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Abstract  22 

Persistent organic pollutants (POPs) are still globally distributed and some of have been shown 23 

to interact with the endocrine system of birds. However, the relationship between POPs and 24 

the stress response mediated by the hypothalamic-pituitary-adrenal (HPA) axis is still poorly 25 

understood. Raising concerns are now focused on the toxic properties of emergent 26 

organophosphate ester flame retardants (OPEs), but whether OPEs interact with the HPA axis 27 

response has not yet been investigated. We measured corticosterone concentrations in 28 

feathers (CORTf) as a long-term biomarker of the bird HPA axis response and we investigated 29 

their relationship with POP and OPE concentrations in down feathers of nestling cinereous 30 

vultures (Aegypius monachus). We also examined whether high contaminant burden and high 31 

CORTf concentrations impacted the duration of chick development. The most predominant 32 

compounds were the following: p,p'-DDE (3.28 ± 0.26 ng g-1 dw) > γ-HCH (0.78 ± 0.09 ng g-1 dw) 33 

> BDE-99 (0.73 ± 0.09 ng g-1 dw) > CB-153 (0.67 ± 0.04 ng g-1 dw). The most persistent POP 34 

compounds (CB-170, -177, -180, -183, -187, -194 and p,p'-DDE) were associated with high 35 

concentrations of CORTf (range: 0.55-6.09 pg mm-1) (P=0.02), while no relationship was found 36 

when OPEs were tested (P>0.05). Later egg-laying was positively associated to high levels of 37 

CORTf (P=0.02) and reduced duration of chick development (P<0.001), suggesting a beneficial 38 

effect of the HPA axis response on the growth of the chicks. In addition, males with high 39 

concentrations of the most persistent POP compounds tend to show a reduced duration of the 40 

nestling period (P=0.05) and an equal fledging success than chicks with lower levels. These 41 

findings suggest that POPs, but not OPEs, may interact with the HPA axis response of chicks, 42 

although levels were not high enough to cause detrimental consequences.  43 

 44 
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1. Introduction 47 

Apex predators such as birds of prey have been extensively used as sentinel species to monitor 48 

anthropogenic pollution (Furness, 1993; Jaspers et al., 2006). Persistent organic pollutants 49 

(POPs) [i.e. polychlorinated biphenyls (PCBs), organochlorine pesticides (OCPs) and 50 

polybrominated diphenyl ethers (PBDEs)] are among the most studied contaminants due to 51 

their global distribution, high persistence in the environment, and their bioaccumulation and 52 

biomagnification properties (Chen and Hale, 2010; Elliott et al., 2009; Espín et al., 2010; 53 

Thomas et al., 2006). Since regulations were applied, concentrations of POPs in different 54 

matrices have decreased (Gómez-Ramírez et al., 2014; Miller et al., 2015). However, progress 55 

on POPs remediation are still insufficient in Europe (e.g. PCBs; Law and Jepson, 2017) and high 56 

POP levels can still be found in top predators, such as in marine mammals (Jepson et al., 2016) 57 

and birds of prey in particular (Elliott et al., 2015; Espín et al., 2016). Recent studies on birds of 58 

prey have reported the potential of several POPs to impair bird physiology, behavior, and 59 

reproduction (Bustnes et al., 2015; Goutte et al., 2014; Fernie et al., 2015; Verreault et al., 60 

2008; see also the review of Letcher et al., 2010). Moreover, while concerns about exposure to 61 

POPs continue, a more recent conservation issue has arisen regarding contamination by the 62 

emergent organophosphate ester flame retardants (OPEs). These compounds are currently 63 

and extensively used in the industry as fire retardants (American Chemistry Council, 2014), 64 

being constantly released into the environment by volatilization, leaching or abrasion 65 

(Marklund et al., 2005). Increasing levels of OPEs have been detected in indoor and outdoor 66 

environments (Andresen et al., 2004; Marklund et al., 2003; Van den Eede et al., 2011) and 67 

have been highly measured in biological matrices, including bird eggs (Barón et al., 2014; 68 

Greaves and Letcher, 2014; Sundkvist et al., 2010) and feathers (Eulaers et al., 2014a; Monclús 69 

et al., 2018a). In addition, in the recent years, it has been shown that some OPEs can 70 

bioaccumulate in biota (Greaves and Letcher, 2014) and exert toxic effects (Chen et al., 2012; 71 

Guigueno and Fernie, 2017; Kim et al., 2011; Sundkvist et al., 2010).  72 
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Several studies have illustrated that specific POPs can interact with the endocrine system of 73 

birds, i.e. the thyroid system (Cesh et al., 2010; Fernie and Marteinson, 2016; Nøst et al., 2012; 74 

Rogstad et al., 2017; Van den Steen et al., 2010) and the sex steroids (Nossen et al., 2016; 75 

Rogstad et al., 2017; Van den Steen et al., 2010; Verboven et al., 2008). Less research has been 76 

done regarding the effects of POPs on the hypothalamic-pituitary-adrenal (HPA) axis and 77 

mixed results have been published [e.g., Tartu et al., 2014, 2015; Monclús et al., 2018b; but 78 

also Love et al., 2003 (summarized in Table A1 in Appendices)]; probably because of the 79 

different matrixes used and the different species and field/lab conditions tested. The HPA axis 80 

is one of the most important regulatory pathways to deal with stressors by releasing 81 

corticosterone (CORT) into bloodstream (Romero, 2004; Sapolsky, 2000). Although short-term 82 

elevations of CORT are imperative for bird homeostasis and survival (Angelier et al., 2007; 83 

Sapolsky et al., 2000; Wingfield, 2003), chronic elevations can negatively impact bird growth, 84 

cognitive ability, immune defense, body condition, reproduction and survival (Angelier et al., 85 

2010; Harms et al., 2010; Koren et al., 2012; Lodjak et al., 2015; Monclús et al., 2017a). Some 86 

POPs, such as PCBs and DDTs , have been observed to be adrenal disruptors affecting the HPA 87 

axis activity, either by interfering with hormone receptors or by modulating the hormone 88 

synthesis, metabolism, transport and degradation (reviewed in Hampl et al., 2016; Maqbool et 89 

al., 2015). POPs may also increase the allostatic load of organisms causing important energetic 90 

challenges (Bustnes et al., 2001; Nordstad et al., 2012). Monitoring the effects of these 91 

contaminants is therefore justifiable. In addition, despite the increasing evidence for OPEs 92 

disrupting the thyroid endocrine system (Farhat et al., 2013; Wang et al., 2013), it remains 93 

unknown whether these compounds affect the HPA axis activity.  94 

Taking into account the above, the present study aimed to assess whether POPs (including 95 

PCBs, OCPs and PBDEs) and OPEs are associated with CORT concentrations measured in 96 

feathers of nestling cinereous vultures (Aegypius monachus). Feathers have become the matrix 97 

of preference when biomonitoring environmental pollution in birds of prey (Espín et al., 2016). 98 
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This nondestructive and minimally-invasive matrix integrates circulating contaminants (Burger, 99 

1993; Jaspers et al., 2007, 2006) and CORT (Aharon-Rotman et al., 2015; Bortolotti et al., 2009; 100 

Jenni-Eiermann et al., 2015) concentrations proportionately to blood levels during the growth 101 

phase of the feathers. Therefore, feathers provide a relevant measure of the retrospective 102 

long-term HPA axis activity and the internal state of contamination during this period of time. 103 

For the first time in the literature, this study explores the relationship between contaminants 104 

and CORT concentrations in down feathers of nestling birds of prey. Due to nestlings are 105 

restricted to the nest, they are less exposed to possible environmental confounding factors 106 

compared to free-roaming adults. In addition, nestling feathers allow to delimit the time of 107 

CORT deposition.  108 

2. Material and Methods 109 

2.1 Study birds and data collection 110 

The cinereous vulture, catalogued as Near Threatened by the IUCN (BirdLife International, 111 

2017), is a scavenger species situated at the top of the food chain, and is mainly feeding on 112 

medium-size carcasses of livestock and wild ungulates (Del Moral and De la Puente, 2017). The 113 

breeding season takes place between February and September in colonies of low density, and 114 

the clutch size is only one egg (Donázar, 1993). The nests are typically built in large trees in 115 

forested mountainous areas (Hiraldo, 1977).  116 

The present study was performed within the framework of a monitoring program of cinereous 117 

vultures implemented during the breeding period of this species established since 1997 in 118 

Sierra Guadarrama Madrid (Spain). Permission to work in the area was granted by national 119 

park authorities (Consejería de Medio Ambiente, Administración Local y Ordenación del 120 

Territorio de la Comunidad de Madrid, Spain). The feeding area covered a circular area with a 121 

radius of about 100 Km, with the vulture colony at the center. Vultures of the studied colony 122 
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feed primarily on native carrion, as no feeding stations can be found in the surrounding area. 123 

Lately, vultures have been observed to also feed on rubbish dumps close to Madrid city and 124 

remains of plastic bags have been frequently found in their nest (personal observations). In 125 

this study, we could not quantify the food acquired from native carrion or rubbish dumps.  126 

Ninety-nine (99) nests were monitored and visited during the breeding season of 2016 (from 127 

15th of February to 15th of September; see Del Moral and De la Puente, 2005) in order to 128 

determine breeding activity (i.e. incubation behavior), egg-laying and breeding output (i.e. 129 

fledging success). Laying and hatching dates were determined from nests observations by 130 

backdating, visiting the nests once a week and determining the average day between the last 131 

day of visit when the bird was up (with no incubation behavior) or when was incubating the 132 

egg and the first day the bird was incubating or when a chick appear at nest, thus achieving an 133 

interval of 3.5 days for both laying and hatching dates (De la Puente, 2006). In addition, 134 

hatching date was confirmed by observational data of the estimated age of chicks at banding 135 

(i.e. by assessing plumage pattern and chick size). From mid-February to early-April egg-laying 136 

was determined and in late-April to early-June hatching date was recorded. Then, nests were 137 

monitored until nestlings fledged to determine fledging success (same method as above). Fifty-138 

seven (57) nests produced nestlings successfully and all of these nestlings were captured and 139 

sampled from late-July to late-August before their anticipated fledging dates (mean age: 57 d, 140 

range: 35-89 d). Laying date was categorized in three groups as it follows: L1 (15th-29th 141 

February); L2 (1st-15th March); and L3 (16th March-4th April). The duration of chick development 142 

(in days) was calculated per each individual from hatching to fledging. Nestlings were carefully 143 

lowered from the nest in duffel bags. Second natal down feathers (referred to here as down 144 

feathers) were gently pulled from the scapular region. Only forty-two (42) individuals 145 

presented enough feather mass to perform the contaminant and hormonal analysis (see 146 

section 2.2 and 2.3 for feather mass requirements). Down feathers grow from 15 to 25 days 147 

post-hatching and replace the first white natal down that covered the nestling since its 148 
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hatching (Bernis, 1966; De la Puente, in press). Therefore, down feathers were completely 149 

grown when sampled. After sampling, feathers were stored in paper envelopes at room 150 

temperature until analysis. Blood was collected for sex determination using the PCR protocol 151 

developed by Griffiths et al. (1998) (n=22 females, n=17 males, n=3 not available). After 152 

sampling, the nestlings were returned to their nest. The nests were monitored in the 153 

subsequent weeks and all the nestlings fledged from the nests without any problems. 154 

Descriptive statistics for biological variables are provided in Table A2.   155 

2.2 Contaminant analysis  156 

From the 42 samples collected, 16 were utilized in a previous study (Monclús et al., 2018a) to 157 

test the suitability of down feathers to analyze POP and OPE compounds. Analytical 158 

procedures for feathers were similar to the methods described previously (Monclús et al., 159 

2018a) and followed those from Eulaers et al. (2014b; see Appendix A1). Analysis was done 160 

using a gas chromatograph coupled with a mass spectrometer (GC/MS; see Appendix A1). 161 

In all feathers, we analyzed 23 PCBs congeners (CB- 28, 49, 52, 74, 95, 99, 101, 105, 110, 118, 162 

138, 149, 153, 156, 170, 171, 177, 180, 183, 187, 194, 206 and 209), 7 PBDEs congeners (BDE- 163 

28, 47, 99, 100, 153, 154 and 183), p,p´-DDT and metabolites (p,p´-DDD, p,p ´-DDE), 164 

hexachlorobenzene (HCB), hexachlorocyclohexanes (HCHs: α-, β- and γ- HCHs) and chlordanes 165 

(cis-nonachlor, trans-nonachlor and oxychlordane). Only 22 individuals could be analyzed for 166 

OPEs due to significant sample loss in the first batch because of a malfunctioning of the oven 167 

overnight. We analyzed tris(2-chloroethyl) phosphate (TCEP), tris(1-chloro-2-propyl) phosphate 168 

(TCiPP), tri-phenyl phosphate (TPhP) and tris(1,3-dichloroiso-propyl) phosphate (TDCiPP).  169 

2.3 Hormone analysis 170 

All individuals (n=42) were assayed for feather CORT (CORTf) levels. For each individual, a 171 

mean number of 25 (ranging from 18 to 36) unwashed down feathers were pooled, measured 172 
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(mm) with a calliper to the nearest 0.1 mm (mean ± SD: 26.5 ± 7.03 mm) and weighted (mg) 173 

with a precision scale to the nearest 0.1 mg (mean ± SD: 41.3 ± 15.4 mg). An optimized 174 

protocol for extracting CORT from feathers was used (Monclús et al., 2017b; see Appendix 2). 175 

Following Bortolotti et al. (2008), all feather CORT values were expressed as a function of 176 

feather length (pg mm-1). However, concentrations for feather mass (pg mg-1) were also 177 

calculated (Lattin et al. 2011). Concentrations of CORTf in mg were strong and significantly 178 

correlated to concentrations of CORTf in mm (Pearson's Correlation: r=0.82, P<0.001). 179 

2.4 Data analysis 180 

Statistical analyses were performed using R software version 3.2.2 (R-project, R Development 181 

Core Team, University of Auckland, New Zealand). Samples with levels below the limit of 182 

quantification (LOQ) were assigned a value of DF x LOQ, with DF the proportion of 183 

measurements with levels above the LOQ (Voorspoels et al., 2002). POP compounds with DF 184 

below 60% of individuals detected ≥ LOQ were omitted for further statistics (CB- 28, 49, 52, 74, 185 

95, 99, 101, 110, 149, 156, 170, 171, 180, 206, 209; BDE- 28, 100, 153, 154, 183; cis-nonachlor, 186 

trans-nonachlor and oxychlordane). In the case of OPEs, the threshold was set at 50% due to 187 

the smaller sample size and two compounds were excluded (TCEP and TDCiPP). Since not all 188 

variables were normally distributed (Shapiro-Wilk tests, P < 0.05), data were log10 189 

transformed to meet parametric assumptions. Significance levels were set at P<0.05 (*), 0.01 190 

(**) and 0.001 (***). A P-value between <0.1 and ≥0.5 was considered a trend (T).  191 

We used linear models to test compound-specifically whether sex influenced contaminant 192 

concentrations. Then, we examined whether contaminants influenced CORTf concentrations. 193 

In order to reduce the dimensionality of the data set and to avoid intercolinearity among 194 

contaminants, principal component analysis (PCA) was used. We extracted two principal 195 

components (PCs) based on the log10 transformed concentrations of contaminants for POPs 196 

(PCs-POPs; n=42) and for POPs and OPEs altogether (PCs-all; n=22). In both cases, compounds 197 
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explaining little variation (loadings < 0.3 in both PC1 and PC2 lists) were eliminated in a 198 

backward stepwise procedure (HCB, β-HCH, γ-HCH and BDE-47 in the case of PCs-POPs and 199 

HCB, α-HCH, γ-HCH, BDE-47 and TCiPP in the case of PCs-all). Fig A1 illustrates the PCs and 200 

Table A3 and A4 provide factor scores for PCs-POPs and PCs-all, respectively. Here, we referred 201 

the PC lists as "PC1-POPs", "PC2-POPs", "PC1-all" and "PC2-all". We then specifically explored 202 

the influence of each list, as well as sex and egg-laying on the CORTf concentrations. Post-hoc 203 

Tukey HSD Test were made a posteriori. Finally, a generalized linear model with Poisson error 204 

distribution was used to test whether PC-POPs lists, PC-all lists, sex, CORTf concentrations and 205 

egg-laying influence the duration of chick development. Because this was the first study 206 

exploring the effects of OPEs on CORTf concentrations, we also explored TCiPP and TPhP on 207 

separate models, in addition to the PC-all lists. However, because results were the same than 208 

the PC-all lists, we do not include this information on this manuscript and we further refer to 209 

the results of PC-all lists.   210 

In all cases, the initial models contained all the main effects and the possible interactions. 211 

Akaike's Information Criterion (AIC) and Akaike weight (Wi) (likelihood that a given model is 212 

the best among all candidate models) were used to rank models in each set (Burnham and 213 

Anderson, 2002). The model with the greatest Wi and lowest AIC value indicated the most 214 

parsimonious model. Models with ΔAIC<2 units from the best-supported were also considered 215 

(Burnham and Anderson, 2002). Tables A5 and A6 reporting the best-supported and null 216 

models are provided in Appendices.  217 

3. Results 218 

3.1 Contaminants concentrations  219 

Out of the 40 targeted POP compounds, 27 could be detected but only ten PCBs (CB- 105, 118, 220 

138, 153, 170, 177, 180, 183, 187, 194), five OCPs (p,p'-DDE, HCB, α-HCH, β-HCH, γ-HCH) and 221 



10 
 

two PBDEs (BDE- 47, 99) were quantified above LOQ in more than 60% of the individuals and 222 

thus were included in further statistics. The most abundant compound was p,p'-DDE (mean ± 223 

SE: 3.28 ± 0.26 ng g-1 dw), followed by γ-HCH (0.78 ± 0.09 ng g-1 dw), BDE-99 (0.73 ± 0.09 ng g-1 224 

dw), CB-153 (0.67 ± 0.04 ng g-1 dw) and CB-180 (0.60 ± 0.06 ng g-1 dw) (Table A7). Regarding 225 

OPEs, the four compounds analyzed (TCEP, TCiPP, TPhP, TDCiPP) could be detected but only 226 

two (TCiPP and TPhP) were quantified above LOQ in more than 50% of the individuals. The 227 

most abundant compound was TPhP (10.27 ± 2.31 ng g-1 dw) followed by TCiPP (9.74 ± 3.46 ng 228 

g-1 dw) (Table A7). Males showed significantly lower concentrations of the sum of HCHs than 229 

females and a similar trend was observed in concentrations of CB-153, CB-177 and γ-HCH 230 

(Table 1). No sex-relation was found for the rest of compounds (all P>0.05).    231 

3.2 Relationships between contaminants and CORTf levels according to egg-laying date 232 

The top set candidate models explaining CORTf variation included sex, egg-laying, PC1-POPs, 233 

PC2-POPs and PC2-all, whereas PC1-all was not included (Table A5). There was a positive and 234 

significant relationship between concentrations of CORTf and PC1-POPs (Table 2; Fig. 1a), 235 

whereas CORTf was not related to PC2-POPs (Table 2; Fig 1b) nor to PC2-all (Table A5). A 236 

positive and significant relationship between CORTf concentrations and egg-laying was found 237 

in all POP models (Table 2), indicating that chicks with later egg-laying date showed higher 238 

concentrations of CORT deposited in feathers grown during the third week of life. When 239 

explored with Tukey post hoc, we found that chicks with latest date of egg-laying showed 240 

higher CORTf concentrations (L3; mean ± SE= 3.76 ± 0.48 pg CORT mm-1 feather) than those 241 

chicks with earlier egg-laying date (L1: mean ± SE= 2.30 ± 0.24 pg CORT mm-1 feather, Tukey 242 

post hoc: P<0.01; L2: mean ± SE= 2.88 ± 0.37 pg CORT mm-1 feather, Tukey post hoc: P=0.05) 243 

(Fig 2a). No significant difference was observed between L1 and L2 groups (Tukey post hoc: 244 

P=0.43) (Fig 2a). Egg-laying date was not significant in the models containing OPE compounds 245 
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(PC1-all, PC2-all; P>0.05), probably because the smaller sample size (n=22) and the smaller 246 

distribution of the variable.     247 

3.3 Influence of contaminants and corticosterone concentrations on the duration of chick 248 

development 249 

The best-supported model explaining the duration of chick development included CORTf 250 

concentrations, sex, egg-laying date and the different contaminants tested (PC1-POPs, PC2-251 

POPs, PC1-all, PC2-all) (Table A6). The duration of chick development was negatively 252 

influenced by the date of egg-laying (Table 3).  When explored with Tukey post hoc, chicks with 253 

the earliest date (L1) showed a longer period of chick development (mean ± SE: 124.3 ± 3.1 254 

days) than chicks with later egg-laying date, either from L2 group (mean ± SE: 113.8 ± 2.4 days; 255 

Tukey post hoc: P=0.04) or from L3 group (mean ± SE: 106.5 ± 4.6 days; Tukey post hoc: 256 

P<0.01) (Fig 2b). No significant difference was observed between L2 and L3 groups (Tukey post 257 

hoc: P=0.14) (Fig 2b). Although this relationship was very significant in the POP models, it was 258 

no significant in the OPEs model (PC1-all and PC2-all) (Table 3), again probably because of the 259 

smaller sample size and the smaller distribution of the variable. Lastly, the significant 260 

interaction "PC1-POPs x sex" indicated that the duration of chick development were shorter in 261 

males with high PC1-POPs concentrations (Table 3). Concentrations of PC2-POPs, PC1-all, PC2-262 

all and CORTf did not influence the duration of chick development (Table 3).  263 

4. Discussion 264 

4.1 Contaminants accumulation in nestling cinereous vultures 265 

Few data on POPs and emerging organic pollutants exist in vultures (Gómara et al., 2004; 266 

Goutner et al., 2011; Hernández et al., 2018; Van Drooge et al., 2008) and are particularly 267 

scarce when monitoring these contaminants in feathers. Only one study has been published 268 

reporting concentrations of PCBs and OCPs in feathers of adult individuals of Asian Indian 269 



12 
 

vultures (Gyps indicus) and white-rumped vultures (Gyps bangalensis) (Abbasi et al., 2016). In 270 

addition, a preliminary study comparing levels between down and juvenile feathers was 271 

recently done for nestling cinereous vultures (Monclús et al., 2018a). In the latter study, down 272 

feathers were reported as a suitable matrix to biomonitor contamination in nestling vultures; 273 

further, down feathers were suggested to reflect concentrations transferred by the mother to 274 

the egg. The nestling cinereous vultures studied here showed concentrations similar to those 275 

previously reported for the 16 nestlings also included in Monclús et al. (2018a), except for 276 

TPhP and TCiPP that were 1.5 to 2 times lower respectively in the current study (Table A6). In 277 

comparison to other literature, our nestling cinereous vultures showed almost 3-fold higher 278 

PCB levels than those reported in Indian vultures and 8-fold higher than those of white-279 

rumped vultures (Abbasi et al., 2016). However, in comparison to adults of other raptor 280 

species (Abbasi et al., 2016; Eulaers et al., 2013; Jaspers et al., 2007) and nestlings of white-281 

tailed eagles (Haliaeetus albicilla) (Eulaers et al., 2014b), the present nestlings showed far 282 

lower PCB levels (~2 to 16 times lower). In general, low PCB levels have been noted in vulture 283 

species in comparison to other raptor species, either in plasma (Gómara et al., 2004; Goutner 284 

et al., 2011) or in internal tissues (Jaspers et al., 2006; Van Drooge et al., 2008). These findings 285 

are probably explained by the opportunistic diet of vultures, that feed on mammals (Hiraldo, 286 

1977), thereby presenting higher capacity to metabolize POP compounds in comparison to 287 

specialist species (Fossi et al., 1995; Walker et al., 1987) or raptors that feed on birds (Van 288 

Drooge et al., 2008). The observed predominance of high-chlorinated PCB congeners (CB-138, -289 

153 and -180) is in concordance with previous studies on vultures (Gómara et al., 2004; 290 

Goutner et al., 2011) and also on other raptor species (Eulaers et al., 2013; Jaspers et al., 291 

2007). However, in the study of Abbasi et al. (2016), the congeners CB-180 and CB-138 were 292 

not detected in feathers of Indian vultures and their concentrations were very low in white-293 

rumped vultures. The different spatial exposure, characteristics of their habitats and migratory 294 

patterns between the Asian vulture species and the studied Spanish vulture probably explain 295 
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the above-mentioned PCB differences. In addition, the different feather types analyzed, with 296 

different growth times, could also bring variations as they are exposed to different conditions 297 

(Abbasi et al., 2016; García-Fernández et al., 2013; Jaspers et al., 2011). Indeed, our earlier 298 

findings (Monclús et al., 2018a) illustrated a clear difference in the contaminant burden 299 

between down and contour feathers in nestlings, with down feathers showing the highest 300 

amount of persistent contaminants.   301 

Of special relevance is the contribution of the p,p'-DDE congener that was detected in almost 302 

all samples and exhibited the highest concentrations among targeted compounds. The 303 

congeners γ-HCH and BDE-99 followed p,p'-DDE in terms of concentrations. Similar findings 304 

were previously reported in vultures (Goutner et al., 2011), denoting the importance of the 305 

foraging activity of these species in agricultural lands and rubbish dumps (Goutner et al., 2011; 306 

Pérez-López et al., 2016). Here, the non-detection of p,p'-DDT indicates a declining use of this 307 

pesticide in Spain following the ban (Orden de 4 de Febrero, 1994). In the present nestling 308 

vultures, levels of p,p'-DDE were similar to those reported in adult Indian vultures from 309 

Pakistan (Abbasi et al., 2016) and nestling white-tailed eagles from Norway (Eulaers et al., 310 

2014b). Levels of BDE-99 were also found similar to those of Eulaers et al. (2014b). Regarding 311 

HCHs, lindane and β-HCH were the most frequent HCH isomers, but the concentrations of 312 

lindane were higher than those of β-HCH, as already observed in our preliminary study 313 

(Monclús et al., 2018a). It is possible than lindane is still in use in some Spanish crops in spite 314 

of its prohibition (Decision, 2000/801/EC).      315 

In comparison to nestling white-tailed eagles (Eulaers et al., 2014b), the present vulture 316 

nestlings showed lower concentrations of TCiPP and similar levels of TPhP. In addition, TPhP 317 

concentrations in down feathers were higher than TCiPP. So far, TPhP has been found the most 318 

dominant OPE measured in biota samples (Van der Veen and De Boer, 2012). However, we 319 

expected higher concentrations of TCiPP in relation to TPhP following our preliminary results 320 
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(Monclús et al., 2018a) and the findings reported by Greaves and Letcher (2014). The latter 321 

study reported on the preferential transfer of TCiPP in ovo, while showing low affinity of TPhP 322 

for the yolk of the egg. Thus, considering that down feathers probably reflect the contaminant 323 

burden transferred by the mother via the egg, one could expect higher levels of TCiPP. The 324 

contrary pattern observed in the current study is probably explained by the external 325 

deposition of high atmospheric concentrations of TPhP onto the surface of feathers increasing 326 

thus its concentrations (Kucharska et al., 2015).  327 

4.2 Relationships between contaminants and CORT levels in feathers according to egg-laying 328 

date and duration of chick development 329 

The current study showed three main results: 1) chicks with later date of egg-laying showed 330 

higher CORTf levels; 2) high concentrations of the most persistent POPs were positively 331 

associated to CORTf levels; and 3) the duration of the nestling period varied between chicks 332 

[ranging from 86 to 142 days; in agreement with Del Moral and De la Puente (2017)] and was 333 

negatively related to the date of egg-laying and, in males, to high concentrations of PC1-POPs. 334 

Differences in CORTf levels may result from stress when the nestlings were still growing and 335 

developing their feathers at the nest. On one hand, nestlings with later date of egg-laying 336 

could have had an urgent need to accelerate their growth to catch up those chicks with earlier 337 

laying dates. In that context, the stress response may be beneficial for the development of the 338 

nestlings, either by reallocating the available energy (Müller et al., 2009) or by improving the 339 

energy intake through begging or food-caching behavior (Kitaysky et al., 2003; Pravosudov 340 

2003). On the other hand, it may also be possible that later egg-laying produced low quality 341 

chicks which, at the same time, displayed higher levels of CORT (Love et al., 2008; Saino et al., 342 

2005). In addition, although vulture nestlings are dependent on their parents during early life, 343 

being protected and restricted to their nest, they can also be exposed to environmental 344 

variation that in turn may affect their CORT levels. For instance, Fairhurst et al. (2012) found 345 
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that microclimate at nest boxes influenced CORT levels in nestling tree swallows (Tachycineta 346 

bicolor). Diet quality and nutritional status affected by parental quality, e.g., foraging activity 347 

feeding on native carrion or rubbish dumps, may also influence CORT levels (see Will et al., 348 

2015), although, in this study we could not disentangle the percentage of the diet obtained 349 

from these two sources. Overall, chicks in our study that presented later egg-laying and higher 350 

CORT levels fledged successfully and did not show any negative effects during their 351 

development. However, increased CORT levels could have long-term consequences on the 352 

juvenile or adulthood period (Saino et al., 2005); calling thus for further research. 353 

It should also be considered that in large raptor species as vultures, new parents may present 354 

delayed laying in comparison to older parents (Blas et al. 2009; Margalida et al., 2003; 2012) 355 

and may suffer more stress during the breeding season. Considering that mothers can transmit 356 

their steroid hormones to their offspring via the yolk of the egg (Janczak et al., 2006; Rubolini 357 

et al., 2005), it is possible that high CORT levels measured in down feathers in chicks may 358 

result from maternal stress. In this study we were not able to identify the parents and thus we 359 

could not rule out this hypothesis. However, the fact that those chicks with later date of egg-360 

laying showed shorter duration of development during the nestling period probably indicates 361 

an energy investment by the chick to catch up. Therefore, the higher CORTf levels could be 362 

rather related to the HPA axis activity of the nestlings than the levels inherited by maternal 363 

transfer.  364 

Moreover, results of this study  suggest a potential role of contaminants interacting with the 365 

HPA axis activity of chicks, being associated to high CORTf levels. Considering that contaminant 366 

concentrations in down feathers probably reflect the contaminant burden transferred by the 367 

mother via the egg (Monclús et al., 2018a), high CORTf levels would reflect the endocrine 368 

response of the chick to the inherited contaminants. Chicks have limited capacity to 369 

metabolize the compounds at an early stage, thus the energy costs related (i.e. detoxification 370 
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or biotransformation of POPs; Pottinger, 2003) might elevate the secretion of CORT. However, 371 

due to the correlative nature of this study, we cannot confirm a direct or causally link between 372 

POPs and CORT which should be further addressed in future work.   373 

In particular, we found a significant and positive association between PC1-POPs (reflecting the 374 

most persistent contaminants) and CORTf levels but no significant effect was found for PC2-375 

POPs (reflecting the less persistent contaminants), PC1-all and PC2-all (including the OPEs). 376 

This is the first investigation exploring whether OPEs relate to the HPA axis activity. Despite 377 

our findings indicate no significant influence, further research is recommended given the lack 378 

of validation for the washing protocol and removing external deposition onto the feather in 379 

the OPE analysis (Eulaers et al., 2014a). Another possible confounding effect could be the 380 

smaller sample size used in the OPEs analysis (n=22) in comparison to the POPs analysis (n=42). 381 

However, the strong and positive relationship between the most persistent POP compounds 382 

and the HPA axis activity and the lack of significance for the less persistent and for the OPE 383 

compounds are suggestive of a different behavior of these compounds. In fact, in the 384 

literature, different noxious effects depending on the type of contaminants have been 385 

reported (Cesh et al., 2010; Nordstad et al., 2012). Indeed, already in the 70's, Fyfe et al. 386 

(1976) suggest not only that DDE and PCBs showed different effects (i.e. DDE, but not PCBs, 387 

reduced egg productivity while both were related to abnormalities in territory defense 388 

behavior), but also that the effects could be species-specific [i.e. Praire falcons (Falco 389 

mexicanus) were more sensitive to DDE than merlins (Falco columbarius richardsonii)].  In our 390 

study, the positive relationship between the most persistent POPs and CORTf concentrations is 391 

in agreement with previous reports in glaucous gulls (Larus hyperboreus) (Verboven et al., 392 

2010) and also in black-legged kittiwakes (Rissa tridactyla) (Nordstad et al., 2012), although in 393 

the latter only PCBs were related to CORT concentrations. These two previous studies 394 

suggested that high concentrations of several POPs may increase the environmental stress 395 

burden and compromise the ability of birds to adapt to a changing environment. However, a 396 
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more recent study (Monclús et al., 2018b) has observed that high POP levels may not solely be 397 

positively correlated to high CORT levels but also to increasing levels of 398 

dehydroepiandrostendione (DHEA), a protective adrenal hormone with "anti-CORT" 399 

properties, thus suggesting an adaptive response of the HPA axis. In the current study, high 400 

concentrations of the most persistent POPs were positively associated to CORTf and only 401 

impacted the duration of chick development in males. Surprisingly, the effect was not negative 402 

and males with high concentrations of PC1-POPs showed a shorter period of chick 403 

development and not longer, as it would be expected if the concentrations of POPs were high 404 

enough to cause negative consequences on the growth of the chicks. Overall, these findings 405 

may indicate a compensatory response of the chicks rather than a means of chronic stress (see 406 

Dickens and Romero, 2013), in agreement with the previous findings of Monclús et al. (2018b).  407 

5. Conclusions 408 

The results of the present study showed that persistent POP compounds, but not OPEs, were 409 

associated with high concentrations of CORT in feathers grown during the third week of life in 410 

nestling cinereous vultures. This is the first study investigating this relationship in nestlings and 411 

more concretely using down feathers. Despite this study being correlative, and the exact 412 

impact of contaminants on the CORT regulation cannot be established, we provide evidence 413 

for a strong association with the most persistent POPs and the CORT secretion, while no 414 

association was found for the OPE compounds. However, although some POPs may interact 415 

with the stress response ,being associated with high CORTf concentrations, they were not 416 

observed to impact the growth rate of the chicks. Contrary, those chicks with high levels of 417 

CORTf and males with high concentrations of the most persistent POP compounds, showed 418 

rapid development and equal fledging success. In addition, a delayed egg-laying was related to 419 

increased CORTf levels and reduced duration of the nestling period. Overall, the current study 420 

highlights the plasticity of CORT in the framework of benefits towards deleterious effects and 421 
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suggests that contaminant levels were not high enough to cause detrimental consequences. 422 

However, because higher contaminant burdens could compromise HPA axis functioning and 423 

may have farther-reaching consequences than the one observed for the growth and 424 

development of the chicks, further research should elucidate the contaminant burden when 425 

the triggering stress response could turn into prejudicial.   426 

Acknowledgments 427 

Authors gratefully acknowledge SEO/BirdLife for coordination of the monitoring of black 428 

vulture colony Alto Lozoya and forest agents for their help during field works and sampling. 429 

Authors especially thank to Grethe Stavik Eggen for her help with the lab work.  430 

Funding 431 

Sierra de Guadarrama National Park financially support the monitoring of the black vulture 432 

colony Alto Lozoya. Laura Monclús was supported with a predoctoral fellowship by Fundación 433 

Tatiana Pérez de Guzmán el Bueno (Madrid, Spain). The contaminant analyses were financed 434 

as part of the NewRaptor project (grant number 230465/F20) co-financed by the Norwegian 435 

Research Council and the Norwegian University of Science and Technology. The hormonal 436 

analyses were financed by Universitat Autònoma de Barcelona (Endocrinology, Reproductive 437 

Physiology and Animal Welfare Research Group; Ref. 2017 SGR 420).  438 

Notes 439 

The authors declare no competing financial interest.  440 

References 441 

Abbasi, N.A., Eulaers, I., Jaspers, V.L.B., Chaudhry, M.J.I., Frantz, A., Ambus, P.L., Covaci, A., Malik, 442 
R.N., 2016. Use of feathers to assess polychlorinated biphenyl and organochlorine pesticide 443 
exposure in top predatory bird species of Pakistan. Sci. Total Environ. 569-570, 1408–1417. 444 
doi:10.1016/j.scitotenv.2016.06.224 445 

Aharon-Rotman, Y., Buchanan, K.L., Klaassen, M., Buttemer, W.A., 2015. An experimental 446 



19 
 

examination of interindividual variation in feather corticosterone content in the House 447 
Sparrow, Passer domesticus in southeast Australia. Gen. Comp. Endocrinol. 448 
doi:10.1016/j.ygcen.2015.12.010  449 

American Chemistry Council, 2014. htpp://flameretardants.americanchemistry.com/FR-Basics. 450 
Andresen, J.A., Grundmann, A., Bester, K., 2004. Organophosphorus flame retardants and 451 

plasticisers in surface waters. Sci. Total Environ. 332, 155–166. 452 
doi:10.1016/j.scitotenv.2004.04.021 453 

Angelier, F., Clément-Chastel, C., Wing, G., Chastel, O., 2007. Corticosterone and time – activity 454 
budget : An experiment with Black-legged kittiwakes. Horm. Behav. 52, 482–491. 455 
doi:10.1016/j.yhbeh.2007.07.003 456 

Angelier, F., Wingfield, J.C., Weimerskirch, H., Chastel, O., 2010. Hormonal correlates of individual 457 
quality in a long-lived bird : a test of the ’corticosterone − fitness hypothesis’ Hormonal 458 
correlates of individual quality in a long-lived bird: a test of the “corticosterone–fitness 459 
hypothesis”. Biol. Lett. 6, 846–849. doi:10.1098/rsbl.2010.0376 460 

Barón, E., Máñez, M., Andreu, A.C., Sergio, F., Hiraldo, F., Eljarrat, E., Barceló, D., 2014. 461 
Bioaccumulation and biomagnification of emerging and classical flame retardants in bird eggs 462 
of 14 species from Doñana Natural Space and surrounding areas (South-western Spain). 463 
Environ. Int. 68, 118–126. doi:10.1016/j.envint.2014.03.013 464 

Blas, J., Sergio, F., Hiraldo, F., 2009. Age-related improvement in reproductive performance in a 465 
long-lived raptor: a cross-sectional and longitudinal study. Ecography 32, 647-657. 466 
doi:10.1111/j.1600-0587.2008.05700.x 467 

Bernis, F., 1966. El buitre negro (Aegypius monachus) en Iberia. Ardeola 12, 45-99.  468 
BirdLife International, 2017. Aegypius monachus. The IUCN Red List of Threatened Species. 469 

e.T22695231A118573298.  470 
Bortolotti, G.R., Marchant, T., Blas, J., Cabezas, S., 2009. Tracking stress: localization, deposition 471 

and stability of corticosterone in feathers. J. Exp. Biol. 212, 1477–82. doi:10.1242/jeb.022152 472 
Bortolotti, G.R., Marchant, T.A., Blas, J., German, T., 2008. Corticosterone in feathers is a long-term, 473 

integrated measure of avian stress physiology. Funct. Ecol. 22, 494–500. doi:10.1111/j.1365-474 
2435.2008.01387.x 475 

Burger, J., 1993. Metals in avian feathers: bioindicators of environmental pollution. Rev. Environ. 476 
Toxicol. 5, 203–311. 477 

Burnham, K., Anderson, D., 2002. Model selection and multimodel inference: a practical 478 
information-theoretic approach. 2nd Ed. ed. Springer-Verlag, New York. 479 

Bustnes, J.O., Bakken, V., Erikstad, K.E., Mehlum, F., Skaare, J.U., 2001. Patterns of incubation and 480 
nest-site attentiveness in relation to organochlorine (PCB) contamination in glaucous gulls. J. 481 
Appl. Ecol. 38, 791–801. 482 

Bustnes, J.O., Bourgeon, S., Leat, E.H., Magnusdóttir, E., Strøm, H., Hanssen, S.A., 2015. Multiple 483 
stressors in a top predator seabird: Potential ecological consequences of environmental 484 
contaminants, population health and breeding conditions. PLos One, 10. 485 
doi:10.1371/journal.pone.0131769 486 

Cesh, L.S., Elliott, K.H., Quade, S., McKinney, M.A., Maisoneuve, F., Garcelon, D.K., Sandau, C.D., 487 
Letcher, R.J., Williams, T.D., Elliott, J.E., 2010. Polyhalogenated aromatic hydrocarbons and 488 
metabolites: relation to circulating thyroid hormone and retinol in nestling bald eagles 489 
(Haliaeetus leucocephalus). Environ. Toxicol. Chem. 29, 1301–1310. doi:10.1002/etc.165 490 

Chen, D., Hale, R.C., 2010. A global review of polybrominated diphenyl ether flame retardant 491 
contamination in birds. Environ. Int. 36, 800–811. doi:10.1016/j.envint.2010.05.013 492 

Chen, D., Letcher, R.J., Burgess, N.M., Champoux, L., Elliott, J.E., Hebert, C.E., Martin, P., Wayland, 493 
M., Weseloh, D.V.C., Wilson, L., 2012. Flame retardants in eggs of four gull species (Laridae) 494 
from breeding sites spanning Atlantic to Pacific Canada. Environ. Pollut. 168, 1–9. 495 
doi:10.1016/j.envpol.2012.03.040 496 

Decision 2000/801/EC: Commission Decision of 20 December 2000 concerning the non-inclusion of 497 
lindane in Annex I to Council Directive 91/414/EEC and the withdrawal of authorisations for 498 
plant-protection products containing this active substance. OJ L 324, 42-43. 499 

De la Puente, J., 2006. Effect of monitoring frequency and timing on estimates of abundance and 500 



20 
 

productivity of colonial Black Vultures Aegypius monachus in Central Spain, in: Houston, D.C., 501 
Piper, S.E. (eds). Proceedings of the International Conference on Conservation and 502 
Management of Vulture Populations, pp. 31-40. Natural History Museum of Crete and WWF 503 
Greece. Thessaloniki. 504 

De la Puente, J., In Press. Biología y conservación del buitre negro en la ZEPA Alto Lozoya. Parque 505 
Nacional de la Sierra de Guadarrama. Consejería de Medio Ambiente, Vivienda y Ordenación 506 
del Territorio. Comunidad de Madrid, Madrid.  507 

Del Moral, J.C., De la Puente, J., 2015. Buitre negro - Aegypius monachus. In: Cassarscal, L.M., 508 
Salvador, A. (Eds.) 2002. Enciclopedia Virtual de los Vertebrados Españoles. Sociedad de 509 
Amigos de la MNCN y Museo Nacional de Ciencias Naturales. Madrid. Available in: 510 
http://www.vertebradosibericos.org 511 

Del Moral, J.C., De la Puente, J., 2017. Buitre negro - Aegypius monachus, in: Salvador, A., Morales, 512 
M.B. (Eds.), Enciclopedia Virtual de Los Vertebrados Españoles. Madrid. 513 

Dickens, M.J., Romero, L.M., 2013. A consensus endocrine profile for chronically stressed wild 514 
animals does not exist. Gen. Comp. Endocrinol. doi:10.1016/j.ygcen.2013.06.014 515 

Donázar, J.A., 1993. Los buitres ibéricos. Biología y conservación. Madrid. 516 
Elliott, J.E., Brogan, J., Lee, S.L., Drouillard, K.G., Elliott, K.H., 2015. PBDEs and other POPs in urban 517 

birds of prey partly explained by trophic level and carbon source. Sci. Total Environ. 524-525, 518 
157–165. doi:10.1016/j.scitotenv.2015.04.008 519 

Elliott, K.H., Cesh, L.S., Dooley, J.A., Letcher, R.J., Elliott, J.E., 2009. PCBs and DDE, but not PBDEs, 520 
increase with trophic level and marine input in nestling bald eagles. Sci. Total Environ. 407, 521 
3867-3875. doi:10.1016/j.scitotenv.2009.02.027 522 

Espín, S., García-Fernández, A.J., Herzke, D., Shore, R.F., Van Hattum, B., Martínez-López, E., 523 
Coeurdassier, M., Eulaers, I., Fritsch, C., Gómez-Ramírez, P., Jaspers, V.L.B., Krone, O., Duke, 524 
G., Helander, B., Mateo, R., Movalli, P., Sonne, C., Van den Brink, N.W., 2016. Tracking pan-525 
continental trends in environmental contamination using sentinel raptors-what types of 526 
samples should we use? Ecotoxicol.25, 777–801. doi:10.1007/s10646-016-1636-8 527 

Espín, S., Martínez-López, E., Gómez-Ramírez, P., María-Mojica, P., García-Fernández, A.J., 2010. 528 
Assessment of organochlorine pesticide exposure in a wintering population of razorbills (Alca 529 
torda) from the southwestern Mediterranean. Chem. 80, 1190–1198. 530 
doi:10.1016/j.chemosphere.2010.06.015 531 

Eulaers, I., Jaspers, V.L.B., Bustnes, J.O., Covaci, A., Johnsen, T. V, Halley, D.J., Moum, T., Ims, R.A., 532 
Hanssen, S.A., Erikstad, K.E., Herzke, D., Sonne, C., Ballesteros, M., Pinxten, R., Eens, M., 2013. 533 
Ecological and spatial factors drive intra- and interspecific variation in exposure of subarctic 534 
predatory bird nestlings to persistent organic pollutants. Environ. Int. 57-58, 25–33. 535 
doi:10.1016/j.envint.2013.03.009 536 

Eulaers, I., Jaspers, V.L.B., Pinxten, R., Covaci, A., Eens, M. 2014a. Legacy and current-use 537 
brominated flame retardants in the Barn Owl. Sci. Total Environ. 472, 454-462. 538 
doi:10.1016/j.scitotenv.2013.11.054 539 

Eulaers, I., Jaspers, V.L.B., Halley, D.J., Lepoint, G., Nygård, T., Pinxten, R., Covaci, A., Eens, M., 540 
2014b. Brominated and phosphorus flame retardants in White-tailed Eagle Haliaeetus albicilla 541 
nestlings: Bioaccumulation and associations with dietary proxies (δ 13 C , δ 15 N and δ 34 S). 542 
Sci. Total Environ. 478, 48–57. doi:10.1016/j.scitotenv.2014.01.051 543 

Fairhurst, G.D., Treen, G.D., Clark, R.G., Bortolotti, G.R., 2012. Nestling corticosterone response to 544 
microclimate in an altricial bird. Can. J. Zool. 90, 1422-1430. doi:10.1139/cjz-2012-0096 545 

Farhat, A., Crump, D., Chiu, S., Williams, K.L., Letcher, R.J., Gauthier, L.T., Kennedy, S.W., 2013. In 546 
Ovo effects of two organophosphate flame retardants—TCPP and TDCPP—on pipping success, 547 
development, mRNA expression, and thyroid hormone levels in chicken embryos. Toxicol. Sci. 548 
135, 92–102. doi:10.1093/toxsci/kft100 549 

Fernie, K.J., Marteinson, S.C., 2016. Sex-specific changes in thyroid gland function and circulating 550 
thyroid hormones in nestling American kestrels (Falco sparverius) following embryonic 551 
exposure to PBDEs by maternal transfer. Environ. Toxicol. Chem. 35, 2084–2091. 552 
doi:10.1002/etc.3366 553 

Fernie, K.J., Palace, V., Peters, L.E., Basu, N., Letcher, R.J., Karouna-Reines, N.K., Schultz, S.L., 554 



21 
 

Lazarus, R.S., Rattner, B.A., 2015. Investigating endocrine and physiological parameters of 555 
captive American kestrels exposed by diet to selected organophosphate flame retardants. 556 
Environ. Sci. Techn. 49, 7448-7455. doi:10.1021/acs.est.5b00857 557 

Fossi, M.C., Massi, A., Lari, L., Marsili, L., Focardi, S., Leonzio, C., Renzoni, A., 1995. Interspecies 558 
differences in mixed function oxidase activity in birds: relationship between feeding habitats, 559 
detoxication activities and organochlorine accumulation. Environ.Pollut. 90, 15-24. 560 

Furness, R., 1993. Birds as monitors of environmental change, in: Furness, R., Greenwood, J. (Eds.). 561 
Chapman and Hall, London, UK, pp. 86–143. 562 

Fyfe, R.W., Risebrough, R.W., Walker, W., 1976. Pollutant effects on the reproduction of the Prairie 563 
Falcons and Merlins of the Canadian prairies. Can. Field-Nat. 42, 477-483.  564 

García-Fernández, A.J., Espín, S., Martínez-López, E., 2013. Feathers as a biomonitoring tool of 565 
polyhalogenated compounds: A review. Environ. Sci. Technol. 47, 3028–43. 566 
doi:10.1021/es302758x 567 

Gómara, B., Ramos, L., Gangoso, L., Donázar, J.A., González, M.J., 2004. Levels of polychlorinated 568 
biphenyls and organochlorine pesticides in serum samples of Egyptian Vulture (Neophron 569 
percnopterus) from Spain. Chem. 55, 577–583. doi:10.1016/j.chemosphere.2003.11.034 570 

Gómez-Ramírez, P., Shore, R.F., van den Brink, N.W. et al., 2014. An overview of existing raptor 571 
contaminant monitoring activities in Europe. Environ. Int. 67, 12-21. 572 
doi:10.1016/j.envint.2014.02.004 573 

Goutner, V., Skartsi, T., Konstantinou, I.K., Sakellarides, T.M., Albanis, T.A., Vasilakis, D., Elorriaga, J., 574 
Poirazidis, K., 2011. Organochlorine residues in blood of cinereous vultures and Eurasian 575 
griffon vultures in a northeastern Mediterranean area of nature conservation. Environ. Monit. 576 
Assess.183, 259–271. doi:10.1007/s10661-011-1919-8 577 

Goutte, A., Barbraud, C., Meillère, A., Carravieri, A., Bustamante, P., Labadie, P., Budzinski, H., 578 
Delord, K., Cherel, Y., Weimerskirch, H., Chastel, O., 2014. Demographic consequences of 579 
heavy metals and persistent organic pollutants in a vulnerable long-lived bird, the wandering 580 
albatross. Proc. R Soc. B. Biol. Sci. 281, 1787 581 

Greaves, A.K., Letcher, R.J., 2014. Comparative body compartment composition and in ovo transfer 582 
of organophosphate flame retardants in North American great lakes herring gulls. Environ. Sci. 583 
Technol. 48, 7942–7950. 584 

Griffiths, R., Double, M.C., Orr, K., Dawson, R.J.C., 1998. A DNA test to sex most birds. Molec. Ecol. 585 
7, 1071–1075. 586 

Guigueno, M.F., Fernie, K.J., 2017. Birds and flame retardants: A review of the toxic effects on birds 587 
of historical and novel flame retardants. Environ. Res. 154, 398–424. 588 
doi:10.1016/j.envres.2016.12.033 589 

Hampl, R., Kubátová, J., Stárka, L., 2016. Steroids and endocrine disruptors—History, recent state of 590 
art and open questions. J. Steroid Biochem. Molec. Biol. 155, 217–223. 591 
doi:10.1016/j.jsbmb.2014.04.013 592 

Harms, N.J., Fairhurst, G.D., Bortolotti, G.R., Smits, J.E.G., 2010. Variation in immune function, body 593 
condition, and feather corticosterone in nestling tree swallows (Tachycineta bicolor) on 594 
reclaimed wetlands in the Athabasca oil sands, Alberta, Canada. Environ.Pollut. 158, 841–8. 595 
doi:10.1016/j.envpol.2009.09.025Hernández, M., Colomer, M.A., Pizarro, M., Margalida, A., 596 
2018. Changes in eggshell thickness and ultrastructure in the Beaded Vulture (Gypaetus 597 
barbatus) Pyrenean population: A long-term analysis. Sci. Total Environ. 624, 713-721. 598 

Hiraldo, F., 1977. El Buitre negro (Aegypius monachus) en la Península Ibérica. PhD Thesis. 599 
Universidad de Sevilla, Sevilla (Spain). 600 

Janczak, A.M., Braastad, B.O., Bakken, M., 2006. Behavioural effects of embryonic exposure to 601 
corticosterone in chickens. Appl. Anim. Behav. Sci. 96, 69–82. 602 
doi:10.1016/j.applanim.2005.04.020 603 

Jaspers, V.L.B., Soler, F., Boertmann, D., Sonne, C., Dietz, R., Maltha, L., Eens, M., Covaci, A., 2011. 604 
Body feathers as a potential new biomonitoring tool in raptors: A study on organohalogenated 605 
contaminants in different feather types and preen oil of West Greenland white-tailed eagles 606 
(Haliaeetus albicilla). Environ. Int. 37, 1349–1356. doi:10.1016/j.envint.2011.06.004 607 

Jaspers, V.L.B., Voorspoels, S., Covaci, A., Eens, M., 2006. Can predatory bird feathers be used as a 608 



22 
 

non-destructive biomonitoring tool of organic pollutants? Biol. Lett. 2, 283–285. 609 
doi:10.1098/rsbl.2006.0450 610 

Jaspers, V.L.B., Voorspoels, S., Covaci, A., Lepoint, G., Eens, M., 2007. Evaluation of the usefulness 611 
of bird feathers as a non-destructive biomonitoring tool for organic pollutants: A comparative 612 
and meta-analytical approach. Environ. Int. 33, 328–337. doi:10.1016/j.envint.2006.11.011 613 

Jenni-Eiermann, S., Helfenstein, F., Vallat, A., Glauser, G., Jenni, L., 2015. Corticosterone: Effects on 614 
feather quality and deposition into feathers. Methods Ecol. Evol. 6, 237–246. 615 
doi:10.1111/2041-210X.12314 616 

Jepson, P.D., Deaville, R., Barber, J.L., et al., 2016. PCB pollution continues to impact populations of 617 
orcas and other dolphins in European waters. Nature. doi:10.1038/srep18573 618 

Kim, J., Isobe, T., Chang, K., Amano, A., Maneja, R.H., Zamora, P.B., Siringan, F.P., Tanabe, S., 2011. 619 
Levels and distribution of organophosphorus flame retardants and plasticizers in fishes from 620 
Manila Bay, the Philippines. Environ. Pollut. 159, 3653–3659. 621 
doi:10.1016/j.envpol.2011.07.020 622 

Kitaysky, A.S., Kitaiskaia, E. V, Piatt, J.F., Wingfield, J.C., 2003. Benefits and costs of increased levels 623 
of corticosterone in seabird chicks. Horm. Behav. 43, 140–149. doi:10.1016/S0018-624 
506X(02)00030-2 625 

Koren, L., Nakagawa, S., Burke, T., Soma, K.K., Wynne-Edwards, K.E., Geffen, E., 2012. Non-breeding 626 
feather concentrations of testosterone, corticosterone and cortisol are associated with 627 
subsequent survival in wild house sparrows. Proc. Biol. Sci. R. Soc. 279, 1560–6. 628 
doi:10.1098/rspb.2011.2062 629 

Kucharska, A., Covaci, A., Vanermen, G., Voorspoels, S., 2015. Non-invasive biomonitoring for PFRs 630 
and PBDEs: New insights in analysis of human hair externally exposed to selected flame 631 
retardants. Sci. Total Environ. 505, 1062–1071. doi:10.1016/j.scitotenv.2014.10.043 632 

Lattin, C.R., Reed, J.M., DesRochers, D.W., Romero, L.M., 2011. Elevated corticosterone in feathers 633 
correlates with corticosterone-induced decreased feather quality: a validation study. J. Avian 634 
Biol. 42, 247–252. doi:10.1111/j.1600-048X.2010.05310.x 635 

Law, R.J., Jepson, P.D., 2017. Europe's insufficient pollutant remediation. Science 356, 148. 636 
doi:10.1126/science.aam6274 637 

Letcher, R.J., Bustnes, J.O., Dietz, R., Jenssen, B.M., Jørgensen, E.H., Sonne, C., Verreault, J., Vijayan, 638 
M.M., Gabrielsen, G.W., 2010. Exposure and effects assessment of persistent organohalogen 639 
contaminants in arctic wildlife and fish. Sci. T. Environ. 408, 2995-3043. 640 
doi:10.1016/j.scitotenv.2009.10.038 641 

Lodjak, J., Mägi, M., Rooni, U., Tilgar, V., 2015. Context-dependent effects of feather corticosterone 642 
on growth rate and fledging success of wild passerine nestlings in heterogeneous habitat. 643 
Oecologia 179, 937–946. doi:10.1007/s00442-015-3357-8 644 

Love, O.P., Bird, D.M., Shutt, L.J., 2003. Corticosterone levels during post-natal development in 645 
captive American kestrels (Falco sparverius). Gen. Comp. Endocrinol. 130, 135–141. 646 
doi:10.1016/S0016-6480(02)00587-7 647 

Love, O.P., Wynne-Edwards, K.E., Bond, L., Williams, T.D., 2008. Determinants of within- and 648 
among-clutch variation in yolk corticosterone in the European starling. Horm. Behav. 53, 104-649 
111. doi:10.1016/j.yhbeh.2007.09.007 650 

Maqbool, F., Mostafalou, S., Bahadar, H., Abdollahi, M., 2015. Review of endocrine disorders 651 
associated with environmental toxicants and possible involved mechanisms. Life Sci. 652 
doi:10.1016/j.lfs.2015.10.022 653 

Margalida, A., Benítex, J.R., Sánchez-Zapata, J.A., Ávila, E., Arenas, R., Donázar, J.A., 2012. Long-654 
term relationship between diet breadth and breeding success in a declining population of 655 
Egyptian vultures, Neophron percnopterus. Ibis 154, 184-188.  656 

Margalida, A., Garcia, D., Bertran, J., Heredia, R., 2003. Breeding biology and success of the Bearded 657 
Vulture Gypaetus barbatus in the eastern Pyrenees. Ibis 145, 244-252.  658 

Marklund, A., Andersson, B., Haglund, P., 2005. Organophosphorus flame retardants and 659 
plasticizers in Swedish sewage treatment plants. Environ. Sci. Technol. 39, 7423–7429. 660 

Marklund, A., Andersson, B., Haglund, P., 2003. Screening of organophosphorus compounds and 661 
their distribution in various indoor environments. Chem. 53, 1137–1146. doi:10.1016/S0045-662 



23 
 

6535(03)00666-0 663 
Miller, A., Elliott, J.E., Elliott, K.H., Guigueno, M.F., Wilson, L.K., Lee, S., Idrissi, A., 2015. Brominated 664 

flame retardant trends in aquatic birds from the Salish Sea region of the west coast of North 665 
America, including a mini-review of recent trends in marine and estuarine birds. Sci. Total 666 
Environ. 502, 60-69. doi:10.1016/j_scitotenv.2014.09.066 667 

Monclús, L., Ballesteros-Cano, R., De la Puente, J., Lacorte, S., Lopez-Bejar,M., 2018b. Influence of 668 
persistent organic pollutants on the endocrine stress response in free-living and captive red 669 
kites (Milvus milvus). Environ. Pollut. doi:10.1016/j.envpol.2018.06.086 670 

Monclús, L., Carbajal, A., Tallo-Parra, O., Sabés-Alsina, M., Darwich, L., Molina-López, R.A., Lopez-671 
Bejar, M., 2017a. Relationship between feather corticosterone and subsequent health status 672 
and survival in wild Eurasian Sparrowhawk. J. Ornithol. doi:10.1007/s10336-016-1424-5 673 

Monclús, L., Lopez-Bejar, M., De la Puente, J., Covaci, A., Jaspers, V.L.B., 2018a. First evaluation of 674 
the use of down feathers for monitoring persistent organic pollutants and organophosphate 675 
flame retardants: a pilot study using nestlings of the endangered cinereous vulture (Aegypius 676 
monachus). Environ. Pollut. 238, 413-420. doi:10.1016/j.envpol.2018.03.065 677 

Monclús, L., Tallo-Parra, O., Carbajal, A., Lopez-Bejar, M., 2017b. Validation of a protocol for 678 
corticosterone extraction from feathers of a raptor species. In: Proceedings of 11th 679 
International Conference on Behavior, Physiology and Genetics of Wildlife. Oct 4th-7th 2017, 680 
Berlin, Germany.  681 

Müller, C., Jenni-Eiermann, S., Jenni, L., 2009. Effects of a short period of elevated circulating 682 
corticosterone on postnatal growth in free-living Eurasian kestrels Falco tinnunculus. J. Exp. 683 
Biol. 212, 1405–1412. doi:10.1242/jeb.024455 684 

Nordstad, T., Moe, B., Bustnes, J.O., Bech, C., Chastel, O., Goutte, A., Sagerup, K., Trouvé, C., 685 
Herzke, D., Gabrielsen, G.W., 2012. Relationships between POPs and baseline corticosterone 686 
levels in black-legged kittiwakes (Rissa tridactyla) across their breeding cycle. Environ. Pollut. 687 
164, 219–226. doi:10.1016/j.envpol.2012.01.044 688 

Nossen, I., Ciesielski, T.M., Dimmen, M. V, Jensen, H., Ringsby, T.H., Polder, A., Rønning, B., Jenssen, 689 
B.M., Styrishave, B., 2016. Steroids in house sparrows (Passer domesticus): effects of POPs and 690 
male quality signalling. Sci. Total Environ. 547, 295–304. 691 

Nøst, T.H., Helgason, L.B., Harju, M., Heimstad, E.S., Gabrielsen, G.W., Jenssen, B.M., 2012. 692 
Halogenated organic contaminants and their correlations with circulating thyroid hormones in 693 
developing Arctic seabirds. Sci. Total Environ. 414, 248–256. 694 
doi:10.1016/j.scitotenv.2011.11.051 695 

Orden de 4 de Febrero, 1994 por la que se prohíbe la comercialización y utilización de plaguicidas 696 
de uso ambiental que contienen determinados ingredientes activos peligrosos. BOE 41 de 697 
17/02/1994. p.05132.  698 

Pérez-López, M., De la Casa-Resino, I., Hernández-Moreno, D., Galeano, J., Míguez-Santiyán, M.P., 699 
Castro-Lorenzo, A. Otero-Filgueiras, M., Rivas-López, O., Soler, F., 2016. Concentrations of 700 
metals, metalloids, and chlorinated pollutants in blood and plasma of white stork (Ciconia 701 
ciconia) nestlings from Spain. Arc. Environ. Contam. Toxicol. doi:10.1007/s00244-016-0302-8 702 

Pottinger, T.G., 2003. Interactions of endocrine-disrupting chemicals with stress responses in 703 
wildlife * Pure Appl. Chem. 75, 2321–2333. 704 

Pravosudov, V.V., 2003. Long-term moderate elevation of corticosterone facilitates avian food-705 
caching bahvior and enhances spatial memory. Proc. R. Soc. Lond. B. 270, 2599-2604. 706 
doi:10.1098/rspb.2003.2551 707 

Rogstad, T.W., Sonne, C., Villanger, G.D., Oystein, A., Fuglei, E., Muir, D.C.G., Jorgensen, E., Jenssen, 708 
B.M., 2017. Concentrations of vitamin A, E, thyroid and testosterone hormones in blood 709 
plasma and tissues from emaciated adult male Arctic foxes (Vulpues lagopus) dietary exposed 710 
to persistent organic pollutants (POPs). Environ. Res. 154, 284–290. 711 

Romero, L.M., 2004. Physiological stress in ecology: lessons from biomedical research. Trends Ecol. 712 
Evol. 19, 249–55. doi:10.1016/j.tree.2004.03.008 713 

Rubolini, D., Romano, M., Boncoraglio, G., Ferrari, R.P., Martinelli, R., Galeotti, P., Fasola, M., Saino, 714 
N., 2005. Effects of elevated egg corticosterone levels on behavior, growth, and immunity of 715 
yellow-legged gull (Larus michahellis) chicks. Horm. 47, 592–605. 716 



24 
 

doi:10.1016/j.yhbeh.2005.01.006 717 
Saino, N., Romano, M., Ferrari, R.P., Martinelli, R., Moller, A.P., 2005. Stressed mothers lay eggs 718 

with high corticosterone. J. Exp. Zool. 303, 998-1006. doi:10.1002/jez.a.224 719 
Sapolsky, R.M., 2000. Stress hormones: good and bad. Neurobiol. Dis. 7, 540–2. 720 

doi:10.1006/nbdi.2000.0350 721 
Sapolsky, R.M., Romero, L.M., Munck, A.U., 2000. How do glucocorticoids influence stress 722 

responses? Integrating permissive, suppressive, stimulatory, and preparative Actions. Endocr. 723 
Rev. 21, 55–89. 724 

Sundkvist, A.M., Olofsson, U., Haglund, P., 2010. Organophosphorus flame retardants and 725 
plasticizers in marine and fresh water biota and in human milk. J. Environ. Monit. 12, 943–951. 726 

Tartu, S., Angelier, F., Jerzke, D., Moe, B., Bech, C., Gabrielsen, G.W., Bustnes, J.O., Chastel, O., 727 
2014. The stress of being contaminated? Adrenocortical function and reproduction in relation 728 
to persistent organic pollutants in female black legged kittiwakes. Sci. Total Environ. 553-560, 729 
476-477. doi:10.1016/j.scitotenv.2014.01.060 730 

Tartu, S., Angelier, F., Wingfield, J.C., Bustamante, P., Labadie, P., Budzinski, H., Weimerskirch, H., 731 
Bustnes, J.O., Chastel, O., 2015. Corticosterone, prolactin and egg neglect behavior in relation 732 
to mercury and legacy POPs in a long-lived Antarctic bird. Sci. Total Environ.505, 180–188. 733 
doi:10.1016/j.scitotenv.2014.10.008 734 

Thomas, G.O., Wilkinson, M., Hodson, S., Jones, K.C., 2006. Organohalogen chemicals in human 735 
blood from the United Kingdom. Environmental Pollution 141, 30–41. 736 
doi:10.1016/j.envpol.2005.08.027 737 

Van den Eede, N., Dirtu, A.C., Neels, H., Covaci, A., 2011. Analytical developments and preliminary 738 
assessment of human exposure to organophosphate flame retardants from indoor dust. 739 
Environ. Int. 37, 454–461. doi:10.1016/j.envint.2010.11.010 740 

Van den Steen, E., Eens, M., Geens, A., Covaci, A., Darras, V.M., Pinxten, R., 2010. Endocrine 741 
disrupting, haematological and biochemical effects of polybrominated diphenyl ethers in a 742 
terrestrial songbird, the European starling (Sturnus vulgaris). Sci. Total Environ. 408, 6142–743 
6147. doi:10.1016/j.scitotenv.2010.09.003 744 

Van den Veen, I., De Boer, J., 2012. Phosphorus flame retardants: Properties, production, 745 
environmental occurrence, toxicity and analysis. Chem. 88, 1119–1153. 746 
doi:10.1016/j.chemosphere.2012.03.067 747 

Van Drooge, B., Mateo, R., Vives, Í., Cardiel, I., Guitart, R., 2008. Organochlorine residue levels in 748 
livers of birds of prey from Spain: Inter-species comparison in relation with diet and migratory 749 
patterns. Environ. Pollut. 153, 84–91. doi:10.1016/j.envpol.2007.07.029 750 

Verboven, N., Verreault, J., Letcher, R.J., Gabrielsen, G.W., Evans, N.P., 2010. Adrenocortical 751 
function of Arctic-breeding glaucous gulls in relation to persistent organic pollutants. Gen. 752 
Comp. Endocrinol. 166, 25–32. doi:10.1016/j.ygcen.2009.11.013 753 

Verboven, N., Verreault, J., Letcher, R.J., Gabrielsen, G.W., Evans, N.P., 2008. Maternally derived 754 
testosterone and 17 β -estradiol in the eggs of Arctic-breeding glaucous gulls in relation to 755 
persistent organic pollutants. Comp. Biochem. Physiol. Part C 148, 143–151. 756 
doi:10.1016/j.cbpc.2008.04.010 757 

Verreault, J., Verboven, N., Gabrielsen, G.W., Letcher, R.J., Chastel, O., 2008. Changes in prolactin in 758 
a highly organohalogen contaminated Arctic top predator seabird, the glaucous gull. Gen. 759 
Comp. Endocrinol. 156, 569-576. doi:10.1016/j.ygcen.2008.02.013 760 

Voorspoels, S., Covaci, A., Maervoet, J., Schepens, P., 2002. Relationship between age and levels of 761 
organochlorine contaminants in human serum of a Belgian population. Bull. Environ. Contam. 762 
Toxicol. 69, 22–29. doi:10.1007/s00128-002-0004-y 763 

Walker, C.H., Newton, I., Hallam, S.D., Ronis, M.J.J., 1987. Activities and toxicological significance of 764 
hepatic microsomal enzymes of the kestrel (Falco tinnunculus) and sparrowhawk (Accipiter 765 
nisus). Comp. Biochem. Physiol. C Pharmacol. Toxicol. Endocrinol. 86, 379e383. 766 

Wang, Q., Liang, K., Liu, J., Yang, L., Guo, Y., Liu, C., Zhou, B., 2013. Exposure of zebrafish embryos / 767 
larvae to TDCPP alters concentrations of thyroid hormones and transcriptions of genes 768 
involved in the hypothalamic–pituitary–thyroid axis. Aq. Toxicol. 126, 207–213. 769 
doi:10.1016/j.aquatox.2012.11.009 770 



25 
 

Will, A.Y., Watanuki, D.M., Kikuchi, D.M., Sato, N., Ito, M., Callahan, M., Wynne-Edwards, K., Hatch, 771 
S., Elliott, K., Slater, A., Takahashi, A., Kitaysky, A., 2015. Feather corticosterone reveals stress 772 
associated with dietary changes in a breeding seabird. Ecol. Evol. 5, 4221-4232. 773 

Wingfield, J.C., 2003. Control of behavioural strategies for capricious environments. Anim. Behav. 774 
807–815. doi:10.1006/anbe.2003.2298 775 

 776 
 777 


