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Abstract 

The extent to which animal migrations shape parasite transmission networks is critically 
dependent on a migrant’s ability to tolerate infection and migrate successfully. Yet, sub-lethal 
effects of parasites can be intensified through periods of increased physiological stress. Long-
distance migrants may, therefore, be especially susceptible to negative effects of parasitic 
infection. Although a handful of studies have investigated the short-term, transmission-
relevant behaviors of wild birds infected with low-pathogenic avian influenza viruses 
(LPAIV), the ecological consequences of LPAIV for the hosts themselves remain largely 
unknown. Here, we assessed the potential effects of naturally-acquired LPAIV infections in 
Bewick’s swans, a long-distance migratory species that experiences relatively low incidence 
of LPAIV infection during early winter. We monitored both foraging and movement behavior 
in the winter of infection, as well as subsequent breeding behavior and inter-annual resighting 
probability over 3 years. Incorporating data on infection history we hypothesized that any 
effects would be most apparent in naïve individuals experiencing their first LPAIV infection. 
Indeed, significant effects of infection were only seen in birds that were infected but lacked 
antibodies indicative of prior infection. Swans that were infected but had survived a previous 
infection were indistinguishable from uninfected birds in each of the ecological performance 
metrics. Despite showing reduced foraging rates, individuals in the naïve-infected category 
had similar accumulated body stores to re-infected and uninfected individuals prior to 
departure on spring migration, possibly as a result of having higher scaled mass at the time of 
infection. And yet individuals in the naïve-infected category were unlikely to be resighted 1 
year after infection, with 6 out of 7 individuals that never resighted again compared to 20 out 
of 63 uninfected individuals and 5 out of 12 individuals in the re-infected category. 
Collectively, our findings indicate that acute and superficially harmless infection with LPAIV 
may have indirect effects on individual performance and recruitment in migratory Bewick’s 
swans. Our results also highlight the potential for infection history to play an important role 
in shaping ecological constraints throughout the annual cycle. 

Issue Section: 
Are Migratory Animals Superspeaders of Infection?  

Introduction 



Migratory species are renowned for their ability to track seasonal fluctuations in 
environmental conditions and, in so doing, influence ecological networks worldwide (Bauer 
and Hoye 2014). In particular, there is growing interest in the role that these highly 
predictable, seasonally-pulsed movements play in the transmission and evolution of parasites 
(Altizer et al. 2011; Fritzsche McKay and Hoye, this volume). Because migrations form 
unique links between disparate locations, involve large numbers of individuals, and may 
increase parasite exposure through the use of multiple different habitats and increased 
interspecies interactions, animal migrations are widely assumed to enhance the cross-species 
transmission and global spread of parasites (Altizer et al. 2011; Fritzsche McKay and Hoye, 
this volume). However, the relative importance of migrants in parasite transmission networks 
is critically dependent on the migrant’s ability to tolerate infection and migrate successfully 
while infected (Galsworthy et al. 2011; Bauer et al. 2016). 

In addition to parasites that cause rapid host death (so-called “killers”), or directly attack host 
reproductive organs (“castrators”), ecologists increasingly recognize that apparently benign 
parasites may in fact precipitate reductions in overall host fitness (so-called “debilitators”) 
(Lafferty and Kuris 2002). Demonstrated sub-lethal effects of endemic parasites include: the 
potential to alter reproduction timing (Telfer et al. 2005; Vandegrift et al. 2008; Tersago et al. 
2012); reduce fecundity (Hudson et al. 1998; Telfer et al. 2005; Schwanz 2008), offspring 
growth (Vandegrift et al. 2008) and fledging success (Reed et al. 2008; O'Brien and Brown 
2012); decrease movement (Lindstrom et al. 2003; Jansen et al. 2007; Fellous et al. 2011), 
time spent foraging (Jansen et al. 2007), and body mass (Vandegrift et al. 2008); increase 
metabolic rate (Booth et al. 1993) and the cost of thermoregulation (Schwanz 2006; Hawley 
et al. 2012); and reduce survival (Kallio et al. 2007; Burthe et al. 2008; Vandegrift et al. 
2008; Martinez-de la Puente et al. 2010; Lachish et al. 2011; Knowles et al. 2012; Tersago et 
al. 2012). Ultimately, when these effects coalesce to reduce host survival or fecundity in a 
density-dependent manner, parasites can regulate (Yorinks and Atkinson 2000) host 
populations, both in theory (Anderson and May 1978) and in the wild (Hudson et al. 1998; 
Pedersen and Greives 2008). 

Critically, experimental demonstrations of the regulatory effect of parasites have revealed 
that the weak effects of nematode infection in Peromyscus mice (Pedersen and Greives 2008) 
and Red grouse (Lagopus lagopus scotica) (Hudson et al. 1998) interact synergistically with 
at least one other main factor, food availability or territorial aggression. Because these 
interactions are mediated by physiological stress and reduced immunocompetence (Ostfeld 
2008; Pedersen and Greives 2008), the negative effects of parasites may manifest from 
periods of increased physiological stress. As long-distance migration is one of the most 
physiologically demanding activities in the animal world, migrants may, therefore, be 
particularly susceptible to negative effects of parasitic infection (Ricklefs et al. 2005; 
Fritzsche McKay and Hoye, this volume). 

An increasing body of evidence suggests that even when a migratory journey separates the 
location of infection from the location at which infection status and performance are assessed 
(such that infected individuals that do not complete migration are excluded, and any negative 
effect of infection on survival is unavoidably underestimated), infection has been shown to 
impose significant costs in migrants. For instance, blood parasite infections acquired on the 
wintering grounds have been associated with delayed arrival in spring (Ratti et al. 1993; 
Møller et al. 2004; DeGroote and Rodewald 2010; Asghar et al. 2011; Santiago-Alarcon et al. 
2013), reduced body mass (Marzal et al. 2008), reduced fecundity (Marzal et al. 2005; 
Asghar et al. 2011), and reduced survival or longevity (Marzal et al. 2008; Asghar et al. 



2015) of several species of European passerine birds, although these effects are often small 
and far from universal. Effects of infection appear to be more pronounced in studies where 
infection status (and ensuing performance) have been assessed at the time and location of 
infection. For instance, sockeye salmon (Oncorhynchus nerka) smolts that did not survive the 
first ∼1150 km of their migration to the North Pacific Ocean had gene expression profiles 
consistent with an immune response to one or more viral pathogens (Jeffries et al. 2014). In 
addition, monarch butterflies (Danaus plexippus) experimentally infected with a protozoan 
parasite (Ophryocystis elektroscirrha) exhibited shorter flight distances, slower flight speeds, 
and loss of proportionately more body mass for the distance flown in the laboratory (Bradley 
and Altizer 2005). Several lines of evidence also suggest that naturally infected monarchs 
experience substantially higher mortality than uninfected individuals during their migratory 
journeys (Altizer et al. 2000, 2015; Bartel et al. 2011; Satterfield et al. 2015). 

Studies of avian influenza viruses (AIV) in wild birds have placed particular emphasis on 
migrant-mediated dispersal (Hill and Runstadler, this volume). Low-pathogenic avian 
influenza viruses (LPAIV) typically induce an acute, non-persistent infection that proceeds in 
the absence of clinical signs, with only a slight, transient increase in body temperature 
(Jourdain et al. 2010; Kuiken 2013). Collectively, these findings have led to the conclusion 
that AIV is avirulent in its natural hosts (Kuiken 2013). However, wild animals must satisfy a 
number of ecological demands—including procuring food, avoiding predation, 
thermoregulation, reproduction, and moving from one site to another—that may be impaired 
without clinical signs of disease (Kuiken 2013). Moreover, theoretical models suggest that 
infection-induced delays can alter the timing, location, and total incidence of infection 
(Galsworthy et al. 2011). Although transmission (and hence detectable geneflow) along 
flyways may persist (Hill and Runstadler, this volume), such delays have important 
ramifications for interspecies exchange, rates of co-infection and viral recombination, and 
ultimately viral evolution (Galsworthy et al. 2011). 

Over the past decade, a handful of studies have investigated the behavior of wild birds 
infected with LPAIV, focusing on short-term, transmission-relevant behaviors. 
Overwintering greater white-fronted geese (Anser albifrons albifrons) dispersed similar 
distances to uninfected geese in the first 12 days post capture (Kleijn et al. 2010), and 
infected mallards (Anas platyrhynchos) on post-breeding migration exhibited no differences 
in movements during stopover (Bengtsson et al. 2016), duration of stopover, or net 
displacement of those recovered (dead) throughout the following winter and spring (Latorre-
Margalef et al. 2009) compared to uninfected birds. Infected mallards on post-breeding 
migration were, on average, 20 g lighter than uninfected birds (Latorre-Margalef et al. 2009); 
however, no differences in body mass were detected during the breeding season in a resident 
population (van Dijk et al. 2015a). These resident mallards were, however, seen to fly ∼10% 
less when infected, as well as have ∼20% smaller home ranges and ∼30% shorter flight 
distances over a 3-day period (van Dijk et al. 2015b). 

Only two studies have assessed the ecological consequences of LPAIV for the hosts 
themselves. During overwintering, two infected Bewick’s swans (Cygnus columbianus 
bewickii) foraged and accumulated body stores at lower rates, and departed later and 
displaced shorter distances from the capture site than four uninfected birds (van Gils et al. 
2007); although body mass at capture and total body stores prior to migratory departure did 
not differ. In contrast, the resighting rate of ruddy turnstones (Arenaria interpres) 1 year after 
infection did not differ from that of uninfected birds on a key stopover site on spring 
migration (Maxted et al. 2012b). Critically, at the sites where the aforementioned mallard and 



turnstone studies were conducted, LPAIV prevalence can peak as high as 50% (Krauss et al. 
2010; van Dijk et al. 2014) such that the majority of each of these populations becomes 
infected during the period of study (Latorre-Margalef et al. 2009b; Maxted et al. 2012a). 
Although investigation of transmission-relevant behaviors is not hindered, any comparison of 
seasonal or long-term effects of infection are inevitably underestimated given that individuals 
classified as uninfected are likely to have experienced infection, either before or after being 
sampled (Kuiken 2013). 

This study aims to gain insight into the potential for short-term, endemic infections such as 
LPAIV to hamper the performance of migratory birds, both within and between seasons. We 
investigate the effect of infection in Bewick’s swans, a long-distance migratory species 
breeding in the Pechora Delta (NW Russia) from June to August, and wintering 3000–4000 
km to the southwest in the Netherlands and the British Isles, from October to February (Rees 
2006). During December and early January, this species experiences relatively low incidence 
of LPAIV infection (maximum prevalence < 8%; Supplementary Fig. S1). In light of the 
potential for events occurring during one period of the migratory cycle to have carry-over 
effects on individual performance in subsequent periods (Harrison et al. 2011), we monitored 
both the foraging and movement of swans in the winter that their infection status was 
assessed, as well as subsequent breeding behavior and inter-annual resighting probability. We 
hypothesized that if LPAIV were to hamper the performance of these migrants, this would be 
most apparent between seasons, given the potential for cascading effects on refueling, body 
stores, and timing throughout migration (Nolet and Drent 1998). We also incorporate data on 
infection history (in the form of detectable antibodies to AIV) to assess the hypothesis that 
any effects of infection are most apparent in naïve individuals experiencing their first AIV 
infection. 

Materials and methods 

Swan capture, sampling, and biometrics 

Bewick’s swans were captured 6–8 weeks after arrival on their Dutch wintering grounds in 
one of the three successive winters (2006–2008 inclusive). Using cannon nets, each catch 
captured a small proportion of a single, cohesive flock of 200–400 swans foraging on sugar 
beet remains in the provinces of Noord Holland or Flevoland (Supplementary Fig. S2). 
Sterile cotton swabs were used to collect cloacal and oropharyngeal samples before being 
stored in transport medium (Hanks balanced salt solution containing 0.5% lactalbumin, 10% 
glycerol, 200 U/ml penicillin, 200 μg/ml streptomycin, 100 U/ml polymyxin B sulfate, 250 
μg/ml gentamicin, and 50 U/ml nystatin (ICN, The Netherlands)), maintained at −70ºC until 
analysis. Whole blood (∼1 ml) was sampled from the brachial or tarsal vein, allowed to clot 
for ∼6 h, centrifuged, and serum maintained at −20 °C until analysis. All swans were 
weighed to the nearest 50 g and skull and wing length measured to the nearest mm. A scaled 
mass index (SMI) of body condition (shown to be the best indicator of the relative size of 
energy reserves and other body components; Peig and Green 2009) was calculated for each 
individual (see Supplementary Material). Birds were aged as either hatch-year or adult on the 
basis of plumage and sexed using molecular methods (Hoye et al. 2012b). Birds were held in 
new, individual jute sacks for the duration of sampling, after which they were released at a 
nearby water body. Swans were captured, ringed, and sampled under approvals CL06.06 and 
CL08.05 from the Animal Experimentation Committee (DEC) of the Royal Netherlands 
Academy of Arts and Sciences (KNAW), in accordance with Dutch regulations for animal 



experiments (Wet op de Dierproeven 1977), and permissions FF/75A/2008/060 and 
FF/75A/2008/060a from the Ministry of Agriculture, Nature and Food Quality (Ministerie 
van Landbouw, Natuurbeheer en Voedselkwaliteit; LNV). All efforts were made to minimize 
any suffering throughout the study. 

Virus and antibody detection 

Current infection with AIV was tested using a generic real-time reverse transcriptase PCR 
assay targeting the matrix gene on RNA isolated from the swab samples following the 
standard diagnostic procedure for the Dutch wild bird surveillance program (Munster et al. 
2009). As this method has detected virus 24–48 h after experimental inoculation in 
waterfowl, including adult Bewick’s swans, and only for 3–14 days (Jourdain et al. 2010; 
Hoye 2011), this diagnostic method can be assumed to assess active infection with AIV. This 
quantitative PCR method allowed assessment of cycle threshold value (Ct)—the first real-
time amplification cycle in which target gene amplification is detectable, such that a small Ct 
value indicates a high number of virus genome copies and thus virus particles in the sample, 
whereas a large Ct value indicates a small amount of virus (Munster et al. 2009). The highest 
Ct considered positive was 40, and 3 cycles equate to approximately a log10 difference in 
genome copies (Munster et al. 2009). 

The presence of antibodies to the nucleoprotein gene in serum samples was tested using a 
commercially-available blocking enzyme-linked immunosorbent assay (MultiS-Screen AIV 
Antibody Test Kit, IDEXX Laboratories) with absorbance measured at 620 nm using a Tecan 
infinite 200 plate reader. Samples were considered negative for the presence of antibodies if 
the mean of the two signal-to-noise ratios (sample absorbance divided by negative control 
mean absorbance) for the sample were greater than 0.5. 

Tracking individual movements and return 

Each swan received a yellow-neck collar inscribed with an individual four-digit code in black 
(readable from up to 600 m; van Gils et al. 2007). Twelve neck collars also carried a custom 
made GPS-logging device (Madebytheo, Nijmegen, The Netherlands). Each GPS collar 
weighed 75–80 g, automatically recorded geographical positions (accuracy 25 m) at two 
prescheduled times per day, and was downloaded via Bluetooth from a distance of 300–400 
m. Daily positions for the remaining birds were reconstructed from extensive volunteer 
resightings over the 4 weeks following each catch (n = 586 resightings from a total of 76 
birds; average of 9.4 observations per bird). These resightings were reported by over 100 
independent citizen scientists across the wintering range of the species (the Netherlands, 
southern England, and northern Belgium). Because we cannot know the movement of birds 
between resightings, three different assumptions were used to interpolate each bird’s location 
between successive resightings. The “minimum” movement assumption stipulates that a bird 
remained at the position it was last resighted until it was resighted elsewhere. The 
“maximum” movement assumption stipulates that a bird arrived at its next position the day 
after it was seen at its last known position, only to be seen at this new position some time 
later. The “average” movement assumption stipulates that a bird followed a linear trajectory 
between each pair of resighting locations. Each bird’s daily displacement from its catch site 
was then calculated on the basis of the three interpolation methods. Our database also 
recorded resightings of the birds in the years following capture, allowing us to quantify 
whether or not each bird was seen to return to the overwintering area. Because observers 
report the GPS co-ordinates at which each bird was sighted, in real time, we could visit these 



locations to make follow-up observations of foraging and migratory fueling behaviors, as 
well as breeding status (with or without offspring) of adults in the year of and the year after 
capture. 

Foraging and migratory fueling 

Throughout the winters of capture, we regularly observed the foraging and fueling behavior 
of individual swans prior to their departure on spring migration. On encountering a flock, we 
first estimated the abdominal profile index (API—a visual estimate of abdominal fat storage; 
Bowler 1994), on a scale of 1–6 for each collared bird (53 birds, mean ± SE 2.4 ± 0.2 
observations per bird). We then performed focal scans, in which one collared swan was 
observed continuously for a 30-minute period using a 20–60 × spotting scope, recording the 
number of bites taken (43 birds, 2.4 ± 0.4 observations per bird) and, when the bird’s cloaca 
was visible, the number of droppings produced (26 birds, 2.4 ± 0.4 observations per bird). All 
observers were unaware of the infection status of the birds. 

Data analysis 

For each response variable we developed a set of candidate models and compared them using 
an information theoretic approach, based on Akaike’s information criteria (AIC) such that: 
where AIC differs (ΔAIC) by less than 2; both models are considered to be equally well-
supported explanations of variation in the response variable; where ΔAIC is between 4 and 7, 
the model has considerably less support; and models having ΔAIC >10 have no support from 
the data (Burnham and Anderson 2002). All candidate model sets included a global model 
with all parameters followed by several increasingly simplified models, as well as a null 
model that contained all effects in the most parsimonious model with the exception of 
infection status (Supplementary Tables S2, S4, S6, S8, S10, S12, and S14). The number of 
variables fit to any global model was always less than 10% of the sample size. Model 
assumptions were validated by visual examination of diagnostic plots. Displacement 
distances were loge transformed to achieve normality. All analyses were performed in R 3.2.2 
(R Core Team 2015). Factors predicting infection in an individual and proportion of birds 
seen the following winter were tested using generalized linear models (GLM). Factors 
predicting individual’s scaled mass index were tested using linear models (LM). Factors 
predicting bite rate, dropping rate, API, and displacement (based on each of the three 
movement interpolation methods) were tested using mixed models in the “lme” package 
(Bates et al. 2015). For each of these analyses, the global model was first constructed using 
three different structures for random effects: intercept; intercept and slope (with respect to 
date of observation); and fixed effect, and these structures were compared on the basis of AIC 
(Zuur et al. 2009). The most parsimonious random effects (ΔAIC to next lowest AIC >>10) 
were then used in all candidate models, being intercept only for all foraging responses, and 
intercept and slope for movement responses. 

Results 

Infection and immunity 

Infection was detected in 25 of the 107 swans (23.4%; 95% CI: 15.9–31.8%; Table 1), with 4 
birds showing positive cloacal and oropharyngeal swabs, 6 showing positive oropharyngeal 
swabs only, and 15 showing positive cloacal swabs only. As no response variables differed 



between these swab sample locations, we considered a bird to be infected if either site was 
positive for AIV. Infection was not uniform across the population with hatch-year birds 3.36 
times more likely to be infected than adults (95% CI: 1.03–11.78; P = 0.048; 11/27 (41%) 
hatch-year birds infected), after accounting for significant effects of year and date of capture 
(day in December; Supplementary Table S1). Eighty-seven birds (76.6%; 95% CI: 68.2–
84.1%) had antibodies to the nucleoprotein gene segment, indicative of prior AIV infection. 
Information on infection and serostatus were used to further categorize infected individuals as 
either “re-infected” or “naïve-infected”. Given that (1) viral shedding lasts 3–8 days in free-
living birds (Latorre-Margalef et al. 2009; Hénaux et al. 2010), (2) seroconversion in naïve 
individuals occurs 6–14 days after infection (Jourdain et al. 2010; Tolf et al. 2013), and (3) 
all swans were at least 4 months old (and hence are extremely unlikely to possess maternally-
derived antibodies; Garnier et al. 2011), we assumed that individuals that were positive for 
AIV infection and showed detectable antibodies were potentially experiencing a re-infection, 
referring to them as “re-infected” individuals in the remaining analyses. Although this 
diagnostic combination could also be achieved by individuals several days into their first 
infection, cycle threshold, a proxy for viral load, was not lower in birds in this category 
(Supplementary Table S16), as would be expected later in infection. Conversely, individuals 
that were positive for AIV infection but lacked detectable antibody responses were likely to 
have been experiencing their first infection, or to have seroreverted (as has been reported 
after 8–15 months in mallards (Fereidouni et al. 2010), and ∼12 months in geese (Hoye et al. 
2011)). While it is unlikely that individuals that have seroreverted are immunologically 
similar to naïve individuals, hatch-year birds were 7.64 times more likely to be infected and 
lack detectable antibodies (95% CI: 1.00–101.01; P = 0.038; Table 1) and therefore likely to 
have been experiencing their first AIV infection. These birds are referred to as “naïve 
infected” individuals in the remaining analyses.  

Table 1 

Age distribution of Bewick’s swans across LPAIV infection categories at capture 

  Uninfected  Re-infected  Naïve-infected  

Hatch-year  16  5  6  

Adult  66 [47]  7 [12]  2 [1]  

Note: The number of individuals from whom post-capture metrics could be included are 
indicated in brackets. 

View Large 

Condition at capture 

Individuals in the naïve-infected category had, on average, a scaled mass index 469 g higher 
(± SE 212 g; P = 0.03; Fig. 1; Supplementary Table S3) than uninfected birds, with no 
significant effect of age, sex, date of capture, or interaction between age and infection in any 
of the competing models (Supplementary Table S2). Individuals in the re-infected category 
had a scaled mass index that was not significantly different from their uninfected counterparts 
(P = 0.06; Fig. 1, Supplementary Table S3).  

Fig. 1 
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Scaled mass index (after Pieg and Green 2009) of Bewick’s swans at capture on the basis of 
infection status. Thick horizontal bars represent means, and shaded points indicate individual 
observations. 

Foraging and migratory fueling 

Twenty-five individuals were used in an experimental study following capture (Hoye et al. 
unpublished), and as a result all post-capture metrics (foraging and migratory fueling, 
movement, breeding success, and return) are limited to 82 individuals, of which 19 were 
infected: 12 re-infected and 7 naïve infected. 

During the overwintering period, birds in the naïve-infected category took, on average, 617 
(± SE 238) fewer bites per hour than uninfected birds (t = −2.59; P = 0.014; Fig. 2A; 
Supplementary Table S5), with the most parsimonious model including effects of sex, age, 
date of observation, year, field type, and a random effect of individual bird to account for 
repeated observations (Supplementary Table S4). Birds in the re-infected category took a 
similar number of bites to uninfected birds (t = 0.49; P = 0.63; Supplementary Table S5). 
Birds in the naïve-infected (t = −0.93; P = 0.37; Fig. 2B; Supplementary Table S7) and re-
infected categories (t = −1.14; P = 0.27) produced a similar number of droppings per hour 
throughout the winter compared to uninfected birds, after accounting for effects of sex, age, 
date of observation, year, field type, and a random effect of individual to account for repeated 
observations (Supplementary Table S6). There was also no difference in accumulated body 
stores, as given by the abdominal profile index of birds in the naïve-infected (t = −0.39; P = 
0.70; Fig. 2C; Supplementary Table S9) or re-infected categories (t = 0.17; P = 0.86) 
compared to uninfected birds, after accounting for the effects of date of observation, year, 
and a random effect of individual to account for repeated observations in the highest ranked 
model containing an effect of infection. However, the most parsimonious model (ΔAIC = 
1.95) did not include an effect of infection (Supplementary Table S8).  

Fig. 2 
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Foraging and fueling behavior of Bewick’s swans on the basis of infection status. (A) Bites 
per hour, (B) droppings per hour, and (C) accumulated fat stores (API); observed during their 
overwintering period, presented as means (thick horizontal bars) of residual values after 
accounting for effects of sex, age, year, date of observation, and field type (Supplementary 
Tables S5, S7, and S9). 

Movement 

Over the first 4 weeks following capture, swans in the naïve-infected and re-infected 
categories were seen to disperse from the catch site at a similar rate to uninfected birds on the 
basis of the “average” displacement interpolation (t = −0.77; P = 0.44 and t = −1.35; P = 
0.18, respectively; Fig. 3A and C; Supplementary Table S11), with the most parsimonious 
model also including effects of days post capture, as well as random effects to account for 
repeated observations on each individual (Supplementary Table S10). There was no 



significant effect of age, scaled mass index, year, sex, or date of capture in any of the 
competing models. Near identical results were seen using the “maximum” displacement 
interpolation (data not shown). However, the “minimum” displacement interpolation 
suggested individuals in the naïve-infected category displaced shorter distances and were 
more delayed in their movements (Fig. 3B and D), with the most parsimonious model that 
included infection status containing a significant effect of naïve infection (t = −2.05; P = 
0.044; Supplementary Table S13), but not re-infection (t = −0.88; P = 0.38; Supplementary 
Table S13), as well as significant effects of days post capture, date of capture, and random 
effects of individual. The model containing a (non-significant) effect of sex was also well 
supported (ΔAIC = 1.83), with a similar, significant effect of naïve infection (t = −2.25; P = 
0.028) but not re-infection (t = −0.81; P = 0.42). However, the model with the lowest AIC, 
although not significantly better supported (ΔAIC = 1.07), was the null model that did not 
include an effect of infection (Supplementary Table S12).  

Fig. 3 
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Average of net displacement (km; ± SE) of Bewick’s swans for the first 4 weeks after 
capture, from raw values (A and B), and predicted values from the most parsimonious model 
(C and D; Supplementary Tables S11 and S13) including effects of infection category 
(uninfected: light gray; re-infected: dark gray; naïve-infected: black). Displacement was 
interpolated from GPS data and observer resightings as remaining at the former site until seen 
elsewhere (“minimum”; B and D); or intervening days at linear average positions between 
resighting locations (“average”; A and C). All values represent mean (filled circles) ± SE 
(dashed lines). 

Breeding success 

As Bewick’s swans do not reach sexual maturity until at least their third year, breeding status 
was only assessed in adults. All but one of the adults infected with AIV were in the re-
infected category, and hence comparisons are between infected and uninfected birds rather 
than between infection categories. In the year of capture, roughly half of the adult birds that 
were infected had arrived with young (4/7 known breeding status adults); however, of the 
birds whose breeding status could be assessed in the winter after capture, none of the infected 
adults (0/5) were seen to return with young, compared with 28% of the adult birds who were 
uninfected in the year of capture (9/32) although these apparent differences were not 
statistically significant (Fisher’s exact test: P = 0.31). Of the birds whose breeding status 
could be assessed in the winter after capture, 24% (8/33) of those that were seropositive in 
the year of capture (had preciously experienced infection) were seen to return with young. 

Return 

Sixty-two percent of marked swans were resighted the following winter. All birds that were 
recorded as absent in the first winter after catch were never sighted in subsequent winters (2–
4 years after capture), suggesting that any bird that returned was likely to have been detected. 
Individuals in the naïve-infected category were 12.99 times less likely to be seen the 
following winter compared to uninfected birds (95% CI: 2.02–252.3; P = 0.022; n = 7; 
Supplementary Table S15; Fig. 4). Only one naïve-infected individual—the adult—was 
resighted in the year after capture; all naïve-infected hatch-year birds were not seen after the 



year of capture. Return rates of hatch-year birds in the re-infected (3 of 5) and uninfected (10 
of 16) categories were similar to re-infected (4 of 7) and uninfected (33 of 47) adults. Naïve 
infection was a significant factor (P < 0.05) in all candidate models tested to explain 
probability of return, with no significant effect of scaled mass, year, sex, or date of capture in 
any of the competing models, and the most parsimonious model including an effect of 
infection status alone (Supplementary Table S14). Age was not included due to its 
collinearity with infection status. Individuals in the re-infected category were no less likely to 
be seen the following winter than uninfected individuals (P = 0.51; Fig. 4; Supplementary 
Table S16).  

Fig. 4 
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Proportion of Bewick’s swans resighted in the winter after capture (black diamonds; ± 95% 
CI). Those in the naïve-infected category were less likely to be seen the following winter than 
birds in the uninfected or re-infected categories. Numerals indicate the number of individuals 
swans. 

Discussion 

Some of our results suggest that naturally-acquired LPAIV infection may have a pernicious 
effect on the performance of migratory Bewick’s swans, both within and between seasons. 
Without manipulation of or assignment to infection categories, and in the absence of repeated 
assessment of infection status following capture, these results may suffer from 
misclassification biases such that individuals in the uninfected category may actually have 
been re-infected or naïve-infected during the winter (Kuiken 2013). There is also potential for 
misclassification as a result of individuals not seroconverting following infection (as recently 
described in experimentally infected gulls (Verhagen et al. 2015); in contrast to 100% 
seroconversion in experimentally infected mallards (Fereidouni et al. 2010; Jourdain et al. 
2010) and Bewick’s swans (Hoye 2011)), or seroreverting before the current infection. In 
addition, it is possible that seropositive birds may simply have started their current infection 
several days earlier than seronegative birds; however, we found no evidence of decreased 
viral shedding in these birds as has been demonstrated with the onset of antibody responses in 
laboratory infected mallards (Jourdain et al. 2010), and signal-to-noise ratios from the 
antibody ELISA showed a clear distinction between antibody positive and antibody negative 
birds refuting suggestion that seropositive hatch-year birds were misclassified. We, therefore, 
assume that antibody-positive birds have indeed survived a previous infection. Moreover, 
each of these scenarios would be expected to dilute our observations of the true effects of 
naïve infection. That we find significant differences in spite of any such misclassifications 
suggests the effects we describe may in fact be conservative estimates. 

Critically, significant effects of infection were only seen in birds that were infected but 
lacked antibodies indicative of prior infection—those individuals assumed to be naïve to 
AIV. Both adult and hatch-year birds that were infected but also had detectable antibodies, 
and therefore had survived a previous infection, were indistinguishable from uninfected birds 
in each of the ecological performance metrics. Infection history may, therefore, play an 
important role in shaping both the consequences of infection for host populations, and the 
transmission potential of individuals. 



Individuals in the naïve-infected category showed reduced foraging intake, similar to the two 
infected swans in van Gils et al. (2007). However, we found no increase in the number of 
droppings produced. Although frequency of defecation relative to intake may have changed, 
as would be expected if LPAIV infection reduced the function of the digestive tract and 
induced diarrhea (Kuiken 2013), simultaneous observation of bite and dropping rate were 
rare. Increased dropping rates may not have been detected over the 4 weeks post capture as 
such modifications are likely to be transient and limited to the 3- to 8-day duration of 
infection. Differences in intake throughout the overwintering period did not culminate in a 
reduction of accumulated body stores (API index) prior to departure on spring migration; 
however, birds in the naïve-infected category had a higher scaled mass at capture. Although 
viral infection has been associated with poorer “body condition” in some studies, invoking 
suggestions of negative feedback cycles between infection and reduced condition 
(Beldomenico and Begon 2010), LPAIV infection in Bewick’s swans represent more of a 
“catch-22” phenomenon. Bewick’s swans foraging in aquatic habitats throughout fall 
migration and early overwintering show significant benefits in the form of higher body mass 
prior to spring migration and increased breeding success in previously unsuccessful adults 
(Hoye et al. 2012b). Yet, individuals preferentially foraging in aquatic habitats also 
experience a higher risk of infection (Hoye et al. 2012a). This link, between nutritionally 
superior foraging and increased risk of LPAIV infection, may explain the higher scaled mass 
of infected individuals. Together with the lack of any effects of re-infection, these findings 
also cast doubt on the notion that infected individuals show hampered performance because 
they were simply “poor performers” before becoming infected (sensuBeldomenico and 
Begon 2010; Kuiken 2013). 

Movement behavior was highly sensitive to the method used to interpolate between known 
resighting positions. Swans in the naïve-infected category appeared to disperse slower and 
over shorter distances in the first 4 weeks after capture on the basis of the minimum 
movement interpolation, similar to the infected birds in van Gils et al. (2007). However, 
infection status was not a significant factor explaining movement behavior based on the 
average or maximum interpolation methods. Unfortunately, we were only able to retrieve 
daily movements for 9 of the 82 swans in our study, none of whom were in the naïve-infected 
category. Moreover, we were not able to monitor movements throughout migration. At best, 
our movement results suggest that far more detailed measurements are required to assess the 
long-term impact of infection on the movement of migrants. Ideally, monitoring would 
extend beyond the site of infection (e.g., the overwintering period, as reported here and in van 
Gils et al. 2007) to include detailed assessment of the migratory behavior of individuals 
(Brown and O'Brien 2011). In addition, our study suggests that remote monitoring of the 
movements of hatch-year individuals, a group traditionally neglected in migration studies, 
would prove especially illuminating both in terms of impact on host performance and 
transmission potential. 

Infection with LPAIV also appeared to have certain carry-over effects on subsequent seasons. 
Strikingly, individuals in the naïve-infected category were unlikely to be resighted 1 year 
after infection. Only one naïve-infected individual was resighted in the winter after infection. 
Notably, this individual was an adult who, given the high seroprevalence in the population 
and the fact that antibody responses become undetectable over time in other species 
(Fereidouni et al. 2010; Hoye et al. 2011), may have been infected previously and 
seroreverted before acquiring the current infection, although this bird did record the highest 
signal-to-noise ratio in the antibody ELISA. None of the six hatch-year birds in the naïve-
infected category were ever seen again. Definitive estimates of survival and return probability 



require multi-state mark-recapture modeling to estimate differences in survival while 
accounting for imperfect detection of marked animals. However, estimation of these 
parameters requires more data than are currently available. In particular, none of the birds 
deemed absent 1 year after capture were ever seen in subsequent winters, hindering our 
ability to estimate the probability of detection. For our comparison of resighting rates 
between infection categories to be valid, infection itself must not alter the probability that a 
bird uses this wintering site or its detection probability while overwintering given that the 
bird survived. Because NW Europe is the predominant wintering area for Bewick’s swans, 
and in the 7 years of marking Bewick’s swans, only 1 of over 150 individuals has been 
sighted on an alternate flyway, we are reasonably confident that birds that were not resighted 
had not returned to any known overwintering sites. 

Curiously, hatch-year birds with detectable antibodies were resighted at the same rate as re-
infected and uninfected adults, indicating that age and migratory experience alone could not 
explain the low resighting rate of individuals in the naïve-infected category, and perhaps also 
that some hatch-year birds have been “lost” from the population through AIV infection 
earlier on migration. The apparent disappearance of naïve-infected individuals may imply 
cumulative effects of subtle changes to foraging and movement behavior long after infection 
has cleared, potentially amplified by the physiological demands of migration. Migratory 
behaviors have been shown to undergo prolonged development and improvement with age 
(e.g., Sergio et al. 2014). Because hatch-year birds are also more likely to become infected 
(Hoye et al. 2012a; van Dijk et al. 2014; Verhagen et al. 2015), they may be doubly 
disadvantaged by infections as they experience greater physiological stress during migration, 
as well as being immunologically naïve to infection. Yet, without detailed tracking and/or 
observation of individuals throughout the full annual cycle, the mechanisms by which LPAIV 
infection might reduce survival remain unknown. 

Down-regulation of current reproduction to increase the probability of survival, and future 
reproduction, has previously been suggested as an evolutionarily optimum for hosts with 
acute infections (Telfer et al. 2005). Although none of the infected adults were seen to return 
with young, our sample size lacked the power to substantiate a statistically significant effect 
and a larger number of individuals is required to investigate the consequences of LPAIV for 
breeding success in adults. 

Taken together, our results suggest that acute and superficially harmless infection with 
LPAIV may have indirect effects on individual performance and recruitment of hatch-year 
individuals in migratory Bewick’s swans. While it remains uncertain whether this association 
is causal, it raises the possibility that complex interactions between LPAIV, migration, host 
immune development, and potentially other co-infecting pathogens can have significant 
fitness consequences for migratory birds. Our study, therefore, adds to a growing body of 
evidence indicating gradual, subtle, detrimental effects of endemic pathogens on the 
performance of natural host species in the wild (Booth et al. 1993; Burthe et al. 2008; 
Knowles et al. 2012; Asghar et al. 2015). Although considerably more research is required to 
understand the relationship between LPAIV and its endemic hosts, our observations of 
natural infections highlight the need to account for both infection history and current 
infection status when examining ecological constraints throughout the annual cycle. 
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