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Abstract 

Increasing urbanization is responsible for road-related pollutants and causes an unprecedented 

increase in light and noise pollution, with potential detrimental effects for individual animals, 

communities and ecosystems. These stressors rarely act in isolation but studies dissecting the 

effects of these multiple stressors are lacking. Moreover, studies on urban stressors have 

mainly focused on adults, while exposure in early-life may be detrimental but is largely 

ignored.                 To fill this important knowledge gap, we studied if artificial light at night, 

anthropogenic noise and road-related pollution (using distance from roads as a proxy) explain 

variation in oxidative status in great tit nestlings (Parus major) in an urban population. 

Artificial light at night, anthropogenic noise and distance from roads were not associated with 

variation of the nine studied metrics of oxidative status (superoxide dismutase-SOD-, 

glutathione peroxidase-GPX, catalase-CAT-, non-enzymatic total antioxidant capacity-TAC-, 

reduced glutathione-GSH-, oxidized glutathione-GSSG-, ratio GSH/GSSG, protein carbonyls 

and thiobarbituric acid reactive substances-TBARS).  Interestingly, for all oxidative status 

metrics, we found that there was more variation in oxidative status among individuals of the 

same nest compared to between different nests. We also showed an increase in protein 

carbonyls and a decrease of the ratio GSH/GSSG as the day advanced, and an increase of 

GPX when weather conditions deteriorated. Our study suggests that anthropogenic noise, 

artificial light at night and traffic-related pollution are not the most important sources of 

variation in oxidative status in great tit nestlings. It also highlights the importance of 

considering bleeding time and weather conditions in studies with free-living animals. 

 

Keywords 

Distance from road, great tit, light pollution, nestlings, noise pollution, oxidative stress.   
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1. Introduction 

Our world is urbanizing rapidly, with more than half of the global population already living in 

cities, and this proportion is still growing (UN-Habitat, 2012). The creation and growth of 

cities and towns impact heavily on ecological processes and have been identified as major 

threats to global biodiversity (McDonald et al., 2008; McDonnell & Hahs, 2015). 

Urbanization is responsible for modification, fragmentation and loss of habitat, with a 

consequent decline of many animal species (Seto et al., 2012; McDonnell & Hahs, 2015), and 

furthermore for chemical pollution (Grimm et al., 2008). Recently, there has been a growing 

interest in two major threats that are closely linked to urbanization, artificial light at night 

(ALAN), also known as light pollution (Hӧlker et al., 2010), and noise pollution (Barber et al., 

2010). Light pollution is mainly caused by street lights and noise pollution is mainly caused 

by traffic noise (Seress & Liker, 2015).  

Recent research has shown that road-related pollutants such as air pollution and both 

light and noise pollution may influence a large variety of physiological and behavioural 

aspects (Pauley, 2004; Isaksson et al., 2005; Blask, 2009; Isaksson, 2015; Swaddle et al., 

2015). Chemical pollution has been suggested to affect physiology in wild animals (reviewed 

in Isaksson, 2015). For example, oxidative status appeared to be affected in urban wild great 

tits, Parus major (Isaksson et al., 2005; but see also Isaksson et al., 2009). ALAN may have 

direct effects on animal physiology, e.g. it suppresses melatonin (Bedrosian et al., 2016) and 

increases stress hormones (corticosterone) in songbirds (e.g. Russ et al., 2015, Ouyang et al., 

2016). Indirect effects on physiology may also occur through altered animal behaviour, e.g. 

ALAN affects daily rhythms (e.g. Dominoni et al., 2014), disrupts sleep (e.g. Raap et al., 

2015), affects foraging (e.g. Russ et al., 2015) and nestling provisioning in songbirds (Stracey 

et al., 2014). Likewise, noise pollution may have direct effects on bird physiology as it 

increased stress hormones (Crino et al., 2013) and decreased telomere length (Meillère et al., 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

4 
 

2015). Noise may also indirectly affect animal physiology, e.g. through impairment of parent-

offspring communication which is likely to affect offspring health (Lucass et al., 2016).  

An important aspect of the physiological system that might be affected by urbanisation 

through road-related pollutants, such as chemical, light and noise pollution, is the oxidative 

balance (Isaksson, 2015). Recent work has shown that oxidative stress may be a mediator of 

some life-history trade-offs (Costantini, 2014). This is because increased molecular damage 

and depletion of antioxidants may influence growth, reproductive strategies and survival. In 

the urban environment, stressors such as light, noise and chemical pollution may influence the 

oxidative balance through their effect on hormones like melatonin and corticosterone 

(Isaksson, 2015). In fact previous studies have shown that melatonin, which is also an 

antioxidant, and corticosterone, which has pro-oxidant effects, can affect the oxidative status 

(Yadav & Haldar, 2014; Costantini et al., 2011) together with chemical pollutants (Isaksson, 

2010). Furthermore, in an urban environment, stressors rarely act in isolation. Studies that 

dissect the effects of these multiple stressors (e.g. light and noise pollution) are lacking and 

therefore they are urgently needed to comprehend the impact of urbanization on wild animals 

and for effective management of protected areas (Barber et al., 2010; Isaksson, 2015; Swaddle 

et al., 2015).  

To fill this important knowledge gap, we examined if road-related pollutants can 

explain variation in oxidative status in an urban population of the great tit, an important model 

species. Because conditions experienced during early-life may produce effects that can persist 

throughout life, we used developing nestlings (Lindstrom, 1999; Metcalfe & Monaghan, 

2001; Fonken & Nelson, 2016). We tested whether the variation in oxidative status was better 

explained by distance of the nest box from the road/highway (which is used as a proxy that 

integrates information on environmental stress at different levels), noise or light pollution in 

isolation or by a combination of noise and light pollution. Given the complexity of the 
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oxidative balance (Dotan et al., 2004; Cohen & McGraw, 2009; Costantini et al., 2013), we 

examined multiple metrics of antioxidant protection and oxidative damage.  

 

2. Material and methods 

2.1 Study area 

The study was carried out in the surroundings of Wilrijk (Antwerp), Belgium (51°9’44’’N, 

4°24’15’’E) in a free-living urban population of great tits breeding in nest boxes. Great tits are 

cavity breeders that readily accept nest boxes for breeding in spring and roosting during 

winter. Nest boxes are made out of plywood (120 mm wide× 155 mm deep × 250 mm high) 

with a metal ceiling and an opening of 30 mm ø. They were installed in an urbanized area in 

patches of deciduous woodlands crossed by small roads illuminated during the night by street 

lights and close to a highway which represents the main source of background noise 

(Lefebvre et al., 2011). Therefore, nest boxes are exposed to different levels of artificial light 

and noise depending on their location (in proximity of roads or far away). Since their 

installation in 1997, the nest boxes have been monitored all year round (see e.g. Rivera-

Gutierrez et al., 2010; 2012; Van Duyse et al., 2005; Vermeulen et al., 2016). To allow 

individual identification, all individuals are metal-ringed as nestlings or when first caught.  

 

2.2 Data sampling 

During the breeding season of 2015, the nest boxes were regularly checked as part of our 

long-term study to obtain information about the start of nest-building, egg-laying, clutch size, 

hatching date and fledging success. All nestlings were ringed with a numbered metal ring 

when they were between 10 and 13 days old (hatch day = 1). On day 15 post-hatch, between 

7:45 and 15:45 (between 4th of May and 29th of June), a blood sample (≤ 150 µl) was taken 

from the brachial vein of the nestlings with a Microvette CB 300 lithium-heparin tube 
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(Sarstedt, Numbrecht, Germany). The time of blood collection of each nest was recorded. 

Directly after blood collection, the body mass of the nestlings (± 0.1 g) was measured using a 

digital balance (Kern TCB 200-1). The blood samples were kept cool and centrifuged (10,000 

rpm for 5 minutes; within an average of two hours after sampling) to separate plasma from 

red blood cells. After centrifugation, the resulting plasma and red blood cells of each sample 

were divided into different tubes to avoid repeated thawing and freezing of the same aliquots 

and then stored at -80°C. In total, a sample of blood from 561 nestlings (85 nests) was 

collected. Due to blood volume limitations, sample sizes vary between oxidative status 

metrics (N = 543-561). 

  

2.3 Light and noise measurements 

Ambient light intensity and noise were measured at each nest box after sunset (May 26-28 

2015, between 22:00 and 01:00). Additional noise measurements were taken during the day 

between 09:30 and 12:30 (June 3-5 2015). Maximum light intensity (lux) was measured with 

an ILM 1335 light meter (ISO-TECH, Northamptonshire, UK) by placing the photo detector 

vertically at the nest box opening. Noise amplitude (dB SPL re 20 μPa) was measured with a 

DVM 401 environmental meter (Velleman Inc., Fort Worth, TX, USA) by placing the 

microphone at the level of the nest box opening and registering the highest value of 

background noise amplitude. Both light intensity and noise amplitude were measured at the 

nest box opening in order to minimize disturbing the nestlings and/or parents. These 

measurements were considered as a proxy of the levels of light and noise pollution the 

nestlings were exposed to inside the nest box. The reliability of our noise measurements was 

confirmed by the high correlation of noise measurements over years (see 2.8 Statistical 

analyses). 
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2.4. Distance to the road and the highway 

We determined the distance between each nest box and the road and highway in metres using 

Google Earth. For 13 nest boxes the closest road was the highway and the same value is used 

for distance to either. 

 

2.5 Collection of data on weather condition 

Weather may affect oxidative status, especially low temperatures (Costantini, 2014). 

Therefore, when the nestlings were sampled, we collected data on weather conditions (rain in 

mm, average wind speed in km/h and temperature in °C) from a local meteorological station 

for the area of the city of Antwerp.  

 

2.6 Sex determination 

DNA was extracted from 1 µl of red blood cells (RBC) using Chelex 100 resin (Bio-Rad 

Laboratories; Walsh et al. 1991). CHD-W and CHD-Z genes were amplified from sex 

chromosomes using polymerase chain reaction with primers P2 and P8 (Griffiths et al., 1998). 

PCR products were separated by electrophoresis on agarose gel stained with ethidium 

bromide and visualized by UV transillumination. Birds were sexed according to the presence 

of a single Z-band for males and Z- and W-bands for females. 

 

2.7 Oxidative status analyses 

We analysed in detail different aspects of oxidative status because, given its complexity, it is 

very difficult to have a good understanding from only one or two measures (Cohen & 

McGraw, 2009; Costantini et al., 2013; Dotan et al., 2004). We assessed both markers of 
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oxidative protection and oxidative damage because either low or high antioxidant levels do 

not necessarily indicate damage is or is not occurring (Costantini & Verhulst, 2009).  

Specifically, in RBCs we measured: 1) activity of enzymatic antioxidants, superoxide 

dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX), 2) non-enzymatic total 

antioxidant capacity (TAC) and 3) molecular antioxidants (reduced glutathione-GSH, 

oxidized glutathione-GSSG- and the ratio between reduced glutathione and oxidized 

glutathione-GSH/GSSG). Finally, two markers of oxidative damage were also measured: 

protein carbonyls (in RBC) and thiobarbituric acid reactive substances (TBARS; in plasma). 

Activity of GPX, CAT and SOD was determined from 5 µl of RBC homogenized in 

250 µl of extracting buffer (pH 7.4; 1.15% KCl and 0.02 M EDTA in 0.01 M PBS) using a 

MagNALyser (Roche, Vilvoorde, Belgium). All activity measurements were made using a 

micro-plate reader (Synergy Mx, Biotek Instruments Inc., Vermont, USA). GPX activity was 

assessed by measuring the decrease in NADPH absorbance measured at 340 nm and 

calculated from the 6.22 mM
−1

 cm
−1

 extinction coefficient (Drotar et al., 1985). CAT activity 

was estimated by monitoring the rate of decomposition of H2O2 at 240 nm according to the 

procedure of Aebi (1984). SOD activity was determined by measuring the inhibition of 

nitroblue tetrazolium (NBT) reduction at 560 nm according to the protocol in Dhindsa et al. 

(1981). SOD activity was quantified by using a standard curve using known units of purified 

SOD enzyme under identical conditions against the % of NBT reduction. TAC was assessed 

using a ferric ion reducing antioxidant power (FRAP) assay following Benzie & Strain 

(1996). 10 µl of the RBC (homogenized in the extracting buffer) were mixed with 100 µl of 

FRAP reagent (pH 3.6; 0.3 M acetate buffer, 0.01 mM TPTZ in 0.04 mM HCl and 0.02 M 

FeCl3.6H2O) and the absorption was measured at 600 nm after 30 min. In the assay 6-

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was used as the standard.  
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GSH and GSSG were measured in RBC using reversed-phase high-performance liquid 

chromatography (HPLC) with electrochemical detection (Shimadzu, Hai Zhonglu, Shanghai), 

following the protocol of Sinha et al. (2014). The concentrations of GSH and GSSG was 

expressed as micromole per gram fresh weight of RBC. GSH/GSSG ratio was calculated as an 

index of redox state with higher values indicating lower oxidative stress (Jones, 2006). 

The concentration of TBARS in plasma was estimated as a measure of lipid 

peroxidation according to the protocol in El-Shafey & AbdElgawad (2012). Five µl of plasma 

was mixed with 0.5% (w/v) thiobarbituric acid (TBA) in 20% trichloroacetic acid (TCA). The 

samples were incubated at 90°C for 45 minutes, then centrifuged at 10.000 g after letting 

them cool. Absorbance was measured at 532, 600 and 450 nm and amount of 

malondialdehyde (MDA) equivalents was calculated using the following formula: 6.45 × 

(A532 – A600) – 0.56 × A450 and expressed as nmol MDA equivalents g 
-1 

plasma. Protein 

carbonyls were also measured in RBC as measure of oxidative damage to proteins following 

the protocol in Levine et al. (1990). RBC were diluted with extracting buffer in order to have 

a concentration of 2 mg proteins ml
−1

, as measured using the Bradford protein assay 

(Bradford, 1976). The concentration of protein carbonyls was expressed as nanomoles per 

milligram proteins.  

 

2.8 Statistical analyses 

We analysed all data using R (R Core Team 2015). When doing correlation analyses we either 

used Spearman Rank or Pearson correlation depending on the distribution of the data (Zuur et 

al., 2009). In our statistical analyses we used average values of the noise measured (in 2015) 

during the day and the night because they were highly correlated (Pearsons r = 0.63, P < 

0.001). Using the average may thus give an indication of the level of noise exposure to which 

the nestlings are exposed to on a 24 hour basis. Noise levels during the night are highly 
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correlated between the previous years (2012, 2013, 2014, 2015; Pearsons r ≥ 0.52, P < 0.001). 

Furthermore it was shown that noise levels are similar during the day and between working 

days and weekends (Departement L.N.E., 2016). Data on rain, average wind speed and 

temperature were used in a Principal Component Analysis (PCA) to obtain an overall variable 

for weather conditions. We used the First Principal Component Analysis (PC1) in the 

subsequent analyses as a variable that summarizes the weather conditions. PC1 explains 

54.5% of the variance for temperature, rain and wind. The loadings are -0.538 for 

temperature, 0.596 for rain and 0.595 for wind. When the variable increases, this indicates a 

deterioration of the weather conditions: colder, windier and rainier.  

To avoid possible pseudoreplicaton, we examined whether our data exhibited spatial 

autocorrelation (Zuur et al., 2009) but this was not detected. Following Anderson & Burnham 

(2002), we then used an information-theoretic approach to model selection in order to 

evaluate which factors had an influence on nestling oxidative status. 

In order to examine which anthropogenic variable (light and noise, distance to nearest 

road or distance to highway) best explained variation in oxidative status, three different “full 

models” were constructed of each oxidative status metric (Table S1; lme4 package, Bates et 

al., 2014). Three separate full models (A, B and C; see below) were used because of the risk 

of over fitting the model and because of significant correlations between anthropogenic 

variables (Table 1) and possible problems with a high degree of collinearity (e.g. the 

interaction light and distance to the highway: VIF (Variance Inflation Factor)=49.68). Models 

always included “nest” as random factor because of pseudo replication of sampling nestlings 

from the same nest. Following the recommendations in Anderson & Burnham (2002), we 

reduced the number of possible models. We did this by using minimal models that always 

included the fixed factors sex, laying date, brood size and body mass. These variables have 

been shown to contribute to explain variation in the oxidative balance in birds (Cohen et al., 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

11 
 

2009; Costantini et al., 2010; De Coster et al., 2012; Giordano et al., 2015; Norte et al., 2009; 

Tschirren et al., 2003). Furthermore, to all ‘minimal’ models we also added the fixed factors 

bleeding time and weather condition to evaluate if also these factors could explain variation in 

nestling oxidative status.  

Full model A included light and noise and the three way interaction with sex and all 

two-way interactions; for full model B we included distance from nearest road and its 

interaction with sex; for full model C we included distance from highway and its interaction 

with sex (see Table S1). We compared all models, meaning all possible models from the full 

model down to the “minimal” model, per oxidative status metric using a model selection 

approach based on Akaike’s information criterion (AICc was used, Anderson & Burnham, 

2002; MuMIn package Barton, 2016). Only models within Δ AICc < 4 from the top ranked 

model were considered (cf. Halfwerk et al., 2011). In order to meet model assumptions all OS 

metrics except TBARS were square root transformed, TBARS itself was log transformed. 

Using “nest” as a random factor allowed us to asses within and among nest variation in 

oxidative status metrics. Following Xu (2003) we quantified the variation explained by the 

entire mixed model (R
2
).  

 

2.9 Ethical note  

The nestling manipulations (blood sampling, weighing) were approved by the ethical 

committee for animal testing (ECD) of the University of Antwerp (ID number 2014-88) and 

they were performed in accordance with Belgian and Flemish law. The Belgian Royal 

Institute for Natural Sciences (Koninklijk Belgisch Instituut voor Natuurwetenschappen) 

provided ringing licenses for authors and technical personnel. 
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3. Results 

3.1 Artificial light, anthropogenic noise and distance from road 

Nest boxes in our study population were exposed to artificial light at night with a light 

intensity ranging between 0.01 and 6.4 lux. Noise amplitude ranged from 44.5 to 86.5 dB 

during the day and from 33 to 76.5 dB during the night. Distance of nest boxes from the 

nearest road ranged from 2 to 294 m and distance of the nest box from the highway from 5 to 

1687 m.  

Several of the anthropogenic factors (light, noise and distance from road/highway) 

were correlated with each other (Table 1). Light and noise levels were, however, not 

correlated in our urban population and therefore used as two independent factors in our 

statistical analyses. Noise amplitudes were significantly negatively correlated with both 

distance from the highway and from the nearest road, while light levels were not correlated 

with both variables. Distance from the highway and from the road were weakly positively 

correlated, given that for 13 nests they coincide. 

 

3.2 Artificial light, anthropogenic noise, distance from road and markers of oxidative status 

Overall, none of the anthropogenic factors (artificial light at night, noise and distance from 

road/highway) explained variation in any of the oxidative status markers (descriptive statistics 

are shown in Table 2): none of the models with these factors received any support in the 

models selection procedure (Table 3). Only for CAT, the model including light received 

support, but very weakly (Δ AICc = 3.2). In fact, overall, the best supported model to explain 

variation in CAT was the “minimal model” which is the model including only sex, laying 

date, brood size and body mass (Δ AICc = 0).  
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3.3 Within and among nest variation in oxidative status 

For all oxidative status metrics the within nest variation was larger than the between nest 

variation (Table 3). For all OS metrics (except GPX), the proportion of variation explained by 

between nest variation ranged between 0.16 and 0.37, while the proportion of variation 

explained by within nest variation was between 0.63 and 0.84. For GPX, the proportion of 

variation explained by within and between nest variation was rather similar.  

 

3.4 Bleeding time, weather conditions and oxidative status metrics 

The best-supported model for the ratio GSH/GSSG and for protein carbonyls included the 

variable “bleeding time”. Protein carbonyls increased and the ratio GSH/GSSG decreased as 

the day progressed (Figure 1). Weather conditions explained variation of GPX, as the model 

including weather conditions received substantial support with a Δ AICc of 0.9 (Table 3). 

When the weather conditions deteriorated nestlings’ levels of GPX activity increased (Figure 

2). Therefore nestlings showed higher levels of GPX when it was colder, windier and rainier. 

 

4. Discussion 

4.1 Artificial light, anthropogenic noise and distance to road  

We investigated whether the variation in oxidative status in an urban population of great tit 

nestlings was better explained by distance of the nest box from the road and from the highway 

(which is used as a proxy that integrates information on environmental stress at different 

levels), noise or light pollution alone or by a combination of noise and light pollution. While 

light and noise pollution often coincide (Swaddle et al., 2015), in our study area light at night 

and noise were not correlated. Neither noise, light pollution nor a combination of both 

explained variation in oxidative status. Nestling oxidative status was also unrelated to distance 

from the road/highway.  
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4.2 Light pollution and oxidative status 

Artificial light at night did not explain variation in any of the markers of oxidative status 

measured. The model selection procedure showed that there was weak support for a model 

that included light as a factor to explain variation in CAT. This result was however not 

convincing enough to infer that light acted as a stressor which affected the oxidative status of 

the offspring. 

In our study area, light intensity at the nest box opening ranged between 0.01 and 6.4 

lux. Although this intensity was used as a proxy of light pollution and nestlings in the nest 

box may have been exposed to lower levels of light intensity, it has repeatedly been shown 

that very low light intensities can already significantly affect bird physiology and behaviour 

(Dominoni et al., 2013; de Jong et al., 2016). Urban-like night illumination (0.3 lux) advanced 

the timing of reproductive physiology in blackbirds, Turdus merula (Dominoni et al., 2013) 

and a light intensity as low as 0.05 lux was found to advance the onset of daily activity and 

increase nocturnal activity in great tits (de Jong et al., 2016). Therefore, we had expected that 

the oxidative status of the nestlings would have been affected in our urban population. 

Previous experiments in the field showed that one night of light exposure (1.6 lux) affected 

nightly activity/sleep of nestling great tits (Raap et al., 2016a) which may increase metabolic 

demand leading to oxidative stress (Noguera et al., 2010; Boncoraglio et al., 2012; Costantini, 

2014). Also, two nights of experimental light exposure (3 lux) in the nest box caused an 

increase in haptoglobin and decrease in nitric oxide (Raap et al., 2016b), which are two 

important indicators of immunity and health state (Sild & Horak, 2009; Matson et al., 2012), 

and reduced body mass gain of nestlings (Raap et al., 2016c), which is a good proxy for 

condition (Both et al., 1999; Maness & Anderson, 2013). Although the same light treatment 

(two nights, 3 lux) did not affect the oxidative status of the nestlings (Raap et al., 2016c), 
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nestlings in the present study were exposed to light at night during the entire development and 

this might have affected their oxidative status. It would have been also in accordance with 

laboratory studies which showed that long term exposure to ALAN can affect the oxidative 

status of an organism (Baydas et al., 2001; Cruz et al., 2003; Hardeland et al., 2003; 

Ashkenazi & Haim, 2013). Moreover, nestling oxidative status might have been affected 

through indirect effects such as altered adult behaviour (e.g. nestling provisioning; Stracey et 

al., 2014). However, our study suggests that wild organisms do not suffer from the same 

health consequences of ALAN than laboratory organisms.  Furthermore, effects on oxidative 

stress may differ between nestlings and adults as for example adult great tits exposed to air 

pollution showed increased oxidative stress but nestlings did not (Isaksson et al., 2005).   

 

4.3 Noise pollution and oxidative status 

Nestlings from noisier environments did not show higher levels of oxidative stress than 

nestlings exposed to lower noise amplitudes. The level of ambient noise exposure ranged 

between 39.5 to 78.5 dB in our population. Previous studies showed that noise levels of ≥ 63 

dB may already reduce telomere length in nestlings of the house sparrow, Passer domesticus 

(Meillère et al., 2015). Also, laboratory studies have shown that exposure to anthropogenic 

noise may affect the oxidative status (e.g. Demirel et al., 2009; Cheng et al., 2011). 

Surprisingly, we found no association between noise pollution and any of the oxidative status 

metrics. Meillère et al. (2015) also found no effect of noise pollution on nestling body size, 

body condition or baseline corticosterone in nestling house sparrows. In song sparrows 

(Melospiza melodia) noise also appeared not to affect stress physiology or condition (Grunst 

et al., 2014). Furthermore, although a long term population study showed a negative 

correlation between great tit reproduction and noise (Halfwerk et al., 2011), an experimental 
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study found no effect of noise on great tit reproduction (clutch size, chick growth, fledging 

mass and number of fledglings; Halfwerk et al., 2016).  

 

4.4 Distance from the road /highway and oxidative status 

Nest box distance from the closest road or from the highway did not contribute to explain the 

variation in oxidative status in our population. Distance from the road is a complex variable 

including habitat fragmentation, sensory disturbance (light and noise pollution) and chemical 

pollution (McClure et al, 2013; Fahrig & Rytwinski, 2009). Oxidative stress measured in great 

tit lungs and livers appeared not to be affected by urbanisation (Isaksson et al., 2009). 

However, while urban adult great tits had increased oxidative stress (GSH/GSSG ratio) 

nestlings did not (Isaksson et al., 2005). Our results are in line with these findings.  Isaksson 

et al. (2005) offered the possible explanation that adults may be exposed to more/other 

stressors (e.g. predation, poor nutrition from previous winter) compared to nestlings that are 

in a relatively safe and warm environment inside the nest box.  

 

4.5 Within and among nest variation in oxidative status  

To our knowledge, our study is the first to show that there is a high heterogeneity in all 

measured oxidative status parameters within nests both in antioxidant protection and oxidative 

damage. We found that there was more variation in oxidative status parameters between 

individuals of the same nest compared to between different nests. This was true for all metrics 

of oxidative status, apart from GPX in which the proportion of variation explained between 

and within nests was rather similar. Likewise, Vermeulen et al. (2015) found that there was a 

higher heterogeneity within nests than among nests for several aspects of the innate immune 

function (haptoglobin, nitric oxide, circulating natural antibodies and the complement system) 

and for metal pollutants (arsenic, lead and cadmium). The high heterogeneity found in our 
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study indicates that an individual-based approach is required to investigate oxidative status in 

wild populations. 

 

4.6 Bleeding time, weather conditions and oxidative status 

Both bleeding time and weather conditions appeared to be important variables to take into 

account when studying oxidative status in wild nestlings. Later during the day there was an 

increase in oxidative damage. Protein carbonyls (oxidative protein damage) increased and the 

ratio GSH/GSSG (index of redox state with lower values indicating higher oxidative stress; 

Jones, 2006) decreased. Our results are in line with laboratory studies and confirm 

rhythmicity of oxidative status markers in free-living animals. Diurnal time rhythms of 

oxidative damage compounds such as protein carbonyls (Coto-Montes et al., 2001; Burkhardt 

et al., 1999; Coto-Montes & Hardeland, 1997) and of antioxidant protection as glutathione 

activity (Beaver et al., 2012; Hardeland et al., 2003) have already been shown in other taxa in 

laboratory studies. It is still unclear if the rhythms of antioxidants and oxidation production 

depend on differential expression of genes, on daily fluctuations in secretion of stress 

hormones or melatonin, on daily fluctuation of mitochondrial activity, on variation in food 

intake and/ or on a response to environmental stimuli (Costantini, 2014). Future studies may 

clarify the mechanism behind daily rhythms in oxidative status metrics. 

We also found that weather conditions (summarized in a vector explaining 

temperature, wind and rain) could explain variation in one of the markers of antioxidant 

protection. GPX increased when the weather conditions deteriorated (i.e. when it was colder, 

windier and rainier). GPX is an antioxidant enzyme which could have been up-regulated to 

counterbalance the production of oxidative damage compounds (Rodriguez et al., 2004). Bad 

weather conditions, such as lower temperatures, could have acted as an environmental stressor 

and the up-regulation of GPX might explain why we did not show higher levels of oxidative 
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damage. Cold stress can affect the oxidative balance through multiple mechanisms 

(Costantini, 2014). For example, metabolic rate may be increased to maintain a constant body 

temperature which in its turn causes an up-regulation of the antioxidants and/or increase of 

oxidative damage compounds. Cold stress can also decrease the mitochondrial membrane 

fluidity which may lead to an increase in reactive species production. In our study the variable 

“weather condition” was composed out of several weather related variables: temperature, 

wind speed and rain. When it was colder there was also more precipitation and higher wind 

speeds. However, variation in oxidative status is most likely explained by temperature 

variation because the nestlings were sheltered from wind and rain inside their nest box. 

 

4.7 Conclusions 

Our study suggests that anthropogenic noise, artificial light at night and traffic-related 

pollution are not the most important sources of variation in oxidative status in great tit 

nestlings in the urban population under study. The high heterogeneity in oxidative status 

found within nests may have masked possible effects of pollution on the oxidative balance of 

the nestlings.      

Our study highlights the importance of considering the timing of bleeding as well as the 

weather conditions at the time of sampling when using free-living animals. Finally, given the 

correlative nature of our study, it would be important to use an experimental approach to 

confirm our findings. 
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Tables and figures 

Table 1 Correlation matrix for the four investigated anthropogenic factors potentially affecting 

oxidative status (road distance, highway distance, light and noise). Values presented are obtained by 

Spearman Rank Correlations adjusted for multiple testing (Holm correction). Values indicated in bold 

are significant correlations (N of nests = 85, P < 0.05).  

  Highway Distance Light Noise 

Road distance 0.30 -0.13 -0.44 

Highway Distance 
 

-0.13 -0.57 

Light 
  

0.20 

 

Table 2 Descriptive values of the non-transformed oxidative status metrics (OS metrics) with sample 

size (N), Mean and standard deviation (SD). 

OS metrics N Mean SD 

GSH (μmol/g of fresh weight of red blood cells) 543 1.620 0.746 

GSSG (μmol/g of fresh weight of red blood cells) 543 0.930 0.826 
GSH/GSSG (μmol/g of fresh weight of red blood 
cells) 543 3.709 4.465 

GPX (μmol NADPH/mg protein per minute) 556 0.009 0.006 

CAT (μmol H2O2/mg protein per minute) 556 0.329 0.258 

SOD (units/mg protein per minute) 557 0.463 0.214 

TAC (µM trolox/g red blood cells) 556 0.096 0.049 

Protein carbonyls (nmol/mg protein) 552 3.715 2.225 

TBARS (nmol MDA equivalents/g of plasma) 561 61.280 17.177 
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Table 3 Models that explained variation in oxidative status metrics after model selection procedure. 

Model selection was based on an information-theoretic approach following Anderson & Burnham 

(2002), see 2.8 Statistical analyses. Full models included the anthropogenic factors: light, noise, 

distance to road/ highway as well as bleeding time and weather (see Table S1). All models included 

the random factor “nest”. The “minimal” model always includes the factors body mass, sex, laying 

date and brood size. For each oxidative status metric and model, the “Between” and “Within” nest 

variation is shown as a proportion of the total variation. Results are based on nestlings (N) from 85 

nests. Only models with Δ AICc < 4 are shown for each oxidative status metric.  

OS metric Model AICc ∆AICc Weight R2 Between Within 

GSH (N=543) minimal 106.0 0.0 1 0.44 0.33 0.67 

GSSG (N=543) minimal 448.8 0.0 1 0.44 0.36 0.64 

GSH/GSSG (N=543) minimal + bleeding time 1386.3 0.0 0.79 0.32 0.18 0.82 

 

minimal 1388.9 2.6 0.21 0.33 0.24 0.76 

GPX (N=556) minimal -2381.9 0.0 0.62 0.54 0.47 0.53 

 

minimal +weather condition -2381.0 0.9 0.38 0.54 0.43 0.57 

CAT (N=556) minimal -203.9 0.0 0.83 0.29 0.22 0.78 

 

minimal + light -200.7 3.2 0.17 0.29 0.21 0.79 

SOD (N=557) minimal -454.8 0.0 1 0.27 0.20 0.80 

TAC (N=556) minimal -1273.7 0.0 1 0.22 0.16 0.84 

Protein Carbonyls (N=552) minimal + bleeding time 888.8 0.0 1 0.45 0.37 0.63 

TBARS (N=561) minimal  44.5  0.0  1 0.36 0.28 0.72 
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Figure 1 As the day progresses the ratio GSH/ GSSG decreases (top panel) and protein carbonyls 

increase (lower panel), both indicating higher oxidative damage. Averaged raw data per nest are given 

together with the estimated effect of bleeding time and the 95% confidence interval from the mixed 

models (see Table 2). Both estimates indicate higher damage later during the day. Note that both 

metrics have been square root transformed. 
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Figure 2 GPX activity increases with harsher weather conditions. Averaged raw data per nest are 

given together with the estimated effect of weather condition (summarized in a vector explaining 

temperature, wind and rain) and the 95% confidence interval from the mixed model (see Table 2). 

Note that all values have been square root transformed. 

 


