(∞) + a•e-ʄ• t wherein ɷ(t) is the isotope
signature of the specific tissue at time t (days) since diet switch, ɷ(∞) is the isotopic
composition of the tissues in equilibrium with the new C3-diet, a is the difference between ɷ(0)
and ɷ(∞), and ʄ is the turn-over rate (Klaassen et al. 2010). In addition, we calculated half-life
times, the time required to halve the difference in isotopic composition between ɷ(t) and ɷ(∞),
as t50 = ln(2)•ʄ-1.

Statistical analyses
Exponential decay curves were fitted using SigmaPlot11 (least square fit). All other statistical
analyses were conducted in SPSS18.0. Data are presented as means ±SD, unless otherwise
stated.

RESULTS
Diet-tissue discrimination
ɷ13C composition differed between body tissues (F4, 87 = 21.29, P= 0.001), but not between
species (F1, 87 = 0.57, P = 0.45). However, the interaction term showed significant differences
between species and tissues (F4, 87 = 6.02, P = 0.001). There was a similar pattern for ɷ15N
(species: F4, 87 = 0.47, P = 0.49; tissues: F4, 87 = 39.57, P = 0.001; interaction: F4, 87 = 4.44, P =
0.003).
Accordingly, discrimination factors varied mainly between tissues (Table 3.1; Table 3.2)
and, in a few cases, between species (Table 3.1). For carbon, blood cells showed negative ȴ13C,
whereas plasma and keratinous tissues showed positive ȴC (Table 3.1). For nitrogen, ȴ15N were
more similar among tissues, increasing from blood cells (ȴ15N: 3.6) to primary feathers (ȴ15N:
5.2, Table 3.1).
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Table 3.1. Discrimination factors ȴ ɷ13C and ȴ ɷ15N between food and various tissues
of four herbivorous Anatidae species.
Source

Tissue

ȴ ɷ13C

ȴ ɷ15N

Food to:

Plasma
Blood cells
Claw
Back feather
Primary
Yolk

0.3 ± 0.52A,B
-0.5 ± 0.62A,B
0.4 ± 0.58A,B
1.0 ± 1.03A,B*
0.9 ± 0.73A,B
2.5 ± 0.81D

4.4 ± 0.62A,B*
3.6 ± 0.52A,B
4.5 ± 0.67A,B
4.7 ± 0.71A,B
5.2 ± 0.56A,B
2.8 ± 2.73C,D

Yolk to:
Albumen to:

Down feather
Down feather

-1.0 ± 0.42C,D*
-0.8 ± 0.61C,D

1.9 ± 0.44C,D*
2.7 ± 1.29C,D

Diet-tissue discrimination was measured experimentally in captive Bewick Swans
Cygnus columbianus bewickii (A) and mallards Anas platyrhynchos (B); diet and egg
tissue- feather discrimination was determined in free-living Barnacle Geese Branta
leucopsis (C) and Pink-footed Geese Anser brachyrhynchus (D). Between-species
differences were examined with t-test, *marks a difference at p-level < 0.05. Individual
species values are provided in Appendix B Table B.1.

Table 3.2. Statistical comparison of ɷ13C and ɷ15N between various tissues of individual herbivorous
waterbirds.
Tissue

Isotope

Plasma

C
N

Blood cells

C
N

Claw

C
N

Back feather

C
N

Blood cells
t
P

Claw
t

P

Back feather
t
P

Primary feather
t
P

8.74
7.16

-1.79
0.14

0.10
0.89

-3.52
-4.39

0.003
0.001

-3.84
-6.45

0.001
0.001

-7.16
-10.11

0.001
0.001

-6.81
-10.20

0.001
0.001

-14.04
-20.57

0.001
0.001

-1.66
-2.37

0.12
0.04

-2.04
-9.53

0.06
0.001

0.84
-3.73

0.41
0.002

0.001
0.001

Tissues are blood plasma, blood cells, and keratinous tissues: claw, back feather and first primary feather
from Bewick swans (Cygnus columbianus bewickii) and Mallards (Anas platyrhynchos). Data were
pooled for paired t-tests.

In egg tissues, ȴfood to yolk was 2.5 (ɷ13C) and 2.8 (ɷ15N), respectively for lipid-free yolk
(Table 3.1). Lipid-free ȴyolk to chick down were negative, and differed between Barnacle Geese and
Pink-footed Geese in both isotopes (for ɷ13C: t25=-2.27, p=0.03; for ɷ15N: t25=-2.55, P=0.02).
However, ȴalbumen to chick down was similar for both species (for ɷ13C: t17=-0.27, P=0.79; for ɷ15N:
t17=1.17, P=0.26).
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Turn-over time
In blood tissues, turn-over rate (ʄ) and half-life time (t50) of ɷ13C was 0.162 ±0.033 (SE) and
4.3d respectively in plasma, and 0.022 ±0.007 (SE) and 31.9d in blood cells (Figure 3.1, Table
3). In egg tissues, ʄ averaged 0.218 ±0.041 (SE) (t50=3.2d) and 0.116 ±0.020 (SE) (t50=6.0d) in
albumen and yolk, respectively (Figure 3.2, Table 3). However, in yolk we found considerably
differences in ʄ in accordance with pattern of yolk formation: turn-over rates were slowest
(0.052 ±0.033 (SE)) for inner yolk (synthesized first), followed by intermediate yolk (0.128
±0.034 (SE)) and, finally, most rapid (0.222 ±0.034 (SE)) in outer yolk (synthesized last; Figure
3.2 inset).

Figure 3.1. Turn-over of ɷ13C in plasma (unfilled circles,
dashed line) and blood cells (filled circles, solid line) from
mallards switched from C4-based to C3-based diets. For
parameters of the exponential decay curves see Table 3
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Figure 3.2. Turn-over of ɷ13C of albumen (unfilled circles,
dashed line) and yolk (means ± SD, filled circles, solid line) in
eggs laid by female mallards while switched from C4- to C3based diet. Inset: Turn-over in different parts of yolk with a –
inner, b – intermediate and c – outer yolk.

Table 3.3. Regression statistics of the exponential decay functions in ɷ13C of different tissues from female
mallards after the switch from C4 to C3-based diet.
Tissue

a

ȿ

ɷ(∞)

R2

n

Plasma
Blood cells

6.32±0.37
7.60±1.37

0.162±0.033
0.022±0.007

-24.31±0.25
-26.1±1.41

0.94
0.95

13
26

Albumen

5.31±0.29

0.218±0.041

-22.98±0.21

0.97

13

Yolk – mean

6.02±0.38

0.116±0.020

-23.27±0.36

0.98

13

inner yolk

7.58±2.62

0.052±0.033

-25.12±2.73

0.90

13

intermediate yolk

6.23±0.59

0.128±0.034

-23.22±0.53

0.94

13

outer yolk

5.73±0.27

0.222±0.034

-22.80±0.18

0.98

13

-ʄ• t

Exponential decay is given with ɷ(t) = ɷ(∞)+ a•e wherein ɷ(t) is the isotope signature of the specific
tissue at time t (days) since diet switch, ɷ(∞) is the isotopic composition of the tissues in equilibrium
with the new C3-diet, a is the difference between ɷ(0) and ɷ(∞), and ʄ is the turn-over rate. R2 and n are
goodness of fit and the number of samples; coefficients are given as means ± SE.
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DISCUSSION
Studies in stable isotope ecology are fundamentally underpinned by knowledge of how closely
stable isotope ratios in various animal tissues reflect isotope ratios in the consumed diet (socalled diet-tissue discrimination), as well as how rapidly these tissues take on the isotopic
information of a new diet (so-called turnover rates and related tissue half-life estimates). Here,
we have determined stable isotope discrimination factors and turn-over rates in tissues of four
herbivorous waterbird species with similar digestive adaptations to a low-protein and highfibre content diet (Karasov 1990).

Diet-tissue discrimination
We verified that for both carbon and nitrogen, apparent discrimination factors between diet
and tissues show considerable differences between different tissues, even those formed of a
similar material and/or within a similar time frame, such as the three keratinous tissues (flight
and back feathers and claws). Notably, diet-tissue discrimination of feathers was positive
(enriched) for adults but negative (depleted) for chick down. Chick down feathers aside,
discrimination factors were larger for keratinous tissues than for blood cells or plasma both in
carbon and nitrogen, as seen in other avian studies (Pearson et al. 2003; Bugoni et al. 2008). In
contrast to studies spanning multiple foraging guilds (Hobson & Clark 1992a), between-species
differences appeared to be minimal or absent in our study of herbivorous waterbirds.
The difference in apparent discrimination factors between flight and body feathers may
have been confounded by the temporal dynamics of feather re-growth, which varies between
different feather tracts. In waterfowl, wing feathers are moulted completely within few weeks
only (Kear 1963). To facilitate such rapid feather synthesis birds may use both exogenous (diet)
and endogenous (stored) resources (Fox et al. 2009). By contrast, body feathers are moulted
over substantially longer time periods, and claws are grown continuously throughout the
annual cycle, suggesting potentially lower physiological stress for the individual. We cannot,
however, exclude the possibility that some variation in discrimination factors may be a result of
individual or species diet selectivity, given that we calculated discrimination factors from bulk
diet to studied tissue. It is still possible that birds may have fed selectively during specific
periods of the annual cycle, which could explain the interspecies differences in discrimination
factors for back feathers or plasma.
Variability in apparent discrimination factors between different tissues is widely
acknowledged (Tieszen et al. 1983; Mizutani et al. 1991; Bearhop et al. 2002; Pearson et al.
2003); thought to be a result of different biochemical pathways and hence different sets of
enzymes which can operate isotope-specifically (Martínez del Rio et al. 2009). Yet certain
tissues that we would assume to have been produced by similar biochemical pathways (such as
keratinous claws and feathers) showed variation in discrimination factors, particularly for
carbon. Any potential differences in keratin synthesis aside, such differences in discrimination
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factors may be attributed to specific routing of nutrients to and from body stores (Dalerum &
Angerbjorn 2005), which, in migrants, may vary throughout the annual cycle.

Diet-tissue discrimination across guilds
Given that discrimination depends on chemical composition of diet and its subsequent
digestion, discrimination factors is expected to differ between foraging guilds. Indeed, marked
differences between carnivorous and granivorous animals have previously been reported
(Hobson & Clark 1992b). To further examine whether foraging guild may influence
discrimination of carbon and nitrogen we complied available data on avian species studied to
date. We applied general linear mixed models to examine the effect of foraging guild (8 levels)
and target tissue (10 levels, Appendix B Table B.1) on ȴ13C or ȴ15N, with study and species as
random effects. We assumed that ȴ13C of whole blood and blood cells were similar, given the
overwhelming isotopic signal of blood cells on the isotope ratios in the blood as a whole
(Klaassen et al. 2010). Carbon discrimination differed between tissues (P<0.001) but not
foraging guilds (P=0.23), as did ȴ15N (P<0.001 and P=0.08 for tissue and foraging guild,
respectively). We also tested whether our values for ȴ13C or ȴ15N in herbivorous waterfowl
differed from those obtained for granivorous birds - the current surrogate values for herbivores
- for blood cells and feathers (data for plasma, claws and chick down are not available for
granivorous birds). There were no significant differences for ȴ13C of blood cells or feathers
(P=0.87 and P=0.57, respectively) or for ȴ15N of blood cells (P= 0.11), but significantly different
ȴ15N of feathers (P=0.01).
Within a foraging guild, similar ȴ of same tissues can be expected if the individuals are
in steady state (Cherel et al. 2005a). Indeed, we show similarities in discrimination factors
across herbivorous waterbirds within tissues. However, the species in our study are closely
related members of the same family (Anatidae); a comparison of discrimination factors
between non-related herbivorous species is lacking at present.

Turn-over in blood and egg tissues
Diet switches occur frequently in the wild, when individuals travel (and feed) between isotopic
ally distinct habitats (Klaassen et al. 2010). Given that different tissues turn-over at different
rates, it is then possible to infer an animal’s diet or habitat preference over a range of temporal
and spatial scales by examining isotopic composition of two or more of these tissues (Inger et
al. 2008). Yet conclusions derived from specific isotope patterns are critically underpinned by
knowledge of the time needed to incorporate a specific pattern into the target tissue(s). For
herbivorous waterbirds, we show a 6-fold difference in half-life time between blood plasma and
blood cells (Table 3.1), underscoring the utility of these tissues for studies of diet switch
dynamics (Klaassen et al. 2010).
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Adding our estimate of ɷ13C to the available literature on blood cells and whole blood
(Appendix B Table B.2), we found weak support for the notion that turnover of tissues is
related to body mass scaled to the ¼ power (Carleton & Martínez del Rio 2005; Bauchinger &
McWilliams 2009)such that t50=5.27•body mass(g)0.212 (r2=0.45, P=0.01). Despite this
relationship, considerable interspecies variation exists. In fact, the above relationship
underestimates our empirically derived value for blood cell t50 by approximately 30%,
highlighting the need for species-specific estimates and a greater understanding of the
mechanisms driving interspecies differences in tissue turnover before we can simply estimate
turnover rates based on the body mass of an animal of interest.
We also show, for the first time that yolk and albumen of eggs laid following a diet
switch show similar half-life dynamics as blood plasma; with albumen turning over slightly
faster than yolk. In addition, we were able to quantify a within-yolk pattern of isotopic
incorporation following a diet switch that was directly related to the pattern of yolk formation.
This has two important implications: first, in laying females, digested nutrients appear to be
readily routed to albumen and yolk formation. This is supported by the similarities between the
rate of development/turnover in yolk and albumen and the turnover rate of blood plasma, the
main carrier for metabolic products and pre-cursors for egg formation (Table 3.1). Secondly,
yolk archives the isotopic pattern of food along a temporal gradient from inner- (oldest) to
outer-most (newest) parts of the yolk. This pattern both extends the potential utility of egg
tissues in studies of diet switch dynamics and emphasizes the importance of standardized yolk
sampling techniques, as random yolk samples taken from raw eggs may vary in their age and
isotopic composition.
Across all avian species studied to date some generalities regarding discrimination
factors and tissue turn-over times can be made. Typically, however, a large amount of variation
still remains unexplained.
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CHAPTER 4
Bethany J. Hoye

Variation in post-sampling treatment
of avian blood affects ecophysiological
interpretations

T

he fluid component of blood is widely used in ecophysiological
investigations, including measures of immune function and
stable isotope ecology. After blood collection, delayed separation of
blood extracellular fluids from red blood cells is known to affect the
concentration of a wide range of biochemical compounds in the
resulting fluid, as does prevention of clotting (producing plasma)
when compared with blood allowed to clot (producing serum).
One challenge when investigating immune function and stable
isotope ecology, therefore, is discriminating variation due to the
effect of the biological factors of interest from potential
methodological artefacts. This study assesses how seven widelyused measures of immune function and stable isotope composition
respond both to delayed separation of the cellular and fluid
components and to the clotting of blood samples from two species
of waterfowl. Samples that remained uncentrifuged for up to 12 h
did not differ from those centrifuged within 15 min of sampling
from the same individuals, indicating that samples from a wide
range of field conditions may remain highly comparable. However,
the outcome of three of the four immunological assays, and two of
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the three isotopic analyses were highly dependent on the type of fluid, with higher
immunological activity and higher relative concentrations of heavy carbon and total nitrogen
in plasma compared to serum. Researchers interested in immune function and stable isotope
ecology may obtain the most useful results by ensuring they use a single fluid type in their
investigations.

INTRODUCTION
Blood is widely used to explore the physiology and stable isotope ecology of wild animals.
Ecological immunologists utilise blood samples to investigate how immune function changes
seasonally, under different environmental conditions, and between individuals, particularly in
the context of sexual selection (Hasselquist 2007). Disease ecologists and veterinarians also rely
on blood samples to measure specific antibodies that indicate prior infection with particular
pathogens (Chapters 7 and 9). Furthermore, the concentrations of various stable isotopes in
blood samples can also be used to reconstruct the composition of an individuals’ diet and
determine its trophic position (Inger & Bearhop 2008), as well as assess reproductive
investment strategies (Klaassen et al. 2001), patterns of habitat occupancy (Inger et al. 2008)
and migration routes and timing (Hobson & Norris 2008). Each of these immunological and
stable isotope applications often require blood cells to be separated from the fluid component,
plasma or serum, by centrifugation prior to analysis.
Prolonged storage of uncentrifuged human, reptilian and avian blood samples has been
shown to result in significant changes to a wide range of biochemical assays due to glucose
depletion, the movement of water into cells, and leakage of intracellular constituents (Boyanton
& Blick 2002; Harr et al. 2005). Immediate separation of plasma or serum from cells has
therefore been advocated to optimize analytical results (Boyanton & Blick 2002). Yet, field
conditions often result in a delay between blood collection and sample separation and storage,
particularly when animals are captured in remote locations or in large numbers. Blood fluid
biochemistry has also been shown to differ between samples in which clotting is prevented
(producing plasma) and those in which clotting is allowed (producing serum) (Ceron et al.
2004; Mohri et al. 2008). Furthermore, collection-to-centrifugation delay may differentially
affect analytical results depending on whether the blood is allowed to clot or not (Boyanton &
Blick 2002). One challenge in investigating immune function and stable isotope ecology
through blood sampling is, therefore, to recognize the extent to which different methodological
procedures in processing wildlife blood after collection affect the biological factors of interest.
Given that wildlife studies are inconsistent in their use of plasma or serum, and in the
time between collecting blood and separating the cells from the fluid fraction, this study
investigates the potential for variation in blood processing to influence seven widely used
measures of immune function and stable isotope composition. Specifically, this study addresses
whether: 1) the length of time between taking a blood sample and separating the cellular and
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fluid components affects the results of immunological and stable isotope assays; 2) the type of
blood fluid (plasma or serum) affects these results; and 3) identified methodological effects are
consistent between species. Two waterfowl species – Bewick’s Swans (Cygnus columbianus
bewickii, Yarrell) and Mallards (Anas platyrhynchos, Linnaeus) – are used because blood-based
measurements of immune function, disease exposure, diet choice and foraging habitat have
been investigated in a range of waterfowl species; and because relatively large birds are required
to furnish the volumes of blood needed for a repeated measures design.

MATERIALS AND METHODS
Study animals
Bewick Swans and Mallards were held in outdoor aviaries and fed a diet containing 50% grain
mixture and 50% chicken mash (HAVENS Voeders, Maashees, the Netherlands) ad libitum.
The experimental procedures were carried out under approval CL09.04 from the Animal
Experimentation Committee (DEC) of the Royal Netherlands Academy of Arts and Sciences
(KNAW), and all efforts were made to minimize animal suffering throughout the experiment.

Blood handling experiment
Approximately 3mL of whole blood was collected using a 23G needle and 5ml syringe from the
tarsal vein of nine individuals of each species (5 males and 4 females) under brief (<1 min)
anaesthesia with Methoxyflurane. This represents ~1% of the circulating blood volume of a
6000g swan and ~5% of the circulating blood volume of a 1000g Mallard. Immediately after
drawing the blood, each sample was divided equally into eight experimental vials – five
containing a commercially prepared clot activator (no. 450470, Greiner Bio-one,
Kremsmünster, Austria) to produce serum and three containing a commercially-prepared anticoagulant (Lithium Heparin, no. 450477, Greiner Bio-one, Kremsmünster, Austria) to obtain
plasma. One plasma sample and one serum sample were centrifuged (7000g; 10 minutes)
within 15 minutes of blood collection from each bird, with the remaining samples stored at
4°C. Pairs of plasma and serum samples were then centrifuged at 2 h and 4 h post-sampling,
and the remaining serum samples were centrifuged at 6 h and 12 h post-sampling. All plasma
and serum samples were stored at -20°C until analysis.

Immunological assays
Matson et al.’s (2005) haemolysis-haemagglutination assay was used to measure natural
antibody-mediated agglutination and lysis of exogenous erythrocytes. Briefly, 25 ʅL of plasma
or serum was pipetted into the first and second rows of a 96-well plate, and then 2-fold serially
diluted with sterilised PBS from the second to the eleventh rows before adding 25 ʅL of 1% of
rabbit red blood cells in PBS to each well. Plates were incubated for 90 min in a waterbath at
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37°C, then tilted at a 45° angle for 20 minutes before scanning for agglutination and, after a
further 90 minutes, for lysis. All samples were run in duplicate. Lysis and agglutination were
quantified as the negative log2 of the last dilution exhibiting the respective activity.
Concentration of haptoglobin (mg/mL), a measure of the strength of the acute phase
response (Matson 2006), was measured using the ‘manual method’ of a commercial haembinding kit (no. TP801, Tri-delta diagnostics, Morris Plains, NJ, United States), requiring 7.5 µl
serum or plasma. Absorbance was measured at 630nm on a Synergy HT microplate reader (Bio
Tek, Winooski, VT, United States). All samples were run in duplicate with duplicate calibration
standards on each plate.
The presence of antibodies to the nucleoprotein gene segment of influenza A viruses
was tested using a commercially available blocking enzyme-linked immunosorbent assay (bELISA; MultiS-Screen Avian Influenza Virus Antibody Test Kit, IDEXX Laboratories,
Hoofddorp, the Netherlands) following manufacturer’s instructions (Brown et al. 2009). Assays
were carried out in duplicate, each using 10 μL samples of plasma or serum, in combination
with supplied positive and negative controls. Absorbance was measured at 620nm using a
Tecan infinite 200 plate reader (Tecan Benelux BVBA, Giessen, the Netherlands). Sample
signal/noise ratios (the quotient of sample mean absorbance divided by negative control mean
absorbance) greater than 0.5 were considered negative for the presence of antibodies to avian
influenza virus.

Stable isotope analysis
A 5 ʅL aliquot of each sample was freeze-dried overnight in pre-weighed tin cups. These subsamples (approximately 200 – 500 ʅg) were analysed in a Euro EA 3000 elemental analyzer
(Eurovector, Milan, Italy) coupled through a Finnigan con-flo III interface to a Finnigan Delta
V Advantage isotope ratio mass spectrometer (Thermo Scientific, Bremen, Germany). Stable
isotope ratios are reported using the typical delta notation, in parts per mil (‰) such that ɷX =
[(Rsample/Rstandard)-1] x1000, where X is 13C or 15N, R is the corresponding ratio of 13C/12C or
15
N/14N, and Rstandard is the ratio of international reference standards: Vienna PeeDee limestone
(PDB) for carbon, and atmospheric nitrogen. Reproducibility based on replicate measurements
of a casein standard (USG 40; mean ɷ15N = -4.57, mean ɷ13C = -26.28; n = 145) during the
period of measurements was 0.12‰ (s.d.) for N and 0.36‰ (s.d.) for C. This analysis method
also quantifies the amount (ʅg) of carbon and nitrogen in each sample, which were then
converted to C/N molar ratios.

Statistical analysis
The effect of sex, species, blood fluid type, and time between bleeding and centrifugation on the
outcome of each assay was tested using generalized estimating equations (GEEs). Raw values
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were used for haemolysis, ɷ13C, ɷ15N and C/N ratio, whereas transformations of measurements
for haemagglutination (^1/3), haptoglobin (log10), and avian influenza b-ELISA (exp) were
required to achieve a normal distribution. GEEs that assumed either a first-order autoregressive
relationship within the repeated measures subjects (each individual), or an unstructured
correlation matrix were tested for each dependent variable (assay). In all cases the first-order
autoregressive relationship produced the best fit on the basis of QICC values (Corrected Quasi
Likelihood under Independence model Criterion; an adaptation of Akaike's Information
Criterion for repeated measures). Full factorial models were tested for each dependent variable,
and interaction levels sequentially removed when not significant at the 0.05 level. Sex was not
significant to the outcome of any of the seven assays and was therefore removed from the
models presented. Values represent mean ± s.e. throughout the text and figures. All statistical
tests were conducted in SPSS version 17.0.

RESULTS
Immunological assays
There was no effect of sample-to-centrifuge time on any of the immunological assays (Figure 1,
Table 4.1). There was, however, significant variation between species in natural antibodymediated agglutination (Table 4.1), with Bewick’s swans showing higher activity than Mallards
in both assays (Figure 4.1). Immune function also varied between plasma and serum, with
significantly higher values obtained from plasma for haemagglutination activity (7.12 ±0.16
and 6.01 ± 0.13, respectively; Figure 4.1; Table 4.1), haptoglobin concentration (0.13 ± 0.006
and 0.04 ± 0.005, respectively; Figure 4.1; Table 4.1). Furthermore, each bird’s plasma showed
significantly lower b-ELISA s/n ratios than its serum (Table 4.1). The differences between
plasma and serum were consistent between the two species. Haemolysis did not differ between
the two fluids in either species (Table 4.1).

59

TECHNIQUES

Figure 4.1. Immunological measures, including haemolytic activity (panels A & B), haemagglutinating activity
(panels C & D), haptoglobin concentration (panels E & F) and signal/noise ratio of a blocking enzyme linked
immunosorbent assay (b-ELISA) to detect antibodies to influenza A viruses (panels G & H), in blood fluid stored in
vials containing a clot activator (serum, filled circles) or an anti-coagulant (plasma, unfilled circles) as a function of
time between drawing the sample and centrifugation. Whole blood samples were from Bewick’s swans (A, C, E, G)
and Mallards (B, D, F, H) were stored as eight equal samples per individual. Values represent means ± s.e.
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Table 4.1. Effect of species, fluid type, and time between bleeding and centrifugation on immunological and stable
isotope analysis of blood samples from captive Bewick’s swans (Cygnus columbianus bewickii; n=9) and Mallards
(Anas platyrhynchos; n=9).
Effect
(intercept)

Hemolysis

Haemagglutination*

Haptoglobin†
<0.001

AIV bELISAۯ
<0.001

ɷ13C

ɷ15N

C:N ratio

<0.001

<0.001

<0.001

<0.001

<0.001

species

0.134

<0.001

0.620

0.414

0.197

<0.001

0.037

fluid

0.850

<0.001

<0.001

0.007

<0.001

0.569

<0.001

time

0.910

0.516

0.308

0.813

0.056

0.915

0.684

species •
fluid
species • time

0.028

time • fluid

0.026

QICC

0.161

37.062

8.715

14.394

14.464

22.298

8.269

15.727

Sub-samples were stored with an anti-coagulant (plasma) or a clot activator (serum) for 0-12h before centrifuging to
separate this fluid fraction of the blood. The models presented assume a first-order autoregressive relationship within
the repeated measures subject (each individual bird). Significant results are indicated in bold type.
* Transformed to the power 1/3; † Log10 transformed;  ۥExponential transformed
AIV: Avian influenza virus; ELISA = Enzyme linked immunosorbent assay
QICC: Corrected Quasi Likelihood under Independence model Criterion; an adaptation of Akaike's Information
Criterion for repeated measures

Stable isotope analysis
Time between drawing a blood sample and separating the fluid and cellular components did
not have a significant effect on stable isotope or elemental composition (Figure 4.2; Table 4.1),
however, it approached statistical significance for ɷ13C (P=0.056), and showed a significant
interaction with fluid type for C/N ratio (P=0.026). There were also significant differences
between species in ɷ15N (Bewick’s swans: 5.96 ± 0.03 compared to Mallards: 6.57 ± 0.04; Figure
4.2; Table 4.1) and C:N ratios (Bewick’s swans: 5.07 ± 0.02 and Mallards: 5.22 ± 0.02; Figure
4.2; Table 4.1) despite both species being fed on an isotopically-identical diet. Both ɷ13C and
C/N ratios showed significant differences between serum and plasma within individual birds,
with serum being more depleted in heavy carbon (ɷ13C = -21.18 ± 0.05 vs. -21.57 ± 0.04; Figure
4.2; Table 4.1) and total nitrogen (C/N ratio = 5.09 ± 0.02 vs. 5.18 ± 0.02; Figure 4.2; Table 4.1)
compared to plasma. There were, however, no significant differences in ɷ15N between serum
and plasma in both species (Table 4.1).
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Figure 4.2. Stoichiometric measures, including carbon stable isotope ratio (ɷ13C; panels A & B), nitrogen stable
isotope ratio (ɷ15N; panels C & D), and carbon/nitrogen molar ratio (panels E & F), in blood fluid stored in
vials containing a clot activator (serum, filled circles) or an anti-coagulant (plasma, unfilled circles) as a
function of time between drawing the sample and centrifugation. Whole blood samples from Bewick’s swans
(panels A, C, E, G) and Mallards (panels B, D, F, H) were stored as eight equal samples per individual. Values
represent means ± s.e.
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DISCUSSION
Immunological assays
Storing blood at 4°C for up to 12 h prior to separation of the cellular and fluid components did
not have a significant effect on any of the immunological assays. However, there was
substantial variation between the values obtained from plasma and serum in three of the four
the immunological assays. Given that serum is blood plasma without fibrinogen and other
clotting proteins, it is not surprising that the biochemical and functional properties of serum
may differ from those of plasma. Indeed, in this study serum showed significantly lower
agglutinating (Figure 4.1 C&D) and specific antibody binding activity (Figure 4.1 G&H), as
well as lower concentrations of acute-phase proteins (Figure 4.1 E&F) compared to plasma for
both species. These results suggest that, in addition to the proteins, antibodies, and hormones
found in serum, the proteins involved in coagulation may also play a role in certain in-vitro
immune reactions. The difference in haptoglobin concentration between plasma and serum
(Figure 4.1 E&F) was of a similar magnitude to the differences between plasma samples from
continental and insular birds, including waterfowl, reported by Matson (2006). Similarly,
differences in natural antibody-mediated agglutination between plasma and serum (Figure 4.1
C&D) were slightly larger than those found between habitats and age groups in Red knots
(Calidris canutus) (Buehler et al. 2009)(although it is unclear whether these samples were
allowed to clot prior to separation, and whether the degree of coagulation may have differed
between individuals). Furthermore, signal/noise ratio (s/n) of the AIV b-ELISA also showed
lower reactivity (higher s/n) in serum compared to plasma. Such differences were of negligible
consequence when s/n was relatively low (<0.3) or relatively high (>0.7). However, two swans
and one mallard had average s/n close to the 0.5 threshold for assigning seropositive or
negative status. In these individuals, the difference in s/n between fluid types resulted in
samples stored as serum being more likely to be classified seronegative than samples stored as
plasma, indicating different thresholds may be required for different fluid types. The use of
both serum and plasma in a single study may, therefore, be sufficient to obscure significant
ecological relationships.

Stable isotope analysis
Similar to the immunological assays, prolonged delays in sample processing did not have a
significant effect on stable isotope composition; although delays beyond 12 h may go on to
affect į13C signatures and C/N ratios. Yet, į13C and C/N ratios showed significant differences
between serum and plasma within individual birds. Kurle (2002) found strikingly comparable
results in fur seals, where plasma į13C was 0.4‰ higher than serum į13C from the same
individuals. Together, these results indicate that the fibrinogen and other clotting proteins
contained in plasma may discriminate 13C to a greater extent, resulting in a fluid that was
0.28‰ (± 0.05) higher į13C than the į13C of the diet, compared with serum, which showed į13C
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values 0.11‰ (± 0.04) lower than the diet. This is particularly relevant for studies using stable
isotopes to determine the timing of diet switches as small errors in the estimation of stable
isotope discrimination between diet and tissue can result in large errors in foraging models
(Caut et al. 2009). Discrimination factors applied to į13C signatures of blood components
should therefore be specific to the fluid used. Unfortunately, information on the post-sampling
treatment of blood is rarely included in studies using stable isotope ecology. Discrimination
factor values are available for plasma (e.g. Evans Ogden et al. 2004; Klaassen et al. 2010) yet,
without the use of anti-coagulants, even brief (<15 min) delays prior to separation will result in
some coagulation, and hence a fluid that no longer contains the full complement of proteins
(and associated į13C signature). A further complication for field studies may be that the
coagulating proteins, and hence plasma, turn over at a slightly different rate to serum, although
little work has been done on this topic. Because į15N showed little variation between plasma
and serum, our results suggest that the type of fluid used is less likely to affect investigations of
trophic level (based on į15N) than investigations of foraging habitat, diet composition and time
since diet switch (based on į13C). The presence of coagulating proteins in plasma and not
serum can also explain the higher C/N ratio (i.e. lower protein content) of serum compared to
plasma in this study.

Practical implications
Given that blood may be stored unseparated for up to 12 h at 4°C without altering subsequent
measures of immune function or stable isotope composition in the fluid component, these
results indicate that samples collected under a wide range of field conditions may remain highly
comparable. However, there appear to be critical differences in a number of assay results
between plasma and serum. Researchers interested in comparisons of immune function and
stable isotope composition should therefore confine measurements to a single fluid type
whenever possible. In this study plasma and serum were achieved through addition of an anticoagulant and a clot-activator, respectively. However, given that these chemical additives may
influence the chemical composition of the resulting fluid, some researchers may prefer to store
blood samples in sterile vials without chemical additives. In either case, samples to be assayed
as plasma critically require immediate separation or addition of anticoagulants to whole blood
in order to maintain the full complement of proteins in the fluid. Alternatively, complete
coagulation, achieved either by the addition of clotting agents or prolonged storage (12-24h), is
required to obtain serum. Given the physiological, biochemical, and apparent functional
differences between these two fluid types, samples allowed to partially coagulate will prove
difficult to interpret. The choice of fluid type should therefore be dependent upon the
practicality of obtaining a certain fluid under field conditions, as well as the performance of the
fluid in the assays of interest. If such standardisation is truly impractical, correction factors for
differences between plasma and serum may potentially ameliorate the discord between the two
fluid types. For instance, the results of this study suggest that serum was lower than plasma by
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0.38‰ (± 0.03) for į13C; 0.085 mg/ml (± 0.01) for haptoglobin; 1.28 fold (± 0.16)
haemagglutinating activity; and had C/N ratios that were 0.09 (± 0.008) higher than plasma.
These values should, however, be used with caution until a broader range of species has been
tested.
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CHAPTER 5
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Marcel Klaassen, Silke Bauer,
Hans Heesterbeek

How to find natural reservoir hosts from endemic
prevalence in a multi-host population
A case study of influenza in waterfowl

T

he transmission dynamics of infectious diseases critically depend
on reservoir hosts, which can sustain the pathogen (or maintain
the transmission) in the population even in the absence of other hosts.
Although a theoretical foundation of the transmission dynamics in a
multi-host population has been established, no quantitative methods
exist for the identification of natural reservoir hosts. For a host to
maintain the transmission alone, the host-specific reproduction
number (U), interpreted as the average number of secondary
transmissions caused by a single primary case in the host(s) of interest
in the absence of all other hosts, must be greater than unity. If the
host-excluded reproduction number (Q), representing the average
number of secondary transmissions per single primary case in other
hosts in the absence of the host(s) of interest, is below unity,
transmission cannot be maintained in the multi-host population in
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the absence of the focal host(s). The present study proposes a simple method for the
identification of reservoir host(s) from observed endemic prevalence data across a range of
host species. As an example, we analyse an aggregated surveillance dataset of influenza A
virus in wild birds among which dabbling ducks exhibit higher prevalence compared to other
bird species. Since the heterogeneous contact patterns between different host species are not
directly observable, we test four different contact structures to account for the uncertainty.
Meeting the requirements of U > 1 and Q < 1 for all four different contact structures,
mallards and other dabbling ducks most likely constitute the reservoir community which
plays a predominant role in maintaining the transmission of influenza A virus in the water
bird population. We further discuss epidemiological issues which are concerned with the
interpretation of influenza prevalence data, identifying key features to be fully clarified in the
future.

INTRODUCTION
Reservoir hosts of an infectious disease serve as a source of infection and sustain the
pathogen in a population (Dorland 1994). Although ideal disease-control efforts, intended to
eliminate an infection, should be aimed at controlling infections in the reservoir hosts, the
identification of these reservoir hosts and the clarification of their role have yet to be fully
understood in many instances (Haydon et al. 2002). The difficulty in identifying reservoirs is
largely due to poor understanding of the epidemiology of multi-host pathogens (Woolhouse
et al. 2001). To date, only a limited number of observed data have been analysed to elucidate
the transmission dynamics in a multi-host population with a particular emphasis on the
reservoir host (Rhodes et al. 1988; Hudson et al. 1995; Begon et al. 1999; Craft et al. 2008;
Lembo et al. 2008).
The epidemiological conditions for a particular host to act as the reservoir, proposed
by Cleaveland & Dye (1995), in conjunction with theoretical foundation of the transmission
dynamics in a multi-host population (Roberts 2007) provide a sound conceptual framework
for investigating reservoir hosts. However, quantitative methods to fill the gap between
theory and observation have yet to be developed. Although we cannot extensively identify all
maintenance hosts (i.e. hosts that can sustain pathogen alone) in nature, due mainly to
limitations in the observed data in wildlife ecology, this type of quantitative application may
help justify both disease control measures as well as host-specific targeted surveillance.
The present study proposes a simple method for the identification of a specific host or
group of hosts as a reservoir using observed prevalence data of an endemic disease. In light of
different definitions of the reservoir host in literature (Cleaveland & Dye 1995; Ashford 1997;
Swinton et al. 1998; Haydon et al. 2002; Ashford 2003), we define a reservoir community as a
minimum set of hosts who can sustain the pathogen alone, and thereby all other hosts other
than the reservoir community cannot maintain transmission by themselves. As an example,
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we consider the epidemiological dynamics of influenza A virus in migratory waterbirds,
which have been suggested as potential reservoir hosts of influenza A virus. Although these
wild birds mainly harbor low pathogenic avian influenza (LPAI) virus, full clarification of the
dynamics is directly relevant to epidemiological understanding of the emergence of highly
pathogenic avian influenza (HPAI). From various studies of ecological surveillance of
influenza A virus in waterbirds it is known that wild birds infected with LPAI virus transport
and excrete the virus, and thus may infect poultry (Easterday et al. 1968; Homme &
Easterday 1970; Webster et al. 1992; Fouchier et al. 2007). The switch from a LPAI
phenotype to a HPAI is achieved by the introduction of basic amino acid residues into the
HA0 cleavage site (Alexander 2007). A previous study summarized the surveillance results of
global prevalence patterns in waterbird populations (Olsen et al. 2006). In this and other
studies (e.g. see Munster et al. 2007 for northern Europe; Wallensten et al. 2007), higher
prevalence has been observed in dabbling ducks (genus Anas), especially in mallards (Anas
platyrhynchos), compared to other species. It was thus postulated that mallards may be a
reservoir host of influenza A virus (Munster et al. 2005; Sturm-Ramirez et al. 2005; Songserm
et al. 2006). However, high prevalence in a specific host alone is not sufficient to deem that
host as a natural reservoir. A species with a low prevalence, yet, an extremely long infectious
period that interacts with other species frequently enough to cause inter-specific
transmissions can also satisfy the requirements of a maintenance host. Therefore, the
assessment of whether a particular host is a reservoir needs to be made on the basis of
theoretical approaches with a firm understanding of the underlying transmission dynamics.
By our definition, a transmission cannot be maintained in the multi-host population
without the reservoir community. If there are one or more maintenance hosts in the
population, the reservoir community must include these maintenance hosts. Moreover, the
reservoir community can also include non-maintenance hosts, i.e., the host species which
cannot sustain the pathogen on their own. To identify specific hosts as constituting the
reservoir community in a multi-host population we have to regard three different conditions.
First, the infected host of interest must be able to cause secondary transmissions among
susceptible individuals (i.e. the potential for secondary transmission). Second, the infection
should persist in the reservoir community in the absence of other host species (which we
refer to as necessary condition; previously described by Cleaveland & Dye (1995) as a
condition of the reservoir host for a single host population). If the average number of
secondary transmissions per single primary case in the reservoir community is greater than
1, the transmission will be maintained in that host species. Third, if the transmission cycle
cannot be maintained in the absence of the reservoir community (which we refer to as
sufficient condition); this indicates that the specific host (or a combination of hosts which
constitute the reservoir community) plays a critical role in maintaining the transmission in
the population as a whole.
In the case of influenza in wild birds, secondary transmission, the first condition, can
be proven experimentally and has already been examined among ducks (Yamamoto et al.
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2007). The second and third conditions can be assessed by epidemiological modelling,
quantifying the threshold quantities for a particular infection in the multi-host population.
Although earlier reservoir definitions have emphasized that the pathogen of interest should
be non-pathogenic to the reservoir host (which may permit a long infectious period, and
thereby increase the number of secondary transmissions), theoretically the nonpathogenicity condition is not essential (Haydon et al. 2002; Latorre-Margalef et al. 2009).
Thus, we here focus on the transmission dynamics and persistence of infection in the multihost population.
Here, we aim to develop a simple quantitative method to estimate threshold
quantities for transmission and persistence of viral infections in a multi-host population.
This method is exemplarily applied to the identification of the reservoir host(s) for influenza
A virus in a multi-host waterbird population. Through our application, we test if a specific
host or a combination of multiple hosts can satisfy the above-mentioned conditions to be a
reservoir community of influenza.

METHODS
Host types and influenza prevalence data
In the present study, we use “type” to denote a group of hosts of our interest. The type does
not necessarily correspond to taxonomic or phylogenetic groups. We use the prevalence data
of influenza A virus for different waterbird species (Figure 5.1, Olsen et al. 2006). These
published data summarize the worldwide distribution up to 2005 based on a total of 71859
samples across 47 species of waterbirds. Based on ecological and prevalence characteristics
we selected only the waterfowl and wader species from this data set and grouped them into
five types. We distinguish dabbling ducks, diving ducks, geese and swans, and waders.
Furthermore, as dabbling ducks differ in prevalence and abundance, we further subdivide
dabbling ducks into two types: (I) mallards and (II) all other dabbling ducks but mallards.
Other species with greatly deviating ecology (e.g. with respect to habitat preference) or
because of extremely low prevalence, e.g., rails and cormorants, were ignored. Gulls were also
removed, because infections with only a few specific subtypes of influenza virus have been
reported in this group of birds (Munster et al. 2007). We used the prevalence data, because
other epidemiological information (e.g. incidence of infection) is usually not collected.
The prevalence in dabbling ducks (including mallards, wigeon, teals and gadwall) has
been reported to be as high as 10.1%, while that of diving ducks (e.g. pochards and tufted
ducks) was 1.6% (Olsen et al. 2006; Fouchier et al. 2007). Among the five types, Figure 5.1
ranks the prevalence in descending order; we label the types accordingly (i.e. the type with
highest prevalence (i.e. mallards) is labelled as 1). Observing the highest prevalence in
mallards, and the second highest prevalence in other dabbling ducks, they have been
suggested to be the reservoir hosts, or, at least, playing a key role for maintenance.
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Nevertheless, high prevalence alone does not suffice to constitute the reservoir community.
Below, we will present a model that permits identification of the reservoir community from
endemic prevalence data.

Figure 5.1. Observed prevalence of influenza A virus infection
by different types of hosts. Each dot represents the expected
value of prevalence for each host type. The whiskers indicate
the lower and upper 95% confidence intervals. According to
rank of the observed prevalence levels, we label the types from
1 to 5 in descending order. See Olsen et al. (2006) for original
data.

Model
We consider the population dynamics of influenza A virus in a multi-host wild bird
population with n different host types (i.e. n = 5 in our example). For each type k, we divide
the population into susceptible (sk) and infectious (ik) individuals. Both sk and ik are expressed
as proportion and thus we assume sk(t) + ik(t) = 1, for any time t. Due to the absence of
adequate data, we ignore periodic fluctuations both in the prevalence and the host
population dynamics, despite realizing that models for infectious diseases in natural
populations may yield additional insights into the transmission dynamics when
incorporating temporally fluctuating dynamics in prevalence and host demography. The
stationary assumption for host demography is in accordance with the assumption that birth
and death rates are identical, μk (per unit time), and constant in time. Let the force of
infection (i.e. the rate at which susceptible individuals experience infection) and the recovery
rate of type k be Ȝk and Ȗk, respectively. The transmission dynamics of influenza A virus in a
waterbird population are described by an SIS (susceptible-infected-susceptible) model:
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dsk
= μk + γ k ik − (λk + μk ) sk
dt
dik
= λk sk − (γ k + μk )ik
dt

(1)

We adopt an SIS-type model rather than an SIR (susceptible-infected-recovered)-type
approach, because influenza infection in ducks is known not to elicit subtype-specific
immunity against further infections, and thus, the host experiences frequent re-infections
(Kida et al. 1980). Although influenza epidemiology may be better described by
incorporating protective immunity both in humans (Pease 1987) and perhaps also in wild
birds (Latorre-Margalef et al. 2009), we tentatively assume the SIS model to be valid for the
purpose of demonstration of our method. We further assume the infection process to be
frequency-dependent (De Jong 1995; McCallum et al. 2001), again due to the absence of
more specific data or evidence of the contrary. Population size estimates could be extracted
from the literature (Delaney & Scott 2006), potentially permitting an estimate of densitydependent transmission; however, we used the aggregated prevalence data which involved
considerable variations in the species-specific and location-specific sampling of influenza A
virus within the same type. The force of infection Ȝk can be written as
n

λk = ¦ β kl il

(2)

l =1

where βj is the transmission rate from type j to i. Ignoring periodic fluctuations in the
prevalence indicates that we implicitly regard the prevalence data in Figure 5.1 as reflecting
an endemic steady state of system (1) and thus the wild birds as one globally interacting
community. We assume homogeneous mixing within the same type due to the absence of
adequate data for further systematic explorations of potential heterogeneities. The steady
state solutions of (1) are given by

μk + γ k
λk 0 + μk + γ k
λk 0
ik∗ =
λk 0 + μk + γ k
sk∗ =

(3)

where ik* represents the prevalence level of type k in endemic equilibrium and Ȝk0 is the force
of infection of type k in the endemic steady state. If Mk out of Nk individuals of type k were
infected in the observed data, we assume
M k ~ Binomial( N k , ik* )

(4)

That is, the loglikelihood kernel l for the prevalence survey data is given by
n

λk 0
μk + γ k ½
l (λ10 , λ20 ," , λn 0 ) = ¦ ® M k ln
+ ( N k − M k ) ln
¾,
μ
γ
λ
+
+
λ
k =1 ¯
k0
k
k
k 0 + μk + γ k ¿
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from which we can estimate Ȝk0 for all types k. Since there are k unknown Ȝk0 with k inputs of
prevalence, the average life-expectancy at birth 1/µk and mean infectious period 1/Ȗk for all
types are extracted from literature and both are assumed known (Table 5.1). The pre-fledging
mortality is known to be extremely high; however, individuals do not aggregate at this stage,
and as such their presence (or absence) is expected to have little impact on the transmission
dynamics. Thus, we utilise published post-fledging mortality as the known estimate of 1/µk.
Although the mean infectious periods are typically derived from mean virus shedding
periods in experimental infection trials, strictly speaking, the virus shedding periods do not
directly offer the infectious period. Since the detailed distribution of infectious period has
been suggested to greatly influence the estimates of threshold quantities in real-time (Lloyd
2001; Wearing et al. 2005; Roberts & Heesterbeek 2007; Wallinga & Lipsitch 2007), we
examine the sensitivity of threshold quantities to different infectious periods assuming
plausible ranges (see 2.4).

Threshold quantities
To capture the multi-species interactions and quantify the resulting threshold
quantities, we consider the n×n matrix B with elements βij. As we will discuss in the
following, parameter identifiability can be arranged by restricting the matrix B to no more
than n degrees of freedom (e.g. specifying a structure for B involving only n distinct
parameter values). That is, there is a unique matrix D(ʄ) which satisfies

λ = D (λ ) β

(6)

where β is the n-vector of distinct parameters (b1, b2, …, bn)T (Anderson & May 1985;
Farrington et al. 2001a). The equation (6) can be derived by further examining equations (2)
and (3); i.e.
n

λk 0 = ¦
l =1

β kl λl 0
λl 0 + μl + γ l

(7)

Solving (7) for β, the parameters β are described as a function of ʄ and are estimated as

βˆ = D ( λˆ ) −1 λˆ . We assume D(ʄ)-1ʄ> 0, so that matrix B has a regular configuration for the
data (i.e., the estimation is constrained by this condition).
In general, the contact frequencies between different host types are not directly
observable and quantifiable, introducing uncertainties to the model. We therefore investigate
four different contact structures, employing the so-called WAIFW (who acquires infection
from whom) matrix (Figure 5.2). The first assumption, B1, adopts a separable mixing
assumption, where βij can be decomposed as aiaj (Dietz & Schenzle 1985; Greenhalgh & Dietz
1994), while three others, B2-B4, assume different qualitative patterns of contact. The
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1.6

2.0

Mallards

Dabbling ducks
(excl. Mallards)

Diving ducks

Geese and Swans

Waders

Type (k)

1

2

3

4

5

(3.0-20.0)

(3.0-20.0)

(1.5-2.5)

(1.5-2.5)

(1.2-2.0)

range

5.0

5.0

4.0

6.5

4.0

1/Ȗk, mean
infectious
period (days)
Cramp et al. (1977), Homme & Easterday (1970), Webster et al.
(1978), Isoda et al. (2006), Keawcharoen et al. (2008)

References

Balmer & Peach (1997), Homme & Easterday (1970), Otsuki et
al (1982), Brown et al. (Brown et al. 2008), Schekkerman &
Slaterus (2008)

Cramp et al. (1977), Blums et al (1996), Keawcharoen et al.
(2008)

(3.0-14.0) Hilden (1978), Otsuki et al (1982) , Krauss et al (2004)

(2.0-8.0)

(2.0-7.0)

(4.0-10.0) Cramp et al. (1977), Kida et al. (1980)

(1.0-7.0)

range

Although the mortality before fledging is known to be extremely high, the individuals do not aggregate and have little impact on the transmission dynamics. Following
fledging, the juveniles start aggregation and their mortality is greatly improved. Note that the mean estimate of mortality ignores the deaths before fledging.

7.0

7.0

2.0

1/(365×µk),
average lifeexpectancy at
birth (years)

Table 5.1. Parameter estimates for the average life-expectancy at birth and mean infectious period of influenza A virus infection in waterbird populations
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biological interpretation of separable mixing B1 is that irrespective of its own type, an
individual can acquire infection from any given infectious individual (i.e., the transmission rate
from host j to i is determined by host j; Diekmann & Heesterbeek 2000). All other matrices, B2,
B3 and B4, assume that the transmission rates between type 1 (mallards) and the other types are
smaller than the rate among type 1 individuals, because the prevalence in mallards is by far
greater than the prevalence in the other types, while the infectious periods are not markedly
different. B2 assumes that the transmission is high in type 1 and decreases according to the
ascending label number of the other types (similar to the assumption of age-related
heterogeneity in human disease transmission, Anderson & May 1985). B4 assumes the extreme
case where different host types rarely interact and especially types 1-4 primarily experience
infection within their own type. B3 is an intermediate between B2 and B4. It should be noted that
these qualitative patterns are arbitrarily defined. Restricting the matrices with 5 parameters
alone does not generally represent fully realistic contact patterns.

Figure 5.2. Contact matrix structures. We assume four
different contact structures for the transmission of influenza
A virus in waterbird populations. Matrix B1 assumes that the
contact between types i and j is separable. Matrix B2 assumes
higher transmission rates among those with higher prevalence
levels. Matrix B4 is an extreme assumption where types 1-5
experience the majority of contacts within the same type alone
and seldom experience contacts with different types. Matrix
B3 is an intermediate assumption between B2 and B4. In all
cases, there are in total 5 parameters to be estimated.
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To discuss the different threshold quantities in the multi-host population, we quantify
the n×n next-generation matrix, K. Let C denote the n×n diagonal matrix of death/removal
rates. Following Diekmann & Heesterbeek (2000), we consider the following vector x(τ)
dx (τ )
= −Cx(τ )
dτ

(8)

which describes the probability to be in the infectious state at infection-age τ. Since the matrix
B is regarded as the vector of infectivity of the various hosts, the next-generation matrix K is
given by
K = − B ( −C −1 ) = BC −1

(9)

where C-1 is the n×n diagonal matrix, diag(1/(µ1+ɶ1), 1/( µ2+ ɶ2), …, 1/( µ n+ ɶn)), which
describes the average duration of infectiousness among infected individuals in each host type.
Thus, each element kij of K is given by βij/( µj+ ɶj) (Roberts 2007). The basic reproduction
number, R0, is given by the dominant eigenvalue of K:
R0 = ρ ( K )

(10)

In the present study, the estimate of R0 is expected to be greater than 1 because we
assume the system (1) has reached an endemic equilibrium, i.e., that an epidemic took off in the
past. In addition to R0, we examine two threshold quantities (Roberts & Heesterbeek 2003): the
host-specific (U) and the host-excluded (Q) reproduction numbers, which are defined as

U = ρ ( PK )

(11)

Q = ρ (( I − P) K )

(12)

and

where I and P are identity and projection matrices, respectively. The elements of the projection
matrix are Pii = 1 if i ∈ σ and 0 otherwise (where σ represents the type(s) that are tested as
potential reservoir host(s)). In practical terms, U measures the average number of secondary
transmissions produced by a single primary case in the focal host(s) in the absence of other
hosts (e.g. the reproduction number of influenza for dabbling ducks (i.e. types 1 and 2) in the
absence of all other types). Q is the average number of secondary transmissions produced by a
single primary case in other hosts in the absence of the focal host(s) (e.g. the reproduction
number of influenza among all types other than dabbling ducks (i.e. types 3-5)).

Reservoir definition
In the multi-host population with n different host types, the maintenance host and reservoir
community are defined as follows:
(A) For a host i to be a maintenance host, the host has to satisfy
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U i = ρ ( PK
i ) >1

(13)

The maintenance host should be considered as the minimum set of hosts to satisfy (13).
(B) The reservoir community consists of m different types, where 1 ≤ m ≤ n, which is a
minimum set of hosts satisfying both
U m = ρ ( Pm K ) > 1

(14)

Qm = ρ (( I − Pm ) K ) < 1

(15)

and

By “minimum” m, the reservoir community is regarded as the minimum essential group of
host(s) to maintain the transmission in the population as a whole.
(C) If there is only a single maintenance host and if the reservoir community consists of the
maintenance host alone, the host is referred to as the unique reservoir species.
Figure 5.3 shows the relationships between the different hosts. There can be multiple
maintenance hosts in the single multi-host population. The definition of the maintenance host
is irrelevant to Q. However, in the absence of the reservoir community, the transmission cannot
be maintained. It should be noted that the reservoir community can include not only
maintenance hosts, but also non-maintenance hosts. If maintenance hosts exist, the reservoir
community must include all of the maintenance hosts in satisfying (15).

Figure 5.3. Definition of the reservoir host. Given an endemic infection, R0 of the population is
greater than unity. In some instances, a maintenance host, defined as the minimum set of hosts
satisfying U > 1, can be found in the population. The reservoir community is defined as the
minimum set of hosts satisfying both U > 1 and Q < 1, which must include all the maintenance
host(s) and perhaps also the non-maintenance host(s). In the absence of the reservoir community,
the remaining hosts cannot sustain the pathogen. If a single maintenance host is identical to the
reservoir community, the host is referred to as the unique reservoir host.
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It is also possible that we cannot find any single type of maintenance host in the
population. As an example, consider a mosquito-borne disease with 3 or more hosts; e.g., the
Japanese encephalitis virus is transmitted between Culex spp. and swine (the latter of which is
referred to as an amplifying host), and human, horses and cattle are believed not to cause any
secondary transmissions and thus referred to as the dead-end hosts (Vaughn & Hoke 1992).
Neither Culex spp. nor swine can maintain the transmission alone (U < 1 for both Culex spp.
alone and swine alone) and hence both are not the maintenance host. Nevertheless, if U > 1 for
the combination of Culex spp. and swine, the reservoir community is that combination.
Accordingly, the necessary condition for the reservoir community is that the infection
persists in the presence of the reservoir community alone and the sufficient condition is that the
transmission cycle cannot be maintained in the absence of the reservoir community, and are
given by U > 1 and Q < 1, respectively. It should be noted that U based on type k is equivalent
to Q based on all types other than type k (and vice versa); i.e., let P be I-P, Uk (U for type k) is
given by ρ ( PK ) = ρ (( I − P) K ) = Qnon _ k (i.e., Q for all types other than type k).
We estimate R0, U and Q from prevalence data of the five different host types. Since we
assume four different WAIFW matrices, there are four different sets of these estimates. U and
Q are estimated for all five types, and moreover, we also estimate U and Q for all possible
combinations of two types to identify the reservoir community. The maximum likelihood
estimates of R0, U and Q are obtained directly from the maximum likelihood estimates of
parameters for B. The 95% percentile confidence intervals are obtained by employing a
bootstrapping method (Efron & Tibshirani 1993). Given the observed data x1, x2, …, xn, an
estimate of some population parameter θˆ is calculated by taking a sample (with replacement)
of size m ≤ n from the original set, x1, x2, …, xn. Based on simple random sampling (i.e.
sampling which is independent of the types of host), an empirical distribution of θˆ is created
by repeating the sampling procedure, which yields an estimate of ș. The 95% percentile
confidence interval estimate of ș describes the 2.5th and 97.5th percentile points of the
empirical distribution function of θˆ . The method is deemed particularly useful when it is
difficult to estimate the sampling distribution of ș (e.g. in the case of R0, U and Q).
Sensitivity analysis
We determine the sensitivity of U and Q to different infectious periods in different host types.
Since the natural mortality rates µk would have only negligible impact on thresholds (compared
to recovery rates Ȗk), we here focus on varying recovery rates only. Furthermore, we examine
the sensitivity of U and Q to different infectious periods for type 1 and types 1 and 2 only,
because these are the only types that have the potential to constitute the reservoir community
(see Result section below). As the next-generation matrix is employed to quantify the threshold
quantity, the sensitivity Sij of R0 to changes in the element of K, kij(Ȗj), can be calculated as
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Sij =

∂R0 ∂kij
∂kij ∂γ j

(16)

when focussing on Ȗj. The fundaments and examples of sensitivity analysis in ecology can be
found elsewhere (Caswell 2001; Hartemink et al. 2008). Although the concept is useful for an
analytical understanding of K where all other elements are constant and for numerical
simulations, K in the present study is obtained partially by B, which is estimated from the
observed prevalence data, p1, p2, …, p5. The relative change in kij(ɶj) would therefore influence
all other elements of K, and thus, we have to calculate maximum likelihood estimates of
parameters for B in each relative change of a single parameter ɶj. That is, the expected values of
U and Q are conditioned on pk and, thus, we estimate

∂E(U p1 , p2 ," , p5 )
∂γ j

(17)

∂E(Q p1 , p2 ," , p5 )
∂γ j

(18)

and

as our sensitivity analysis. According to the plausible ranges of Ȗk in Table 5.1, we examine four
different relative changes in the mean infectious period for types for k = 1, 2 and 3-5 namely
0.50, 0.75, 1.25 and 1.50 times the baseline value.

Summary of assumptions
In summary, we make the following assumptions:
1. The observed prevalence data reflect influenza transmission in waterbirds in
stationary state (i.e. achieving endemic steady state). We ignore periodic fluctuations
in prevalence. Similarly, we ignore periodic fluctuations in the demographic
dynamics of the host.
2. The infection does not elicit subtype specific immunity against further infections in
waterbird populations. Infected hosts will become fully susceptible again upon
recovery. Antigenic variation in influenza virus A is ignored.
3. We ignore variations in sampling frequencies with respect to time and place and
regard the published data as representative of the worldwide prevalence data which
permits ignoring migratory behaviour.
4. Frequency-dependence is adopted to model the transmission within and between
species. Due to the absence of more specific data, modes of transmission other than
direct contact (e.g. transmission via surface water (Hinshaw et al. 1979; Markwell &
Shortridge 1982) are ignored.
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5. Due to limited data availability, heterogeneous contact patterns within the same host
(e.g., space- or age-related) are ignored.
6. Interactions between wild birds and other hosts (e.g. poultry and swine) are far less
frequent than those among wild birds, and are thus ignored.
If more detailed datasets become available, assumptions 3, 5 and 6 can be resolved by natural
extensions of our concept (i.e. adding “types” to the model).

RESULTS
Forces of infection and the basic reproduction number
Table 5.2 shows the maximum likelihood estimates of the force of infection for the five
different types (which were estimated using (5)). Because we assumed that the infectious period
would not greatly vary by types, the forces of infection almost directly reflect the prevalence
levels in Figure 5.1, which is certainly expected from the equations in (3). Estimates of R0 are
also shown for the four different assumptions of the WAIFW matrix. R0 did not greatly vary for
the different contact patterns. All four assumptions reflected the observed data equally well (all
assumptions yield χ2 < 0.001).

Table 5.2. Maximum likelihood estimates of the forces of infection and the basic
reproduction number for influenza A virus transmission in waterbird populations. The
95% confidence intervals for the forces of infection were derived from profile likelihood,
while those for R0 were obtained using bootstrap method.
Force of infection (×10-2 (/year))

Expected

95% confidence interval

Ȝ1 (Mallard)

3.72

(3.55, 3.90)

Ȝ 2 (Dabbling ducks excluding Mallards)

1.17

(1.09, 1.25)

Ȝ 3 (Diving ducks)

0.40

(0.23, 0.63)

Ȝ 4 (Gees and Swans)

0.29

(0.25, 0.34)

Ȝ 5 (Waders)

0.16

(0.10, 0.24)

matrix B1 (separable mixing)

1.13

(1.05, 1.23)

matrix B2 (WAIFW 1)

1.14

(1.06, 1.22)

matrix B3 (WAIFW 2)

1.14

(1.07, 1.23)

matrix B4 (WAIFW 3)

1.14

(1.07, 1.29)

R0 (basic reproduction number)
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The host-specific and the host-excluded reproduction numbers
Threshold quantities U and Q for all five types and for all two possible combinations are
summarized in Tables 5.3 and 5.4. Except for mallards, expected values of U for all single types
were smaller than unity, indicating that influenza transmission cannot persist without the
presence of additional host type(s) in any type other than mallards. For mallards, U was greater
than 1 in three out of the four contact structures (B2-B4). Only the separable mixing structure
(B1) yielded U = 0.95, suggesting that mallards alone will not be able to maintain the
transmission cycle if the probability of infection given a contact in host i (ai) and the contact
rate which occurs with an infected host j (aj) are independent (i.e. multiplicative). For the two
combinations that include mallards, U was greater than 1 for three contact structures, B2-B4,
but for separable mixing. Only a combination of types 1 and 2 (i.e. all dabbling ducks) satisfied
U > 1 for all four contact structures. U for other combinations of two types (not including type
1) was below unity.
Table 5.3 Maximum likelihood estimates of the host-specific reproduction number (U) for influenza transmission in
waterbird populations
Type(s)

Description

matrix B1
(separable mixing)

matrix B2
(WAIFW 1)

matrix B3
(WAIFW 2)

matrix B4
(WAIFW 3)

1

Mallards

0.96 (0.91, 1.02)

1.01 (0.96, 1.07)

1.11 (1.05, 1.16)

1.13 (1.07, 1.18)

2

Dabbling ducks (excl.
Mallards)

0.15 (0.13, 0.17)

0.36 (0.34, 0.39)

0.89 (0.81, 0.97)

0.97 (0.89, 1.05)

3

Diving ducks

0.01 (0.00, 0.03)

0.07 (0.04, 0.11)

0.33 (0.17, 0.92)

0.64 (0.17, 1.23)

4

Geese and Swans

0.01 (0.01, 0.01)

0.06 (0.05, 0.07)

0.06 (0.05, 0.07)

0.49 (0.19, 0.76)

5

Waders

0.00 (0.00, 0.00)

0.03 (0.02, 0.05)

0.03 (0.02, 0.05)

0.03 (0.02, 0.05)

1&2

All dabbling ducks

1.11 (1.04, 1.19)

1.12 (1.05, 1.18)

1.12 (1.06, 1.19)

1.13 (1.07, 1.20)

1&3

Mallards and Diving ducks

0.97 (0.91, 1.04)

1.02 (0.96, 1.08)

1.11 (1.06, 1.18)

1.13 (1.07, 1.26)

1&4

Mallards, Geese and Swans

0.97 (0.91, 1.03)

1.01 (0.96, 1.07)

1.11 (1.06, 1.17)

1.13 (1.07, 1.19)

1&5

Mallards and Waders

0.96 (0.91, 1.02)

1.01 (0.96, 1.07)

1.11 (1.05, 1.16)

1.13 (1.07, 1.18)

0.16 (0.14, 0.20)

0.39 (0.34, 0.45)

0.89 (0.82, 1.02)

0.97 (0.89, 1.25)

0.16 (0.14, 0.18)

0.38 (0.35, 0.41)

0.89 (0.82, 0.97)

0.97 (0.89, 1.06)

0.16 (0.14, 0.18)

0.37 (0.34, 0.40)

0.89 (0.81, 0.97)

0.97 (0.89, 1.06)

0.02 (0.01, 0.04)

0.12 (0.09, 0.16)

0.34 (0.18, 0.92)

0.64 (0.20, 1.24)

0.01 (0.00, 0.03)

0.09 (0.05, 0.14)

0.33 (0.17, 0.92)

0.64 (0.17, 1.24)

2&3
2&4
2&5
3&4

Dabbling ducks (excl.
Mallards) and Diving ducks
Dabbling ducks (excl.
Mallards), Geese and Swans
Dabbling ducks (excl.
Mallards) and Waders
Diving ducks, Geese and
Swans

3&5

Diving ducks and Waders

4&5

Geese, Swans and Waders

1, 2 & 3 All ducks

0.01 (0.01, 0.02)

0.08 (0.06, 0.11)

0.08 (0.06, 0.11)

0.49 (0.19, 0.76)

1.13 (1.05, 1.22)

1.13 (1.06, 1.21)

1.13 (1.07, 1.21)

1.13 (1.07, 1.28)

The host-excluded reproduction number, Q, a measure of the capacity of host(s) other than the types of interest in
maintaining the transmission alone, is given by ρ((I-P)K) where K, I and P are the next-generation matrix, identity
matrix and projection matrix, respectively. Maximum likelihood estimates which satisfy Q < 1 are highlighted in
bold. The parentheses show the 95% confidence interval using bootstrap method.
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Table 5.4 Maximum likelihood estimates of the host-excluded reproduction number (Q) for influenza transmission
in waterbird populations
Type(s)

Description

matrix B1
(separable mixing)

matrix B2
(WAIFW 1)

matrix B3
(WAIFW 2)

matrix B4
(WAIFW 3)

1

Mallards

0.17 (0.14, 0.22)

0.41 (0.36, 0.49)

0.90 (0.82, 1.04)

0.98 (0.89, 1.26)

2

Dabbling ducks (excl.
Mallards)

0.98 (0.92, 1.06)

1.02 (0.96, 1.09)

1.12 (1.06, 1.18)

1.13 (1.07, 1.27)

3

Diving ducks

1.12 (1.05, 1.20)

1.13 (1.06, 1.19)

1.13 (1.07, 1.20)

1.14 (1.07, 1.21)

4

Geese and Swans

1.13 (1.05, 1.22)

1.13 (1.06, 1.21)

1.13 (1.07, 1.21)

1.14 (1.07, 1.28)

5

Waders

1.13 (1.05, 1.23)

1.13 (1.06, 1.21)

1.14 (1.07, 1.22)

1.14 (1.07, 1.29)

All dabbling ducks

0.02 (0.01, 0.04)

0.14 (0.10, 0.19)

0.35 (0.19, 0.93)

0.65 (0.21, 1.24)

0.16 (0.14, 0.19)

0.38 (0.35, 0.42)

0.90 (0.82, 0.98)

0.98 (0.89, 1.07)

0.17 (0.14, 0.21)

0.39 (0.35, 0.46)

0.90 (0.82, 1.02)

0.98 (0.89, 1.25)

0.17 (0.14, 0.21)

0.41 (0.36, 0.48)

0.90 (0.82, 1.03)

0.98 (0.89, 1.25)

0.97 (0.91, 1.03)

1.02 (0.96, 1.07)

1.11 (1.06, 1.17)

1.13 (1.07, 1.19)

0.97 (0.91, 1.05)

1.02 (0.96, 1.08)

1.11 (1.06, 1.18)

1.13 (1.07, 1.26)

0.98 (0.92, 1.05)

1.02 (0.96, 1.09)

1.11 (1.06, 1.18)

1.13 (1.07, 1.26)

1.12 (1.04, 1.19)

1.12 (1.05, 1.19)

1.13 (1.07, 1.19)

1.13 (1.07, 1.20)

1&2
1&3
1&4
1&5
2&3

2&4
2&5
3&4

Mallards and Diving
ducks
Mallards, Geese and
Swans
Mallards and Waders
Dabbling ducks (excl.
Mallards) and Diving
ducks
Dabbling ducks (excl.
Mallards), Geese and
Swans
Dabbling ducks (excl.
Mallards) and Waders
Diving ducks, Geese and
Swans

3&5

Diving ducks and Waders

1.12 (1.05, 1.20)

1.12 (1.06, 1.19)

1.13 (1.07, 1.20)

1.13 (1.07, 1.21)

4&5

Geese, Swans and Waders

1.13 (1.05, 1.22)

1.13 (1.06, 1.21)

1.13 (1.07, 1.21)

1.13 (1.07, 1.28)

0.01 (0.01, 0.02)

0.08 (0.06, 0.11)

0.08 (0.06, 0.11)

0.49 (0.19, 0.76)

1, 2 & 3 All ducks

The host-excluded reproduction number, Q, a measure of the capacity of host(s) other than the types of interest in
maintaining the transmission alone, is given by ρ((I-P)K) where K, I and P are the next-generation matrix, identity
matrix and projection matrix, respectively. Maximum likelihood estimates which satisfy Q < 1 are highlighted in
bold. The parentheses show the 95% confidence interval using bootstrap method.

The quantity Q was less than 1 for mallards alone and combinations of two hosts with
type 1 (mallards and another host type) for all four contact structures indicating that influenza
cannot persist in the absence of mallards. Q appeared to be greater than 1 for each type other
than mallards except for an estimate for type 2 (dabbling ducks other than mallards) with the
separable mixing assumption (Q = 0.98). Thus, even in the absence of diving ducks, geese and
swans, and waders, influenza transmission can be maintained in the population. For other host
combinations (all combinations of two types which do not include type 1), Q was greater than 1
except for combinations of type 2 with types 3, 4 or 5 under the separable mixing assumption.
It should be noted that only the combination of types 1 and 2 yielded the expected values of Q
sufficiently smaller than unity for all four contact structures.
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Sensitivity of U and Q for dabbling ducks to different infectious periods
Figure 5.4 shows the sensitivity of U and Q for mallards (type 1) given different infectious
periods ɶ. If the mean infectious period of mallards is shorter than we assumed, U for mallards
may well become smaller than unity but Q for mallards never exceeded unity. If the mean
infectious period of dabbling ducks other than mallards (type 2) is longer than we assumed, an
abrupt decline in U for mallards was observed for the contact structures B1 and B2. For the
other two contact structures, B3 and B4, U was less sensitive to the relative change in ɶ2, which
most likely reflects more frequent within-species transmissions compared to inter-species
transmissions under these assumptions. On the other hand, Q was sensitive to ɶ 2 under contact
structures B3 and B4, and its estimate may exceed unity when a long infectious period is
assumed in type 2 hosts. None of the four different contact structures satisfied both U < 1 and
Q > 1 if a long infectious period for type 2 was assumed, indicating that dabbling ducks other
than mallards may play some role in the persistence of influenza under this scenario. Figures
4E and 4F show the sensitivity of U and Q for mallards to relative changes in ɶ3, ɶ4 and ɶ5. In
response to the increase in these infectious periods, U declined slightly for all assumptions of
contact structure, while Q appeared to vary differently according to the assumed contact
structure. Under contact structures B3 and B4, Q exceeded unity if the infectious periods of
types 3-5 are 2/3 times shorter than we initially assumed.
Similarly, Figure 5.5 examines the sensitivity of U and Q for all dabbling ducks (i.e.
types 1 and 2) to different infectious periods. In all cases (except for very long infectious
periods among types 3-5), we observed U > 1 and Q < 1. In particular, it should be noted that Q
for all dabbling ducks remained below unity and was almost independent of the length of the
infectious periods in different types of hosts, indicating that influenza transmission cannot be
maintained in the absence of dabbling ducks. Unless the infectious periods of types 3-5 are
assumed to be considerably longer than those we assumed based on the literature (Table 5.1), it
is essential that types 1 and 2 are present to allow persistence of influenza A in this multi-host
population.
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Figure 5.4. Sensitivity of threshold quantities for mallards to different infectious periods. Sensitivity of the
maximum likelihood estimates of the host-specific reproduction number (U; panels A, C and E) and the hostexcluded reproduction number (Q; panels B, D and F) for mallards are examined by different infectious periods
of mallards (A and B), other dabbling ducks (C and D) and all types other than dabbling ducks (E and F). The
horizontal axis measures the relative change in the mean infectious period to the baseline value. The horizontal
grey line indicates the threshold value 1.
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Figure 5.5. Sensitivity of threshold quantities for dabbling ducks to different infectious periods. Sensitivity of
the maximum likelihood estimates of the host-specific reproduction number (U; panels A, C and E) and hostexcluded reproduction number (Q; panels B, D and F) for all dabbling ducks (i.e. types 1 and 2) are examined
by different infectious periods of mallards (A and B), other dabbling ducks (C and D) and all types other than
dabbling ducks (E and F). The horizontal axis measures the relative change in the mean infectious period to the
baseline value. The horizontal grey line indicates the threshold value 1.
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DISCUSSION
Although heterogeneous patterns of transmission in multi-host populations have been
discussed in mathematical studies (Diekmann & Heesterbeek 2000), they have rarely been
applied to estimate threshold quantities. Some rare examples include age-related heterogeneity
of transmission (Anderson & May 1985; Coen et al. 1998; Farrington et al. 2001a; Farrington et
al. 2001b; Whitaker & Farrington 2004a, b; Sfikas et al. 2007) and heterogeneous social contact
patterns of transmission (Edmunds et al. 2006; Wallinga et al. 2006; Mossong et al. 2008).
However, all of these only considered human infectious diseases and thus, a single type of host
species. Therefore, despite the theoretical development in the definition of the typereproduction number (Roberts & Heesterbeek 2003; Heesterbeek & Roberts 2007), the
quantitative usefulness of the next-generation matrix for examining infectious diseases in a
multi-host population has not been sufficiently emphasized in statistical terms.
Motivated by the practical need to develop a methodological basis for the identification
of reservoir hosts, we here proposed a simple method for the statistical estimation of the hostspecific and the host-excluded reproduction numbers based on an epidemiological approach,
defining a condition of being maintenance host as U > 1 and that of reservoir community as
both U > 1 and Q < 1. We applied this method to a dataset of influenza A in populations of wild
birds and attempted to determine whether different waterbirds might constitute a reservoir
community of influenza A virus in a natural population. If the separable mixing is assumed, a
combination of mallards and dabbling ducks constitutes the reservoir community and neither
of them is regarded as a maintenance host. If one of the other three contact structures (B2-B4) is
imposed, mallards alone would constitute the reservoir community alone and hence be
regarded as the sole maintenance host (and thus the unique reservoir species). Until today, this
issue has been discussed only from a virological perspective, through examination of the
susceptibility and/or disease-severity in inoculation experiments (Wood et al. 1985; Stallknecht
& Shane 1988; Ito & Kawaoka 2000; Neumann & Kawaoka 2006). Our method instead exploits
endemic equilibria, and although simplifying assumptions (e.g. SIS-type dynamics and
frequency-dependent contacts) were required for this wildlife infection, the endemic prevalence
data were successfully used to examine whether mallards and other dabbling ducks are essential
to the persistence of influenza infection in wild birds. In further explorations of influenza or
future applications to other infectious diseases, the assumption of density-dependence can also
be employed whenever the population density can be estimated for each type. To our
knowledge, the present study is the first to theoretically demonstrate that mallards and other
dabbling ducks are most likely constituting the reservoir community of influenza in the
waterbird population.
Given our simplifying assumptions still sufficiently capture the fundamental features of
reality (see below), two ecological conclusions can be drawn from our exercise. First, dabbling
ducks (i.e. combination of types 1 and 2) satisfied both U > 1 and Q < 1, and thus, are regarded
as essential host populations for influenza A virus infection within the waterbird community.
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That is, our method identified, at least, a “family” of importance. In particular, if we assume
separable mixing, dabbling ducks are regarded as the reservoir community. In the case of the
remaining three contact structures mallards may form the reservoir community alone and are
referred to as the unique reservoir species. Our finding agrees with suggestions based on field
observations in northern Europe (Munster et al. 2005; Olsen et al. 2006; Fouchier et al. 2007;
Munster et al. 2007; Wallensten et al. 2007). The result also justifies surveillance specifically
targeted at dabbling ducks (Munster et al. 2006). Second, it seems most likely that mallards are
the unique reservoir species whereas the other dabbling ducks can be considered nonmaintenance hosts only, meaning that they can be infected and cause secondary transmission
but cannot sustain the pathogen by themselves. However, the estimates of U and Q for mallards
appeared to be very sensitive to the assumptions on contact structure (and especially separable
mixing did not satisfy U > 1 for mallards). The indefinite results of threshold quantities for
mallards (i.e. differing conclusions for U > 1 or ≤ 1 by contact structure), the very coarse type
classifications and the temporal and spatial aggregation of prevalence data that we used call for
a further clarification on the role of mallards as well as other dabbling ducks within more
detailed future studies.
Two other crucial aspects of influenza A virus infection, which we believe are critical to
fully clarify the dynamics in the future, must be discussed. First, accounting for temporal and
spatial patterns is deemed essential for migrating hosts. We ignored seasonal oscillations in
prevalence, which may result from various factors such as seasonal variations in population
dynamics, contact structures and contact rates. Whereas spatially differing patterns in
prevalence have been discussed previously (Olsen et al. 2006; Munster et al. 2007), we refrained
from extending our method in this regard, mainly due to limited sample sizes for each
geographic location - unfortunately, in surveillance studies, the prevalence tends to be
measured to the order of < 5% with, at most, a few hundred samples per species.
Second, the mechanisms of acquired immunity and varying pathogenicities among
different subtypes need further/future clarification. We only had access to aggregated
prevalence estimates for the different host types, ignoring the fact that different subtypes of
influenza virus exist. We assumed SIS-type dynamics, following Kida et al.’s (1980) suggestion
that subtype specific immunity is absent. Nevertheless, whether this subtype specific immunity
is truly and fully absent, and no partially protective immunity exists for influenza A subtypes in
birds, has yet to be fully clarified. Although the sample sizes are thus far too limited to draw a
firm conclusion, the higher frequency of infections among juveniles compared to adult ducks
indirectly supports the presence of a partial protection (Munster et al. 2007; Wallensten et al.
2007). If any cross-protective immunity exists in wild birds, the transmission dynamics of
influenza in these hosts should not be regarded as if it were the transmission of a single
pathogen. Instead, in such case, the host susceptibility and the pathogenicity of specific
subtypes would each play a key role and would have to be considered to fully clarify the
transmission dynamics of influenza (Garamszegi & Møller 2007).
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In light of our methodology/approach we cannot preclude the importance of
investigating various species other than dabbling ducks. Indeed, despite the fact that past and
current surveillance efforts have been immense (e.g. Munster et al. 2005; Munster et al. 2007;
Wallensten et al. 2007), we must unfortunately admit that the sample sizes are still too small for
performing explicit epidemiological analysis. In order to enable clearer quantitative
conclusions on the identification of the natural reservoir hosts in the future, we emphasize the
critical importance of following firm epidemiological sampling methods and systematic
surveillance efforts. For instance, surveillance efforts should also include species with small
prevalence and those difficult to catch in the field. Also, sampling during the low transmission
season, which typically yields small prevalence estimates, deserves epidemiological attention,
since these data are necessary for the full clarification of the temporal and spatial characteristics
of influenza transmission.
Summarizing our results, we agree with Francis (1947) who already discussed the
reservoir concept for influenza before the mid-20th century, and argued, “The recurrent
epidemics of influenza A and B continue the question of how influenza virus persists in the
intervals. … A precise demonstration of the mechanisms through which the reservoir of the
disease functions would constitute a great advance in constructing the biological pattern of
influenza.” (pp. 351-353) Once the biological and epidemiological limitations (including data
collection) are resolved, we will be ready to offer much clearer conclusions about the structure
of the reservoir community in waterfowl population.
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Disease reservoirs in wildlife
Using ecology to quantitatively assess
the host range of avian influenza viruses

K

nowledge of a pathogen’s host range is central to our ability to
cope with zoonotic diseases and understand their impact on
wildlife populations. Current assessments of host range place
considerable emphasis on so-called reservoir species, those that are
able to maintain the pathogen in the absence of all other hosts, often
on the basis of prevalence estimates. Yet it is practically impossible to
estimate prevalence for all host species. In addition, host species that
have comparatively low prevalence may still play an important role in
the transmission, maintenance and evolution of a pathogen. We
therefore need to understand a pathogen’s entire host range. Our
understanding of the ecology and epidemiology of avian influenza
viruses (AIV) in wild birds is founded on species that have
traditionally shown high prevalence in surveillance studies,
particularly dabbling ducks. However, quantitative assessment of host
range is lacking at this stage. Using AIV in wild birds as a model
system, we develop a unique quantitative approach to assessing the
host range on the basis of host ecological traits. Host species infection
status was defined using long-term AIV surveillance data from wild
birds sampled in the Netherlands. Four traits, namely population size,
flock size, habitat, and number of eggs laid per year, together
explained 64.8% of the variation in species’ infection status. These
relationships appeared to be independent of phylogeny, and showed
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no support for the notion that migratory behaviour was associated with a species’ infection
status, with numerous migratory species not seen to be infected with AIV. Our findings
exemplify the profound, but relatively untapped potential of ecological trait associations to
inform our understanding of pathogen host range in wildlife. The methodology presented here
could form a blueprint for rapid assessment of host range for both current and emerging
wildlife diseases.

INTRODUCTION
The majority of pathogens, including many zoonotic pathogens, infect a wide range of host
species (Daszak et al. 2000; Rigaud et al. 2010). Knowledge of a pathogen’s host range is central
to our ability to cope with zoonotic diseases (Stallknecht 2007) and our understanding of their
impact on wildlife populations (Ezenwa et al. 2006). To date, our understanding of the host
range of many wildlife diseases places considerable emphasis on prevalence estimates, with
species found to have high prevalence often considered the primary reservoir(s) for the
pathogen (Haydon et al. 2002, Chapter 5).
Our understanding of the host range for avian influenza virus (AIV) provides a prime
example. Over 50 years of research has yielded considerable insight into the ecology and
epidemiology of AIV in wild birds. Pioneering field studies in North America and Europe
revealed a high number of positive samples and subtype diversity in some species of dabbling
ducks (Anas spp.), ruddy turnstones (Arenaria interpres) and gulls (Larus spp.; e.g. Hinshaw et
al. 1980; Süss et al. 1994). These findings prompted suggestions that wild aquatic birds of the
Anseriformes (ducks, geese, and swans) and Charadriiformes (gulls, terns, and waders)
constitute the natural reservoirs of all influenza A viruses (Webster et al. 1992). Because initial
isolation attempts involving species from other taxonomic groups and habitats were
unsuccessful (e.g. Deibel et al. 1985; Nettles et al. 1985) these groups have not been considered
important AIV reservoirs (Stallknecht & Brown 2007). As a result, the vast majority of our
knowledge on AIV in its natural hosts, including pathogenesis, transmission, long-distance
dispersal, seasonal dynamics, host immune response, and host range has been studied in, and
interpreted through, the paradigm of an aquatic bird reservoir, with particular focus on
dabbling ducks (sensu Peterson et al. 2008; Costa et al. 2011a).
Importantly, dabbling ducks are not the only species naturally infected with AIV. As of
2006, LPAI viruses had been isolated from at least 105 wild bird species of 26 different families
(Olsen et al. 2006), with host species found from the sub-tropics (Laver & Webster 1972;
Gaidet et al. 2007) to the Arctic (Ip et al. 2008) and Antarctic (Wallensten et al. 2006). In
addition, non-reservoir hosts may play an important role in pathogen dynamics (Haydon et al.
2002) and the evolution of pathogen virulence (Rigaud et al. 2010). In light of the apparent
breadth of AIV’s host range, and the potential epidemiological relevance of host species with
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low prevalence levels, it is imperative to objectively quantify the host range of AIV in order to
build a robust understanding of its ecology and epidemiology in wild birds.
With over 10,000 species of birds worldwide, it is, of course, impossible to sample every
species and test for every pathogen. Alternatively, if we consider that each individual host
provides a habitat patch for the pathogen in question we can use the ecological attributes of
host species to determine the ecological associations of the pathogen. A key caveat to
understanding host range, therefore, is knowledge of not only which species are naturally
infected, but also which species are not (Yasue et al. 2006; Stallknecht 2007).
Using long-term AIV surveillance data from wild birds sampled in the Netherlands we
develop a unique quantitative approach to assessing the host range of AIV on the basis of host
ecological traits. Given that a species may be considered negative either as a result of low
sampling effort or a true lack of infection we employ a probability approach to assign species to
one of three infection status categories: species in which no infection was detected; species in
which infection was detected but estimated prevalence fell below the maximum undetectable
prevalence; and species in which prevalence of infection was estimated to be above maximum
undetectable prevalence. We tested the relationship between infectious status and six
fundamental ecological traits that are widely available for the majority of avian species using
methods that also account for host phylogeny. Because we did not include host traits on the
basis of a priori expectations of ecological association, our analysis facilitates both
quantification of host range and a basis on which we can assess current hypotheses regarding
AIV in wild birds.

MATERIAL AND METHODS
Sample collection and analysis
Between January 1998 and March 2009 a total of 54747 live birds from 177 species were
sampled throughout the Netherlands. Birds were trapped by expert ornithologists using duck
decoys, duck traps, wader funnel traps, mist nets, clap nets, cannon nets, or Helgoland traps.
All birds were sampled by swabbing their cloaca, and, from 2005 onwards, their oropharynx.
These individual swabs were subsequently stored in transport medium (Hank’s balanced salt
solution) and shipped to the laboratory for analysis. Before shipment, the samples were stored
at 4 °C for less than one week, or at –80 °C for longer periods. Presence of AIV was tested using
a real-time reverse transcriptase PCR assay targeting the matrix gene, as previously described
(Munster et al. 2007). In short, RNA was isolated using a MagnaPure LC system with the
MagnaPure LC total nucleic acid isolation kit and influenza A virus was detected using a realtime RT-PCR assay targeting the matrix gene. Amplification and detection were performed on
an ABI7700 with the TaqMan EZ RT-PCR Core Reagents kit. We confine our analysis to data
from cloacal swabs because no species’ infectious status (see below) changed when data from
oropharyngeal swabs were included.
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Ecological traits
We selected six host traits for our analysis:
1. Population size – estimated total number of individuals that spend at least part of their
annual cycle in Europe (Western Palearctic); Log10 transformed to achieve a normal
distribution.
2. Body mass – average mass recorded for adult females in mid-winter, Log10 transformed
to achieve a normal distribution. Winter mass is thought to represent minimum
maintenance mass, and therefore be more comparable between migratory and nonmigratory species; data on females was the most widely available.
3. Flock size – magnitude of aggregations on a scale from 0 (solitary) to 5 (tens of
thousands of birds). If a species’ gregariousness changed throughout the annual cycle,
we used the flock size from their period of highest aggregation intensity.
4. Habitat – the primary foraging habitat of the species was scored as being predominantly
associated with salt water environments (e.g. salt marsh, mud flats, estuaries or open
ocean; termed ‘Marine’); predominantly associated with freshwater environments
(wetlands, swamps, rivers, flooded pastures; termed ‘Freshwater’); or predominantly
away from water (e.g. woodlands, forests, grasslands; termed ‘Terrestrial’)
5. Number of eggs – average number of eggs per breeding season per individual (all
clutches combined) was used as a proxy for the proportion of juveniles in a population,
as estimates of population demography are lacking for the vast majority of species. We
assume that a higher number of eggs per season is indicative of a higher proportion of
juveniles (Martin et al. 2001), which we could confirm in the 7 species for which
proportion of juveniles is reported (r2=0.803, F1,5=20.43, P=0.006). Adult annual
survival may more closely reflect the proportion of juveniles in a population (r2=0.909,
F1,5=50.14, P=0.001), and may be considered an alternative proxy for the proportion of
juveniles. However, adult annual survival also showed a tight association with the
number of eggs across all 30 species in our study (r2=0.618, F1,28=45.37, P<0.001), and
produced near-identical results in the multivariate model as the number of eggs. We
therefore present the results from number of eggs as this parameter is available for
manifold more species than adult annual survival.
6. Migratory distance – distance from centre of breeding range to centre of wintering
range.
Data on population size in the Western Palearctic was obtained from Delaney and Scott (2006)
and Birdlife International (2011). All other parameters were extracted from two comprehensive
handbooks on the European Avifauna, Cramp et al. (1977) and Glutz von Blotzheim (2000).
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Statistical analysis
Of the 177 species sampled in the Netherlands, 33 species were only sampled once, 75 species
were sampled less than 10 times, and 111 species were sampled less than 50 times. Given that
the number of samples collected from a given species fundamentally alters the maximum
prevalence that can go undetected, we required a method that would assign species to an
infection status on the basis of both the presence or absence infection and the number of
samples collected. We therefore opted to delineate three infection status categories: species in
which no infection was detected; species in which infection was detected but estimated
prevalence fell below the maximum undetectable prevalence limit; and species in which
prevalence of infection was estimated to be above the maximum undetectable prevalence limit.
Increasing our minimum sample size decreased the maximum undetectable prevalence limit,
but also decreased the number of species that could be included in our analysis (Appendix C
Figure C.1). We opted for a minimum sample size of 200 (maximum undetectable prevalence
of 1.5%; Chapter 2), above which we consider the maximum undetectable prevalence to be too
high to be biologically relevant but below which there is a rapid decline in the number and
taxonomic diversity of species in the analysis. We had to exclude the water rail (Rallus
aquaticus) and the invasive population of Egyptian geese (Alopochen aegyptiacus) from our
analyses because of a lack of ecological data. Appendix C Table C.1 details all species included
in the analysis.
In order to assess the influence of host phylogeny on the relationship(s) between host
ecology and AIV infection status we first constructed a phylogenetic tree of our potential host
species (as listed in Appendix C Table C.1) from the complete avian phylogeny of Hackett et al.
(2008). We then used this host phylogeny in the regressionv2.m package in MATLAB (R2010a)
to test for a phylogenetic signal by comparing the fit of phylogenetic and non-phylogenetic
models on the basis of AICc values (Akaike’s information criterion with a correction for finite
sample sizes, with smaller AICc values indicative of a superior fit to the data) following the
methods presented in Lavin et al. (2008). Specifically, we tested four different models of
evolution:species values (ordinary least squares (OLS), no phylogenetic signal); Brownian
motion (phylogenetic generalized least squares (PGLS)); Ornstein–Uhlenbeck process (OU,
drift about a fitness peak); and branch lengths transformed using Pagel’s Ȝ parameter. The OU
and Pagel’s Ȝ evolutionary models calculate branch length transformation parameters, d for the
OU process and Ȝ for Pagel’s transformation by restricted maximum likelihood (REML).
Values of d and Ȝ close to 1 indicate that species’ traits covary in direct proportion to their
shared evolutionary history (i.e. significant phylogenetic signal), whereas values close to 0
suggest the trait in question is independent of phylogeny. We then used the most parsimonious
evolutionary model(s) to assess the relationship between species’ infection status and ecological
traits using a number of trait models that sequentially reduced the number of ecological traits
included (Table 6.1). Traits were removed if they were not found to have a significant effect in
the model (t-value less than 2.06; i.e. Į=0.05 level). The most simple trait model (so-called
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“null” model) fitted species infection status on the basis of phylogeny, in the absence of any
ecological host traits. Species infection status are only considered to be related to ecological
trait(s) if the model incorporating these ecological trait(s) shows a better fit to species’ AIV
infection status (i.e. a lower AICc value) than the null model.
Table 6.1. Structure of the ecological trait models tested for association with the avian influenza
virus infection status of a species.
ID

Model

6-factor
5-factor
4-factor

mass, popn size, flock size, habitat [categorical], no. eggs, migration distance, evolutionary
model
mass, popn size, flock size, habitat [categorical], no. eggs, evolutionary model
popn size, flock size, habitat [categorical], no. eggs, evolutionary model

null

evolutionary model

RESULTS
Evaluation of AICc values for the four evolutionary models revealed that the model with no
phylogenetic signal (OLS) was the most parsimonious fit to the data for all of the ecological
trait models (Table 6.2). However, the Pagel’s Ȝ evolutionary model (incorporating a
phylogenetic signal), had ǻAICc values (AICc of the model minus AICc of the best model) less
than 2 for all trait models, and was therefore also considered to have support. We therefore
tested each of the trait models using both OLS and Pagel’s Ȝ.
Each of the ecological trait models was superior to the null evolutionary model
(Appendix C Table C.2), indicating that ecological traits provide significant explanation of
variation in infection status between species. Furthermore, successive removal of the nonsignificant effects of migration (to form the 5-trait model) and body mass (to form the 4-trait
model) improved the model fit, such that the 4-trait ecological model provided the strongest
explanation of infection status for both the OLS and Pagel’s Ȝ analyses (AICcW of 0.81 and
0.74, respectively, Appendix C Table C.2). Furthermore, all four ecological traits (population
size, flock size, habitat and number of eggs) were significant at the Į=0.05 level, with t-values
greater than 2.06. The higher AICc and r2 values for the OLS model, together with the relatively
modest Ȝ (0.25) of the Pagel’s Ȝ model (Table 6.2), suggested there was only a weak
phylogenetic signal in the relationship between the four ecological traits and species’ infection
status. Furthermore, both evolutionary models revealed strikingly similar predictions about the
strength and direction of the relationship between each of the four ecological traits and species’
infection status (Table 6.3). As such we focused on the results of the non-phylogenetic (OLS) 4trait model.
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Table 6.2. Evaluation of four evolutionary models for ecological traits associated with
avian influenza infection status, including ordinary least squares (OLS, no
phylogenetic signal), phylogenetic generalized least squares (PGLS, assuming
evolution follows Brownian motion), Ornstein–Uhlenbeck process (OU, evolution
proceeds as drift about a fitness peak), or Pagel’s Ȝ (phylogenetic branch lengths
transformed using Pagel’s Ȝ parameter). Evolutionary models are ranked from most
to least parsimonious on the basis of AICc.
r2

d/ Ȝ

4-factor (popn, flock, habitat, eggs, evolutionary model)
OLS
30
49.08
0.00
0.60
30
50.40
1.32
0.31
Pagel’s Ȝ
OU
30
52.85
3.77
0.09
PGLS
30
70.61
21.53
0.00

0.77
0.63
0.77
0.29

0.25
0.00

5-factor (mass, popn, flock, habitat, eggs, evolutionary model)
OLS
30
52.72
0.00
0.57
30
53.68
0.96
0.35
Pagel’s Ȝ
OU
30
56.86
4.14
0.07
PGLS
30
69.84
17.11
0.00

0.77
0.57
0.77
0.38

0.42
0.00

Model

n

AICc

ǻAICc

AICcW

6-factor (mass, popn, flock, habitat, eggs, migration, evolutionary model)
OLS
30
54.42
0.00
0.51
0.79
30
54.72
0.31
0.44
0.67
Pagel’s Ȝ
OU
30
59.00
4.58
0.05
0.79
PGLS
30
73.00
18.58
0.00
0.41
Evolutionary (null) model
30
57.02
Pagel’s Ȝ
OU
30
64.02
PGLS
30
66.14
OLS
30
78.83

0.00
7.00
9.12
21.82

0.961
0.029
0.010
0.000

0
0
0
0

0.28
0.00

0.75
0.64

AICc: Akaike’s information criterion with a correction for finite sample sizes
ǻAICc: AICc of the model minus AICc of the best model
AICcW: weight of the likelihood of the model
d/Ȝ: branch length transformation parameters (≈1: a significant phylogenetic signal,
≈ 0: trait(s) are independent of phylogeny)

Population size, flock size, habitat, and number of eggs together explained 64.8% of the
variation in infection status (Ordinal logistic regression, Ȥ2=42.593, p<0.001; Table 6.3). For all
four traits, species that were infected but had prevalence estimates under 1.5% appeared to be
ecologically intermediate to species that had no infection detected and those that showed
prevalence above 1.5% (Figure 6.1).
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Figure 6.1. Ecological traits of species on the basis of their infection status (not infected when ≥200 sampled;
infected, but with prevalence below the minimum detectable prevalence for 200 samples (i.e.1.5%); and
prevalence above the minimum detectable prevalence). Panel A – Size of the population in the Western
Palearctic; Panel B – number of eggs laid per breeding season (a proxy for the proportion of juveniles in a
population); Panel C – primary habitat; and Panel D – flock size.
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Table 6.3. Standardised coefficients for the association between ecological traits and
avian influenza virus infection status using both OLS and Pagel’s Ȝ evolutionary
models. T-values indicative of a significant difference at the Į=0.05 level are in bold.
Parameter

Standardised coefficient

Coefficient S.E.

t

Evolutionary model = OLS
intercept
population size
flock size
habitat[A]
habitat[T]
eggs

2.96
-0.38
0.16
0.43
-0.39
0.11

0.86
0.13
0.07
0.24
0.43
0.04

3.44
2.84
2.44
1.78
0.90
3.09

Evolutionary model = Pagel's Ȝ
intercept
population size
flock size
habitat[A]
habitat[T]
eggs

2.97
-0.39
0.18
0.49
-0.07
0.09

0.78
0.13
0.07
0.23
0.43
0.04

3.82
-2.98
2.61
2.11
-0.15
2.44

DISCUSION
By quantifying ecological traits associated with not only the presence, but also the apparent
absence of AIV in wild birds, we present unique insight into the natural host range of this
zoonotic pathogen. Almost two-thirds of the variation in a species’ infection status could be
explained by just four fundamental host traits: population size, flock size, habitat and the
number of eggs laid per year.
The association between infection status and these four ecological traits provides an objective,
quantitative forum for assessing the generality of current hypotheses regarding the ecology and
epidemiology of AIV in its natural hosts. The occurrence of AIV in wild birds has been
suggested to be influenced by taxonomic group, or species ecology, including migratory
behaviour, habitat preference, diet and foraging mode, gregariousness, and reproductive
behaviour (Stallknecht & Shane 1988; Webster et al. 1992; Olsen et al. 2006; Garamszegi &
Møller 2007; Hegyi et al. 2009). Our analyses demonstrate that some, but not all of these
suggestions have quantitative support.
Aquatic environments are considered critical to the persistence of AIV (Stallknecht et al. 1990a;
Webster et al. 1992) and are thought to play an important role in viral transmission (Rohani et
al. 2009; VanDalen et al. 2010). Correspondingly, the vast majority of infected species (with
prevalence above or below our detection limit) were species occupying aquatic habitats. Only
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one species utilising aquatic environments showed no infection, the Reed warbler
(Acrocephalus scirpaceus). Interestingly, this species has been reported infected with AIV
elsewhere in Europe (e.g. Gronesova et al. 2008). Infection was also associated with larger flock
size, as expected. However there were a number of notable exceptions. The Northern shoveler
(Anas clypeata) and the Gadwall (Anas strepera) were both seen to exhibit prevalence above out
detection limit, despite generally aggregating in flocks of 20-30 individuals (Cramp et al. 1977).
On the other hand, Oystercatchers (Haematopus ostralegus) and Common starlings (Sturnus
vulgaris) aggregate in large numbers, with flocks in the order of 10000 individuals (Cramp et al.
1977), however neither of these species were found infected with AIV. Teasing apart these
exceptions is likely to yield fundamental insight into not only the host range of AIV, but also its
transmission and maintenance in wild birds.
The relationship between infection status and population size was counter to expectations.
Munster et al. (2007) showed that larger populations may be associated with higher prevalence
of AIV. However, species not found infected were not included in their analysis. Many of the
species in which no infection was detected, particularly the passerine species (Appendix C
Table C.1) have population sizes an order of magnitude larger than Mallards (Anas
platyrhynchos). Intriguingly, species that were infected above the maximum undetectable
prevalence laid a similar number of eggs per year to species that had no detectable infection,
while species that were infected but below the maximum undetectable prevalence were seen to
lay significantly fewer eggs (and hence have significantly lower proportion of juveniles). Thus,
while juveniles are often more likely to be found infected (Hinshaw et al. 1985, Chapter 9), and
populations containing a higher proportion of juveniles experience higher infection within a
species (Chapter 9), these demographic associations may not operate in the same fashion at the
inter-species level.
Strikingly, we found little support for the notion that AIV may be limited by host
phylogeny. Non-phylogenetic models (OLS) were consistently the most parsimonious, and
while some models incorporating a phylogenetic signal (Pagel’s Ȝ) also showed support, these
indicated a relatively weak phylogenetic signal. In support of these findings, a number of
studies have reported AIV infections in passerine species (Gronesova et al. 2008; Peterson et al.
2008; Fuller et al. 2010; Borovska et al. 2011). Another prominent outcome of our analysis is
that we found no support for the notion that migratory behaviour was associated with a
species’ infection status (Hinshaw et al. 1980; Olsen et al. 2006; Garamszegi & Møller 2007).
This is not to say that species naturally infected with AIV are not migratory. Indeed, Mute
swans (Cygnus Olor) were the only non-migratory species in either of our infection categories.
However, migration does not appear to be a defining characteristic of infected species, with a
number of long distance migrants in our ‘no infection detected’ category, including Reed
warblers (Acrocephalus scirpaceus), Chiffchaffs (Phylloscopus collybita) and Lesser black-backed
gulls (Larus fuscus).
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This study highlights the fundamental importance of negative data to increase our
understanding of wildlife diseases, particularly with respect to host range determination and
risk assessment (Stallknecht 2007). Yet, in order to further investigate ecological drivers of AIV
infection risk it will be critical to have greater certainty in identifying species not infected with
AIV than our current 1.5% maximum undetectable prevalence. However, it may not be
essential to collect thousands of negative swab samples in order to define host range on the
basis of active infection. On the contrary, we may be able to make extensive use of the evidence
of prior infection (i.e. seroprevalence) based on the knowledge that antibodies will almost
universally persist longer than active infection, and hence lengthen the detection window. As a
result, a minimum sample size of 200 would facilitate assessment of species with seroprevalence
above and below 1.5%, which could be substantially more discriminating than our current
approach based on active infection. Given increased certainty in a species’ infection status, and
an adequate range of potential species to be tested, additional ecological traits could also be
added to our models Examples might include physiological variables such as thermoneutral
temperature that may relate to the physiological tolerance of the virus; or ecological variables
such as trophic position and number of sites visited in the annual cycle that may provide more
detail on the direction and magnitude of the interspecies interactions associated with viral
transmission.
Our results exemplify the profound, but relatively untapped potential of ecological trait
associations to inform our understanding of pathogen reservoirs in wildlife. The methodology
presented here could form a blueprint for rapid assessments of host range in both current and
emerging wildlife diseases.
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CHAPTER 7
Bethany J. Hoye, Vincent J. Munster,
Hiroshi Nishiura, Ron A. M. Fouchier,
Jesper Madsen, Marcel Klaassen

Reconstructing an annual cycle of interaction
Natural infection and antibody dynamics to avian
influenza virus along a migratory flyway

M

igratory animals may play an important role in connecting
disparate ecosystems, including the introduction of various
pathogens. The incidence of these pathogens may vary over time and
space, such that events along the entire migratory flyway are likely to
be important in the interaction between pathogens and their
migratory hosts. On this premise, the annual cycle of a naturally
occurring host-pathogen system was reconstructed by examining
infection with and antibodies to avian influenza virus along the flyway
of a long-distance Arctic migrant, the Svalbard-breeding pink-footed
goose (Anser brachyrhynchus). A highly-localized transmission period
was identified in winter, in contrast to the north-south decline
expected from dabbling ducks, indicating the dynamics of infection
may differ among host species. In spring, 63% (95% CI: 57.1, 68.9) of
adults had detectable antibodies to the nucleoprotein of avian
influenza virus, compared to just 15% (95% CI: 8.7, 23.4) of juveniles,
suggesting inter-annual antibody maintenance. Nevertheless, adult
seroprevalence declined by approximately 30% from spring to late
summer, indicating significant seroreversion in the population.
Integrating these findings in an epidemiological model, detectable
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antibodies to nucleoprotein were estimated to persist for just 343 days (95% CI: 221, 607);
considerably shorter than for other wildlife diseases in long-lived bird species. The
investigation of wildlife diseases in migratory populations is an inherently complex task, yet, by
integrating disease incidence and seroprevalence along a migratory flyway, our findings suggest
that the ecological interactions and life history of the host, as well as the life-history of the
pathogen, can influence the dynamics of infection and host immune response.

INTRODUCTION
Animal migration is increasingly considered to play an important role in connecting disparate
ecosystems. Regular migratory movements are common among birds from seasonal habitats
and may alter the composition of local communities along their migratory flyway through the
transportation of propagules, nutrients, disease vectors, and pathogens (Greenberg & Marra
2005). Migratory animals are also considered to be at a higher risk of infection from more
diverse parasite fauna than non-migrants, highlighting the potential importance of such
populations in the ecology and epidemiology of wildlife diseases (Figuerola & Green 2000). The
investigation of wildlife disease dynamics in migratory populations is, however, a challenging
task. The act of migration makes it difficult t follow individuals and populations year round,
and the incidence of disease often necessitates sampling considerably larger numbers of
individuals than are required for many other ecological investigations. As a result, our
understanding of the ecology of host-pathogen interactions in migratory populations has been
severely impeded, in spite of their ecological and epidemiological importance (Staszewski et al.
2007).
Migratory birds from aquatic habitats are thought to be the primordial reservoir for
low-pathogenic avian influenza viruses (Webster et al. 1992). These viruses, composed of eight
gene segments, show considerable genetic diversity and have historically been considered nonpathogenic to their waterfowl reservoir (Webster et al. 1992). Recent field evidence suggests
that infection with these viruses may, however, entail significant fitness costs to the individual,
including reduced body mass and food intake rates, as well as delayed migration (van Gils et al.
2007; Latorre-Margalef et al. 2009). Given that the annual cycle of long-distance migrants is
characterized by a number of physiologically demanding events, the timing of infection within
the context of the annual cycle may influence the degree to which such fitness costs are
incurred. In addition, it has been postulated that in order to reconcile an energetic trade-off
between disease defence and long-distance migration, species may have evolved migration
routes that utilize areas with particularly low density and diversity of pathogens, such as the
Arctic tundra and exposed marine habitats (Piersma 1997; Mendes et al. 2005). However,
Arctic-breeding waterfowl have simultaneously been implicated in the long-distance dispersal
of avian influenza viruses (e.g. Krauss et al. 2007; Koehler et al. 2008), and the highest
prevalence estimates of avian influenza have consistently been reported from the northern
moulting and pre-migratory staging grounds of these migratory birds (Hinshaw et al. 1985;
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Stallknecht & Shane 1988; Süss et al. 1994; Ito et al. 1995; Wallensten et al. 2007). Thus, an
understanding of the timing and location of infection within the context of the annual cycle of
migratory populations is required to evaluate both the ecological and epidemiological
consequences of infection.
Almost 50 years of research into avian influenza in wild birds has shown that prevalence
may vary considerably between seasons, locations, and species across the globe (Olsen et al.
2006). In waterfowl, the prevalence of avian influenza is thought to peak during pre-migratory
staging in late summer and early fall, followed by a rapid decrease on autumn migration,
reaching its nadir on wintering grounds (Hinshaw et al. 1980; Stallknecht et al. 1990c).
However, these patterns of infection have yet to be examined in temporally or spatially
connected populations, such as along migratory flyways (Runstadler et al. 2007). Given that
migratory birds rarely fly directly between their breeding and non-breeding areas without
stopping-over to refuel for considerable periods along the way (Alerstam 1990), the entire
flyway is likely to be important in the transmission and maintenance of avian pathogens.
In addition, the mechanisms underlying the apparent spatial and temporal dynamics are
not well understood. The host immune response is likely to play an integral role in disease
dynamics, and, indeed, pioneering work by Hinshaw et al. (1985) led to the suggestion that
immunological naivety may be central to the epidemiology of avian influenza. Yet the
dynamics of specific antibodies in natural host–pathogen populations are relatively unknown,
particularly in relation to the dynamics of disease incidence (Staszewski et al. 2007; Fereidouni
et al. 2010).
Of the eight gene segments of influenza virus, only the three surface proteins
(hemagglutinin, neuraminidase, and matrix 2) are capable of inducing neutralizing antibody
production, and therefore a protective immune response (Suarez & Schultz-Cherry 2000).
However, antibody titres to these surface proteins are generally low in waterfowl (Kida et al.
1980; Jourdain et al. 2010, but see Fereidouni et al. 2010), potentially as a result of antigenic
mis-match between circulating and reference strains of even the same subtype (Fereidouni et
al. 2010). Yet antibody responses are also made to the internal proteins of avian influenza
viruses, especially the nucleoprotein and matrix1 protein. Unlike the surface proteins, these
internal proteins have a high sequence conservation, which allows the detection of antibodies
from birds infected with any avian influenza virus (Suarez & Schultz-Cherry 2000). Further,
recent experimental evidence suggests that prior infection with an avian influenza virus can
significantly derogate the course of subsequent infection(s) from both homo- and heterosubtypic viruses in waterfowl (Fereidouni et al. 2009; Berhane et al. 2010; Jourdain et al. 2010).
Such potential for cross-protective immunity suggests that prior infection, and hence the
presence of antibodies to any avian influenza virus, may provide insights into disease dynamics
(Fereidouni et al. 2010). As a first step towards scrutinizing the dynamics of such hostpathogen interactions, natural infection and the corresponding immunological response to
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avian influenza viruses were examined along the flyway of a long-distance migrant, the
Svalbard-breeding pink-footed goose (Anser brachyrhynchus).

MATERIAL AND METHODS
Natural history of the host population
Svalbard-breeding pink-footed geese are long-distance Arctic migrants, flying more than 3000
km from their breeding grounds on Svalbard to wintering grounds in North-Western Europe
(Madsen et al. 1999). Like most large waterfowl species, their migratory journey consists of
several long-distance flights interrupted by intensive refuelling periods at specific stopover sites
en route. Pink-footed geese depart Svalbard in the first half of September, staging in the
Trondheimsfjørd area in central Norway (mid-September to mid-October), western Denmark
(late September to late October) and the northwest of the Netherlands (October to midNovember), before aggregating on the Belgian coastal polders for the winter (mid-November to
January; Figure 7.1). The population returns directly to Denmark in mid-January, where they
remain until late April before migrating via stopover sites in central and northern Norway to
the breeding grounds at the end of May (Madsen et al. 1999). In addition to this well-defined
migratory route, the Svalbard-breeding pink-footed goose population is an attractive system for
studying avian influenza dynamics throughout the annual cycle because the population of over
50,000 is essentially closed (Madsen et al. 1999); an extensive mark–resight scheme has
operated along the flyway for the last 20 years (http://pinkfoot.dmu.dk); and the population has
previously been found to be infected with avian influenza viruses (Munster et al. 2007). The
species is also relatively long lived, with an average annual adult survival of 0.86 (Kery et al.
2006). Accordingly, on average the population contains 17% juvenile (hatch-year) individuals
during autumn (Madsen et al. 1999).

Individual sampling
A combination of live bird capture events and fresh dropping collections were used to sample
the population throughout the complete annual cycle. Live birds were sampled prior to
departure on both the spring (northward) and autumn (southward) migration. Three hundred
and forty three pink-footed geese were captured on their staging grounds in West Jutland,
Denmark, by means of cannon netting prior to spring migration (March 27th 2007; Appendix D
Table D.1). During the late summer moult period a total of 319 geese from four separate flocks
were captured by herding birds into a key-hole shaped net on land in the Svalbard archipelago
(July 25th to August 3rd 2007; Appendix D Table D.1). All geese were sexed on the basis of
cloacal examination, and marked with a white plastic neckband bearing an individual threedigit code. Goslings were marked with plastic leg rings with an individual two-digit code. Prior
to the completion of moult in their second summer, individuals one year of age or less are still
identifiable on the basis of plumage. Such individuals were classified as juveniles in the spring
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(<1 yr), however, in summer, when a new generation of juveniles were present, these 2nd year
birds were regarded as immature (n=9). Adults in all cases refer to individuals that have
experienced two or more winters. Cloacal and oropharyngeal swabs were collected using sterile
cotton swabs and subsequently stored in transport media (Hanks balanced salt solution
containing 0.5% Lactalbumin, 10% glycerol, 200µg/ml penicillin, 200mg/ml streptomycin,
100µg/ml polymyxin B sulphate, 250 mg/ml gentamycin [ICN, the Netherlands]).
Approximately 1ml blood was extracted from the brachial vein of live birds, and stored at 4ºC
for up to 6 hrs in minicollect® serum tubes containing clot activator (#450470, Greiner Bio-one,
Kremsmünster, Austria) before centrifugation (10 minutes at 7.2 g). Serum samples were stored
at -20 ºC until analysis.

Population sampling
Samples were obtained by means of extensive dropping collections on all major migratory
staging sites and the wintering grounds (Appendix D Table D.1). Fresh dropping collections
are one method of environmental sampling that can provide useful information on the
presence of avian influenza within a population (Brown and Stallknecht 2008). One of the
greatest advantages of this type of surveillance is that it can yield significantly larger and more
frequent samples than even the most intensive catching efforts. To ensure that sampling was
representative of the pink-footed goose population at large, droppings were collected from
fields that contained only large, single-species flocks of pink-footed geese, in areas supporting
the majority of the population (>30,000 birds) at the time of sampling. Upon entering these
fields, birds departed to neighbouring fields allowing the freshest possible dropping samples to
be collected. Droppings were deemed ‘fresh’ on the basis of surface appearance, moisture
content, texture and consistency, and were often warm-to-the-touch when collected despite
ambient temperatures below 10°C. Each dropping was collected and stored in an individual
plastic bag before being immediately transported to a field laboratory, where it was swabbed
and stored in transport medium at 4ºC, as outlined above. All samples were transported at 4ºC
(Denmark, Netherlands, Belgium) or shipped by overnight courier on dry ice (Norway,
including Svalbard) to the Department of Virology at Erasmus Medical Center Rotterdam, the
Netherlands, where they were stored at -70ºC.

RNA isolation and virus detection
RNA isolation and RT-PCR was performed as previously described (Munster et al. 2007). In
short, RNA was isolated using a MagnaPure LC system with the MagnaPure LC total nucleic
acid isolation kit (Roche Diagnostics, Almere, the Netherlands) and influenza A virus was
detected using a real-time RT-PCR assay targeting the matrix gene. Amplification and
detection was performed on an ABI7700 with the TaqMan EZ RT-PCR Core Reagents kit
(Applied Biosystems, Nieuwerkerk a/d IJssel, the Netherlands).
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Serological analysis
The presence of antibodies to nucleoprotein in individual serum samples was tested using a
commercially available blocking enzyme-linked immunosorbent assay (bELISA; MultiS-Screen
Avian Influenza Virus Antibody Test Kit, IDEXX Laboratories, Hoofddorp, the Netherlands)
following manufacturer’s instructions. Assays were carried out in duplicate, each using 10μL
sample sera. Absorbance was measured at 620nm using a Tecan infinite 200 plate reader. All
samples were run in combination with supplied positive and negative controls. Sample signal to
noise ratios (the quotient of sample mean absorbance divided by negative control mean
absorbance) greater than 0.5 were considered negative for the presence of antibodies to avian
influenza virus nucleoprotein.

Statistical analysis
The sampling regime was designed to test for the presence of avian influenza in a given
population, and as such sample size required at each location was calculated with the aim of
detecting at least one infected individual if population prevalence was 1% or higher with 95%
confidence. All comparisons of site of infection were made using Fisher’s exact test in R,
version 2.11.0 (R Development Core Team 2010). Comparisons of seroprevalence between
different groups (age, gender and season) were made using Ȥ2 tests in SPSS version 17.0 (SPSS
Inc., Chicago, IL, USA).

Model for immune dynamics
To objectively interpret the seasonal variations in seroprevalence in light of transmission and
antibody longevity, a simple epidemiological model was developed. Because of the potential for
cross-protective immunity (Fereidouni et al. 2009; Berhane et al. 2010; Jourdain et al. 2010),
and the risk of false negatives when testing for neutralizing antibodies, we assume that the
presence of antibodies specific to nucleoprotein represent some proxy for protection against
reinfection. In order to model the dynamics of population immunity, two parameters were
estimated in relation to our empirical observations of seroprevalence and transmission period –
the rate at which immune individuals serorevert per year (į), and the force of infection (Ȝ),
which represents the rate at which susceptible individuals become infected (Figure D.1).To
address uncertainty with respect to the strength of the association between the presence of
antibodies to nucleoprotein and protective immunity, α was designated as a factor of
proportionality to indicate the strength of this association. Maximum likelihood estimates of Ȝ
and δ were examined for a range of theoretically plausible values of α (0.20 to 1.18). Technical
details are given in the online supplement.
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RESULTS
Avian influenza virus infection in the annual cycle
Infection with avian influenza virus appeared to be highly restricted both spatially and
temporally in the Svalbard-breeding pink-footed goose population. Active infection with low
pathogenic avian influenza virus was only detected in samples from the wintering grounds in
the coastal polders of Belgium (Figure 7.1). This infection appeared to persist in the population
for approximately two months at very low levels, with three, two and two samples (of 300 at
each time point) found positive in the late November, December and early January collections,
respectively (Appendix D Table D.1). Fisher's exact test confirms that there is a difference in
prevalence between the wintering site in Belgium (0.58%; 95% CI: 0.17, 1.08), and the
remainder of the annual cycle (0%; 95% CI: 0, 0.18; p = 0.0024). However, when the same
comparison is made between the five major sampling locations/times (0/343, 0/319, 0/428,
0/550, and 7/1200 found positive in spring, late summer, early autumn, late autumn and
winter, respectively; Appendix D Table D.1), prevalence in winter is no longer significantly
higher (P=0.109). On the basis of prior studies in geese (Munster et al. 2007) our sampling was
designed with the aim of detecting at least one infected individual if population prevalence was
1% or higher, 95% of the time. Unfortunately, the prevalence of infection on the wintering
grounds was even lower than expected and, hence, only the late autumn sampling in the
Netherlands was sufficient to reject infection at this level (P =0.041; n=550).

Seroprevalence of antibodies to nucleoprotein
Forty one percent (95% CI: 37.4, 45.3) of the live geese sampled had detectable antibodies to
nucleoprotein. However, there were some clear seasonal-, age- and sex-related differences in
seroprevalence (Figure 7.2). The most striking difference was between individuals that had
experienced two or more winters (adults) and those in their first year of life (juveniles). Fifty six
percent (95% CI: 51.3, 61.0) of adults had antibodies to nucleoprotein, compared to just 8.0%
(95% CI: 4.5, 12.5) of juveniles. In summer, all juveniles were 4-6 weeks of age, and were all
found to be seronegative, showing no evidence of prior exposure to influenza (n=83; Figure
7.2). In line with such a flush of new, naïve individuals just prior to sampling, prevalence was
lower overall in late summer (end of July) than in the preceding spring (end of March)
(Ȥ2=30.4, P <0.01, risk ratio of being seropositive in spring compared to summer (Relative risk
(RR) = 1.81 (95% CI: 1.45, 2.28)). Yet when adults were considered in isolation the same trend
was visible, with a marked decrease in seroprevalence from 63.2% (95% CI: 57.1, 68.9; n=253)
in spring to 44.3% in summer (95% CI: 36.6, 52.3; n=149) (Ȥ2=13.7, P<0.01, RR of spring to
summer = 1.43 (95% CI: 1.17, 1.75)). Seroprevalence of individuals that had only experienced
one winter showed no significant difference between spring (juveniles; 14.6%, 95% CI: 8.7, 23.4;
n=89) and summer (immatures; 22% 95% CI: 6.3, 54.7; P=0.545), although only nine
immatures were sampled. Male and female adults showed an almost identical 30% decrease in
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Figure 7.1 - Avian influenza infection status (marked + when at least one
positive sample was obtained at that site; - when no positive samples were
obtained) of the Svalbard-breeding pink-footed goose population at each
staging site throughout the 2007 annual cycle. The generalized migration
route between sites is indicated for spring (broken arrows) and autumn
(solid arrows).

the number of seropositive individuals between the two sampling periods (56.6 to 40.3%;
P=0.02 and 70.9 to 50.6%; P<0.01 respectively). Adult female seroprevalence was numerically
higher in both seasons, although this was only significant in the spring sample (spring: Ȥ2=4.9,
P=0.03, RR of female to male = 1.2 (95% CI: 1.0, 1.5); c.f. summer: Ȥ2=1.6, P=0.20). There was
no significant difference between juvenile females and juvenile males (P=0.52).
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Figure 7.2 - Seroprevalence (± 95% CI) of antibodies to avian influenza virus
nucleoprotein in the Svalbard-breeding pink-footed goose population during
spring staging in Denmark, and whilst moulting at the end of summer on
Svalbard in 2007. Juvenile birds are individuals that have lived less than one
full calendar year; adults have lived through at least two winters.

Immune dynamics
The significant decline in seroprevalence from spring to late summer in adults of both sexes is
indicative of seroreversion during this period. Anecdotal evidence from two individuals caught
in Denmark in spring and again on Svalbard the following summer lends support to this
suggestion with one of the two birds (A78) seropositive at both time points, while its mate
(A83) was seropositive in spring but seronegative in late summer. Assuming that the presence
of detectable antibodies to nucleoprotein represent some proxy for protection against
reinfection, and that the system is in endemic steady-state (i.e. the transmission is stationary
with an annual seasonal oscillation), the rate at which any potential immunity was lost (į) was
estimated to be close to one, such that the persistence of detectable antibodies based on the
IDEXX blocking ELISA was 343 days on average (95% CI: 221, 643) (Figure 7.3A). This
duration of potential immunity was independent of the factor of proportionality between the
presence of antibodies to nucleoprotein and true protection, α, as well as the length of the
transmission period. The force of infection was, however, greatly influenced by α, with a larger
proportion of the susceptible population expected to experience infection over a given winter
as the strength of the association between seroprevalence and true protection increases (Figure
7.3C). Similarly, estimates of the proportion of population with immunity were dependent on

α (Figure 7.3D).
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Figure 7.3 - Estimates obtained from a model of immuno-dynamics of influenza virus in the Svalbard-breeding
pink-footed goose: frequency of loss of immunity as a function of time since last infection (panel A); risk of
infection during the transmission season in a fully susceptible population, expressed as the proportion of
susceptible individuals that newly get infected throughout an annual cycle (panel B); sensitivity of the risk of
infection to the factor of proportionality (i.e. the strength of association) between antibodies to nucleoprotein
and true protection (Į; panel C); and proportion of the population immune to reinfection throughout the year
for a range of Į (panel D)

DISCUSSION
Avian influenza virus infection in the annual cycle
Regular seasonal fluctuation in abundance is seemingly ubiquitous in infectious
diseases, both in humans and wildlife (reviewed by Altizer et al. 2006). Not surprisingly, a
number of empirical and theoretical studies have suggested that the frequency of avian
influenza in waterfowl may also exhibit seasonal fluctuations, with a purported yearly peak in
late summer and early fall, followed by low prevalence during the winter period (Hinshaw et al.
1980; Krauss et al. 2007; Munster et al. 2007). This study suggests that natural infection with
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low-pathogenic avian influenza virus is also likely to be restricted in both space and time within
the annual cycle of pink-footed geese. However, the timing and location of this infection
appears to differ from the ‘characteristic’ dynamics seen in North American and European
dabbling ducks.
During the winter transmission period, very few infected droppings were found,
corresponding to pink-footed goose data from Dutch wild bird surveillance in both magnitude
and timing (Munster et al. 2007). Recent evidence suggests that although digestive tract
infections are also found at the time of capture, the prevalence of infection is higher in the
respiratory tract of some geese species (Kleijn et al. 2010), and hence our study may have
underestimated infection prevalence during the periods in which we sampled droppings alone.
Thus, based on the number and type of samples taken to detect active infection we are unable
to provide conclusive evidence that avian influenza virus was absent throughout the remainder
of the annual cycle. However, our serological results also add insight into the infection
dynamics. Velarde et al. (2010) detected antibodies to nucleoprotein in up to 79% of ring-billed
gull chicks (Larus delawarensis) by five weeks of age, despite being unable to detect active
infection in these chicks at 3 and 5 weeks of age (95% CI: 0, 2.95%). Conversely, we found that
at 4-6 weeks of age all juvenile pink-footed geese were seronegative for antibodies to
nucleoprotein. The lack of any serological evidence of prior infection in these juvenile pinkfooted geese during post-breeding aggregation in late summer further corroborates the
suggestion that infection on the moulting/pre-migratory staging grounds is unlikely in this
species.
The temporal pattern seen in dabbling ducks has been attributed to both the
recruitment of naïve hatch-year individuals, and pre-migratory aggregation (Hinshaw et al.
1985; Webster et al. 1992). Despite displaying similar timing to migratory ducks with respect to
the fledging of young and pre-migratory aggregation (Madsen et al. 1999), detectable levels of
avian influenza infection were not seen in pink-footed geese until three months later. This may
reflect the fact that population aggregation intensity reaches its annual peak on the wintering
grounds for pink-footed geese. Indeed, similar temporal associations with waterfowl
aggregation have been suggested for outbreaks of highly pathogenic H5N1 in South-East Asia
during the monsoonal period (Pfeiffer et al. 2007; Henning et al. 2009). It is also plausible that,
with a lower proportion of juveniles in the population, the dynamics of immunity (and perhaps
seasonal variation in mortality) in adult pink-footed geese play a greater role in the
transmission of avian influenza viruses in this species. However, given that cross-protective
immunity between different subtypes of avian influenza is rarely sufficient to completely
prevent reinfection (Fereidouni et al. 2009; Berhane et al. 2010; Jourdain et al. 2010), it is also
possible that the timing and location of infection in the pink-footed goose population is also a
product of the ecosystem(s) they inhabit.
The Arctic tundra has been hypothesized to exhibit a particularly low density and
diversity of pathogens (Piersma 1997; Mendes et al. 2005), which would corroborate the
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pattern of infection seen in pink-footed geese from the high-Arctic. Conversely, infected
individuals have been detected in the American low-Arctic (Runstadler et al. 2007; Ip et al.
2008), with one of the key differences being the presence of dabbling ducks cohabiting Alaskan
and Canadian wetlands. Given the lack of evidence for infection on the northern moulting and
staging grounds in pink-footed geese, it seems prudent to consider that avian influenza
infection in this population may be limited not to disease-free environments per se, but to both
spatial and temporal overlap with maintenance host(s), presumably dabbling ducks (Chapter
5). Furthermore, by arriving at Danish and Dutch staging grounds up to one month later than
dabbling ducks, pink-footed geese may in fact be migrating in the wake of the dabbling duck
epidemic (e.g. Wallensten et al. 2007). A similar, but reverse pattern of ‘escaping the force of
infection’ has been proposed in blue-winged teal (Anas discors) of North America (Stallknecht
et al. 1990c). Similar patterns of association have also been postulated for members of the
Scolopacidae in North America (Hanson et al. 2008).
In addition to seasonal patterns of habitat-use and interspecies-interactions,
contemporary environmental conditions in the local area may also play an important role in
the timing of infection seen in pink-footed geese. Reperant et al. (2010) recently found spatial
and temporal correlation between outbreaks of highly pathogenic avian influenza H5N1 and
ambient temperatures between 0º and 2ºC in the two days preceding an outbreak. The authors
suggest that this may be due to changes in transmission-relevant host behaviour, such as
aggregation intensity and the species composition of such aggregations, as well as potentially
enhanced environmental transmission due to increased viral persistence at low temperatures
(e.g. Nazir et al. 2010). Indeed, environmental transmission of low pathogenic avian influenza
viruses is increasingly recognized as essential mechanism for viral persistence (e.g. Breban et al.
2009). Fitting with Reperant et al.’s (2010) findings, there were only three periods when the
pink-footed goose population experienced maximum temperatures below 2ºC for two or more
consecutive days during our study: mid-November 2007, the latter-half of December 2007 and
the first week of January 2008 (Danish Meteorological Institute, Norwegian Meteorological
Institute, Royal Meteorological Institute of Belgium, Royal Netherlands Meteorological
Institute, 2010), coinciding with our detection of infection on the Belgian coastal polders
(Figure 7.1, Appendix D Table D.1). Our results in pink-fronted geese may therefore reflect
reservoir dynamics characterized by daily variations in temperature, potentially resulting in
highly clustered infection dynamics.

Seroprevalence and immune dynamics
Nucleoprotein is known to be a major target of the host cytotoxic T-cell immune response
(Webster et al. 1992) and the presence of non-neutralising antibodies have been suggested to
play a role in hetero-subtypic immunity in humans (Sambhara et al. 2001; Mukhtar et al. 2009).
However, the degree to which antibodies to nucleoprotein may relate to protection against
reinfection is yet to be investigated in wild birds. Our estimate of the force of infection under
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an all-or-nothing immune scenario would lead us to expect a high proportion of active
infection (and hence PCR-positive samples) in the population. Both the immunological
dynamics of infected hosts and the interpretation of seroprevalence as a marker of a protective
immune response therefore require detailed investigation. Nevertheless, recent experimental
evidence for cross-protective immunity suggests that prior infection, and hence the presence of
antibodies to any avian influenza virus, may provide insight into the dynamics of this hostpathogen system (Fereidouni et al. 2009; Berhane et al. 2010; Jourdain et al. 2010).
Over half of the adult pink-footed geese showed evidence of previous infection with an
avian influenza virus, in the form of detectable antibodies to nucleoprotein. However,
seroprevalence was not constant across age classes, with significantly lower levels observed in
juveniles caught after their first winter. Given that experimentally inoculated ducks as young as
2 weeks of age were all found to develop antibodies to nucleoprotein by the same IDEXX
bELISA (Costa et al. 2010b), as were free-living gulls of 3-5 weeks of age (Velarde et al. 2010), it
is unlikely that juvenile pink-footed geese were unable to mount a detectable immune response.
Our seroprevalence results may therefore suggest that juvenile pink-footed geese undergo a
more rapid decay of immunity or there is an inter-annual accumulation of seropositive
individuals as a result of some individuals retaining their antibodies for more than one year.
Adult seroprevalence on the other hand indicates that antibodies are unlikely to persist
for the lifetime of an individual, with a 30% decrease in the number of seropositive individuals
between spring and summer (Figure 7.2). While a seasonal redistribution of immune function
has been suggested (Buehler & Piersma 2008; Martin et al. 2008), the temporal dynamics and
protective role of antibodies to specific pathogens are yet to be widely investigated in wildlife
systems (Staszewski et al. 2007). A limited number of studies suggest that long-lived species
may exhibit stronger specific-antibody-mediated immune defence than short-lived species,
perhaps as a result of complex life history trade-offs (Lee 2006). Antibodies to various endemic
pathogens are seen to wane in less than twelve months in rodents (Kuenzi et al. 2005),
compared to three or more years in longer-lived mammals and birds (e.g. Asbakk et al. 2005;
Hukkanen et al. 2006; Staszewski et al. 2007; Nemeth et al. 2008). On the contrary, by applying
a simplistic epidemiological model to our empirical observations of seroprevalence, we find
that detectable antibodies to nucleoprotein, even in a long lived species like the pink-footed
goose, appear to have a relatively short lifespan. Importantly, this duration was independent of
both the strength of the nucleoprotein-true protection relationship (Figure 7.3A) and the
duration of the transmission period, indicating that any potential infection not detected in our
autumn and winter sampling would not have influenced our estimate of the duration of
detectable antibodies. Such a short-lived antibody response is in close agreement with the loss
of antibodies seen in naturally and experimentally infected ducks held under laboratory
conditions (Fereidouni et al. 2010), and may suggest that the dynamics of the host immune
response could be influenced by the ecology of the pathogen, including the tissues it infects and
the type of disease it causes, as well as the life-history of the host.
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Understanding of wildlife disease dynamics has increased considerably over the last
decade (Altizer et al. 2006). However, investigation of these systems in migratory populations
has received comparatively little attention, despite their potential for shaping ecological and
epidemiological processes (Staszewski et al. 2007). While this is the only study to have
examined infection and antibody dynamics in a population along its migratory flyway, these
results provide initial insight into the mechanisms underlying this host-pathogen interaction.
The timing and location of infection was highly localized, and suggests that interactions
between host species, as well as their habitat, may play an important role in the ecology of this
disease. The host immune response to avian influenza virus, even in a long-lived species such as
the pink-footed goose, appears to persist for a significantly shorter period than immune
responses to other wildlife diseases, indicating that the life-history of the pathogen should also
be considered. These findings also demonstrate that integration of pathogen incidence and
seroprevalence throughout the annual cycle has the potential to yield significant insights into
the ecology and epidemiology of wildlife diseases.
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CHAPTER 8
Bethany J. Hoye, Steffen Hahn
Bart A. Nolet, Marcel Klaassen

Habitat use throughout migration:
Linking individual consistency, prior breeding
success and future breeding potential

H

abitat use can influence individual performance in a wide
range of animals, either immediately or through carry-over
effects in subsequent seasons. Given that many animal species also
show consistent individual differences in reproductive success, it
seems plausible that individuals may have consistent patterns of
habitat use representing individual specialisations, with concomitant
fitness consequences. Carbon stable isotope ratios from a range of
tissues were used to discern individual consistency in habitat use
along a terrestrial-aquatic gradient in a long-distance migrant, the
Bewick’s swan (Cygnus columbianus bewickii). These individual
specializations represented less than 15% of the isotopic breadth of
the population for the majority of individuals, and were seen to
persist throughout autumn migration and overwintering until
aquatic habitats were no longer available. Individual foraging
specializations were then used to demonstrate two consecutive
carry-over effects associated with macro-scale habitat segregation:
consequences of breeding season processes for autumn habitat use;
and consequences of autumn habitat use for future reproductive
success. Adults that were successful breeders in the year of capture
used terrestrial habitats significantly more than adults that were not
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successful, revealing a substantial cost of reproduction and extended parental care. Use of
aquatic habitats during autumn was, however, associated with increased body condition prior
to spring migration; and increased subsequent breeding success in adults that had been
unsuccessful the year before. Yet adults that were successful breeders in the year of capture
remained the most likely to be successful the following year, despite their use of terrestrial
habitats. Our results uniquely demonstrate not only individual foraging specializations
throughout the migration period, but also that processes during breeding and autumn
migration, mediated by individual consistency, may play a fundamental role in the population
dynamics of long-distance migrants. These findings therefore highlight the importance of longterm consistency to our understanding of habitat function, inter-individual differences in
fitness, population dynamics, and the evolution of migratory strategies.

INTRODUCTION
Empirical evidence from a wide range of taxa suggests that an animal’s performance is
profoundly influenced by its habitat use and resulting diet choice (e.g. McLoughlin et al. 2007;
Smith et al. 2010). These impacts may be borne within a given season; for example, breeding
habitat may affect offspring fitness (e.g. Brown & Shine 2004). However, it is increasingly
recognised that consequences of ‘decisions’ made at one stage in an animal’s life may not
always manifest immediately. Processes also operate among seasons, such that the conditions
experienced at one stage in the annual cycle may have significant ‘carry-over effects’ on
performance in subsequent seasons (Harrison et al. 2011). Thus, current patterns of habitat
occupancy are affected by previous life history events, and may go on to have an effect on
future performance (Norris & Marra 2007).
At the individual level, carry-over effects that influence processes during the breeding
season have dominated research to date (Harrison et al. 2011). In particular, the quality of
habitats used throughout winter has been shown to entail significant ramifications for
individual condition (e.g. Bearhop et al. 2004; Inger et al. 2008), migratory timing (Marra et al.
1998), reproductive success (Norris et al. 2004) and ultimately the dynamics of migratory
populations (Norris & Marra 2007). However, migratory animals need to acquire appropriate
resources at multiple locations throughout their annual cycle, including wintering, breeding,
and interstitial staging sites. Habitat use at each of these locations therefore has the potential to
affect the performance of individuals in subsequent seasons (Harrison et al. 2011). In
particular, conditions experienced during migration are likely to play a critical role in
population dynamics. Indeed, a limited number of studies from single time points or locations
during spring migration have demonstrated a link between habitat use and reproductive
success (Ebbinge & Spaans 1995; Prop & Black 1998; Baker et al. 2004; Inger et al. 2008). Thus,
habitat use in both winter and spring has been found to induce carry-over effects that drive
inter-individual differences in performance.
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Consistent differences in individual breeding success are common among animal
species, and consequently, the majority of a population’s recruits are often produced by a
minority of adults (Newton 1989). Such a skewed distribution of lifetime reproductive success
is particularly apparent in long-lived, iteroparous species (Clutton-Brock & Sheldon 2010).
Together with the demonstration of carry-over effects from habitats used in winter and habitats
used in spring, the notion of heterogeneity in lifetime reproductive success raises the possibility
that individuals may have consistent patterns of habitat use, with concomitant fitness
consequences, that represent individual specialisations (e.g. Bolnick et al. 2003; Vander Zanden
et al. 2010).If this is the case, understanding individual consistency of habitat use throughout
the annual cycle will be fundamental for gaining insight into habitat function, carry-over effects
on individual fitness and population dynamics, and the evolution of migratory strategies. Yet,
individual patterns of habitat use from breeding through migration to overwintering, and the
impact of processes within the breeding season on these habitat decisions, remains relatively
unknown (Inger et al. 2010; Bogdanova et al. 2011).
Accurate identification of individual habitat specialization requires longitudinal records
of habitat use (Newsome et al. 2009). Such records have, until recently, been virtually
impossible to define, particularly in migratory species that travel thousands of kilometres over
the course of the annual cycle. However, because the isotopic composition of a consumer's
tissues ultimately reflect the composition of its diet, and hence the habitat in which it has been
foraging, analysis of the stable isotope composition of an animal’s tissues enables the
quantification of assimilated diet at the individual level (Peterson & Fry 1987). Furthermore,
information spanning a range of temporal scales can be obtained by carefully selecting
particular tissues for analysis. For metabolically inert tissues such as feathers the isotopic
composition of the diet during the (brief) period of tissue synthesis will be permanently
archived (Hobson & Norris 2008). Consequently, if the moult chronology of a species is
known, samples from several different feather tracts can provide sequential information on the
diet and habitat selection of individuals. Conversely, the isotopic composition of metabolically
active tissues, where synthesis is ongoing, represents a moving window of information on
individual diet, the breadth of which depends on the turnover rate of the tissue in question
(Hobson & Norris 2008). In particular, avian blood plasma (half-life time of ~4.3 days in
herbivorous waterfowl), and red blood cells (half-life time of ~30 days) will yield information
on diet and hence habitat usage during the days and weeks prior to sample collection,
respectively (Klaassen et al. 2010).
Bewick’s swans (Cygnus columbianus bewickii, Yarrell) are known to forage in both
terrestrial and aquatic habitats, with a preference for the below-ground parts of aquatic
macrophytes during their ~3500km autumn migration and arrival on their wintering grounds
(van Eerden et al. 1997; Klaassen et al. 2010b). However, inter-individual patterns of habitat
use and the functional significance of each of these habitats to individual performance have yet
to receive empirical investigation. Due to differences in the source of carbon used in
photosynthesis, aquatic plants are composed of a relatively higher ratio of 13C to 12C than those
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in terrestrial ecosystems (Finlay & Kendall 2007; Milligan et al. 2010). As a result, diet,
examined by integrating information on carbon stable isotope composition of sequentiallysynthesised feathers and blood components, can be used to infer habitat use across the aquaticterrestrial continuum (Nolet et al. 2000; Milligan et al. 2010).
Using the Bewick’s swan as a model long-distance migrant, we retrospectively test the
hypothesis that individuals show a consistent pattern of habitat usage from their summer
breeding grounds, throughout autumn migration and on their wintering grounds. Given that
Bewick’s swans also exhibit extended parental care, such that juveniles remain with their
parents throughout autumn migration and overwintering, we go on to assess the consequences
of breeding status for individual patterns of habitat use following breeding, as well as the
potential for successful breeding in the following summer.

MATERIAL AND METHODS
Study system
Bewick’s swans are long-distance migrants, breeding in the Russian Arctic and wintering in
north-west Europe. In autumn, the majority of the population rapidly migrates from Pechora
Delta (68°N, 53°E) via a stopover in the Baltic states (particularly in Estonia), to the
Netherlands and the British Isles (Rees 2006). The population returns northward in early
spring, via stopover sites in Estonia and Dvina Bay area of the White Sea (Nolet et al. 2001). In
captive Bewick’s swans, moult has been recorded to extend from late August through until
early December, with primaries moulted first (August), followed by dorsal body feathers
(October), ventral body feathers (September-November) and rectrices (November-December)
(B.A. Nolet, unpub. data).

Dietary items
Plants representative of the Bewick’s swan diet were sampled along their migratory flyway at
times when the birds were present. On their Arctic breeding grounds the above-ground parts of
plants eaten by Bewick’s swans foraging in the aquatic habitats of the Pechora Bay
(Potamogeton perfoliatus and P. pectinatus), and the terrestrial habitat of the adjacent tundra
(Carex aquatilis, C. lachanelii, and C. rariflora) were collected. On the Dutch wintering
grounds the below-ground parts of their primary aquatic food source (P. pectinatus), as well as
their main terrestrial food sources, including above-ground parts of Lolium perenne,
Phragmites australis, and Secale cereale and below-ground parts of P. australis and Beta vulgaris
were collected. Salix viminalis was also sampled in the Netherlands in August, as a surrogate for
the willow eaten on the tundra at this time. In addition, below-ground parts of aquatic plants
(P. pectinatus) and above-ground parts of terrestrial plants (P. australis and Scirpus lacustris)
were sampled in the Mud'yug area of the Dvina Bay (White Sea) during the spring migration
period. All plant samples were dried at 60°C until they reached constant weight before analysis.
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Carcass tissues
In order to confirm that differences in isotopic composition between tissues in wild birds
reflect dietary changes at the time of tissue synthesis, rather than any temporal variation in
isotopic discrimination between feather tracts, samples from a captive population of Bewick’s
swans were examined. Carcasses of six Bewick’s swans that died in captivity between 1999 and
2005 were collected within 12 hours of death, and stored at -20°C in a sealed plastic bag until
dissection. These birds had been held in outdoor aviaries for >2 years prior to their death,
where they were fed a diet containing 50% grain mixture and 50% chicken mash (HAVENS
Voeders, Maashees, the Netherlands) ad libitum. Carcasses were dissected, with swan
biometrics, age, and sex recorded. Feather samples from: inner primary (p1), central rectrix
(r5), ventral and dorsal body feathers were also collected; each stored in individual bags. Blood
was collected from the heart cavity and stored at -20°C until analysis.
To examine the isotopic composition of tissues synthesised throughout the autumn
migration and winter period in the wild the carcases of 16 free-living Bewick’s swans found
across the Netherlands in either January or February of 1995-2004 were collected. Many
appeared to have died following collision with powerlines or motor vehicles; the most common
cause of death for birds found along the flyway (Rees 2006). All carcasses were placed at -20°C
in a sealed plastic bag until dissection. Carcasses were dissected and sampled as above, with the
additional sampling of an outer primary (p9). Sex was subsequently verified using the 2550F
and 2718R primers (Fridolfsson & Ellegren 1999) on DNA isolated from this blood (Gentra
Systems DNA isolation kit).

Live bird tissues
In addition to carcasses collected on the wintering grounds, a reduced number of tissues were
also collected from live birds on the breeding and wintering grounds. A total of 48 live birds
were sampled on the Pechora delta in August 1996 (n=33) and 1998 (n=15), prior to departure
on autumn (southward) migration to their non-breeding grounds. In both years birds were
captured during the flightless phase of moult using a hook from a small boat, either on the
aquatic foraging grounds of the Pechora Bay (n=13) or after herding the birds on small tundra
lakes (n=35). Birds were aged as juveniles, yearlings or adults on the basis of plumage; sexed on
the basis of cloacal examination; and had a dorsal body feather collected.
Approximately 6-8 weeks after arrival on their Dutch wintering grounds, 182 live birds
were sampled over five successive winters (2005-2009 inclusive). These birds were captured by
means of cannon netting on sugar beet fields used for foraging. All swans were weighed (to the
nearest 50g) and their skull and wing length measured. Birds were aged (as described above)
and marked with a yellow plastic neckband bearing an individual four-digit code. A dorsal
body feather was collected from each individual, as well as approximately 1ml of whole blood
from the tarsal vein. Blood samples were immediately placed in a vial containing a
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commercially-prepared clot activator (Greiner Bio-one, Kremsmünster, Austria) and,
approximately 6 hours later, centrifuged. Red blood cells were stored in 70% ethanol, and
together with serum samples, maintained at -20°C until analysis. Blood samples were used to
determine the sex of individuals, as described above.

Live bird observations
The breeding status of adults (‘with offspring’ or ‘without offspring’) and a score of their body
condition, referred to as an abdominal profile index, were assessed during repeated focal scans
throughout the winter of capture (van Gils et al. 2007). These focal scans involved careful
observation of a focal collared swan for a half-hour period through a 20– 60x spotting
telescope. Breeding status in the year of capture was observed for 119 of the 133 adults captured
(89%), of which there were 50 birds (42%) for whom breeding status was also recorded in the
following year.

Stable isotope analysis
All dried plant samples were ground to fine powder using an analytical mill (mesh size < 1mm).
The feather samples were cleaned with hexane to remove any contamination, and air-dried
under a fume hood. Whole blood (from carcases) and red blood cells (from live birds) were
freeze-dried for two days, as were 5 ʅL aliquots of each serum sample in pre-weighed tin cups.
For each tissue and food sample, sub-samples of 200 – 500ʅg were analysed in a Euro EA
3000elemental analyser (Eurovector, Milan, Italy) coupled through a Finnigan con-flo III
interface to a Finnigan Delta V Advantage isotope ratio mass spectrometer (Thermo Scientific,
Bremen, Germany). Stable isotope ratios are reported using the typical delta notation, in parts
per mil (‰) such that ɷ13C = [(Rsample/Rstandard)-1] x1000, where R is the ratio of 13C/12C, and
Rstandard is the international reference Vienna PeeDee limestone (PDB). Reproducibility based on
replicate measurements of a casein standard (n = 145) during the period of measurements was
0.36‰ (s.d.). To make the ɷ13C values of tissues comparable to the diet samples, the following
discrimination factors that have been experimentally obtained from our captive population of
Bewick’s swans were subtracted: -0.69 for red blood cells and whole blood; +1.52 for dorsal and
ventral body feathers and rectricies; +0.64 for primary feathers; and -0.09 for serum (Chapters
3 and 4).

Statistical analysis
All ɷ13C values from swan tissues were log10 transformed (after adding 35) prior to analysis. A
scaled mass index of body condition was used as it has been shown to accurately predict
variations in fat and protein reserves as well as other body components across a range of
vertebrate taxa (Peig & Green 2009). This technique standardizes body mass to a fixed value of
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body size based on the scaling relationship between mass and length. The first principle
component from an analysis of maximum wing chord and skull length explained 71.6% of the
variation, and the arithmetic mean of this PC1 score was used as the fixed length value. Values
represent mean ± s.e. throughout the text and figures unless otherwise stated. All statistical tests
were conducted in SPSS version 17.0.

RESULTS
Diet composition
The ɷ13C composition of food plants used by Bewick’s swans in aquatic habitats (-17.2 ‰ ±
0.64) was significantly higher than food plants from terrestrial habitats (-27.5‰ ± 0.42; GLM
r2=0.85, F1,49=152.86, p<0.001). There was no effect of location along the flyway (breeding,
wintering or spring staging grounds; F2,49=1.61, p=0.21), however, there was an interaction
between habitat and location (F2,49=10.72, p<0.001), with P. pectinatus on the wintering
grounds having a higher ɷ13C (-15.0 ± 0.85) than the aquatic vegetation from the breeding (19.3 ± 1.47) or spring staging (-18.9 ± 0.93) locations.

Carcass tissues
Birds held in captivity showed consistent ɷ13C composition across tissues (Repeated measures
ANOVA: F4,1=17.47, p=0.18; Figure 8.1). Carcasses of free-living birds, however, showed a
bimodal distribution of ɷ13C in all tissues (Figure 8.1). While there was no significant difference
between tissues (Repeated measures ANOVA: F5,11=2.90, p=0.07), feathers spanning the
migratory period (August-November) maintained consistent ɷ13C values at the individual level
in contrast with the predominantly terrestrial signature in the blood, reflecting diet and habitat
choice in January and February, of all individuals (Figure 8.1). Indeed, individual carcasses
showed a relatively narrow isotopic range across all feathers synthesised during migration
(median within-individual variation=2.84‰; Table 8.1), accounting for just 19% of the
between-individual variation.
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Figure 8.1. Consistent patterns of habitat use during migration: ɷ13C (‰) values of successively synthesised
tissues spanning the autumn migration and winter period from individual Bewick’s swan carcasses found in
the wild (“free-living” panel) or held in captivity for >2yrs (“captive” panel). Each line represents all tissues
(primary 1 and 9, dorsal and ventral body feathers, rectrices (r5), and whole blood) from one individual. ɷ13C
composition of dietary items from aquatic habitats (unfilled circles) and from terrestrial habitats (filled
circles) are marked; heavy vertical lines in the box plots indicate habitat means.
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Table 8.1. Difference in ɷ13C (‰) between tissues from individual Bewick’s swans
found dead (“Carcasses”), or captured and released (“Live birds”), during
overwintering in the Netherlands. Tissues from carcasses include primaries 1 and
9, dorsal body feather, ventral body feather, and rectrix feather. Tissues from live
birds include dorsal body feathers and red blood cells. Population = all individuals
from each sampling method.
Carcasses
N
Individual

Population

Live birds

16

147

minimum range (‰)

1.14

0.04

maximum range (‰)

12.44

13.91

median range

2.84

2.79

25% quartile

2.04

1.21

75% quartile

4.93

4.54

14.54

18.35

maximum range (‰)

Live bird tissues
On the breeding grounds dorsal body feathers of birds caught on the tundra had lower ɷ13C
values (-24.83 ±0.39) than feathers of birds caught in the aquatic habitat (-21.0 ±0.64; t46=5.17,
p<0.001). The ɷ13C composition of these feathers did not differ between birds caught on the
breeding grounds and those caught on the wintering grounds (t103=-1.40, p=0.16; Figure 8.2),
with the majority of the population primarily displaying signatures between the terrestrial and
aquatic extremes of dietary ɷ13C. Repeated measures ANOVA revealed that ɷ13C composition
differed between tissues for birds captured on the wintering grounds (F2,125=89.4, p<0.001),
with blood cells showing higher ɷ13C (-23.0 ±0.24) than either dorsal body feathers (-24.2
±0.24) or serum (-25.8 ±0.24; Figure 8.2). At the individual level, although 66% of the birds’ red
blood cells showed higher ɷ13C than their dorsal body feathers, there was a positive relationship
between the ɷ13C of an individual’s tissues from one time point to the next (feathers & red
blood cells: r2=0.11, F1,145=18.04, p<0.001; red blood cells & serum: r2=0.33, F1,144=69.31,
p<0.001). Furthermore, isotopic signatures of tissues reflecting the migratory period indicate
that the majority of the population shifted less than 2.8‰ between synthesising their back
feathers (October) and red blood cells (November-December; Table 8.1), which represents only
a fraction (15%) of the total isotopic range recorded for the population. There was, however, a
minor portion of the population (~20%) that exhibited a 5‰ or greater inter-tissue difference
in ɷ13C; indicative of within -season shifts in habitat. Only two individuals (1%) showed an
inter-tissue difference of 10‰ or greater.
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Figure 8.2. Isotopic-diversity of the population’s diet: Carbon stable isotope
composition of feather and blood samples from free-living Bewick’s swans
captured on the breeding grounds in August (upper panel), and on the
wintering grounds in December, approximately 6 weeks after arrival from
autumn migration (lower three panels) . Birds caught in terrestrial habitats
are indicated by grey bars; unfilled bars indicate those caught in aquatic
habitats. Mean ɷ13C of dietary items from aquatic habitats (dotted vertical
lines) and from terrestrial habitats (solid vertical lines) are marked.
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Habitat use and fitness proxies
There were consistent differences in the composition of ɷ13C of dorsal body feathers, red blood
cells and serum of birds caught on the wintering grounds on the basis of breeding status
(repeated measures GLM with a significant effect of tissue: F2,126=90.10, p<0.001 and breeding
status: F2,126=4.17, p=0.018). Adults without offspring (singles or pairs) had tissue ɷ13C values
0.5 to 2.0‰ higher than adults with offspring and the offspring themselves (Figure 8.3). Swans
resighted in the British Isles (a further 300-550 km to the west) in the winter of capture had
apparently moulted in more terrestrial environments, with lower feather ɷ13C values (-25.6 ±
0.70) than those that remained in the Netherlands (-24.0 ± 0.33; t148=-2.43, p=0.02).
Body condition of adults at the time of capture showed no relationship with ɷ13C of
feathers or blood components (e.g. red blood cells: GLM r2=0.13, F1,100=1.04, p=0.31), but did
differ both between sexes (F1,100=10.60, p=0.002, males higher) and on the basis of breeding
status (F1,100=3.97, p=0.05, adults with offspring higher than adults without offspring). There
were no differences in the body condition of juveniles between the sexes. Abdominal profile
index (API) scores of adults seen in the 2-3 week prior to departure on spring migration did
not show any relationship with ɷ13C of feathers (October), or ɷ13C of red blood cells
(November-December), but did relate to the habitat used in the days prior to capture (ɷ13C of
serum: F1,56=5.16, p=0.03, GLM r2=0.20), with individuals making greater use of aquatic
habitats seen to depart in slightly better condition regardless of their breeding status (F1,56=2.48,
p=0.12) when the effect of year (F1,56=4.68, p=0.04) and the Julian date of the observation
(F1,56=3.89, p=0.05) were taken into account.

Figure 8.3. Breeding success and habitat use: ɷ13C (‰) composition of
feather and blood components from free-living Bewick’s swans captured
approximately 6 weeks after arrival from autumn migration on the basis
of breeding success in the year of capture.
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Figure 8.4. Successful (+) or unsuccessful (-) breeding of adult Bewick’s
swans in consecutive years. Panel A: Adults that were successful or
unsuccessful breeders in the summer after capture as a proportion of
those that were successful or unsuccessful in the summer before capture
(e.g. +/-: adults with offspring when captured but without offspring the
year after). Panel B: ɷ13C (‰ ± s.e.) of red blood cells from the year of
capture on the basis of breeding success in the summer preceding and in
the summer following capture. Of the adults without offspring in the year
of capture, individuals that were seen to ‘upgrade’ to successful breeding
the following summer (-/+) were more likely to have used aquatic habitats
during the autumn migration and overwintering period of the year of
capture.
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The breeding success of the Bewick’s swan population is generally very low (Rees 2006).
Indeed, only 26% adults had offspring in the year of capture. Despite this, adults that had
offspring in the year of capture were found to be more likely to be successful breeders (i.e.
return with offspring) the following winter (46%; n=6) than were adults without offspring in
the year of capture (11%; n=4; Fisher’s exact test p=0.012; Figure 8.4A). Habitat use during
migration (ɷ13C of red blood cells) did not have a significant effect on breeding success the
following summer (logistic regression r2=0.43; ʖ2=1.58, p=0.21) when the effect of breeding
status (ʖ2=7.14, p=0.01) was taken into account. However, there was a significant interaction
between migratory habitat and breeding status, such that greater use of aquatic habitats by
adults without offspring in the year of capture was associated with increased breeding success
the following summer (ʖ2=4.08, p=0.04; Figure 8.4B).

DISCUSSION
Each autumn billions of birds migrate between their breeding and wintering grounds and yet
little is known about the conditions experienced throughout this migration, or how events on
the breeding grounds affect both migration and subsequent performance (Bogdanova et al.
2011). To our knowledge, our study presents a unique insight into individual habitat use
throughout autumn migration, and the importance of breeding success to subsequent patterns
of habitat use, condition, and future breeding potential.
Stable isotopic composition of dietary plants sampled along the flyway confirmed a
habitat-based dichotomy in ɷ13C of dietary items consumed by Bewick’s swans (Figure 8.1).
Because this isotopic disparity is founded on differences in the source of carbon for
photosynthesis, the habitat differences seen in our study were consistent between locations
along the migratory flyway.
Bewick’s swans were previously thought to rely almost entirely on submerged
macrophytes as a food resource at autumn staging sites before moving onto agricultural fields
in mid-winter (Beekman et al. 1991). However, į13C composition of tissues spanning the period
of autumn migration reveal that, at the population level, Bewick’s swans showed substantial
variation in foraging habitat, occupying nearly all of the ‘‘isotopic space’’ created by the
potential dietary items (Figure 8.2). Indeed, į13C composition of newly-synthesised feathers
from swans caught on the breeding grounds demonstrates that while predominant use of the
habitat of capture is distinguishable, individual Bewick’s swans utilise a combination of these
habitats along a continuum from entirely aquatic to entirely terrestrial (Figure 8.2). Towards
the end of autumn migration there was a slight increase in the use of aquatic habitats, as
indicated by red blood cell į13C of swans caught on the wintering grounds, however, this is
within the context of a predominantly terrestrial foraging habitat (Figure 8.2). Moreover, the
į13C range of the population was many-fold broader than the į13C range for the vast majority of
individuals (Table 8.1, Figure 8.1). Indeed, within-individual, inter-tissue į13C records
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demonstrate that the ‘generalist’ Bewick’s swan population is composed of individual specialists
(sensu Vander Zanden et al. 2010), with the majority of the population maintaining habitat
specialisations that span thousands of kilometres along the flyway (Figure 8.1). These
specialisations are only seen to breakdown on the wintering grounds, with blood from freeliving carcasses and serum from live birds revealing almost exclusive use of terrestrial habitats
during winter (Figure 8.1). At this time aquatic habitats may have frozen over, or have been
depleted to the extent that they no longer provide a viable alternative (Nolet et al. 2002).
Similar individual specialisations, albeit from samples that aggregate multiple seasons rather
than assessing multiple tissues from within a season, have been seen in marine mammals
(Newsome et al. 2009) and marine reptiles (Vander Zanden et al. 2010), reinforcing the
suggestion that individual specialisation may be a common phenomenon in so-called generalist
populations (Bolnick et al. 2003).
Not only did a large proportion of individuals maintain habitat use specialisations, but
these strategies of habitat use were seen to differ between final wintering destinations, with
migration to the British Isles linked to more terrestrial habitat use than overwintering in the
Netherlands. Furthermore, we could identify that individual strategies of habitat use during
autumn migration were related to their breeding status in the preceding summer. Strikingly,
families (adults with offspring and their offspring) exhibited lower į13C in their tissues,
indicative of a disproportionate reliance on terrestrial habitats for the duration of migration
(Figure 8.3). These isotopic findings are in line with the direct observation of families
exhibiting lower overall attendance in aquatic compared to terrestrial (mainly agricultural)
habitats (van Eerden et al. 1997), and suggest that processes during the breeding season
influence foraging along the entire flyway.
Social status has been shown to be a major driver of intra-population polymorphism in
habitat use across a wide range of animal species, with dominant individuals having greater
access to high quality habitats than sub-ordinate conspecifics (Marra et al. 1998; Harrison et al.
2011). On the contrary, we find that adult Bewick’s swans with juveniles (which are dominant;
Badzinski 2003; Klaassen et al. 2006; Rees 2006) show considerably reduced use of aquatic
habitats throughout autumn migration. While the aquatic and terrestrial diets of Bewick’s
swans are relatively similar in terms of net energy gain, mixed use of both habitats (terrestrial
during the day, aquatic during the night) has been shown to be most profitable even when
flights to and from a roost are considered (Nolet et al. 2002). Furthermore, aquatic vegetation,
particularly below-ground tubers of Potamogeton pectinatus, contain more protein than the
crop remains available in terrestrial habitats (14.8 vs. 6.6% of organic matter; van Eerden et al.
1997), collectively suggesting the predominantly terrestrial diet of families may be sub-optimal.
Corroborating this suggestion, we found that individuals that used aquatic habitats to a greater
extent, or later into the winter, (lower serum į13C) were in better condition in February just
prior to departure on spring migration. Moreover, while adults that had offspring in the year of
capture were more likely to return with offspring the following winter, a small number of
adults that were without offspring in the year of capture returned with offspring the following
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winter (Figure 8.4A). These “upgraded” adults had made use of aquatic habitats during the
autumn migration and overwintering period of the year of capture; where as adults that were
without offspring in both years had not (Figure 8.4B). Together these findings reinforce the
notion that greater use of aquatic habitats may benefit future reproductive success, but that
current reproduction may limit parents’ use of these habitats.
For adults, a successful breeding season entails providing parental care throughout the
ensuing autumn migration, which may constrain patterns of habitat use. Three potential
mechanisms could underlie such constraints. Firstly, parents may be constrained by the
foraging inefficiencies of their juveniles (Inger et al. 2010). In fact, as a result of morphological
differences, rather than experience, juvenile Bewick’s swans have lower instantaneous intake
rates than adults when foraging in aquatic environments, such that terrestrial habitats may be
more profitable (Gyimesi et al. 2010). Secondly, fidelity may play a major role in habitat choice.
Fidelity to particular sites or habitats has been shown to increase individual fitness across a
range of vertebrate taxa, even when energy gain is not maximised, with familiarity cited as the
major mechanism underlying such benefits (Hoover 2003; Bradshaw et al. 2004). Finally, the
resource polymorphism may be driven by decreased intra-specific competition (Bolnick et al.
2003). Although families are thought to be dominant in direct interactions, timing may be
against them when it comes to accessing depletable aquatic food resources during autumn
migration. Similar to many migratory species, parents and their offspring generally depart the
breeding grounds later, take longer to complete autumn migration, and hence arrive 2-4 weeks
later than adults without offspring (Beekman et al. 1991; Rees 2006). An earlier departure may
enable adults without offspring to exploit alternative staging areas (e.g. Bogdanova et al. 2011),
potentially by depleting the availability of aquatic macrophytes at each site before the families
arrive. Such indirect competition would also exacerbate the foraging inefficiencies of juveniles
and the benefits of fidelity.
Each of the mechanisms presented above suggest a carry-over effect, where adults with
offspring are, as a result of their breeding success, either opting for or forced to use a habitat
that is, to our current knowledge, suboptimal. Such macro-scale segregation during migration
provides a feasible means for the observed differences in arrival and departure condition and
winter habitat use seen in Brent geese (Branta bernicla horta; Inger et al. 2010) and potentially
other migrants settling in winter habitats of disparate quality (e.g. Norris et al. 2004). Yet, as
with many iteroparous species, recruitment to the Bewick’s swan population is heavily skewed,
with a relatively small number of birds breeding successfully over a number of years (Rees
2006). The consistent success of adults with offspring, despite their use of terrestrial habitats
(Figure 8.4), is in agreement with the notion that adverse environments often have a lesser
impact on successful individuals (Clutton-Brock & Sheldon 2010). It may also be that there are
as-yet undocumented benefits to avoiding aquatic habitats. For instance, hosts often encounter
their pathogens while feeding (Hall et al. 2007), and aquatic habitats have been suggested to
sustain higher pathogen density and diversity (Piersma 1997), although there has been little
empirical work in this area (but see Chapter 9). Finally, the consistent patterns of habitat use
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and skewed reproductive success of Bewick’s swans underscore the importance of conserving
habitats on the basis of function rather than occupancy rates.
To our knowledge this is the first demonstration of both individual specialisation
throughout the migration period, and links between migratory habitat use, preceding breeding
performance, and future breeding potential. These results suggest that processes during
breeding and autumn migration, although mediated by individual consistency, may play a
fundamental role in the population dynamics of long-distance migrants, especially those with
extended parental care. Given the potential for indirect competition between families and
adults without offspring, we also highlight the importance of understanding individual
strategies of habitat use across the entire population.
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CHAPTER 9
Bethany J. Hoye, Ron A. M. Fouchier,
Marcel Klaassen

Host behaviour and physiology underpin
individual variation in avian influenza virus
infection in migratory Bewick’s swans

I

ndividual variation in infection modulates both the dynamics of
pathogens and their impact on host populations. It is therefore
crucial to identify differential patterns of infection and understand
the mechanisms responsible. Yet, our understanding of infection
heterogeneity in wildlife is limited, even for important zoonotic
host-pathogen systems, due to the intractability of host status prior
to infection. Using novel applications of stable isotope ecology and
eco-immunology we distinguish antecedent behavioural and
physiological traits associated with avian influenza virus (AIV)
infection in free-living Bewick’s swans (Cygnus columbianus
bewickii). Swans infected with AIV exhibited higher serum į13C (–
25.3 ± 0.4) than their non-infected counterparts (–26.3 ± 0.2). Thus
individuals preferentially foraging in aquatic rather than terrestrial
habitats experienced a higher risk of infection, suggesting that the
abiotic requirements of AIV give rise to heterogeneity in pathogen
exposure. Juveniles were more likely to be infected (30.8%;
compared with 11.3% adults), shed approximately 15-fold higher
quantity of virus, and exhibited a lower specific-immune response
than adults. Together these results demonstrate the potential for
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heterogeneity in infection to have a profound influence on the dynamics of pathogens, with
concomitant impacts on host habitat selection and fitness.

INTRODUCTION
Pathogens can play a significant role in shaping host behaviour, fecundity, population
dynamics, and community composition (Hudson et al. 2002; Lafferty 2008). Yet, hosts
inevitably vary in their exposure and sensitivity to pathogenic infection. The way in which
infection varies between individual hosts is fundamental to the transmission and maintenance
of pathogens, as well as their impact on host fitness (Lloyd-Smith et al. 2005; Johnson &
Hartson 2009; Kramer-Schadt et al. 2009; Beldomenico & Begon 2010). It is therefore crucial to
identify differential patterns of infection and understand the mechanisms responsible.
Factors driving heterogeneity in infection may manifest through variation in exposure
to a pathogen, or variation in susceptibility to infection once the pathogen has been
encountered (Wilson et al. 2002). For example, abiotic factors such as moisture and salinity can
influence the persistence and transmission of pathogens (Combes 2001; Guernier et al. 2004).
As a result, pathogen exposure has been suggested to vary between biomes, with arctic, alpine,
and marine habitats anticipated to support lower pathogen density and diversity than
temperate, tropical or freshwater habitats (Piersma 1997; Foley et al. 2003; Balls et al. 2004).
Furthermore, given that hosts often encounter their pathogens while feeding (Hall et al. 2007),
the habitat in which a host forages is likely to influence its exposure to various pathogens.
Following exposure, the likelihood a host becomes infected and its level of pathogenesis
following infection may also vary between hosts. Host age, prior infection(s), and physiological
condition, particularly immunocompetence, have been suggested to influence a host’s
susceptibility to infection, with ramifications for disease dynamics in host populations
(Beldomenico & Begon 2010; Johnson et al. 2011). Yet, quantitative data on host foraging
behaviour, condition, and immunocompetence prior to infection has proven largely intractable
in free-living populations.
Our knowledge gap is particularly apparent in migratory species, presumably because of
logistic constraints on following them throughout the annual cycle and linking behaviour and
physiology over such large spatial scales (Harrison et al. 2011). Yet these migratory movements
may connect pathogen populations in disparate habitats (Ricklefs et al. 2005) and at the same
time expose migratory hosts to a high diversity of pathogens (Figuerola & Green 2000).
Moreover, migrants play host to a number of zoonotic pathogens of importance to humans.
Understanding the drivers and consequences of disease epidemics in migratory hosts therefore
remains a major frontier in ecology (Altizer et al. 2011).
Certain abiotic conditions have long been considered crucial to the persistence,
transmission and maintenance of a number of zoonotic pathogens (Harvell et al. 2002),
including avian influenza viruses (AIV) (Webster et al. 1976; Stallknecht et al. 1990a).
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Freshwater has been found to provide an ideal medium for the indirect faecal-oral transmission
of AIV, which replicate in the gastrointestinal and/or respiratory tract of their hosts (Webster
et al. 1992; VanDalen et al. 2010). In addition, members of the Anseriformes and
Charadriiformes that occupy aquatic habitats are regarded as the reservoir for all lowpathogenic AIV (Webster et al. 1992); and laboratory and field observations reveal that AIVs
can persist for extended periods in freshwater (Stallknecht et al. 1990a; Ito et al. 1995; Nazir et
al. 2010). Together, these findings suggest that exposure to AIV may be linked to aquatic
foraging behaviour of individual hosts. Furthermore, Hinshaw et al. (1980) found a higher
proportion of juvenile ducks were infected with AIV than adults, leading to the suggestion that
immunological naivety may also be fundamental to the epidemiology of avian influenza.
Because low-pathogenic AIV infections generally proceed without clinical signs, these
viruses have historically been considered non-pathogenic to their waterfowl reservoir (Webster
et al. 1992). However, recent field evidence suggests that infection with AIV may entail
significant fitness costs to individual free-living birds, including reduced body mass and food
intake rates, as well as delayed migration (van Gils et al. 2007; Latorre-Margalef et al. 2009). In
addition, AIV circulating in wild birds represent a primordial source for influenza virus
infection in humans and domestic livestock (Okazaki et al. 2000; Munster et al. 2005).
Identification of wild birds at risk of infection and factors driving the transmission and
maintenance of AIV are therefore critical to understanding the epidemiology of this zoonotic
disease in its natural hosts and assessing its ecological consequences.
We uniquely employ stable isotope ecology and ecoimmunology to divulge preinfection status in a natural AIV host species, the Bewick’s swan (Cygnus columbianus bewickii,
Yarrell). Given that the stable isotope composition of an animal’s tissues archive dietary isotope
composition, and hence foraging habitat, during tissue synthesis (Hobson & Wassenaar 2008),
stable isotope analysis affords unparalleled insight into the importance of antecedent foraging
behaviour to infection risk (Carrete et al. 2009). Information on the intensity of these
infections, combined with the individual’s ability to mount a specific immune response, is then
used to reveal marked variation in host susceptibility. Together, these methods unveil
unprecedented information on variation in host exposure and susceptibility to a major
zoonotic disease in a natural host species.

MATERIALS AND METHODS
Capture and sampling
Bewick’s swans were captured 6-8 weeks after arrival on their Dutch wintering grounds over
five successive winters (2005-2009 inclusive; Appendix E Table E.1). Each catch event targeted
a single, cohesive flock of 200-400 swans foraging on sugar beet remains. Birds were aged as
juveniles (6 months of age; n=39), yearlings (n=10), or adults (n=133) on the basis of plumage;
and sexed using molecular methods (Chapter 8). We sampled ~1ml of whole blood from the
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brachial or tarsal vein, and collected cloacal and oropharyngeal swabs to test for current
infection with AIV using sterile cotton swabs subsequently stored in Hanks balanced salt
solution. Blood samples were allowed to clot before being centrifuged approximately 6 hours
later. Red blood cells were stored in 70% ethanol, and together with serum samples, maintained
at -20°C until analysis.

Virus and antibody detection
To estimate population prevalence of AIV with greater accuracy, we collected and swabbed
fresh droppings from the capture site immediately after removing swans from the net
(Appendix Table A1). Presence of AIV in the live bird and dropping samples was tested using a
real-time reverse transcriptase PCR assay targeting the matrix gene (Munster et al. 2005). The
degree of viral shedding was assessed using the cycle threshold (CT) value, where CT = first realtime amplification cycle in which matrix gene amplification was detectable. CT value is
therefore inversely proportional to the number of virions in the sample. Three cycles represent
a log10 difference in genome copies. The presence of antibodies to nucleoprotein (NP) in
individual serum samples was tested using a commercially-available blocking enzyme-linked
immunosorbent assay (MultiS-Screen Avian Influenza Virus Antibody Test Kit, IDEXX
Laboratories) with absorbance measured at 620nm using a Tecan infinite 200 plate reader. All
samples were run in duplicate, in combination with supplied positive and negative controls.
Sample signal to noise ratios (sample mean absorbance divided by negative control mean
absorbance) greater than 0.5 were considered negative for the presence of antibodies to NP.

Stable isotope analysis
Bewick’s swans forage in terrestrial and aquatic habitats throughout autumn migration and
early winter (Nolet et al. 2002). In early winter the majority of individuals rely on terrestrial
food sources, with a minority also foraging on aquatic vegetation (Nolet et al. 2000, Chapter 8).
Importantly, the carbon stable isotope composition, į13C (‰; where į13C =1000•
[(13C/12Csample÷13C/12CVienna PeeDee limestone)-1]) of food plants used by Bewick’s swans in aquatic
habitats (-17.2 ‰ ± 0.64) is significantly higher than food plants from terrestrial habitats (27.5‰ ± 0.42, Nolet et al. 2000, Chapter 8). As a result, į13C of Bewick’s swan tissues can be
used to infer an individual’s habitat use across the aquatic-terrestrial continuum. Furthermore,
the period required to incorporate a specific isotope pattern from diet into body tissue, known
as turn-over time, depends on the speed of tissue renewal and determines the temporal window
during which changes in the isotopic composition of an animal’s diet can be discerned (Hobson
& Wassenaar 2008). Blood components show rapid turn-over and therefore archive
information on an individual’s diet, and hence foraging habitat, in the foregoing days (plasma)
to weeks (red blood cells) (Podlesak et al. 2005). Given that infection persists for 3-8 days in
free-living ducks (Latorre-Margalef et al. 2009), į13C of blood components were examined to
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assess the importance of temporally-relevant foraging behaviour to intra-population variation
in AIV infection. Sub-samples of red blood cells and serum were freeze-dried before 200–500ȝg
was analysed for į13C. Reproducibility based on replicate measurements of a casein standard
was 0.42‰ (s.d.; n=42). To correct for the inherent difference between diet and tissue į13C
values, discrimination factors (į13CTissue – į13CDiet) experimentally obtained from our captive
population of Bewick’s swans were subtracted: -0.69 for red blood cells and -0.09 for serum
(Chapters 3 and 4). All tissue į13C values were transformed to achieve normality before
statistical analysis.

RESULTS
Infection differed on the basis of foraging habitat (tissue į13C) and host age. Swans infected
with AIV exhibited higher serum į13C (least squares mean (LSM) ± S.E.: –25.3 ± 0.4) than their
non-infected counterparts (LSM: –26.3 ± 0.2; Ȥ2=5.86, p=0.016; Figure 9.1) when the effect of
age (Ȥ2=7.35, p=0.007) was taken into account (logistic regression Ȥ2=11.30, p=0.004). Although
the į13C values for red blood cells were higher than those from serum (repeated measures
ANOVA F1,139=152.31, p<0.001; Figure 9.1) as previously described (Chapter 8), red blood cell
į13C showed similar patterns to serum į13C with respect to infection. Infected swans showed
higher red blood cell į13C (LSM: –22.8 ± 0.6) than their non-infected counterparts (LSM: –23.9
± 0.3; Ȥ2=3.62, p=0.057), when the effect of age (Ȥ2=8.09, p=0.005) was considered (logistic
regression Ȥ2=9.88, p=0.007; Figure 9.1).
At the time of capture, 15.4% (95% CI: 10.4, 20.4) of swans were found infected with
AIV. Prevalence estimates were substantially higher in juveniles (30.8%; 95% CI: 17.9, 46.2)
than in adults (11.3%; 95% CI: 6.0, 16.5; Figure 9.2); only one of the ten yearlings was infected.
Parents were no more likely to be infected than were adults without offspring (Ȥ2=1.66,
P=0.197). There was no effect of sex or year in any of the statistical models. Antibodies to
nucleoprotein were detected in 81.4% of the swans (95% CI: 75.9, 86.9), with the vast majority
of adults (93.0%; 95% CI: 88.8, 96.7) and yearlings (70.0%; 95% CI: 51.7, 86.2) seropositive. In
contrast, less than half of the juveniles were seropositive (41.0%; 95% CI: 43.6, 74.4; Ȥ2=46.62,
p<0.001; Figure 9.2). All but 2 of the 15 adults that were infected had detectable antibodies to
nucleoprotein, whereas only half of the infected juveniles (6 of 12) were seropositive. Of those
that had detectable antibodies to nucleoprotein, the signal to noise ratio of the b-ELISA differed
between adults (median: 0.19; inter-quartile range: 0.11, 0.28) and juveniles (median: 0.30;
inter-quartile range: 0.25, 0.39).
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Figure 9.1. į13C (‰) of serum and red blood cells from juvenile and adult Bewick’s swans naturally
infected (grey box plots) or uninfected (unfilled box plots) with avian influenza virus at the time of
capture; whiskers indicate 2.5 and 97.5 percentiles. Horizontal lines represent mean į13C (‰) of
dietary items from aquatic (dashed) and terrestrial (dotted) habitats (data from Chapter 8).

The degree of viral shedding, CT value, also differed on the basis of age (adults: LSM
34.68 ±0.90 higher than juveniles: LSM 31.15 ±1.04) indicating approximately 15-fold higher
virus concentration in samples from juveniles when the effect of tract and serum į13C were
considered (GLM r2=0.478 F6,18=2.75; Appendix E Table E.2). There was an interaction between
age and tract: Adults had lower CT from the cloaca compared to the oropharynx , whereas
juveniles showed substantially lower CT in the oropharynx compared to the cloaca (Figure 9.3);
indicating ~150-fold higher virus concentrations in juvenile compared to adult oropharynges.
Finally, there was an interaction between serum į13C and tract, with a negative relationship
between serum į13C and CT for oropharyngeal infections, but no relationship for cloacal
infections.
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Figure 9.2. Proportion of adult and juvenile Bewick’s swans infected
with avian influenza virus (AIV; black squares), and with detectable
antibodies to the nucleoprotein (NP) of AIV (grey squares) when
captured on their Dutch wintering grounds. Error bars represent 95%
confidence intervals of the prevalence estimate.

The infection risk of a flock of swans (a single capture event) was also related to the
flock’s demographic make-up. Prevalence estimated from the proportion of birds infected
mirrored prevalence estimated from the proportion of droppings infected (log10 transformed to
achieve normality; r2=0.994, F1,4=715.79, p<0.001; Appendix E Table E.1), and was therefore
used as an estimate of prevalence for each catch event. Prevalence of AIV increased with an
increase in the proportion of juveniles in the flock (r2=0.448, F1,7=5.69, p=0.049), but showed
no significant relationship with either the mean serum į13C or the mean red blood cell į13C of a
flock.
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Figure 9.3. Mean avian influenza virus cycle-threshold value (the
first real-time amplification cycle in which target gene amplification
is detectable) estimates (+ SE) of naturally-infected Bewick’s swans,
when the effect of serum į13C was accounted for (GLM r2=0.478
F6,18=2.75; Appendix E Table E.2).

DISCUSSION
Environmental conditions, host condition and host infection history have been hypothesised to
be just as critical to the outcome of infection as parasite traits themselves. Environmental and
host conditions are therefore of fundamental importance to the transmission, maintenance and
ecological impacts of pathogen infection (Johnson & Hartson 2009; Beldomenico & Begon
2010). Yet, analyses of disease dynamics use average quantities to describe host-pathogen
systems (Lloyd-Smith et al. 2005; Beldomenico & Begon 2010), primarily because heterogeneity
in infection at the individual-level has rarely been examined in wildlife systems. Using AIV in
free-living Bewick’s swans as a model system, we uniquely demonstrate that differences in host
behaviour, as well as age and immunocompetence, are linked to infection risk. These
differences entail broad-scale ramifications for both the transmission and maintenance of the
pathogen, as well as the fitness costs imposed on the host population.
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Age and immunocompetence
Juvenile Bewick’s swans were more than three times as likely to be infected with AIV as
contemporaneously sampled adults (Figure 9.2). Similarly, at the population level we found
that flocks that contained a higher proportion of juveniles also exhibited a higher prevalence of
infection. Bewick’s swans show extended parental care such that juveniles remain with their
parents throughout autumn migration and overwintering. However, adults with attendant
juveniles were no more likely to be infected than adults without offspring, suggesting that the
higher infection risk in juveniles may be more related to differential susceptibility to infection
than differential exposure to AIV.
Hinshaw et al. (1980) suggested that immunological naivety may play an important role
in the epidemiology of AIV in wild birds. However, despite more than 30 years of additional
research, the importance of age and immunocompetence has remained largely theoretical.
Strikingly, we found that juveniles were less likely to exhibit a detectable specific immune
response while infected than adults (Figure 9.2). Furthermore, of the individuals that did show
a detectable response, ELISA values indicate that juveniles exhibited substantially lower
blocking activity in the assay. Such differences may be the result of ontogenetic differences in
the immune system, or age-related differences in infection history. The presence of antibodies
to homo and hetero-subtypic AIV strains has been shown to decrease the duration of
subsequent infections in the laboratory (Costa et al. 2010a; Jourdain et al. 2010). Moreover,
even if antibodies to prior infection(s) have waned, as appears to be the case for antibodies to
AIV NP (Chapter 7), the immune response of individuals that have previously experienced
AIV infection may differ to that of naive individuals. Individuals that have previously been
infected with AIV may mount a more rapid immune response, and thus be more likely to show
detectable antibodies while infected, than naive individuals. Simultaneously, individuals that
have previously been infected may also mount a more robust immune response to subsequent
infection, with higher binding activity in the ELISA assay, than naive individuals. As a result,
individuals that have already experienced AIV infection (i.e. adults) would be expected to be
infected for a shorter period, and hence show lower prevalence as a cohort, as demonstrated
here.
Once infected, juveniles also shed a greater quantity of virus than adults, especially from
the oropharynx (Figure 9.3). Costa et al. (2010b) experimentally demonstrated that among
naive, 1-4 month old Mallards (Anas platyrhynchos), shedding decreased with age.
Furthermore, the intensity of viral shedding in laboratory-reared Mallards has been shown to
be 1 to 5 log10 lower following hetero-subtypic re-infection than following a primary
inoculation (Costa et al. 2010a; Jourdain et al. 2010). When paired with these experimental
results, our findings from free-living Bewick’s swans uniquely demonstrate that both age and
lack of prior exposure to AIV result in juveniles experiencing longer and more intense
infections than adults. Such increased susceptibility to infection implies that juvenile birds are
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of critical importance to the transmission and maintenance of AIV, and are likely to be more
vulnerable to any sub-lethal effects of infection.

Host behaviour
Numerous pathogens require water and/or high humidity to complete certain phases of their
life cycles, such that infection risk may be higher in moist, aquatic environments (Combes
2001). Indeed, proximity to surface-water has repeatedly been linked with disease risk in
humans (e.g. Ali et al. 2002; Foley et al. 2003). Data from wildlife are more scarce, however
species using freshwater rather than marine wintering habitats showed higher prevalence of
blood parasites on the breeding grounds (Mendes et al. 2005; Yohannes et al. 2009). Aquatic
environments are considered critical to the persistence of AIV (Stallknecht et al. 1990a;
Webster et al. 1992) and are thought to play an important role in viral transmission (Rohani et
al. 2009; VanDalen et al. 2010). Correspondingly, our stable isotope data uniquely demonstrate
that the abiotic requirements of the pathogen result in heterogeneity in pathogen exposure
within a species, due to differences in host foraging behaviour.
While very few Bewick’s swans forage exclusively in aquatic habitats during winter
(Chapter 8), those that continue to nocturnally forage in aquatic habitats whilst diurnally
foraging in terrestrial habitats, have been shown to be maximising their foraging potential
(Nolet et al. 2002). However, this foraging strategy, resulting in tissue į13C values being higher
than those for terrestrial vegetation, was associated with higher risk of infection within a given
age class (Figure 9.1). While some individuals who used aquatic habitats were not infected, the
vast majority of individuals that were infected had used aquatic habitats in the foregoing days
(indicated by serum į13C) and weeks (red blood cell į13C). These results suggest that aquatic
foraging exposes individuals to a higher risk of infection with AIV, adding to the meagre body
of evidence demonstrating the potential for hosts to encounter free-living pathogens or vectors
while foraging (Hall et al. 2007). Host foraging behaviour and habitat use will therefore play a
fundamental role in modulating pathogen transmission.
In demonstrating a link between AIV infection and individual foraging habitat we also
underscore the potential for habitat selection to be modulated by infection risk (Piersma 1997;
Altizer et al. 2011). Aquatic habitats provide Bewick’s swans with abundant, high quality food
resources, longer foraging times and shelter from predation (Nolet et al. 2002). These habitats
have also been associated with higher body condition prior to spring migration, as well as
increased breeding success (Chapter 8). Such superior foraging conditions in aquatic habitats
suggest that it is unlikely that individuals utilising aquatic foraging strategies are more
susceptible to infection. Instead, our data suggest that aquatic foraging exposes individuals to a
higher risk of infection with AIV. Because AIV may impose subtle reductions in host fitness
(van Gils et al. 2007; Latorre-Margalef et al. 2009), the benefits of aquatic foraging must be
weighed against the cost of increased exposure to AIV infection. Bewick’s swans will therefore
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face multi-faceted trade-offs when selecting foraging habitats during migration and
overwintering. Crucially, habitat-infection risk trade-offs are likely to operate differentially
among individuals within a population; modulated by the underlying condition of the host and
its ability to cope with infection. As juveniles appear more susceptible to infection, infection
risk may be of fundamental importance to the foraging decisions of families.

Factors governing disease epidemics in natural host populations and their long-term
consequences for host behaviour, life history and biogeography remain an important frontier
in ecology and epidemiology. By distinguishing host-specific behavioural and physiological
traits associated with AIV infection we reveal the potential for heterogeneity in infection to
have profound influence on the dynamics of pathogens and their ecological consequences for
host populations.
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V. Consequences of infection
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Hampered movement and reduced fitness in
free-living migrants following infection with
low-pathogenic avian influenza virus

A

nimal migrations are often assumed to enhance the crossspecies transmission and global spread of pathogens,
including a number of important zoonoses. However, pathogenic
infections may impose substantial costs on individual hosts that
interfere with a host’s ability to migrate. Recent field studies have
suggested that avian influenza virus (AIV) may impose ecological
constraints on migratory hosts. Here we assess the impact of AIV
infection on host foraging behaviour, movement behaviour and
long-term fitness over multiple years and in a large number of freeliving Bewick’s swans naturally infected with AIV. There was a
striking reduction in the probability of return the following winter
in naturally infected birds (infected: 42%, uninfected: 68%; Fisher’s
exact test P=0.038). This reduction was especially apparent in
juveniles, who were less than half as likely to return if they had been
infected. In addition, whilst 28% of the uninfected birds were seen
to return with young, none of the infected birds were successful
breeders in the summer after their infection. Naturally-infected
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individuals also tended to show hampered movement, despite being in similar body condition
at capture. Naturally-infected birds displaced roughly half the distance of birds that were not
infected in the first month after capture, although these differences were not significant at the
Į=0.05 level (P=0.07). Collectively, our results demonstrate that naturally-incurred AIV
infection has significant potential for shaping host migration and population recruitment.

INTRODUCTION
Understanding the consequences of pathogenic infection on migratory species presents a major
frontier in ecology (Vandegrift et al. 2010; Altizer et al. 2011). Migratory species are renowned
for their ability to track seasonal fluctuations in environmental conditions, and thereby play a
unique role in connecting disparate ecosystems (Greenberg & Marra 2005). Migratory species
also have a more sinister reputation as the natural hosts for numerous zoonotic pathogens
(Reed et al. 2003; Hubalek 2004). As a result, animal migrations are often assumed to enhance
the cross-species transmission and global spread of pathogens (Reed et al. 2003; Altizer et al.
2011).
In order for migratory animals to disperse from the location of infection, and thereby
spread a pathogen, they must be able to perform their long-distance movements while infected
(Weber & Stilianakis 2007). Yet pathogens consume host resources for survival and
reproduction (Price 1980); often damage host tissues (Read et al. 2008), and prompt the host to
mount (costly) immune defences (Lochmiller & Deerenberg 2000). These costs of infection are
expected to trade-off with other demanding processes, such as migratory preparation and longdistance movement (Buehler & Piersma 2008). The outcome of these trade-offs, that is whether
or not hosts are able to successfully migrate following infection, will fundamentally influence
both pathogen transmission and host fitness (Weber & Stilianakis 2007; Altizer et al. 2011). Yet
very few studies have examined the impact of infection on migratory hosts.
Low-pathogenic avian influenza viruses (AIV) have long been considered to be avirulent
in their natural hosts, such that infected individuals are thought to transmit AIV along their
migratory flyways (Olsen et al. 2006). Indeed, a number of theoretical studies have
demonstrated the potential of migratory birds to disseminate AIV during migration (Kilpatrick
et al. 2006; Brochet et al. 2009; Lebarbenchon et al. 2009; Gaidet et al. 2010), on the implicit
proviso that AIV infection does not alter host movement behaviour. More than fifty years of
surveillance in wild birds has found that individuals infected with low-pathogenic AIV show no
visible signs of disease when captured (Webster et al. 1992). Furthermore, laboratory studies
have repeatedly shown that low-pathogenic AIV infection proceeds in the absence of clinical
signs, with only a slight, transient increase in body temperature during infection (Jourdain et
al. 2010). Finally, AIV has historically been considered to elicit only a transient, low-level
humoral immune response (Olsen et al. 2006), although recent studies have shown that this
immune response is sufficient to ameliorate the duration and intensity of subsequent infections
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(Fereidouni et al. 2009; Jourdain et al. 2010; Costa et al. 2011b). Collectively, these findings
have led to the conclusion that AIV exists in a “benign equilibrium” with its avian hosts
(Webster et al. 2006). However, wild animals must satisfy a number of demands that laboratory
housed individuals do not experience, including procuring food, avoiding predation,
thermoregulation, and moving from one site to another. Even if these ecological demands are
ignored, the effect of disease may not manifest as clinically observable symptoms, and may in fact
result in more subtle ecological constraints, such as changes to foraging, migration and breeding
behaviour (Weber & Stilianakis 2007).
A growing body of evidence suggests that naturally-incurred infections may alter the
behaviour and fitness of their hosts, even when infections induce no obvious clinical signs (e.g.
Latta 2003; Burthe et al. 2008). Two recent field studies have shown that low pathogenic AIV
may impose ecological constraints on migratory hosts. Free-living Bewick’s swans (Cygnus
columbianus bewickii) were found to forage and fuel at lower rates, as well as depart later and
over shorter distances from the capture site when they were infected with AIV (van Gils et al.
2007). Free-living Mallards (Anas platyrhynchos), on the other hand, were found to be
approximately 2% lighter than non-infected birds (Latorre-Margalef et al. 2009). However, the
hampered foraging and movement reported by van Gils et al. (2007) was based on a limited
number of individuals (2 infected versus 4 uninfected). On the other hand, while LatorreMargalef et al. (2009) had many thousands of individuals in their study they were unable to
examine movement behaviour beyond recapture at their study site and net displacement of
recovered (i.e. dead) individuals 1-6 months after capture.
Timing is central to the success of migratory birds (Alerstam 1990; Bauer et al. 2006;
Both et al. 2010). Delayed arrival at stop-over sites can decrease an individual’s refuelling
possibilities (Nolet & Drent 1998), and delayed arrival at the breeding grounds can mean that a
bird is unable to secure an optimal breeding territory (Kokko 1999), or has insufficient time to
raise a brood before conditions deteriorate (e.g. Lepage et al. 2000). In the face of such tightlytuned annual cycles, whether or not infection alters host movement behaviour may be of
profound importance to the fitness of migratory hosts. Moreover, because long-distance
migrants such as the Bewick’s swan rely on body stores to fuel their migratory flights and to
overcome periods of adverse weather and foraging conditions, pre-migratory accumulation of
body stores may be critical to their migratory performance and survival. In this study we assess
the impact of AIV infection on host foraging behaviour, movement behaviour and long-term
fitness over multiple years and in a large number of free-living Bewick’s swans naturally
infected with AIV.
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MATERIALS AND METHODS
Swan capture and sampling
Bewick’s swans were captured in December, 6-8 weeks after arrival on their Dutch wintering
grounds over three successive winters (2006-2008 inclusive; Appendix F Table F.1). Each catch
event targeted a single, cohesive flock of 200-400 swans foraging on sugar beet remains. All
swans were weighed (to the nearest 50g) and their skull and wing length measured (to the
nearest mm). Birds were aged on the basis of plumage and sexed using molecular methods
(Chapter 8). We collected cloacal and oropharyngeal swabs to test for current infection with
AIV using sterile cotton swabs subsequently stored in Hank’s balanced salt solution, and
maintained at -70ºC until analysis. Presence of AIV in the swab samples was tested using a realtime reverse transcriptase PCR assay targeting the matrix gene, as previously described
(Munster et al. 2009). Of the 82 swans included in the study 19 were infected with AIV at the
time of capture. Birds were held in individual jute sacs for the duration of sampling, after which
the birds were released at a nearby water body.

Tracking individual movements
Each swan received a yellow neck collar bearing an individual 4-digit code inscribed in black
(readable from up to 600m; van Gils et al. 2007). These individually-coded collars enabled us,
through the help of many volunteer ring-readers, to locate the birds for data collection. Daily
positions were reconstructed from extensive volunteer resightings over the four weeks
following each catch (n=623 for a total of 74 birds). Because we cannot know the movement of
birds between resightings, we have used three different movement assumptions to interpolate
each bird’s location between successive resightings. The ‘slow’ movement assumption stipulates
that a bird remains on the position at which it was last resighted until it is resighted elsewhere,
and therefore represents the most conservative estimation of movement following capture. The
‘fast’ movement assumption, on the other hand, stipulates that a bird will arrive at its next
position the day after it was seen at its last position, only to be seen at this new position some
time later. The ‘average’ movement assumption stipulates that a bird follows a linear trajectory
between each pair of resighting locations in order to calculate daily positions in the intervening
period. We then calculated each bird’s daily displacement from its respective catch site for the
first four weeks after capture on the basis of each of the three interpolation methods. Using our
resighting database we were also able to quantify whether or not each bird was seen in the
winter following capture, as well as the breeding status (with or without offspring) of adults in
the year of capture (prior breeding success) and the year after capture (subsequent breeding
success).
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Foraging and migratory fuelling
Throughout three winters we were able to regularly observe 50 of the collared swans (1-15
observations per bird). On encountering a flock of swans we first estimated the abdominal
profile index (API), on a scale of 1–6, for each collared bird in the flock (mean ± s.e. 2.5 ± 0.2
observations per bird). This is a measure frequently used in waterfowl ecology to estimate a
bird’s abdominal fat storage (Bowler 1994; Madsen & Klaassen 2006). We then performed socalled focal scans in which we carefully observed one of the collared swans continuously for a
half-hour period. Using a 20–60x spotting scope we counted the number of bites taken (2.3 ±
0.3 observations per bird) and, when the bird’s cloaca was visible, the number of droppings
produced (mean ±s.e. 2.3 ± 0.4 observations per bird). All observers were unaware of whether
or not a bird was infected at capture, and therefore all measurements can be considered as
blind with respect to infection-status.
Generalized linear mixed models were used to test for the effect of infection status, with
covariates of age, sex, year and date of capture (day in December). Models testing the effect of
infection status on foraging and pre-migratory fuelling also included the date (days since
December 1st) of the observation, and a random effect of individual to account for multiple
observations per bird. We also included all biologically relevant two-way interactions. We used
a backward selection procedure in which non-significant interactions and factors (p>0.10) were
successively removed from each statistical model to yield the most simplified model. The fit of
each simplified model was acceptable for all GLMs (lack of fit test: p>0.05).

RESULTS
Condition at capture
Structural body size was calculated as the first principle component from maximum wing
chord and skull length. This PC1 explained 71.6% of the variation in the raw size
measurements (Eigen value =1.44). The arithmetic mean of PC1 was then used as the fixed
length value to calculate a scaled mass index of body condition (Peig & Green 2009). Scaled
mass index of infected birds was similar to that of non-infected birds (t=-1.72, P =0.09; after
accounting for the effect of age (t=2.43, p=0.017; GLM r2=0.08 F2,79=3.52 P =0.030).

Movement
Swans that were naturally infected with AIV had a tendency to remain closer to the catch site
than birds that were not infected at capture (Figure 10.1). Four weeks after capture infected
birds had displaced roughly half the distance of non-infected birds, on the basis of both the
‘slow’ and ‘average’ interpolation methods (Table 10.1), although these differences were not
significant at the Į=0.05 level after accounting for the effect of the day in December on which
they were caught (Table 10.2). Net displacement calculated using the ‘fast’ interpolation
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method did not differ between infected and uninfected birds after accounting for the effect of
year of capture (Table 10.2). There was no effect of age (slow: P =0.38; average: P =0.94; fast: P
=0.86) or sex (slow: P =0.44; average: P =0.36; fast: P =0.67) on displacement and as such these
factors were excluded for any of the models presented.

Table 10.1. Estimated least squares mean displacement (km) ± s.e. four weeks
after capture of Bewick’s swans that were either infected or not infected with
avian influenza virus for each of the displacement interpolation methods:
Slow, Fast, and Average. Least squares means account for the effect of
December date of capture and year (Table 10.2).

Slow
Mean
Infected
Not infected

55.3
81.2

S.E.
23.2
12.8

Fast
Mean
149.9
169.6

S.E.

Average
Mean

S.E.

55.9
29.3

63.5
113.1

23.4
12.9

Table 10.2. Factors explaining variation in the net displacement of Bewick’s swans four weeks after capture
for each of the displacement interpolation methods: Slow; Average, and Fast.

Standardised coefficient

Coefficient S.E.

T

P

Slow
68.26

13.27

5.14

<0.001

Infection status

-12.94

13.27

-0.98

0.333

(intercept)

159.73

31.46

5.08

<0.001

-9.83

31.65

-0.31

0.757

Year [2006]

-19.75

37.26

-0.53

0.598

Year [2007]

117.12

39.58

2.96

0.004

176.72

39.06

4.52

<0.001

-24.82

13.39

-1.85

0.068

-4.95

2.10

-2.35

0.021

(intercept)

Fast
Infection status

Average
(intercept)
Infection status
st

Catch date (from Dec 1 )
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Figure 10.1. Net displacement (km ± s.e.) of Bewick’s swans for the first four weeks
after capture. Swans were either infected with avian influenza virus at capture (red),
or not infected (black). Displacement has been interpolated from observer resightings
as remaining at the former site until seen elsewhere (slow); being at the next site from
the day after its last resighting at the former site (fast) or intervening days at linear
average positions between resighting locations (average) with respect to infection
status. All values represent mean (filled circles) ± s.e. (dotted lines).
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Foraging and migratory fuelling
There was no difference in the foraging behaviour of the swans on the basis of AIV infection
status at the time of capture (Figure 10.2). Throughout the winter the number of bites taken per
hour was similar between infected and uninfected birds (t=0.39, P =0.699; Table 10.3; Figure
10.2 panel A). There was no effect of age (P=0.766), or sex (P =0.824), date of observation (days
since December 1st; P=0.946), or year of capture (P =0.146) and as such these factors were
excluded from the final model. The number of dropping produced per hour was also similar
between infected and uninfected birds (t=0.77, P =0.445; Table 10.3; Figure 10.2 panel B) after
accounting for the effect of year and sex (Table 10.3). There was no effect of age (P=0.213) or
date (days since December 1st; P=0.123), and as such these factors were excluded from the final
model. There was no difference in accumulated body stores (API) between infected and
uninfected swans (t=0.46, P=0.651; Figure 10.2 panel C), after accounting for the effect of date
(days since December 1st; API scores increased over the winter) and year (Table 10.3). There
was no effect of age (P=0.111) or sex (P=0.303), and these were not included in the final model.

Table 10.3. Factors explaining variation in the winter foraging behaviour of Bewick’s swans
naturally infected (or not infected) with avian influenza virus.

Standardised coefficient

Coefficient S.E.

t

P

Bite rate (bites/h)
(intercept)
Infection status

1090.40

82.34

13.24

<0.001

32.16

82.34

0.39

0.699

5.28

0.73

7.28

<0.001

Dropping rate (droppings/h)
(intercept)
Infection status

0.49

0.64

0.77

0.447

Year [2006]

1.68

0.75

2.23

0.034

Year [2007]

0.18

1.03

0.17

0.863

Sex

1.03

0.56

1.83

0.078

(intercept)

3.12

0.12

27.0

<0.001

Infection status

0.04

0.08

-0.46

0.651

Year [2006]

-0.25

0.09

-2.70

0.001

Year [2007]

0.41

0.13

3.11

0.003

Observation date

0.01

0.002

4.14

<0.001

Abdominal profile index (API)
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Figure 10.2. Foraging and fuelling behaviour in Bewick’s swans overwintering in the
Netherlands: bites/hour (Panel A), and droppings/hour (Panel B), and accumulated fat
stores (Abdominal profile index (API); Panel C), showing that birds that were infected
with avian influenza virus at the start of winter were able to forage and fuel similar to
non-infected counterparts. All values represent least-squares means ± s.e, after
accounting for the effects of sex, year and date of observation (Table 10.3).
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Return and breeding success
Sixty two percent of the swans we captured were resighted again the following winter. These
appear to be robust estimates, with all birds that were recorded as absent in the first winter after
catch also absent in subsequent winters. There were, however, substantial differences on the
basis of age and infection status (Figure 10.3). Birds infected with AIV at the beginning of
winter had significantly lower probability of being seen the following winter (infected: 42%,
uninfected: 68%; Fisher’s exact test P=0.038). This was most apparent in juvenile swans, who
were less than half as likely to return when they had been infected compared to those that were
not infected (infected: 27%, uninfected: 63%; Fisher’s exact test P=0.079; Figure 10.3).
Breeding status of adults in the year after capture differed on the basis of infection status
in the winter of capture (Ȥ2= 2.87, p=0.09; ordinal logistic regression including the effect of
prior breeding status (Ȥ2=5.43, p=0.020). Anecdotally, 28% (9/32) of the uninfected birds of
known breeding status in the winter after capture were seen to return with young, compared
with none (0/5) of the infected birds.

Figure 10.3. Proportion of Bewick’s swans resighted in the winter after
capture (± 95% confidence interval). Those infected with avian influenza
virus were less likely to be seen the following winter than birds that were
not infected at the time of capture.
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DISCUSSION
Natural infection with AIV was associated with an apparent reduction in long-term
fitness. There was a striking reduction in the probability that juvenile birds were seen the
following winter when they were infected. Whether swans that are not seen in the winter after
capture do not survive, or whether they choose to switch wintering location or even migratory
flyway will have little effect on the population outcome. Such reduced return probability in
juveniles, who are already more likely to be infected with AIV (Chapter 9), suggests that AIV
may have a substantial impact on a population that already has very low breeding success (Rees
2006). Moreover, none of the infected adults were seen to successfully breed in the summer
following infection. Similarly, while van Gils et al. (2007) did not assess carry-over effects in
subsequent seasons, we are able to report that neither of the infected swans from the 2005/6
winter returned with offspring the following winter, whereas 2 (of 8) uninfected birds from that
season returned with offspring (data not presented). Although these differences were
significant, we must concede that sample sizes are limited at this stage. Nevertheless, this
difference in breeding success provides circumstantial evidence that swans that were infected at
capture may have arrived late on their breeding grounds.
In support of the notion that infected birds may have experienced delayed migration
there appeared to be consistent differences in the movement behaviour between infected and
uninfected birds in the first month after capture (Figure 10.1), although these differences were
not significant at the Į=0.05 level on the 28th day after capture (Table 10.2). Given that food
stocks are largely depleted by the first birds arriving at each stop-over site during spring
migration (Nolet & Drent 1998), the reduced displacement of infected birds may be sufficient
to delay departure from stop-over sites en route, and thereby delay arrival on their Arctic
breeding grounds. Indeed, arriving at a stop-over site just one week late can mean the
difference between complete replenishment of body stores and less than half the amount
needed for replenishment, with an additional week’s delay reducing the replenishment
possibility to roughly one tenth the original (Nolet & Drent 1998).
In contrast with the reduction in food intake of naturally infected birds in 2005/6 shown
by van Gils et al. (2007), we found that swans that experienced infection with AIV were
similarly able to forage and accumulate body stores as uninfected swans. Indeed, although two
infected birds presented by van Gils et al. (2007) gained body stores at a slower rate (API units
per day), they did not differ in the total amount of body stores (API score), reinforcing our
suggestion that infection may have little effect on pre-migratory fuelling. A reduction in food
intake or accumulated body stores throughout the winter is therefore unlikely to explain the
delayed movement, reduced return rates and reduced breeding success of naturally infected
birds.
Because we examine the difference between naturally infected and uninfected
individuals we can, at this stage, only describe associations rather than implying causation. It is
possible that AIV, the pathogen, has no effect on wild birds, and that the differences between
naturally infected and uninfected birds are related to differences in the individuals themselves,
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with individuals in poor condition both being more susceptible to infection and showing
hampered movement and reduced long-term fitness (Flint & Franson 2009; Beldomenico &
Begon 2010). However, other lines of evidence suggest this might not be the case. Firstly,
almost all adults (93% 95% CI: 88.8, 96.7) show detectable antibodies to AIV (Chapter 9),
demonstrating that the vast majority of adults have been infected at some point in their lives,
rather than infection being confined to a subset of ‘lower quality’ individuals. In addition,
infected birds were of equal body mass (after accounting for structural body size) to noninfected birds at the time of capture. Finally, infected Bewick’s swans have been shown to have
employed a foraging strategy associated with abundant, high quality food resources, higher
body condition prior to spring migration, as well as increased breeding success (Chapters 8 and
9), further suggesting that infection is not confined to a select group of lower quality
individuals.
In terms of AIV dispersal it is important to note that both infected and uninfected
swans remained relatively close to the site of capture within a transmission-relevant time frame
(2-5 days post inoculation in captive adult Bewick’s swans (Chapter 11); 3-8 days in free-living
Mallards (Latorre-Margalef et al. 2009); Figure 10.1). Although lone individuals may have
travelled 140km (infected) and 340km (uninfected) within the first eight days, on the basis of
the average interpolation, more than 75% of individuals were within 42km of the catch site.
These results are remarkably similar to the resightings of White-fronted geese (Anser albifrons)
(Kleijn et al. 2010) and GPS-tracked movements of a naturally-infected White-faced whistling
duck (Dendrocygna viduata) (Gaidet et al. 2008) within the first two weeks of capture. We are
therefore unable to support of the notion that wild birds make long-distance movements while
infected with AIV.
Together our results suggest that naturally-incurred AIV infections may have significant
potential for shaping recruitment to the Bewick’s swan population through their association
with reduced fitness. However, demonstrating that AIV is the cause of this reduction in host
fitness may require an experimental approach.
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Consequences of low pathogenic avian influenza
virus infection in free-living migrants
An experimental assessment

R

ecent field studies have suggested that low pathogenic avian
influenza virus (AIV) may impose ecological constraints on
migratory hosts. We uniquely assess the impact of AIV infection on
host movement, foraging behaviour and long-term fitness in a field
experiment in free-living adult Bewick’s swans. Swans were either
inoculated with infectious H4N6 AIV, given a sham inoculation
(phosphate-buffered saline), injected with a novel immune
challenge (phytohemagglutinin), or not subjected to an
experimental treatment. Daily dropping collections aimed at
detecting infection with the inoculated virus at the populationscale. However, we were unable to detect any H4 AIVs after
experimental infection and release of the birds. To confirm that the
H4N6 virus was infectious in seropositive adult Bewick’s swans,
three birds were inoculated under laboratory conditions. All three
birds were readily infected, with virus shedding demonstrated for 2
to 5 days from either the respiratory tract, the intestinal tract, or
both. Among free-living birds, all treatment groups were seen to
169

readily depart the catch site, suggesting that the experimental treatments did not hamper the
movement behaviour of the birds. Similarly, probability of return the following winter was
indistinguishable between the four treatment groups. Collectively, our results demonstrate
that AIV or immune stimulation by PHA, in isolation, are unlikely to hamper host
performance. Possible explanations for the observed differences in ecological constraints
between observational and experimental studies of AIV infected Bewick’s swans are
discussed.

INTRODUCTION
Migratory species are the natural hosts for numerous zoonotic pathogens (Reed et al. 2003;
Hubalek 2004), and also play a unique role in connecting disparate ecosystems (Greenberg &
Marra 2005). Moreover, infected individuals are expected to vacate the location at which
infection was encountered in order to reduce the risk of further infections (Suhonen et al.
2010). As a result, animal migrations are often assumed to enhance the cross-species
transmission and global spread of pathogens (Reed et al. 2003; Altizer et al. 2011).
Migratory waterbirds are considered the natural reservoir of low-pathogenic avian
influenza viruses (AIV), and are thought to transmit AIV along their migratory flyways
(Olsen et al. 2006). Indeed, a number of theoretical studies have demonstrated the potential
of avian migration to disseminate AIV based on the movements of uninfected birds
(Kilpatrick et al. 2006; Brochet et al. 2009; Lebarbenchon et al. 2009; Gaidet et al. 2010). Yet,
in order for migratory animals to disperse from the location of infection, and thereby spread
a pathogen, they must be able to perform their long-distance movements while infected
(Weber & Stilianakis 2007). More than fifty years of surveillance in wild birds has found no
visible signs of disease associated with low-pathogenic AIV infection (Webster et al. 1992).
Moreover, laboratory studies have repeatedly shown that low-pathogenic AIV infection
proceeds in the absence of clinical signs, with only a slight, transient increase in body
temperature during infection (Jourdain et al. 2010). Collectively, these findings have led to
the conclusion AIV exists in a “benign equilibrium” with its avian hosts (Webster et al.
2006). However, wild animals must satisfy a number of demands that laboratory housed
individuals do not experience, including procuring food, avoiding predation, thermoregulation,
and moving from one site to another. Even if these ecological demands are ignored, the effect of
disease may not manifest as clinically observable symptoms, and may in fact result in more
subtle ecological constraints, such as changes to foraging, migration and breeding behaviour
(Weber & Stilianakis 2007). Whether or not hosts are able to successfully migrate following
infection will fundamentally influence both pathogen transmission and host fitness (Weber
& Stilianakis 2007; Altizer et al. 2011). Yet very few studies have examined the impact of
infection on the movement behaviour of migratory hosts.
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Recent field studies have shown that low pathogenic AIV may impose ecological
constraints on migratory hosts. Free-living Bewick’s swans (Cygnus columbianus bewickii)
have been shown to depart later and over shorter distances from the capture site when they
were infected with AIV (Chapter 10, van Gils et al. 2007). Van Gils et al. (2007) also found
swans foraged and fuelled at lower rates, although hampered foraging was not supported in
subsequent years (Chapter 10). Free-living Mallards (Anas platyrhynchos), on the other hand,
were found to be approximately 2% lighter than non-infected birds (Latorre-Margalef et al.
2009). These results add to a growing body of evidence that suggests that naturally-incurred
infections may alter the behaviour and fitness of their hosts, even when infections induce no
obvious clinical signs (e.g. Latta 2003; Burthe et al. 2008). However, it is difficult to ascribe
the physiological and behavioural differences observed in these individuals to AIV infection
alone. Similar patterns may occur if individuals became infected as a result of being in poorer
condition to start with (Beldomenico & Begon 2010). As a result, quantification of the
consequences of AIV infection calls for experimental manipulation of otherwise similar wild
birds (van Gils et al. 2007; Weber & Stilianakis 2007, Chapter 10).
Experimental studies assessing the potential impact of pathogens on their free-living
hosts have traditionally used one of two indirect methods. Firstly, hosts have been given antiparasite treatments that remove an entire clade of pathogens, such that the behaviour and
fitness of untreated hosts is interpreted as reflecting the cost of the clade of pathogens
(Hudson et al. 1998). Alternatively, individuals have been forced to mount an immune
response, by injecting them with non-infectious, non-encounterable (i.e. novel) biological
material, on the assumption that the immune response is the major cost of infection (e.g.
Martin et al. 2003). Thus, while the majority of laboratory investigations of pathogenic
infection directly inoculate hosts with the pathogen of interest, inoculation of pathogen(s)
has not, to our knowledge, been used in field studies. We uniquely assess the impact of AIV
infection on host foraging behaviour, movement behaviour and long-term fitness through
direct inoculation of an infectious AIV in free-living Bewick’s swans, paired with
examination of swans injected with a novel immune challenge, swans given a sham
inoculation, swans naturally infected with AIV and swans that were neither infected nor
subjected to an experimental treatment. Because it is practically impossible to recapture freeliving individuals after administering the experimental treatments, we employed two
proximate methods to confirm that the birds experimentally inoculated with H4N6 AIV did
in fact experience a productive infection. Firstly we made extensive daily dropping
collections from flocks of Bewick’s swans containing experimental birds to trace infection
dynamics in the population. Secondly, we conducted a laboratory experiment in order to
assess whether our inoculated viral strain was capable of inducing a productive infection in
Bewick’s swans, and in which tract (if any) infection was occurring.
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MATERIALS AND METHODS
Swan capture and sampling
Bewick’s swans were captured 6-8 weeks after arrival on their Dutch wintering grounds over
two successive winters (2008-2009; Appendix G Table G.1). Each catch event targeted a
single, cohesive flock of 200-400 swans foraging on sugar beet remains. All swans were
weighed (to the nearest 50g) and their skull and wing length measured (to the nearest mm).
Birds were aged on the basis of plumage and sexed using molecular methods (Chapter 8). We
collected cloacal and oropharyngeal swabs to test for current infection with AIV using sterile
cotton swabs subsequently stored in Hank’s balanced salt solution, and maintained at -70ºC
until analysis. We sampled ~1ml of whole blood from the brachial or tarsal vein. Blood
samples were allowed to clot before being centrifuged approximately 6 hours later. Red blood
cells were stored in 70% ethanol, and together with serum samples, maintained at -20°C until
analysis. Birds were held in individual jute sacs for the duration of sampling and the
administration of an experimental treatment (below), after which the birds were released at a
nearby water body.

Experimental treatments
Adult swans (n=73) were divided over four treatment groups (Appendix G Table G.1).
Because the AIV status of individuals was not known prior to administering the experimental
treatments, six birds that received an experimental treatment were already naturally infected
with AIV, and are excluded from all post-catch analyses. Of the 67 birds that were not
infected at the time of capture, 26 received no further treatment (Control); 13 were
inoculated with a LPAIV (H4N6); 16 were inoculated with phosphate-buffered saline (PBS);
and 12 were injected with a novel immune challenge, Phytohemagglutinin (PHA). All but
four of the swans included in the experiment showed evidence of prior infection with AIV
(in the form of antibodies to NP, below). All swans in the H4N6 treatment were seronegative
to strains H1-H12 in the haemagglutination inhibition assay (below, strains used listed in
Table 11.1), except swan 087E which showed a titre of 40 to H6 and H11.
The H4N6-treatment consisted of each swan being inoculated with 6 ml of an
influenza A virus suspension containing 108 50 percent tissue culture infectious dose
(TCID50)
of
sucrose-purified
H4N6
subtype
influenza
A
virus
th
(A/mallard/Netherlands/1/1999; 4 passage) in PBS. The dose was administered in equal
parts via intra-tracheal and oral injections. Swans were held for 2-3 minutes with their neck
extended upwards to ensure all virus suspension was ingested and not spat out. In order to
control for the added disturbance of the experimental procedures the PBS-treatment group
were inoculated in the same manner, using 6ml sterile PBS in place of the virus suspension.
Three captive adult Bewick’s swans that were seropositive to avian influenza virus

172

Experimental Infection Of Free-Living Migrants

nucleoprotein were subjected to the same experimental infection with H4N6 virus under
laboratory conditions (see below).
Influenza virus A/Mallard/Netherlands/1/1999 was isolated from a healthy free-living
Mallard in the Netherlands. We chose this LPAIV strain for a number of reasons. Firstly,
neither the H4 nor the N6 gene segments have been associated with any highly pathogenic,
or even problematic low pathogenic strains in poultry, humans or wild birds. In addition, it is
an ecologically relevant subtype. H4N6 was the subtype most commonly isolated in the last
decade of Dutch wild bird surveillance, including Bewick’s swans (Fouchier, unpublished
data), and in a number of other long-term studies (Krauss et al. 2007; Munster et al. 2007;
Pearce et al. 2011). The H4N6 influenza A virus was egg grown, sucrose-purified by
ultracentrifugation, and diluted into the desired infectious dose using physiologicallybuffered saline (PBS). The virus was sequenced to confirm the genotype of the virus
(Genbank accession numbers CY060238-CY060245). As this virus circulated in wild birds
~10 years prior to the experimental challenge, it can be discriminated genetically from H4N6
viruses circulating in the study period. An intravenous pathogenicity index test (IVPI) score
of 0.0 (CIDC Lelystad) confirmed the low-pathogenic phenotype of the virus.
The PHA-treatment involved the subcutaneous injection of 0.1mL of 0.5mg/mL
phytohemagglutinin (L-9017, Sigma-Aldrich) dissolved in PBS in the wing web (a doublelayer flap of skin between the body and the Carpal joint). Phytohemagglutinin (PHA) was
chosen over other immune challenge compounds (such as sheep red blood cells,
lipopolysaccharide, or keyhole limpet heamocyanin) because it provokes a broad spectrum of
immune processes (Martin et al. 2006; Martin et al. 2008). PHA has also been one of the
most widely-used novel immune challenges used in ecological immunology, and is relatively
simple to administer (Martin et al. 2003; Martin et al. 2008).

Tracking individual movements
Each swan received a yellow neck collar bearing an individual 4-digit code inscribed in black
(readable from up to 600m; van Gils et al. 2007). These individually-coded collars enabled us,
through the help of many volunteer ring-readers, to locate the birds for data collection.
Forty-two neck collars also carried a custom made GPS-logging device (Madebytheo,
Nijmegen, the Netherlands). Each GPS-collar was fitted with a miniature GPS-receiver and
antenna, a Bluetooth transceiver and antenna, a flash storage device, and a time-scheduled
microprocessor controlling data collection and transmission. Each GPS-collar weighed 7580g, and automatically collected geographical positions at two prescheduled times per day
(accuracy 25 m) throughout the winter. GPS-data were downloaded via Bluetooth at
prescheduled times from a distance of 300-400m.
We were able to successfully download within-season movements from a total of 9
GPS-collared birds (21%). Daily positions for all other birds were reconstructed from
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extensive volunteer resightings over the four weeks following each catch (n=250 from a total
of 50 birds). Because we cannot know the movement of birds between resightings we have
used three different movement assumptions to interpolate each bird’s location between
successive resightings. The “slow” movement assumption stipulates that a bird remains on
the position at which it was last resighted until it is resighted elsewhere, and therefore
represents the most conservative estimation of movement following capture. The “fast”
movement assumption, on the other hand, stipulates that a bird will arrive at its next position
the day after it was seen at its last position, only to be seen at this new position some time
later. The “average” movement assumption stipulates that a bird follows a linear trajectory
between each pair of resighting locations in order to calculate daily positions in the
intervening period. We then calculated each bird’s daily displacement from its respective
catch site for the first four weeks after capture on the basis of each of the three interpolation
methods. Using our resighting database we were also able to quantify whether or not each
bird was seen in the winter following capture, as well as the breeding status (with or without
offspring) of adults in the year of capture and the year after capture.

Foraging and Fuelling
Throughout two winters we were able to regularly observe 56 of the collared swans (1-7
observations per bird). On encountering a flock of swans we first estimated the abdominal
profile index (API), on a scale of 1–6, for each collared bird in the flock (mean ± s.e. 2.9 ± 0.2
observations per bird). This is a measure frequently used in waterfowl ecology to estimate a
bird’s abdominal fat storage (Bowler 1994; Madsen & Klaassen 2006). We then performed
so-called focal scans in which we carefully observed one of the collared swans continuously
for a half-hour period. Using a 20–60x spotting scope we counted the number of bites taken
(mean ±s.e. 2.2 ± 0.1 observations per bird) and, when the bird’s cloaca was visible, the
number of droppings produced (1.9 ± 0.1 observations per bird). All observers were unaware
of which treatment group each swan had been assigned, and therefore all measurements can
be considered as blind with respect to infection-status.
Generalized linear mixed models were used to test for the effect of experimental
treatment, with covariates of sex, year and date of capture (day in December). Models testing
the effect of infection status on foraging and pre-migratory fuelling also included the date
(days since December 1st) of the observation, and a random effect of individual to account for
multiple observations per bird. We also included all biologically relevant two-way
interactions. We used a backward selection procedure in which non-significant interactions
and factors (p>0.10) were successively removed from each statistical model to yield the most
simplified model. The fit of each simplified model was acceptable for all GLMs (lack of fit
test: p>0.05).
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Tracking transmission in the field
Throughout the winter of 2007/8 we collected background information on prevalence of AIV
in Bewick’s swans in the Netherlands. A total of 1557 droppings collected from 26th October
til 22 February in nine separate collections, roughly every 2 weeks. In the winters of 2008/9
and 2009/10 we collected droppings before and after our experimental inoculations. As a
measure of AIV prevalence prior to our inoculations we collected 300 droppings from each
catch site immediately after removing the birds from the net (see Appendix G Table G.1 and
Chapter 9 for details of these catch events). In the days following these catch & inoculation
events, we collected 150-300 droppings from each flock that contained a swan from the most
recent catch. Droppings were collected from the first day after capture, for up to two months.
Because we were aiming to document behavioural changes associated with infection,
including movement and foraging, we could not collect droppings while the swans were
foraging on the fields (from just after sunrise until approximately 30 minutes after dark). To
overcome this, swans were resighted during the day, noting flock size, any collared birds, and
the flock’s position on the field with respect to landmarks such as ditches, fence posts, barns
etc. Once we heard the swans depart for their night time roosts, and having obtained
permission from the respective landholder, we entered fields with headlamps. Droppings
were collected by traversing the foraging sector of the field in transects 2 m apart. Droppings
were deemed ‘fresh’ on the basis of surface appearance, moisture content, texture and
consistency, and were often the only unfrozen droppings on the field, with ambient
temperatures falling below freezing most evenings. Each dropping was collected and stored
in an individual plastic bag before being immediately transported to the lab. Droppings were
either swabbed immediately or stored at -20 °C before being swabbed; in both cases
individual sterile cotton swabs were stored in transport media (Hanks balanced salt solution).
All swabbed samples were stored at 4°C for less than one week before analysis.

Laboratory verification of productive infection
Because the vast majority of adults included in our field experiment showed serological
evidence of prior exposure to AIV (in the form of antibodies to nucleoprotein), we
conducted a laboratory experiment in captive Bewick’s Swans that were seropositive to
nucleoprotein. Three adult Bewick’s swans were sourced from the NIOO captive waterfowl
facility in Heteren. Each bird was identified by a leg ring bearing a two digit code: BB
(female); AT (male); CB (male). Swans were acclimatised to the BSL2 facilities at Erasmus
Medical Center for 7 days prior to inoculation. Each swan was inoculated with 6 ml of
108∙TCID50 H4N6 subtype influenza A virus (A/mallard/Netherlands/1/1999; in PBS), as
described for the field inoculations, above, from the same batch of virus. We swabbed the
cloaca, oropharynx, and fresh droppings of each swan immediately prior to inoculation, and
each morning until the birds left the facility. After viral shedding had been absent from all
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birds for at least 7 days, the swans were returned to NIOO Heteren. We collected ~1ml of
whole blood from the tarsal vein of each swan three weeks prior to inoculation, 7 days prior
to inoculation (on arrival at EMC), 3 days post inoculation, 12 days post inoculation (on
departure from EMC), and roughly every month for the next 6 months (to 189 days post
inoculation). Blood samples were allowed to clot before being centrifuged approximately 6
hours later. Serum samples were maintained at -20°C until analysis.

Virus detection
Presence of AIV in the field swab samples, field dropping samples and laboratory swabs was
tested using a real-time reverse transcriptase PCR assay targeting the matrix gene, as
previously described (Munster et al. 2009). RNA was isolated by using a MagnaPure LC
system with a MagnaPure LC total nucleic acid isolation kit (Roche Diagnostics, Almere, the
Netherlands), and influenza A virus was detected by a generic real-time reverse transcriptase
PCR (RRT-PCR) assay targeting the matrix (M) gene. Amplification and detection were
performed on an ABI 7700 machine with a TaqMan EZ RT-PCR core reagents kit (Applied
Biosystems, Nieuwerkerk aan den IJssel, the Netherlands; Munster et al. 2009). For all
samples from the 2008/9 and 2009/10 winter field seasons, as well as the laboratory
experiment, Matrix RRT-PCR-positive samples were subsequently used for the detection of
H4 influenza A viruses by using a RRT-PCR targeting the H4 gene. Oligonucleotides RF2049
(5ƍ- GAT-TTC-GTT-CTC-CAT-ATC-ATG-CTT-3ƍ) and RF2050 (5ƍ- CGT-TCT-GACAAG-CCC-ACA-AA-3ƍ) and the double dye-labelled probe RF2048 (5ƍ–6carboxyflurescein–CTC-GTA-GCG-CTG-CTT-TTG-GCC-TTC-A–6carboxytetramethylrhodamine–3ƍ) were design-ed for the specific detection of the H4 gene
segment of A/Mallard/Netherlands/1/99. The real-time RT-PCR assay was validated by the
ability to specifically detect H4 avian influenza A viruses in comparison with avian influenza
A viruses of all other subtypes (H1 to H3 and H5 to H16). No cross-reactive amplification
was observed with any of the other subtypes (V. J. Munster unpublished data). The degree of
viral shedding was assessed using the cycle threshold (CT) value, where CT = first real-time
amplification cycle in which matrix gene amplification was detectable. CT value is therefore
inversely proportional to the copy-number of virus genome in the sample.

Serology
All serum samples were tested for the presence of antibodies to the nucleoprotein (NP) of
AIV using a commercially-available blocking enzyme-linked immunosorbent assay (bELISA; Chapters 7 and 9). All samples were run as 2-fold serial dilutions (1/10 (IDEXX kit
standard dilution); to 1/10240), in duplicate, in combination with supplied positive and
negative controls. All serum samples from laboratory infected swans and those in the H4N6
treatment in the field experiment were also tested for HA-specific antibodies for subtypes
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H1-H12 using the Haemagglutination inhibition assay, according to the European Union
Guidelines (Commission of European Communities (CEC) 2006). The strains tested are
listed in Table 11.1.

Table 11.1. Avian influenza viruses used in the haemagglutination
inhibition assay to test for subtype-specific antibodies in the serum of
Bewick’s swans.
Subtype

Strain

H1N1
H2N2
H3N8
H4N6
H5N2
H6N1
H6N1
H7N3
H8N4
H9N2
H10N7
H11N9
H12N5

A/Common Teal/Netherlands/10/2000
A/White-fronted goose/Netherlands/2/99
A/Teal/Netherlands/7/2000
A/Mallard/Netherlands/1/1999
A/Mallard/Netherlands/3/1999
A/Mallard/Netherlands/1/2002
A/Mallard/Netherlands/1/2002
A/Mallard/Netherlands/10/2000
A/Mallard/Sweden/24/2002
A/Mallard/Netherlands/1/2005
A/Mallard/Netherlands/2/2002
A/Mallard/Netherlands/18/1999
A/Mallard/Sweden/86/2003

RESULTS
Condition at capture
Structural body size was calculated as the first principle component from maximum wing
chord and skull length. This PC1 explained 73.3% of the variation in the raw size
measurements (Eigen value =1.47). The arithmetic mean of PC1 was then used as the fixed
length value to calculate a scaled mass index of body condition (Peig & Green 2009). There
was no difference in scaled mass at the time of capture between the four experimental groups
(F3,61=1.00, P=0.400; when the effect of sex (t=-2.29, p=0.025) was considered; GLM r2=0.16
F4,62=2.970 p=0.026).
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Figure 11.1. Net displacement (km ± s.e.) of Bewick’s swans for the first four weeks after
capture. Swans were either inoculated with an AIV at capture (H4N6), inoculated with an
experimental control (phosphate-buffered saline; PBS), injected with a benign immune
challenge (Phytohemagglutinin, PHA), or received no treatment (Control). Displacement has
been interpolated from GPS positions and observer resightings as remaining at the former site
until seen elsewhere (slow); being at the next site from the day after its last resighting at the
former site (fast) or intervening days at linear average positions between resighting locations
(average) with respect to experimental treatment. All values represent mean (filled circles) ±
s.e. (dotted lines)
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Movement
Swans that received one of the three experimental treatments were seen to readily depart the
area of capture (Figure 11.1). Four weeks after capture each of the three experimental groups
were further from their respective site of capture than control birds (Table 11.2), although
these differences were not significant (Table 11.3). There was no effect of year (slow: P
=0.448; fast: P=0.760; average: P =0.530), sex (slow: P =0.320; fast: P=0.70; average: P
=0.390), or the day in December on which they were caught (slow: P =0.300; fast: P=0.07;
average: P =0.370) on displacement for any of the models tested.
.

Table 11.2. Estimated mean displacement (km) ± s.e. of Bewick’s swans from each
treatment group 28 days after capture, for each of the displacement interpolation
methods: Slow; Average, and Fast. There were no significant differences between the
four treatment groups (Table 11.3).

Slow
Control

Fast

Average

n

Mean

S.E.

Mean

S.E.

Mean

S.E.

24

58.5

30.9

87.5

48.2

65.4

28.8

H4N6

13

136.8

42.0

171.0

64.1

139.1

39.1

PBS

16

137.1

37.9

136.6

64.1

137.0

35.2

PHA

12

135.4

43.7

236.0

69.7

111.9

40.7

Foraging and migratory fuelling
There was no difference in the foraging behaviour of the swans on the basis of experimental
treatment (Figure 11.2). The number of bites taken per hour was similar across all four
treatment groups (F3,29=1.34, P =0.28; Figure 11.2 panel A), after accounting for the effect of
date (days since December 1st; t=3.2, P=0.002) and field type (F3,92 =5.45, P =0.002; between
grass, carrots, beets and maize; Table 4). There was no effect of year (P=0.83), or sex (P
=0.19) and so these variables were excluded from the final model. The number of droppings
produced per hour was also similar across all four treatment groups (F3,35=0.13, P=0.94;
Figure 11.2 panel C) after accounting for the effect of year (t=-1.91, P=0.064; Table 4). There
was no effect of date (days since December 1st; t=3.2, P=0.89) or sex (P =0.22). There was no
difference in accumulated body stores (API) between the different experimental groups
(F3,49=0.18, P=0.907; Figure 11.2 panel C; Table 4). There was no effect of date (days since
December 1st; P =0.280) and year (P =0.22) or sex (P =0.29).
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Table 11.3. Factors explaining variation in the net displacement of Bewick’s swans four weeks after
capture for each of the displacement interpolation methods: Slow; Average, and Fast. Swans were either
inoculated with an avian influenza virus at capture (H4N6), inoculated with an experimental control
(phosphate-buffered saline; PBS), injected with a benign immune challenge (Phytohemagglutinin, PHA),
or received no treatment (Control).

Standardised coefficient

Coefficient S.E.

t

P

Slow (r2=0.06, F3,61=1.34, P=0.27)
117.0

19.5

6.01

<0.001

treatment[H4N6]

(intercept)

19.9

35.5

0.56

0.58

treatment[PBS]

20.1

33.1

0.61

0.55

treatment[PHA]

18.4

36.5

0.50

0.62

Fast (r2=0.06, F3,56=1.10, P=0.36)
(intercept)

157.8

31.0

5.08

<0.001

13.3

55.0

0.24

0.81

treatment[PBS]

-21.2

55.0

-0.39

0.70

treatment[PHA]

78.2

58.3

1.34

0.18

treatment[H4N6]

Average (r2=0.05, F3,61=1.17, P=0.33)
(intercept)
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113.4

18.1

6.26

<0.001

treatment[H4N6]

25.8

33.0

0.78

0.44

treatment[PBS]

23.6

30.8

0.77

0.45

treatment[PHA]

-1.43

34.0

-0.04

0.97
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Figure 11.2. Foraging and migratory fuelling behaviour in Bewick’s swans overwintering in
the Netherlands: bites/hour (Panel A), droppings/hour (Panel B), and departure fuel load
(Abdominal profile index (API); Panel C). Swans were either inoculated with an AIV at
capture (H4N6), inoculated with an experimental control (phosphate-buffered saline; PBS),
injected with a benign immune challenge (Phytohemagglutinin, PHA), or received no
treatment (Control). All values represent least-squares means ± s.e. See Table 4 for factors
included in the calculation of these means.
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Table 4. Factors explaining variation in the winter foraging behaviour of Bewick’s swans. Swans were
either inoculated with an avian influenza virus at capture (H4N6), inoculated with an experimental
control (phosphate-buffered saline; PBS), injected with a benign immune challenge
(Phytohemagglutinin, PHA), or received no treatment (Control).

Standardised coefficient

Coefficient S.E.

t

P

Bite rate (bites/h)
(intercept)

594.4

166.5

3.57

0.001

-132.82

84.12

-1.58

0.125

-8.35

72.97

-0.11

0.910

treatment[PHA]

142.83

82.52

1.73

0.095

Field type [beets]

-184.25

123.63

-1.49

0.139

90.83

177.92

0.51

0.611

Field type [grass]

240.67

13.36

2.12

0.036

Observation date
(since Dec 1st)

7.53

2.35

3.2

0.002

3.24

0.39

8.36

<0.001

treatment[H4N6]

-0.27

0.68

-0.40

0.690

treatment[PBS]

-0.12

0.60

-0.20

0.840

treatment[PHA]

0.05

0.67

0.07

0.946

-0.76

0.40

-1.91

0.064

3.18

0.05

60.14

<0.001

treatment[H4N6]

-0.03

0.09

-0.34

0.739

treatment[PBS]

-0.01

0.09

-0.11

0.912

treatment[PHA]

-0.02

0.10

-0.22

0.830

treatment[H4N6]
treatment[PBS]

Field type [carrots]

Dropping rate (droppings/h)
(intercept)

Year
Abdominal profile index (API)
(intercept)

Return and breeding success
Seventy five percent of the swans we captured were resighted again the following winter.
These appear to be robust estimates, with all birds that were recorded as absent in the first
winter after catch also absent in subsequent winters. There was no difference in return rate
between the experimental groups (Fisher’s exact test P=0.470; Figure 11.3). Breeding status of
adults in the year after capture showed no significant difference on the basis of experimental
treatment (Ȥ2= 1.86, p=0.600), after accounting for the effect of prior breeding status
(Ȥ2=6.460, p=0.011). Indeed, all treatment groups were seen to return with young in the
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winter after capture, with 33% (5/15) of the Control birds of known breeding status in the
winter after capture were seen to return with young, compared with 1 of 9 (13%) H4N6, 1of
11 (9%) PBS and 2 of 10 (20%) PHA treatment birds.

Figure 11.3. Proportion of Bewick’s swans resighted in the winter after
capture (± 95% confidence interval). Swans were either inoculated with an
AIV at capture (H4N6), inoculated with an experimental control
(phosphate-buffered saline; PBS), injected with a benign immune challenge
(Phytohemagglutinin, PHA), or received no treatment (Control).

Tracing transmission in the field
In 2007/8 AIV infection in the Bewick’s swan population was only detected during one
sampling event (6th December), in which 7/200 droppings were positive for AIV. In both
2008/9 and 2009/10 we saw a very similar temporal pattern of infection as observed in
2007/8. Of almost 10,000 droppings (approximately 387 kg!) collected from 59 separate
flocks of Bewick’s swans in these two winters, only 49 droppings were found to be AIV
positive. Infection with naturally circulating strains was often at very low levels, with
prevalence below our detection limit of 1-2%. Infection above this level appears to be
temporally restricted, with outbreaks in early December in all three winters, and another in
early January of 2009 and 2010 (Figure 11.4). All of the Matrix positive samples appeared to
be naturally circulating strains, with no samples positive in the H4-specific RT-PCR.
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Figure 11.4. Percentage (black circles) of Bewick’s swan droppings positive for avian
influenza virus during three successive winters in the Netherlands (± 95% confidence
interval of prevalence; dotted lines). No dropping sample was positive for the H4N6 low
pathogenic influenza virus A/Mallard/Netherlands/1/99 introduced into the population in
the winters of 2008/9 and 2009/10.
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Figure 11.5 – Cycle threshold (Ct) value of swabs taken from captive
Bewick’s swans (individuals identified by a 2-letter code) inoculated with
1•108 LPAIV H4N6 A/Mallard/Netherlands/1/1999. Dashed line
represents the day of inoculation.
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Laboratory verification of productive infection
All three seropositive adult Bewick’s swans inoculated under laboratory conditions were
productively infected with the H4N6 virus, although there were some differences in the tract in
which the virus was seen to replicate (Figure 11.5). All birds shed virus from their respiratory
tract, however, intestinal infection was only seen in two of the three birds. Infection was
detected for a period of 2-4 days in each bird (1-5 days post-inoculation across all birds; Figure
11.5). All three swans showed antibodies to AIV nucleoprotein prior to inoculation, as well as
antibodies to a range of different HA subtypes (Figure 11.6). Infection with the H4N6
experimental strain was accompanied by a boost in the titre of H4 HA specific antibodies, but
also increased titers to the other HA subtypes to which the birds had pre-existing antibodies
(Figure 11.6). These antibodies were seen to persist at relatively constant levels for up to 6
months post inoculation.

DISCUSSION
Experimental inoculation with AIV (H4N6) was not found to delay the movement or reduce
the apparent fitness of free-living Bewick’s swans. Swans forced to mount an immune response
against a novel antigen (PHA) were likewise no worse-off than sham-treated (PBS) birds. Swans
that received each of the experimental treatments were similarly able to forage and accumulate
body stores throughout the winter. Swans were seen to readily depart from their catch site, with
no significant difference in displacement of the experimental groups one month after capture.
These results indicate that internal perturbation, be it with an infectious pathogen (H4N6), a
novel antigen (PHA) or a sham fluid that controls for experimental procedures (PBS), may
promote active dispersal compared to Control birds (Figure 11.1), despite all birds being
handled and held for a similar length of time. Corroborated by similar findings from other
taxa, it appears that animals may react to immune activation by actively moving away from
locations that pose a high infection risk (Suhonen et al. 2010). Furthermore, the active dispersal
of the H4N6, PBS and PHA birds seems to have imposed no additional costs on these birds,
with all three groups of experimentally treated birds seen to have similar (or even higher)
probability to return the following winter compared to Control birds. Similarly, at least one
individual from all three experimental groups was seen to return with offspring the following
winter, indicating that our experimental manipulations did not preclude successful breeding.
We are therefore unable to validate the apparent reduction in short-term displacement (van
Gils et al. 2007, Chapter 10) and long-term fitness consequences (Chapter 10) seen in swans
naturally infected with AIV.
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Figure 11.6 – Haemagglutination inhibition (HI) titre (left axis) and maximum serum dilution
showing a positive result for NP using the IDEXX b-ELISA (right axis) from captive Bewick’s swans
inoculated with 1•108 LPAIV H4N6 A/Mallard/Netherlands/1/1999. Two letter codes identify each
individual bird. AIV strains H1-H12 were tested in HI assays (Table 11.1); however we only present
data for HI antibody titers to strains that were found in one of the three swans.
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There was a striking reduction in return rate and movement behaviour of naturally
infected swans (Chapter 10) compared to birds experimentally infected with H4N6 virus in the
field (Appendix G Tables G.2 and G.3). These differences raise a number of questions about the
effect of AIV on the behaviour and fitness of its natural hosts. One of the simplest
interpretations of this discrepancy could be that swans inoculated with AIV (H4N6) did not
become infected with the pathogen. This is unlikely, as we were able to confirm that this virus
did produce a productive infection, and that viral load was highest in dropping samples, in
seropositive adult Bewick’s swans in the laboratory. All three Bewick’s swans were found to
develop a productive infection following inoculation with the H4N6 AIV strain. In all cases,
infection was relatively short-lived, lasting between two and four days only. While this result
does not conclusively demonstrate that the swans inoculated in the field also developed a
productive infection, it does seem unlikely that the inoculated H4N6 strain did not result in a
productive infection, or that infection was restricted to the respiratory tract of the swans
inoculated in the field experiment. Although not directly relevant to the field experiment, the
laboratory study also revealed that antibodies to NP were maintained for at least six months
following experimental infection, as were HA-specific antibodies albeit at relatively low titres.
Intriguingly, all birds appeared to show an increased immune response to the HA subtype(s) to
which they had pre-existing immunity in addition to antibodies to the H4 inoculated virus.
Although highly speculative on the basis of such a small sample size, it is interesting to note
that the bird that experienced the longest shedding duration (CB) also showed the ‘weakest’ NP
response (in terms of the number of serial dilutions that were positive) before infection, and the
shortest lived HA and NP immune responses following infection. In addition, the bird that
experienced the shortest infection duration (BB) showed the strongest NP response, the
strongest HA response before infection, a response to more HA subtypes (4 c.f. 3), and
maintained both types of antibody responses at higher titres. Given that we have very little
understanding of individual heterogeneity of infection, and the role immunity might play in
driving this heterogeneity (Chapter 9), the immunological results from our laboratory infection
will hopefully stimulate further investigation of the degree to which varying levels of immunity
ameliorate subsequent infections.
Our attempts to verify infection at the population level were unsuccessful. Almost
10,000 droppings (approximately 387 kg!) were collected from 59 separate flocks of Bewick’s
swans in the days and weeks following experimental inoculation, of which only 49 droppings
were found to be AIV positive. All of the AIVs detected appeared to be naturally circulating
strains, with no evidence of any H4 strains, or the H4N6 influenza virus
A/Mallard/Netherlands/1/99 that we inoculated into the population. Infection with naturally
circulating strains was often at very low levels, with prevalence below our detection limit of 12%. Infection above this level appears to have been temporally restricted, with outbreaks in
early December and early January of both 2008/9 and 2009/10. Given the temporal similarity
between all three winters, our experimental infection does not appear to have altered the
epidemiology of AIV in the Bewick’s swan population. Moreover, our inability to detect the
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experimentally introduced virus suggests that the 16 Bewick’s swans inoculated with the H4N6
subtype are unlikely to have infected other Bewick’s Swans with this strain. Our sampling
scheme aimed to detect the inoculated strain at a prevalence of 1-2% of the population.
However, only 2-4 individuals were inoculated at each catch (Table 11.1), with each of the
inoculated birds subsequently seen to forage in separate flocks. These post-catch flocks
predominantly contained 100-150 Bewick’s swans (although some contained as few as 40 or as
many as 340 individuals), meaning the inoculated individual often represented less than 1% of
the flock. Given that H4N6 inoculated individuals defecated at the same rate as non-infected
individuals (Figure 11.2B), our sampling scheme was insufficient to capture the infection of
inoculated individuals. That is not to say that more intense sampling would have been possible
– in most instances we collected the vast majority of fresh droppings on a field. Droppings shed
throughout the day tended to have been trampled by the swans as they continued to forage
such that that only droppings from the last hour (roughly 3 droppings per bird) were
recoverable. We therefore conclude that while population-based dropping collections are useful
for tracking natural infection dynamics in the population (Figure 11.4, Chapter 7), they are not
ideally suited to the verification of individual experimental inoculations in the field.
Another explanation for the difference between naturally-infected and the H4N6
inoculated birds could be related to the strain used. It may be that the H4N6 strain is relatively
benign in swans, while other naturally-occurring virus subtypes may be slightly more
pathogenic. For instance, different virus subtypes (e.g. H1N1, H3N2) are known to have
different virulence in humans and pigs. However, there is currently little information on any
strain-specific differences in virulence in wild birds.
It is also plausible that AIV has no effect on wild birds, and that the differences between
naturally infected and uninfected or experimentally treated birds are related to differences in
the individuals themselves, with individuals in poor condition both being more susceptible to
infection and showing hampered movement and reduced long-term fitness (Flint & Franson
2009; Beldomenico & Begon 2010). Counter to this suggestion we have found that naturally
infected Bewick’s swans showed no reduction in body mass (Chapter 10) and that the vast
majority of the adult Bewick’s swan population has previously experienced infection (Chapter
9). Yet individual differences in susceptibility may play an important role in the differences
between natural and experimental infections. In particular, juvenile Bewick’s swans have a
higher probability of infection and experience more intense infections than adults (Chapter 9).
While there was not a significant effect of age in statistical models examining natural and
experimental infection (Appendix G Tables G.2 and G.3), no juveniles were subject to the
experimental treatments presented here.
Finally, an emerging field of study demonstrates that not only do multiple pathogens
often infect and even co-exist within the same host (Petney & Andrews 1998), but that
infection with one parasite can affect susceptibility to others (Cox 2001; Telfer et al. 2010).
Indeed, costs associated with trying to fight multiple simultaneous infections may result in
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pathological effects that are greater than the additive effects of each parasite in isolation,
through the depletion of shared host resources or interactive effects on the immune system
(Craig et al. 2008; Graham 2008). As a result, it may be too simplistic to consider the effects of
individual pathogens in isolation (Tompkins et al. 2011).
While our understanding of co-infection in natural populations is still in its infancy,
support for the interactive effect of multiple pathogens can be seen in the dramatic reduction in
apparent survival of animals given two different novel immune challenges compared to each
challenge in isolation (Hanssen et al. 2004). To this end it is noteworthy that of the six birds
that were both naturally infected and given an experimental treatment, only one returned the
following winter (the PBS+Naturally infected individual). Both of the PHA+Naturally infected
birds, and all three of the H4N6+Naturally infected birds were not seen to return. Moreover, the
most prominent demonstration of the non-lethal impact of pathogens on host populations
have, to date, involved the experimental removal of intestinal or blood parasites using antiparasitic treatments (e.g. Hudson et al. 1998; Marzal et al. 2005; Scantlebury et al. 2007;
Martinez-de la Puente et al. 2010). Such treatments clear entire clades of parasites, rather than
single parasites of interest (Pedersen & Greives 2008), thereby highlighting the collective
impact of the parasite fauna. Given that AIV infection is thought to be acquired from
contaminated surface water (Webster et al. 1978; VanDalen et al. 2010, Chapter 9), it seems
likely that AIV may be accompanied by a number of other infections. Indeed, limited evidence
suggests that influenza infections may predispose poultry and humans to secondary bacterial
infections (Suarez & Schultz-Cherry 2000). The difference between the effects seen in naturally
infected swans (Chapter 10) and H4N6 swans may therefore be explained by the fact that our
inoculation of AIV in isolation is unable to mimic the sum of any naturally-incurred multipathogen infections. Similarly, stimulation of the immune system with PHA was not able to
mimic the costs of natural AIV infection, suggesting there is more to pathogenic infection than
recruitment of immune cells (Read et al. 2008). Increased understanding of patterns of coinfection may therefore be of considerable importance to our understanding of the impact of
pathogens, including AIV, on their natural hosts.

To our knowledge, this study presents one of the first experimental introductions of
microparasites in free-living individuals. The findings and shortcomings of our approach will
hopefully serve as a valuable guide to future experimental studies of host-pathogen interactions
in the wild.
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CHAPTER 12
Stephen J. Galsworthy, Quirine A. ten Bosch,
Bethany J. Hoye, Johan A. P. Heesterbeek,
Marcel Klaassen, Don Klinkenberg

Effects of infection-induced migration delays on the
epidemiology of avian influenza in wild mallard
populations

W

ild waterfowl populations form a natural reservoir of avian
influenza (AI) virus and fears exist that these birds may
contribute to an AI pandemic by spreading the virus along their
migratory flyways. Observational studies suggest that individuals
infected with AI virus may delay departure from migratory staging
sites. In this study we explore the epidemiological dynamics of avian
influenza virus in a migrating mallard (Anas platyrhynchos)
population with a specific view to understanding the role of infectioninduced delays in migration upon the spread of virus strains of
differing transmissibility. We develop a host-pathogen model which
combines the transmission dynamics of influenza with the migration,
reproduction and mortality of the host bird species. Our modelling
predicts that delayed migration of individuals influences both the
timing and total size of outbreaks of AI virus. We find that (1)
delayed migration leads to a lower total number of cases of infection
each year than in the absence of migration delay, (2) when the
transmission rate of a strain is high, most infection occurs at the
staging sites at which birds arrive in the early part of the fall
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migration, (3) when the transmission rate is low, infection predominantly occurs later in the
season, which is further delayed when there is a migration delay. As such, the rise of more
virulent AI strains in waterfowl could lead to a higher prevalence of infection later in the year,
which could change the exposure risk for farmed poultry. Thus, we demonstrate, in contrast to
many current transmission risk models solely using empirical information on bird movements
to assess the potential for transmission, that a consideration of infection-induced delays, and
changes in the location of susceptibles relative to the location of the infected individuals, is
critical to understanding the dynamics of AI infection along the entire flyway.
INTRODUCTION
Waterfowl, and notably dabbling ducks (genus Anas), are considered to form a natural
reservoir of influenza A viruses (Webster et al. 1992). Of the possible combinations of the 16
HA and 9 NA antigenic subtypes of influenza, nearly all have been found in wild dabbling
ducks (Krauss et al. 2004; Olsen et al. 2006; Munster et al. 2007; Wallensten et al. 2007). Strains
causing disease in humans, poultry and other animals, including the H5 and H7 highly
pathogenic avian influenza (HPAI) strains, have their low pathogenic precursors in wild birds
(Munster et al. 2005; Alexander 2007). Generally, most cases of influenza in waterfowl are lowpathogenic (LPAI) strains, predominantly observed just after breeding, during fall migration,
with prevalences dropping in December when the birds are at the wintering grounds (Krauss et
al. 2004). This could differ however between strains of varying pathogenicity or
transmissibility. The interplay between infectious disease dynamics and animal migration is not
very well understood (Altizer et al. 2011). Fundamental understanding of the origin and spread
of influenza viruses through wild bird populations is essential for designing strategies to
recognise threats early and to minimise the risk of outbreaks.
In order for migratory birds to spread avian influenza over large geographic regions, the
infection must not affect their behaviour or physiology in ways that compromise their ability to
undertake sustained flight (Feare 2010). However the effect of influenza virus upon the
physiological characteristics and migration behaviour of wild birds is unclear. Laboratory based
studies (Sturm-Ramirez et al. 2004; Hulse-Post et al. 2005; Keawcharoen et al. 2008) have
shown that for some, but not all HPAI strains, infection is subclinical in some species of
waterfowl. However there is no evidence to show whether HPAI infection is asymptomatic in
free-living birds of these species. In wild migratory Bewick's swans, Van Gils et al. (2007) found
that infection with LPAI may lead to delayed departure from wintering sites, shorter distances
travelled and fuelling and feeding at reduced rates. Latorre-Margalef et al. (2009) found that
LPAI did reduce the body mass of mallards but they could not find a general effect of infection
on staging time. Presently, no such data exist on the effect of HPAI on wild ducks (Feare 2010).
Mallards (Anas platyrhynchos) are the most abundant species of dabbling duck over
much of Eurasia and North America (Delaney & Scott 2006). In Europe, wild mallards often
migrate over long distances between their northern breeding sites and their southern wintering
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sites. Fears exist that mallards may contribute to an AI-pandemic by spreading the virus along
these migratory pathways (Chen et al. 2005; Olsen et al. 2006; Capua & Alexander 2007). These
seasonal migrations are not, however, achieved in a single long distance flight. Instead both
spring (northward) and autumn (southward) migration are characterised by a number of flight
periods interspersed by periods of refuelling. During these refuelling periods birds congregate
in large numbers at staging sites (Yamaguchi et al. 2008). Infection may lead to a delay in
departure from these staging sites for infected individuals. One hypothesis is that delayed
migration might facilitate virus transmission because infected individuals remain longer on
crowded staging sites where they are in close proximity to susceptible ducks (Latorre-Margalef
et al. 2009). However the contrary may also be true whereby infected individuals become
isolated from the main susceptible population as a result of delay (Altizer et al. 2011).
Considering the potential role of mallards in the spread of AI, it is vital to understand infection
dynamics in mallards, and how these may be modulated by strain transmissibility pathogenesis
to the host. Mathematical modelling provides a means to investigate this.
In this paper we use population modelling to study how AI strains that induce varying
delays in migration (as a proxy for a suite of possible pathogenic effects) and different
transmissibility between birds could spread in a migrating mallard population. Our new hostpathogen model combines the transmission dynamics of influenza with the migration,
reproduction and mortality of the host bird species. We show where and when the highest
number of infected birds is to be expected and how this is affected by the rate of virus
transmission and the migration delay due to infection.

METHODS
Our model describes the spread of avian influenza in a typical population (around 5,000
individuals) of mallard ducks (Anas platyrhynchos) that migrates twice per year between a
northern breeding ground (Northern Scandinavia) and a southern wintering ground (the
Netherlands). During these migration periods, the birds rest at a handful of staging sites in
order to feed and recover. A satellite telemetry study by Yamaguchi et al. (2008) of mallards
which spend winter in Japan suggests that the mean number of staging sites is between 1.3 and
3 depending on the chosen location for breeding and that mallards stay for one to four weeks at
each staging site between short travel periods of a few days.

Population dynamics
We consider a situation where the birds pause during each biannual migration at three distinct
sites leading to a model with eight distinct patches (one for wintering, three during spring
migration, one for breeding, and three during fall; sequentially referenced as patches i = 1 to i
= 8), see Figure 12.1. Having arrived at a particular patch, the birds remain there until the date
arises in which they may move on, as shown in Figure 12.1. In the model, this means that the
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migration rate mi (leaving patch i) is equal to 0 in the time interval that the birds are supposed
to be there, and equal to m = 1 outside the interval. The transition occurs by a step function.
After the interval, birds which are “healthy enough” to migrate are free to move to the next
patch. Birds which are not able to migrate stay at their current location until they recover
sufficiently to be able to migrate. We consider the birds to stay at each migration staging site
for a minimum of 20 days, to spend at least 3 months at the wintering patch, and to spend the
rest of their time at the breeding grounds. Migration is modelled so that the average migration
time between neighbouring patches is one day.

Figure 12.1: The annual migration cycle of mallards between eight distinct patches. The size of each
sector indicates the relative amount of time that birds spend in each of the eight patches. The dates
around the outside describe the date from which birds are able to leave one patch and migrate to the
next. In each calendar year the birds start in the wintering patch (which we take to be patch 1). The
migration rate is defined such that between the fixed dates of arrival to and departure from a particular
patch i, the migration rate mi = 0, whilst at all other times mi = 1. Birth takes place at the breeding
grounds (patch 5) from two weeks after arrival and ceases one month before departure and is shown by
the dotted sector.

196

Delayed migration & disease dynamics

In the model, ducks experience natural mortality, at rate µ, at all patches and additional
mortality due to hunting, at rate µh, during fall migration and at the wintering grounds.
Mortality rates have been approximated using the estimated average life expectancy of mallards
of 2.27 years (Schekkerman & Slaterus 2008) and a 30% contribution of hunting to the total
mortality (Hirschfeld & Heyd 2005).
Birth occurs from six weeks after arrival on the breeding grounds and ceases one month
before departure to allow time for ducklings to grow sufficiently for migration (Figure 12.1).
During these 54 days, 40 new birds enter the population each day (b = 40), which sums to 2160
new birds per year, about one per adult female. These are only the ducklings that survive to
adulthood. Due to this birth rate, the population size fluctuates around 5000 individuals, the
size chosen for our typical mallard population.

Dynamics of infection
Within each patch the infection transmission is modelled using an SIR-type model. We take the
standard compartments: susceptibles (S), infected (I) and recovered (R) but divide both the
infected and recovered classes into two subclasses as shown in Figure 12.2. Because inclusion of
multiple strains and cross-protection would make the model too complex for our aim, no loss
of immunity is assumed in the baseline model. As another extreme, in a sensitivity analysis, we
considered an alternative model in which all birds lost their immunity at the end of each
breeding season. I1 and R1 contain birds which are respectively infected or recovered but cannot
migrate, whereas I2 and R2 contain infected or recovered birds which are able to migrate.
Influenza virus transmission occurs mainly through the environment: infectious birds
shed virus that is then transmitted to susceptible birds via oral (or possibly cloacal) uptake of
the contaminated water (Webster et al. 1992; Fouchier & Munster 2009). Because the majority
of excreted virus will not be available for extended periods (Nazir et al. 2010), transmission is
modelled with a direct-contact transmission term. Apart from this direct transmission, we
included a low background transmission rate due to long-term virus survival or contact with
other populations (see below). Direct transmission from bird to bird within the population is
assumed to be density dependent within the range of population sizes simulated (~5000 birds).
This means that an infectious bird is likely to infect more birds if the number of susceptible
birds increases rather than the proportion of susceptible birds. As mallards exhibit more
solitary behaviour whilst breeding, contact rates at the breeding grounds (patch 5) are assumed
to be lower than elsewhere. Estimates from bird counts give the breeding contact rate (β5) to be
a quarter of the contact rate for the rest of the year (β) (van Roomen et al. 2007). We examine a
range of transmission rates (from β = 0.5 × 10-4 to β = 5 × 10-4) so that the basic reproduction
number, R0, ranges from about 0.8 to 8 (R0 = β N/ɶ). In the sensitivity analysis with an
infectious period of 8 days, we adjust β (β = 0.2 × 10-4 to β = 2 × 10-4) to retain R0 in the 0.8 to 8
range.
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Figure 12.2: Flowchart showing the movement of individuals between compartments within
each patch as described by the model (1). Birds belong to one of five compartments: Susceptible
(S), infected and unable to migrate (I1), infected and able to migrate (I2), recovered and unable to
migrate (R1), or recovered and able to migrate (R2). Susceptible birds become infected via either
direct or environmental transmission, with rates determined by  and  respectively (Table 12.1).
Birds regain the ability to migrate at rate , and recover from infection at rate . Migration is
only possible for birds in classes S, I2 and R2 such that in each of these three compartments birds
enter at rate mi – 1 and leave at rate mi. Natural mortality, at rate , occurs equally across all five
compartments, yet is not shown in this diagram for clarity. Mortality due to hunting, occurring
at rate h in the winter and fall patches, is also not shown here.

To allow occasional re-introduction of the virus, a background transmission rate is
added to the model. This background transmission occurs when birds contract infection by any
other mechanism than the ‘direct’ transmission described above. Such mechanisms include
waterborne transmission, mixing with other mallard populations and mixing with other bird or
animal species. Background transmission is a crucial mechanism to enable the persistence of a
virus population particularly within small communities below the critical community size
where epidemics cannot be sustained by direct transmission only (Breban et al. 2009). In our
model, the parameter η describes the rate of background transmission, which is calculated from
the probability of a single duck becoming infected by background transmission in its lifetime
(1% probability of infection in a mean lifetime of 828 days gives η ≈ 10-5).
Birds recover from infection independently from regaining the ability to migrate and
move from class I1 to R1, or from I2 to R2, at a rate ɶ, such that the average generation time is
1/ɶ. Experimental infection with Peking ducks (the domesticated counterpart of the mallard)
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have shown a mean latent period of 1 day followed by an infectious period of 4.3 days, with
little variation between the animals. This results in a mean generation time of 1 + 4.3/2 ≈ 3
days, hence ɶ = 1/3. In general the average infectious period will be shorter than the average
migration delay as birds which are no longer infected may require additional time to regain the
full strength required to undergo migration. The ability to migrate is regained at rate ν, such
that the average migration delay is 1/ν. Because of the independence (in the model) between
recovery from infection and regaining the ability to migrate, there is a very small probability for
infectious birds to migrate. This allows the infection to spread between patches, and thus
replaces more realistic mechanisms such as migration during the incubation period of the
virus. We investigate a range of migration delays (from zero to 100 days). Table 12.1 gives an
overview of all the parameters used in the model.

Table 12.1: The parameters of the model
Symbol

Definition

Value/Range

Unit

Reference

βi

transmission rate in
patch i

0.5 × 10-4 to 5 × 10-4 for i ≠ 5
0.25 × 10-4 to 1 × 10-4 for i = 5

bird-1 day-1

(Chen et al. 2006; van Roomen
et al. 2007)

ɶ

recovery rate

1/3

day-1

bi

birth rate in patch i

40 if 162 < t < 216 and i = 5
0 otherwise

birds per
day

µ

natural mortality
rate

0.315/365

day-1

(Schekkerman & Slaterus 2008)

µh,i

hunting mortality
rate in patch i

0.320/365 for i = 1, 6, 7, 8
0 for i = 2, 3, 4, 5

day-1

(Hirschfeld & Heyd 2005)

mi

migration rate in
patch i

defined from Figure 1

day-1

ν

migration delay rate

1/1 to 1/100

day-1

η

environmental
transmission rate

10-5

day-1

(Van der Goot et al. 2008;
Latorre-Margalef et al. 2009)

(van Gils et al. 2007)
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These assumptions lead to an epidemic model consisting of five ordinary differential equations
in each of the eight patches (i), so that for each i = 1, 2, .., 8 we obtain:

dSi ( t )
= − βi Si ( I1,i + I 2,i ) − ( mi + μ + μh ,i ) Si + mi −1Si −1 + bi − η Si
dt
dI1,i ( t )
= βi Si ( I1,i + I 2,i ) − ( γ + ν + μ + μh ,i ) I1,i + η Si
dt
dI 2,i ( t )
= ν I1,i − ( γ + mi + μ + μ h ,i ) I 2,i + mi −1 I 2,i −1
dt
dR1,i ( t )
= γ I1,i − (ν + μ + μ h ,i ) R1,i
dt
dR2,i ( t )
= γ I 2,i + ν R1,i − ( mi + μ + μh ,i ) R2,i + mi −1 R2,i −1
dt

(1a)

(1b )
(1c )
(1d )
(1e )

We evaluate i in modulus 8 such that in the wintering patch, where i = 1 we have, mi – 1 = m8, Si –
1 = S8, etc.
We wish to compare the dynamics of the above model with the behaviour in the absence
of migration delay. In this case, the subclasses I1 and R1 are no longer applicable. Removing
these subclasses from the model and adjusting the equations appropriately, such that infected
birds directly enter class I2 when they become infected and enter class R2 when they recover, we
obtain:

dSi ( t )
= − βi Si I 2,i − ( mi + μ + μh ,i ) Si + mi −1Si −1 + bi − η Si
dt
dI 2,i ( t )
= βi Si I 2,i − ( γ + mi + μ + μh ,i ) I 2,i + mi −1 I 2,i −1 + η Si
dt
dR2,i ( t )
= γ I 2,i − ( mi + μ + μh ,i ) R2,i + mi −1 R2,i −1
dt

(2a)

( 2b )
( 2c )

Two sensitivity analyses were done, first with model (1) with a longer infectious period
(8 days), and second with a slightly adjusted model (1) to include loss of immunity. Loss of
immunity was modelled by allowing birds to advance from the R2 class in patch 5 (summer) to
the S class in patch 6 (fall1). Thus, under this modified scenario, each outbreak season started
with a fully susceptible population.

Simulation of model
The model is simulated in Berkeley Madonna 8.3.14 (www.berkeleymadonna.com) using the
Runge-Kutta 4 method with a timestep of 0.02 days. Simulations are run over > 30 years to
ensure a limit cycle is reached (which occurs for all investigated parameter values).
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As a measure for the total number of cases of infection we choose to use the measure of
`area under the curve' (AUC). This is numerically calculated by the area under the graph of
infectious individuals versus time, such as in Figure 12.3C. AUC provides a better estimate
than incidence of how many infected individuals are to be found at a particular patch, and
therefore, of the risk of infection for other animals or populations. Incidence tells us how many
individuals become infected (move from S to I) at a particular location, but neglects birds in
class I2 which became infected in patch i – 1 but have now migrated to patch i. The AUC
measures the cumulative total number of daily cases of infection so that it scales with the
infection period. If, on average, individuals are infected for three days, they are counted once
for each of these days, in total three times.

RESULTS
Model without migration delay
As a baseline, we first explore the simplified model (2) that includes birth, mortality, migration
and virus transmission without any migration delay. Figure 12.3A shows numerical results for
the typical dynamics in the absence of migration delay, using the default parameters from Table
12.1 and a transmission rate of β = 2.5 × 10-4. In most simulations with an infectious period of 3
days, the equations lead to a periodic orbit such that there is a yearly cycling which repeats
indefinitely. However, for some parameters a bi-annual cycle was observed (see below). The
number of susceptibles remains approximately constant during late winter and spring, until
hatching begins at Day 162. During this hatching period the number of susceptibles grows
linearly, reaching a peak two months before departure from the breeding site. Infection breaks
out during the fall migration period. In Figure 12.3A, the outbreak of infection occurs entirely
within the fall migration period, peaking around half way through. After the outbreak of
infection the number of susceptibles remains approximately constant until birth begins in the
subsequent year. We notice a decrease in transmission at the time of patch switch due to a
reduction in the direct transmission contact rate caused by decreased numbers of birds together
in the same place as a result of migration.
Both Figures 3C and 3E examine the effect of changing transmission rate upon the
model without migration delay. Figure 12.3C shows how the number of infectious individuals
varies in the fall and winter for three different values of the transmission rate. We see that as
the transmission rate decreases from 3.5 × 10-4 to 1.5 × 10-4 the peak level of infection moves
from Fall1 to Fall3. For all investigated parameter values we find no outbreak of infection in
either the spring or summer, however for β = 1.5 × 10-4 we see that some infection is present in
the winter patch. As in Figure 12.3A, we notice a reduction in transmission during patch
switches.
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Figure 12.3: Infection dynamics with and without migration delay. The left-hand panels (A, C, E) show the
dynamics of model (2), i.e. without migration delay, and the right-hand panels (B, D, F) show the dynamics of
model (1) with a migration delay of 30 days. Panel (A) shows S(t) (dotted line), I(t) (solid) and R(t) (dashed)
versus time for an entire year (taken to be the 30th year after the start of the simulation) with a transmission rate
of  = 2.5 × 10-4. The dashed vertical lines indicate the timings of migration between patches. Panel (B) shows S(t)
(black dotted line), I1(t) (grey solid), I2(t) (black solid), R1(t) (grey dashed) and R2(t) (black dashed) with a
transmission rate of β = 2.5 × 10-4. Panels (C) and (D) show I(t) = I1(t) + I2(t) for β = 1.5 × 10-4 (solid line), β = 2.5
× 10-4 (dashed) and β = 3.5 × 10-4 (dotted) within the three fall patches and the winter patch with dashed vertical
lines to indicate the timings of migration between patches. Panels (E) and (F) show the cumulative number of
daily cases of infection within a certain period, as calculated by AUC, in the three fall patches and the winter patch,
versus transmission rate.
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Figure 12.3E shows the effect of changing transmission rate on the cumulative number
of daily cases of infection in each of the fall and winter patches, as calculated using the area
under the curve (AUC).We see the trend alluded to in Figure 12.3C: as the transmission rate
rises, the infection appears earlier in the year. We also see that as the transmission rate rises
there are a higher total number of cases of infection per year (calculated from the sum of cases
in fall and winter). If β is very low, around 0.7 × 10-4, the basic reproduction number, R0, is
close to 1 and an outbreak of infection barely forms, with a maximum of 2 individuals infected
at any time. A slightly higher β (between 1.15 × 10-4 and 1.35 × 10-4) results in a bi-annual cycle,
but the AUCs in the alternating years do not differ very much (dashed lines). As β increases the
total yearly area under the curve rises, reaching a maximum when β = 5 × 10-4.

The effect of migration delay
Figure 12.3B shows numerical results for the dynamics of model (1) with a migration delay of
30 days and a transmission rate of 2.5 × 10-4. Comparing Figures 3A and 3B, we see that the
yearly outbreak still occurs within the fall migration period. At any particular time, the
majority of infectious individuals are in class I1, rather than in class I2, and are unable to
migrate.
The migration delay causes two clear peaks in the number of infectious individuals
instead of one; the first around the time of departure from patch Fall1 and the second prior to
departure from the second fall migration staging site. Figure 12.4 examines how the number of
infected individuals changes over time in each of the fall staging sites and reveals this behaviour
in further detail. We see that the initial infection grows faster in patch fall1 if there is a
migration delay. At Day 294 susceptible birds begin to migrate to patch fall2, with most
infectious birds (I1) staying behind. This reduces contact rates between infectious and
susceptible birds, resulting in a decrease in prevalence. A new outbreak developing in patch fall2
begins with the few birds in class I2 arriving from the previous site. Twenty days later, we see
the same pattern when migration to patch fall3 starts, but the number of susceptibles has
decreased sufficiently to prevent a third peak.
Figures 12.3D and12.3F examine the effect of changes in transmission rate upon the
model dynamics whilst maintaining a migration delay of 30 days. Comparing Figure 12.3D to
Figure 12.3C we see that for β = 1.5 × 10-4 and β = 2.5 × 10-4, infection occurs later in the year
when there is migration delay, whereas for β = 3.5 × 10-4 the outbreak takes off faster and
reaches a higher peak, but is then interrupted by migration. This results in a smaller outbreak,
therefore more susceptibles at the start of the next Fall, resulting in faster initial spread. We see
that a low transmission rate, such as β = 1.5 × 10-4, can lead to the peak level of infection
occurring in winter (the solid line in Figure 12.3D).
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Figure 12.4: The dynamics of infection during the fall migration period. In each patch,
Fall1 (A), Fall2 (B) and Fall3 (C), the total number of infected individuals I(t) is plotted
versus time for model (1) with a migration delay of 30 days (black lines) and model (2)
with no migration delay (grey lines), for a transmission rate of β= 2.5 × 10-4. The dotted
vertical lines indicate the timings of migration between patches.

The shape of Figure 12.3F appears to be broadly similar to that of Figure 12.3E, so we
can say that changes in migration delay lead to more minor variations in the dynamics of
infection than those produced by changes in the transmission rate. The total number of cases of
infection per year decreases due to migration delay, as a consequence of the epidemic
proceeding more slowly. Furthermore we observe that the distribution of infection over the
patches changes. For low values of β, infections in winter share a higher percentage of total
cases of infection (the winter AUC peak is higher in Figure 12.3F than in Figure 12.3E) as
migration delay allows for increased infection later in the season by delaying the infection of
susceptible birds. For larger values of the transmission rate we find that the majority of
infection occurs in fall1 at a lower value of β than when there was no migration delay, due to
infected birds remaining at these sites for longer.

The joint action of migration delay and transmission rate
Figure 12.5A shows the cumulative number of daily cases of infection (i.e. AUC) over an entire
year for the full range of transmission rates and migration delays as defined in Table 12.1. In
Figure 12.5A, an area is demarcated in which bi-annual dynamical patterns were observed,
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alternating between years with high and low AUC (the difference was never more than 1000).
Dynamical patterns stretching over more than two years were not observed. The grey level
shows the total mean yearly level of infection. It appears that in general, as we observed in
Figure 12.3, the sensitivity to the migration delay (longer delay means less cases) is smaller than
the sensitivity to the transmission rate (higher rate means more cases). However, the effect of
delays is not negligible, as a migration delay of 30 days can lead to 20-25% fewer cases, with
intermediate transmission rates.
Figures 12.5B to F show how the cases are distributed over the three fall patches and the
winter patch. It is clear that an increase in transmission rate brings infection earlier in the year.
As observed in Figures 3 and 4, the effect of migration delay is dependent on the value of the
transmission rate. If the transmission rate is high, an increasing migration delay leads to more
infection in earlier fall patches, whereas if the transmission rate is low, more infection occurs in
winter. It should be noted that the Figure indicates where the infected birds will be, not when,
because the increase in fall1 is mainly due to infected birds staying there longer.

Sensitivity analysis
We repeated the analysis with an infectious period of 8 days instead of 3 days (Appendix H
Figures H.1 & H.2). It appears that with a longer infectious period, outbreaks tend to be later in
the year, with most cases in winter for intermediate β = 1.0 × 10-4, and many cases even in
spring with low transmission rate (β = 0.6 × 10-4). The effect of transmission rates and
migration delays were not different from the baseline model, although the bi-annual dynamics
were observed in a wider parameter range and with more prominent differences between the
alternating years.
A second sensitivity analysis was done assuming all birds losing their immunity in patch
fall1, just after the breeding season (Appendix H Figures H.3 & H.4). This scenario results in
much faster dynamics, with more cases in fall. However, the qualitative effects of transmission
rate and migration delay remain unchanged.
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Figure 12.5: The cumulative number of daily cases of infection. The cumulative number of daily cases of infection
within a certain period, both yearly (A), and in each of the four patches where infection is found, Fall1 (B), Fall2
(C), Fall3 (D) and Winter (E), as calculated by AUC, plotted as a function of both transmission rate and migration
delay. Default parameter values, as defined in Table 12.1, remain constant.
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DISCUSSION
In this paper we have used a mathematical model to explore the epidemiological dynamics of
avian influenza virus in a migrating mallard population with a specific view to understanding
the role of delays in migration upon the spread of a virus strain of differing transmissibility. We
have found that the delayed migration of individuals influences both the timing and total size
of outbreaks of avian influenza virus.
Our modelling predicts that the delayed migration of infected individuals leads to a
lower total number of cases of infection each year than in the absence of migration delay. This
occurs as infected birds become isolated from the main population of susceptible individuals as
a result of delay, leading to a reduced rate of infection at staging sites, and the epidemic
proceeding more slowly. This isolation effect in turn leads to changes in the timing of
outbreaks. When the transmission rate of a strain is high, we observe that migration delay leads
to most infection occurring at the staging sites at which birds arrive in the early part of the fall
migration, whereas when the transmission rate is low, infection predominantly occurs later in
the season. These observations are not sensitive to the duration of the infectious period or the
assumption of lifelong immunity.
The season in which most cases occur is of particular interest, as poultry densities are
not equal along the migration routes (Munster et al. 2005). Our model results show that
migration delays potentially lead to a higher prevalence of infection in winter, even if those
strains have a higher transmissibility. As the highest prevalences are currently seen during fall
migration, migration delays could increase rates of risk contacts during winter. This could lead
to a broader spread of infection, particularly if birds from other populations come into contact
with infected mallards, as they may do at the wintering grounds. With very high transmission
rates, however, the opposite may occur: because migration delays reduce the outbreak size, the
increased number of susceptibles in early fall can result in a faster rate of spread and an earlier
peak (Figure 12.3C, D).
Many current transmission risk models use solely empirical information on bird
movements to assess the potential for long distance movement and, hence, transmission along
a flyway (Cumming et al. 2008; Brochet et al. 2009; Lebarbenchon et al. 2009; Bourouiba et al.
2010; Gaidet et al. 2010). In contrast, our model demonstrates that a consideration of infectioninduced delays, and changes in the location of susceptibles relative to the location of the
infected individuals, is critical to understanding the dynamics of infection along the entire
flyway. From our results we have learnt that migration delays play a role in particular if
transmissibility is limited (low R0 or a more immune population). Low transmissibility
stretches the yearly outbreak over a longer period, and therefore over multiple patches,
increasing the effect of migration delays. In some instances this can lead to a bi-annual pattern,
but that does not affect the mean number of cases per year, and therefore we have not further
explored these dynamics. We have not taken into account additional mortality due to birds
staying behind and suffering from adverse (weather) conditions. Because the role of delayed
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birds in spreading the virus is limited, we do not expect this assumption to affect our
conclusions.
Our modelling considers the spread of virus within a single population of mallards, as
the experimentally observed short shedding time of influenza virus implies that the spatial
dynamics of avian influenza is mainly characterized by ‘travelling within bird flocks’ (LatorreMargalef et al. 2009). However at staging sites it is hard to imagine that there is no interaction
between multiple populations and species, and there are indications that virus can survive in
surface water for extended periods (Stallknecht et al. 1990a), possibly resulting in reintroductions of the infection into the population. We broadly incorporated these effects in our
model via background transmission, which appears an essential model ingredient to prevent
extinction of the infection (Breban et al. 2009; Rohani et al. 2009). In a more complex model
we could directly model the environment in the different patches, or the interaction between
species. In particular, the occurrence of outbreaks of infection is observed to increase with
colder temperatures, particularly in relation to the congregation of waterbirds along the 0°C
isotherm in winter (Reperant et al. 2010). Explicit consideration of higher environmental
transmission during the wintering period within a refined model could lead to predictions of
outbreaks of infection in spring, as has been detected in some studies (Wallensten et al. 2007),
and which we have not observed from our current model. Indeed it is possible that we observe
no such spring outbreaks as a result of our model being deterministic such that we only predict
what happens in an average population. Stochastic effects may result in different populations
encountering a virus at different times, such that the outbreaks in those populations will be
later.
An important assumption is the independence between recovery from infection and
regaining the ability to migrate. Although possibly biologically unrealistic, assuming a formal
link between recovery status and migratory ability would have required quantitative
information which is as yet unavailable. The major consequence of our current assumption is
that a small number of birds (I2) is able to migrate, thus acting as seeders of a new outbreak in
the next patch. Although in reality this role may not be played by birds recovered from
infection, the possibility that a small number of birds bring the infection to the next patch is
not entirely unrealistic, e.g. due to birds migrating during the incubation period of the virus.
Due to the uncertainty and possibly complex patterns surrounding cross-immunity in
ducks our current analysis is restricted to a single immunological subtype that confers lifelong
immunity, yet we note that the seasonal dynamics produced by our host-pathogen model show
a good match to experimental observations with AI virus prevalence being low during summer,
peaking just after the breeding season (Krauss et al. 2004) at approximately 10-20% infected
birds, and then dropping during December (Latorre-Margalef et al. 2009). In a sensitivity
analysis we have considered the possibility that each fall all birds are again susceptible, due to
loss of immunity or new strains circulating. This did not affect the conclusions of our analysis
on the effects of transmission rate and migration delay. The consequence of a more gradual loss
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of immunity and partial cross-immunity to a new strain is more difficult to predict, and was
not the aim of our study. A slow increase in susceptible birds into the population, as would be
the result of waning immunity, could lead to the possibility of multiple outbreaks of infection
per year, the regularity of which would depend on the relationship between the rates of waning
immunity and migration delay, with a reduction in the period of immunity likely leading to
more regular outbreaks.
Our model has the advantage of being general in its formulation and could be reparameterised for certain other species of migratory birds that are potential long-distance
vectors of avian influenza virus such as northern pintail (Koehler et al. 2008), or common teal
(Lebarbenchon et al. 2009), and for other diseases found in migratory birds (Hubalek 2004).
We assume no age structure in our model so that both adults and juveniles behave in the same
manner. Costa et al. (2010b) suggests that there may be an increase in the shedding rates and
probability of infection between adults and immunologically naive juveniles. As our model
predicts that virus prevalence peaks just after the breeding season, when a high percentage of
the population consists of juveniles, we would perhaps observe more rapid spread of virus in an
age structured model. The results of our model are based upon the assumptions that all birds
stop at exactly three staging sites. We expect to observe the same trends in infection dynamics
for any biologically realistic number of staging sites, for example, as obtained from satellite
tracking studies (Yamaguchi et al. 2008; Gaidet et al. 2010). However any model which does
not include staging sites, whereby birds transfer directly back and forth between breeding and
wintering grounds, would fail to reproduce the predictions that we have presented here. The
infectious period in our model was assumed to be constant at 3 days, corresponding to
observed average minimum viral shedding times in wild migrating mallards (Latorre-Margalef
et al. 2009). The general trends in our results to hold for migration delays up to the maximum
infection duration of 8.3 days as observed by Latorre-Margalef et al. (2009) (Appendix H
Figure H.1).
Experimental examination of the effect of both highly and low pathogenic avian
influenza upon free-living birds is sparse. The investigations of Latorre-Margalef et al. (2009)
and Van Gils et al. (2007) on the effect of infection upon migration behaviour are limited by
their observational nature, making it impossible to separate cause from effect, and because of
the dynamics of infection, particularly in the mallard population. As our model shows, a large
proportion of the mallards may become infected during fall migration, meaning that although
Latorre-Margalef et al. (2009) compared infected with uninfected birds (at the time of capture),
both groups are likely to have experienced infection that fall, potentially clouding any effect of
infection on migration timing. Ideally, to test our assumptions and results, one would have a
measure of recent infection, e.g. serological status, which could be compared between birds at a
staging site arriving at different times during the migration season. Birds arriving late should
more often show signs of recent infection than birds arriving early, according to our model.
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In situations where empirical examination is hindered by the process under
investigation, mathematical modelling provides a way to further investigate mechanisms and
consequences of infection when there is a shortage of high quality data. Our theoretical study
shows that hampered migration has the ability to alter both the timing and level of an avian
influenza outbreak in wild bird populations. Further understanding of the effect of delayed
migrations in wild bird populations can be achieved by additional data collection and
modelling work, and as such remains a topic of interest in both theoretical and experimental
epidemiology.
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VI. Synthesis

CHAPTER 13
Bethany J. Hoye

Avian influenza virus & its migratory hosts

T

here seems little doubt that animal migration has profound
ecological and evolutionary consequences across the globe
(Wilcove 2008). In particular, the regular long-distance migrations of
entire populations constitute an unparalleled natural dispersal
network, transporting (almost) everything from organic nutrients to
self-sustaining organisms. Not surprisingly, migratory animals have
been singled out for their potential to enhance the long distance
dispersal and cross-species transmission of pathogens (Altizer et al.
2011; Bartel et al. 2011). Migratory hosts are often considered not
only the reservoir, but also the primary vector for a wide range of
pathogenic organisms, of which avian influenza virus (AIV)
represents just one example (Hinshaw et al. 1980; Olsen et al. 2006;
Garamszegi & Møller 2007). However, as the forgoing chapters have
illustrated, the dispersal of AIV by long-distance migrants is by no
means guaranteed. Pathogen dynamics are likely to be influenced by a
complex array of interactions between the pathogen, the infected
host, susceptible hosts, and local environmental conditions.
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Research into AIV in wild birds has a long, rich history in the veterinary and virological
community. In the late 1960s influenza viruses antigenically similar to those circulating in the
human population were found in wild birds (Easterday et al. 1968; Schild & Newman 1969;
Tumova & Easterday 1969). In the following decades, pioneering studies yielded much of our
current knowledge on the ecology, epidemiology and diversity of AIV in wild birds (Laver &
Webster 1972; Downie & Laver 1973; Webster et al. 1976; Slemons & Easterday 1977; Hinshaw
et al. 1980; Süss et al. 1994). The unprecedented magnitude of the Asian H5N1 highlypathogenic AIV outbreaks among humans, poultry and wild birds in the late 1990s and early
2000s served only to heighten demand for increased understanding of the natural history of
AIV in their wild bird hosts.
Ecological interest in AIV and other pathogens of migratory hosts is substantially more
recent (Lafferty 2009a). As a result, ecological techniques are only just starting to be
incorporated in wildlife disease research. In the imaginatively named ‘Techniques’ section of
this thesis (Chapters 2 to 4) I have attempted to broaden the scope of tools available for studies
of wildlife diseases. Recognising the need for hypothesis-driven research on AIV in wild birds,
Chapter 2 discusses survey design, sampling, and interpretation in the context of wildlife
disease surveillance. Ideally, standardised use of these techniques in local surveys could be
compiled over broad geographic areas; something I believe would greatly enhance our global
understanding of AIV and the ecology of host-pathogen interactions more generally. However,
I am also well aware that while Chapter 2 presents a best-case scenario, real world application
of these ideas is far from easy (Chapters 7, 10, 11).
Stable isotope analysis and immunological assays are widely used in ecology, and
present immense potential for our understanding of wildlife disease ecology, particularly in
migratory species (e.g. Chapters 7 and 9, Yohannes et al. 2008; Martin et al. 2011). However,
the use of these techniques in wildlife disease research remains in its infancy, seemingly because
of a lack of cross-fertilisation between different scientific fields rather than any technological
hurdles to their application. That said, I did feel the need to iron-out a couple of small technical
details before proceeding with the application of stable isotope ecology and eco-immunology to
questions related to AIV. Given the lack of generality in the discrimination and turn-over of
stable isotopes across avian species, Chapter 3 presents specific values for herbivorous
waterbirds; facilitating assessment of habitat use in Chapters 8 and 9. Chapter 3 also compiles
as much of the discrimination and turnover data that we could get our hands on, providing a
ready-reference for future isotopic studies in a wide range of species. I hope that the availability
of this information will also break down some of the barriers to the use of stable isotope
ecology in a wide range of host-pathogen interactions. Rounding out the techniques section,
Chapter 4 presents a brief experimental assessment of the comparability of different blood
sampling techniques. I had always been told ‘centrifuge as soon as you can, but serum and
plasma are more or less interchangeable’. Although I could never find a study to back up those
ideas, I was concerned that some of my samples had sat for hours before being centrifuged, and
so I decided to test the effect of both delay and sample type. To my relief, I found little change
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in the outcome of a range of immunological and isotopic assays on the basis of delayed
centrifugation. So long as I confined my sampling to a single fluid type (serum or plasma), I
could be assured that my samples, collected under a range of field conditions, were indeed
comparable.

WHAT MAKES A HOST A HOST?
Within an ecological community, different host species often exhibit broad variation in
sensitivity to infection and disease (Johnson and Hartson 2009). Defining reservoir hosts is
therefore critical to understanding not only how a pathogen is transmitted and maintained
(Stallknecht & Brown 2008), but also its ecological impacts. However, there seem to be almost
as many ways to define a pathogen reservoir as there are potential host species. In the strictest
epidemiological sense, a host species can only be considered to function as a reservoir if a)
transmission can be maintained in the presence of that host in the absence of all other host
species, and b) cannot be maintained in its absence (Haydon et al. 2002). Applying this
definition to a published global data set on AIV prevalence, and using a number of simplifying
assumptions, Chapter 5 suggests that dabbling ducks are likely to play a key role as reservoir
hosts of AIV. While this finding is in line with the prevailing virological opinion (e.g. Hinshaw
et al. 1980; Webster et al. 1992; Munster et al. 2007; Stallknecht & Brown 2008), it comes with a
number of caveats. Even if the prevalence estimates used in Chapter 5 accurately reflect the true
prevalence in wild birds (and there are a number of reasons to suspect that they might be
overestimates for some commonly sampled species, and underestimates for the majority of
other species; Chapter 2), high prevalence of infection is neither necessary nor sufficient
evidence for being a disease reservoir (Haydon et al. 2002). This suggestion appears enigmatic
at first, but it is important to remember that high prevalence, especially in a cross-sectional
study, can indicate a highly susceptible population that is undergoing an epidemic rather than
endemically maintaining the pathogen. Perhaps even more importantly, a population can have
high prevalence, but in order for the pathogen to be maintained these infected hosts must be in
contact (either directly or through some environmental reservoir) with susceptible hosts;
information that is not conveyed in prevalence estimates. In addition, very few emerging
diseases have sufficient prevalence data available to use the approach presented in Chapter 5.
An objective approach to pre-emptively define host range could therefore be incredibly useful
to understanding the epidemiology of wildlife diseases.
Hudson et al. (2002) suggested that "an extreme generalist [pathogen] that can
successfully use a diverse range of hosts must be a true nightmare to the practical
epidemiologist". Given that multi-host systems are increasingly recognised to be the rule in
wildlife systems (Lafferty 2010), epidemiologists must be having a lot of nightmares. Avian
influenza virus epitomises the “extreme generalist”, being recorded to infect more than 100
different host species in all corners of the globe (Olsen et al. 2006). By considering each host as
a habitat patch for AIV, Chapter 6 provides a novel, but incredibly simple approach to
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assessing host range, rooted in host ecology. Whether or not a species was infected with AIV
was related to use of aquatic habitats, and (a proxy for) host demography, in line with current
suggestions (Webster et al. 1992; Olsen et al. 2006). Host migratory propensity and phylogeny,
on the other hand, were not associated with infection status, suggesting some of the long
established principles of AIV ecology and epidemiology may need to be reassessed (e.g.
Hinshaw et al. 1980; Webster et al. 1992; Garamszegi & Møller 2007). The generality of the
method, and the success of its application to AIV, suggest that ecological trait associations
could form a blueprint for rapid assessments of host range in emerging wildlife diseases.
Infection may also vary between individuals within a species, the details of which are
fundamental to the transmission and maintenance of a pathogen, as well as its impact on host
fitness (Lloyd-Smith et al. 2005; Kramer-Schadt et al. 2009; Beldomenico & Begon 2010).
Bewick’s swans (Cygnus columbianus bewickii) had already been found to be infected with AIV
(Munster et al. 2007; van Gils et al. 2007), and given their size and conspicuous nature,
presented an ideal system in which to assess behavioural, social and age related differences in
infection. In Chapters 3 and 8 I present the stable isotope ecology of the study system: rapid
turnover of į13C in blood plasma and (slightly less rapid) in red blood cells; an
aquatic/terrestrial foraging continuum in the population; and foraging specialisations that
persist for the duration of autumn migration. I was then able to use stable isotope analysis to
demonstrate that individuals preferentially foraging in aquatic rather than terrestrial habitats
experienced a higher risk of infection (Chapter 9). Together with the inter-species results
(Chapter 6), these findings indicate that the abiotic requirements of AIV give rise to
heterogeneity in pathogen exposure. Unfortunately for the swans, the same aquatic habitats
that are linked to AIV infection are also the best places to forage (Nolet et al. 2002) and
increase their breeding potential (Chapter 8); a trade-off that some individuals may be able to
ill-afford.

THE IMPORTANCE OF TIMING
Timing is central to the success of migratory birds (Alerstam 1990; Bauer et al. 2006; Both et al.
2010). Delayed arrival at stop-over sites can decrease an individual’s refuelling possibilities
(Nolet & Drent 1998), and delayed arrival at the breeding grounds can mean that a bird is
unable to secure an optimal breeding territory (Kokko 1999), or has insufficient time to raise a
brood before conditions deteriorate (e.g. Lepage et al. 2000). The tightly-tuned timing of avian
migration is also of profound importance to the pathogens they host. Stop-over sites are often
shared by multiple species, and the high local densities and high species diversity can increase
both within- and between-species transmission of pathogens (e.g. Krauss et al. 2010). Yet
transmission potential, and thereby pathogen dispersal, is reliant on susceptible and infected
individuals being in the same place at (more or less) the same time. Pink-footed geese (Anser
brachyrhynchus), breeding in the high Arctic and wintering in North Western Europe, share
their stop-over sites with a number of other AIV host species, particularly dabbling ducks
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(Cramp et al. 1977). The geese’s passage may, however, be weeks or even months later than
many of the ducks. Sampling throughout the annual cycle revealed that AIV infection was
limited to the wintering grounds (Chapter 7), in contrast to the north-south decline expected
from dabbling ducks (Hinshaw et al. 1980; Hinshaw et al. 1985; Munster et al. 2007;
Wallensten et al. 2007). These findings, together with more recent work on dabbling ducks in
California (Hill et al. 2010), suggests that asynchronous migratory schedules among different
host species may facilitate the year round maintenance of AIV.
Should the migration of susceptible individuals precede that of infected individuals, the
timing and location of infection may be dramatically altered (Altizer et al. 2011).
Asynchronous migration may be a result of inter-species differences in migratory timing,
referred to as “migratory escape” (as seen for AIV in Common teal (Anas crecca) in North
America, Stallknecht & Shane 1988). However, infected individuals may also be delayed as a
result of infection-migratory preparation trade-offs, referred to as “migratory culling” (e.g. van
Gils et al. 2007, Chapter 10). Empirically tracing the epidemiological consequences of
infection-induced delays does, however, verge on the impossible, particularly in multi-host
systems such as AIV. Epidemiological models can help us overcome this hurdle. Chapter 12
develops a host-pathogen model on the basis of our current knowledge of AIV pathogenesis
and Mallard (Anas platyrhynchos) biology in order to assess the effect of delayed migration on
AIV dynamics. In this single-population situation it becomes apparent that infection-induced
delays alter both the timing and magnitude of outbreaks of AIV. As predicted under migratory
culling (Altizer et al. 2011), delayed migration of infected individuals led to a reduction total
number of cases of infection in the hypothetical Mallard population, and was seen to delay the
timing of peak infection, the details of which were contingent on the transmissibility of a strain.
Under this scenario it also seems probable that migration may alter selection pressures on the
pathogen, feasibly selecting for a longer infectious duration but with reduced impact on host
movement. There are currently just a handful of studies that consider host-pathogen
interactions in the context of migration. The potential for host movement to alter pathogen
dynamics, together with the pervasiveness of long-distance migration across vast taxonomic
and geographic areas, compel us to investigate these interactions in a broader range of host taxa
and for a broader range of pathogens. Moreover, if migration has the potential to alter
individual and population infection risk, and the pathogenicity of infection, I cannot help
wondering what will happen when these mass migrations (of hosts) change phenology, are
reduced to trickles, or cease to occur altogether, as is occurring in many migratory species
(Wilcove 2008). Is it a boon for the pathogen? A double-blow to the host population? Initial
observations in pink salmon (Oncorhynchus gorbuscha) suggest that pathogens may definitely
come out in front. Clearly, comparative studies between populations with recently divergent
movement behaviours will be key to investigating these important questions. Barnacle geese in
north-western Europe, with short-distance and resident populations recently evolving from the
traditional long-distance migratory population could constitute one such model system.
PRIOR EXPERIENCE
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The host immune response is likely to play an integral role in disease dynamics, and, indeed,
Hinshaw et al. (1985) suggested that immunological naivety may be central to the
epidemiology of AIV. However, the dynamics and functional significance of pathogen-specific
antibodies are not well understood. On the basis of the Pink-footed goose annual cycle
(Chapter 7) it appears that antibodies to AIV might remain detectable for up to one year,
provided these antibodies show a linear relationship with true immunity to re-infection. In
reality, the presence of antibodies to AIV may only attenuate, rather than prevent, subsequent
infection (Box 3; Fereidouni et al. 2010; Jourdain et al. 2010; Costa et al. 2011b). This is not to
say that prior experience is of no consequence to AIV infections in the wild. On the contrary,
there appear to be key developmental windows associated with susceptibility to infection (sensu
Johnson et al. 2011). Juvenile Bewick’s swans were almost three times more likely to be infected
than contemporaneously sampled adults (Chapter 9). All evidence suggests this differential can
be traced back to prior experience, with juveniles both less likely to mount an immune response
while infected and seen to mount a weaker response in terms of antibody binding (Chapter 9).
As expected from comparative laboratory infections of naive and seropositive Mallards
(Fereidouni et al. 2010, Jourdain et al. 2010, Costa et al. 2011), juvenile Bewick’s swans also
shed considerably higher quantities of virus. These differences in immunity and infection make
significant inroads towards validating the oft-sighted role of juveniles in the dynamics of
wildlife diseases (Hinshaw et al. 1985; Johnson et al. 2011; Tompkins et al. 2011).
Prior experience may also play a defining role in the impact of infection on individuals.
Chapter 10 demonstrated both reduced survival and delayed movement in naturally infected
individuals. Moreover, the effect of natural AIV infection was not uniform across the
population. Not only were juveniles playing a disproportionate role in pathogen transmission
(Chapter 9), they also bore the brunt of infections in terms of fitness consequences (Chapter
10); biases that have significant implications for host population dynamics. Yet, neither
inoculation with AIV nor immune activation, in isolation, was able to replicate the behavioural
and fitness consequences suffered by the naturally infected birds (Chapter 11). Because
pathogenic infections rarely occur in isolation, and their combined effect may be substantially
more detrimental to the host than the sum of the constituent pathogens in isolation (Graham
2008; Tompkins et al. 2011), it seems reasonable to expect that natural infection with AIV is
associated with (a number of) other pathogens who’s net effect alters host behaviour and
fitness. Patterns of co-infection in wildlife systems are only beginning to be investigated in a
few model systems (e.g. Telfer et al. 2010). Not surprisingly, the identity of co-infecting
pathogens and their impact on the interactions between AIV and its hosts are, at this stage,
completely uncharted. Ascertaining which pathogens are associated with AIV infection in the
wild, and whether these associations are consistent throughout the year and across all host
species, is an important frontier for future research. Information on co-infections could help us
understand spatial and temporal fluctuations in AIV prevalence, as well as limits to host range.
Whether AIV facilitates, or is facilitated by, other infections will be critical to understanding
the selection pressures that shape the evolution of AIV, through competition between
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pathogens and ‘predation’ by the host immune system. And finally, understanding the
phenology of these multi-pathogen interactions will be critical to deciphering the mechanisms
by which AIV can alter host behaviour, such as the reduction of juvenile survival (as described
in Chapter 10). These processes are, of course, not limited to investigations of AIV, but will
apply to host-pathogen interactions in wildlife more generally.

HOST PATHOGEN INTERACTONS ON THE MOVE
The foregoing chapters collectively posit that asynchronies in host migration, foraging
behaviour and developmental stage may shape AIV dynamics across a range of scales. In turn,
this “benign” pathogen, which shows no evidence of directly killing infected individuals, has
the potential to shape host movement, foraging behaviour, and population dynamics. And yet
many questions remain, not only about AIV, but also about host-pathogen interactions more
generally. Outstanding questions regarding the ecology and epidemiology of AIV have been
discussed above and in detailed research agendas published elsewhere (e.g. Klaassen et al.
2011), and so I do not intend to dwell on these any further. On the other hand, issues
surrounding host range and pathogen reservoirs, multi-pathogen interactions, and the host
immune response all linger in my mind.
I have little doubt that dabbling ducks, and Mallards in particular, play a substantial role
in the epidemiology of AIV, and may even be considered the natural reservoir. But how useful
is this distinction? The historical basis for reservoir definition(s), and their ongoing use for
situations in which all reservoir hosts can be quarantined or eradicated in order to protect a
human or agricultural population are irrefutable. However, when pathogen eradication is not
an option (which could be argued for a number of natural host-pathogen systems), why should
we only consider the host(s) that could maintain infection in isolation? Studying the breadth of
host species, rather than a limited number of hosts with high prevalence at one point in the
annual cycle, is important to our understanding of host-pathogen dynamics for a number of
reasons. Firstly, additional host species will alter the absolute number of infected individuals,
and hence the overall size of the pathogen population. The full complement of host species is
also likely to influence the spatial distribution of a pathogen population. Moreover, each host
species may exert different selection pressures on a pathogen which will ultimately alter its
evolutionary trajectory. For instance, hosts may differ in the predominant site of replication,
the efficacy of the immune response (including the degree of herd immunity), and the rate of
contact between infected and susceptible individuals. These host characteristics will, in turn,
influence route(s) of transmission, intensity and duration of infection, impact of infection on
host movement, and potential for pathogen dispersal. The sum of all host responses is therefore
likely to impose substantially different selection pressures than any one host species in
isolation. In some cases these selection pressures may even force the pathogen to evolve
separate lineages for different sets of hosts, such as the different lineages of AIV that exist in
gulls compared to all other wild birds (Olsen et al. 2006). Understanding what constitutes a
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pathogen’s natural host range, as well as the temporal and spatial dynamics of infection among
the breadth of host species, will be seminal to understanding the dynamics of a pathogen, its
ecological impacts, and its evolution.
Given the potential for multi-host systems to alter the evolution of a pathogen, we might
also expect there to be commonalities between pathogens that infect a wide range of hosts.
While comparative methods are relatively common in ecology, they are not generally
considered in virology, bacteriology or parasitology, let alone between these fields. And yet a
comparative approach to pathogen ecology could be incredibly illuminating. Do certain
characteristics – such as mode of replication, transmission, virulence, strain diversity,
associations with other pathogens – make a pathogen more adept at infecting a wide range of
hosts? Similar approaches could assess the pathogen characteristics associated with rapid
pathogen evolution, or even propensity for causing epidemics in humans. Comparative
methods, borrowed from ecology, could therefore be a fantastic way to interpret the abundance
of data being generated by molecular pathogen discovery tools.
Last but not least, the forgoing chapters leave me with a lot more questions than answers
about the host immune response. While the immune system is likely to be a key mediator of
host-pathogen (and even pathogen-pathogen) interactions, we generally consider individuals as
either immune or not (e.g. Chapter 7). However, the quantity and quality (e.g. sensitivity,
specificity) of the immune response is likely to change over time, increasing following
infection, and potentially decreasing sometime later. In order to discuss ecological trade-offs on
the basis of immune costs, it will be critical to understand the functional significance of the
immune responses we measure. For instance, as the concentration of specific antibodies
increases, is this mirrored by a derogation of any subsequent infection? Is more always better?
Or is there a critical threshold above which any additional immune response(s) have no
additional benefit to the host? Addressing these questions would make significant inroads to
understanding the how hosts fend off infection, and at what cost.
Like any piece of research, this thesis raises more questions than it answers.
Nevertheless, the forgoing chapters clearly illustrate a number of key points. Despite the
pervasiveness of pathogens, their dispersal by long-distance migrants is by no means
guaranteed. Pathogen dynamics are likely to be influenced by a complex array of interactions
between the pathogen, the infected host, susceptible hosts, and local environmental conditions.
Given the potential for wildlife pathogens to also cause disease in humans, host-pathogen
interactions represent a key interface between human society and scientific understanding. It
has been a privilege to work in such a stimulating, multidisciplinary field, and I am confident
that collectively we can unravel the challenges ahead.
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Part A
Appendix to CHAPTER 2

A.1 Source references
The articles reporting avian influenza surveillance in wild birds included in this review were
obtained by searching for [influenza OR ortho*] AND [virus*] AND [surve* OR monitor* OR
sampl*] AND [wild* OR free-living OR “free living” OR feral OR migratory OR resident] AND [avian
OR bird* OR waterfowl] on both Pubmed and Web of Knowledge on 18th March 2010. All

studies were initiated between 1961 and 2007. We refined our list by including only peer
reviewed articles, and by excluding studies on captive individuals, domesticated species or
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Part A

A.2 Estimating minimum detectable prevalence
To determine probability of detecting at least one infected individual, let p be the
prevalence of infection in a very large population (in which infected individuals are
homogenously distributed). A randomly chosen individual from this population therefore
has a probability of p of being infected, but also a probability equal to (1-p) of not being
infected. If we sample n individuals from this population at random, the probability that
none of them are infected is (1-p)n. Thus the probability of finding at least one infected
individual (Px>0) is then:
ܲ௫வ ൌ ͳ െ ሺͳ െ ሻ

(1)

Rearranging equation 1, we can calculate how many individuals to sample (n) to be (Px>0)
confident of detecting at least one infected individual when prevalence is above some predefined threshold (pmax):
݊ൌ

ሺͳ െ ܲ௫வ ሻ
ሺͳ െ ௫ ሻ

(2)

While prevalence is rarely known before initiating a survey, a conservative limit of
detection should be used; a nominal prevalence of 0.5% (i.e. n=597) has been suggested,
indicating that at least 600 samples are required to achieve 95% confidence of disease
freedom.
The maximum prevalence (pmax) of infection that could have been in the population is also
calculable if all n individuals were negative:
ଵ

௫ ൌ ͳ െ ሺͳ െ ܲ௫வ ሻ

(3)

For example, if 300 individuals were tested but no infection was detected, the study can be
95% confident that prevalence is less than 1%.
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Blood

Tissue

Mallard

herbivore

-21.5

-24.3

turkey starter
grain + chicken mash

-24.1

wheat mix (C3)

Anas platyrhynchos

-19.5

maize mix (C4)

Coturnix japonica

Japanese Quail

granivore

-24.5

Beef (excl. Lipid)†

-20.5

-29.3

Beef (incl. Lipid)†

fish (trout pellets)

-21.5

fish (incl. Lipid)

Calidris canutus

-18.3

fish (excl. Lipid)

Stercorarius skua

Great Skua

ɷ13C

quail muscle

Diet Composition

Falco peregrinus

Scientific Name

Peregrine Falcon

Species

carnivore/insectivore Red Knot

carnivore

Foraging guild

Table B.1. Tissue-to-diet discrimination factors from avian species studied to date for a range of body tissues.
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2.0

5.5

7.4

7.6

11.3

11.1

ɷ15N

-0.34

1.20

0.60

-0.90

2.30

2.30

7.10

4.30

1.10

0.20

ȴ ɷ13C

3.60

2.20

4.20

4.00

2.60

2.80

3.30

ȴ ɷ15N

cells only

cells only



This study

Hobson & Clark
(1992b)

Hobson & Clark
(1992a)

Hobson & Clark
(1992a)

Klaassen et al.
(2010)

Bearhop et al.
(2002)

Bearhop et al.
(2002)

Bearhop et al.
(2002)

Bearhop et al.
(2002)

Hobson & Clark
(1992b)

Remarks Study

American Crow
Rockhopper Penguin

omnivore

piscivore

Red-throated Ant
Tanager

-19.5
-19.9

fish
fish muscle

Eudyptes chrysocome

-15.5

c3mix/c4 mix

-27.9

insect (97%)

Corvus bruchyrhynchos

-27.3

insect (73%)

-21.7

-26.7

insect (49%)

Fruit (65%) mix

-24.9

fruit (80%)

Habia fuscicauda

-25.2

sugar beet (C3)

-24.7

wheat/animal protein
mix
-13.7

-18.3

Marine diet

corn (C4)

-24.7

wheat/animal protein
mix

Calidris alpina

Dunlin

Dendroica coronata

-25.8

fruit + insects

Sylvia borin

Garden Warbler

insectivore/frugivore Yellow-rumped Warbler

insectivore

-21.5

Cygnus columbianus bewickii grain + chicken mash

-24.0

Bewick's swan

grain mix

Aythya valisineria

Canvasback

11.4

10.5

3.6

6.1

6.0

6.1

6.2

3.5

13.7

3.5

6.5

2.0

4.1

0.46

0.02

2.26

2.20

2.20

1.80

1.50

-1.20

1.40

-3.00

1.30

1.10

1.50

1.70

-0.69

1.45

1.86

2.72

2.60

2.70

1.80

1.70

2.90

3.20

3.00

2.40

3.69

2.98

cells only

cells only

cells only

cells only

Cherel et al.
(2005b)

Cherel et al.
(2005b)

Hobson & Clark
(1993)

Herrera & Reyna
(2007)

Pearson et al.
(2003)

Pearson et al.
(2003)

Pearson et al.
(2003)

Pearson et al.
(2003)

Podlesak et al.
(2005)

Podlesak et al.
(2005)

Evans Ogden et
al. (2004)

Evans Ogden et
al. (2004)

Evans Ogden et
al. (2004)

Hobson &
Bairlein (2003)

This study

Haramis et al.
(2001)

Plasma

-26.7
-27.3
-27.9
-13.7
-25.2

insect (49%)
insect (73%)
insect (97%)
corn (C4)
sugar beet (C3)
Corvus bruchyrhynchos

omnivore

American Crow

-15.5

-24.9

fruit (80%)

Dendroica coronata

insectivore/frugivore Yellow-rumped Warbler

c3mix/c4 mix

-24.7

wheat + animal protein

Calidris alpina

Dunlin

-21.5

Cygnus columbianus bewickii grain + chicken mash

Bewick's swan

insectivore

-21.5

grain + chicken mash

Anas platyrhynchos

Mallard

herbivore

-20.5

-24.3

fish (trout pellets)

fish (perch)

-18.4

fish muscle

Calidris canutus

Larus delawarensis

Ringbilled Gull

-18.2

fish

carnivore/insectivore Red Knot

Aptenodytes patagonicus

King Penguin

6.1

6.0

6.1

6.2

3.5

2.0

2.0

14.2

13.4

12.6



Hobson & Clark
(1993)

0.33

Podlesak et al.
(2005)

Pearson et al.
(2003)

Pearson et al.
(2003)

Pearson et al.
(2003)

Pearson et al.
(2003)

Evans Ogden et
al. (2004)

This study

This study

Klaassen et al.
(2010)

Hobson & Clark
(1992b)

Cherel et al.
(2005b)

Cherel et al.
(2005b)

Podlesak et al.
(2005)

3.00

2.80

2.60

2.50

3.30

4.04

4.67

3.10

1.23

2.07

0.10

-2.60

0.61

0.20

-0.20

-1.50

0.50

0.42

0.18

0.80

-0.30

-0.61

-0.80

Muscle

Liver

turkey starter
wheat + animal protein

Calidris alpina

-24.1
-24.3

wheat mix (C3)
turkey starter
turkey starter
wheat + animal protein

Gallus gallus
Calidris alpina

Domestic chicken

insectivore

Dunlin

-24.7

-19.9

-19.5

granivore

maize mix (C4)

Upland buzzard

carnivore
Coturnix japonica

-26.0

-24.3

Japanese Quail

Ringbilled Gull

-20.2

mammal (Plateau pikas)

fish (perch)

Larus delawarensis

Great Cormorant

piscivore

-24.7

Buteo hemilasius

fish (mackerel)

Phalacrocorax carbo

Dunlin

-19.9

-24.3

turkey starter
Gallus gallus

-24.1

wheat mix (C3)

Domestic chicken

-19.5

maize mix (C4)

Coturnix japonica

Japanese Quail

insectivore

granivore

3.5

4.7

5.5

5.81

14.2

9.5

3.5

4.7

5.5

1.90

0.30

1.10

0.75

0.00

1.03

-0.40

1.30

1.10

0.40

0.20

0.65

-1.00

3.10

0.20

1.00

2.11

2.70

2.30

4.00

1.70

2.30

Evans Ogden et
al. (2004)

Hobson & Clark
(1992b)

Hobson & Clark
(1992b)

Hobson & Clark
(1992a)

Hobson & Clark
(1992a)

Li et al. (2004)

Hobson & Clark
(1992b)

Mizutani et al.
(1991)

Evans Ogden et
al. (2004)

Hobson & Clark
(1992b)

Hobson & Clark
(1992b)

Hobson & Clark
(1992a)

Hobson & Clark
(1992a)

Feather

Claw

carnivore

herbivore

piscivore

granivore

Bone collagen

piscivore

fish (perch)

Larus delawarensis

corn (C4)
corn (C4)
quail muscle
bird (prion; from
feather)

Eudocimus albus
Eudocimus ruber
Falco peregrinus
Stercorarius antarctica

Scarlet Ibis
Peregrine Falcon
Brown Skua

-23.2

-22.4

-21.5

Cygnus columbianus bewickii grain + chicken mash

Bewick's swan

American White Ibis

-21.5

grain + chicken mash

Anas platyrhynchos

-24.3

-19.9

Mallard

Ringbilled Gull

turkey starter

-24.3

turkey starter
Gallus gallus

-24.1

wheat mix (C3)

Domestic chicken

-19.5

-24.3

-20.2

maize mix (C4)

Coturnix japonica

fish (perch)

Larus delawarensis

Ringbilled Gull

Japanese Quail

fish (mackerel)

Phalacrocorax carbo

Great Cormorant

3.5

3.6

2.0

2.0

14.2

4.7

5.5

14.2

9.5

0.40

2.10

3.80

2.50

2.60

0.80

2.70

2.95

-0.30

0.30

2.10

0.34

0.46

3.00

2.70

4.50

4.30

3.10

1.50

2.50

1.40

2.40

4.61

4.35



Thompson &
Furness (1995)

Hobson & Clark
(1992b)

Mizutani et al.
(1992)

Mizutani et al.
(1992)

This study

This study

Hobson & Clark
(1992b)

Hobson & Clark
(1992b)

Hobson & Clark
(1992b)

Hobson & Clark
(1992a)

Hobson & Clark
(1992a)

Hobson & Clark
(1992b)

Mizutani et al.
(1991)

-21.5
-21.5
-21.5
-21.5

grain + chicken mash
grain + chicken mash

Cygnus columbianus bewickii grain + chicken mash
grain + chicken mash

Anas platyrhynchos

Mallard

Bewick's swan

Phalacrocorax aristotelis

European Shag

piscivore

fish (sandeel)

-17.5

-23.7

wheat mix (C3)

Corvus bruchyrhynchos

American Crow

omnivore

-20.1

-27.9

insect (97%)
maize mix (C4)

-24.9

fruit (80%)

-25.8

Dendroica coronata

Garden Warbler

insectivore/frugivore Yellow-rumped Warbler

insectivore

fruit + insects

-19.9

turkey starter

Gallus gallus

Domestic chicken

-24.5

beef (excl. Lipid)†
-24.3

-29.3

beef (incl. Lipid)†

turkey starter

-18.3

fish (excl. Lipid)

Coturnix japonica

-21.5

fish (incl. Lipid)

Japanese Quail

Stercorarius skua

Sylvia borin

herbivore

granivore

Great Skua

7.9

6.1

6.2

6.5

2.0

2.0

2.0

2.0

4.7

5.5

7.4

7.6

11.1

11.3

Pearson et al.
(2003)

Pearson et al.
(2003)

Hobson &
Bairlein (2003)

This study

This study

This study

This study

2.00

Bearhop et al.
(1999)

Hobson & Clark
(1992a)

primary

back

primary

back

4.40
3.60

3.50

3.20

4.00

5.39

4.60

5.11

4.89

Hobson & Clark
(1992b)

Hobson & Clark
(1992b)

Bearhop et al.
(2002)

Bearhop et al.
(2002)

Bearhop et al.
(2002)

Bearhop et al.
(2002)

Hobson & Clark
(1992a)

0.64

1.52

1.12

0.39

1.10

3.10

5.00

4.80

4.60

4.40

3.50

4.30

1.90

2.70

-0.40

1.40

2.20

7.00

2.10

5.30

-19.5
-19.9

-18.2
-18.4

fish (saurel)
fish (saurel)
fish (saurel)
fish
fish muscle
fish (anchovy)
fish
fish muscle
fish (salmon parr)
fish (saurel)
fish (perch)
fish (sandeel)
fish (sandeel)

Ardea cinerea
Nycticorax caledonicus
Eudyptes chrysocome

Spheniscus humboldti
Aptenodytes patagonicus

Mergus merganser
Larus crassirostris
Larus delawarensis
Sterna paradisaea
Uria aalge

Grey Heron
Nankeen night Heron
Rockhopper Penguin

Humbolt penguin
King Penguin

Goosander
Black-tailed Gull
Ringbilled Gull
Artic Tern
Common Guillemot

-16.9

-16.9

-24.3

-18.3

-23.1

-18.8

-18.3

-18.3

-18.3

-20.1

fish (mackerel)
Ardea alba

-20.2

fish (mackerel)

Great white egret

-17.5

fish (sprat)

Phalacrocorax carbo

Great Cormorant

8.3

8.3

14.2

9.7

7.2

13.4

12.6

7.8

11.4

10.5

9.7

9.7

9.7

9.5

9.5

11.5

1.00

2.10

0.20

3.60

2.40

0.26

0.70

2.90

0.55

0.11

3.20

3.40

3.10

3.80

3.60

2.60



Thompson &
Furness (1995)

Thompson &
Furness (1995)

3.40
3.30

Hobson & Clark
(1992b)

Mizutani et al.
(1992)

Bearhop et al.
(1999)

Cherel et al.
(2005)

Cherel et al.
(2005)

Mizutani et al.
(1992)

Cherel et al. 2005

Cherel et al. 2005

Mizutani et al.
(1992)

Mizutani et al.
(1992)

Mizutani et al.
(1992)

Mizutani et al.
(1992)

Mizutani et al.
(1991)

Bearhop et al.
(1999)

3.00

5.30

4.20

2.65

3.49

4.80

3.53

4.40

4.20

4.30

3.90

3.70

3.60

4.90

Yolk

Albumen

carnivore

Falco mexicanus

Falco peregrinus

Falco rusticolus

Prairie Falcon

Peregrine Falcon

Gyr Falcon

-23.4

-23.4

quail muscle
quail muscle

-23.4

quail muscle

-23.4

quail muscle

-24.4

-23.4

grain + chicken mash

Anas platyrhynchos

-24.0

-23.4

-23.4

-23.4

-22.1

-20.1

quail muscle

turkey starter

Coturnix japonica

Mallard

quail muscle

Falco rusticolus

Gyr Falcon

herbivore

quail muscle

Falco peregrinus

Peregrine Falcon

Japanese Quail

quail muscle

Falco mexicanus

Prairie Falcon

granivore

carnivore

corn (C4)

Phoenicopterus chilensis

planktivore

Chilean Flamingo

zooplankton

Pachyptila vittata

-19.9

fish muscle

piscivore/planktivore Broad-billed Prion

-19.9

fish muscle

4.2

4.2

4.2

4.2

4.2

3.6

2.8

4.2

4.2

4.2

2.9

6.5

13.4

13.4

-1.80

0.00

-2.20

0.10

-1.40

1.40

1.60

0.80

0.90

0.90

3.60

2.50

1.90

2.50

3.10

3.50

3.30

3.50

3.50

2.90

2.40

3.30

3.10

3.10

5.60

4.30

3.70

3.60

excl. lipids

excl. lipids

primary

body

Hobson (1995)

Hobson (1995)

Hobson (1995)

Hobson (1995)

Hobson (1995)

Hobson (1995)

Hobson (1995)

Hobson (1995)

Hobson (1995)

Hobson (1995)

Mizutani et al.
(1992)

Thompson &
Furness (1995)

Becker et al.
(2007)

Becker et al.
(2007)

Larus ridibundus

Branta leucopsis

Barnacle Goose

Black-headed Gull

Anser brachyrhynchus

3.10

-1.33

yolk (excl. lipids)
yolk

-0.89

albumen

-0.83

yolk (excl. lipids)

2.5

-1.35

0.05

-1.10

0.10

0.10

-0.82

5.4

3.6

3.6

2.8

2.8

4.2

albumen

-29.3

-24.4

Wheat/pellet mix
grass (from droppings)

-24.4

-24.0

turkey starter
Wheat/pellet mix

-24.0

turkey starter

-23.4

1.68

3.09

2.10

2.40

2.8

3.20

3.15

3.40

3.40

3.60

excl. lipids

excl. lipids

† Excluded from statistical analysis because the authors suggested these individuals may not have been at isotopic equilibrium with their diet at the time the discrimination estimates were made.

omnivore

herbivore

Pink-footed Goose

Anser brachyrhynchus

Pink-footed Goose

Chick Down Feathers

Anas platyrhynchos

Mallard

herbivore

Coturnix japonica

Japanese Quail

granivore

quail muscle



Klaassen (2004)

This study

This study

This study

This study

This study

Hobson (1995)

Hobson (1995)

Hobson (1995)

Hobson (1995)

Hobson (1995)





15.1*
11.4

12.5 a
16.0
20.0
22.0
23.0
55.5
148.0
190.0 a
416.0
980.0

Dendroica coronata
Taeniopygia guttata
Sylvia borin
Passer domesticus
Passer domesticus
Calidris alpina
Calidris canutus
Coturnix japonica
Corvus brachyrhynchus
Anas platyrhynchos

Yellow-rumped Warbler

Zebra Finch

Garden warbler

House Sparrow

House Sparrow

Dunlin

Red Knot

Japanese Quail

American Crow

Mallard

22.8

0.5

4.3

2.9

6

3.3

1.1

6.0

4.5

Yolk

* After the blood half-life estimate indicates that turnover was calculated for blood cells rather than whole blood
a
Body masses not given in the reference, were obtained from Carleton and Martínez del Rio 2005

15.7

1220.0
1248.0 a

Stercorarius skua
Aythya valisineria

Great Skua

Canvasback

31.9*

29.8*

11.2

19.3*

15.8*

5.4

13.4*

4.5
10.8*

12.5 a

Dendroica coronata

Yellow-rumped Warbler

Blood

Plasma

Half-life estimate

Scientific name

Species

Body mass (g)

3.2

2.3

Albumen

Haramis et al. (2001)

Bearhop et al. (2002)

This study

Hobson & Clark (1993)

Hobson & Clark (1992a), Hobson (1995)

Klaassen et al. (2010)

Evans Ogden et al. (2004)

Carleton et al. (2008)

Carleton & Martínez del Rio (2005)

Hobson & Bairlein (2003)

Bauchinger & McWilliams (2009)

Podlesak et al. (2005)

Pearson et al. (2003)

Source

Table B.2. Average half-life of ɷ13C in tissues (blood cells, blood plasma, egg yolk and egg albumen) following an experimental diet switch for the avian species
studied to date. When multiple studies on the same species were available, data were averaged for the analysis (see text).
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70

No. species

60

prevalence above detection limit
prevalence below detection limit
no infection detected

50
40
30
20
10
0

Minimum sample size (prevalence detection limit)
Figure C.1. Avian influenza virus infection status (no infection detected; infection
detected but estimated prevalence fell below the maximum undetected prevalence
limit for a given minimum sample size; and prevalence of infection estimated to be
above maximum undetected prevalence) for birds sampled in the Netherlands from
January 1998 to March 2009. As the minimum sample size increases the number of
species that could be included in our analysis decreases.
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Haematopodidae
Laridae

CHARADRIIFORMES

PELECANIFORMES

Phalacrocoracidae

Turdidae

Scolopacidae
Rallidae
Muscicapidae
Paridae
Sturnidae
Sylviidae

Anatidae

ANSERIFORMES

GRUIFORMES
PASSERIFORMES

Family

Order
Common Teal (Anas crecca)
Eurasian Wigeon (Anas penelope)
Gadwall (Anas strepera)
Mallard (Anas platyrhynchos)
Northern Pintail (Anas acuta)
Northern Shoveler (Anas clypeata)
Bean Goose (Anser fabalis)
Greylag Goose (Anser anser)
Pink-footed Goose (Anser brachyrhynchus)
White-fronted Goose (Anser albifrons)
Barnacle Goose (Branta leucopsis)
Brent Goose (Branta bernicla)
Bewick Swan (Cygnus columbianus bewickii)
Mute Swan (Cygnus olor)
Oystercatcher (Haematopus ostralegus)
Black-headed Gull (Larus ridibundus)
Common Gull (Larus canus)
Herring Gull (Larus argentatus)
Lesser Black-backed Gull (Larus fuscus)
Ruff (Philomachus pugnax)
Common Coot (Fulica atra)
Robin (Erithacus rubecula)
Blue tit (Parus caeruleus)
Common Starling (Sturnus vulgaris)
Reed Warbler (Acrocephalus scirpaceus)
Chiffchaff (Phylloscopus collybita)
Blackcap (Sylvia atricapilla)
Songthrush (Turdus philomelos)
Blackbird (Turdus merula)
Great Cormorant (Phalacrocorax carbo)

Species
765
6075
656
15877
489
278
777
1355
235
8423
1593
660
234
1934
337
3124
384
1050
1883
330
370
213
221
224
222
203
218
203
206
249

Sampled (N)
68
251
33
1269
16
18
18
15
6
335
17
8
23
7
0
12
2
9
0
1
1
0
0
0
0
0
0
0
0
0

AIV positive (n)
8.9 (6.9, 9.1)
4.1 (3.6, 4.6)
5.0 (3.4, 6.7)
8.0 (7.6, 8.4)
3.3 (1.8, 4.9)
6.5 (4.7, 8.4)
2.3 (1.3, 3.5)
1.1 (0.6, 1.7)
2.6 (0.9, 4.7)
4.0 (3.6, 4.4)
1.1 (0.6, 1.6)
1.2 (0.5, 2.1)
9.8 (6.0, 13.7)
0.4 (0.1, 0.7)
0 (0, 0.9)
0.4 (0.2, 0.6)
0.5 (0, 1.3)
0.9 (0.4, 1.4)
0 (0, 0.2)
0.3 (0, 0.9)
0.3 (0, 0.8)
0 (0, 1.4)
0 (0, 1.3)
0 (0, 1.3)
0 (0, 1.3)
0 (0, 1.5)
0 (0, 1.4)
0 (0, 1.5)
0 (0, 1.4)
0 (0, 1.2)

Prevalence (95% CI)

above 1.5%
above 1.5%
above 1.5%
above 1.5%
above 1.5%
above 1.5%
above 1.5%
below 1.5%
above 1.5%
above 1.5%
below 1.5%
below 1.5%
above 1.5%
below 1.5%
no infection detected
below 1.5%
below 1.5%
below 1.5%
no infection detected
below 1.5%
below 1.5%
no infection detected
no infection detected
no infection detected
no infection detected
no infection detected
no infection detected
no infection detected
no infection detected
no infection detected

Infection status

Table C.1. Species included in our assessment of the ecological traits associated with avian influenza virus infection. For each species, a minimum of 200 individuals
were sampled in the Netherlands from January 2008 to March 2009. The species’ prevalence estimate was then used to assign an infection status: no infection detected;
infection detected but estimated prevalence fell below the minimum detectable prevalence (1.5%); and prevalence of infection estimated to be above minimum
detectable prevalence.

APPENDIX

Table C.2. Evaluation of ecological trait models
tested for association with the avian influenza virus
infection status of a species using both OLS (no
phylogenetic signal) and Pagel’s Ȝ (phylogenetic
signal) models. Ecological models are ranked on the
basis of AICc.
Model

AICc

Evolutionary model = OLS
4-factor
49.08
5-factor
52.72
6-factor
54.42
null
78.83

ǻAICc

AICcW

0
3.64
5.34
29.75

0.81
0.13
0.06
0.00

Evolutionary model = Pagel’s Ȝ
4-factor
50.40
0
5-factor
53.68
3.28
6-factor
54.72
4.33
null
57.02
6.62

0.74
0.14
0.09
0.03

AICc: Akaike’s information criterion with a
correction for finite sample sizes
ǻAICc: AICc of the model minus AICc of the best
model
AICcW: weight of the likelihood of the model
d/Ȝ: branch length transformation parameters (≈1: a
significant phylogenetic signal, ≈ 0: trait(s) are
independent of phylogeny)
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D.1. The immune-dynamics of avian influenza in pink-footed geese (Anser brachyrhynchus)
Model description
To objectively interpret seasonal variations in nucleoprotein antibody seroprevalence in
Svalbard-breeding pink-fronted geese (Anser brachyrhynchus), a simple epidemiological model
was developed. While the surface proteins of influenza (hemagglutinin, neuraminidase, and
matrix 2) are the only antigens capable of inducing neutralizing antibody and therefore a
protective immune response, antibody responses are also made to the internal proteins,
especially the nucleoprotein and matrix 1 protein (Suarez & Schultz-Cherry 2000). Unlike the
surface proteins, these internal proteins have a high sequence conservation, which allows the
detection of antibodies from birds infected with any avian influenza virus (Suarez & SchultzCherry 2000). Despite limited information regarding the mechanism by which antibodies to
the nucleoprotein of influenza relate to actual immunity, the presence of these antibodies are
assumed to represent some proxy for protection against reinfection (i.e. the actual immune
fraction of the population is proportional to the antibody positive fraction).
Let S1,a and S2,a be the fraction of unprotected (susceptible) individuals at the time of the
spring and summer sampling periods of year a, respectively. Similarly, suppose that I1a and I2,a
are the corresponding fraction of protected (immune) individuals at the time of the spring and
summer sampling periods (see Figure D.1). Individuals are either susceptible or immune, such
that Si,a + Ii,a = 1 (for i = 1 and 2). Throughout the transmission cycle, we assume that the
immunity is lost at the rate δ per year. During the transmission period (December and January)
unprotected hosts experience infection at the rate Ȝ, the force of infection per year. The
dynamics of population immunity during this transmission season are described by:

dS
= −λ S + δ I
dt
dI
= λS − δ I
dt

(19)

Throughout the remainder of the annual cycle, the protected individuals lose their immunity,
and thus, the model is given by
:
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dS
=δI
dt
dI
= −δ I
dt

(20)

Given the initial value S(0) and I(0), the analytical solutions for (1) are:

δ
δ ·
§
exp(− (λ + δ )t )
+ S (0) −
λ + δ ¨©
λ + δ ¸¹
λ
λ ·
§
+ ¨ I (0) −
I (t ) =
exp(− (λ + δ )t )
λ +δ ©
λ + δ ¸¹

S (t ) =

(21)

Similarly, the analytical solutions for (2) are:
S (t ) = S (0) + I (0) ª¬1 − exp ( −δ t ) º¼
I (t ) = I (0) exp ( − δ t )

(22)

Figure D.1 - The immuno-dynamics of influenza virus in pink-footed geese (Anser brachyrhynchus). Infection
occurs from the end of November until the end of January (shaded areas), during which time individuals are
subject to both the force of infection (Ȝ) and loss of immunity (į). Outside this time, individuals only experience
loss of immunity (panel A). Empirical observations were made at the end of March and July, from which we
estimate both Ȝ and į (panel B).
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Statistical estimation
Assuming that the system was in endemic steady-state (i.e. Si,a = Si,a+1 and Ii,a = Ii,a+1 for any a >
1); i.e. the transmission is stationary with an annual seasonal oscillation, the parameters Ȝ and

δ were estimated from two observations of nucleoprotein antibody seroprevelance (P), one in
spring (end of March) and one in summer (end of July) (Figure D.1). Accordingly, the time
interval from spring to summer sampling periods is 4 months. The annual cycle was then
partitioned into 4 different time intervals on the basis of observed infection and timing of
seroprevalence sampling; we denote t1, t2, t3 and t4 as the time intervals from the end of the
epidemic season until spring (February and March, t1 = 2/12 year), spring to summer sampling
(t2 = 4/12 year) summer to beginning of the epidemic season (August to November, t3 = 4/12)
and the epidemic season (December and January, t4 = 2/12 year), respectively.
Due to scarcity of inter-annual empirical data, and because of limited degrees of
freedom, we assumed a constant force of infection during the two-month transmission period.
Nevertheless, it should be noted that our constant force of infection, Ȝ, does not imply that the
transmission is stationary. Rather, we assume that an intensive “pulse” of transmission
occurred during the transmission period due to birds' behaviours, contact patterns,
demographic dynamics etc. Although this assumption is subject to debate, the jointly estimated
δ, the decay rate of immunity, appeared to be consistent with that estimated from the decline in
seroprevalence from spring to late summer only.
Let α be a factor of proportionality that indicates the strength of association between
seroprevalence and true protection such that αP(t) designates the proportion of the population
immune to reinfection [I(t)]and 1-αP(t) gives the proportion of susceptible individuals [S(t)].
Substituting αP(t) for I(t), it can be seen that given a seroprevalence in spring of αP1, the
conditional expectation of the seroprevalence in summer E(αP2) is
ܧሺߙܲଶ ȁߙܲଵ ሻ ൌ ߙܲଵ ሺെߜݐଶ ሻ

(23)

from equation (4). Similarly, given a seroprevalence in summer of αP2, the conditional
expectation of the seroprevalence in spring in the following year E(αP1) is
ܧ൫ߙܲଵǡାଵ หߙܲଶǡ ൯ ൌ ߙ ቀ

ఒ
ఒାఋ

 ቀߙܲଶǡ௧ ൫ሺെߜݐଷ ሻ൯ െ

ఒ
ఒାఋ

ቁ ሺെሺߣ  ߜሻݐସ ሻቁ ሺെߜݐଵ ሻ

(6)

Supposing that n1 and n2 are the sample sizes in spring and summer, and k1 and k2 are
the number of seropositives in these samples, respectively, the conditional likelihood of
summer observation given spring sampling is proportional to
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ܮଵ ൌ ܧሺߙܲଶ ȁߙܲଵ ሻఈమ ሾͳ െ ܧሺߙܲଶ ȁߙܲଵ ሻሿమ ିఈమ

(7)

Similarly, the conditional likelihood of spring observation in year a + 1 given summer sampling
in the previous year t, is proportional to
ܮଶ ൌ ܧ൫ߙܲଵǡାଵ หߙܲଶǡ ൯

ఈభ

ሾͳ െ ܧ൫ߙܲଵǡାଵ หߙܲଶǡ ൯ሿభ ିఈభ

(8)

Thus, the total likelihood, L, to estimate parameters Ȝ and δ is proportional to

L = L1 L2

(9)

Maximum likelihood estimates of Ȝ and δ were obtained by minimizing the negative
logarithm of equation (9). The 95% confidence interval was derived from profile likelihood. It
should be noted that δ is independent of α from equation (5).
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Table D.1 – Sampling regime and number of samples found positive for low pathogenic avian influenza virus
in Svalbard-breeding pink-footed geese (Anser brachyrhynchus) throughout their annual cycle using RT-PCR
on the matrix gene.
Location

Date

No. samples

No. positive

Sample type

Vest Stadil Fjørd,
Denmark

27 Mar 2007

686*

0

Cloacal and Oropharyngeal
swabs from live birds

Spitsbergen Island,
Svalbard

25 Jul - 3 Aug 2007

638*

0

Cloacal and Oropharyngeal
swabs from live birds

Trondheimsfjørd,
Norway

25 Sep - 1 Oct 2007

278

0

Fresh Droppings

FiilSø, West Jutland,
Denmark

1 Oct 2007

150

0

Fresh Droppings

Oudega, Friesland,
Netherlands

13 Oct 2007
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0

Fresh Droppings

Oudega, Friesland,
Netherlands

30 Oct 2007

300

0

Fresh Droppings

Vlissegem, Flanders,
Belgium

15 Nov 2007

300

0

Fresh Droppings

Zuinkerke, Flanders,
Belgium

30 Nov 2007

300

3

Fresh Droppings

Bredene, Flanders,
Belgium

21 Dec 2007

300

2

Fresh Droppings

Bredene, Flanders,
Belgium

7 Jan 2008

300

2

Fresh Droppings

*indicates two samples (one oropharyngeal and one cloacal) from each bird handled
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52.8086
52.7919
52.8711
52.8833
52.4864
53.2000
52.5100
51.7898
52.8285

10/12/2006

16/12/2006

16/12/2007

17/12/2008

28/12/2008

01/12/2009

11/12/2009

30/12/2009

Latitude

18/12/2005

Date

5.0972

5.4363

5.8207

4.9639

5.8147

4.9667

4.9900

5.0831

5.0975

Longitude

18

15

17

28

28

23

16

12

25

No. birds sampled

0.0
(0,15.3)

0.0
(0,18.1)

0.0
(0,16.2)

0.0
(0,10.1)

67.8
(53.2, 80.9)

4.4
(0,11.9)

31.3
(17.1, 45.7)

0.0
(0.0, 22.1)

12.0
(2.3, 22.7)

AIV Prevalence (%)
(95% CI)

300

300

306

300

149

200

No. droppings sampled

0.0
(0.0, 0.94)

0.7
(0, 1.9)

1.0
(0, 2.2)

0.3
(0, 0.9)

8.7
(4.8, 13.1)

0.5
(0, 1.8)

AIV Prevalence in droppings (%)
(95% CI)

100.0
(84.7, 100.0)

80.0
(64.7, 91.2)

76.5
(61.1, 88.9)

82.1
(70.2, 91.5)

71.4
(57.5, 83.0)

77.8
(64.3, 90.5)

87.5
(74.3, 97.1)

70.0
(54.8, 83.9)

87.0
(77.3, 95.4)

NP Seroprevalence (%)
(95% CI)

Table E.1. Sampling of Bewick’s swans (Cygnus columbianus bewickii) in the Netherlands over five successive winters, indicating the percentage of samples found positive for
avian influenza virus infection using RT-PCR on the matrix gene (AIV Prevalence) and positive for antibodies to the nucleoprotein gene segment of avian influenza virus using
a blocking-ELISA (NP Seroprevalence). CI: confidence interval of prevalence estimate.
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Table E.2. Factors explaining variation in avian influenza virus cycle-threshold (CT) value (the
first real-time amplification cycle in which target gene amplification is detectable) in naturally
infected Bewick’s swans (GLM r2=0.478 F6,18=2.75).

Standardised coefficient

Coefficient S.E.

(intercept)

32.91

0.67

Age

1.77

Tract

-3.18
0.17

Serum į C
13

t

P

4.62

<0.001

0.70

2.51

0.022

1.72

-1.84

0.081

0.67

0.74

0.489

Age*Tract

1.49

0.71

-2.10

0.049

Tract* Serum į13C

4.56

1.73

2.64

0.016

257

Part F
Appendix to CHAPTER 10

Table F.1. Sampling of Bewick’s swans (Cygnus columbianus bewickii) in the
Netherlands over three successive winters, indicating the number of swans
found infected, and not infected, with avian influenza virus at the time of
capture.
Latitude

Longitude

10/12/2006

52.7919

5.0831

12

16/12/2006

52.8711

4.9900

11

5

16/12/2007

52.8833

4.9667

21

1

17/12/2008

52.4864

5.8147

4

13

28/12/2008

53.2000

4.9639

15

Date
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Not infected (n)

Infected (n)

Part G
Appendix to CHAPTER 11

Table G.1. Capture location and experimental treatment of adult Bewick’s swans (Cygnus columbianus
bewickii) in the Netherlands. Swans were either inoculated with an avian influenza virus at capture
(H4N6), inoculated with an experimental control (phosphate-buffered saline; PBS), injected with a
benign immune challenge (Phytohemagglutinin, PHA), or received no treatment (Control).
Date

Latitude

Longitude

Control (n)

H4N6 (n)

PBS (n)

PHA (n)

17/12/2008

52.4864

5.8147

1

1*

3†

1‡

28/12/2008

53.2000

4.9639

10

4

5

4

01/12/2009

52.5100

5.8207

5

2

2

2

11/12/2009

51.7898

5.4363

3

3

3

2

30/12/2009

52.8285

5.0972

7

3

3

3

*Three additional swans inoculated with H4N6, †one additional swan inoculated with PBS, and ‡two
additional swans injected with PHA were excluded as they returned a positive result for natural avian
influenza virus infection at the time of capture.

Table G.2. Factors explaining variation in the probability of Bewick’s swans being resighted in the
year after capture (Ordinal logistic regression Ȥ2=14.97, p=0.011). Swans were either infected with
avian influenza virus at capture (Natural AIV), or inoculated with an AIV at capture (H4N6),
inoculated with an experimental control (phosphate-buffered saline; PBS), injected with a benign
immune challenge (Phytohemagglutinin, PHA), or received no treatment (Control). Data on
NaturalAIV and additional Control individuals are from winters 2006-2008 inclusive (Chapter 10).

Standardised coefficient

Coefficient S.E.

Ȥ2

P

(intercept)

-0.99

0.36

7.43

0.006

Age[A]

-0.38

0.22

2.98

0.084

treatment[NaturalAIV]

1.26

0.52

5.80

0.016

treatment[H4N6]

-0.93

0.88

1.11

0.292

treatment[PBS]

0.36

0.57

0.40

0.526

treatment[PHA]

-1.03

0.88

1.36

0.243
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Table G.3. Factors explaining variation in the net displacement of Bewick’s swans four weeks after capture
for each of the displacement interpolation methods: Slow; Average, and Fast. Swans were either infected
with avian influenza virus at capture (Natural AIV), or inoculated with an AIV at capture (H4N6),
inoculated with an experimental control (phosphate-buffered saline; PBS), injected with a benign immune
challenge (Phytohemagglutinin, PHA), or received no treatment (Control). Data on NaturalAIV and
additional Control individuals are from winters 2006-2008 inclusive (Chapter 10).

Standardised coefficient

Coefficient S.E.

t

P

2

Slow (GLM r =0.10, F5,134=2.89, P=0.016)
(intercept)

107.43

13.01

8.26

<0.001

Sex[F]

-20.24

10.90

-1.86

0.066

treatment[NaturalAIV]

-63.35

26.45

-2.39

0.018

treatment[H4N6]

40.28

29.36

1.37

0.172

treatment[PBS]

39.79

27.06

1.47

0.144

treatment[PHA]

31.30

29.89

1.05

0.297

(intercept)

207.02

30.36

6.82

<0.001

treatment[NaturalAIV]

-65.80

51.79

-1.27

0.206

28.29

55.90

0.51

0.614

treatment[PBS]

1.04

55.30

0.02

0.985

treatment[PHA]

96.57

59.23

1.63

0.106

Fast (GLM r2=0.12, F7,123=2.30, P=0.031)

treatment[H4N6]

Year[2006]

0.34

41.45

0.01

0.994

Year[2007]

139.05

43.55

3.19

0.002

Year[2008]

-93.23

34.51

-2.70

0.008

Average (GLM r2=0.05, F8,131=2.95, P=0.005)
(intercept)

186.09

26.30

7.08

<0.001

treatment[NaturalAIV]

-55.98

26.69

-2.10

0.038

treatment[H4N6]

44.33

28.14

1.57

0.118

treatment[PBS]

41.05

25.72

1.60

0.113

treatment[PHA]

18.61

28.98

0.64

0.522

Year[2006]

9.95

20.79

0.48

0.633

Year[2007]

61.98

21.22

2.92

0.004

Year[2008]

-28.74

18.91

-1.52

0.131

-2.75

1.26

-2.17

0.032

Julian date of capture
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Figure H.1: Sensitivity of infection dynamics with and without migration delay to the duration of infection (3
days instead of 8 days, as in Figure 12.3). The left-hand panels (A,C,E) show the dynamics without migration
delay, and the right-hand panels (B,D,F) show the dynamics with a migration delay of 30 days. Panel (A) shows
S(t) (dotted line), I(t) (solid) and R(t) (dashed) versus time for an entire year (taken to be the 30th year after the
start of the simulation) with a transmission rate of β = 2.5 × 10-4. The dashed vertical lines indicate the timings of
migration between patches. Panel (B) shows S(t) (black dotted line), I1(t) (grey solid), I2(t) (black solid), R1(t) (grey
dashed) and R2(t) (black dashed) with a transmission rate of β = 2.5 × 10-4. Panels (C) and (D) show I(t) = I1(t) +
I2(t) for β = 1.5 × 10-4 (solid line), β = 2.5 × 10-4 (dashed) and β = 3.5 × 10-4 (dotted) within the three fall patches
and the winter patch with dashed vertical lines to indicate the timings of migration between patches. Panels (E)
and (F) show the cumulative number of daily cases of infection within a certain period, as calculated by AUC, in
the three fall patches and the winter patch, versus transmission rate.
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Figure H.2: Sensitivity of the cumulative number of daily cases of infection to the duration of infection (3
days instead of 8 days, as in Figure 12.5). The cumulative number of daily cases of infection within a certain
period, both yearly (A), and in each of the four patches where infection is found, Fall1 (B), Fall2 (C), Fall3 (D)
and Winter (E), as calculated by AUC, plotted as a function of both transmission rate and migration delay.
All other parameter values, as defined in Table 12.1, remain constant.

262

Part H

Figure H.3: Sensitivity of infection dynamics with and without migration delay to the duration of immunity
(immunity lost in patch Fall1). The left-hand panels (A,C,E) show the dynamics without migration delay, and the
right-hand panels (B,D,F) show the dynamics with a migration delay of 30 days. Panel (A) shows S(t) (dotted line),
I(t) (solid) and R(t) (dashed) versus time for an entire year (taken to be the 30th year after the start of the
simulation) with a transmission rate of β = 2.5 × 10-4. The dashed vertical lines indicate the timings of migration
between patches. Panel (B) shows S(t) (black dotted line), I1(t) (grey solid), I2(t) (black solid), R1(t) (grey dashed)
and R2(t) (black dashed) with a transmission rate of β = 2.5 × 10-4. Panels (C) and (D) show I(t) = I1(t) + I2(t) for β
= 1.5 × 10-4 (solid line), β = 2.5 × 10-4 (dashed) and β = 3.5 × 10-4 (dotted) within the three fall patches and the
winter patch with dashed vertical lines to indicate the timings of migration between patches. Panels (E) and (F)
show the cumulative number of daily cases of infection within a certain period, as calculated by AUC, in the three
fall patches and the winter patch, versus transmission rate.
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Figure H.4: Sensitivity of the cumulative number of daily cases of infection to the duration of immunity
(immunity lost in patch Fall1). The cumulative number of daily cases of infection within a certain period,
both yearly (A), and in each of the four patches where infection is found, Fall1 (B), Fall2 (C), Fall3 (D) and
Winter (E), as calculated by AUC, plotted as a function of both transmission rate and migration delay. All
other parameter values, as defined in Table 12.1, remain constant.
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Gastheer - ziekteverwekker interacties op de wieken
Watervogels en vogelgriep
Een ziekteverwekker brengt kosten mee voor zijn gastheer. Maar de epidemiologie van de
ziekteverwekker is op zijn beurt ook weer afhankelijk van de conditie en het gedrag van de
gastheer. Trekvogels en hun ziekteverwekkers zijn een fascinerend studieobject omdat
migranten ver uit elkaar liggende gebieden verbinden en blootstaan aan een grote diversiteit
aan ziekteverwekkers. Met speciale aandacht voor watervogels uit het noordpoolgebied en
laag-pathogene aviaire influenza virussen (AIV) bestudeerde ik de invloed van een
migrerende gastheer op de temporele en ruimtelijke dynamica van de ziekteverwekker, de
mate waarin deze milde ziekteverwekkers het gedrag en de fitness van hun gastheer
beïnvloeden, en de gevolgen van eventuele gedragsveranderingen voor de epidemiologie van
het virus. Het werk bestond uit een combinatie van fysiologische en gedragsobservaties aan
vrijlevende vogels, AIV surveillance en epidemiologische modellen. De kans op AIV infectie
blijkt afhankelijk van een reeks aan soortspecifieke ecologische factoren, waarbij ondermeer
sociaal gedrag en het gebruik van zoetwatermilieus de kans op infectie verhogen. Binnen een
soort is de kans op AIV infectie het hoogst in jonge dieren en dieren die zich veel in
zoetwater ophouden. Geïnfecteerde dieren gedragen zich anders, hebben een lager
reproductiesucces en een lagere overleving dan niet-geïnfecteerde dieren, met gevolgen voor
de epidemiologie van het virus. In een uniek experiment vonden we dat opzettelijk
geïnfecteerde dieren onder natuurlijke omstandigheden deze nadelige gevolgen niet
vertoonden. Dit suggereert een zekere mate van predispositie voor AIV infectie en de
mogelijkheid dat natuurlijke AIV infecties gepaard gaan met co-infecties welke in
combinatie een vergroot effect hebben op de gastheer.
De resultaten van het project onderstrepen het belang van de ecologie van de gastheer
voor de epidemiologie van een ziekteverwekker evenals de rol die ziekteverwekkers spelen in
de ecologische afwegingen die een potentiële gastheer moet maken.
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