
INTRODUCTION

For birds as well as for other animals, parasites
are important selective agents (Møller et al. 1990).
The need to defend the body against invading par-
asites has led birds and other organisms to evolve
a wide array of adaptations to prevent initial
infection and subsequent proliferation (Sheldon
& Verhulst 1996; Clayton & Moore 1997; Norris

& Evans 2000). A first line of defence mechanism
includes behavioural responses and physical bar-
riers acting to reduce exposure (Hart 1997). Sec-
ondly, if a parasite enters the body, it can be elim-
inated by the immune system (Wakelin & Apa-
nius 1997). From an evolutionary point of view:
hosts are expected to evolve these defences
against parasites, provided that the parasites have
a negative impact on host fitness. Although it is
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often assumed that parasites reduce the fitness of
their hosts, the fitness effects of many parasitic
infections in their natural hosts are actually
unknown. Even in well-studied parasite-host sys-
tems, the effects of parasites on host fitness are
often difficult to estimate (Nuttall 1997). 

Parasites may reduce host fitness by causing
disease or increased energy expenditure that leads
to increased mortality or reduced reproductive
success (Loye & Zuk 1991). For many viruses that
circulate in bird populations, no clinical symp-
toms of disease have been associated with the
infections. Such infections, without disease
symptoms, are referred to as subclinical. In fact,
subclinical infections seem to be the most com-
mon infection pattern among avian viruses (Nut-
tall 1997), as well as for viruses infecting other
organisms (Cann 1997). Since the potentially
costly defences against these viruses seems to be
maintained in natural populations, we would
expect to find some costs associated with being
infected. In this study, we make an attempt at
addressing the question whether a subclinical
virus infection could affect the fitness of the
infected hosts. 

Apart from causing disease, a parasite infec-
tion can affect host fitness by increasing the host’s
energetic demands (Milinski 1990). A parasite can
be defined as an organism living in or on another
living organism, obtaining from it part or all of its
resources, and commonly exhibiting some degree
of adaptive structural modification, and causing
some degree of damage to its host (Price 1980).
Thus, all parasites should be costly, at least in
energetic terms. The production of an immune
response per se can also infer energetic costs
(Gustafsson et al. 1994; Sheldon & Verhulst 1996;
Lochmiller & Deerenberg 2000; Norris & Evans
2000; but see Svensson et al. 1998). If being
infected, or developing immunity to infections is
energetically costly, individuals must balance the
amount of resources invested in parasite defence
against investments in other traits such as repro-
duction or survival. Thus, increased energy
expenditure can cause fitness reductions during
an infection through life-history trade-offs.

Predation is an important cause of natural
selection in nature, and fitness reductions by par-
asites may occur indirectly as a result of increased
predation. It has been demonstrated for birds that
individuals that fall prey to a predator may on
average have lower immunocompetence (Møller
2000). In this study, we have made a first attempt
to estimate the costs of a subclinical virus infec-
tion, by observing behavioural changes of Com-
mon Greenfinches during the peak of a virus
infection. We hypothesised that the virus infec-
tion, or clearance of the infection, would infer
energetic costs to the infected hosts. As a conse-
quence, we predicted that birds would reduce
their locomotion activity during the infection. We
also predicted that the infection would reduce the
birds’ ability to escape from a simulated predator
attack. To test these predictions we measured
spontaneous locomotion activity and the speed
and angle of take-off flights after a simulated
predator attack of Common Greenfinches while
they were infected with the Sindbis virus. 

METHODS

For the two experiments we caught a total of 35
Common Greenfinches (30 males, 5 females)
with mist nets in winter and early spring 1997 in
Uppsala, Sweden (59°50'N; 17°50'E). Each bird
was used once in either of the two experiments.
Before the experiments started, birds were kept in
indoor cages (50 x 50 x 50 cm) either individual-
ly or in pairs, for at least one month. During this
time, they were kept under a natural day length
cycle. Birds were fed ad libitum with a mixture of
sunflower, hemp and millet seeds, and fresh water
was always available in the cages. Common
Greenfinches were chosen as hosts because they
adapt well to aviaries, a character that makes
them suitable for behavioural studies.

The Sindbis virus is an arthropod borne virus
(arbovirus) transmitted by mosquitoes to bird
hosts (Lundström 1999). It can be lethal for new-
born birds, but has not been reported to cause any
clinical symptoms in adult birds (Whitehead
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1969; Lundström et al. 1993). The virus occurs in
many countries of the Old World (Olsen & Trent
1985). In Europe, it has a wide host range, and can
infect a large number of bird species (Lundström
1999). In Sweden, several Turdus species are the
main vertebrate hosts, with the prevalence of spe-
cific Sindbis neutralising antibodies ranging
between 22-43% (Lundström et al. 2001). In
Common Greenfinches, the Sindbis neutralising
antibody prevalence is 13%.

Laboratory procedures and materials
During an infection with the Sindbis virus,

birds are viremic for 2-6 days with peak virus
concentrations reached 2-3 days after initial
infection (Fig 1C; Lundström et al. 1993; Lind-
ström & Lundström 2000). Most of the virus is
cleared from the blood by specific neutralising
antibodies that are detectable one week to several
months after infection (Lundström & Niklasson
1996). In these two experiments, we infected
Common Greenfinches with a subcutaneous
injection of 103 plaque-forming units (PFU) of
Sindbis virus diluted in 0.1 ml saline solution
(0.09% NaCl). The virus strain used (Edsbyn
82/5) was of the northern European genotype of
Sindbis virus (Norder et al. 1996), and was taken
through three passages in Vero cells before being
used in the study. The amount of virus inoculated
was based on estimates of the amount of virus an
infected mosquito delivers in nature during blood
feeding (Chamberlain & Sudia 1961). As a control
treatment, Common Greenfinches were injected
with 0.1 ml of the saline solution, without the
virus. This controlled for the effect of handling
and injecting. Handling time was less than 10
minutes for each bird. Since Sindbis virus can
cause disease in humans (Niklasson et al. 1988),
birds were kept in mosquito-proof indoor aviaries
to avoid accidental spread of virus from the
experiment. After the experiment, all infected
birds were terminated and dissected for other
studies.

Activity experiment
The activity experiment was performed

between April and June 1997. Birds were tested in
two groups, with eight and seven birds per group.
The two groups consisted of a total of 10 males
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Fig. 1. Activity (A), within individual changes in
activity levels from saline to virus treatment (B) of
Common Greenfinches during an infection with Sind-
bis virus and variation of Sindbis virus titres over time
during the first five days post injection (C). Sample
sizes in A and B are 13 in the untreated and 15 in the
saline- and virus-treated birds. In C data are taken from
earlier studies on Common Greenfinches (n= 38). Bars
in all cases represent means and SE.



and 5 females, divided randomly between the two
groups. One week before the experiment started,
birds were transferred to individual experimental
cages (50 x 50 x 50 cm). In these cages all birds
were visually isolated from one another, and held
under a constant daylight cycle similar to prevail-
ing outdoor conditions, 16L: 8D. After one week
of habituation to the experimental cages we mea-
sured the activity of the birds during five days
before performing any treatments. Birds were
then exposed to one week of saline and one week
of virus treatment. In the saline treatment, we
injected all birds the first day with saline solution.
In the virus treatment, we injected birds the first
day with the infectious virus. The first five days
after each of these treatments, we took measure-
ments of each bird’s activity. In order to measure
the activity of birds; they were video-recorded
with a hidden S-VHS, Hi8 video camera for 25
minutes in the morning (06.00-06.25 h) in each
consecutive week (control, saline and virus). The
total number of jumping or flying movements
made by each bird, during those 25 minutes, were
counted from the video recordings by one observ-
er (B-A. L.). 

Escape performance experiment
We measured the effect of the virus infection

on Common Greenfinches escape performance by
exposing infected and uninfected males to a simu-
lated predator attack. A saline-treated group (10
males) was tested in November 1997 and a virus-
treated group (10 males), was tested in March
1998. For each individual, we measured escape

performance seven days before and three days
after they received a saline treatment or virus
treatment. On each test day, we moved one bird
from its individual cage to a large test cage (1.5 x
3.0 x 2.5 m) at around 10.00 h. In the front of the
cage, there was a platform with a balance placed
under a feeding tray. The balance was connected
to a PC that recorded the weight on each feeding
tray every 15 s. When a bird sat on the feeding
tray, its mass could be calculated by subtracting
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Table 1. Results of repeated measurement MANOVAs that test for effects of treatment on Common Greenfinch-
es’ change (before - after treatment) in predator escape performance and body mass. In the analyses, time (morning
or evening) was included as a within subject factor, and treatment (saline or virus) was a between subject factor. 

Time Treatment Time*Treatment

df F P F P F P

Take-off speed 1,17 1.50 0.24 0.06 0.81 5.95 0.03
Take-off angle 1,17 2.79 0.11 1.27 0.28 1.22 0.28
Body mass 1,17 0.00 0.95 6.450.02 0.32 0.58
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Fig. 2. Change in take-off speed (A) and body mass
(B) of Common Greenfinches in the morning and the
evening from before to after a saline treatment or a
Sindbis virus treatment. Bars represent means and SE
of individual changes (before-after treatment), so that
positive values on the x-axes indicate an increase after
saline or virus treatment. Sample sizes are n = 10 for
the saline group in all cases, and n = 9 for the virus
group in all cases.



the mass of the food available before the bird
landed on the tray.

In the ceiling three meters in front of the cage,
a cardboard Merlin Falco columbariusmodel was
hidden behind a board. When the Common
Greenfinch was feeding, a hidden observer
released the Merlin model by raising the board.
The model was released twice: at the first feeding
attempt after 15.00 h, on the day the bird was
moved to the test cage; and at the first feeding
attempt after 09.00 h the next morning. Take-off
speed and angle were measured with two video
cameras. We estimated take-off speed and angle
with the help of a board with gridlines placed
behind the balance. We measured the take-off
angle by calculating the angle from the take-off
position to the position five video-frames (0.2 s)
after take-off (for further details, Van der Veen &
Lindström 2000). 

Statistical analysis
Since between individual variation in

response decreases the power of between individ-
ual tests, we used each individual as its own con-
trol, and compared behaviour before and after
treatment. In humans, infections with Sindbis
virus have been associated with symptoms such
as arthritis that can persist several years after
infection (Niklasson et al. 1988). Although no
similar symptoms have been recorded for birds,
we could not exclude the possibility that birds
that were infected would retain latent infections
that could alter their behaviour. Because we could
not exclude such long-term behavioural effects on
the birds caused by the infection, we performed
all control and saline measurements before the
infection. As a result of this, time and treatment
are confounded. For the activity experiment, we
assumed that activity levels of the birds would not
change systematically over time and tried to find
support for this assumption. In the second experi-
ment, we exposed birds repeatedly to a predator
threat. Previous exposures could potentially affect
subsequent responses and therefore we compared
changes in behaviour from before to after treat-
ment of virus-treated birds with changes in

behaviour from before to after treatment of
saline-treated birds.

We performed repeated measurement ANO-
VA using SAS (SAS 1990) and Statistica (StatSoft
Inc., Tulsa, USA) in our analyses. To test for time
effects in the activity experiment, we compared
activity between days before the experiment start-
ed. To test for treatment effects in the activity
experiment we compared within individual
changes in activity levels between the saline and
virus treatment. In the flight performance experi-
ment, we tested for treatment effects by compar-
ing within individual changes in body mass, take-
off speed and angle, from before to after treat-
ment in the morning and in the evening between
the saline-treated group and the virus-treated
group. We performed post hoc t-tests and paired t-
tests. For technical reasons, the experimental
group and the control group were tested at differ-
ent seasons (November for the saline group and
March for the virus group) in the flight perfor-
mance experiment. Thus, if changes in the birds’
behavioural response to the predator model would
be affected by time of year due to physiological
changes associated with the season (e.g., hor-
mone levels, fat load), these groups may not have
been comparable. We compared the two groups
before treatment, to test if the birds’ behaviour
differed between seasons. We found no differ-
ences in either body mass or take-off speed or
angle between the groups before treatment (t-
tests, P > 0.13 for all tests). Thus, we found no
reason to believe that the separation of treatments
in time has affected our conclusions.

RESULTS

Activity experiment
In our first experiment, we had assumed that

the activity of birds would not change over time
independent of treatment. We tested this assump-
tion by testing for time effects in the week before
the treatments started. A lack of time effect in this
week may indicate that, even though time and
treatment are confounded in this experiment,
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effects may be more likely to be due to treatment
than to time. This seems to be the case: in the
week before the treatments started there was no
significant difference in activity level between the
five measurement days (Fig. 1A, repeated mea-
surements ANOVA, F4,56= 0.98, P = 0.42). After
the saline treatment (F4,56 = 2.59, P = 0.04) as
well as after the virus treatment (F4,56= 2.68, P =
0.04) there were significant differences in activity
levels between days. During both treatments,
birds increased in activity over time (Fig. 1A). To
take the effect of measurement day into account,
we tested for the effect of the treatment by com-
paring activity levels after the virus treatment
with activity levels on the corresponding day after
saline treatment (Fig. 1B). Common Greenfinch-
es obtain highest virus titres 2-3 days post infec-
tion (Fig. 1C). We therefore compared activity
levels on the second and third day after the treat-
ment between the virus and saline treatment. On
the second day there was no significant difference
in activity levels between treatments (Fig. 1B,
repeated measurement ANOVA:F1,14= 0.31, P =
0.57), but on the third day after treatment activity
levels were significantly lower after the virus
treatment than after the saline treatment (Fig 1B,
repeated measurement ANOVA: F1,14= 5.61, P =
0.033). 

Escape performance experiment
In the escape performance experiment we

compared changes in escape performance from
before to after treatment in the virus-treated group
with changes in escape performance from before
to after treatment in the saline-treated group.
When comparing changes in take-off speed
between the virus and saline-treated group, we
found that the effect of treatment differed
between the morning and the evening (Table 1,
time x treatment). In the evening, there was a sig-
nificant difference in change in take-off speed
between the treatments (t17 = 2.30, P = 0.03):
take-off speed decreased after the virus treatment,
and increased after in the saline treatment (Fig.
2A). In the morning, we found no significant
effect of treatment on change in take-off speed

from before to after treatment (t18 = -1.37, P =
0.18). There was no significant difference
between the treatments in change in take-off
angle from before to after treatment (Table 1), and
no significant interaction between time of day and
treatment (Table 1). The birds differed signifi-
cantly in body mass between the morning and the
evening (repeated measurement ANOVA:F
(1,17) = 813.41, P < 0.001), with birds being
heavier in the evening than in the morning (mass
(g) ± SE: morning 25.9 ± 0.2 evening 27.9 ± 0.2).
From before to after treatment, the saline-treated
birds lost body mass, while the virus-treated birds
gained body mass (Table 1: treatment, Fig. 2B).
This change was similar in the morning and in the
evening (Table 1: time x treatment).

DISCUSSION

We found that spontaneous locomotion activity
was significantly lower three days after the infec-
tion than three days after the control (saline) treat-
ment in the activity experiment. Since time and
treatment were confounded in this experiment,
we cannot fully exclude the possibility that fac-
tors other than the virus infection were responsi-
ble for this reduced activity. However, given the
fact that no time effects were apparent during the
week before the treatments we are inclined to
think that the effects found in this study are more
likely to be due to treatment than time effects. In
order to control for the potential effect of han-
dling and injecting birds per se we compared
activity levels between the two treatments on the
same amount of days after the injection procedure
was performed. The results of this comparison
showed that activity was slightly reduced the
third day after injection in the virus treatment
compared to the control (saline) treatment. For
the Sindbis infection, this corresponds to a day
when the birds immune system normally has
mounted a sufficiently strong antibody response
to stop the exponential virus proliferation.
Decreased activity during infection could indicate
that this virus infection, or the mobilisation of an
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immune response to the infection, caused an ener-
getic or nutritional drain upon the host (Holmes &
Zohar 1990). Birds could then reduce their activi-
ty to save energy. Alternatively, the decrease in
activity could have been caused by other mecha-
nisms such as tissue damage (i.e., muscles, joints,
and nerves), or it could be a symptom of fever
(Hart 1988). Like in our study, the spontaneous
locomotion activity of African cut-throat finches
Amadina fasciatawas reduced during an infec-
tion with the avian paramyxovirus type 2 (Good-
man et al. 1990).

We also tested if these potential behavioural
alterations found in the activity experiment could
translate into fitness costs by measuring the
predator escape ability of infected birds. In the
evening, virus-treated birds decreased in take-off
speed after treatment whereas saline-treated birds
increased in take-off speed after treatment. There
was also a significant effect of treatment on body
mass. Birds of both treatments were heavier in the
evening than in the morning. Virus-treated birds
increased their body mass after treatment whereas
saline-treated birds instead showed a tendency to
decrease their body mass after treatment. Increas-
es in body mass, or fat load, can lead to reductions
in take-off speed when escaping from predators
(Witter et al. 1994, Kullberg et al.1996), thus the
lower take-off speed of virus infected birds may
have been a consequence of the increased body
mass. In a previous experiment on uninfected
Common Greenfinches, a daily increase in body
mass of 2.0 g did not lead to a reduced take-off
speed (Van der Veen & Lindström 2000; see also
Kullberg 1998; Veasey et al. 1998). Thus, with
small increases in body mass, take-off speed can
remain unaffected, because healthy birds may be
able to put more effort in their flight when heavier
(Van der Veen & Lindström 2000). In the current
experiment we only found an effect of the virus
infection in the evening, when birds were heavy.
This indicates that the birds might not have been
able to put this extra effort in their take-off when
infected by the virus. An alternative explanation
for these results could be that the virus caused tis-
sue damage, and that this damage only affected

take-off speed when the birds were heavy. The
saline-treated birds declined slightly in body mass
from before to after treatment, and there may
have been several reasons for this. Increased food
predictability in captivity (Ekman & Hake 1990)
as well as increases in perceived predation risk
due to the experimental exposures (Lilliendahl
1997; Van der Veen 1999; Van der Veen & Sivars
2000) may induce lower body mass. In the virus-
treated birds the opposite could be observed:
birds increased in body mass from before to after
treatment. This could be because birds responded
to increased energetic demands due to the infec-
tion or mobilisation of an immune response by
putting on more fat reserves. 

Although the Sindbis virus, together with
most other avian virus infections, is subclinical,
this study suggests that the infection may be cost-
ly, and that the behaviour of birds may have been
altered to counterbalance these costs. A reduced
activity, and increased body mass coupled with a
reduced take-off speed, together may imply that
infected Common Greenfinches reallocate
resources during the infection, and that infected
Common Greenfinches may be more vulnerable
to predation. Thus, the behavioural alterations
detected in this study may ultimately translate
into fitness costs by impairing anti-predator
behaviours. Anti-predator behaviours are impor-
tant for a bird’s survival. For wintering flocks of
Yellowhammers Emberiza citrinella, which share
their habitat with Common Greenfinches, the
avian predator attack frequency per flock was
estimated to 0.1 attacks per hour (Van der Veen
2000). During autumn migration when both
predators and prey are concentrated in small
areas, the attack frequency per finch flock can be
up to 1 per hour (Lindström 1989). Thus, in areas
with intense predation, even one day of impaired
take-off ability can have severe consequences and
may lead to mortality. In a recent study, it was
shown that birds that fell prey to domestic cats
were of equal body condition but had lower
immuno-competence (as indicated by their spleen
size) than birds that died from other reasons
(Møller 2000). Thus, immunocompetence, disease
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and parasitism may play an important role in
predator-prey interactions. Also, if energetic
demands are increased during infection, a short-
age of food may lead to starvation. In a long-term
study on birds infected with ectoparasites, nega-
tive fitness effects on infected individuals were
only detected in years with low food supply (Duf-
va & Allander 1996). 

Knowledge about how avian virus infections
may impact the fitness of their hosts in nature is
still in its infancy. We suggest that careful behav-
ioural observations and long term-studies should
be adopted to investigate the fitness costs of virus
infections in birds. Parasitic infections can infer
fitness costs by increasing the energetic demands
or by increasing the risk of predation. In nature,
infections may coincide with food shortage and
predation and therefore the ultimate fitness conse-
quences of infections should be tested in the field.
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SAMENVATTING

In het algemeen zijn er geen klinische effecten van
virusinfecties op vogels bekend. In deze studie is
onderzocht hoe de spontane activiteit en de opvlieg-
snelheid, volgend op een gesimuleerde roofvogelaan-
val, door een virusinfectie worden beïnvloed. En meer
in het bijzonder: of er indirecte negatieve effecten van
virusinfecties bestaan. Daartoe werden Groenlingen
Carduelis chloris experimenteel geïnfecteerd met een
natuurlijk voorkomend virus; als controlebehandeling
werden de vogels met een zoutoplossing geïnjecteerd.
Op de dag dat de immuunreactie het hoogst was na een
virusinjectie, verlaagden de Groenlingen hun activiteit
ten opzichte van een vergelijkbare dag na een injectie
met een zoutoplossing. Echter, in deze studie was het
moeilijk tijdseffecten van viruseffecten te scheiden.
Daarom moeten de resultaten voorzichtig worden geïn-
terpreteerd. Geïnfecteerde Groenlingen hadden een tra-
gere opvliegsnelheid na een gesimuleerde roofvoge-
laanval dan vóór de infectie. Dit was niet het geval
wanneer de vogels met een zoutoplossing waren behan-
deld. Het effect in opvliegsnelheid was alleen zichtbaar
in de avond, wanneer de vogels zwaarder waren. In de
ochtend, wanneer de vogels nog licht zijn, schijnen ze
nog te kunnen compenseren voor hun infectie. Maar als
ze zwaarder zijn, lukt ze dat niet meer. Deze studie
geeft aan dat, ondanks het gebrek aan aanwijsbare kli-
nische gevolgen van een virusinfectie, vogels wel
degelijk fitnesskosten kunnen ondergaan door een
virusinfectie. Vooral een lagere snelheid tijdens het ont-
snappen aan roofdieren kan fatale gevolgen hebben. 
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