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Abstract The ability to resist infections can differ
between individuals of different social rank. This study
investigates if the clearance of an avian virus infection
(Sindbis virus) was related to the social status of
greenfinches (Carduelis chloris) and if infected birds
would decline in social status. The results showed that
virus clearance patterns were related to social status.
Within groups of birds with similar plumage color (a
social status signal), body mass and age, a bird’s social
status could be used to predict virus clearance patterns.
Dominant birds had higher virus concentrations early in
the infection and lower virus titres during later stages of
the infection as compared to birds that were subordinates.
The infection had no significant effect on previously
established social ranks, and ranks that were established
during the infection did not appear to be influenced by a
bird’s infection status. In conclusion, this study exempli-
fies a case where the social rank of an individual was a
predictor of the ability to clear a viral infection. The
underlying physiological mechanisms of this relationship
remain to be further investigated.
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Introduction

An animal’s social status position in the group can
influence many fundamental aspects of its biology such as
the probability of survival, being able to reproduce or
resist infectious disease (Pusey and Packer 1997; Zuk and
Johnsen 1999). In some animal species, including the
greenfinch (Carduelis chloris), both social status and
parasite resistance ability are accurately revealed by
plumage characteristics (Rohwer 1975; Hamilton and Zuk
1982). In greenfinches, the brightness of a male’s
plumage (i.e., more or less yellow) functions both as a
badge of social status (Eley 1991), and as an indicator of a
male’s parasite resistance ability. Males with a brighter
plumage have been found to have fewer blood parasites
(Meril� et al. 1999) and faster clearance of a Sindbis virus
infection (Lindstr�m and Lundstr�m 2000), and are able
to mount stronger humoral immune response after
challenge (Saks et al. 2003). To explain how ornamental
traits such as plumage characteristics in birds can be
related to parasite resistance two alternative ideas have
been put forward. First, the relationship between signaling
traits and parasite resistance can be related through the
protective properties of antioxidants, for example car-
otenoids that are used both during clearance of infections
and in many animal signals, such as the greenfinch
plumage (Olson and Owens 1998; Saks 2003). Alterna-
tively, the interrelationship could be mediated by the
immunosuppressive effects of steroid hormones such as
testosterone or stress hormones (Folstad and Karter 1992;
Buchanan 2000). Both these hormones are influenced by
social behaviors. In some flock living animals, subordi-
nate animals are subject to higher levels of stress
hormones (Creel 2001). If dull greenfinch males are
exposed to chronic social stress as a consequence of their
low social status, and this has a negative impact on their
immune functions, it would explain their reduced ability
to resist parasites. This study was performed to investi-
gate the interrelationship between social status and
disease resistance in male greenfinches, and to test if
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the maintenance of a low social status was associated with
reduced virus clearance ability.

Being infected by a parasite can also affect an
individual’s social status. If the maintenance of a high
social rank is costly, individuals might be forced to
allocate resources to maintain a high rank at the expense
of other costly activities such as parasite clearance. Thus
animals might respond to infections by conceding rank
(Freeland 1981; Zuk et al. 1998). The second objective of
this study was to test if the experimental virus infection
would affect an individual’s ability to maintain or obtain a
high status position.

Methods

Study system

The study was performed on greenfinches infected with the Sindbis
virus (Togaviridae, Alphavirus). The greenfinch is a medium sized
(ca. 30 g) seed-eating passerine that lives gregariously during large
parts of the year (Cramp and Perrins 1994). In the study area, the
greenfinch is one of many avian hosts for the mosquito-transmitted
Sindbis virus (Lundstr�m 1999). In the summer months, the
prevalence of natural Sindbis virus infections is around 10 % in
greenfinches in our study area (Lundstr�m and Lindstr�m, unpub-
lished data). There is currently no evidence that this virus infection
has pathological effects and causes disease in avian hosts. For
greenfinches, the size of the male tail patch is positively related to
overall plumage brightness, and negatively related to Sindbis virus
clearance rate (Lindstr�m and Lundstr�m 2000).

Greenfinches were caught in mist-nets in the Uppsala area
(59�500N; 17�500E) in January, and were kept alone in indoor cages
(50�50�50 cm) on a natural daylight cycle with unlimited access to
water and sunflower seeds until the experiment started in March
1999, when birds were placed together in pairs in the cages. After
capture, all birds were ringed, color-banded and aged into two age
classes, yearlings or older. Their body mass was measured with a
Pesola scale (to the nearest 0.1 g). The length of the right yellow
tail patch was measured with a ruler to the nearest mm. The 32
male greenfinches in the study were divided into eight experimental
groups consisting of four birds each. The groups consisted of birds
that were matched according to age, tail patch length and body
mass, so that within groups, birds were of the same age and as
similar as possible with respect to tail patch length (average group
differences max-min were 10%) and body mass (average group
difference max-min were 9%). Body masses were measured on
three occasions; directly after capture, the second day of the
experiment, and 4 days after the infection. All birds were blood-
sampled before the experiment and all were found seronegative for
Sindbis virus neutralizing antibodies in a plaque reduction neutral-
izing test in Vero cell cultures where 80% plaque-reduction was
used as the cut-off limit (Earley et al. 1967; Francy et al. 1989).

Dominance tests

Six mornings before the infection and the first four mornings after
the infection, dominance tests were performed for each pair. For
these tests, the food and water bowl was removed at 1600 hours the
day before the observations and then reintroduced to them between
1000 and 1200 hours the following day. The third day after
infection, observations were made a second time in the afternoon.
The food and water bowl was then removed at 1300 hours, and
pairs were observed between 1400 and 1600 hours. The order of
these tests was altered each day so that the pair that was observed
last on one test day was observed first on the next. When pairs were

shifted, both males in a pair were transferred to a new cage, so that
no male would have prior experience of the cage.

In all tests, the pair was observed from a hiding place at 2-m
distance immediately after the food and water bowl was replaced in
the cage. Each interaction that took place between the males was
recorded and for each interaction a winner and a loser was
appointed. The behaviors that were performed by the male
initiating these contacts were typically either threat display or
attack (Senar 1990). An individual was considered to be a winner if
its opponent gave a submissive posture or withdrew after having
been exposed to a threat display or an attack. The winners could
thereby gain or retained access to food, water or perch. When one
male had won significantly more than 50 % of the encounters as
indicated by a binomial test, that male was classified as the
dominant bird of the pair that day.

Since all males were ranked relative to the other three birds
within each experimental group they could be assigned a within-
group rank ranging from 1 to 4, with 1 being the lowest rank. The
two infected birds in each group were classified either as dominants
or subordinates relative to each other. Since some infected birds
that were classified as subordinates relative to the other infected
bird were actually ranked higher than other birds within their
experimental group, the within-group ranks (1–4) gave more
detailed information of their social status. In some cases the within-
pair ranks changed between days, in such cases males were
classified as being higher ranked than their counterparts if they had
been dominant in the majority of the observation days.

Social rank

Within experimental groups of four birds, birds were randomly
divided into two subgroups (1 or 2). Within these subgroups, one
bird was assigned to a virus treatment (V) and the other to a control
treatment (C). Thus, within groups, each bird had unique assign-
ments to subgroup/treatment (V1, V2, C1 and C2). The week before
the infection, within group ranks were determined for each
individual relative to two other birds within groups during three
subsequent days. This was done as a control to estimate how often
birds would change their ranks within the pairs without being
subject to any treatment. In all groups, the V1-assigned birds were
ranked against the C1 birds and the V2 birds. Thus, V1 bird was
used twice, but the pairs were unique. The observations made
before the treatment showed that the dominance hierarchies that
were measured tended to stabilize over time. Between day one and
two, 20/32 or 62 % of the ranks were stable, and between day two
and three, 28/31 or 90% were stable. Since the pairs that were kept
together after receiving the treatment had spent more than 3 days
together, I made the assumption that 90% of the dominance
hierarchies would be stable between subsequent test days if the
hierarchies were unaffected by the infection.

After these control observations, birds were kept in the V1-C1
and V2-C2 combination until the infection, when one bird in each
group was infected. The study was designed as a one-tailed test, to
test if dominant birds would decrease in rank when infected. To
increase the number of cases where the dominant would receive the
infection treatment, I used the information from the control
observations and switched treatment assignments between birds if
both C assigned males had been dominant relative to V assigned
males in the control tests. Of the birds that were given the infection
treatment, 11 of 16 had been dominants in relation to their control.

On the first 4 days after one bird had received the infection,
dominance tests were performed. Since the Sindbis virus titre in the
blood typically peaks around the third day after infection, any
behavioral consequences of the infection was expected to be most
pronounced at this time. Therefore, on day three, all infected (V)
birds were ranked relative to both control treated (C) birds within
the experimental group. Thus, for the first time in the experiment,
birds within all groups were combined in the previously untested
V1-C2 and V2-C1 combination.
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Virus infection and detection

The 16 males that had been assigned to the V-treatment were
infected with Sindbis virus. Each of these males received a
subcutaneous injection containing 104 plaque-forming units (PFU)
of Sindbis virus diluted in 100 ml water with 0.09% NaCl. The virus
dose was selected to match the dose transmitted by a mosquito
during a natural infection (Chamberlain and Sudia 1961). For the
infection, the Eds 82/5 strain of Sindbis virus was used. This is
genetically a typical northern European strain (Norder et al. 1996).
The strain was taken through two passages in Vero cells before use
in this study. Birds assigned to the C treatment received an injection
of 100 ml water with 0.09% NaCl.

On the first 7 days following the infection, blood samples were
taken from birds in both treatment groups by extracting 0.1 ml
blood from the jugular vein with a 27-gauge needle and a 0.5-ml
syringe each afternoon between 1600 and 1700 hours. Handling and
sampling required less than 5 min for each bird. Whole blood
samples were immediately diluted 1:10 in Hank’s balanced salt
solution supplemented with 2% Hepes buffer and 10% fetal calf
serum (Life Technologies). Samples were kept on ice for a
maximum of 2 h, and then stored at �70�C until assayed for virus
content in a plaque test as described in Lundstr�m et al. (1990). The
lowest detectable virus titre in the assay was 101 PFU/ml whole
blood, and virus titres ranged between 101 and 104.7 PFU/ml in this
experiment. Using the daily virus titres, I calculated the total
viremia for each bird, defined as the sum of log10 virus titers
measured days 1-7. To test for differences in virus proliferation
patterns at different stages of the infection, the virus titres of each
bird was divided into an early (sum of virus titers days 1–3) and late
(sum of virus titers days 5-7) phase. These stages represented a
proliferation phase, where the average virus titres was rapidly
increasing, and a clearance phase, where viruses were being
neutralized by the immune system. The fourth day after infection
represented an intermediate stage and was excluded from this
comparison. After the experiment, control treated birds were
released and virus treated birds were terminated and dissected for
other studies.

Data analyses

The data were analyzed with Statistica for Windows. Parametric
tests were used where data met the required assumptions. For other
data, I used non-parametric tests. In the text, rs is the correlation
coefficient from Spearman rank correlations. To perform power
analyses, the G-power program was used (Buchner et al. 1997).

Results

Changes in social status during the infection

Each day following the infection, observations were made
to determine ranks in pairs where one male was infected.
Between day 0 (when birds received the infection) and
day 1, all ranks remained stable; between days 1 and 2,
81% of all ranks remained stable; and between days 2 and
3, 75%. On this day, 3/11 dominant infected birds
decreased in rank, and 1/5 subordinate infected birds
increased in rank. Between day 3 and 4, 87% of all pairs
remained stable (n=16 in all cases). When these observed
frequencies of stable ranks were compared to the expected
frequency 90% (rank shifts that occurred without treat-
ment in the control week) there was no significant
increase in rank shifts during the infection. (Day 1–2:
c2=0.24, P=0.62; Day 2–3: c2=0.82, P=0.36; Day 3–4:

c2=0.00, P=1.00). I also tested if those dominance
relationships that were first formed while one bird was
infected would be influenced by infection status. During
the peak of the virus infection (day 3), there was no
association between infection status and the outcome of
the dominance test (c2=0.0, P=1.00, n=16) in newly
formed pairs. Since each bird had been ranked against two
other birds in the group, the outcome of the dominance
tests could be predicted based on their previous encoun-
ters in 11 out of 16 cases by assuming that the dominance
hierarchies would be linear within groups. In none of
these 11 cases did the outcome of the dominance test
differ from the predicted outcome, despite the fact that
one of the birds in each pair was infected. Thus, overall
there was no evidence that infection status had influenced
the outcome of the dominance tests.

Social status and infection clearance

When virus titres were compared between infected
dominant and subordinate birds (Fig. 1), these results
showed that dominant birds had significantly higher early
viremia than subordinate males (t14=3.15, P=0.007).
Among infected males, there was also a significant
positive correlation between their within-group rank and
early viremia (rs=0.69, P=0.03, n=16), thus birds with
higher ranks had faster virus proliferation during the early
stage of the infection (Fig. 2a). Total viremia was not
different between dominants and subordinates (t14=1.12,
P=0.28) and not significantly associated with within-
group rank (rs=0.25, P=0.34). Late viremia was signifi-
cantly higher among subordinates birds as compared to
dominants (U=15, P=0.05, n=8 in each group), and there
was a significant negative relationship between social
rank and late viremia (rs=�0.56, P=0.02, n=16) (Fig. 2b).
When comparing the reductions in virus titers between
days four and five, dominant birds had significantly larger
reductions in virus titers (U=13.5, P=0.05, n=8 in each
group). Males with large tail patches had lower total
viremia. However, this result was not statistically signif-
icant (rs=�0.45, P=0.07, n=16).

Body masses

At the time of capture, birds with low ranks had though
not significantly, a high body mass compared to high
ranked birds (rs=�0.33, P=0.06, n=32), thus body mass in
the field tended to be inversely related to rank. Body mass
was measured on two occasions during the experiment; on
the second day after the experiment started, and 4 days
after the infection. On both these occasions, body masses
were not significantly related to rank (rs=�0.21, P=0.46,
n=32, rs=�0.14, P=0.25, n=31). There was a small but
significant decrease in body mass (paired t-test, t=2.55,
P=0.02, n=32) from the body mass at capture
(mean€SD=27.4€1.50 g) until the second day of the
control measurements (27.0€1.30 g). From this day until
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4 days after the virus or control injection, the average
body mass of the birds (27.8€1.55) was significantly
increased (paired t-test, t=5.29, P<0.001, n=31). This
increase in body mass was observed for both virus-
infected birds (t=�4.57, P<0.01, n=16) and controls
(t=-3.05, P<0.001, n=16). There were no significant
relationships between a bird’s body mass during the
experiment and total viremia (rs=0.41, P=0.11, n=16),
early viremia (rs=�0.33, P=0.21, n=16) or late viremia
(rs=0.41, P=0.11, n=16).

Discussion

The results of this study show that virus proliferation and
clearance patterns were related to an individuals’ social
status. This implies that there were underlying physio-
logical differences between high and low ranking birds
that influenced their ability to resist the experimental
virus infection. In contrast to the initial expectations there
was no clear evidence that males of low social status had
reduced virus clearance ability. Instead, social rank was
related to virus infection patterns: subordinate birds with
low ranks had slower virus proliferations and subsequent-
ly a slower virus clearance as compared to dominants.
These differences in viremia patterns could reflect

Fig. 2a-b Viremia in relation to within group rank (1–4, with 4
being the highest rank). a Early viremia (day 1–3), was positively
correlated to rank (rs=0.69, P=0.03, n=16), In contrast, b the
relation between rank and late viremia (day 5–7) was negative
(rs=�0.56, P=0.02, n=16). Sample sizes within each rank were 1:
n=2; 2: n=2; 3: n=7; 4: n=5

Fig. 1a-b Viremia comparison between dominant and subordinate
greenfinches (Carduelis chloris). a Daily virus titers of subordi-
nates and dominants for 7 days following an experimental infection
with Sindbis virus; b early (day 1–3) and late (day 5–7) viremia in
dominants and subordinates. Bars represent means and standard
errors of virus titers measured as plaque forming units (PFU)/ml
whole blood. Differences between groups are denoted above bars,
* P<0.05, ** P<0.01 from t-test for early viremia, and Mann-
Whitney U-test for late viremia, n=8 in each group)
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underlying differences in genetic quality, immunological
investments or hormonal profiles between the behavioral
strategies.

First, the patterns observed may reflect underlying
genetic quality differences in disease resistance. Domi-
nant males could possess better parasite resistance
abilities as a result of their superior genetic quality, and
male rank could be used as a cue by females to gain
information about the males’ parasite resistance ability
(Qvarnstr�m and Forsgren 1998). In this study, there was
no difference in total viremia that related to rank and it is
thereby hard to conclude which virus clearance strategy of
the ones observed that would be most beneficial for an
individual’s fitness. We have previously found that
greenfinches had a reduced take-off speed after a
simulated predator attack after an experimental infection
(Lindstr�m et al. 2003) and it may be important for an
individual’s survival to clear the virus infection in the
shortest possible time to minimize the risk of being
predated upon while infected.

The difference in virus clearance pattern could reflect
underlying physiological differences between the behav-
ioral strategies. One such difference between could lie in
their nutritional status. Nutritional status can affect
immune functions and resistance to disease in birds
(Klasing 1998). Since dominant individuals have priority
to access of food resources, they could also be in better
nutritional condition. In this experiment, birds were fed
the same diet and the only information relating to
nutritional status available is the measurements of body
mass. In another experiment, Sindbis virus-infected
greenfinches increased in body mass relative to controls
(Lindstr�m et al. 2003), suggesting that this could be a
response to increased energetic demands inflicted by the
infection. In the present study, both virus-infected and
control birds increased in body mass during the experi-
ment and there was an initial decrease in body mass from
capture until the experiment started. It has previously
been shown that greenfinches decrease their body
reserves in response to a more predictable food supply
(Ekman and Hake 1990; Hake 1996). During the exper-
iment the food supply became more unpredictable, due to
increased competition accompanied by the experimental
procedure of repeatedly removing the food supply a few
hours each day. The mass changes observed in the current
experiment could therefore be interpreted either as a
response to the infection or to the altered predictability of
the food supply. There was no significant relationship
between bird body mass and virus clearance. Further-
more, body mass during the experiment was not signif-
icantly related to social rank and thus overall there was no
evidence suggesting that the relationship between social
rank and virus clearance was influenced by body mass.

Dominant and subordinate birds differed in virus
clearance patterns and, from an immunological perspec-
tive, this could represent different strategies of virus
clearance. Different components of the immune system
are active at different stages during a virus infection
(Biron 1999), and potentially the slower virus replication

that was observed in subordinates could be the result of a
more effective early immunological defense, while dom-
inant birds had a more efficient humoral immune
response. Steroid hormones such as testosterone or stress
hormones such as corticosterone can regulate immune
functions and the levels of these hormones can be related
to social rank. Particularly during the establishment of
social hierarchies in birds, testosterone levels are in-
creased in response to the social challenge (Wingfield et
al. 1990). In a previous study, the effect of elevated
testosterone levels on viremia was examined (Lindstr�m
et al. 2001). In this study, the virus clearance pattern in
the testosterone-implanted group was similar to the one
found in subordinates in this study, with low initial virus
titres and a delayed clearance. Thus the viremia patterns
observed in subordinates could be attributed to im-
munomodulatory effects of testosterone acting stronger
on subordinates. An alternative explanation is that the
virus clearance patterns in both these studies were
modulated by stress hormones. Since both testosterone
implantation and social subordination can be associated
with elevated stress hormone levels, the delayed viremia
pattern in testosterone implanted birds and subordinates,
could have been an effect of an increase in stress hormone
levels (Evans et al. 2000; Poiani et al. 2000; Zuk and
Johnsen 2000). In agreement with our previous findings
(Lindstr�m and Lundstr�m 2000), males with bright tail
patches had lower viremias, thought not significantly.

In this study, being infected did not seem to have any
strong influence on a bird’s ability to either maintain or
acquire a dominant position. The small sample size limits
any firm conclusions on this point and it should be
pointed out that the power of detecting even a large effect
was low (0.41). However, there were no tendencies for
ranks to be altered and even during the peak of the
infection, when rank changes were most common,
decreases in rank were as frequent as increases. There
are examples of studies that show that disease decreases
social status of infected individuals (Freeland 1981; Zuk
et al. 1999), although such effects may be more common
in chronic infections or infections causing severe disease.
The Sindbis virus infection may be too transient to have
any social repercussions. In a previous study, we did find
evidence that this virus influenced the behaviors of
infected birds (Lindstr�m et al. 2003). Since social rank
can be intimately coupled with an individual’s fitness it
may not be a beneficial strategy to reallocate resources
from rank maintenance to infection clearance. Although
there was no clear effect on rank during the acute phase of
this infection, it is still possible that effects of this virus
infection would influence an individual’s rank on a longer
time scale. In humans, infections with the Sindbis virus
can in some cases lead to persistent symptoms (Niklasson
et al. 1988) and it can not be excluded that this virus
infection can also have long lasting effects in birds.
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