Environmental Research 111 (2011) 362-370

journal homepage: www.elsevier.com/locate/envres

Contents lists available at ScienceDirect

Environmental Research

Metal pollution indirectly increases oxidative stress

in great tit (Parus major) nestlings

PAGR AR AY

Miia J. Koivula ®*, Mirella KanervaP, Juha-Pekka Salminen ¢, Mikko NikinmaaP, Tapio Eeva?

2 Department of Biology, Section of Ecology, University of Turku, FI-20014 Turku, Finland
b Department of Biology, Division of Genetics and Physiology, University of Turku, FI-20014 Turku, Finland
¢ Laboratory of Organic Chemistry and Chemical Biology, 20014 University of Turku, FI-20014 Turku, Finland

ARTICLE INFO

Article history:

Received 6 August 2010
Received in revised form

21 December 2010

Accepted 6 January 2011
Available online 4 February 2011

Keywords:
Enzyme activities
Great tit

Metals

Oxidative stress
Plumage colour

1. Introduction

ABSTRACT

Metals can cause oxidative stress by increasing the formation of reactive oxygen species (ROS), when
there are insufficient amount of antioxidants to defend against the growing amount of free radicals. We
aimed to find out the most reliable biomarkers to detect pollution-related oxidative stress in wild birds
by comparing oxidative stress status in great tit (Parus major) nestlings at populations in polluted and
unpolluted areas. We also studied with experimental manipulations whether dietary carotenoid levels
have any role in great tits’ antioxidant defence and whether their carotenoid-based plumage colour was
connected to an oxidative stress status. We used antioxidants (GSH, carotenoids) and several
antioxidant enzymes (GP, GR, GST, SOD, and CAT) as indicators of the oxidative stress. We found no
direct connections between dietary metal exposure and antioxidant or antioxidant enzyme levels. The
activity of GP was, however, slightly higher in the polluted environment. This was due to poorer
condition and subsequently higher level of oxidative stress in the nestlings in the polluted area. We also
found a positive association between GP and an ambient temperature during the nestling period, which
may be due to higher metabolic activity of partly poikilothermic nestlings in warm weather. The
activity of GST was positively related to the number of nestlings at the sampling time. Fledging success
was better in an unpolluted area, where also the nestling body mass was higher. Carotenoid treatment
increased the plasma carotenoid concentrations 2.1 fold in carotenoid-supplemented birds, but was not
associated with the oxidative stress biomarkers or metal levels. The yellow plumage colour was
associated with dietary carotenoid levels in both study areas, but not with the metal exposure or the
oxidative stress status. Our results suggest that at the exposure levels found in our study area, the
enzyme activities do not indicate metal-related oxidative stress. Instead, GP can be used as an indicator
of growth related oxidative stress, which is greater in the polluted area. The activity of this enzyme was,
however, not directly related to metal exposure, but more likely to some secondary pollution-related
change in the nestling condition.

© 2011 Elsevier Inc. All rights reserved.

wildlife, affecting directly to the egg quality and number, growth
rate, nestling condition and morphology of the animals (Hoffman

Metals are very reactive elements and thus toxic to many orga-
nisms when interfering with metabolism and important biochem-
ical reactions (Scheuhammer, 1987; Stohs and Bagchi, 1995; Pinto
et al, 2003). Metals can have direct and indirect effects on the
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et al,, 1985; Nyholm, 1994, Janssens et al., 2003; Bel’skii et al., 2005)
as well as an alteration in biochemical processes, such as changes
in enzyme activities and free radical levels (Pinto et al., 2003). On
the other hand, metal pollution can indirectly change the habitat,
community structure and ecological relationship between species
(reviewed by Helidvaara and Vdisdnen, 1993; Kiikkild, 2003). For
example, by changing food chains metal pollution can affect the
food quality and quantity and thus negatively affect the survival of
animals (Eeva et al., 1997; Eeva and Lehikoinen, 2004). Recent find-
ings suggest that the metal pollution may also increase oxidative
stress levels in wild birds (Berglund et al., 2007; Geens et al., 2009;
Kaminski et al., 2009). However, it is still unclear whether this is
caused by the direct pro-oxidant effect of metals or by some secon-
dary change, e.g. in diet quality.
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The oxidative stress can be defined as a state, where an anti-
oxidant defence is disturbed by an increased radical formation
causing the oxidative damage to biomolecules (Halliwell and
Gutteridge, 2007). A variety of oxidative damages are found to
be related to the production of reactive oxygen species (ROS) by
metals, and therefore an antioxidant defence has an important
role in the protection of organisms against metal-induced oxida-
tive stress. ROS themselves are very reactive oxygen-containing
molecules produced in oxidation-reduction reactions (Dowling and
Simmons, 2009).

Carotenoids, on the other hand, are a group of hydrophobic
antioxidants and pigments originated from plants (Halliwell and
Gutteridge, 2007). Birds are not able to synthesise carotenoids by
themselves, but need to get them from the diet (Monaghan et al.,
2009). Therefore, the quality of the food is essential for the carote-
noid intake and an effective antioxidant defence of the birds
(Palozza, 1998; Pérez-Rodriquez, 2009). Carotenoids are essential
for the formation of the yellow plumage colour in great tits
(Partali et al., 1985). The yellow colour has been shown to vary
between polluted/urban and unpolluted areas, great tit nestlings
being paler in polluted environments (Eeva et al., 1998; Horak
et al.,, 2001; Isaksson et al., 2005). This may be caused by the
amount of carotenoid-rich caterpillars in their diet, which in some
studies has shown to be lower in polluted environments, indicat-
ing possible indirect effects of the pollution exposure (Perrins,
1991; Van Noordwijk et al., 1995; Eeva et al., 1997, 1998). Carote-
noids can also be important in an antioxidant defence against the
oxidative stress and thus the level of carotenoids could reflect the
ability of individuals to resist oxidative stress (Lozano, 1994; von
Schantz et al., 1999; Alonso-Alvarez et al., 2004). However, some
recent studies have argued that not all carotenoids are effective
antioxidants, but may have a more important role in other functions
as sexual signalling and immune defence (Chew and Park, 2004;
Isaksson et al., 2005; Costantini et al., 2006; Tummeleht et al., 2006;
Horak et al., 2007; Costantini and Mgller, 2008; Eeva et al., 2008;
Isaksson and Andersson, 2008).

So far, the relation of the oxidative stress to metals has rarely
been studied in free-living birds (Koivula and Eeva, 2010). The
most commonly used biomarkers for the oxidative stress are
antioxidants and antioxidant enzymes. Glutathione (GSH) is one
of the most important antioxidant, because of its straight parti-
cipation in binding with reactive oxygen species (Swiergosz-
Kowalewska et al., 2006). Glutathione metabolism has a special
role in metal induced oxidative stress because of the functional
sulfhydryl group of GSH, which serves as a binding site for many
metals (Andrews, 2000; Pinto et al., 2003). Antioxidant enzymes
instead, act as catalysts in many important reactions related to an
antioxidant defence. The most important ones are glutathione
peroxidase (GP), glutathione reductase (GR), glutathione-S-trans-
ferase (GST), catalase (CAT) and superoxide dismutase (SOD). The
main function of antioxidant enzymes is catalysing the break-
down of free radicals and the levels of enzyme activities indicate
the degree of oxidative stress (Ercal et al., 2001; Pinto et al., 2003).
Because of interspecific differences in the use of antioxidants
against ROS, it would be worth to use both enzymatic (e.g. GP, GR,
CAT, and SOD) and non-enzymatic (e.g. GSH, carotenoids) anti-
oxidants, when measuring oxidative stress and antioxidant capa-
city (Costantini and Verhulst, 2009).

In this study, we aimed to find out whether the metal pollution
increases oxidative stress levels in nestlings of an insectivorous
passerine species, the great tit. Our focus was to find the most
reliable biomarkers for great tits to detect the oxidative stress and
to study whether birds show an increased oxidative stress in
polluted areas as compared to unpolluted ones. The level of
reduced glutathione (GSH) gives the overall redox status of the
cells (Halliwell and Gutteridge, 2007). Any reduction in its level

suggests that the oxidative stress occurs. Such the oxidative stress
may result in the reduction of carotenoid levels, as they will be
used up to reduce glutathione. The redox-relevant enzymes
(GP, GR, GST, SOD and CAT) will also show changes in activity if
the animal suffers from the oxidative stress. We also studied
experimentally whether dietary carotenoid supplementation has an
effect on the oxidative stress by improving the antioxidant defence
against ROS production caused by the metal pollution. In addition,
to see whether carotenoid-based plumage colouration of the yellow
breast feathers of great tits is related to the plasma carotenoid
concentration and/or oxidative stress status, we measured the
variation in the plumage colour among nestlings. So far there are
just a few studies about the relation of plumage colour and oxidative
stress by using enzyme activities as biomarkers of oxidative stress
levels. In earlier studies, glutathione levels (measured as a ratio of
oxidised and reduced glutathione) have shown to indicate the
relation of oxidative stress and paler yellow plumage colour in
urban areas (Isaksson et al., 2005). However, total antioxidant
capacity did not show a clear relation to plumage colouration in
great tits (Geens et al., 2009). Besides the effects on the plumage
colouration, we wanted to explore the effect of the oxidative stress
on the nestling growth, survival and fledging success. Since an
ambient temperature affects the metabolic rates of partly poiki-
lothermic nestlings, we further wanted to find out whether the
nestling time temperatures are related to the oxidative stress levels.

We hypothesise that (1) the level of oxidative stress is higher
in a metal polluted environment due to higher amount of dietary
pro-oxidants. (2) Plasma carotenoid concentrations are lower in
polluted sites as compared to unpolluted sites, decreasing also the
intensity of yellow plumage colour in polluted area. (3) The intensity
of the plumage colour in the polluted area is inversely related to an
experienced oxidative stress, (4) as well as poor carotenoid avail-
ability in their diet. (5) Carotenoid supplementation improves an
antioxidant defence and increases the plumage colour intensity in
both study areas. (6) Fledging success increases with the nestling
condition, being higher in an unpolluted area than in the pollu-
ted area.

2. Materials and methods
2.1. Study area

The field studies were conducted in 2004 near a metal smelter in the town of
Harjavalta (61°20" N, 22°10’ E) in the southwest of Finland. The main pollutants in
the surrounding area of the smelter are metals such as Cu, Ni, As, Zn and Pb as well
as sulphuric oxides from the factories nearby (Kiikkild, 2003). In the earlier studies
of Eeva et al. (1998, 2000) birds are shown to suffer from metal pollution by, e.g.,
showing decreased fledging success in this area. We had twelve study sites
established along the pollution gradient, six sites in the polluted area ( <2 km
from the smelter) and six sites in the unpolluted area ( > 5 km from the smelter),
where the concentrations of metals are approaching the background levels (Eeva
et al.,, 2008). The habitat type in our study areas was similar barren pine (Pinus
sylvestris) dominated forest in both polluted and unpolluted areas, to avoid
habitat-related variation between the areas.

2.2. Study species

The great tit is an insectivorous resident bird, well suited for the studies of
local pollution (Burger, 1993; Eeva, 1996; Janssens et al., 2002). In many studies
great tit has been shown to suffer from metal pollution by e.g. having lower
breeding success and food depression in the contaminated areas (Eeva et al., 2000;
Dauwe et al., 2004; Geens et al., 2009). Also because of the great tits’ carotenoid
based colouration and omnivorous feeding habits, it is an ideal study object for
studies related to carotenoid availability and antioxidant defence. Only nestlings
of great tits were used as study objects in this study. The nest boxes were visited
regularly from the beginning of the breeding season until the fledgling phase to
collect data on the breeding success (hatchling and fledgling numbers). The study
was performed under the licences of the Animal Care & Use Committee of the
Turku University and Regional Environment Centre for our studies.
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2.3. Sample collection and analyses

2.3.1. Temperature data

Temperature data were collected by Finnish Meteorological Institute, using
the station within our study area (the meteorological station of Peipohja,
Kokemadki, 61°16’ N, 22°15’ E). We used the mean temperature of the preceding
nine days (starting from the hatching date) before the blood sampling as a possible
confounding factor in the analyses. The nestlings can be considered as partly
poikilothermic in their early nestling phase, which might also affect the level of
oxidative stress via the metabolic rate or the stress related to cold tolerance.

2.3.2. Carotenoid supplementation

We determined the hatching day by visiting the nest boxes daily starting from
two days before the estimated hatching date. When the nestlings were three days
old, they were weighed and each brood was divided into two comparable groups
for the carotenoid treatment according to their body mass. The groups were ran-
domly chosen for the treatment and control groups. The total number of broods in
our experiment was 60 (26 polluted and 34 unpolluted nest sites). The treatment
group was treated with water-dispersed carotenoid beadlets (Lutein 5% CWS,
Roche, Basel, Switzerland), containing 5% lutein and 0.25% zeaxanthin, which were
diluted in distilled water to get a lutein concentration of 5 mg/ml (an oral volume
of 0.1 ml/nestling). The control group was treated by giving the same amount of
distilled water (a more detailed description of the treatment is given in Eeva et al.
(2008)). The treatment increased the plasma lutein level of nestlings’ 2.1 x
compared to the natural ones, but the levels were still within the range of natural
variation (Eeva et al., 2008).

2.3.3. Nestling condition and blood samples

For an individual identification, all nestlings were ringed with aluminium
rings (at day 6). The weight and wing length were measured from eight days old
nestlings. The body mass and subsequent survival are known to correlate in many
birds (e.g. great tits; Perrins, 1965), so the body mass and fledging success
(probability of a hatchling to fledge) can be used as a stress marker for the
carotenoid treatment and the metal pollution. Growing young birds are thought to
be the most sensitive to the detrimental effects of pollutants (Scheuhammer,
1987) and the fledging success has been shown to decrease toward the pollution
source in the earlier studies with great tit nestlings (Eeva et al., 2003; Janssens
et al.,, 2003). Blood samples were taken from two randomly selected (excluding
exceptionally small ones) nestlings per brood, one from the treatment group and
one from the control group, when the nestlings were nine days old. We took the
blood sample from the brachial vein, using 75 pl heparinised capillary tubes and
centrifuged them immediately for 5 min at 4000 r/min to separate the plasma and
red blood cells from each other. Plasma was separated and preserved on ice and
kept protected from light during transportation, and stored at —22 °C until the
carotenoid analyses. Red blood cells were stored in liquid nitrogen and later kept
at —80 °C, until the enzyme activity analyses.

2.3.4. Carotenoid analyses

The plasma carotenoid analyses were determined with high performance
liquid chromatography (HPLC). A known volume of plasma (10-35 pl) was
extracted 3 x with 100% acetone. The solvent was then evaporated from the
combined extract under vacuum and the residue was dissolved into a small
volume of 80% acetone. The carotenoid composition of the extracts (lutein,
zeaxanthin, B-carotene) was analysed with HPLC at 450 nm, using a Merck
Purospher STAR RP-18 (55 x 2 mm, i.d., 3 um) column (Darmstadt, Germany).
B-carotene was quantified as f-carotene and other carotenes as lutein equivalents.
In the total carotenoid concentration, lutein, zeaxanthin and B-carotene (the main
carotenoids in birds) were identified.

2.3.5. Determination of plumage colour

Plumage colour of the great tits were measured from two randomly selected
nestlings per brood (1 treatment, 1 control), when they were 16 days old. The
colour was determined by photographing the nestlings side by side with a digital
camera, using a uniform grey cardboard as a background and a yellow reference
card (€2, M17, Y86 and KO) to determine the colour in each picture. Altogether 57
broods were photographed (24 from polluted sites and 33 from unpolluted sites).
Nestlings were placed in a plastic holder to keep them in the same position when
photographing the plumage on the ventral side of their body (a more detailed
description of the method is given in Eeva et al. (2008)). As long as the ambient
lightning can be controlled, the digital imaging has shown to be a sensitive way to
measure the colour variation (Villafuerte and Negro, 1998; Montgomerie, 2006). In
this study, we focused on the plumage yellowness, and thus the intensity of lutein,
which is the main determinant of the yellow colour in the great tit plumage. The
proportion (%) of the yellow component (Y.), which is the corrected value for the
plumage colour (calculated by using the reference colour value), was used as a
measure of the plumage yellowness. (See more detailed description in Eeva et al.,
2008.)

2.3.6. Metal analyses

Faeces from the seven days old defecating nestlings were collected directly to
the plastic Eppendorf tubes from 2 to 4 nestlings per brood. The faecal sacs were
then combined within the same brood and dried at 50 °C for 72 h. After that,
samples were weighed in a range 0.15-0.20g. The samples were prepared
according to the instructions (see Eeva et al., 2008) and the concentration of the
metals (Cu, Ni, As, Cd, Pb and Zn) was determined with an ICP-MS (Elan 6100 DRC,
PerkinElmer-Sciex, Boston, USA). The detection limit for most of the metals was
around or <1 ng/l (a more detailed description of the method is given in Eeva
et al. (2008, 2009)). Since all the faecal concentrations of metals were positively
correlated to each others, we calculated principal components from the metal data
(Ni, Cu, As, Cd, Pb and Zn). Since the first principal component (PC1) explained 65%
of the variation in our data, it was used in the models as an explanatory variable to
describe the general level of metal exposure (Fig. 1).

2.3.7. Biomarker analyses

Red blood cells from total 113 individuals (50 from polluted sites, 63 from
unpolluted sites) were used to measure redox parameters. Samples were
defrosted and analysed, using a microplate reader (Envision, Perkin-Elmer Wallac,
Turku, Finland). All enzyme activities were measured in triplicates using 96- (CAT)
or 384-well (GP, SOD, GR and GSH) microplates to minimise the sample volume.
For this reason, the reduction of reagent volumes was often required as compared
to the used method instructions. GP, GR, GST and CAT were measured using Sigma
kit instructions (Sigma Chemicals, St. Louis, Missouri, USA). SOD was measured
with a Fluka kit (Fluka, Buchs, Germany) according to the kit instructions. Total
GSH was measured using an OxisResearch kit (Foster City, California). The protein
assay was done according to the Bradford method (Bradford, 1976), using the
BioRad protein assay (BioRad, Espoo, Finland) and bovine serum albumin (BSA)
(Sigma) as a standard.

2.3.8. Statistical analyses

All correlations between the study variables were analysed using Spearman
correlation coefficient. These correlation coefficients were used as a tool when
building reasonable models for explaining variation along the pollution gradient.
The variation in enzyme activities between the areas (polluted vs. unpolluted) and
treatment groups (carotenoid vs. water) was studied with generalised linear
mixed models (GLMMs with lognormal error distribution and identity link
function; see Table 1) in the SAS statistical software 9.2 (SAS Institute
2002-2008). Explaining factors in the models were: area, treatment, area x treat-
ment, body mass, area x body mass, average temperature prior sampling, PC1 of
metals, plumage colour and brood size at the sampling date (at the age of nine
days; Table 1). Brood was used as a random factor to take account that two
nestlings were sampled from the same brood. The degrees-of-freedom were
calculated with Kenward-Roger method. Non-significant terms were dropped
from the models one-by-one starting from interactions.

The fledging success was analysed with a GLMM (with binomial distribution
and logit link function), using area, treatment, area x treatment, body mass and
PC1 of metals as explaining factors in the model. Further, to see if the GP activity is
associated with fledging success, we used the GP activity, area and area x GP
activity interaction as explaining factors in the model. GLMM (with normal
distribution and identity link function) was also used to analyse lutein concentra-
tion, using area, treatment, area x treatment, body mass, brood size and PC1 of
metals as explaining factors. The time of the day was included into this model,
because the level of carotenoids can vary during the day depending on the time
they have spent to eat carotenoid rich food (Eeva et al., 2008). Plumage colour
(Yc value) was likewise analysed, using GLMM (with normal distribution and
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Fig. 1. Metal concentrations in faeces along the pollution gradient. The first

principal component (PC1) from the metals (Ni, Cu, As, Cd, Pb and Zn) was used to
describe the general level of metal exposure. Note a logarithmic scale of the X-axis.
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Table 2

M.,J. Koivula et al. /| Environmental Research 111 (2011) 362-370

Mean plasma lutein concentrations, plumage colour index and fledging success (probability of hatchlings to fledge) of Parus major nestlings for lutein supplemented
(lutein) and control (water) groups in polluted and unpolluted areas. Non-significant terms were dropped one-by-one from generalised linear models. The terms left in the

final models are shown in bold.

Lutein (pg/ml)

Plumage colour (Y -value)

Fledging success (%)

n Mean (95% Cl for means) n Mean (95% Cl for means) n Mean (95% Cl for means)
Polluted Lutein 26 66.4 (52.7-80.1) 24 81.2 (78.4-84.1) 26 56.5 (46.6-66.4)
Water 26 28.9 (20.7-37.0) 23 70.3 (65.8-74.8) 26 56.5 (46.6-66.4)
Unpolluted Lutein 34 53.7 (42.8-64.7) 33 83.3 (81.2-85.5) 34 71.1 (62.5-79.7)
Water 33 27.3 (18.9-35.8) 33 72.8 (69.2-76.5) 33 73.3 (65.6-80.9)
Source of variation Fas® P Faf p Fas® P
Area 6.274, 56.83 0.015 0.351, 5472 0.559 10.44, 115 0.002
Treatment 44.84, 5837 < 0.0001 114.04, 55 < 0.0001 0.021114 0.879
Area x treatment 0.004, 5667 0.972 0.074, 5459 0.793 0.00; 113 0.969
Time of day 14.31, 56.92 0.0004 - - - -
Body mass (at age 9) 0.034, 77.48 0.865 1.214, 927 0.274 41.51, 115 <.0001
Brood size 0.00+, 60 0.990 16.74, 57.87 0.0001 - -
Metals (PC1) 0.071, 5656 0.787 0.051 5459 0.824 3.631115 0.059

2 General linear mixed models (normal distribution, identity link function), nest box used as a random factor.

b General linear mixed models (binomial distribution, logit link function)

Table 3

Spearman correlation coefficients (r-value, p-value and number of individuals) for enzyme activities (glutathione peroxidase, GP; glutathione reductase, GR; glutathione-
S-transferase, GST; catalase, CAT; superoxide dismutase, SOD), glutathione (GSH) and plasma lutein concentrations, plumage colour, fledging success (% hatchlings
fledging) and nestling body mass. These correlation coefficients were used as a tool when building reasonable models for explaining variation along the pollution gradient

and no tablewise corrections for a-levels were applied.

Variables GP (nmol/  GR (nmol/ GST (nmol/ GSH (pmol/ CAT (pumol/ SOD Lutein Colour Fledging succ. Body
min/mg) min/mg) min/mg) mg) min/mg) (inhibition %) (pg/ml) (Yc-value) (%) mass

GR (nmol/min/mg) 0.07 - - - - - - - - -
0.61 (57)

GST (nmol/min/mg) 0.08 0.57 - - - - - - - -
0.56 (57) <0.0001 (57)

GSH (pmol/mg) 0.30 -0.24 -0.50 - - - - - - -
0.02 (57) 0.07 (57) <0.0001 (57)

CAT (umol/min/mg) -0.16 -0.48 -042 -0.03 - - - - - -
0.22 (57) 0.0002 (57) 0.001 (57) 0.85 (57)

SOD (inhibition %)  —0.02 -0.37 -0.43 0.22 0.42 - - - - -
0.87 (57) 0.005 (57) 0.001 (57) 0.11 (57) 0.001 (57)

Lutein (pg/ml) 0.02 -0.11 -0.21 —0.001 0.14 0.14 - - - -
0.90 (57) 041 (57) 0.11 (57) 0.99 (57) 0.30 (57) 0.30 (57)

Colour (Yc-value) -0.10 -0.07 -0.18 -0.18 0.16 -0.18 0.13 - - -
0.45 (55) 0.62 (55) 0.19 (55) 0.18 (55) 0.26 (55) 0.19 (55) 0.32 (58)

Fledging success (%) —0.48 0.03 0.12 —0.04 -0.02 -0.05 —0.003 0.04 - -
0.0001 (57) 0.85(57) 0.36 (57) 0.76 (57) 0.87 (57) 0.74 (57) 0.98 (60) 0.75 (58)

Body mass (g) -0.16 0.13 0.28 -0.16 —-0.10 —0.28 -0.17 0.15 0.59 -
0.24 (57) 0.34 (57) 0.03 (57) 0.24 (57) 0.45 (57) 0.03 (57) 0.20 (60) 0.25 (58) < 0.0001 (60)

Brood size -0.18 0.16 0.25 -0.23 —0.09 —-0.07 -0.07 0.37 0.27 0.26
0.19 (57) 0.23 (57) 0.05 (57) 0.08 (57) 0.53 (57) 0.63 (57) 0.61 (60) 0.004 (58) 0.04 (60) 0.05 (60)

was associated with decreased fledging success, but the effect was
only marginally significant (Table 2). Faecal metal concentrations
instead differed significantly from each other between the study
areas (Table 4). Also body mass was positively associated with
fledging success, but carotenoid treatment did not affect the fledging
success (Table 2). Based on our result of an increased GP activity
along the temperature gradient and differences between the study
areas, we chose the GP activity for more detailed examination. The
probability of fledging decreased in nests with increased nestling GP
activity (GLMM: F=12.67;, s3, p=0.0008) and the study areas
differed significantly from each other (GLMM: F=12.07;, s3, p=
0.0010; Fig. 4), indicating stronger association between nestling
mortality and the GP activity in the unpolluted area than in the
polluted area, where the total nestling mortality is higher. There was
no association between any other enzyme activities and the like-
lihood of a hatchling to fledge in our study areas.

Carotenoid treatment increased the plasma lutein concentra-
tion 2.1 fold in carotenoid-supplemented birds compared to the
control birds (Table 2) and it was also 1.2 x higher in polluted
sites compared to unpolluted sites (Table 2). We did not find any
interaction on plasma lutein levels between carotenoid treatment
and the study area, indicating that the carotenoid treatment
produced the same response in two environments (Table 2).
However, the lutein concentrations increased during a day
(Table 2). No associations between carotenoid treatment and
enzyme activities were found (Table 3).

The yellowness (the proportion of the yellow component Y,) of
nestling plumage had no correlation with PC1 of faecal metal
concentrations (rs= —0.07, p=0.59, n=58). Carotenoid treat-
ment, however, increased the yellowness of the plumage in the
lutein supplemented birds compared to controls, but there was no
significant difference between the study areas (Table 2). Plumage
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Table 4
Mean ( + standard error) metal concentrations (pg/g; dry weight) in the faeces of
Parus major nestlings in polluted (n=>56 nests) and unpolluted (n=69 nests) areas.

Metal Polluted Unpolluted Faf® P

Ni 351+3.2 7.2+0.5 91.04 < 0.0001
Cu 232 +203 111 +6.6 38.04 < 0.0001
As 129+1.7 1.7+ 0.1 52.7¢ < 0.0001
Ccd 3.8+04 1.8+0.1 22.24 < 0.0001
Pb 5.1+0.6 27+03 13.14 0.0004
Zn 389 +21.3 338+11.7 5.0¢ 0.027

2 One-way ANOVA used to test the significance between areas.
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Fig. 4. The variation of fledging success between unpolluted (open circles, dash
line) and polluted areas (solid circles, solid line) relative to GP activity.

colour also increased significantly with the brood size (Table 2).
None of the enzyme activities showed significant association to
the plumage colour (Table 3).

4. Discussion
4.1. Oxidative stress and indirect effects of metals

4.1.1. Metals and enzyme activities

Our results showed that dietary metal concentrations have no
effect on the enzyme activities in great tit nestlings along the
pollution gradient at the levels occurring in our study area. Also
the lack of changes in the total GSH concentration between the
study areas indicates low oxidative stress in the nestlings. Most
likely the metal concentrations in our study site are not high
enough to cause oxidative stress in the great tit nestlings. The
comparison of different metal concentrations among studies is
rather difficult; not only because of just a few studies done in
birds concerning metals and oxidative stress, but also because of
the variation between the methods and tissues used to determine
the metal concentrations. Different tissues accumulate different
amounts of metals, liver or kidney, for example, less than faeces
(Dmowski, 1993), so the direct comparison cannot be done
between tissues. However, our metal concentrations are relatively
low compared to other studies done in birds near the pollution
source (Dmowski, 1993; Bel’skii et al., 1995; Janssens et al., 2003;
Berglund et al., 2007). To know the exact metal concentrations
that cause oxidative stress would need more comparable studies,
where oxidative stress biomarkers are included. The faecal mate-
rial as an indicator of metal pollution (consisting of unabsorbed
and excreted absorbed metals) has shown to reflect the metal
pollution level well in environment and food items, indicating
especially the food chain contamination (Eeva and Lehikoinen,

1996; Dauwe et al., 2000; Dauwe et al., 2004). Faeces metal con-
centration, however, tells less about tissue concentrations (Berglund,
2010), but the use of the tissues brings the ethical problems because
of a need of terminal sampling (Garlick et al, 1987). Our own
comparison of metal concentrations in liver and in faeces, however,
correlated well with each other (unpublished data). Feathers are also
commonly used to measure the metal contamination, but they are
not suitable for all metals (e.g. Cu, As and Cd) (Dauwe et al., 2000),
whereas blood concentrations of metals reflect mainly just newly
ingested metals (Berglund, 2010). Our results are in accordance with
the studies of Isaksson et al. (2009), who studied oxidative stress
levels in great tits in urban vs. rural habitats. They did not either find
any difference in the studied antioxidant enzyme activities (CAT,
GST, and GR) between the study areas (Isaksson et al., 2009). In
contrast, the studies in another insectivore, pied flycatchers (Ficedula
hypoleuca), showed an increase in the enzymatic activity of anti-
oxidant enzymes CAT and GR related to high toxic metal concentra-
tion close to the pollution source, where the lead concentration has
been extremely high (Berglund et al., 2007). Also white stork chicks
(Ciconia ciconia) have shown to have higher enzyme activities in
more polluted environments (Kaminski et al., 2009). In addition to
the variation in exposure there is also species specific variation in
susceptibility to the oxidative stress as well as in their metabolic
rate and requirements of different antioxidants (Pérez-Rodriguez,
2009). This makes it still more complicated to directly compare re-
sults of the studies of different species in pollution-related oxidative
stress. Our results suggest that metals did not directly increase
oxidative stress in our study area, though environmental pollution
can indirectly, via changes in the diet composition, decrease the
survival of nestlings in the polluted area (see Eeva et al. (2005)).

Antioxidant defences need to operate as a balanced and co-
ordinated system (Halliwell and Gutteridge, 2007). This was
evident also in our data on the basis of the correlations between
the enzyme activities. GSH showed a positive correlation with GP,
which oxidises GSH to its oxidised form GSSG and a negative
correlation with GST, which removes hydrogen peroxide (H,0,)
from the cells through the GSH oxidation (Stephensen et al., 2002;
Swiergosz-Kowalewska et al., 2006). CAT, SOD and GP are metal-
loproteins, which enzymatically detoxify peroxides such as H,0,
and O3 to less detrimental forms (Gurer and Ercal, 2000). We
found a positive correlation between CAT and SOD, which operate
together, SOD first transforming superoxide (O ) to hydrogen
peroxide, which is then catalysed by CAT to H,O and molecular
oxygen (Finkel and Holbrook, 2000; Pinto et al., 2003). The co-
operation between these enzymes is essential—for example if O3
are not removed by an SOD, they can partially inhibit CAT gene-
rating ferroxycatalase that cannot decompose H,0, fast enough
(Halliwell and Gutteridge, 2007). CAT and GP have a similar kind
of function in catalysing H,0,. CAT however, is more important
when the fluctuation of H,0, is high, mainly because of its ability
to directly catalyse the decomposition of H,O0, to H,O and O,. GP
instead, deals with lower levels of H,O, generation removing it by
using H,0, to oxidise another substrate (GSH) (Halliwell and
Gutteridge, 2007). Our results suggest that great tit nestlings in
this study may have used GP rather than CAT to remove H,0,
from their body, which can be seen as an increased GP activation
in the polluted area, whereas the activity of CAT had no variation
between the study areas. The reason for that might be the gene-
rally low level of pollution and thus also the level of ROS in our
study areas, in which case GP may act more efficiently to remove
H202.

4.1.2. Diet, nestling condition and fledging success
We found that the GP activity was higher in polluted sites
compared to unpolluted sites, but the difference was rather
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related to the nestling body mass than the levels of dietary
pollutants. This suggests that the higher GP activity is due to
the poorer condition of the nestlings in the polluted area. The
nestlings in unpolluted area were heavier and also in better
condition compared to nestlings in the polluted area, which most
likely indicates differences in diet between the areas. Pollution
can reduce some important food sources, such as caterpillars and
other forest insects, and hence indirectly affect the breeding
performance and survival of the birds (Bengtsson and Rundgren,
1984; Graveland, 1990; Perrins, 1991; Van Noordwijk et al., 1995;
Eeva et al., 1997, 2003, 2005). Indirect effects of pollution can be
even more common in nature than the direct ones, and may also
occur at lower contaminant levels (Eeva et al., 2003). Earlier
studies have shown that there are also changes in the quality of
diet between polluted and unpolluted areas. In the polluted area,
the invertebrate diet of nestlings contains more heavy metals and
has a smaller proportion of carotenoid-rich moths and caterpil-
lars, as compared to the unpolluted area (Eeva et al., 2003, 2005,
2008, 2009; Sillanpda et al., 2008). However based on our results,
the amount of dietary carotenoids does not explain the variation
in GP activity between the study areas. Instead, it is possible that
some other factors such as the amount of nutritionally high-quality
food (e.g. protein rich food) varies between the study areas,
explaining the differences in the nestling body mass as well as
brood size between areas. Food supplementation has been shown to
increase fledging success and growth rate in nestlings living in
polluted areas (Eeva et al., 2003). This also supports our finding that
there are better quality nestlings in food-rich environments.

Fledging success was, as expected, better in an unpolluted area
than in the polluted area, mainly due to better food supply and
high quality food. Also better condition of the nestlings in an
unpolluted area can explain the difference in fledging success
between the study areas. Increased metal concentration slightly
decreased fledging success, which supports our finding of higher
mortality and poorer condition of the nestlings in the polluted
area as well as the deficiency of good quality diet. Fledging
success was also better in those nests, where nestlings were
heavy. Interestingly the GP activity was negatively associated
with fledging probability and the polluted area showed higher
mortality than the unpolluted one. The reason for that may be
that the mortality in the polluted area have been continually
higher since the hatchling phase, because of limited food supply
and other pollution related effects and thus, most of the nestlings
with poorer condition have already died leaving smaller broods
left in the polluted area, whereas in an unpolluted area the
nestling mortality at an early age has been low enabling larger
broods. Thus, the nestling mortality is more pronounced during
the later parts of the nestling period, when the sibling competi-
tion from food and space gets more intense (see also Eeva et al.,
1997). This may have increased the GP activity in those nests
speeding up the mortality rate as well.

The activity of GST was higher in large broods. This may also be
due to an increase within the brood competition for food and space,
and thus cause an increased oxidative stress among the nestlings in
larger broods. It is known that the brood size can influence many
condition related variables, such as growth rate, body condition,
body mass, tarsus length and immune response of nestlings (Dijkstra
et al., 1990; Mock and Parker, 1997; Alonso-Alvarez et al., 2006). Also
some physiological parameters, such as plasma carotenoids and
resistance of red blood cells to free radicals have been shown to be
affected by an increased nestling competition (Alonso-Alvarez et al.,
2006). Gongalves et al. (2008) showed in mice that enzyme activities
also can be related to the social stress (studied by using social
confrontation), causing the increase in the GST activity in stressed
mice. Our results suggest that this could be the case in birds also, but
needs to be confirmed with further studies.

4.2. Oxidative stress, carotenoid treatment and plumage colour

The carotenoid treatment increased the plasma lutein concen-
tration in supplemented birds compared to the control birds, but
the response in plasma levels was similar in the two areas. The
natural caterpillar availability for great tits has been shown to
vary substantially among the years in our study areas and also
plasma carotenoid concentrations show large variation between
polluted and unpolluted areas between years (Eeva et al., 2005,
2009). The year 2004 seemed to be generally good for carotenoid
availability in our study areas.

The carotenoid supplementation has no effect on levels of the
oxidative stress in great tit nestlings, mainly due to very low level of
oxidative stress. This result suggests that supplemented carotenoids
lutein and zeaxanthin, which are the main carotenoids in birds
(Tella et al., 2004), are not very effective antioxidants in great tits. If
those carotenoids could act as important antioxidants, carotenoid
supplemented birds would have been expected to have lower
oxidative stress than control birds. However it might also be that
in the nestlings of this study, the levels of carotenoids have been
high enough to enable an effective defence against ROS, and there-
fore it was unable to detect any response in the measures of the
oxidative stress. Good availability of carotenoids during the study
season may therefore have decreased the effect of our lutein
manipulation. Sometimes the interactions between different anti-
oxidants (e.g. vitamins C and E vs. carotenoids) might be difficult to
detect, because they do not necessarily increase plasma carotenoid
concentrations of the study species (Biard et al., 2006). Some earlier
studies have shown that carotenoid supplementation has increased
vitamin E in birds (Biard et al., 2005, 2006). This and other syner-
gistic interactions between antioxidants, such as the scarcity of any
limiting antioxidant can prevent carotenoids to act in an antioxidant
role. It is also possible that even though carotenoids would be weak
antioxidants in scavenging ROS, they still may be sensitive to the
alteration or destruction of their chemical structure or the colour
properties caused by ROS (Pérez-Rodriquez, 2009). Carotenoids can,
however, still be important antioxidants in cell membranes by
protecting phospholipids as well as having a function in an anti-
oxidant defence by participating in the recycling process of vitamin
E (Costantini, 2008).

The yellowness of the plumage colour correlated positively with
the plasma lutein content and was higher in lutein supplemented
group producing brighter yellow plumage in the treated birds. As we
did not find any effect between faecal metals and plumage colour,
nor any difference between the study areas, we can conclude that
the present metal concentrations do not directly affect the variation
in the plumage colour (see also Eeva et al, 2008). However, the
brood size was positively associated with the plumage colour,
suggesting that the good availability of carotenoid-rich food enables
bigger broods and also brighter plumage colour in the nestlings.
Smaller brood size might be partially due to the decreased food
availability, which might have affected the brightness of plumage
colour as well. It is possible that there are other factors, such as
other antioxidants (e.g. vitamins E and C) than carotenoids, which
can be involved to the plumage colour and further to the level of
oxidative stress (von Schantz et al., 1999; Hartley and Kennedy,
2004; Bertrand et al., 2006; Pike et al., 2007). Thus, in the future
studies, it would be important to measure non-pigmentary antiox-
idants as well to reveal the relationships between other antiox-
idants, carotenoids, colouration and oxidative stress.

4.3. Oxidative stress and temperature

The increase in GP activity was related to temperature during
the early nestling period, indicating the higher GP activity in
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warm temperatures. There are no major differences in tempera-
tures between our study areas. Breeding time temperatures
measured inside the empty nest boxes have been 0.6 °C higher
in the polluted area compared to an unpolluted area (unpublished
data). However, the study area explains < 2% of the variation in
temperature, while the temporal changes explain 94% of the
variation. The lower GP activity in early summer (beginning of
June) might be due to lower breeding time temperatures com-
pared to those in the later breeders (at the end of June). During
their early development, nestlings can be considered as poiki-
lothermic, which may be an adaptation to the lack of insulation
(plumage). Decreased metabolic rates may have decreased the
level of oxidative stress in nestlings experiencing low tempera-
tures. Nestlings of the late breeding females instead have faced
the warmer temperature at their nestling time and may therefore
have higher metabolic levels and thus higher oxidative stress
levels as well compared to nestlings born at an early summer. In
an earlier study, Eeva et al. (2003) have shown that the metabolic
rate (oxygen consumption) of the great tit nestlings increased
with an ambient temperature in their study sites. Temperature
and the sampling date correlated positively, supporting the idea
of later born nestlings facing more oxidative stress, because of
warmer weather later in the breeding season. However to under-
stand the variation in the GP activity throughout the nestling
phase, several blood samples should be taken at different time
points in development. Norte et al. (2009a) have reported rela-
tively large environmental component of variance of the GP
activity in great tit nestlings, suggesting that there is a lot of
difference in degree of the oxidative stress among the individuals
faced with different rearing conditions, such as food availability,
type of food, parasitism and infections in their nestling phase.
Environmental component of variance of GP can also be affected
by the dietary antioxidant levels (Norte et al., 2009a). The same
has been reported in adult great tits, which have shown great
seasonal and yearly variation in biochemical, haematological and
morphological parameters (Norte et al., 2009b). However, because
of the complexity of glutathione metabolism, it needs to be
remembered that also some other factors can be related to the
level of enzyme activities, and therefore more studies are still
needed to confirm our results.

5. Conclusions

Metal pollution did not directly increase the oxidative stress in
great tit nestling in our study area, but environmental pollution
can indirectly affect the level of the oxidative stress of nestlings
mainly because of the deficiency of high quality food in the
polluted area. The GP activity increased in the polluted area,
suggesting poorer condition (lower body mass) and higher level
of the oxidative stress in the nestlings in the polluted area.
Dietary carotenoid levels do not seem to explain the variation in
the GP activity between the study areas, but the quantity of
nutritionally high-quality food instead may vary between the
areas causing poor quality nestlings and an increased level of the
oxidative stress in contaminated environment. Higher nestling
body mass and fledging success in the unpolluted area suggest
that nestlings there have received higher quantity/quality food,
were in better condition and consequently showed lower GP values
than those in the polluted area. Temperature also increased the GP
activity, suggesting higher oxidative stress in nestlings born in war-
mer temperature/later in the breeding season. This may be due to
higher metabolic rate of poikilothermic nestlings in the warmer
temperature, which can increase the oxidative stress. The plumage
colouration did not show any association with faecal metal levels,
nor any difference between the study areas. However, the plumage

colour intensity increased with an increased carotenoid concentra-
tion in both study areas. Carotenoids did not affect oxidative stress
levels, suggesting that they were not efficient antioxidants. Based on
our results, we can conclude that the exposure levels found in our
study area are probably not high enough to cause the oxidative stress
in great tit nestlings or the level of oxidative stress appears at very
low level. Instead, the GP activity can be used as a sensitive indicator
of growth related oxidative stress in great tit nestlings. Clearly, the
activity of this enzyme was not directly related to the metal
exposure, but more likely to some secondary pollution-related
change in the nestling condition. Still, further studies are needed to
understand the mechanisms behind the indirect effects of metal
exposure to nestling survival and the sensitivity to the oxidative
stress.
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