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Abstract It is widely accepted that stable isotope ratios in
inert tissues such as feather keratin reXect the dietary isoto-
pic signature at the time of the tissue synthesis. However,
some elements such as stable nitrogen isotopes can be
aVected by individual physiological state and nutritional
stress. Using malaria infection experiment protocols, we
estimated the possible eVect of malaria parasite infections
on feather carbon (�13C) and nitrogen (�15N) isotope signa-
tures in juvenile common crossbills Loxia curvirostra. The
birds were experimentally infected with Plasmodium relictum
(lineage SGS1) and P. ashfordi (GRW2), two widespread
parasites of passerines. Experimental birds developed
heavy parasitemia of both parasites and maintained high
levels throughout the experiment (33 days). We found no

signiWcant diVerence between experimental and control
birds in both �13C and �15N values of feathers re-grown.
The study shows that even heavy primary infections of
malaria parasites do not aVect feather �13C and �15N isoto-
pic signatures. The results of this experiment demonstrate
that feather isotope values of wild-caught birds accurately
reXect the dietary isotopic sources at the time of tissue
synthesis even when the animal’s immune system might be
challenged due to parasitic infection.
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Introduction

Most birds, particularly migratory species, are exposed to
vastly diVerent habitats and hence ecological conditions
during their annual cycle. These challenges require adapta-
tions to complex seasonal events and to changing habitat
conditions when at or moving between their breeding and
wintering grounds (Newton 2008). The impact of season-
ally interacting events on the life history has been particu-
larly diYcult to demonstrate in small migratory birds
because their small sizes makes tracking individuals partic-
ularly demanding (reviewed by Webster and Marra 2005).
However, information about the habitats and areas used in
the annual cycle can be revealed from the ratio of stable
isotopes in tissues formed at visited breeding, staging, stop-
over or wintering sites (Hobson 1999). Inferences of a
bird’s moulting area from stable isotope analyses rely
largely on the use of natural variation in the composition of
stable carbon, nitrogen, sulphur and hydrogen isotopes in
food webs to provide information on habitat, trophic level,
diet and geographical origin (Minagawa and Wada 1984;
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Lajtha and Michener 1994; Hobson 1999; Rubenstein and
Hobson 2004). The isotope-ratio signatures of dietary items
(food species) in an ecosystem are passed on to herbivorous
insects and consumers, such as birds.

In a recent study of great reed warblers (Acrocephalus
arundinaceus) sampled at a breeding site in northern
Europe, Yohannes et al. (2008) found that malaria-infected
birds carried diVerent feather stable isotope signatures com-
pared to non-infected birds for each of the four analysed
elements: carbon (�13C), nitrogen (�15N), deuterium (�D)
and sulphur (�34S). This observation suggested that birds
moulting in diVerent areas in sub-Saharan Africa were
exposed to diVerent rates of malaria infections. This con-
clusion is inferred from the generally accepted presumption
that stable isotope compositions in inert material such as
feather keratin reXect the dietary isotopic signals at the time
of the tissue synthesis, provided no endogenous stored
nutrients are mobilised during tissue formation (Hobson
1999; Kelly 2000).

Elsewhere, there are several studies suggesting that
physiological state and nutritional stress of an individual
can aVect the isotopic values for some elements, such as
�15N (Hobson 2003; Pearson et al. 2003; Voigt and Matt
2004; Kempster et al. 2007). Hence, one could argue that
the observed diVerences in stable isotope signatures
between malaria-infected and non-infected great reed war-
blers (Yohannes et al. 2008) could at least partly result
from the malaria infection itself rather than indicating the
origin of birds from diVerent geographic areas or habitats.
Even if only a partial eVect, this would have serious conse-
quences on how feather stable isotope data have been inter-
preted in many previous studies of birds and other
vertebrates. In order to investigate this possibility, we made
use of a malaria infection experiment and examined the sta-
ble isotope ratios (�13C and �15N) in feathers produced dur-
ing the peak of primary co-infection of the malaria parasites
Plasmodium relictum (lineage SGS1) and P. ashfordi
(GRW2) compared to feathers produced by a non-infected
control group. In order to be able to assess whether the
nutrients for feather growth came from stored resources or
from a daily intake, we used a food source (sunXower
seeds) that show a distinctly diVerent �15N value compared
to the natural food source (pine cone seeds) of the experi-
mental species, common crossbills Loxia curvirostra.

Both parasites are widespread in common Palearctic
birds and may negatively aVect or cause death of hosts dur-
ing primary co-infections (Palinauskas et al. 2011). If the
immune-stress invoked by malaria parasites is aVecting the
stable isotope composition of feathers, we expect diVerent
isotope signatures in feathers from experimental and con-
trol birds. Because malaria infections are prevalent in birds
in all continents except Antarctica (Valkiínas 2005), such
an eVect would have important implications for using stable

isotopes in studies of tracking animal movement, exploring
seasonally interacting events and migratory connectivity
(Webster et al. 2002).

Materials and methods

Malaria infection experiment

The experiment was carried out at the Biological Station of
the Zoological Institute of the Russian Academy of Sci-
ences on the Curonian Spit in the Baltic Sea (55°05�N,
20°44�E) between June and August 2008. All birds were
caught with mist-nets and large ‘Rybachy’-type traps.
About 30 �l of whole blood was taken in heparinised
microcapillaries by puncturing the brachial vein and stored
in SET-buVer for molecular analysis (Hellgren et al. 2004).
A drop of blood was taken from each bird to make two
blood Wlms. The smears were air-dried, Wxed in absolute
methanol, stained with Giemsa and analysed following
standard methodology (Valkiínas et al. 2008).

The details of the infection experiment can be found in
Palinauskas et al. (2011). In brief, one garden warbler Syl-
via borin with a light natural co-infection of
P. (Haemamoeba) relictum (mitochondrial cytochrome
b gene lineage SGS1) and P. (Novyella) ashfordi (GRW2),
as determined by microscopic examination of blood Wlms
and PCR-based techniques, was used as a donor of para-
sites to multiply the strains and then to infect uninfected
(recipient) juveniles. Twelve juvenile common crossbills
were caught at the study site and used as recipient hosts. All
birds were taken from the wild and kept indoors in a vector-
free room under controlled conditions (20 § 1°C; 50–60%
relative humidity; the natural light:dark photoperiod was
17:7 h at the beginning and 16:8 h at the end of the experi-
ment). Before the experiment, all recipient birds were
proved to be uninfected with haemosporidian parasites both
by microscopic examination of blood Wlms and later by
PCR. SunXower seeds Helianthus annuus and water were
oVered ad libitum but individual intake rates were not mon-
itored.

Six birds were exposed experimentally to P. relictum
and P. ashfordi infections by inoculation of infected blood
in their pectoral muscle, as described by Palinauskas et al.
(2008). Six other birds were used as negative controls; they
were inoculated with the same amount of non-infected
blood from the same host species as the experimental
group. The blood for microscopic examination and PCR
was taken from all birds as described above once every
3 days for 33 days.

At the start of the experiment, the third outermost wing
feathers were removed and stored in paper envelopes.
Feathers re-grown during the period were measured to the
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nearest mm at 12, 24 and 30 days post-inoculation (dpi). At
the end of the experiment, the wing feathers re-grown dur-
ing this experiment (5 experimental and 6 control birds)
were collected for stable isotope measurement. For the iso-
topic analysis, we used feather parts from the tip and the
middle section (35 mm from the base) of each wing feather.
Hence, we analysed two segments (tip and middle) from
each feather and two feathers from each bird (one grown in
the wild before the experiment and one grown in the captiv-
ity after the start of the experiment). At the end of the
experiment, we also collected the dietary items, 12 dehulled
kernels of sunXower seeds that were also used for stable
isotope measurements.

Analyses of feather stable isotopes

Feather and sunXower kernel sub-samples of ca. 0.35 mg
each were weighed in small tin cups to the nearest
0.001 mg, using a micro-analytical balance. Samples were
then combusted in a Eurovector (Milan, Italy) elemental
analyser. The resulting N2 and CO2 gases were separated by
gas chromatography and admitted into the inlet of a Micro-
mass (Manchester, UK) Isoprime isotope ratio mass spec-
trometer (IRMS) for determination of 15N/14N and 13C/12C
ratios. Measurements are reported in �-notation relative to
the Pee Dee Belemnite (PDB) for carbon and atmospheric
N2 standard in parts per thousand deviations (‰). Typical
precision of analyses was §0.5‰ for �15N and §0.2‰ for
�13C. A sample of egg albumin was used as a laboratory
standard for every 11 unknowns in sequence. Several hun-
dreds of replicate assays of internal laboratory standards
(albumen) indicate measurement errors (SD) of §0.2‰ and
§0.5‰ for �13C and �15N, respectively.

Statistical analyses

We used two-way ANOVAs to investigate the eVect of
treatment (malaria infected or control birds) and the iden-
tity of the birds as we had two measurements (the tip and
middle sections of the feathers) from each individual. In all
cases, the interaction terms were non-signiWcant (P > 0.1)
and therefore dropped from the Wnal models. To calculate
the statistical power of detecting an eVect of malaria infec-
tion on the stable isotope proWles, we used the program
G*Power 3 (Faul et al. 2007).

Results

Parasitemia of both P. relictum and P. ashfordi developed
in all the experimentally infected birds. The prepatent
period of co-infection was on average 4 days and parasitemia
reached the Wrst peak at around 13% on 9 dpi; it maintained

this high level throughout this experiment (Fig. 1). The tips
of the re-growing feathers were visible 3–6 dpi and all birds
except one malaria inoculated bird re-grew the plucked
wing feather during the 33-day period (Fig. 1). We used the
tip and the middle sections of the feathers for isotopic anal-
yses and, according to the results in Fig. 1, the synthesis of
these portions of the feathers grown in captivity coincided
with the increase of parasitemia (tip) and when the peak of
parasitemia had been reached (middle).

The �15N (§SE) in the replacement feathers (8.19 § 0.17)
were substantially higher than in the wild-grown feathers
(1.74 § 0.15), with a tendency of the identity of the birds
(Fig. 2) to have a signiWcant eVect in the model (ANOVA,
feather F1,33 = 821.9, P < 0.001; individual F11,33 = 1.74,
P = 0.071). The �15N values of the replacement feathers
matched the isotopic signature of the sunXower seeds
(8.91 § 0.58). The isotopic signatures of �13C were more
similar between wild-grown (¡20.53 § 0.11) and replace-
ment feathers (¡19.97 § 0.12) with a highly signiWcant
eVect of the identity of the birds (Fig. 2) in the model
(ANOVA, feather F1,33 = 12.4, P = 0.001; individual
F11,33 = 5.26, P < 0.001). The �13C values of both the wild-
grown and the replacement feathers matched the isotopic sig-
nature of the sunXower seeds (¡20.66 § 0.52).

Because the wild-grown feathers of experimental and
control birds were grown before the start of the experiment,
we did not expect any diVerence between them. As
expected, �13C and �15N did not diVer in the wild-grown
feathers (ANOVA, �15N, treatment F1,12 = 0.005, P = 0.95;
�13C, treatment F1,12 = 0.011, P = 0.92) but for both ele-
ments the tip and the middle sections of the feathers were
more similar within than between individuals (ANOVA,

Fig. 1 Dynamics of mean parasitemia (left axis, stippled line) of
co-infection with Plasmodium relictum (lineage SGS1) and P. ashfordi
(GRW2) in experimentally infected common crossbills Loxia curvirostra
relative to days post-infection (dpi). Right axis shows length of grow-
ing wing feathers for individual birds (black infected, grey controls)
measured at 12, 24 and 30 dpi



940
�15N, individual F11,12 = 21.7, P < 0.001; �13C, individual
F11,12 = 23.6, P < 0.001).

If malaria infections inXuence the stable isotope values
in growing feathers, we expected to Wnd the �13C and �15N
values in the replacement feathers to diVer between the
treatments. However, there was no diVerence between
experimental and control birds in the replacement feathers
(ANOVA; �15N, treatment F1,12 = 0.75, P = 0.40; �13C,
treatment F1,12 = 3.19, P = 0.102). Similar to the wild-
grown feathers, the tip and the middle sections of the feath-
ers were more similar within than between individuals
(ANOVA; �15N, individual F11,12 = 2.41, P = 0.085; �13C,
individual F11,12 = 3.98, P = 0.017).

In the previous study of great reed warblers (Yohannes
et al. 2008), malaria-infected and non-infected birds
showed mean diVerences in �13C of 1.27‰ (overall
SD = 3.08) and in �15N of 0.73‰ (overall SD = 1.67). This
corresponds to eVect sizes (d) of 0.41 for �13C and 0.44 for
�15N. In our present experiment, we had six control and Wve
experimental birds. By setting � = 0.05 and using the eVect
sizes from the study by Yohannes et al. (2008), the statisti-
cal power of the tests were 0.154 for �13C and 0.165 for
�15N. The combined statistical power, i.e. rejecting the null
hypothesis for one or both of the elements, can be

calculated as one minus the product between the probabili-
ties of not rejecting the null hypothesis for the two ele-
ments. Hence, the joint statistical power was 0.293
[1 ¡ (0.846 £ 0.835)] assuming the strength of the eVect of
malaria infection was as in the study of the great reed
warbler.

Discussion

We estimated the possible eVect of two widespread malaria
infections on feather isotope signatures and detected no sig-
niWcant diVerence between the experimental and control
birds in �13C and �15N of replacement feathers. Impor-
tantly, all experimental infections were acute primary infec-
tions, which are known to be particularly harmful to birds
(Garnham 1966; Atkinson et al. 2001; Zehtindjiev et al.
2008). Hence, our study suggests that avian malarial infec-
tions do not impose any substantial inXuence on feather
�13C and �15N isotopic signatures. Because of the small
sample size (n = 11), we have relatively low statistical
power (0.30) of rejecting the null hypothesis if we assume
the same eVect size as in the study of Yohannes et al.
(2008). However, the intensity of infections in wild-caught

Fig. 2 Wing feather �13C and 
�15N values of common cross-
bills infected with Plasmodium 
relictum (lineage SGS1) and 
P. ashfordi (GRW2) (b, d) and 
compared with control (non-
infected) birds (a, c). Replace-
ment feathers were grown when 
birds were held in captivity on a 
diet of sunXower seeds (stippled 
lines show the isotopic signa-
tures of the seeds). Sub-sample 
feathers from the tip and the 
middle section of each feather 
were used for analysis
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birds are typically much lower than in our experiment
(Valkiínas 2005). Hence, one can argue that if the diVer-
ences in �13C and �15N values between feathers of the
malaria-infected and non-infected great reed warblers were
caused by the malaria infections, our experiment involving
heavily infected birds should have allowed for detecting an
eVect, if malaria infections would have shifted the isotopic
values in a similar way in the crossbills.

In both experimental and control groups replaced feather
�13C and �15N were similar to the isotope values of the sun-
Xower seeds on which the birds were fed during the experi-
ment. This implies that interpretation of feather isotope
data of free-ranging birds can be used as an accurate signal
of the dietary isotopic values at the time of the tissue syn-
thesis even when the animal’s immune status might be
challenged due to infection or parasite load. We previously
found that malaria-infected great reed warblers exhibited
diVerent feather stable isotope signatures compared to non-
infected birds (Yohannes et al. 2008). The present experi-
ment supports the interpretation that the diVerent isotopic
signatures are caused by the birds moulting feathers in sep-
arate geographic regions associated with diVerent rates of
malaria transmission due to climatic, habitat or as yet
unknown processes.

Parasitic infections induce additional demands on host
resources, through direct competition for energy or resources
(Coop and Holmes 1996; Sorensen and Minchella 1998) or
by altering the functional activity of the host’s immune sys-
tem (Moret and Schmid-Hempel 2000). Parasites have also
been shown to modify the feeding patterns of their hosts
(Moore 1995). Hosts may attempt to compensate for the
increased nutritional demands caused by parasites by
increasing their foraging eVort (Thompson 1990). Because
we did not monitor food and water intake rates by the indi-
vidual birds, we were not able to investigate this aspect in
more detail. Previously, using the birds from the same exper-
iment (Palinauskas et al. 2011), we showed that the infected
birds kept their body mass at the same level as the control
birds until 27 dpi whereafter they showed a signiWcantly
lower body mass. This observation suggests that the infected
birds were able to cover the higher energy demands caused
by the malaria infections throughout most of the experimen-
tal period by increasing their food intake, without using
stored energy or proteins that would lead to weight loss and
more likely a shift in isotopic values. Hosts may also attempt
to compensate for the increased nutritional demands caused
by parasites by altering their food sources (Miura et al.
2006). The birds in the present experiment were constrained
to the restricted food provided and therefore could not alter
their food sources. However, if birds in the wild change their
dietary preferences relative to infection status, feather stable
isotope signatures may be aVected in a diVerent pattern than
observed in the present experiment.

Because parasites feed on host tissues, they can become
signiWcantly enriched in �15N relative to the host (Boag
et al. 1998; Doucett et al. 1999; Power and Klein 2004;
O’Grady and Dearing 2006). Depending on the infection
intensity, blood �15N values could be signiWcantly higher in
infected than in uninfected birds, which could be caused by
the higher �15N ratio in parasites. In such cases, the para-
sitic load in the blood sample used to measure the �15N
ratio should be of a higher percentage. However, this ques-
tion remains to be tested empirically.

In our experiment, the birds were held on a diet that had
a diVerent �15N signature compared to feathers grown in
the wild. This let us see a shift in feather �15N and to trace
whether birds mobilise stored resources to compensate
demands induced by the infection. However, replacement
feathers of both experimental and control birds showed
�15N values similar to diet, indicating that the experimental
diet has been the major nutrient source for feather growth.
It is possible that our small sample sizes limited our ability
to detect minor diVerences between infected and uninfected
birds, in general. We propose that future studies should
address whether food sources of host birds are altered by
malaria parasite infection, and whether the isotope ratios of
infected tissues (blood and feather) diVer from uninfected
tissues. Also, diVerent species of avian malaria parasites
may exploit and damage diVerent tissues of the host
(Valkiínas 2005) which may aVect the isotopic signatures
both of the parasites and the host. Hence, further details
about host behaviour and parasite pathology will be essen-
tial for understanding energy and resource allocation of
hosts infected by parasites.
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