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Abstract Microorganisms have shaped the evolution of a va-
riety of defense mechanisms against pathogenic infections.
Radioactivity modifies bacterial communities and, therefore,
bird hosts breeding in contaminated areas are expected to
adapt to the new bacterial environment.We tested this hypoth-
esis in populations of barn swallows (Hirundo rustica) from a
gradient of background radiation levels at Chernobyl and un-
contaminated controls from Denmark. Investment in defenses
against keratinolytic bacteria was measured from feather
structure (i.e., susceptibility to degradation) and uropygial se-
cretions. We studied degradability of tail feathers from areas
varying in contamination in laboratory experiments using in-
cubation of feathers with a feather-degrading bacterium,
Bacillus licheniformis, followed by measurement of the
amount of keratin digested. The size of uropygial glands and
secretion amounts were quantified, followed by antimicrobial
tests against B. licheniformis and quantification of wear of
feathers. Feathers of males, but not of females, from highly
contaminated areas degraded at a lower rate than those from

medium and low contamination areas. However, feathers of
both sexes from the Danish populations showed little evidence
of degradation. Individual barn swallows from the more con-
taminated areas of Ukraine produced the largest uropygial
secretions with higher antimicrobial activity, although wear
of feathers did not differ among males from different popula-
tions. In Denmark, swallows produced smaller quantities of
uropygial secretion with lower antimicrobial activity, which
was similar to swallow populations from uncontaminated
areas in Ukraine. Therefore, barn swallows breeding in con-
taminated areas invested more in all defenses against
keratinolytic bacteria than in uncontaminated areas of
Ukraine and Denmark, although they had similar levels of
feather wear. Strong natural selection exerted by radioactivity
may have selected for individuals with higher defense capac-
ity against bacterial infections during the 30 years since the
Chernobyl disaster.
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Introduction

Nuclear accidents are among the most devastating phenomena
that occur in modern societies because significant amounts of
radioactivity are released to the environment, and due to a
continuous chronic exposure to radiation, their detrimental
effects are accumulated over time (Møller and Mousseau
2013). The worst nuclear accident to date occurred at the
Chernobyl Nuclear Power Plant in 1986. After 30 years,
DNA damage in cells of free-living animals continues as a
consequence of the accident (Bonisoli-Alquati et al. 2010).
There are considerable evolutionary and ecological effects in
terms of species richness, abundance of animals (Møller and
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Mousseau 2007), and abnormalities (Møller et al. 2007)
linked to levels of radiation. Such effects have also been found
in feathers of birds such as the barn swallow (Hirundo
rustica). Individuals breeding in contaminated areas around
Chernobyl show a high frequency of partial albinism and paler
melanin-based colors (Møller and Mousseau 2006), abnormal
barbs that prevent them from fusing normally, and different
color pattern, morphology, and shape (Møller 1993; Møller
et al. 2013) than in uncontaminated areas. It is therefore pos-
sible that radioactivity affects feather functionality through,
for instance, feather degradation.

Feathers can be degraded by the action of physical agents
such as abrasion (Burtt 1986) or by microorganisms such as
bacteria or fungi, which, through the secretion of keratinases,
are able to digest keratin (Burtt and Ichida 1999), the main
component of feathers (Sangali and Brandelli 2000).
Keratinolytic bacteria inflict heavy costs on their bird hosts
by making holes in feathers (Ruiz-Rodríguez et al. 2009),
which reduce the efficiency of flight performance, especially
significant in long-distance migratory birds such as swallows
(Barbosa et al. 2003). The bacterial environment may affect
the probability of infection of feathers (Bisson et al. 2007),
and ionizing radiation alters microbial community composi-
tion (Jones et al. 2004; McNamara et al. 2007). The microbial
diversity in the soil is lower in contaminated areas around
Chernoby l p robab ly due to rad ia t ion exposure
(Romanovskaya et al. 1998), but also the amount of
mesophylic bacteria isolated from swallow feathers is reduced
compared to uncontaminated areas (Czirjak et al. 2010). In
addition, some microorganisms have been shown to experi-
ence higher mutation rates in Chernobyl (Ragon et al. 2011),
while highly resistant and genetically adapted species may be
favored in radioactive areas (Mironenko et al. 2000; Zhdanova
et al. 2000). Bacteria originating from sites exposed to differ-
ent background radiation in Chernobyl (after 30 years of evo-
lution), and subsequently experimentally subject to different
radiation levels in the laboratory, differed in their level of
radio-resistance depending on the level of radiation at the sites
of origin (Ruiz-González et al. 2016).

Particular feather composition (i.e., pigments, Burtt et al.
2011) and antimicrobial chemicals from uropygial secretion
(Shawkey et al. 2003; Ruiz-Rodríguez et al. 2009) are the
main lines of defense of birds against keratinolytic bacteria.
Thus, since bacterial communities in contaminated areas
changed, we could expect differences in investment in de-
fenses to be adjusted to the new microbial environment. The
intensity of selection exerted by bacteria differs between sexes
for feathers subject to sexual selection (Ruiz de Castañeda
et al. 2012; Ruiz-Rodríguez et al. 2015). Hence, defenses
against bacterial degradation of ornaments may also differ
between males and females.

Briefly, we here studied investment in defenses against
keratinolytic bacteria in populations of barn swallows

(H. rustica) breeding under different levels of ionizing radia-
tion around Chernobyl and in control populations from
Denmark. We know that keratinolytic bacterial load differs
between male and female barn swallows (Czirjak et al.
2010) and, thus, we explore possible sexual differences in an-
tibacterial defenses. First, we studied susceptibility of feathers
to degradation by keratinolytic bacteria by means of a labora-
tory experiment. This experiment was performed with the out-
ermost feathers of the tail, a sexually selected character in
male barn swallows (e.g., Møller et al. 1998) to assess differ-
ences in degradation among sexes. Second, we estimated the
quantity of uropygial secretion produced by individual swal-
lows in the field, and the antimicrobial properties in laboratory
experiments. Third, we evaluated the level of wear of tail
feathers from all populations, which will depend on environ-
mental conditions and on bird’s investment in defenses.
Because birds from highly contaminated areas in Chernobyl
are more stressed than those from uncontaminated areas
(Møller and Mousseau 2007), we hypothesized that antimi-
crobial defenses would be less developed in the former than in
the latter populations. Alternatively, birds breeding in contam-
inated areas may have developed adaptations to radiation
(Møller and Mousseau 2016), for which it could also be ex-
pected that they invest more against microbial infections. In
addition, since the two sexes may invest in feather composi-
tion differentially in ornamental feathers to show their ability
to cope against parasites (Ruiz de Castañeda et al. 2012; Ruiz-
Rodríguez et al. 2015), sex-linked differences in degradation
susceptibility should also be expected. However, since selec-
tive pressures may also differ among areas and/or countries
(e.g., sexual selection, ionizing radiation, or bacterial loads),
the expected sexual differences may only be detected in some
but not all populations. In addition, in the case of ionizing
radiation being an important force shaping investment in
feather structure and antimicrobial defenses, it could be ex-
pected that Danish and uncontaminated populations from
Ukraine would be similar.

Material and methods

Sampling procedures

Field work was performed in Ukraine from June 3 to 7 in 2014
and from May 29 to June 9 in 2015, and in Denmark from
June 9 to July 4 in 2014, June 12 to July 6 in 2015. Barn
swallows were captured by placing mist nets at the entrance
of farm buildings where they breed. Populations from
Chernobyl used in this study were Rudnia and Vesniane with
high levels of contamination, within the Chernobyl Exclusion
Zone (<30 km from the nuclear power plant); Dytiatki with
intermediate contamination outside but close to the exclusion
zone (<1 km), and Voronkov with a low background
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contamination located at >100 km of the exclusion zone. The
radiation levels were measured at ground level using a hand-
held dosimeter (Model: Inspector, SE International, Inc.,
Summertown, TN, USA), and independently of the study
year, it was 1.5, 1.5–2, 0.2–0.5, and 0.02 μSv/h in each of
the four locations, respectively. We considered three levels of
environmental contamination according to environmental ra-
diation, which was used as a categorical variable: high
(Rudnia and Vesniane), medium (Dytiatki), and low
(Voronkov). For more details on study areas, see Czirjak
et al. (2010). In addition, an uncontaminated population of
barn swallows breeding in Denmark was also sampled. In
2014, an external long tail feather was removed and used for
evaluation of susceptibility to degradation and estimation of
wear. In 2015, the height of the uropygial gland was measured
(always by the same person) as a proxy of its size, which was
found to have a high repeatability in hoopoes (Upupa epops)
(Martín-Vivaldi et al. 2009). Although we do not have data on
the total volume of glands from swallows used in the present
work, we know that uropygial height of spotless starlings is
strongly positively correlated with gland volume (Ruiz-
Rodríguez et al., unpublished results). The secretion was ex-
tracted by placing a sterile micro-capillary (32 mm 9 μl−1) in
the gland opening and slightly pressing the gland to complete-
ly remove its secretion. Extraction of the secretion was always
performed by the same person. The length of the capillary
filled with the secretion was considered as a proxy of the
volume of secretion. Feathers were kept at 4 °C and secretions
at −20 °C until laboratory analysis.

The age of individuals was estimated following Balbontín
and Møller (2015), which mainly consists in unbanded birds
being considered yearlings at first capture. Because of the low
dispersal rates of barn swallows and the continuous monitor-
ing of the populations since 2000, we were able to accurately
estimate age.

Susceptibility to bacterial degradation

One centimeter of the distal part of each feather was cut and
put in sterile Eppendorf tubes previously weighed on a preci-
sion balance (AB135-5/FACT (±0.00001 g), Mettler Toledo,
Spain). Then, the tubes were weighed again to calculate the
mass of each piece of feather, and feathers were autoclaved
before the experiment (Gunderson et al. 2008). All these pro-
cedures were performed in a laminar flow cabinet under sterile
conditions.

A buffer was prepared by mixing 9.34 mM NH4Cl,
8.55 mM NaCl, 1.72 mM K2HPO4, 2.92 mM KH2PO4,
0.49 mM MgCl2-6H2O, and 0.01 % yeast extract in 100 ml
distilled water (following Goldstein et al. 2004). From this
mix, 5 ml was deposited in each experimental glass tube,
and then sterilized. A colony of Bacillus licheniformis previ-
ously isolated on TSA plates was introduced with a sterile

loop in each experimental tube along with the sterilized feath-
er piece. We selected this bacterium because it is very com-
mon in birds of different species and different populations
(Burtt and Ichida 1999; Lucas et al. 2003; Shawkey et al.
2005; Bisson et al. 2007). Moreover, Bacillus spp. are also very
common in soils (Watanabe and Hayano 1995), including areas
subject to ionizing radiation around Chernobyl (Romanovskaya
et al. 1998, 2002), from which birds may acquire plumage bac-
teria (Lucas et al. 2003). Thus, it is highly probable that barn
swallows encounter Bacillus spp. during their annual cycle, even
those breeding in radioactively contaminated areas.

After vortexing, we collected 1ml from each tube as a basal
measurement (i.e., 0 h of incubation) and kept it separately at
4 °C until measurement in the spectrophotometer (see below).
Experimental tubes were incubated at 37 °C in constant agi-
tation at 120 rpm, in an orbital agitator (VWR, Spain), and
1 ml was collected after 14 days (408 h). Samples were cen-
trifuged to remove bacterial cells, and absorbance of the su-
pernatant was estimated using a spectrophotometer (Helios
Zeta UV–vis, Thermo Scientific, UK) at 230 nm (Goldstein
et al. 2004). The oligopeptide concentration in the supernatant
originates from keratin degradation, and thus is directly pro-
portional to the amount of feather degraded. Calibration
curves of absorbance and oligopeptide concentration (from 0
to 300 μg/ml) were obtained by using bovine serum albumin
(BSA) (before experiment: F1,6 = 618.36, p < 0.0001, R2 =
0.99; after experiment: F1,6 = 497.78, p < 0.0001, R2 = 0.98),
which allowed us to extrapolate the absorbance to values of
protein concentration.

To assure that oligopeptide measurements were due to the
degradation of feathers by Bacillus exclusively, we also pre-
pared three control treatments (five tubes of each) containing
buffer only, buffer and the feather, and buffer and bacteria.
There were no significant differences in degradation among
the three control groups (F2,13 = 1.12, p = 0.35), and they had
significantly less oligopeptide concentration at the end of the
experiment than treatment tubes (control vs. experimental
tubes, repeated-measures ANOVA, F1,261 = 4.63, p = 0.03; ef-
fect size: d = 0.71, r = 0.33, which correspond to a medium
effect). Therefore, we can assume that oligopeptides measured
in experimental samples were significantly influenced by the
action of Bacillus degrading the feather.

We analyzed feathers of 247 individuals in total, 136 from
Ukraine (levels of contamination: high, 19 ♀♀ and 27 ♂♂;
medium, 19♀♀ and 24♂♂; low, 24♀♀ and 23♂♂) and 111
from Denmark (55 ♂♂ and 56 ♀♀).

Antimicrobial activity of uropygial secretion

The antimicrobial activity of the uropygial secretion was mea-
sured by means of antagonistic plates. Those plates were pre-
pared as follows: 15 ml of a culture medium previously pre-
pared and sterilized (1.8 % of brain–heart infusion (BHI) and
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0.8 % agar in 0.1 M pH 7 phosphate buffer) was melted and
then maintained at 50 °C for 10 min. Then, 100 μl of a 12-h
culture of B. licheniformis D13 was added to the medium,
vigorously vortexed, and spread onto a Petri dish. After solid-
ifying about 30 min later, a drop of each uropygial secretion
was placed on the plates and later incubated for 12 h at 28 °C.
We attempted to homogenize the quantity of secretion depos-
ited in the plates by using just the two first millimeter of
secretion from each capillary. This activity was always per-
formed by the same person. After incubation, plates were
checked for inhibition halos; that is, transparent zones around
the secretion drop in which the indicator bacterium growth
was inhibited by the secretion. Those halos were measured
(in mm) from the limit of the drop to the end of the halo
(i.e., where the indicator bacteria growth begins).

We analyzed secretions from 151 individuals in total, 63
from Ukraine (levels of contamination: high, 5 ♀♀ and 12
♂♂; medium, 3 ♀♀ and 6 ♂♂; low, 21 ♀♀ and 16 ♂♂)
and 88 from Denmark (41 ♂♂ and 47 ♀♀).

Wear of feathers

Feathers were photographed under a binocular lens (Nikon
SMZ1500, Melville, NY, USA) connected to a camera
(NikonDigital Sight DS Fi1). Three pictures of each tail feath-
er were taken from different parts (distal, white patch and
proximal) at ×2 magnification. Degradation levels were
ranked from 0 to 3 following Ruiz-Rodríguez et al. (2015),
in which 0 implied no visual degradation, 1 that less of 1/3 of
the feather was degraded, 2 if the wear was between 1/3 and 2/
3 of the feather, and 3 if the degradation was extended to more
than 2/3 of the feather. Two different estimations of degrada-
tion were made per picture (repeated-measures ANOVA,
F1,743 = 4285.86, p < 0.0001, repeatability = 96 %), and the
mean of both estimates was used in the analyses. The degra-
dation level of each feather was considered to be the sum of
degradation of the three different parts.

Statistical analyses

Differences in susceptibility to degradation were measured by
using repeated-measures ANOVA. Two models were devel-
oped: one to compare differences among the two countries,
and another to assess differences among populations subject
to different radiation levels in Ukraine. The two dependent
variables (oligopeptide concentration at the beginning and at
the end of the experiment) were included as within individual
effects, sex and country or level of contamination were used as
the categorical predictors, and feather mass was a covariable.
Since the mortality rate of Chernobyl barn swallows, and in
particular females, is higher than in other populations (Møller
et al. 2012a), we also checked the possible effects of age on
investment in defenses against keratinolytic bacteria when

comparing Denmark and Chernobyl, and thus age was also
included as additional covariable.

The degradation status of the feathers was evaluated by
means of a General Linear Model (GLM) in which the esti-
mation of degradation was the dependent variable, while sex
and country or level of contamination were used as the cate-
gorical predictors.

Finally, differences in size of the uropygial gland were
performed with the log-transformed variable to adjust to a
normal distribution, and analyzed by using a GLM in which
the categorical predictors were the sex and the country or
radiation level in Chernobyl. However, the volume and anti-
microbial activity of the secretion were not possible to nor-
malize, and for these, non-parametric tests (Kruskal-Wallis)
were performed.

Results

Degradability experiments

At the beginning of the experiment, there were no sig-
nificant differences in oligopeptide concentration among
sexes and localities (Fisher post-hoc tests, all p > 0.24).
However, degradation rate of keratin at the end of the
experiment differed between Ukraine and Denmark
(RM-A, F1,241 = 5.31, p = 0.02, Fig. 1). Fisher post-hoc
analyses indicated that these differences were due to
Ukrainian male feathers degrading at a higher rate than
feathers from Danish individuals (♂♂ Chernobyl vs. (1)
♂♂ Denmark: p = 0.02, and (2) ♂♂ Chernobyl vs. ♀♀

Denmark: p = 0.003). In Chernobyl, feathers of males
tended to degrade at a higher rate than in females, al-
though not significantly so (p = 0.07). However, degra-
dation in Ukrainian females did not differ significantly
from that of Danish individuals of both sexes (both
p > 0.22). There was no significant effect of age in de-
gradability of feathers from Ukraine (F1,133 = 0.44, p =
0.50) and Denmark (F1,107 = 0.24, p = 0.61).

In Chernobyl, we found differences in degradability rate
among populations subject to different radiation levels (RM-
A, F2,129 = 3.26, p = 0.04, Fig. 1, Table 1). Individuals less
susceptible to degradation were from highly contaminated
areas (Fisher post-hoc test, (1) high vs. low: p = 0.01, (2) high
vs. medium: p = 0.04, (3) low vs. medium: p = 0.73), and this
negative association was similar for males and females (inter-
action between sex and contamination, p = 0.92). Although
the sex did not explain differences in susceptibility to degra-
dation (Table 1), we could see in the post-hoc tests that male
feathers degraded at a higher rate than those of females (Fisher
post-hoc test, p = 0.02) in the two populations with low and
medium background radiation, while feathers of both sexes in
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contaminated areas differed significantly from those in the
other populations (Fisher post-hoc test, all p < 0.03).

Uropygial glands and secretions

The volume of uropygial wax extracted differed between
countries, but not between sexes or ages (GLM, country:
F1,208 = 56.65, p < 0.001; sex: F1,208 = 0.08, p = 0.77; age:
F1,208 = 1.65, p = 0.20), with individuals from Ukraine pro-
ducing more secretions. Interaction among country and sex
was not significant (F1,210 = 0.89, p = 0.34). There were also
differences among the Ukrainian populations (GLM, radiation
level: F2,80 = 11.17, p < 0.001; sex: F1,80 = 0.10, p = 0.74),
with barn swallows from contaminated areas producing larger
amounts of secretion (Fisher post-hoc tests, high vs. low:
p < 0.001, and high vs. medium (p < 0.001)); interaction be-
tween radiation level and sex was not significant (F2,81 = 0.91,
p = 0.40). The size of the uropygial gland was larger in Danish
individuals (χ2

1 = 129.08, p < 0.001), while no significant dif-
ferences were found among the different Chernobyl sites
(χ2

1 = 1.96, p = 0.37).
Ukrainian individuals had higher capacity to inhibit

Bacillus growth than Danish ones (χ2
1 = 68.93, p < 0.001).

In Ukraine, no significant differences were detected among
the populations (χ2

1 = 2.03, p = 0.36). Although there was
no a main effect of contamination level, it is worth mentioning
that post-hoc tests revealed differences between individuals in
low compared to medium and high contamination levels
(high: p = 0.008; medium: 0.07). The highest antimicrobial
activity against B. licheniformis was found in populations un-
der high and medium background radiation.

The sexes did not differ significantly in uropygial height or
antimicrobial activity of secretions (all p > 0.25).

Wear of feathers

We found no significant differences in the wear of feathers
between sexes or countries (GLM, country: F1,244 = 2.23,
p = 0.13; sex: F1,244 = 0.18, p = 0.67). However, the interac-
tion between sex and country was significant (F1,245 = 3.97,
p = 0.04). Inspection of the interaction plots revealed that al-
though males from both countries had feathers with the same
level of wear, females from Denmark had feathers that were
more damaged than those from Ukrainian females (Fisher
post-hoc test, p = 0.01).

Within the Chernobyl sites, there were no significant dif-
ferences between sexes (GLM, F1,132 = 1.18, p = 0.27), while
there was a marginally significant difference among popula-
tions (F2,132 = 2.73, p = 0.06). Interaction among both factors
was not significant (F2,133 = 2.33, p = 0.10). However in the
post-hoc tests, we could see differences in feathers of
females from different populations: feathers from more
contaminated areas were significantly less damaged than
those from populations with medium and low radiation
level (both p = 0.01).

Table 1 Results of General Linear Model comparing degradation rate
in Chernobyl populations

Degree of freedom F value p value

Intercept 1, 129 10.10 0.001

Feather mass 1, 129 0.02 0.88

Sex 1, 129 0.65 0.42

Population 2, 129 3.26 0.04
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Discussion

Susceptibility to bacterial degradation

Feathers from Ukrainian barn swallows degraded at a higher
rate than those from Denmark, although differences were
mainly due to higher susceptibility to degradation in males.
However in Ukraine, feathers of male barn swallows from
populations subject to medium and low levels of contamina-
tion were more susceptible to degradation. Different selective
pressures due to diverse life-history traits could be shaping
investment in feather structure of birds from different popula-
tions. Geographical differences, migration routes and dis-
tances to winter quarters, or different environmental microbi-
ota, may explain why Danish populations have similar degra-
dation susceptibility as in the contaminated areas in
Chernobyl.

In Danish populations, degradation was similar among
sexes. However in Ukraine, males degraded at a higher rate
(Fig. 1). We are aware of ostensible geographic variation in
tail length of male barn swallows probably due to geographic
differences in the intensity of natural and sexual selection
(Møller 1994; Hasegawa et al. 2010). The outermost tail feath-
er is a sexually selected trait in male and female barn swal-
lows, in particular the tip (Cuervo and De Ayala 2014), and
bacteria are known to influence the development of these traits
(Shawkey et al. 2009). The structure of such feather orna-
ments may have evolved to signal how individuals cope with
bacterial infections as shown by Ruiz de Castañeda et al.
(2012) and Ruiz-Rodríguez et al. (2015) for pied flycatchers
and spotless starlings, respectively. In both cases, ornamental
feathers degraded at higher rates than non-ornamentals and, at
least for flycatchers, ornament degradation is related to breed-
ing date and parental effort (Ruiz-de-Castañeda et al. 2015).
Thus, it is possible that the detected geographic variation in
feather degradability among populations was due to variation
in the strength of selection pressures.

Swallows are migratory birds, and selective pressures on
tail feathers would likely purge individuals with degraded or
abnormal feathers from the population, which are more abun-
dant in contaminated areas (see BIntroduction^). Thus, even if
these feathers function as sexually selected characters in high-
ly contaminated areas, males that develop feathers more resis-
tant to microbial degradation may have been selectively fa-
vored during the 30 years since the nuclear accident.

Uropygial secretion

Production of uropygial secretion and its antimicrobial activ-
ity was similar in populations from Denmark and uncontam-
inated areas in Ukraine. We failed in detect a main effect of
contamination in the antimicrobial activity against
B. licheniformis of populations from Ukraine. However, there

was a stronger activity in swallows from more contaminated
areas, which also produced more uropygial secretion. These
findings are consistent with stronger selection for birds with
higher defenses against bacterial infections. Since no differ-
ences in abundance of cultivable keratinolytic bacteria in barn
swallows from areas differing in radiation level were found
(Czirjak et al. 2010), it is reasonable to think that bacteria in
more contaminated areas have more capacity to degrade the
feathers, which would exert higher pressures on birds. This is
in accordance with our findings in the secretion and also in the
susceptibility to degradation of feathers from different areas.

Although the antimicrobial activity of uropygial secretions
is an ongoing topic of discussion in the literature, several
studies have found antimicrobial components in uropygial
secretion (Martín-Platero et al. 2006; Martín-Vivaldi et al.
2010; Ruiz-Rodríguez et al. 2013) and direct evidence of in-
hibition of bacterial growth (Shawkey et al. 2003; Ruiz-
Rodríguez et al. 2015), including feather-degrading bacteria
(Møller et al. 2009). However, other studies have failed to
detect antimicrobial properties of secretion (Giraudau et al.
2013; Reneerkens et al. 2008). The present study adds evi-
dence to the antimicrobial activity of secretion by performing
antagonistic tests against B. licheniformis.

Previous studies of other birds found a positive relationship
between uropygial gland size and amount of secretion pro-
duced (Martín-Vivaldi et al. 2009; Ruiz-Rodríguez et al.
2015). We also found a positive association between gland
height and volume of secretion, but only for swallows cap-
tured in contaminated areas in Ukraine, which might be relat-
ed to the relatively higher selection pressures at these locations
(see above). In contaminated areas, the use of the secretion
could be more continuous due to the highest selective pressure
exerted on birds. However in Denmark, if the use of the se-
cretion is lower, it could bemore difficult to find a relationship
between the volume of secretion and gland size, because it
would depend on the time since the last preening.

Wear of feathers

Feathers of female barn swallows from highly contaminated
areas were less worn than in medium and low contaminated
areas in Ukraine. Barn swallows experience reduced repro-
ductive success in areas with high background radiation and,
thus, invest less effort in reproduction than in less contaminat-
ed areas; particularly females (Møller et al. 2005). Thus, such
females could allocate more time to preening and self-main-
tenance, increasing investment in antimicrobial defenses.
However, feather wear is similar in males from different areas.
Since mortality increases with level of radiation (Møller et al.
2012a), and the abundance of birds in contaminated areas
decreased by around two thirds in Chernobyl (Møller and
Mousseau 2007), natural selection in contaminated areas
could have resulted in only males that invest the most in
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defenses against keratinolytic bacteria and can maintain a vi-
able level of feather wear.

Alternative explanations could be that swallows captured
in highly contaminated areas were immigrants from other pop-
ulations (Møller et al. 2006). In that case, barn swallows from
uncontaminated populations might invest more in defenses
against keratinolytic bacteria. However, we found the opposite
trend. Another possibility is that due to their higher mortality
rate (Møller et al. 2005, 2012a), individual barn swallows
from Chernobyl are younger, which could affect the level of
defenses against feather-degrading bacteria. However, this ex-
planation can be rejected because we did not find an effect of
age on degradation rate of feathers or characteristics of the
uropygial gland. Thus, natural selection purging individuals
with more worn feathers is the more likely explanation.

Microorganisms are considered an important selective
force shaping the evolution of eukaryotes (McFall-Ngai
et al. 2013). Sudden changes in environmental bacterial com-
munities and thus in selective pressures exerted on hosts may
affect the capacity of hosts to protect themselves in the long
term. In addition, exposure to high levels of radiation has
profound effects on organisms causing severe health problems
or even death (Møller and Mousseau 2006; Møller et al.
2012a). This may have selected for males with more resistant
phenotypes against microorganisms in contaminated areas,
while sexual selection may be stronger in less contaminated
areas. Despite differences in susceptibility to degradation and
differences in amounts of uropygial secretions, barn swallow
feathers from Denmark and Ukraine had similar levels of
damage, i.e., they may have invested more in defenses in
Ukraine to maintain the same level of wear.

Human impact on the environment may have important
consequences for birds and other organisms. Nuclear acci-
dents constitute a strong selective force, and thus it is neces-
sary to study the long-term consequences for the performance
of organisms and their interactions. Changes in populations of
some species may indirectly affect entire communities, thus
altering ecosystem functioning (Møller et al. 2012b).
Therefore, it is important to study the consequences of radia-
tion on host-pathogen dynamics. Finally, defense mechanisms
of hosts against new microbial environments in contaminated
habitats will contribute to a better understanding of the conse-
quences of contemporary problems caused by humans and
may help to identify possible solutions.
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