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Chronic coccidian infestation compromises flight
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PETER L. PAP**, CSONGOR I. VAGASI*?, LORINC BARBOS! and ATTILA MARTON"

'Evolutionary Ecology Group, Hungarian Department of Biology and Ecology, Babes-Bolyai
University, Clinicilor St. 5-7, RO-400006 Cluj Napoca, Romania

’Behavioural Ecology Research Group, Department of Evolutionary Zoology, University of Debrecen,
Egyetem tér 1, H-4032 Debrecen, Hungary

Received 3 August 2012; revised 3 September 2012; accepted for publication 4 September 2012

Parasites usurp indispensable resources for birds during a moult, and this is particularly relevant for those
parasites residing in host intestines. This might compromise the nutritionally demanding moult and, thus, feather
functionality. Although lower feather quality has profound and multifaceted adverse effects on residual fitness,
surprisingly, little is known about parasites’ effect on feather traits, especially over the longer term. We conducted
an aviary experiment by medicating half of a group of naturally infested house sparrows Passer domesticus against
intestinal coccidians for 15 months, spanning two consecutive postnuptial moults, whereas the other half was kept
infested (i.e. without medication). Coccidian infestation significantly and negatively affected the size of the
uropygial gland during the second moulting period compared to the medicated group. Furthermore, wing length
was significantly shorter after the second moulting in the non-medicated compared to the medicated female birds,
which indicates that the negative effects of coccidians emerge only after a prolonged exposure to parasite
infestation. Non-medicated birds grew poorer quality flight feathers detected in a large number of feather traits
both after the first and second moults. In the case of non-medicated birds, the primaries were lighter and shorter,
and had a smaller vane area, thinner rachis and decreased stiffness, although a higher barb and barbule density,
which may have various consequences for fitness through reducing flight performance. Our findings demonstrate
that, besides the well-known immediate consequences for host breeding success, parasites might also have serious,
long-lasting effects through influencing feather quality and, ultimately, fitness of the host. © 2013 The Linnean
Society of London, Biological Journal of the Linnean Society, 2013, 108, 414-428.
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INTRODUCTION

The pathogenic effects of parasites have long been
recognized. Studies have shown a causal relation-
ship between parasites and breeding success, sur-
vival, and the expression of the secondary sex
characters of avian hosts (Mgller, 1997; Mgller et al.,

metabolism, trigger immune response, elevate corti-
costerone levels, and induce oxidative stress (Horak
et al., 2004; Raouf et al., 2006; Baeta et al., 2008;
Monaghan, Metcalfe & Torres, 2009; Mougeot et al.,
2009; Sepp et al., 2012). Moulting depends on nutri-
ents and on antioxidants such as glutathione (i.e.
the main reservoir of cysteine) and is metabolically

2009). However, our knowledge about the effect of
parasites on moulting is scarce (Langston & Hill-
garth, 1995; Pap et al., 2011). Parasites can affect
moulting and thus the quality of feathers produced
in a number of ways: they usurp resources, increase
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expensive (Murphy & King, 1990; Lindstréom, Visser
& Daan, 1993; Pap etal., 2008). Furthermore,
moulting is traded off with immune investment and
suppressed by corticosterone (Romero, Strochlic &
Wingfield, 2005; Moreno-Rueda, 2010a). Hence, all
these inter-relationships are expected to be reflected
in the moult pattern and/or feather features known
to influence fitness.
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The primary function of flight feathers is to
generate thrust and lift, thereby enabling flight.
Feather structure and composition are known to
vary among species, populations, and individuals,
which in turn determine the variation in avian
flight (Aparicio, Bonal & Cordero, 2003; Weber et al.,
2005; de la Hera, Pérez-Tris & Telleria, 2009; de la
Hera, Pérez-Tris & Telleria, 2010a). The amount of
keratin invested and the physical texture of the
shaft and the vane, which are responsible for the
elasticity of the feather and ultimately its dynamic
response to air pressure and cyclic load, are among
the traits that may determine the functionality of
flight feathers (Jenni & Winkler, 1994; Bonser, 1995;
Dawson et al., 2000; Weber et al., 2005; Ruiz-de-
Castaneda et al., 2012). Owing to the complex struc-
ture of the flight feather and its relationship with
flight, information about the way feather structure
varies between individuals is important to better
understand how differences in feather structure
originate (Dawson et al., 2000; Weber et al., 2005;
DesRochers et al., 2009). Flight feathers are com-
posed of a rachis with regularly spaced branches
(barbs) on each side, which are in turn equally
branched with barbules. The flexibility of the shaft,
the vane area, the number of barbs and barbules,
and the way they are attached to each other, all
largely determine the deviance from their optimal
response to air pressure, which may finally deter-
mine flight performance. To maintain the function-
ality of flight feathers, birds exhibit many
behavioural and morphological adaptations, such as
preening to relock the unlocked barbules, lower the
number of feather-degrading parasites, and increase
secretion of gland oil, which inhibits the growth of
feather decomposing microbes and maintains feather
rigidity and integrity (Jacob & Ziswiler, 1982; Cot-
greave & Clayton, 1994; Shawkey, Pillai & Hill,
2003; Moreno-Rueda, 2010b, 2011; Soler etal.,
2012). Furthermore, birds that spend considerable
time in flight and/or are exposed to environmental
conditions that deteriorate the keratin structure
invest more in mechanical properties of the feathers
to ensure their strength and durability between sub-
sequent moulting events (Jenni & Winkler, 1994;
Weber et al., 2005). However, the extent of this vari-
ation and its underlying proximate mechanisms
remain largely unexplored. One of the most energy-
and nutrition-demanding periods in a bird’s life is
the time of increased somatic cell growth during the
regular replacement of body and flight feathers (i.e.
moulting; Lindstrom et al., 1993; Jenni & Winkler,
1994; Klaassen, 1995). Therefore, if an environmen-
tal perturbation alters the optimal allocation into
the moult, we may expect that the quality of feath-
ers decreases (Dawson et al., 2000; Hall & Fransson,

2000; Serra, 2001; Pap et al., 2008; de la Hera et al.,
2009, 2010a; DesRochers et al., 2009; Vagasi et al.,
2012).

Some of the most prevalent and abundant avian
parasites are coccidians, which are microscopic, uni-
cellular organisms that inhabit the epithelium of the
host’s intestine (Greiner, 2008). In wild birds, coccid-
ian infestation can reduce the signalling value of
ornaments (Hill & Brawner, 1998; Horak et al., 2004;
Baeta et al., 2008; Mougeot et al., 2009; Dolnik & Hoi,
2010) and significantly decrease an individual’s
condition (Horak et al., 2004; Aguilar et al., 2008;
Mougeot et al., 2009; Pap et al., 2009). During moult,
stressors such as infestations by parasites have the
potential to compromise an individual’s fitness
because the conditions prevailing during plumage
replacement determine the quality of the feathers
that are produced and, ultimately, the flight perform-
ance of individuals (Swaddle et al., 1996). Coccidians
reduce the general absorption and drainage of essen-
tial nutrients (e.g. amino acids), stimulate the
immune system (Allen & Fetterer, 2002), and cause
oxidative damage (Sepp et al., 2012). Thus, coccidian
infestation during moult can induce a range of costs,
including a prolonged moult, reduced feather quality,
and increased postmoult mortality resulting from
reduced predator escape ability. Furthermore,
because most passerines moult flight feathers only
once per year and feather quality cannot be enhanced
between moults, these effects can be long-lasting.
Previous studies on the house sparrow Passer domes-
ticus showed that, under aviary conditions, several
measures of feather quality, such as the length and
mass of the primary flight feathers, were reduced in
the infested birds compared to medicated house spar-
rows (Pap et al., 2009, 2011). Such studies on the
moulting house sparrows and generally those
addressing coccidians and their effect on avian hosts
suffer from two caveats. First, the effects of coccidians
are generally monitored during a short period of
several days or weeks, when the negative effect of
these parasites may not be detected. Coccidians com-
monly inhabit the alimentary tract of the birds for
life-long duration and their effects emerge only during
stressful periods. Ignoring the effect of parasites on
complex features of flight feathers may prevent the
accumulation of valuable knowledge on host—parasite
interactions. Therefore, experimental studies where
the number of coccidians is manipulated for a longer
period, covering multiple annual stages during multi-
annual periods, may be particularly insightful and
reveal the potential hidden cost of parasitism on the
host’s fitness. To our knowledge, studies on the effects
of parasites on moulting and feather quality of the
same host individuals during multiannual periods are
very rare. Second, in our previous studies on moulting
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house sparrows, we have characterized the quality of
flight feathers through three measures only (primary
length and mass, rachis width), whereas, in the
present study, we extended these measures with
further structural traits (vane area, barb and barbule
density, bending stiffness).

To study the short- and long-term effect of coccidian
infestation on the condition and feather quality of the
house sparrow, we introduced wild adult birds to
large outdoor aviaries shortly before they started
their regular postnuptial moult. We followed the con-
dition and moulting, and measured the quality of the
primary flight feathers during two subsequent annual
moults, when the level of infestation by coccidians
was suppressed in the medicated birds and kept
untreated in control groups. Based on our previous
knowledge on the effect of coccidians on moulting
birds (see above), we hypothesized that parasite infes-
tation decreases the quality of flight feathers. Fur-
thermore, we predicted that the negative effect of
coccidians will be more pronounced over the long term
(i.e. after 1 year of medication treatment). However,
because our information about nutritional and physi-
ological costs, the developing mode, and the function-
ality of feather quality measures is very limited, and
the results are often contradictory (DesRochers et al.,
2009), we have no a priori prediction about the indi-
vidual response of these traits to short- and long-term
medication treatment except for feather mass, feather
length, and rachis width. Based on our previous
results (Pap et al., 2009, 2011), we expect that these
traits are negatively affected in the non-medicated
birds. The uropygial gland, which secretes the gland
oil, generally plays an important role in the mainte-
nance of feathers (Jacob & Ziswiler, 1982; Giraudeau
et al., 2010; Moreno-Rueda, 2010b, 2011); therefore,
we may expect that the amount of gland oil produced
may influence certain properties (e.g. flexibility) of
the feathers. Thus, we also measured the size of the
uropygial gland of the birds to test whether the coc-
cidian infestation affects the production of the gland
oil and to control for the possible confounding effects
of the oil on feather quality measures. Finally, we
intercorrelated all feather quality measures to test for
possible trade-offs in allocation between different
structural traits.

MATERIAL AND METHODS
GENERAL PROCEDURE

Thirty adult male and 30 adult female house spar-
rows were caught with mist nets (Ecotone, Poland) at
a farm near Balcaciu, central Transylvania, Romania
(46°11'N, 24°03’E), just before the annual postnuptial
moult on 30 July 2010. Birds were transported to the
campus of the Babeg-Bolyai University in Cluj

Napoca and housed in four groups (N =15 birds in
each, seven males and eight females or, inversely,
alternated among groups) in outdoor aviaries
(5x2x2.5m; length x width x height) placed near
each other and the experimental groups were
arranged alternately (two replicates for each treat-
ment group; see below). Birds were fed ad libitum
with a mixture of seeds containing ground corn, sun-
flower, wheat, and oat throughout the experiment. In
addition, on every second day, birds were given a
protein supplement of two grated boiled eggs and
fresh tap water was provided daily. No birds had
begun to moult at capture. Of the 60 captured house
sparrows, four individuals died from unknown causes
(three from medicated and one from infested groups).
All other individuals were released in good health at
the end of the experiment on 3 November 2011.
During the 15-month confinement, birds were meas-
ured and sampled four times: pre- and postmoult of
the first and second moult (30 July and 11 December
2010, and 2 August and 29 October 2011, respec-
tively). Some house sparrows built nests, laid eggs,
and even raised chicks during the breeding season,
although the identity of birds with nests was not
determined. This shows that birds followed their
normal annual cycle (i.e. they moulted after the
breeding season in 2010 and 2011; during August to
November as is the case in wild-living house sparrows
in the population of origin).

EXPERIMENTAL PROTOCOL

At capture, we measured wing length, body mass,
uropygial gland size, and tarsus length, after which
the birds were transported and introduced in aviaries
where they were allowed to acclimatize for 2 weeks
(Fig. 1). The maximum length, width, and height of
the uropygial gland was measured with a digital
calliper (0.01 mm precision) and, based on these
measures, we calculated the gland size as
length x width x height, which is a good surrogate of
gland volume and the amount of waxes secreted (Pap
et al., 2010). Afterwards, on 15 August, we placed the
birds in individual cages to quantify the pre-
experimental level of coccidian infestation. To assess
infestation, we measured the rate of oocyst-shedding
over 2 days (Pap et al., 2009). In a previous study on
the house sparrow, we demonstrated that Isospora
lacazei was the most common coccidian in the faecal
samples (Pap et al., 2011). Because coccidians from
the genus Isospora shed oocysts predominantly
during the late afternoon (Filipiak, Mathieu &
Moreau, 2009), faeces were collected just before
sunset. The number of oocysts was counted in
McMaster chamber as described previously Pap et al.
(2011) and the concentration was expressed as
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Figure 1. The annual cycle of a house sparrow and a
schematic representation of the experimental protocol.
The numbers within the circle show the months (.e.
1 =January), the arrow indicates the start (30 July 2010),
and the blunt-tip line marks the end of the experiment (3
November 2011). Wing length, body mass, uropygial gland
size, and the infestation rate by coccidian oocysts were
measured before and after the first (30 July 2010 and 11
December 2010, respectively) and second postnuptial
moult (2 August 2011 and 29 October 2011, respectively).
These events are indicated by the coccidian oocysts
inserts. During the last two sessions, feather samples were
also collected (feather inserts). Male house sparrow
drawing courtesy of Zsoldos Marton.

number of oocysts per gram of faeces. The mean
values of the oocyst numbers collected during the 2
days were used in the analyses. We treated the medi-
cated birds against coccidians 2 days per week
because, under aviary conditions, the reinfestation of
birds from the environment is highly probable (P. L.
Pap, C. 1. Vagasi, pers. observ.), making it necessary to
continuously suppress the reproduction of these para-
sites. Our previous study shows that the drug used in
the present experiment has no negative side-effect on
the condition and physiology of house sparrows (Pap
et al., 2011). The next day, we randomly assigned birds
to one of the four aviaries and each aviary to either: (1)
medicated with an anticoccidial drug (Med; N = 30) or
(2) naturally infested with coccidia (Cocc; N = 30) (i.e.
we had two replicates for each treatment group). All
Med birds were treated with the anticoccidial drug
provided in their drinking water for 2 days per week
through the experiment (1 mL of Baycox®, Bayer;
2.5% in 1L of drinking water), whereas Cocc birds
received tap water, which allowed the coccidians to
persist in the alimentary tract (Fig. 2A).

At the beginning of moulting (i.e. premoult) of the
first and second year, we assessed the progression of
the moult of primaries of each individual according to
the following scheme: we scored the dropped feathers
as 1, a quarter-, half- or three-quarter regrown feath-
ers as 2, 3 and 4, respectively, and the fully-regrown
feathers as 5 (for details, see Pap et al., 2008). Old
feathers received a score of 0. On each occasion, we
calculated the moult score for each individual, where
moult score is the sum of the scores of individual
primary feathers (total 9, the tenth is rudimentary)
and ranges from 0 (before the beginning of the moult:
all primaries old) to 45 (moult finished: all primaries
completely replaced).

FEATHER QUALITY MEASURES

We plucked the seventh primaries (counted from the
innermost) of both wings before and after the second
moult to assess the effect of experimental manipula-
tion on the feather quality during two subsequent
moults. Note that feather samples collected before the
second moult mirror the state prevailing during the
first moult. For each feather, we determined: (1)
length, (2) vane area, (3) mass, (4) rachis width, (5)
barb density, (6) barbule density, and (7) vertical
bending stiffness. We used the mean values of the two
primaries to increase the robustness of data. Feather
length was measured with a ruler to the nearest
0.5 mm and rachis width with a digital calliper to the
nearest 0.01 mm at 1.5 cm from the base of the shaft.
Feathers were weighed on an electronic balance to the
nearest 0.1 mg. We took digital photographs of the
feathers on a metric grid background or using a stage
micrometer for measurements of the vane area, and
barb and barbule density, which were imported into
the IMAGEJ, version 1.37 (http://rsb.info.nih.gov/ij/).
For vane area, we encircled the vane and expressed
this surface in ecm? Barb and barbule density were
measured on the inner vane, at the middle part along
the rachis, and in the case of barbules along the
proximal side of the barbs. The density of barbs and
barbules was expressed by counting ten consecutive
barbs and barbules and measuring the distance occu-
pied by these structures (i.e. higher distance values
indicate a lower density). The stiffness of the primary
feathers was measured using the method described by
Dawson et al. (2000). Two grams were attached to the
rachis at 22 mm from the distal end of the feather
(approximately one-third along its length from the
distal end), and the vertical (downward) deflection
was measured. The calamus was fixed into a hole
between two thick rubber bands so that it emerged at
a point corresponding to the insertion point of the
feather into the skin of the bird’s wing (approximately
10 mm from the proximal end). The holder was
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Figure 2. The effect of treatment on the coccidian infestation (A), uropygial gland size (B), and wing length (C) during
the premoult and postmoult periods of the first (2010) and second study year (2011) of male and female house sparrows
(Med group treated with coccidiostatic drug — black dots, continuous line; Coce group with natural coccidian infestation
— open dots, dashed line). Significance levels for the planned comparison tests from the general linear models (Table 1)
are shown above the horizontal bars. ns, not significant. Values are the mean = SE.

mounted on a tripod in front of a metric grid, with the
dorsal surface of the feather upwards. The weight
was attached to the rachis by means of a short piece
of cotton. Vertical deflection of the feather was meas-
ured from digital pictures taken without and with a
weight attached and was expressed as the distance
between the two measures. Higher deflection values
thus indicate a decreased stiffness. To test the validity
of feather quality measures on feathers from the

aviary birds (see below), we compared these with the
same primary feathers from 22 adult house sparrows
(ten males and 12 females) from a natural population
captured on 18 March 2012.

STATISTICAL ANALYSIS

The effects of experimental manipulation and sex on
coccidian infestation, body mass, uropygial gland size,
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wing length, and feather quality measures were ana-
lyzed using repeated-measures general linear models
(GLMs), where the dependent variables were entered
in separate models and the experimental groups and
sex were set as factors. Within treatment groups, the
effect of aviary was nonsignificant (i.e. no difference
between replicates) on any morphological and parasi-
tological measures (P > 0.5); therefore, the data of
birds from different aviaries within groups were
pooled. Because of the skewed distribution of coccid-
ian oocysts, we normalized coccidian number by logie-
transformation and used transformed values in all
subsequent analyses to follow the requisite of normal
distribution of parametric statistics. Data were exam-
ined for normality and homogeneity of variance (Bar-
tlett test) and most were found to satisfy these
assumptions, necessary for parametric analysis,
except some of the repeated measures of the coccidian
infestation, uropygial gland size, and wing size
(Table 1). Lindman (1974) had shown that the
F-statistic is quite robust against violation of the
assumption of the heterogeneity of variances.
However, to be sure in the robustness of our results,
we repeated these analyses using a variance function
(varldent of nlme library) in the R statistical envi-
ronment (Pinheiro et al., 2011; R Development Core
Team, 2011) that permits different variances for each
level of treatment. These results confirmed the valid-
ity of our conclusions based on repeated-measures
GLMs. Repeated-measures analysis of variance con-
taining factors with more than two levels (Table 1)
should meet the sphericity assumption, which
requires that the variances (pooled within-groups)
and covariances (across subjects) of the repeated
measures are homogeneous. We tested for this
assumption with Mauchly’s sphericity test. In none of
the cases was the assumption violated. However,
because the significance tests hardly reveal the
degree of violation of the sphericity, we calculated the
adjusted results with the Greenhouse—Geisser correc-
tion, which included epsilon factors used to multiply
the degrees of freedom of the mean squares for the
effect and the error (Quinn & Keough, 2002). In all
cases, the adjusted F-statistics was similar with
the uncorrected values. Data are reported as the
mean + SE unless otherwise stated. As a result of
the significant associations among different feather
quality measures (Broggi et al., 2011), we tested the
independent explanatory value of each traits. Accord-
ingly, we intercorrelated quality measures of feathers
collected after the first and second moult, where the
effect of experimental group and sex was controlled.
Finally, because the association and trade-offs
between quality traits of feathers grown under aviary
condition may loosen as a result of the surplus of food,
we repeated the correlation analyses on feathers

0.140
<0.0001
0.725
<0.0001
0.057
0.026

d.f.
1

1

1
52
3

3
3
156

Wing length
2.24
58.44
0.13
38.77
2.5
3.16

0.020
0.376
0.471
<0.0001
<0.0001
0.729

d.f.
1

1

1
52
3

3

3
156

5.78
0.80
0.53
18.32
0.43

Uropygial gland size
105.94

0.998
0.171
0.0003

0.815
0.035
<0.0001

d.f.
156

Body mass
0.06
4.72
0.00
1.69
6.68

96.91

<0.0001
0.593
0.866

<0.0001

<0.0001
0.572

d.f.
1

1

1
52
3
3

3
156

0.29
0.03
0.67

Coccidian infestation

28.77

208.28
90.16

Table 1. Results of repeated-measures general linear models on the effect of treatment on coccidian infestation and condition before and after the two subsequent
1
1
1
52
3
3
3
within groups

moulting periods of the male and female house sparrows

Significant effects are shown in bold and all three-way interactions are nonsignificant.

Source

Group

Sex

Group x Sex

Subject within groups
Repeated measures

Group x Repeated-measures
Sex x Repeated-measures
Repeated-measures x Subjects
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collected from wild birds. P <0.05 was considered
statistically significant.

RESULTS

THE EFFECT OF TREATMENT ON COCCIDIANS,
CONDITION, AND MOULT

The anticoccidial drug significantly reduced the
number of oocysts shed in the faeces (Fig. 2A, Table 1)
as revealed by the significant group and group X
repeated-measures interaction in the repeated-
measures GLM analysis, where the numbers of
oocysts counted during the four sessions were entered
as dependent variables, with group and sex as factors.
The success of medication cure was similar between
sexes. House sparrows in the Med group had a sig-
nificantly larger uropygial gland than Cocc birds in
both sexes (Fig. 2B, Table 1), although only during
the second premoult period. The volume of the gland
was larger during the premoult than after moult (Pap
et al., 2010). Wing length was marginally significantly
and negatively affected by coccidians (Table 1), but
only in females and over the long term (i.e. after the
second moult) (Fig.2C). Body mass was similar
between experimental groups and the lack of an
effect of coccidian infestation persisted during the
whole period as revealed by the nonsignificant
group X repeated-measures interaction (Table 1).

The moulting score at the beginning of the first
moulting period on 15 August 2010 was similar
between experimental groups (Fis5 =0.01, P =0.937),
was significantly advanced in males related to
females (Fy5=11.58, P=0.001), and the difference
between sexes was similar in Med and Cocc groups
(group x sex interaction: F5 =0.90, P = 0.346). Simi-
larly, medication treatment had no effect on the
moulting score measured during the beginning of the
second moulting period on 2 August 2011 (Fy 53 = 2.07,
P=0.157), and the moulting was similar between
sexes (sex: Fi53=0.00, P=0.948; group X sex:
Fi5;=0.02, P=0.883).

THE EFFECT OF TREATMENT ON FEATHER
QUALITY MEASURES

Coccidian infestation negatively affected the general
quality of the primary flight feathers both after the
first and second moult, as indicated by the signifi-
cant group effect in the case of feather length, vane
area, feather mass, rachis width, and barb and
barbule density (Fig. 3A—G, Table 2). The coccidian
treatment had similar effect on males and females
(nonsignificant group X sex interactions). The differ-
ence between experimental groups was similar
between the quality measures of feathers grown
after the first and second moult (nonsignificant

group X repeated-measures interactions). The effect
of experimental manipulation on the feather mass
remained significant in the case of both the first and
second moult, even after the positive effect of feather
length and vane area on feather mass was controlled
for (after first moult: Fi5 =5.97, P=0.018; after
second moult: Fiz =4.38, P=0.041; Table 3). This
indicates that the relative feather mass (i.e. the
amount of keratin invested per unit feather length
or area) was reduced in birds from Cocc related to
Med group. Because the bending stiffness is strongly
positively related to feather length (both moults) and
rachis width (second moult only; Table 3), we
repeated the analysis by controlling for these inter-
correlations. In this model, the coccidian infestation
significantly reduced the stiffness of feathers grown
after the first (Fis:=5.14, P =0.028), but not in the
case of feathers grown after the second moult
(F151=0.18, P=0.675).

Finally, we tested how feather quality measures of
feathers grown at the same position change between
the first and second moults (Fig. 3A—F). The exception
is bending stiffness of which variation largely
depends on feather length. The planned comparison
analysis showed that feather length (Fs =20.84,
P <0.0001), vane area (F5=5.01, P=0.030), rachis
width (F152=58.68, P <0.0001), and barbule density
(F152=6.82, P=0.012) significantly increased,
whereas feather mass (F5 =52.93, P <0.0001) and
barb density (Fi5=6.89, P=0.011) significantly
decreased between the first and second moults
(Fig. 3A, B, C, D, E, F). The changes in feather
quality measures between the first and second moults
were independent of the coccidian treatment (in
all cases nonsignificant group X repeated-measures;
Table 2).

THE RELATIONSHIP AMONG FEATHER
QUALITY MEASURES

The relationship among quality measures of feathers
grown after the first and second moults was similar,
except bending stiffness, where the negative effect of
the rachis width on deflection was significant only
after the second moult (Table 3). As expected, feather
length, vane area, feather mass, and rachis width are
significantly inter-relating measures, except for the
nonsignificant correlation between rachis width,
feather length, and vane area. However, barb density
and barbule density are traits that vary independ-
ently from the rest of feather quality measures
(Table 3). None of the interactions between group
and feather quality traits were significant (data
not shown). This indicates that the relationship
between feather quality measures was not affected by
the coccidian treatment. The relationships between
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COCCIDIANS AND FEATHER QUALITY

421

FEMALE

=69

mm

v68_

gth

C67_

erle

£ 66

Feat

65 -

64

Cc 170

2010

2011

165
E£16.0-
15.5-
15.0
14.5 -
14.0
135

mg

Feather mass

2010 2011

E 0.50

0.49 -

0.48 -

=)
N
~N

Barb density (mm)

o
»
»

o
~
(6]

2010 2011

®
o
o)
o

0.80

0.75 -

0.70 -

0.65 -

Bending stiffness (cm)

0.60

2010 2011

MALE

w
39
:

@
o
)

Vane area (cm?)

3.4

D 1.04

2011

1.02 1

£1.00-

£

= 0.98

©

2 0.96 -

£20.94

)

& 0.921
0.90 1
0.88

F 0.225

2010

2011

£0.220 1
£
> 0.215
‘0
$ 0.210 1
©
2 0.205 1
e}

@ 0.200 1

0.195

2011
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quality measures of feathers collected from wild
house sparrows generally confirm the findings
obtained in aviary birds (Table 4). However, several
significant associations between feather quality traits
measured on aviary birds turned to be nonsignificant
in the case of feathers collected from wild birds, which
may be related to the lower samples size (57 versus
22 birds in captive and wild groups, respectively).

DISCUSSION
THE EFFECT OF COCCIDIANS ON CONDITION

In the present study, we have shown that the chronic
coccidian infestation significantly and negatively
affects the feather growth and the production of gland
oil, as revealed by the reduced wing length and small
uropygial gland size in Cocc birds compared to the
Med group. These results corroborate our previous
findings on house sparrow and some other studies on
wild birds, and indicate that coccidians drain impor-
tant resources from functions that require protein
(Horak et al., 2004; Hill, Doucet & Buchholz, 2005;
Pap et al., 2009, 2011). Body mass was not affected by
the long-term exposure to coccidians, suggesting that
birds can recover and are able to maintain their body
mass after the initial acute stress caused by infection
(Pap et al., 2009). By contrast to previous studies, in
the present study, we manipulated coccidian infesta-
tion for a long period that persisted for more than one
annual cycle, allowing the study of the chronic effects
of infestation on hosts. Interestingly, in line with our
previous findings on the same host—parasite system
(Pap et al., 2009, 2011), we found that the start of
second moulting was not affected by the coccidian
manipulation, which can be explained by the adaptive
allocation of resources to feather growth under nutri-
tional stress. The re-allocation of resources during
mild but chronic stress caused by coccidian infesta-
tion to moulting is likely adaptive, aiming to keep the
aerodynamically costly moulting period as short as
possible and to reduce its overlapping with migration
or wintering (Dawson et al., 2000; Hall & Fransson,
2000; de la Hera, Pérez-Tris & Telleria, 2010b). It
would be insightful for future studies to explore the
physiological mechanisms more thoroughly and inves-
tigate how the corticosterone stress response and the
antioxidant machinery (i.e. two physiological axes
tightly associated with moulting) are regulated before
and during the moult in infested and medicated birds.

We found that the size of the uropygial gland sig-
nificantly increased in Med compared to Cocc birds
during the second postnuptial moult, which may indi-
cate that the negative effect of coccidians on condition
appears after a long-term chronic infestation. This
result is in line with the significant negative effect of

© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 108,

Table 4. The relationship between feather quality measures used in the analyses of wild house sparrows

Feather mass Rachis width Barb density Barbule density Bending stiffness

Vane area

2.31 0.13 0.47 0.03 3.53

6.23*

Feather length

0.373 (0.199)

2.32

0.040 (0.224)

0.84

—0.141 (0.205)

0.06

0.084 (0.228)

0.61

0.317 (0.209)

0.11

0.500 (0.200)

Vane area

0.309 (0.203)

0.01

—-0.199 (0.217)

2.66

0.052 (0.206)

0.39

0.175 (0.224)

14.77%*

0.073 (0.219)

Feather mass

0.019 (0.225)

0.03

0.355 (0.218)

3.37

—-0.133 (0.214)

1.48

0.687 (0.179)

Rachis width

0.034 (0.216)

0.07

0.379 (0.206)

0.29

0.243 (0.200)

Barb density

0.064 (0.239)

0.00

0.132 (0.245)

Barbule density

0.009 (0.222)

The statistical values are from general linear models (GLMs), where the effect of sex was controlled. The effect of feather quality measures on the dependent

variable was tested in separate models. Bold values represent significant correlations. The values are ¥ and § (SE) from the GLMs.

#P < 0.01, *P < 0.05.
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coccidians on wing length of female house sparrows
only after the second moult. These findings support
our expectation that, during long-term chronic infes-
tation, the negative effect of parasites on the host’s
condition is cumulative. It is worth noting that,
because gland oil is important in maintaining the
plumage (Jacob & Ziswiler, 1982; Giraudeau et al.,
2010; Moreno-Rueda, 2010b, 2011; Soler et al., 2012),
and the amount of oil secreted is positively associated
with the gland size in house sparrows (Pap et al.,
2010), the effect of coccidians on feather quality can
be indirect. The reduced size of the uropygial gland in
the infested birds may be explained by the direct
effect of coccidians on the absorption of the primary
components of the gland oil (e.g. ester preen waxes;
Reneerkens, Piersma & Damsté, 2002) or by its nega-
tive effect on the general condition of birds which may
be tightly connected to gland size (Moreno-Rueda,
2010b; P. L. Pap, C. 1. Vagasi, pers. observ.). To our
knowledge, these results are the first to show that,
besides ectoparasites and ectosymbionts (Galvan
et al., 2008; Mpgller, Erritzge & Rézsa, 2010; Soler
et al., 2012), endoparasitic parasites have the poten-
tial to modulate the size of the gland and feather
quality in birds. However, why was gland size affected
only during the premoult period? The size of the
uropygial gland varies significantly over the annual
cycle in male and female house sparrows (Pap et al.,
2010), and the volume of the gland is the largest
during the end of the breeding period and the begin-
ning of the moult. As a result of the large amount of
oil produced during this period, and because of the
costly gland secretion (Piault et al., 2008), coccidians
affected the size of the gland only during that period
of the annual cycle when the gland size is the largest.
The significant negative effect of coccidians on gland
size at the beginning of moulting suggests that the
effect of parasites on feather quality through the
amount of preen oils may depend on season. Clearly,
the effect of season on the relationship between coc-
cidian infestation, gland size, and feather quality
measures deserves further experimental studies.

FEATHER QUALITY

Coccidian infestation significantly reduced the
general condition of the flight feathers, as revealed
by shorter and lighter primaries with a smaller vane
area, thin rachis, and high density of barbs and
barbules of the infested relative to the Med house
sparrows. Furthermore, after controlling for the con-
founding effect of the feather length on bending stiff-
ness, we have shown that coccidian infestation
increased the deflection under load of the flight feath-
ers. These results generally are in line with our
previous work on the house sparrow (Pap etal.,

2011); however, they further extend our knowledge
about the effect of these parasites on the fine struc-
ture of flight feathers. To our knowledge, these
results are the first to show that parasites may not
only affect the moulting of wild birds (Langston &
Hillgarth, 1995) and the coloration of feathers (Hill &
Brawner, 1998; Horak et al., 2004), but also have a
significant negative effect on feather structure and
quality. These detriments may have long-lasting con-
sequences on fitness as a result of impaired manoeu-
vrability and flying capacity (Swaddle et al., 1996), as
well as the ability of feathers to resist physical and
biological abrasion and degradation. Regarding the
underlying mechanism, our results are in line with
experimental studies on the negative effect of corti-
costerone on feather growth rate and quality
reported by Romero et al. (2005) and DesRochers
et al. (2009). This may provide an alternative to the
nutritional explanation of coccidians’ effects on
moulting house sparrows. Parasite infestation is
known to affect the stress response of birds (Raouf
et al., 2006), which may reprogramme the protein
uptake and hence influence feather quality of moult-
ing birds (DesRochers et al., 2009). An experimental
study where the infestation and the level of stress
hormones are manipulated concurrently could reveal
the underlying hormonal cost of parasitism on the
quality of flight feathers of moulting birds. It is inter-
esting to note that the exogenous corticosterone
hormone administration (DesRochers et al., 2009)
and coccidian infestation affected the feather quality
measures in the same direction. The feather mass
decreased and the density of barbs and barbules
increased in the case of stressed and infested birds
compared to the control and medicated groups.
Finally, it is interesting to note that the effect of
coccidians on feather quality measures was similar
with the effect of high speed of moult (Vagasi et al.,
2012), where infested and fast-moulting birds grow
short and light flight and body feathers with a thin
rachis and high barb and barbule density. These
results suggest that, under various stressors, the
same mechanisms are responsible for the reduction
in feather quality. For example, the high barb and
barbule density of the flight and body feathers of the
birds experiencing certain stress can be explained by
the low interbarb and interbarbule distances and/or
by the reduced number of barbs and barbules
throughout the feather vane compared to non-
infested and slow-moulting house sparrows. The lack
of significant effect of the moulting speed on the total
number of barbs of the body feathers of the house
sparrow suggests the validity of the first scenario
(Vagasi et al., 2012). However, further studies are
needed to reveal the mechanism of the development
of the feather’s physical properties.

© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 108, 414-428
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Properties that describe feather quality differed
similarly between experimental groups in the case of
feathers grown after the first and second postnuptial
moult. This indicates that, in contrast to condition
measures (e.g. wing length), the negative effect of
coccidians on feather quality emerges after several
weeks of experimentation and remains unchanged
even after more than 1 year of continuous infestation.
Despite the stimulation of the immune system (Horak
et al., 2004; Pap et al., 2009, 2011; Lemus, Vergara &
Fargallo, 2010) and the continuous drainage of nutri-
ents by the coccidians, house sparrows improved
several abrasion-independent measures of feather
quality during moult, such as rachis width and
barbule density, whereas feather mass and barb
density significantly decreased between the two sub-
sequent moults. This suggests that, during prolonged,
chronic infestation, birds may change the structure of
the flight feathers.

Finally, we found that the feather quality meas-
ures, which are expected to separately influence the
resistance to wear and cyclic load (Dawson et al.,
2000; Weber et al., 2005; DesRochers et al., 2009), are
not necessarily inter-correlating (for body feathers,
see Aparicio et al., 2003; Broggi et al., 2011). This
result stresses the importance of measuring several
traits to honestly characterize the quality of the
feather. The qualitatively similar results for the
aviary and wild-living house sparrows indicate that
the absence of significant associations and trade-offs
between quality measures cannot be explained by the
saturated nutritional supply or stressful confinement
of the aviary birds. Instead, our results show that the
physical properties of the flight feathers, such as
rachis width, vane area, density of vane, and bending
stiffness are largely independent traits. Clearly, the
importance of these feather quality traits in main-
taining the integrity of the feather, and resistance
against wear and air pressure, deserves further study.
Finally, our results show that coccidians do not affect
the relationship between feather quality measures;
however, under more stressful conditions, a trade-off
between quality traits is expected (de la Hera et al.,
2009, 2010a).

In conclusion, we have shown that the long-term
chronic coccidian infestations have a significant and
negative effect on the condition of house sparrows.
The effect of these parasites on the host depends on
the annual cycle, as revealed by the increased gland
size in medicated birds compared to the infested
house sparrows during moulting, when the gland size
is the largest. The positive effect of medication on the
wing length emerged only after a prolonged (i.e. more
than 1 year) reduction of natural infestation levels,
highlighting the importance of multi-annual studies.
By contrast, feather quality measures were signifi-

cantly affected by coccidians over both the short and
long term, which demonstrates the sensitivity of
flight feathers to mild but chronic parasite stress
during a moult. These findings may have implications
in species conservation and animal health care. We
suggest that practitioners should take more care in
controlling coccidian infestations in wild birds that
are brought to rehabilitation centres or used for
reproduction under aviary conditions, where a long-
term exposure to these spontaneously emerging para-
sites may have substantial undesired consequences
on fitness.
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