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� Parasite virulence may be altered by
host social interactions and food
availability.
� Dominant canaries suffered higher

parasitaemia than subordinates.
� The availability of seed-feeders

affected competition between hosts.
� The availability of seed-feeders did

not alter parasite virulence.
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Understanding the different factors that may influence parasite virulence is of fundamental interest to
ecologists and evolutionary biologists. It has recently been demonstrated that parasite virulence may
occur partly through manipulation of host competitive ability. Differences in competitive ability associ-
ated with the social status (dominant or subordinate) of a host may determine the extent of this compe-
tition-mediated parasite virulence. We proposed that differences between subordinate and dominant
birds in the physiological costs of infection may change depending on the level of competition in social
groups. We observed flocks of domestic canaries to determine dominant or subordinate birds, and mod-
ified competition by providing restricted (high competition) or ad libitum food (low competition). Entire
flocks were then infected with either the avian malaria parasite, Plasmodium relictum or a control. Con-
trary to our predictions we found that the level of competition had no effect on the outcome of infection
for dominant or subordinate birds. We found that dominant birds appeared to suffer greater infection
mediated morbidity in both dietary treatments, with a higher and more sustained reduction in haema-
tocrit, and higher parasitaemia, than subordinates. Our results show that dominance status in birds
can certainly alter parasite virulence, though the links between food availability, competition, nutrition
and virulence are likely to be complex and multifaceted.

� 2013 Published by Elsevier Inc.
1. Introduction

The ability to resist and recover from pathogenic infection is
one of the major fitness-determining traits shared by all animals.
However, often parasites will differ in their virulence, the degree
of morbidity and mortality they inflict upon hosts. Understanding
the factors that drive these differences in virulence is of fundamen-
tal interest. For a given host, extrinsic factors such as parasite
genotype and environment may modulate parasite virulence. For
example, it has been shown that parasite virulence may be altered
when host environment differs in factors such as temperature
(Blanford et al., 2003), host density (Steinhaus, 1958), and food
availability (Bedhomme et al., 2004). Similarly, intrinsic factors
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such as host genotype (Lefevre et al., 2007), sex (de Roode et al.,
2007) or age (Gardner and Remington, 1977) may affect parasite
virulence. A further difference between hosts that may potentially
shape the outcome of parasitic infection is the social status of the
host, especially in vertebrate species with social hierarchies
(Larcombe et al., 2013). There is growing interest into how some
animals, including birds, develop stable and profound differences
between individuals in their behavioural profiles (Sih and Bell,
2008). How such differences in behaviour or social status translate
into differences in parasite virulence following infection remains
unclear.

Dominance is associated with a number of benefits in wild
birds, for example access to the best feeding opportunities (Parisot
et al., 2004), predator free foraging sites (Schneider, 1984), roosting
positions (Weatherhead and Hoysak, 1984), or mating success
(Post, 1992). Despite these benefits there is increasing understand-
ing of the costs of dominance. Social stress, the physiological stress
associated with attaining or maintaining a dominant social posi-
tion, has received attention as a cost of dominance (Creel et al.,
1996). Several studies have demonstrated chronic elevated levels
of potentially damaging hormones in dominant birds, compared
with subordinates (e.g. Goymann et al., 2004; Goymann and Wing-
field, 2004). In addition, some evidence suggests that dominant
individuals may have reduced immune function compared to sub-
ordinates (Li et al., 2007), although in other cases the reverse is
true (Ungerfeld and Correa, 2007). In a recent experiment, we
showed that parasite-mediated morbidity and mortality in canar-
ies was dependent on the social status of the host, when receiving
a reduced diet (Larcombe et al. 2013). Of particular interest was the
fact that infected dominant canaries competing with infected sub-
ordinates fared better (were less anaemic) than infected dominant
birds competing with non-infected subordinates. However,
throughout that study all birds received the same diet: reduced
quantity of seeds in a single feeder in order to experimentally in-
crease competition between individuals in their groups. This food
manipulation may have altered the patterns of parasite virulence
we observed in subordinate and dominant birds. Firstly, the ener-
getic costs of obtaining and protecting food resources are likely to
be higher for dominants than subordinates, especially since there
is some evidence that dominant birds may have higher metabolic
rates (Hogstad, 1987). These costs of food gathering and food site
protection will be increased when less food is available. Competi-
tion-mediated differences in parasite virulence may therefore be
more severe for dominants than subordinates, when food is scarce,
compared to food rich environments. For socially tolerant subordi-
nates, the influence of food availability on competition and para-
site virulence, is likely to be less severe. Secondly, when flocks of
birds are provided only one feeder there may be unnaturally high
levels of competition compared to a more natural environment
where secondary feeding sites may be available, reducing the
requirement for all birds to feed simultaneously. In this study,
we tested whether mortality or morbidity of canaries infected with
Plasmodium relictum differed between dominants and subordi-
nates, receiving two different feeding regimes. In ad lib groups, sev-
eral feeders filled with seeds were available in each cage meaning
that dominant birds could not monopolise and protect the food re-
source, and more birds could feed simultaneously without encoun-
tering aggression from other birds. In reduced seed groups the
birds were provided only one seed feeder, containing enough seeds
to nourish all the birds, but a reduced amount to encourage in-
creased competition between birds. Thus, the dietary regimes
manipulated the level of competition in experimental groups.

The goal of this study was to assess the interactive effects be-
tween social status, infection and level of competition on parasite
virulence using domestic canaries as hosts and P. relictum (lineage
SGS1), an avian malarial parasite. By keeping canaries in flocks of 5
birds, and scoring for consistent feeding behaviours, we divided
birds into 2 categories: dominant (D) and subordinate (S) within
each flock. Half of the flocks received an ad lib diet, and the other
half received the limited though adequate diet. Whole flocks were
then either infected with Plasmodium, or given a control inocula-
tion. Following infection, we measured morbidity (change in mass
and haematocrit) and mortality of hosts, in addition to parasita-
emia. We predicted that infected dominant birds would have high-
er morbidity/mortality than infected subordinates in reduced food
groups and infected dominant birds receiving an ad lib diet would
have lower morbidity/mortality, than infected dominants receiving
a reduced diet.
2. Materials and methods

We used 60 adult male canaries during the experiment, and
prior to commencement each bird was molecularly sexed follow-
ing a standard PCR technique (Fridolfsson and Ellegren, 1999).
We only used male canaries in the experiment as we did not wish
to confound the experiment with differences between sexes, or by
interactions in- and between pairs of birds. After confirming the
sex of each bird, we divided the birds between 6 aviaries
(2.5*1.5*2.2 m), 5 birds per aviary. Each bird was weighed, and
had its tarsus length measured prior to re-housing in a new flock.

2.1. Husbandry and diet manipulation

Before commencing the diet manipulation, all cages were pro-
vided with ad libitum food (a commercial seed mix, lettuce, apple
and hard-boiled egg) for 7 days. Since we were interested in deter-
mining costs of dominance and infection under different environ-
mental conditions, we divided the flocks between two different
feeding regimes. Following the 7 days of acclimation, the birds
were provided with either ad libitum food or reduced food. Ad lib
diet consisted of 3 large round feeding dishes, each full of seeds.
The feeders were deliberately interspersed throughout the cage
with large gaps between to reduce contact between birds while
feeding, and to allow several birds to feed at once. Reduced diet
consisted of just one dish per cage, with 12 g of seeds per bird
per day. We had previously found that 12 g of seeds is the maxi-
mum amount a single bird would eat per day (Larcombe et al.
2013). Although the dominance status of the birds used to calcu-
late the amount of seed eaten per day was unknown, by providing
the maximum amount there was sufficient seed to nourish each
bird, and rule out differences between birds in seed requirements
(i.e. between dominants and subordinates), but few enough seeds
to promote competition between birds (see below). During the
course of the experiment, the cages were monitored daily, and if
a bird died the amount of seed was reduced accordingly in reduced
food flocks.

2.2. Behavioural observation

We performed behavioural observations to assess the social
status and dominance related behaviours of each the birds in each
flock. The procedure was similar to that outlined in Larcombe et al.
(2013), but with some modifications. The first phase of observa-
tions was carried out 3 days before the start of the experimental
diets, when all birds received an identical diet. The second phase
of observations took place 11 days after being placed in their
flocks. We performed behavioural observations for 3 consecutive
days in both phases. Each morning at 09.00 we removed the
remaining seed from the day before, and left cages for 30 min with-
out seeds. Following the 30-min food deprivation, we placed a seed
feeder in each cage that allowed only a single bird to feed at a time.
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Fig. 1. Frequency of feeding behaviours in birds receiving an ad libitum or reduced
diet, prior to- or during the experiment.
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We also placed a video camera in each cage and filmed the interac-
tions between birds at the feeder for 20 min, starting when the fee-
der was first entered. Birds were marked with non-toxic colored
pen on the back of the head or wings for identification on the video
tapes.

In order to score the bird’s behaviour, when the video was re-
watched the 20 min time period was divided into 10 two minute
blocks. Birds were scored for the frequency of certain behaviours
in each block: primary access (PA) to the feeder, where a bird suc-
cessfully fed directly from the hole in the feeder. Secondary access
(SA), when a bird was motivated to feed, and appeared at the fee-
der, either attempting to feed, or pecking at discarded seeds, but
did not achieve primary access. Antagonistic encounters (ANT),
where a bird aggressively postured towards another, typically by
lowering its head and fanning and trembling its wings, or by peck-
ing out at the other bird, sometimes escalating into a physical fight,
or when a bird received these physical cues from another individ-
ual. We previously found that these behaviours are repeatable
across days for canaries (Larcombe et al., 2013). We summed the
counts of PA, SA and ANT in pre-experiment trials, and again for
the observations taken during the experimental phase in order to
analyse the change in behaviour following the experimental
procedures.

In this experiment we were interested in associating costs of
infection and competition with differences in social behaviour.
Rather than categorizing birds based on an assumption of linear
hierarchies in each cage, here we scored birds as dominant or sub-
ordinate depending on the ratio of primary to secondary access to
the feeder. Both these scores indicate a motivation to feed and so
comparing the occasions spent as the primary bird, to a secondary
bird (waiting near the feeder), offers a good approximation of the
relative dominance status. We calculated this dominance ratio
based on data from the second phase of observations as (PA day
9 + PA day 10 + PA day 11 + 1)/(SA day 9 + SA day 10 + SA day
11 + 1). Where the ratio was P1 a bird was categorised as domi-
nant, where it was <1 the bird was classified as subordinate. Using
these classification we found 31% of birds were classified as dom-
inant (mean number of dominants per cage = 1.6 ± 0.2. Maxi-
mum = 3; minimum = 1). We did not use the data from the first
phase of observations, since at that time the seed diet was aug-
mented with other food items (see above), and overall the birds
were less motivated to feed. However, it is important to note that
even allowing for this, the dominance ratio pre experiment (phase
1) was significantly positively correlated with the dominance ratio
during the experiment (phase 2) (Spearman’s q = 0.787,
p < 0.0001).

Since we wished to use the dietary regimes to modify the level
of competition in the cages it was important to confirm that the
different seed treatments did manipulate level of competition. In
order to assess the success of our food-availability treatments on
competition, we tested for changes in total frequency of feeding
behaviour (PA + SA) to assess the overall motivation to feed and to-
tal frequency of ANT to test for differences in competitive behav-
iour between pre- and mid-experimental trials (Effect of feeding
treatment (competition*time) was tested using a GLMM with a
poisson distribution see Section 2.6). There was a significant effect
of the seed treatment on both feeding (time*diet F1, 112 = 5.1,
p = 0.0002) and antagonistic encounters (time*diet F1, 108 = 5.1,
p = 0.02). All birds were more motivated to feed during the exper-
iment than in pre-experimental trials, but birds fed an ad lib diet
were less motivated to feed during the experiment than birds
receiving a reduced diet (see Fig. 1). Similarly, all birds were in-
volved in more antagonistic encounters during the experiment
than before, but during the experiment birds receiving the reduced
diet were involved in more antagonistic encounters than those
receiving an ad lib diet. These results strongly indicate that our
dietary treatments were successful in modifying level of competi-
tion in the cages.

2.3. Experimental infection

We used the avian malaria parasite P. relictum (lineage SGS1)
originally obtained from a natural population of house sparrows,
and cross-transferred to naive canaries. Infected blood was cryo-
preserved and stored at �80 �C (see details in Bichet et al., 2012).
For the purpose of the present experiment, cryopreserved blood
was thawed (Bichet et al., 2012) and transferred intraperitoneally
to 5 domestic canaries. Eleven days post-infection (dpi), parasita-
emia was evaluated from thin blood smears (absolute methanol
fixation, 10% Giemsa staining, observation of 10,000 erythrocytes).
Blood was collected from donors to prepare a stock suspension di-
luted in PBS containing the desired number of parasites per inocu-
lum (5 � 105 asexual parasites) that served to infect birds.

On the day of infection, we captured all birds within a flock.
Each bird was weighed, and a small volume of blood was taken
in a capillary tube for subsequent haematocrit assessment. Finally,
the bird was either injected with Plasmodium-infected canary
blood, or with control non-infected canary blood. Infected and
non-infected flocks were distributed randomly throughout the
aviary.

2.4. Post-infection monitoring

Following the experimental infection (day 0), birds were left in
their flocks, and were monitored at regular intervals. We re-caught
all birds on days 5, 9, 12, 15 and 19 post-infection. On each of these
sampling days, we took a small blood sample for haematocrit mea-
surement and qPCR, and weighed each bird. Although haematocrit
is subject to change via a number of pathways, including host re-
moval of infected and non-infected red blood cells (Lamikanra
et al., 2007), and a reduction in haematocrit may indicate immuno-
pathological damage (Long and Graham 2011), haematocrit can be
representative of damage caused by malarial parasites in canaries
(Spencer et al., 2005) and correlates strongly with parasitaemia
in this system (Cellier-Holzem et al., 2010).

2.5. Assessing parasite intensity

Parasite intensity was assessed using the quantitative PCR assay
(Cellier-Holzem et al. 2010). For each individual we conducted two
qPCR reactions in the same run: one targeting the nuclear 18s
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rDNA gene of Plasmodium (Primers 18sPlasm7 (50-AGC CTG AGA
AAT AGC TAC CAC ATC TA-30), 18sPlasm8 (50-TGT TAT TTC TTG
TCA CTA CCT CTC TTC TTT-30), and fluorescent probe Plasm Hyb2
(50-6FAM-CAG CAG GCG CGT AAA TTA CCC AAT TC-BHQ1-30))
and the other targeting the 18s rDNA gene of bird (Primers
18sAv7 (50-GAA ACT CGC AAT GGC TCA TTA AAT C-30), 18sAv8
(50-TAT TAG CTC TAG AAT TAC CAC AGT TAT CCA-30) and
fluorescent probe 18sAv Hyb (50-VIC-TAT GGT TCC TTT GGT CGC
TC-BHQ1-30)).

Parasite intensities were calculated as relative quantification
values (RQ) as 2�(Ct 18s Plasmodium – Ct 18s Bird) using the software
SDS 2.2 (Applied Biosystem). Ct represents the number of PCR
cycles at which fluorescence is first detected as statistically
significant above the baseline and RQ can be interpreted as the
fold-amount of target gene (Plasmodium 18s rDNA) with respect
to the amount of the reference gene (host 18s rDNA). All qPCR
reactions were carried out in an ABI Prism 7900 cycler (Applied
Biosystem).
Table 1
Output from GLMM testing effects of experimental treatments and dominance on
haematocrit in canaries.

Random factor Estimate

Cage 0.00005 ± 0.0001
Bird (cage) 0.00078 ± 0.0003
Time�bird (cage) 0.10 ± 0.10
Residual 0.002 ± 0.0002

Main effects Estimate Fd.f. P
Baseline haematocrit 0.70 ± 0.1 48.21, 48.2 <0.0001
Time �0.02 ± 0.005 37.41, 176.6 <0.0001
Time2 0.0005 ± 0.0002 31.01, 175.2 <0.0001
Competition �0.008 ± 0.01 0.71, 8.8 0.42
Dominance �0.04 ± 0.02 4.71, 125.3 0.032
Infection 0.06 ± 0.04 3.21, 190.4 0.075
Infection�time �0.01 ± 0.007 5.21, 176.7 0.024
Dominance�time �0.004 ± 0.001 10.11, 76.4 0.002
Infection�time2 0.0007 ± 0.0003 5.31, 175.4 0.022
2.6. Statistical analyses

For body mass, haematocrit, and parasitaemia we constructed
an identical GLMM using SAS (9.1.3). This approach allows for
missing values caused by mortality and/or sampling problems.
RQ values of parasitaemia were log-transformed before analysis,
and thereafter body mass, haematocrit and parasitaemia were
modelled with a normal distribution. The models were fully fac-
torial and included fixed factors dominance status (dominant/
subordinate), infection (infected/non-infected) and level of
competition (reduced/ad lib diet), time was added as linear
and quadratic (time2) continuous fixed effects to examine mean
changes over time. We also included all possible two and three
way interactions between these terms. The interactions among
competition, dominance and infection were designed to test
our predictions that differences in virulence between dominant
and subordinate birds would depend on food availability. For
parasitaemia, infection and its interactions were removed from
the model, since only infected birds have parasites. Additionally
we had three random factors in each model. Bird identity nested
within cage (bird (cage)) was added, as this allows the model to
control for non-independence of birds housed in the same cage
over the course of the experiment, and permitted the variance
between birds to be estimated. We added cage as a random fac-
tor to estimate the variance between cages. We also used time
as a random factor with bird (cage) as a subject, using an auto-
regressive type 1 covariance matrix to estimate within-individual
variation, controlling for correlations between observations taken
closer together in time. Baseline measures prior to the experi-
ment were included for models of haematocrit and body mass.
For our models explaining parasitaemia we did not have a base-
line, since parasitaemia is always zero pre-infection. We also
analysed mortality using a simpler model. We tested the proba-
bility of mortality using a binary distribution, with infection,
dominance, competition and their interactions as fixed factors,
and including cage as a random factor to control for the
non-independence of birds grouped together. This model did
not assess time, since very few birds died during the experiment.
Non-significant terms were dropped from the models starting
with higher-order interactions, until only significant terms re-
mained. Throughout the results relevant statistics are reported
from the final model, though statistics for non-significant terms
of interest are reported from the point they were dropped from
models. Degrees of freedom were corrected using the satt-
erthwaite method.
2.7. Ethical note

This experiment was carried out in 2009 under the permit
#21-CAE-085 approved by departmental veterinary services.

3. Results

There were no significant differences in mass (means: domi-
nants = 23.49 ± 0.54, subordinates = 25.05 ± 0.89, F = 2.19,
p = 0.15) or haematocrit (means: dominants = 0.427 ± 0.009, sub-
ordinates = 0.444 ± 0.015, F = 0.93, p = 0.34) prior to the
experiment.

Level of competition had no effect on change in haematocrit
(Table 1). There was a significant impact of infection on haemato-
crit: plotting changes in haematocrit (Fig. 2) shows that haemato-
crit reduced sooner, and the reduction was more sustained, in
infected than in non-infected birds. The reduction in haematocrit
in non-infected birds probably reflects anaemia caused by our
experimental procedures i.e. repeated capturing, handling and reg-
ular blood sampling. Overall, dominant birds also had a greater
reduction in haematocrit than subordinates during the experiment,
and this reduction was sustained for longer. Dominant birds
reached peak anaemia on day 15 compared to day 12 in subordi-
nates, and by day 18 dominant birds had not recovered in terms
of haematocrit (Table 1, Fig. 3).

We found a marginally non-significant interaction between
dominance and time2 on parasitaemia (Table 2), and again, compe-
tition had no effect. As for haematocrit, our data show that domi-
nant birds had a greater peak in parasitaemia than subordinate
birds, though the birds appeared to recover (Fig. 4).

We found a significant interaction between dominance status,
infection and time on post-treatment body mass (Table 3). This dif-
ference appears to be driven by differences in non-infected birds,
where non-infected dominant birds suffered a greater loss of body
mass throughout the experiment than non-infected subordinates
(Fig. 5). We found no evidence that the level of competition had
a significant effect on body mass, suggesting that our reduced seed
diet increased competition, but without depriving birds of seed the
birds.

We found no evidence that mortality was affected by either
dominant status (p > 0.9), infection (p = 0.14) or competition
(p = 0.12).

4. Discussion

Our aim in this experiment was to assess whether differences
between subordinate and dominant canaries in the virulence of
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Fig. 2. Haematocrit change during the experiment for infected and non-infected
birds. The graph shows reduction in haematocrit value from pre-experiment
haematocrit for each sampling point during the experiment (higher values
represent more anaemic birds).

0.08

0.04

0.06

0.02

0.00

-0.02

Ch
an

ge
 in

 H
ae

m
at

oc
ri

t

Days post-infection

Dominant
Subordinate

5 9 12 15 19

Fig. 3. Haematocrit change during the experiment in dominant and subordinate
birds. The graph shows reduction in haematocrit value from pre-experiment
haematocrit for each sampling point during the experiment (higher values
represent more anaemic birds).

Table 2
Output from GLMM testing effects of experimental treatments and dominance on
parasitaemia in canaries.

Random factor Estimate

Cage n.e.
Bird (cage) n.e.
Time�bird (cage) �0.09 ± 0.08
Residual 0.003 ± 0.0004

Main effects Estimate Fd.f. P
Competition 0.03 ± 0.009 1.361, 130 0.24
Time 0.04 ± 0.01 13.61, 120.8 0.0003
Dominance 0.09 ± 0.07 1.71, 121 0.19
Time2 �0.002 ± 0.0005 13.91, 120.7 0.0003
Time�dominance �0.02 ± 0.01 3.21, 120.8 0.077
Time2�dominance 0.001 ± 0.0006 3.31, 120.7 0.072
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Fig. 4. Change in parasite intensity for infected birds. The legend describes the
dominance status of individuals.

Table 3
Output from GLMM testing effects of experimental treatments and dominance on
body mass in canaries.

Random factor Estimate

Cage 0.03 ± 0.13
Bird (cage) 1.1e�17 ± 0.0
Time�bird (cage) 0.79 ± 0.035
Residual 1.48 ± 0.23

Main effects Estimate Fd.f. P
Baseline mass 0.93 ± 0.06 213.91, 52.6 <0.0001
Time �0.08 ± 0.031 6.91, 251.7 0.009
Competition �0.5 ± 0.31 2.61, 10.6 0.13
Dominance 0.52 ± 0.59 0.71, 132.4 0.40
Infection 0.05 ± 0.76 0.041, 53.7 0.84
Infection�dominance �0.28 ± 0.9 0.091, 134.6 0.76
Infection�time 0.08 ± 0.05 0.611, 251.7 0.44
Dominance�time 0.06 ± 0.04 0.021, 251.7 0.89
Dominance�infection�time �0.11 ± 0.06 03.81, 251.7 0.052
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avian malaria infection were dependent on level of intraspecific
competition. We found that dominant birds had higher apparent
costs of infection; however, we found no evidence that this was
altered by the level of competition in the cage. This is a surprising
result which we discuss in terms of host behaviour and physiology.
Firstly, we found an effect of dominance on the change in both
haematocrit and parasitaemia. Dominant birds had a greater peak
decrease in haematocrit that was sustained longer than in subordi-
nate birds. There was also a trend for dominant birds to have a
sharper (and more variable) increase in parasitaemia than subordi-
nate birds. These results are broadly similar to a previous experi-
ment (Larcombe et al., 2013), and our initial prediction that
dominant birds would show greater post-infection morbidity and
mortality than subordinates in reduced-food groups. However,
we expected that this difference between social groups would be
ameliorated in ad libitum groups, where the costs of protecting or
monopolising a scarce food resource would not exist. In fact, there
was no effect of competition on either haematocrit or
parasitaemia.

In this study, the loss of haematocrit we observed in dominant
birds was apparent in both infected and non-infected birds.
Haematocrit readings can be used as an effective measure of the
destruction of red blood cells by malaria parasites in canaries
(Cellier-Holzem et al., 2010; Spencer et al., 2005), though is subject
to modification by many other factors in birds (reviewed in Fair
et al., 2007). A decrease in haematocrit may also reflect immuno-
pathological damage caused by the removal of both infected and
uninfected red blood cells (Lamikanra et al., 2007). It is possible that
dominant birds may have suffered greater immunopathological
damage as a result of an overactive immune response (e.g. Long
and Graham, 2011). Fasting and nutritional deficiencies can
sometimes result in decrease in haematocrit in birds (e.g. Merino
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and Potti, 1998; Piersma et al., 2000), however, if this were respon-
sible for the patterns we observed, we would expect that increased
food availability would prevent reduction in haematocrit, or
reduction in haematocrit would be associated with a concomitant
decrease in body mass. We found that non-infected dominant birds
suffered a greater reduction in body mass than non-infected
dominants (though no difference between infected dominants
and subordinates). Why then do dominant birds fare worse than
we expected, even when non-infected and provided with ad lib
food? Our treatments had the desired effect on competition: we
found that diet significantly impacted both the propensity to feed,
and the number of aggressive encounters (indicative of overall
competition) between birds. Birds receiving the restricted diet were
involved in significantly more antagonistic encounters, and were
more motivated to feed during the experiment, that those receiving
an ad lib diet. Perhaps, rather than competition, fundamental differ-
ences in physiology between dominants and subordinates deter-
mine the outcome of infection. It has been noted elsewhere that
subordinate birds in captivity cannot escape their dominant com-
petitors, leading to unnaturally increased stress levels (Kotrschal
et al., 1998). Our experimental treatments were designed to amelio-
rate the competition associated with having a shared food resource:
in ad lib cages there were three feeders full of seeds, arranged such
that they could not be monopolised. Despite this, it is possible that
dominant birds were still motivated to exclude other birds from the
feeding territory, as they might in the wild, even though they were
unable to achieve this. Chronic elevation of hormones associated
with this unnatural conflict (Goymann and Wingfield, 2004) may
explain why dominant birds generally decreased haematocrit com-
pared to subordinates, or why non-infected dominants suffered
greater loss in body mass than non-infected subordinates. Nonethe-
less, our results for haematocrit and parasitaemia show that the
ability of hosts to monopolise food resources may be associated
with higher parasite virulence.

Thus far, our results have been discussed only in terms of avian
hosts, though it is possible that parasites may behave differently in
dominant and subordinate birds. It has been shown that well fed
hosts provide more resources to developing parasites (Pulkkinen
and Ebert 2004). Cornet et al. (2013) recently demonstrated that
canaries fed an enhanced quality diet (addition of fruits and eggs)
paid higher costs of Plasmodium infection and had lower haemato-
crit for a given level of parasitaemia than birds fed a seed only diet,
though Plasmodium reached larger population sizes and produced
more transmissable stages in seed only birds. This difference sug-
gests the parasite may adapt to the resource status of the host. If
dominant birds have greater abundance of resources available this
may explain their greater loss of haematocrit compared to subordi-
nates. Similarly, endocrinological differences between dominant
and subordinate birds will not just promote physiological stress:
testosterone has been shown to suppress immunity against
Plasmodium infection in mice (Benten et al. 1992). A further consid-
eration is that in this experiment we modified one dimension of
food availability: the quantity of seed available, as we were inter-
ested in competition for food, rather than nutritional quality per se.
Nevertheless, birds receiving our reduced diet still had fewer seeds
available. Perhaps, the quality of food available, rather than simply
the quantity, is more important in determining the outcome of par-
asitism. In the study by Cornet et al. (2013), supplemented birds
were provided with eggs, lettuce and apples, not just seed. Key
nutrients in the diet such as antioxidant vitamins, minerals and
carotenoids can alter immune function, and several studies have
shown that dietary availability of these nutrients can have immu-
nomodulatory effects (Bendich, 2001; McGraw and Ardia, 2003;
Cha et al., 2010).This shows that the links between food availabil-
ity, competition, body condition, nutrition and immunity are likely
to be complex and multifaceted, making it extremely difficult to
predict the outcome of infection.

In this experiment, our predictions were based on the simple
premise that increased food availability would ameliorate the
energetic costs of competition. However, interactions between diet
and malaria virulence may be more complicated than initially ex-
pected. Indeed, the assumption that generally better nutritional
state in hosts will benefit resistance to parasites is far from clear
cut. In humans, for example, evidence that protein energy malnu-
trition (PEM) can actually result in decreased malaria virulence is
widespread, though disputed (reviewed in Shankar, 2000). Addi-
tionally, there are some pathogens for which an over-reacting
immune system is responsible for greater post-infection damage
than direct parasite exploitation (Sorci and Faivre, 2009; Long
and Graham, 2011), and these circumstances may favour malnour-
ished individuals, with weaker immune responses. Despite this, we
found no evidence that our reduced diet actually helped reduce
malaria virulence.

In this study we set out to investigate whether the virulence of
malaria infection in canaries was modified by social status and/or
level of competition. As expected, we showed that dominant birds
appeared to suffer greater infection-mediated morbidity than
subordinates, but this increased morbidity was not ameliorated
by reduced competition between-hosts. Indeed, we found little
evidence that the level of competition had an effect on any trait
specifically related to parasite virulence. Our results show that
dominance status in birds can certainly alter parasite virulence,
though differences between individual hosts are likely to be
multifaceted. Further experiments are required to disentangle the
different effects of environment, host behaviour and physiology
on the costs of parasitic infection.
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