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RESEARCH ARTICLE
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SUMMARY

Life-history theory predicts that animals face a trade-off in energy allocation between performing strenuous exercise, such as
migratory flight, and mounting an immune response. We experimentally tested this prediction by studying immune function in
European starlings, Sturnus vulgaris, flown in a wind tunnel. Specifically, we predicted that constitutive immune function
decreases in response to training and, additionally, in response to immediate exercise. We compared constitutive immune
function among three groups: (1) ‘untrained’ birds that were kept in cages and were not flown; (2) ‘trained’ birds that received
flight training over a 15day period and performed a 1-4 h continuous flight, after which they rested for 48 h before being sampled;
and (3) ‘post-flight’ birds that differed from the ‘trained’ group only in being sampled immediately after the final flight. A bird in
our trained group represents an individual during migration that has been resting between migratory flights for at least 2days. A
bird in our post-flight group represents an individual that has just completed a migratory flight and has not yet had time to
recover. Three of our four indicators (haptoglobin, agglutination and lysis) showed the predicted decrease in immune function in
the post-flight group, and two indicators (haptoglobin, agglutination) showed the predicted decreasing trend from the untrained
to trained to post-flight group. Haptoglobin levels were negatively correlated with flight duration. No effect of training or flight was
detected on leukocyte profiles. Our results suggest that in European starlings, constitutive immune function is decreased more
as a result of immediate exercise than of exercise training. Because of the recent emergence of avian-borne diseases,
understanding the trade-offs and challenges faced by long-distance migrants has gained a new level of relevance and urgency.

Key words: constitutive immune function, European starlings, Sturnus vulgaris, life-history trade-off, migratory flight, wind tunnel.

INTRODUCTION

The immune system is crucial for an animal’s survival, but it is
costly to maintain and use (Klasing, 2004; Lochmiller and
Deerenberg, 2000). Immune function is increasingly understood as
a life-history parameter, and as such it is subject to energy and
nutrient trade-offs (Ardia and Schat, 2008; Buehler et al., 2008b;
Lee, 2006; Norris and Evans, 2000; Sheldon and Verhulst, 1996;
Tella et al., 2002). In situations of limited energy availability,
animals must maximise fitness by differential allocation of resources
to satisfy competing energetic demands (King, 1974; Willmer et
al., 2000). Trade-offs between immune function and other life-
history parameters have been documented across taxa, including
insects (Kraaijeveld et al., 2001; Rolff and Siva-Jothy, 2003), reptiles
(Lopez and Martin, 2005), birds (Norris and Evans, 2000) and
mammals (Graham et al., 2010).

The trade-off between the immune response and strenuous
exercise is particularly well documented in human athletes. Intensive
training suppresses the immune system (Gleeson, 2007; Gleeson et
al., 1995; Hoffmann et al., 2010; Pedersen and Hoffmann-Goetz,
2000; Wolach et al., 1998), while strenuous exercise, or in fact any
physical activity, is harder to perform when the immune system is
being challenged (Apanius, 1998; Nieman, 1997). Flight is

energetically much more demanding than running, as the minimum
energy cost of flying is thought to be about twice the maximal
oxygen consumption (Vo max) compared with a running mammal
of similar body size (Butler and Woakes, 1990). It remains
comparatively little understood, however, whether migratory flight
suppresses immune function or whether immune-challenged birds
have a lowered flight performance (Ardia and Schat, 2008; Buehler
and Piersma, 2008; Buehler et al., 2010a). It is, however, particularly
relevant in the context of the transmission of avian-borne diseases.
Migratory birds are often blamed for the spread of avian influenza,
but little is known about whether birds infected with highly
pathogenic avian influenza can actually perform a long-distance
migration (Altizer et al., 2011). Natural infection with low-
pathogenic avian influenza hampered flight performance in
migratory Bewick’s swans, Cygnus columbianus (Van Gils et al.,
2007), but an experimental study failed to find an effect of the
equivalent of a 1500km flight in a wind tunnel on immune function
in red knots, Calidris canutus (Hasselquist et al., 2007).

Here, we studied this trade-off by conducting a wind tunnel
experiment with three groups of European starlings, Sturnus vulgaris
L.: “trained’, ‘untrained’ and ‘post-flight’. The acquired arm of the
immune system seems generally less affected by training and intensive
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exercise than the innate arm (Baj et al., 1994; Nieman et al., 1995;
Tvede et al., 1991). We therefore focused on the constitutive aspects
of the innate arm of the immune system and predicted that constitutive
immune function decreases in response to training and, additionally,
in response to immediate exercise. Birds in our trained group mimic
individuals during migration that have been resting between migratory
flights for at least 2days. Birds in our post-flight group represent
individuals that have just completed a migratory flight and have not
yet had time to recover. Birds in the untrained group represent birds
that did not perform a migratory flight and serve as a control. We
hoped to thereby elucidate whether reduced immune measurements
at a stopover site are a short-term response to flight rather than a
reduced immunity associated with the whole migratory period.

We measured four components of the constitutive (non-inducible)
branch of the immune system, which represents the birds’ first line
of defence. It may thus be important during short stopovers between
migratory flights when there is not enough time to mount an acquired
response (Schmid-Hempel and Ebert, 2003). Constitutive immune
function must be maintained even when not in use, generating costs
that may be important in the physiological trade-off with migratory
flight (Buehler et al., 2008b; Martin et al., 2008). Specifically, we
measured the activity of haptoglobin (Matson, 2006), an acute phase
protein that offers protection against harmful end products of the
immune response (Delers et al., 1988). We employed the
haemolysis—haemagglutination assay (Matson et al., 2005) to
quantify complement-like and natural antibody activity, respectively,
which provide the first defence against spreading infections via cell
lysis (Ochsenbein and Zinkernagel, 2000). And we examined
leukocyte concentrations, which are indicative of circulating cellular
immunity (Campbell, 1995).

We tested three predictions generated by the hypothesised life-
history trade-off between mounting an immune response and
satisfying the costs of exercise: constitutive immunity is lower (1)
in post-flight birds compared with untrained birds, (2) in post-flight
birds compared with trained birds that have had 2 days to recover
from flight, and (3) in trained birds that had not flown for 2 days
compared with untrained birds.

MATERIALS AND METHODS
Bird capture and husbandry
All European starlings used in this study were captured during July
2009 in the vicinity of London, Ontario, Canada (43.17°N, 81.32°E).
Starlings in the Great Lakes region only migrate short distances
(Dolbeer, 1982); it may therefore be possible that flights of a few
hours duration constitute intense exercise for these individuals. Birds
were maintained in large aviaries (two sizes: 3.7X2.4X3.1m or
2.3X2.4X3.5m) until the beginning of the experiment in September
2009 when they were held in individual cages in a single room. The
birds used in this study were part of a larger project that involved
studying the effects of different diets on energetics during flight.
All diets were isocaloric, had the same macronutrient composition
(41% carbohydrate:13% protein:30% fat), and differed only in the
relative amounts of plant oils that comprised the dietary fat (olive
oil, sunflower oil) and the amount of supplementary vitamin E (5
or30TUkg ™" diet). We found no differences in any of the constitutive
immunity measures between diets (general linear model; P>0.2),
so we pooled these data for the remainder of the analyses reported
here.

Experimental groups and flights
Birds were randomly assigned to one of the three treatment groups.
Untrained birds (N=55) were housed in the large aviaries and never
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flew in the wind tunnel; all other birds were flown together in
randomly assigned groups of three in the wind tunnel at 12ms™!
and 15°C for 15 consecutive days according to the following
schedule: days 1 and 2, 10 min; day 3=20min; days4 and 5, 30 min;
day 6, 45min; day7, 60min; day8, 90min; day9, 30 min; day 10,
120 min; day 11, 180 min; day 12, no flight training; day 13, 60 min;
day 14, 30min; day15, 240min. On day 16, birds were flown
together in randomly assigned groups of three for as long as they
voluntarily flew (up to 4h). We either sampled blood immediately
after this final flight (post-flight, N=16) or 48 h afterwards (trained,
N=29). In this way, trained and post-flight birds had very similar
total flight times over the 16days of exercise training with the
primary difference between these two groups being whether we
sampled the bird’s blood immediately after flight (post-flight) or
2days after their final flight (trained). All animal care protocols
followed the Canadian Council on Animal Care guidelines and were
approved by the University of Western Ontario Council on Animal
Care and the Animal Use Subcommittee (protocol no. 2006-011-
04) and by the Institutional Animal Care and Use Committee at the
University of Rhode Island (AN08-02-014).

Wind tunnel set-up

Birds were flown in a recirculating wind tunnel at the Advanced
Facility for Avian Research at the University of Western Ontario.
The test section is enclosed in a plenum (approximately 4 X5X2.5m
high), which allows for precise control of temperature between —15
and 30°C and humidity between 10% and 90% RH. The closed
portion of the test section is a 2m long octagon with 1 m vertical
and 1.5m horizontal dimensions. A 0.5m long open section at the
rear of the test section allows birds to enter and exit the air stream
with minimal disturbance to the flow. True air speed can be
controlled between approximately 2 and 21ms™!. Without an
upstream net and outside of the wall boundary layer velocity
uniformity (standard deviation of velocity) is 0.5% and turbulence
intensity ranges between 0.12% and 0.27% (Gerson and Guglielmo,
2011). In this study, birds were flown with a net (0.15 mm filament
thickness, 2.5X2.5cm mesh) at the front of the test section.

Blood collection

Blood samples were taken from untrained and trained birds usually
within 10 min (25min if a second bird was sampled on any given
day) of capture from their cages. Blood samples were taken from
post-flight birds within 5 min of completion of their final flight. Birds
were anaesthetised by inhaling isoflurane and decapitated for the
study of the effect of diet on tissue composition (see ‘Bird capture
and husbandry’). From each bird, we collected ca. 1 ml arterial blood
into a heparinised 1.5ml microcentrifuge tube. Immediately after
sampling we made two blood smears on glass slides (Campbell,
1995); the remainder of the blood was processed within 1h of
sampling. Plasma was obtained by centrifuging blood samples for
10min at 12,000 g and stored at —80°C until processing. At time of
blood sampling, we also measured body mass with an electronic
balance to the nearest 0.1g, and tarsus length with digital calipers
to the nearest 0.01 mm.

Measuring immune function
Haptoglobin is an acute phase protein that offers protection against
harmful end products of the immune response (Delers et al., 1988).
To quantify plasma haptoglobin levels, we followed the ‘manual
method” in a commercial kit (no. TP801; Tri-Delta Diagnostics,
Morris Plains, NJ, USA), which exploits the peroxidase activity of
haptoglobin bound to haemoglobin.
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The haemolysis—haemagglutination assay quantifies complement-
like and natural antibody activity, which provides the first line of
defence against spreading infections via cell lysis (Ochsenbein and
Zinkernagel, 2000). The agglutination reaction measures blood
clumping caused by the interaction between natural antibodies and
antigens in rabbit erythrocytes. The lytic reaction measures the
amount of haemoglobin released from the lysis of rabbit
erythrocytes. In both cases, quantification is achieved by serial
dilution of plasma samples and assessment of the dilution step at
which either the agglutination or the lysis reaction stopped (Matson
et al., 2005). Specifically, we placed 25 pl of plasma in the first two
rows of a 96-well round-bottomed plate. From rows 2—11, we
performed ten 1:2 dilutions using Dulbecco’s PBS. We then added
25 ul of 1% rabbit red blood cell suspension to each well and placed
the plates in a water bath at 37°C for 90 min. Afterwards, we tilted
the plates 45 deg and then scanned them (HP Scanjet G3110) after
20 min for agglutination and after 90 min for lysis. The scans were
scored blindly by a single observer (S.N.) using the criteria outlined
elsewhere (Matson et al., 2005).

The concentrations of the different types of leukocytes are
indicative of different aspects of the immune function (Campbell,
1995). Heterophils are phagocytes that respond immediately to novel
pathogens during the initial immune response. They are the
counterparts of the mammalian neutrophils and form the first line
of cellular defence against invading microbial pathogens.
Inflammation or infectious conditions cause a dramatic influx of
heterophils (Juul-Madsen et al., 2008). Eosinophils are cytotoxic
cells with the ability to kill other cells as well as large extracellular
parasites. Lymphocytes orchestrate the antibody and cell-mediated
functions of the acquired immune system. Monocytes link
constitutive, non-specific (innate) immunity to induced, specific
(acquired) immune functions. They are precursors of macrophages,
which are involved in initiating and directing the innate and specific
immune responses, the systemic acute phase response, tissue repair
and tissue remodelling (Klasing, 1998). Thrombocytes play a role
in blood clotting and are also phagocytic (Campbell, 1995).

Blood smears were fixed in 100% methanol prior to staining
in Hemacolor stain set (Harleco, Gibbstown, NJ, USA) and
examined at X 1000 magnification with oil immersion. The first
100 leukocytes were counted and classified as heterophils,
eosinophils, lymphocytes or monocytes. While counting the first
100 leukocytes, we also recorded the number of thrombocytes
seen as an estimate of the relative number of thrombocytes per
leukocyte (Buehler et al., 2008b). In combination with the blood
smears, we obtained total leukocyte concentrations using the
indirect eosinophil Unopette method (Campbell, 1995), following
the manufacturer’s instructions (No. 5877, Becton Dickinson,
Franklin Lakes, NJ, USA). Note that the sample size differs among
assays based on plasma availability.

Statistical analyses

To eliminate between-plate variation in haptoglobin data, we
normalised the distribution of each plate by subtracting the mean
from each value and dividing it by the standard deviation, yielding
a z-score with a mean of zero (Zar, 1999). Agglutination data were
squared, lysis data square-root transformed, and leukocyte data log)o
(x+0.001) transformed to meet the assumptions of normality and
equal variance.

To compare immune function among treatment groups, we
grouped the soluble immune components (haptoglobin,
agglutination and lysis) and the cellular components (leukocyte
counts) and analysed both sets of data using a multivariate analysis

of variance (MANOVA). To control for body mass differences,
we regressed body mass against tarsus length and included the
residuals as a covariate. ‘Treatment group’ was the main factor
and ‘training group’ was included as a covariate. Flights of less
than 60 min duration (N=8) were excluded from this analysis. To
verify whether the MANOVA revealed significant differences
among groups, we used the Pillai trace test statistic, as it is
considered to be less sensitive to deviations from assumptions
than other multivariate statistics (Johnson and Field, 1993; Olson,
1976). Among-group comparisons were evaluated using
Hotelling’s T-square statistic. When the Pillai trace test was
significant, we performed one-tailed z-tests to describe how each
individual immune indicator varied with experimental treatment.
We present two- and one-tailed tests as we predict the direction
of the expected effect (Sokal and Rohlf, 1995); namely, decreased
immune function in the post-flight compared with the untrained
as well as the trained group and in the trained compared with the
untrained group.

We also tested for an effect of experimental flight duration on
immune indicators while controlling for experimental group using
the general linear model (GLM) package (type III sum of squares).
Here, flights of all durations were included. We used visual
examination of the distribution of the residuals of the GLM to
evaluate normality of the data distribution (Zuur et al., 2009). The
mean final flight duration (including flights of less than 60 min) was
142 min (N=53; range 7—431 min, s.d. 79.261). The birds in the post-
flight group (mean 180min) flew on average longer (1=2.492;
d.£=52, P=0016) than those in the trained group (mean 124 min).
All analyses were performed with the statistical software SYSTAT
v.13 (SYSTAT® 13 Statistics I II III IV, SYSTAT Software Inc.,
www.systat.com).

RESULTS

MANOVA
Size-corrected body mass did not affect haptoglobin, agglutination
or lysis scores (Pillai trace=0.044, d.f.=3,47, P=0.541), nor did flight
group (Pillai trace=0.462, d.f.=18,147, P=0.103). Experimental
treatment, however, significantly affected these three measures of
immune function (Pillai trace=0.291, d.£.=6,96, P=0.018). Pair-wise
comparisons showed that the post-flight group differed significantly
from the trained group (Hotelling’s 7-square=28.554, P<0.001) and
from the untrained group (Hotelling’s 7-square=16.175, P=0.003)
while the trained and untrained groups did not differ (Hotelling’s
T-square=6.430, P=0.126).

Haptoglobin

Plasma haptoglobin concentration decreased from the untrained
group to the trained group, and was lowest in the post-flight group.
The mean of the untrained group was higher than that of the post-
flight group (pooled variance: =1.976, d.f=57, one-tailed -test
P=0.027). There was no significant difference between untrained
and trained (pooled variance: =0.953, d.f.=68, one-tailed P=0.172),
or between trained and post-flight groups (pooled variance: t=1.088,
d.f.=37, one-tailed P=0.142; Fig. 1A).

We then tested for an effect of group and flight time on
haptoglobin concentration. There was no interaction between flight
time and group (£ 40=0.208, P=0.651), nor was there an effect of
group (F 40=0.665, P=0.420). We therefore pooled birds from the
two groups and showed that plasma haptoglobin concentration
decreased with increasing flight duration (F4,=7.241, P=0.001,
7?=0.147; Fig.2). Removal of the longest flight (431 min) did not
alter the result (£ 41=4.817, P=0.034).
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Fig. 1. Three measures of constitutive immune function in untrained, trained
and post-flight European starlings. Untrained birds were kept in cages and
not flown, trained birds were sampled 48 h after a continuous 1—4 h flight,
and post-flight birds were sampled immediately after a continuous 1—4h
flight. Sample sizes are given in parentheses, and letters indicate among-
group differences. (A) Plasma haptoglobin concentration (z-score +1
s.e.m.). (B) Agglutination scores (squared +1 s.e.m.). (C) Lysis scores
(square root +1 s.e.m.).

Agglutination

We also saw a decrease in agglutination scores from the untrained
group to the trained group to the post-flight group. The mean of the
untrained group was higher than that of the post-flight group (pooled
variance: t=2.557, d.f.=70, one-tailed P=0.006) and trained birds
also tended to have higher agglutination than post-flight birds
(pooled variance: r=—1.430, d.f.=43, one-tailed P=0.080; Fig. 1B).
Trained and untrained birds did not differ (pooled variance: r=1.163,
d.f.=83, one-tailed P=0.124). We did not find an effect of flight
time on agglutination scores (group: F 43=1.865, P=0.178; flight
time: F} 43=0.905, P=0.346).

Lysis
The pattern of lysis scores differed somewhat from those shown for
haptoglobin and agglutination as the trained group did not differ
from the untrained group. However, as with the other immune data,
the post-flight group scored lowest. Both untrained birds and
trained birds had higher scores than post-flight birds (separate
variance: #=2.328, d.f.=43, one-tailed P=0.012; pooled variance:
t=-2.817, d.f=43, one-tailed P=0.004), but untrained and trained
birds were not different (pooled variance: =—0.606, d.f.=83, one-
tailed P=0.727; Fig. 1C). We did not find an effect of flight time
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Fig. 2. Plasma haptoglobin concentration decreased with experimental flight
duration, irrespective of experimental group.

on lysis scores (group: F43=7.638, P=0.008; flight time:
F).45=0.056, P=0.813).

Leukocyte concentration

No effect of experimental group on either total leukocyte
concentration or the concentration of any type of leukocyte was
detected (Pillai trace=1.460, d.f.=12,8, P=0.205; Table 1), nor was
there an effect of size-corrected body mass (Pillai trace=0.749,
d.f.=6,3, P=0.399) or flight group (Pillai trace=2.674, d.f.=36.,48,
P=0.407). We also did not detect any significant changes in total
leukocyte concentration or the concentration of any type of leukocyte
with flight time (P>0.6, data not shown).

DISCUSSION

In European starlings, three out of four indicators of the constitutive
immune system decreased immediately after an endurance flight in
a wind tunnel. These results are consistent with the predicted trade-
off between constitutive immune function and intense exercise.
Constitutive immune function is maintained even when not actively
fighting an infection, and the costs of maintaining it are thus
considered to be important in the physiological trade-off with
migratory flight (Buehler et al., 2008b; Martin et al., 2008). These
results add to the growing body of evidence supporting an energetic
trade-off between immune function and other life-history traits. For
example, studies in birds have shown that immune function is
negatively related to reproductive effort (Ardia, 2005; Deerenberg
etal., 1997; Lochmiller and Deerenberg, 2000; Moreno et al., 1999;
Norris and Evans, 2000), growth rate (Mauck et al., 2005) and rapid
feather growth during moult (Martin, 2005). Likewise,
experimentally inducing immune responses leads to a decrease in
body condition (Sanz et al., 2004) and nestling growth (Alonso-
Alvarez and Tella, 2001).

This is the first study to examine constitutive immune function
in the context of training (trained) versus the immediate effect of
exercise (post-flight). The physiological demands placed upon
individuals in the two groups resemble those experienced by birds
during the migratory period; namely, birds that have been resting
between migratory flights for at least 2 days, and birds that have
just completed a migratory flight. Lysis was lower in post-flight
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Table 1. Mean leukocyte concentrations (+s.d.) in the three experimental groups

Leukocyte type (ul™") Untrained (N=18)

Trained (N=8) Post-flight (N=6)

Total leukocytes 46,219+32,637
Heterophils 18,535+13,828
Eosinophils 199842228
Lymphocytes 22,073+27,012
Monocytes 3612+2718
Thrombocytes 154,616+115,181

55,860+44,771 40,738+28,620
20.566+37,418 14,739+12,949
2709+2073 465045242
28,230+17,150 18,049+16,927
4453+4252 330042390
98,377+62,865 93,767+49,311

Birds that flew for less than 60 min in their final flight are not included. N, number of birds.

than in trained birds, and haptoglobin and agglutination showed the
same trend. These results can be interpreted in two ways. (1)
Constitutive immune function decreases in response to being in the
migratory state (trained), and decreases further as an immediate
effect of having performed a migratory flight (post-flight). (2)
Constitutive immune function decreases in response to exercise, but
recovers again within a short time period.

A recent study on red knots provides support for the second
explanation. In red knots C. c. rufa caught during a migratory stop-
over at Delaware Bay, USA, haptoglobin and lysis scores were
higher in birds storing fuel for subsequent flight (presumed
equivalent to our ‘trained’ birds) than in those recovering
immediately after a preceding flight (our post-flight group) (Buehler
et al.,, 2010b). Assuming that the recovering birds arrived more
recently than those depositing fuel stores, two possible explanations
for their finding are discussed. First, fuelling birds may experience
an increased rate of infection or may be bolstering their immune
defence in response to high antigen exposure. Second, birds
recovering from flight may be immuno-compromised because of
the physical strain of migratory flight or as a result of adaptive trade-
offs between immune function and migration. Our results are
consistent with their second hypothesis. Contrary to our results,
Buehler and colleagues did not find an effect of migratory flight on
agglutination (Buehler et al., 2010b). It is possible that the effect
of flight on immune measures differs between species.

We did not find a difference among experimental groups in the
concentration of any type of leukocyte. This may be for one of five
reasons. (1) The leukocyte profiles in our study were highly variable
(Table 1), which is consistent with other studies (Buehler et al.,
2010b), and so the effect size was too small to be detected with the
available sample size. (2) The flight time was not long enough to
result in a difference in leukocyte profiles. The average flight
duration was somewhat longer than 2h, but studies in other taxa
have shown that the initial leukocyte response to strenuous exercise
only becomes apparent after a time span of hours or even days
(Cardinet et al., 1964; Davis et al., 2008). (3) The constitutive arm
of the immune function has both cellular (i.e. leukocytes) and soluble
components (e.g. acute phase proteins and antibodies). It is possible
that the trade-off between strenuous exercise and immune function
happens at the soluble but not at the cellular level of the constitutive
arm. (4) The effect of migratory flight is masked by the effect of
stress. Handling and blood sampling is thought to be an acute
stressor, which triggers changes in leukocyte profiles (Davis, 2005;
Davis et al., 2008; Dhabhar, 2002; Dhabhar et al., 1995; Gross and
Siegel, 1983). However, because our handling times never exceeded
30min, this effect should be minimal (Buehler et al., 2008a). (5)
Finally, the blood that was used to make the smears had come into
contact with heparin. We chose heparin because other anticoagulants
(such as EDTA) can cause haemolysis in bird species (Campbell
and Ellis, 2007), which negatively affects haemolysis—
haemagglutination and haptoglobin assays. However, heparin may

cause clumping of leukocytes and thrombocytes, which may have
increased the variability in our counts.

We showed not only that the indicators of the soluble constitutive
immune system are lower in the post-flight than in the untrained
group but also that haptoglobin decreased with increasing flight
duration. Haptoglobin binds iron (haeme), which prevents it from
participating in free radical chain reactions (Dobryszychka, 1997;
Gutteridge, 1987) and from serving as a nutrient for invading bacteria
(Exton, 1997). Iron is also an important promoter of oxidative stress
during exercise (Cooper et al., 2002). Haptoglobin appears to play
an important physiological role as an antioxidant, particularly
during haemolysis, i.e. the breakdown of red blood cells (Lim et
al., 2000). Exercise-induced haemolysis is well documented in
humans (Sentiirk et al., 2005), and has been suggested to occur in
birds (Landys-Ciannelli et al., 2002; Piersma et al., 1996). If
haptoglobin levels are depleted by binding to oxidative iron during
migration, this may explain the decrease in haptoglobin we found
with increasing flight duration. One implication of this finding is
that haptoglobin may not be available to offer protection against
harmful end products of the immune response (Delers et al., 1988)
during stopover immediately after a long flight.

Our results are in contrast to those of Hasselquist and colleagues,
who found no effect of prolonged flight in a wind tunnel on immune
function in red knots (Hasselquist et al., 2007). They measured cell-
mediated and humoral acquired induced immunity, while our study
measured indicators of the innate constitutive response. The
difference in results may reflect the different costs of the various
aspects of the immune system during maintenance and use.
Acquired, induced immunity is expensive to develop, but cheap to
maintain and use, while innate constitutive immunity is cheap to
develop and use and of medium cost to maintain (Klasing, 2004;
Lee, 2006). It may thus be that a trade-off between exercise and
immune function only becomes apparent at the level of maintaining
(as opposed to developing or using) the different arms of the
immunity. Another possible explanation is that, like in humans,
acquired induced immunity in birds may not respond to exercise to
the same degree as innate immunity (Nieman and Pedersen, 1999).
Or there could be a trade-off between the different arms of the
immune system itself (Buehler et al., 2009; Klasing, 2004; Schmid-
Hempel and Ebert, 2003).

Our study has implications for the transmission of avian-borne
diseases. Migrating birds can become long-range vectors for any
bacterium, virus or parasite that they carry (Reed et al., 2003).
Studies on avian malaria in migratory shorebirds have shown a low
prevalence for the parasite (Earle and Underhill, 1993; Mendes et
al., 2005; Peirce, 1981). Parasite infection could simply be a rare
occurrence but it is also possible that infected individuals do not
migrate. In this context it is interesting to note that migration distance
was inversely related to parasite prevalence in monarch butterflies
Danaus plexippus (Altizer et al., 2000), and to the intensity of
infection with warble fly larvae, Hypoderma tarandi, in reindeer,
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Rangifer tarandus (Folstad et al., 1991). While migration may be
a behavioural adaptation to reduce parasitic infection (Altizer et al.,
2011; Folstad et al., 1991), it may also be possible that infected
individuals are not capable of migrating as far as healthy ones,
suggesting the same trade-off between immune function and
migration in other taxa.

The next step will now be to test whether the reported trade-off
between prolonged flight and constitutive immune function makes
migrating birds more susceptible to infections and whether infections
hamper their ability to perform long-distance migrations. Because
of the recent emergence of avian-borne diseases such as West Nile
virus (Marra et al., 2004), severe acute respiratory syndrome
(SARS) and avian influenza (Liu et al., 2005), understanding the
trade-offs and challenges faced by long-distance migrants has
gained a new level of relevance and urgency.
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