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Abstract

Calcium has been proposed to diminish metal toxicity by the modulation of the oxidative stress.
This study explores the effects of Ca availability and metal exposure on oxidative stress
biomarkers in great tit (Parus major) nestlings. Nests were supplemented with Ca (Ca-
supplemented group) or not supplemented (Control group) in a metal-polluted and a background
zone in SW Finland. Metal concentrations were analyzed from feces. We analyzed antioxidant
molecules (tGSH, GSH:GSSG ratio, CAT, GST, GPx, SOD), protein carbonylation and lipid
peroxidation in red cells of nestlings. Ca-supplemented and fast-growing nestlings up-regulate

CAT activity to cope with ROS generated during intensive growth and metabolism.

SOD and GPx (not statistically significant) were more active in the polluted area, possibly
reflecting higher ROS production in nestlings from this zone due to the enhanced metal
exposure and worse condition (nestling size and number of fledglings were lower in this area).
Antioxidant levels changed over the range of metal concentrations depending on the Ca levels in
plasma, suggesting that higher Ca levels stimulate antioxidants and mitigate the impacts of
metals. Ca supplementation may improve nestling traits and reproductive output when
antioxidants are up-regulated in a situation of oxidative challenge. Therefore, Ca should be

considered in future studies assessing metal exposure and effects on wild birds.
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1. Introduction

The production of free radicals via oxidative processes is natural in the cellular metabolism of
living beings, including birds. The reactive oxygen species (ROS) are unstable and highly
reactive by-products of the metabolism of the organism (Finkel and Holbrook, 2000), and they
are produced, for example, by increased metabolic activity during the fast growth of embryos
and hatchlings (Alonso-Alvarez et al., 2007; Deeming and Pike, 2013; and references therein).
However, an integrated antioxidant system protects birds, as other organisms, from oxidative
damage (McGraw, 2011). The disequilibrium between the generation of ROS and antioxidants,
where the former overcome the physiological defense against free radicals causing oxidative
damage to lipids, proteins and DNA, is known as oxidative stress (Halliwell and Gutteridge,

2007).

Some metals, including those that are essential for the normal physiology of cells, such as
copper (Cu) and zinc (Zn) and those that are either unnecessary (with no biological function) or
needed at very low concentrations, such as As, Cd, Pb or Hg, can alter behavior, development,
immune response, reproductive success, and biochemical processes (Burger and Gochfeld,
2000; Flora et al., 2008; Garcia-Fernandez et al., 2002; Marettova et al., 2015; Sanchez-Virosta
et al., 2015, 2018; Wolfe et al., 1998). The ability of toxic metals to break the antioxidant-ROS
balance inducing oxidative stress in birds is one of the mechanisms responsible of their widely
reported toxicity (reviewed by Koivula and Eeva, 2010). In the last years, this metal-related
oxidative stress has been studied in some avian species (Berglund et al., 2007; Espin et al.,

2014a, 2014b; Martinez-Haro et al., 2011; Rainio et al., 2013, 2015).

On the other hand, Ca is an essential element with a critical physiological role in birds. For
successful breeding, small passerines ingest Ca-rich material such as the shells of snails to
complement their Ca-deficient regular diet (see for instance Graveland, 1995, 1996). Therefore,

Ca-poor environments may pose problems to passerines due to Ca limitation, such as reduced



egg size, eggshell thickness, clutch size, number of fledglings or growth rate (reviewed by
Reynolds et al., 2004). Moreover, if this is coupled with metal pollution, additional problems
may arise. Metal-polluted environments may decrease the stock of Ca-rich food (Eeva et al.,
2010), and the absorption, accumulation and effects of metals such as Cd and Pb in birds can be
increased by this lack in the diet (Dauwe et al., 2006; Scheuhammer, 1996). In addition, As may
modify the Ca homeostasis and its function (Florea and Busselberg, 2008; Florea et al., 2005;
Pounds, 1984; Suzuki et al., 2004, 1985). In this regard, some studies have found that the
administration of Ca may have a defensive role against As and metal toxicity, and some of them
found that Ca may modulate metal (As)-induced oxidative stress (Abdel-Hameid, 2009;

Jamakala and Rani, 2012; Prasanthi et al., 2010; Rai et al., 2012; Srivastava et al., 2010).

The main aim of this study is to investigate the effects of metal exposure and Ca availability on
biomarkers of oxidative stress in great tit nestlings inhabiting a metal-polluted zone. To do so,
we have studied a set of antioxidant molecules (tGSH, GSH:GSSG ratio, GST, GPx, SOD and
CAT; for full names, see Table 1) as well as oxidative damage biomarkers (lipid peroxidation
and protein carbonylation, PC) expected to be potential indicators of metal toxicity.
Furthermore, we will evaluate if Ca consumption affects the antioxidant status and if it protects
against the metal toxicity. Additionally, to assess how nestling development is affected by the
antioxidant status, the effects of oxidative damage and antioxidant molecules on nestling size
(body mass and the lengths of wing, tarsus and head), growth, fledging success and number of

fledglings will be evaluated.

2. Material and methods

Experimental set-up, sampling and measurements

The Ca experiment was implemented in the proximity of a Cu-Ni smelter in Harjavalta,
southwestern Finland (61°20' N, 22°10" E) during the breeding period of 2014. Due to past and
ongoing deposition, metals (mainly As, Cd, Cu, Ni and Pb) are common pollutants in the

surroundings of the smelter (Berglund et al., 2012; Rainio et al., 2013). Details on Ca



availability and metal pollution in the study area are shown in Espin et al. (2016a). The study
was conducted on populations of great tit and pied flycatcher (Ficedula hypoleuca; Espin et al.,
2017a) using nest boxes (see Lambrechts et al., 2010) located along the pollution gradient. The
study area was split into polluted (0—2 km from the smelter) and unpolluted (4.5-11 km from
the smelter) zones. Before the beginning of nest construction, the old nest material was removed
and nest boxes were monitored from mid-April to check the nest development and to register
laying and hatching dates, clutch and brood sizes and fledgling number. Nests were assigned
randomly either to the Ca-supplemented group (hereafter Ca-group) or to the control group
when found in an advanced construction phase. In that moment, small modified cylindrical
plastic cups containing 5 grams of smashed mussel shells (Versele Laga) were fixed inside the
Ca-group nest boxes, whereas in control nests the same cups without shells were placed to
control their possible influence on breeding parameters. Feeders were refilled before Ca was
finished to provide ad libitum supplementation, and the amount added was recorded. When
incubation began and right after hatching (hereafter d0), remaining shells were weighed and
replaced. At d14, the last day of sampling, the remaining Ca was removed and weighed. The use
of Ca during laying, incubation and nestling periods was measured, considering any amount
added when applicable. Five polluted and 5 unpolluted sites were used in this experiment. In the
polluted zone, 14 Ca-supplemented and 17 control nests were set, whereas in the unpolluted

zone there were 15 Ca-supplemented and 21 control nests.

One egg per clutch was taken to assess how the experiment influenced egg size, eggshell
parameters and yolk carotenoid and vitamin concentrations (Espin et al., 2016b). On d7,
nestlings were banded and feces of all siblings were collected, combined and stored at —20°C
for analysis of metals. Defecation was induced with a round-ended hairpin. On d7 and d14,
nestling wings were measured with a precision of 0.5 mm with a ruler, total head (bill+head)
and tarsus lengths were measured with a digital caliper to the nearest 0.01 mm and body mass
was weighed to the nearest 0.1 g using a Pesola spring balance. On d9 and d14, ca. 75 pl of

blood were collected in capillary tubes containing sodium-heparin (80 iu/ml, Marienfeld) gotten



by venipuncture of the ulnar vein. Blood was centrifuged (4400 g, 5 min) immediately and
hematocrit (HCT, % of red blood cells, RBC, from total sample volume) was measured.
Samples were kept in liquid nitrogen after separating plasma and RBC until stored at —80°C in
the lab. Vitamins were analyzed from plasma collected on d9 and combined per brood (n = 64
broods; Ruiz et al., 2017), whereas d14 plasma from 121 nestlings (usually 2 chicks randomly
selected per nest) was used to measure uric acid (UA), Ca and the enzyme activities of creatine
kinase (CK) and alkaline phosphatase (ALP) as described by Espin et al. (2016a). Oxidative
stress biomarkers were measured from RBC collected at d14 from 120 nestlings (n = 62

broods).

Analysis of metals, antioxidants and biomarkers of oxidative damage

Feces from the d7 nestlings were dried at 45 °C for 72 h. In order to study metal exposure at
brood level, fecal samples from siblings were combined. An inductively coupled plasma optical
emission spectrometer (ICP-OES) was used to measure metal concentrations (As, Ca, Cd, Cu,
Ni, Pb, Se and Zn). The limit of quantification for Ca was 1 ppm and 0.01 ppm for all other
elements. A Milestone DMA-80 direct Hg analyzer was used to analyze total Hg by atomic
absorption spectrophotometry with a limit of detection of 0.005 ng. Further details on metal
analysis are shown in Espin et al. (2016a). Metal concentrations are expressed in dry weight.

The feces mean (£SD) water content was 75.7% =+ 7.6.

Antioxidant molecules (tGSH, GSH:GSSG ratio, GST, GPx, SOD, CAT), together with
thiobarbituric acid reactive substances (TBARS) and protein carbonylation (PC) as biomarkers
reflecting the oxidative damage, were measured from RBC from 120 great tit nestlings. The
analyses were performed in RBC collected at d14 from two randomly selected nestlings per
brood. Red blood cells were diluted with 0.9% NaCl. Proteins (mg/ml) were measured with the
BioRad protein assay (BioRad, Espoo, Finland) and bovine serum albumin (Sigma, USA) as a
standard (Bradford, 1976). Glutathione peroxidase, GST and CAT activities were measured
using Sigma kits (Sigma Chemicals, St. Louis, USA), and a Fluka kit was used to measure SOD

activity (Fluka, Buchs, Germany). Catalase, GST and GPx activities are expressed in



umol/min/mg of protein, whereas SOD is referred to inhibition percentage (as explained in
Stauffer et al., 2018, a higher inhibition rate implies higher SOD activity). The ThioStar®
glutathione detection reagent (Arbor Assays, Michigan, USA) was used to measure tGSH
(nmol/mg), as well as the ratio of reduced to oxidized glutathione (GSH:GSSG). Reduced
glutathione was used as standard (Sigma Chemicals, Missouri, USA). Rainio et al. (2015)
provide further technical details on the analysis of CAT, GST, GPx, tGSH, GSH:GSSG and
protein carbonylation. Thiobarbituric acid reactive substances were analyzed fluorometrically
following the technique described by Espin et al. (2017b) to estimate lipid peroxidation.
Samples were analyzed using a microplate reader (each method was done either with EnSpire or
Envision, Perkin-Elmer). All samples were analyzed in triplicates (intra-assay coefficient of
variability < 15%). To minimize the sample volume needed, 96- or 384-well microplates were
used, reducing reagent volumes accordingly as required. Inter-assay variation was corrected

using three control samples with the ratio specific to each particular plate (range 0.8-1.2).

Statistical procedures

Statistics were carried out with SAS 9.4 statistical package. To study the treatment (Ca-
supplement/control) and zone (polluted/unpolluted) effects, as well as the effect of their
interaction on antioxidants and oxidative damage biomarkers, generalized linear mixed models
(GLMM) were performed. The effects of Ca levels in plasma and fecal metal concentrations (as
a proxy of dietary levels) on biomarkers of oxidative status were also evaluated. A Principal
Components Analysis (PCA) for metals (As, Cd, Cu, Hg, Ni and Pb) was carried out after
checking that their levels in feces were positively correlated (rs = 0.38—0.87, p < 0.001). The
first principal component (PClmetais, Eigenvalue: 3.80; Eigenvectors: As 0.41, Cd 0.41, Cu 0.48,
Hg 0.40, Ni 0.44 and Pb 0.28) explained 63% of the variation in our data, so it was used to
indicate the exposure to metals in the models as an explanatory variable together with Ca in
plasma and their interaction. Brood size at d7 and hatching date were included as possible
confounding variables. Finally, GLMMs to assess the associations of the biomarkers of

oxidative status with growth, size, number of fledglings and probability of a hatchling to fledge



(fledging success) were performed. A positive correlation was also found between body size
parameters (d7 wing, head, tarsus length and body mass; rp, = 0.65-0.89, p < 0.0001) and growth
parameters (the difference between the measurements of wing, head, tarsus and body mass
growth rate on d7 and d14; r, = 0.31-0.66, p < 0.015). Thus, we calculated their principal
components. The PClsi. (Eigenvalue 3.38; Eigenvectors: W7 0.47, H7 0.53, T7 0.51, M7 0.49)
explained 85% of the variation, and the PClg0own (Eigenvalue 2.61; Eigenvectors: wing growth
0.50, head growth 0.52, tarsus growth 0.43, mass growth 0.54) explained 65% of the variation.
The biomarkers of oxidative status, zone and their interaction were included in the model as
explanatory variables. The interactive effect of biomarkers of oxidative status and treatment on
size, growth and fledging success was also evaluated. The effect of each biomarker was tested

individually to avoid excessively complicated models.

The residuals of the model were used to check the normality of variables and, when necessary,
variables were loge-transformed for normalization (tGSH, GSH:GSSG ratio, GST, SOD,
TBARS). The sampling site (n = 10) was included as a random factor in the models. We used
Poisson error distribution for number of fledglings, whereas for fledging success we used
binomial error distribution. The residuals of the model were included as a random factor to
control overdispersion. The degrees of freedom were adjusted using the Kenward-Roger
method. Brood means of nestling measurements were used as independent units to perform a
brood-level analysis except for PC, where GLMMs included microplate number and brood as
random factors to take inter-plate variation into account. Terms in the model were retained
when significant. Non-significant variables were discarded from the model one by one starting

with the interactions.

Depending on the normality of data (checked by the Kolmogorov-Smirnov test), Pearson (rp) or
Spearman’s (rs) correlation coefficients were studied to check the correlations between response

variables. The level of significance was set at p < 0.05.



3. Results

Table 1 presents the results for biomarkers of oxidative status and damage according to

treatment (Ca-supplemented/control) and zone (polluted/unpolluted).

Metal concentrations were higher in feces in the polluted zone, whereas plasma Ca levels were
similar between treatment groups and through the pollution gradient (Espin et al., 2016a).
Calcium treatment had no effect on the most of the biomarkers: only the activity of CAT was
higher in Ca-supplemented nestlings than control birds (23.79 = 3.13 vs. 22.01 + 3.44

pumol/min/mg; Table 1).

Great tit nestlings showed higher activities of SOD (35.02 £ 7.76 vs. 31.54 + 5.57 % inhibition;
polluted vs. unpolluted zone) and GPx (0.0096 £ 0.0034 vs. 0.0066 + 0.0026 pmol/min/mg) in
the polluted environment, although the effect was significant only for SOD activity (Table 1).

No differences among groups were found in the other biomarkers.

Plasma Ca levels and PClnetas Showed an interactive effect on tGSH levels, GSH:GSSG ratio,
GPx and GST activities (Table 2, Figure 1). As shown in Figure 1, antioxidant levels change
over the range of PClnews depending on the Ca concentrations in plasma. In this sense,
increased antioxidants levels (from light to dark) are found with increasing PClmewis When Ca
levels in plasma were > ca. 14 mg/dl, while the opposite trend was found (decreased antioxidant
levels — from black to white — with increasing PClmetais) When Ca concentrations in plasma were

< ca. 14 mg/dl.

Most antioxidants correlated with each other and with TBARS levels (Table S1). Negative
correlations were found between plasma vitamin A and TBARS or tGSH levels, and between
GST activity and vitamin E, while vitamin Ds; and PC were positively correlated (Table S1).
Glutathione peroxidase was negatively correlated with uric acid, ALP in plasma, growth and
size, while CAT activity was positively correlated with ALP in plasma and growth (Table S1).

PClmetas Were correlated with CK in plasma (r = 0.41, p = 0.026, n = 29) and GPx activity in red



cells (Table S1). Figure 2 shows a scheme of the relationships between antioxidants, oxidative

damage, biochemistry in plasma, metals in feces and nestling size and growth rate.

The number of fledglings was reduced with increasing SOD activity, and nestlings were smaller
(PC1size) but grew faster (PClgrowth) with increasing TBARS (Table 3). In the polluted zone,
nestlings grew (PClgrowth) faster with increasing tGSH levels (Table 3, Figure 3a), and the
fledging success increased with increasing CAT activity, while in the unpolluted zone, the
opposite occurred (Table 3, Figure 3a). In the Ca-supplemented group: the fledging success
increased with increasing CAT activity (Fnafadar = 6.08151.68, p = 0.017, Figure 3b), higher tGSH
levels increased the number of fledglings (Fnaf.aar = 4.961,57.99, p = 0.030, Figure 3b), growth rate
tended to be higher with increasing CAT activity (Fnarasr = 3.14158, p = 0.082, Figure 3b), and
nestling size decreased with increasing SOD activity (Fnaradgr = 6.201,56.47, p = 0.016). Finally, an
interaction between treatment and GPx was also found on growth rate (Fngraar = 3.80158, P =
0.056, Figure 3b), suggesting that growth is negatively associated to GPx activity in the control
group but not in the Ca-supplemented group; the treatment was substituted by plasma Ca levels
in this model, and Ca in plasma and GPx activity showed an interaction on growth rate (Fnas dar =
9.28158, p = 0.0035), suggesting that growth is retarded at high GPx activity only when plasma

Ca level is low (Figure 4).

4. Discussion

4.1. Effect of metal pollution and Ca supplementation on oxidative status and oxidative

damage

In the present study, the activities of SOD and GPx (not statistically significant) were higher in
the polluted area, possibly as a physiological reaction to the augmented oxidative challenge.
This antioxidant system up-regulation to balance the increase of ROS production in avian
species exposed to metals has been widely reported (Espin et al., 2014a, 2016¢; Martinez-Haro
et al., 2011; Rainio et al., 2013). In our study, the oxidative stress is probably due to the

association of higher metal exposure and the poorer condition of the nestlings growing in the
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polluted environment. Previous results on the same experiment showed that, in the polluted
zone, great tits showed higher fecal metal concentrations and smaller size together with a
smaller number of fledglings due to lower food quality and quantity (Espin et al., 2016a). In the
same line, GPx activity correlated positively with metal levels and negatively with the size and

growth of the nestlings.

Overall, antioxidants and oxidative damage showed a limited response to the Ca treatment,
probably because parents were able to find enough natural Ca-rich food items to let nestlings to
achieve a proper antioxidant status. Similar results, in the scope of different publications from
the same experiment, were obtained for growth, survival, biochemistry and yolk and plasma
vitamin levels (Espin et al., 2016a, 2016b; Ruiz et al., 2017). The activity of CAT was higher in
Ca-supplemented nestlings, which suggests that Ca could stimulate the activity of this enzyme.
The functional mitochondria within avian erythrocytes is essential for energy production during
respiration and is a primary source of ROS (Stier et al., 2013). In the mitochondria, Ca
homeostasis plays crucial physiological functions in cells: mitochondrial Ca uptake controls the
energy production, the patterns of intracellular Ca signals and cell death (Gorlach et al., 2015).
Increased levels of Ca stimulate respiratory chain activity and the consequent generation of
ROS as by-products (Gorlach et al., 2015). Thus, increased levels of Ca could enhance the
mitochondrial Ca cycling activating ROS formation and inducing CAT activity to scavenge
ROS. In this sense, global CAT activity and Ca levels in plasma were close to be significantly
positively associated (p = 0.078; Table 2 and Table S1). This association is particularly evident
in the polluted area where nestlings face an increased oxidative challenge (CAT activity and Ca

levels in plasma were positively correlated; r = 0.46, p = 0.01, n = 29).

4.2. Correlations among antioxidants and biomarkers of oxidative damage

The close coordination between antioxidant molecules to cope with oxidative stress was
reflected by the correlations observed between biomarkers of oxidative damage and
antioxidants, as reported in previous studies (Espin et al., 2016¢, 2017a; Koivula et al., 2011).

The positive correlation found between SOD and GPx is explained by their cooperation
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catalyzing the decomposition of H.O, and O,— respectively (Halliwell and Gutteridge, 2007).
Glutathione-S-transferase removes ROS, including H,O,, through the oxidation of GSH (Valko
et al., 2006), thus its positive correlation with SOD may be also interpreted as a collaboration
between enzymes. The positive correlations between tGSH and GST, SOD, CAT and TBARS
(Fig. 2) can be explained by the different roles of glutathione: scavenging radicals, reduceing
lipid peroxides and being a cofactor of different antioxidant enzymes (Valko et al., 2006). The
toxic lipid peroxides are also dealt with by antioxidant enzymes to avoid damage to membranes
(Somashekaraiah et al., 1992), explaining the positive correlations between TBARS and SOD or
GST activities, as found in griffon vultures (Gyps fulvus; Espin et al., 2014a). The clear
correlation between TBARS and tGSH indicates that these birds can up-regulate the synthesis of
GSH as a reaction to increased oxidative damage to lipids, as previously suggested in pied

flycatchers from this experiment (Espin et al., 2017a).

4.3. Effect of Ca concentrations in plasma against metal-related oxidative stress

In the light of the results of this study and those found in other publications from the same
experiment (Espin et al., 2016a, 2016b; Ruiz et al., 2017), it can be concluded that: (i) few
deleterious metal effects were found, mainly because metal concentrations were not high (Espin
et al., 2016a), and (ii) nestling growth, biochemistry and antioxidant capacity were not
restrained by a deficiency in Ca availability in great tit. However, this study shows that
antioxidant levels (tGSH levels, GSH:GSSG ratio, GPx, GST and CAT activities) change over
the range of metal concentrations depending on the plasma Ca levels (or Ca availability in the
case of CAT), suggesting that an equilibrium exists between the levels of Ca in the organism
and metal toxicity, and that higher Ca levels stimulate antioxidants and mitigate the impacts of
metals. When Ca levels in plasma were higher than ca. 14 mg/dl, increased antioxidant levels
were found with increasing metal concentrations in feces. This suggests that birds are able to
up-regulate their antioxidant capacity to cope with higher metal exposure when Ca in plasma is
adequate. On the other hand, when Ca concentrations in plasma were lower than ca. 14 mg/dl,

decreased antioxidant levels were observed with increasing metals in feces, suggesting that
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metals are prone to inhibit the antioxidant system when Ca levels in plasma are low. Thus,
adequate Ca levels in the organism possibly protect these animals against the oxidative stress

induced by metals (Jamakala and Rani, 2012; Prasanthi et al., 2010; Srivastava et al., 2010).

4.4, Effect of oxidative status and oxidative damage on nestling size, growth and fledging

SUcCCess

The increased metabolic activity associated with rapid growth may cause oxidative stress
(Alonso-Alvarez et al., 2007). This stress may affect physiological and life-history traits such as
nestling growth, size or fledging success (Espin et al., 2017a; Losdat et al., 2013; Noguera et al.,
2011; Rainio et al., 2013; Saino et al., 2011). Therefore, nestling development is a demanding
period that may be even more challenging when birds inhabit environments suffering from both
metal pollution and a poorer diet (Eeva et al., 2005; Espin et al., 2016a, 2017a). In this sense,
metal-related oxidative processes could explain some effects on nestling growth, size and
fledging success. In the present study, nestlings with lower size showed higher TBARS levels,
suggesting that the nestlings in worse condition have augmented lipid peroxidation. However,
since TBARS levels do not vary between differently polluted zones, metal exposure appears not
to suffice to cause oxidative damage to lipids by itself. In addition, a higher growth rate was
associated with higher TBARS levels in erythrocytes, showing that nestlings growing faster
may have a weaker capacity to resist oxidative damage. This result agrees with a previous study
on zebra finch (Taeniopygia guttata) reporting that a negative correlation was found between
the resistance of red cells to free radicals and the growth rate (Alonso-Alvarez et al., 2007). An
increased growth rate was also associated with enhanced CAT activity and tGSH levels (in the
polluted zone), probably reflecting an up-regulation of those antioxidants in response to the
oxidative challenge in fast-growing nestlings, particularly in those exposed to metals. Rainio et
al. (2013) found that heavier great tit nestlings had higher CAT activity, suggesting that
enhanced CAT would remove ROS and would favor the maintenance of GSH in reduced form.
This suggests that heavier nestlings can be better equipped to face oxidative stress (Rainio et al.,

2013). The positive association between growth rate and CAT activity tended to be stronger in
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the Ca-supplemented group, suggesting that the fast growth, when Ca availability is good,
stimulates ROS generation due to increased metabolic processes, which lead in upregulated
CAT activity to balance the oxidative status. The positive correlations observed between growth
rate and CAT, and ALP and CAT, support this idea. Similarly, the fledging success was higher
with increasing CAT activity in the polluted zone and in the Ca-supplemented group. Losdat et
al. (2013) reported that higher pre-fledging red cell resistance to oxidative stress produced better
probabilities to fledge in great tits. Therefore, Ca-supplemented nestlings and nestlings with
good Ca levels in the polluted zone, could enhance CAT activity to cope with the ROS
generated during fast growth and intense cell respiration (the activity of CAT was higher in Ca-
supplemented nestlings, and Ca in plasma and CAT activity correlate positively in the polluted
area), and improve their probability to fledge. Interestingly, it was also found that Ca-
supplemented nestlings improved their growth with increasing GPx activity compared with the
control group, and growth rate was retarded at increasing GPx activity only when plasma Ca
level was low. In general, the interactions found between Ca treatment and antioxidants (CAT,
GPx and tGSH) on nestling parameters suggest that Ca supplementation improves fledging
success, number of fledglings and nestling growth when antioxidants are up-regulated in a

situation of oxidative challenge.

Finally, increased number of fledglings was associated with decreased SOD activity.
Researchers have reported higher oxidative stress in nestlings with a higher number of siblings.
In this sense, eagle owl (Bubo bubo) nestlings from larger broods showed lower GPx and CAT
activities (Espin et al., 2014b), and common starlings (Sturnus vulgaris) raised in broods that
had been experimentally enlarged showed a reduced antioxidant power (Bourgeon et al., 2011),

which could be related to sibling competition for space and food (Koivula et al., 2011).

5. Conclusions

This study presents few negative effects of metal pollution on the antioxidant status of great tit
nestlings, mainly because metal concentrations were relatively low (Berglund et al., 2012).

Although Ca availability was not notably constraining the antioxidant capacity of great tit

14



nestlings, our results suggest that Ca levels in the organism play an important role in the ability
of the individual to cope with metal oxidative stress. Therefore, Ca availability should be
considered in future studies evaluating metal exposure and effects on wild birds. The close
coordination between antioxidant molecules to protect against oxidative stress was reflected by
the correlations observed between biomarkers of oxidative damage and antioxidants. The
antioxidant molecules, conditioned by metal pollution and Ca levels in the organism, are related

with nestling size, growth and reproductive output.
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Table 1. Mean (x SD) antioxidants and oxidative damage biomarker levels in red cells of 14-day old great tit nestlings for Ca-supplem:
unpolluted zone, and generalized linear mixed models for the effects of zone and Ca treatment on oxidative stress biomarkers

b . b
Zone Treatment Eﬁz/mg) %?SBGSSG aFr’:oI/min/mg) E%Toumin/mg) ((ﬁzl/min/mg
Polluted Ca-supplemented (n =13) Mean+SD 30.66+13.11 0.75+0.40  0.0093+0.0036 0.0034+0.0020 24.14+4.01
Control (n = 16) Mean+SD 31.04+11.1 0.74+0.18 0.0098+0.0034 0.0026+0.0017 22.10+1.89
Unpolluted Ca-supplemented (n =13) MeantSD 42.3+24.43 0.70+0.14 0.0069+0.0027 0.0033+0.0024 23.44+2.02
Control (n =20) Mean+SD 30.6+7.86  0.75+0.22 0.0064+0.0026  0.0026+0.0011 21.95+4.36
GLMM? N¢ 62 62 62 62 62
Zone Fnaf ddf 0.571,8.405 0.0441,9.125 4211638 0.23159 0.20159
p 0.471 0.846 0.083 0.633 0.659
Treatment Frf,df 15115693 0.691,58.33 0.021,5253 1.63160 434160
p 0.224 0.411 0.887 0.206 0.042
Zone x Treatment Fraf,daf 2.061,55.3 0.01156.41 0.39151.7 0.824,58 0.11;58
p 0.157 0.943 0.537 0.370 0.746

aGLMM with normal error distribution. The site was included as random factor in all the models. GLMMs were done at the brood le
measurements as independent units, except for PC where we performed GLMMs including brood and microplate number as random

shown in bold.
®The variables were loge-transformed before GLMM analysis.

‘N=number of broods, except for PC where N=number of samples. tGSH=total glutathione, GSH:GSSG ratio=ratio of reduc
GPx=glutathione peroxidase, GST=glutathione-S-transferase, CAT=catalase, SOD=superoxide dismutase, TBARS=lipid peroxid:

reactive substances, PC=protein carbonylation.
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Table 2. Generalized linear mixed models? for variation in antioxidants and biomarkers of oxidative damage of 14-day old great tit nestlin
Harjavalta, Finland

\F/za?fig%ﬁ]:e PClmetals Ca in plasma PClmetais X Ca in plasma  Hatching date Brood ¢

Frdf ddf p Est Fndf,daf p Est Fndf,daf p Est Frdf,daf p Est Frdf,daf
tGSH® 5.6215533 0.021 —0.410 1.9515502 0.168 0.032 51815394 0.027 0.029  0.5114995 0.479 —0.007 0.0815s.
Etsi;lb:GSSG 5.02158 0.029 —-0.292 1.87158 0.177 0.023 5.901,58 0.018 0.023  2.26157 0.138 0.011  0.17156
GPx 6.4715026 0.014 —0.003 0.05149.43 0.822 —0.00003 11.2114827 0.002 0.0003 1.1815301 0.282 0.000  0.03154.
GST® 8531551 0.005 —0.927 6.1615486 0.016 0.104 8.3615338 0.006 0.067  3.7914615 0.058 0.036  2.59154
CAT 0.79:158 0.378 0.197 3.2216 0.078 0.377 0.18157 0.677 0.051 0.07156 0.792 —0.024 1.73159
SODP 0.72153 0.398 0.010 1.3015 0.260 0.013 3.68157 0.060 0.012  0.16156 0.694 —0.002 6.941.0
TBARSP 0.6711634 0.424 —0.023 0.041s597 0.847 —0.005 1471579 0.231 0.015  7.9815373 0.007 —0.024 1.30153;
PC 1.3015616 0.259 —0.017 0.3811048 0.539 0.007 1.7211037 0.193 0.008  0.0617242 0.814 —0.001 0.0116s.

aGLMMs with normal error distribution. The site was included as random factor in all the models. Terms left in the final model are shown
The variables were log-transformed before analysis. tGSH=total glutathione, GSH:GSSG ratio=ratio of reduced glutathione to gl
disulfide, GPx=glutathione peroxidase, GST=glutathione-S-transferase, CAT=catalase, SOD=superoxide dismutase, TBARS=Ilipid per
estimated as thiobarbituric acid-reactive substances, PC=protein carbonylation, PClpetwis= first principal component of six metals (As, C
Pb and Hg) in feces.
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Table 3. Effect of oxidative stress biomarkers and zone on fledgling number, fledging success, nestling size and
growth rate in great tit

Effect Fledgling number? Fledging success” PClsize (d7)° PClgrowtn®
Fndf,daf p Fndf,daf p Fndf,daf p Fndf,daf p

Zone 8.2 165 0.0056 42165 0.0446 13.0 1935 0.0053 3.86 1,58 0.0542
tGSH 01415  0.7051 0.07 150 0.7952 3.87 1,59 0.0539 6.09158  0.0165
Zone X tGSH 0.1 1,58 0.7525 2.6 1,58 0.1124 0.22 1,57.13 0.6408 4.24 1,58 0.0441
Zone 8.2 165 0.0056 42165  0.0446 13.0 1935 0.0053 0.2 150 0.659
GSH:GSSG 0.28 1,58.95 0.5994 0 1,59 0.9744 1.26 1,56.92 0.266 0.73 1,60 0.3956
Zone X GSH:GSSG ~ 1.52 158 0.2228 137158 0.246 0.09 1,55.47 0.7702 0.72 158 0.4001
Zone 8.2 165 0.0056 42165 0.0446 13.0 1,935 0.0053 0.19 150 0.6643
GPx 2.66 15  0.108 3.27 150 0.0755 0.52 15496  0.4718 344,60  0.0685
Zone x GPx 2.77 1,58 0.1017 2.15 1,58 0.148 0.98 1,52.26 0.3276 0.91 1,58 0.3434
Zone 8.2 165 0.0056 42165 0.0446 13.0 1,935 0.0053 0.1815  0.6696
GST 01715 006808  0.0l:s 0.941 1215878 02782 03l 05771
Zone X GST 0.24 158 0.6267 1655 0.2036 0.08 1,57.87 0.7811 1.71 158 0.1963
Zone 8.2 1,65 0.0056 11415 0.0013 13.0 1,9.35 0.0053 0.34 1,50 0.5617
CAT 1.39 150 0.2431 0.05158 0.828 1.48 156,04 0.2295 4.54 160 0.0372
Zone X CAT 1.14 1,58 0.2904 9.32 1,58 0.0034 1.33 1,54.60 0.253 3.4 1,58 0.0702
Zone 11415  0.0013 42165 0.0446 13.0 1,935 0.0053 01516  0.698
SOD 5.46 1,59 0.0229 24615 0.122 3.05 155.92 0.0865 0.05 150 0.8223
Zone X SOD 0.28 155  0.6006 031158 0.5794 2.93 1549 0.0926 0.79 15  0.3767
Zone 8.2 165 0.0056 42165 0.0446 17.3 19,05 0.0024 0.47 159 0.4972
TBARS 0.2 150 0.6538 0 159 0.9946 9.13 15887 0.0037 5.09 1,60 0.0277
Zone X TBARS 0.01 158 0.9193 0.37 158 0.5449 015781 0.9484 0.25 158 0.6211
Zone 8.2 165 0.0056 42165 0.0446 13.0 1,9.35 0.0053 0.54 158 0.4655
PC 0.58 15651 0.4478 3.06 158 0.0855 154 15520  0.2198 15515  0.2182
Zone x PC 0.83 1,55.70 0.3674 0.01 1,57 0.9174 0.22 1,53.96 0.6441 0.64 1,57 0.4277

Terms left in the final model are shown in bold. Fledging success (probability of a hatchling to fledge), PC1s. (first principal component of wing,
tarsus and head length and body mass at d7), PC1gown (first principal component of wing, mass, tarsus and head growth), tGSH = total Glutathione,
GSH:GSSG ratio = ratio of reduced glutathione to glutathione disulfide, GPx = glutathione peroxidase, GST = glutathione-S-transferase, SOD =
superoxide dismutase, TBARS = lipid peroxidation, estimated as thiobarbituric acid-reactive substances, PC = protein carbonylation.

2GLMMs with Poisson error distribution.

®GLMMs with binomial error distribution.

*LMMs with normal distribution.
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Table S1. Correlation coefficients (r) and their p-values for antioxidants, oxidative damage biomarkers, Ca and biochemistry in plasma, hematocrit, metals in feces, nestling size and growth, number of fledglings a
consumption during laying period

COGSSC Gpw GST® CAT® SOD* TBARS® PC*  4IY  VitD3 ViLE¥ HCT®  CaP' UAP* ALPP* CKP* PClmas® PClyoun® PCli’
N 62 62 62 62 62 62 61 61 6l 61 62 62 62 62 62 29 62 62

{GSHE" ~0.048 0.115 0612 0285 0368 0714 0067 —0.327 —0.11 —0201 —0.076 011 —0.065 —0.083 —0.044 —0.098 0255  —0.175
0.709 0372 <00001 0025 0003 <0.000 061 00l 0397 01201 0.56 0395 0613 0523 0737 0614 0046 0174

oM G856 0.053 0.042 -0.012 —0.092 —-0.078 0217 0209 0083  —0.006 0.083 0014 0268 —0.099 0124 0055 0078  0.031
0.685 0749 0927 0479 0544 0092 0107 0523 0965  0.52 0915 0035 0443 0338 0672 0547 0813

GPxX® 0236 056 0441 0178  —0222 0107 0003  —0.068 —-0.268  —0.105 —0.309 —-0.257 0237 0582  —-0.301  —0.355
0.065 0225 00003 0.166 0086 0412 0985 0603  0.035 0419 0015 0044 0064 <00001 0018  0.005

GST 019 0484 0489  —0.007 —0.112 —0.085 0296 —0.142 0225 —0.060 0.5 —0.067 0172  —0.004  —0.110
0.357 <0.0001 <0.0001 0959 0391 0515 0021 0270 0079 0641 0217 0607 0372 0978  0.393

CATS 0218 0249  -0085 0015 0044  —0.061 —0003 0226 013 0273 0121 —-0.113 0265  —0.140
0089 0051 0517 0908 0738 0638  0.979 0078 0313 0032 035 056 0037 0277

sop* 0495 008 -0.092 0059  —0208 —0323 0068 -0233 -0245 0067 0073  —0.071  —0.189
<00001 054 048 0649 0108  0.010 06 0068 005 0605 0707 0584  0.141

TBARS® ~0.133 -0313 —0.061 —-0.156 -0250  0.053 —-0.089 0076 —0.143 —0.002 0194  —-0.338
0306 0014 0643 0229  0.050 0684 0494 0557 0269 0989 0132  0.007

pCa 0.162 0315 0095 0271 0.152 0104 0215  —0224 0046 0.6 0204
0218 0014 0471 0035 0244 0426 009 0083 0818 0218  0.115

Significant correlations are shown in bold. 2Pearson’s correlation, ®Spearman’s correlation. *The variables were log-transformed before analysis. N = number of broods.

tGSH=total glutathione (d14), GSH:GSSG ratio=ratio of reduced glutathione to glutathione disulfide (d14), GPx=glutathione peroxidase (d14), GST=glutathione-S-
transferase (d14), CAT=catalase (d14), SOD=superoxide dismutase (d14), TBARS=thiobarbituric acid-reactive substances (d14), PC=protein carbonylation (d14), Vit =
vitamins A, D3 and E in plasma (d9), HCT=hematocrit (d14), Ca P=calcium in plasma (d14), UA P=uric acid in plasma (d14), ALP P=alkaline phosphatase in plasma
(d14), CK P=creatine kinase in plasma (d14), PClmetas = first principal component of six metals (As, Cd, Cu, Ni, Pb and Hg) in feces (d7), PClgowmtn = first principal
component of growth parameters (wing, tarsus, head and body mass growth rate), PC1si,e = first principal component of body size parameters (wing, tarsus, head length and
body mass on d7), FL=number of fledglings, Ca cons. laying=calcium consumption during the laying period.
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Figure 1. Contour plots for tGSH, GSH:GSSG ratio, GPx and GST activity in red cells of great tit
nestlings displaying the interaction between PClnets (first principal component of As, Cd, Cu, Ni, Pb and
Hg in feces) and Ca in plasma (mg/dl). The lighter areas denote lower values of the antioxidants, while
darker areas denote higher values (some contours are labeled with the corresponding values). The GLMM

models are shown in Table 2.
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Figure 2. Relationships between PClmets (first principal component of As, Cd, Cu, Ni, Pb and Hg in
feces), oxidative status and damage, Ca and vitamins in plasma, PClsi,. (first principal component of
wing, tarsus and head length and body mass) and PClgown (first principal component of wing, mass,
tarsus and head growth rate) in great tit nestlings. The directions of the relationships (Pearson and
Spearman’s correlations, Table S1) are shown with positive and negative signs. Solid lines mark
relationships between variables from the present study, whereas dashed lines mark significant
relationships observed in a previous publication from the same experiment (Espin et al., 2016a).
Grayscale shades were intended to describe functional groups for different parameters.
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(a) Pollution effects
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Figure 3. (a) The variation of fledging success (probability of a hatchling to fledge) relative to CAT
activity (Fndgragr = 9.32158, p = 0.0034, n = 62) and nestling growth rate (PClgown, first principal
component of wing, mass, tarsus and head growth) relative to tGSH levels in red cells of great tit
nestlings (Fnaf.daf = 4.24158, p = 0.044, n = 62) according to zone, and (b) The variation of fledging success
relative to CAT activity (Fnarddar = 6.0815168, p = 0.017, n = 62), nestling growth rate relative to CAT
activity (Fnarder = 3.14158, p = 0.082, n = 62), number of fledglings relative to tGSH levels (Fnatadr =
4.96157.99, p = 0.030, n = 62) and nestling growth rate relative to GPx activity (Fngf,daf = 3.80158, p = 0.056,
n = 62) in red cells of great tit nestlings according to treatment. The data points (£95% Cls) are predicted
values from the GLMM models.
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Figure 4. Contour plot for PClgown (first principal component of wing, mass, tarsus and head growth
rate) in great tit nestlings displaying the interaction between GPx activity and Ca in plasma (mg/dl)
(Fnat.aar = 9.281,58, p = 0.0035, n = 62). Contours are labeled with the corresponding values.
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