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17 Abstract

18 Environmental factors that can influence telomeres are diverse, but the association between 
19 telomeres and exposure to environmental contaminants is far to be elucidated. To date, prior 
20 studies focused on legacy persistent chlorinated pollutants POPs, while the effects of poly- and 
21 per-fluoroalkyl substances (PFAS) have poorly been documented. Here, we investigated the 
22 associations among PFAS congeners, absolute telomere length (cross-sectional approach), and 
23 telomere dynamics (rate of telomere length change over time, longitudinal approach), in one of 
24 the most contaminated arctic top predators, the glaucous gull Larus hyperboreus from Svalbard. 
25 We further estimated the effect of PFAS on apparent survival rates and re-sighting probabilities 
26 using a 10-year capture/recapture dataset (2010-2019). We found that birds exposed to higher 
27 concentration of perfluorononadecanoate PFNA (median of 1565 pg/mL of ww in males and 1370 
28 pg/mL of ww in females) and perfluorotetradecanoate PFTeDA (median of 370 pg/mL of ww in 
29 males and 210 pg/mL of ww in females) showed the slowest rate of telomere shortening. We also 
30 found that high blood concentration of perfluorooctanoate PFOA (median of 120 pg/mL of ww in 
31 males and 150 pg/mL of ww in females) and perfluorohexanesulfonate PFHxS (median of 495 
32 pg/mL of ww in males and 395 pg/mL of ww in females) were positively associated with higher re-
33 sighting probabilities and apparent survival in males but not in females. Our work is the first to 
34 report an association between single PFAS compounds and telomeres, and the first to link PFAS 
35 exposure with survival probabilities, suggesting that the effect of PFAS exposure might be more 
36 tied to the type of compound rather than the total concentration of PFAS. 

37
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38 Introduction

39 Over the past decades, ecotoxicological studies have extensively investigated the trends and 
40 effects of environmental contaminants in both humans and wildlife. Because of their known 
41 detrimental effects on endocrine and immune functions 1-3, legacy persistent organic pollutants 
42 (POPs), including organochlorine pesticides (OCs) and polychlorinated biphenyls (PCBs), represent 
43 global threats for both humans and wildlife and have been widely investigated. In contrast, the 
44 effects of per- and polyfluoroalkyl substances (PFAS) on the health of free-living animals remain 
45 largely overlooked. PFAS consist of a fluorinated alkyl carbon chain with a terminal functional 
46 group 4. Because the chemical bond between carbon and fluorine atoms is strong, PFAS are 
47 chemically and thermally stable, and have therefore been used as surface-active agents in a 
48 multitude of manufactured products (e.g. non-stick cookware, fire-fighting foam, food packaging, 
49 water proof clothing and stain-resistant carpets, 4). Among them, PFOS (perfluorooctanesulfonate) 
50 and PFOA (perfluorooctanoate) are listed as legacy POPs by the Stockholm Convention since 2009 
51 and 2019, respectively, while others (i.e. PFHxS perfluorohexanesulfonate) are under review. 
52 Although PFAS have been produced over the past 50 years, it is only recently that they have come 
53 under scientific scrutiny because of their extreme persistence in the environment 5. Several PFAS 
54 have bioaccumulation and biomagnification potential 6 and have been globally detected 7, 8.

55 Because of their high volatility and long-range oceanic (congeners) and atmospheric 
56 (precursors) transport, PFAS may reach remote areas including Arctic regions 9. While OCs and 
57 PCBs have shown decreasing levels over the past decades 10, some PFAS compounds, even if 
58 regulated by the Stockholm Convention, have increased or are still found at high concentrations in 
59 living organisms and the atmosphere 9, 11, 12. Once deposited in the marine environment, some 
60 PFAS bioaccumulate into living organisms and undergo biomagnification processes, showing 
61 increasing concentrations along the food webs 13. Specifically related to their capacity to 
62 bioaccumulate into living organisms, recent studies have shown that i) the biomagnification 
63 potential is enhanced for longer and odd carbon-chain-length PFAS 4; ii) detrimental effects of 
64 PFAS exposure may be enhanced as the carbon-chain-length increases 14; iii) PFAS show high 
65 affinity for proteins thus accumulate and persist in protein-rich tissues 15. 

66 Diverse Arctic seabirds are long-lived top predators which are exposed to relatively high 
67 levels of environmental contaminants and generally show high site fidelity. Therefore, they are 
68 considered extremely valuable to monitor the trends of environmental contaminants. 
69 Furthermore, amongst animal taxa, birds lack efficient excretion mechanisms for organic 
70 pollutants and are thus potentially vulnerable to PFAS exposure 16, 17. Recent studies on wild birds 
71 demonstrated that PFAS exposure could negatively impact on breeding success, as shown in tree 
72 swallows Tachycineta bicolor and black-legged kittiwakes Rissa tridactyla 18, 19. Although PFAS may 
73 also affect the physiological status 20, 21 and disrupt hormones production in birds (i.e. 
74 corticosterone, 18, thyroid hormones, 22, prolactine, 23), other studies have found no physiological 
75 and demographic effects following PFAS exposure24 (but see also 1) or even a positive association 
76 between specific PFAS congener and body condition of birds 18. To date, our knowledge on PFAS 
77 exposure and their effects on physiological traits and demographic parameters of wildlife remains 
78 extremely limited, and further ecotoxicological studies are requested to fill in these important 
79 research gaps.
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80 Telomeres represent a potential physiological marker that may prove useful to estimate 
81 the toxicological consequences of PFAS exposure on wildlife. Previous studies have shown that 
82 telomere length and the change in telomere length over time (i.e. telomere dynamics) are 
83 associated with longevity and survival in vertebrates including birds25-28 (also reviewed in 29), and 
84 are thought to reflect individual quality in long-lived birds 30, 31. Telomere dynamics may however 
85 be disrupted by several stressors including exposure to environmental contaminants (reviewed in 
86 32, 33). One way through which environmental contaminants may impact on telomeres is the 
87 increased molecular oxidative damage and disruption of antioxidant defenses 34, 35, with longer-
88 carbon-chain PFAS showing a greater negative effect 14. The general trend is that telomere length 
89 decreases when organisms or cells are exposed to environmental contaminants (rewieved in 36). In 
90 birds, only a few studies have investigated environmental contaminants and absolute telomere 
91 length and found no (with heavy metals in the European pied flycatcher Ficedula hypoleuca 37; 
92 with organochlorine pesticides OCs and PFAS in White-tailed eagle Haliaeetus albicilla chicks 38) or 
93 negative associations (with heavy metals in Great tit Parus major chicks 37; with oxychlordane in 
94 Black-legged kittiwakes 39). The longitudinal study recently carried out in black-legged kittiwakes 40 
95 found that the most PFAS contaminated birds showed the slowest rate of telomere shortening 
96 over time 40. Although results in Blévin et al. 40 deviates from the general expected trend, this 
97 result has been very recently corroborated by the positive association between PFAS 
98 concentrations and leucocyte absolute telomere length found in humans 41.

99 The glaucous gull Larus hyperboreus is a long-lived Arctic breeding seabird. It is a top 
100 predator with a generalist diet which includes fish and crustaceans but also eggs and chicks of 
101 other birds 42. It is one of the most contaminated birds for both organic contaminants and trace 
102 elements 43-45, thus constituting an unprecedented opportunity to investigate the association 
103 between PFAS exposure and telomere length in free-living birds. Previous work has extensively 
104 investigated the effect of OCs on a series of fitness related traits (reviewed in Verreault et al. 44) 
105 and survival in glaucous gull 46, yet the effects of PFAS exposure have been overlooked. The aims 
106 of this study were to investigate the relationships between PFAS exposure and absolute telomere 
107 length, and the association between PFAS and telomere dynamics. Furthermore, taking advantage 
108 of the long-term monitoring of this species, we further investigated whether apparent survival and 
109 re-sighting (i.e. used as a proxy of breeding probability; see details in Methods) are associated with 
110 PFAS exposure, using long-term individual PFAS blood concentration combined with capture-mark-
111 recapture (CMR) models. If PFAS exert an effect on telomeres as previously suggested 40, 41, we 
112 predict that PFAS may show a similar and positive association with telomere length. Furthermore, 
113 if exposure to PFAS can be generalized to population-level processes, we expect an association 
114 between PFAS and demographic parameters.

115

116 Materials and methods

117 Sampling

118 Capture and ringing of glaucous gull in Kongsfjorden, Svalbard (78° 55’ N; 11° 56’ E) started in 2009 
119 as part of research programs on contaminants and wintering ecology. Adult birds were captured 
120 during the incubation stage on their nests using a nest trap as previously described 47. Birds were 
121 individually marked using a color ring (with a unique code for identification at a distance) and a 
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122 numbered steel band. Right after capture, 8mL of blood were collected from the brachial vein 
123 using a heparinized syringe and a 22 gauge needle. Blood was centrifuged in the field; plasma and 
124 red blood cells were kept frozen at -20 °C until laboratory analyses for PFAS and telomeres, 
125 respectively. Skull (head and bill) and bill length were then measured with an accuracy of 0.5 mm 
126 using a caliper and birds were weighted to the nearest 5 g using a Pesola spring balance. Because 
127 males are larger than females, we assumed that birds with a bill >61.5 mm long and skull >152 mm 
128 long were males as described previously 47. When birds could not be sexed according to their size, 
129 sex was determined by molecular sexing as previously done 48. 

130 Laboratory analyses

131 PFAS concentrations in plasma were determined at the Norwegian Institute for Air Research 
132 (NILU) in Tromsø, Norway. PFAS with concentrations below the limit of detection (LOD) in less 
133 than 30% of samples were replaced with a value equal to ½ x LOD to enable statistical analyses. 
134 Therefore, 9 PFAS (perfluorooctanoate (PFOA), perfluorononanoate (PFNA), perfluorodecanoate 
135 (PFDA), perfluoroundecanoate (PFUnA), perfluorododecanoate (PFDoDA), perfluorotridecanoate 
136 (PFTrDA), perfluorotetradecanoate (PFTeDA), perfluorohexanesulfonate (PFHxS), and linear 
137 perfluoroctanesulfonate (L-PFOS)) could be further investigated. A detailed protocol for the 
138 methodology used for PFAS, quality assurance/quality control (QA/QC) results, detection 
139 frequencies, and LOD of all PFAS analyzed in the study can be found in the Supporting information 
140 and in Supporting Table S1.

141 Telomere analyses were carried out in red blood cell samples collected from 2012 to 2018, 
142 at the Centre d’Etudes Biologiques de Chizé (CEBC), France, using a real-time quantitative PCR 
143 (qPCR) technique already validated for birds 49. Further clarifications on the methodology used for 
144 telomere length estimation can be found in the Supporting information.

145 Statistical analyses

146 The potential association between PFAS and either survival or re-sighting rates was evaluated by 
147 using a capture-mark-recapture (CMR) dataset from 2010 to 2019. A total of 89 birds were 
148 included in this model (birds for which both CMR and PFAS data were available). A CMR model was 
149 built taking into account all encounter occasions following PFAS analyses. This model was 
150 parameterized in terms of the probability of survival ɸ (i.e. apparent survival, probability that an 
151 individual at time t survives to time t+1 and does not permanently emigrate from the study area) 
152 and re-sighting p (probability that an individual is encountered at time t+1). Because sex-related 
153 differences in PFAS concentrations have been previously found in glaucous gulls 48, and since 
154 females and males may show dissimilar responses to contaminant exposure in this species 48, we 
155 were interested in sex-dependent associations of PFAS and demographic parameters. We have 
156 thus included the effect of sex on each parameter. Thus, our initial model was ɸsex psex. Each 
157 parameter (θ) was then modeled as a function of PFAS using a logit link function: logit(θ)=a + 
158 b*PFASi, where a is the intercept, b is the slope, and PFASi is the concentration of a given PFAS for 
159 individual i. Due to large values of PFAS concentrations, values were log-transformed to facilitate 
160 numerical convergence. To additionally test the potential association between telomere length, 
161 survival, and re-sighting rates, a similar CMR model was also built taking into account all encounter 
162 occasions following telomere length estimation. A total of 78 birds were included in this model 
163 (birds for which both CMR and telomere length data were available). To test for an effect of PFAS 
164 or telomere length on survival or re-sighting probability we used likelihood ratio tests between the 
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165 model where the parameter θ (i.e. ɸ or p) was a function of PFAS or telomere length and the 
166 model where the parameter θ was only sex-dependent. We inferred an effect of PFAS or telomere 
167 length on θ when the P-value of the LRT test was < 0.05 and the 95% confidence interval of the 
168 slope parameter b did not include zero. Goodness of fit (GOF) test was performed to test how well 
169 our initial model fitted the data using the median c-hat approach 50.
170 All other statistical analyses were performed using R 3.6.1 51. PFAS compounds were 
171 analysed separately because: i) longer carbon-chain-length PFAS can have a stronger effect than 
172 shorter PFAS 14; ii) per- and poly-fluorinated compounds, odd and even numbered carbon-chain-
173 length perfluoroalkyl carboxilates (PFCA), and perfluoroalkane sulfonates (PFSA) share different 
174 chemical and/or physical proprieties 4, 52; and iii) correlations among log or square-root 
175 transformed PFAS were very variable, being lowest between PFHxS and PFDA (Pearson 
176 correlation: r=0.01, P=0.94) and highest between PFUnA and PFDA (Pearson correlation: r=0.84, 
177 P<0.001). A correlation matrix including all correlation coefficients among PFAS is reported in the 
178 Supporting Information (Figure S1). Individual body mass and morphometric measures were used 
179 to calculate a scaled body mass index (BMI) following a previous protocol 53, which was then 
180 included in the statistical analyses to control for the body condition of the birds. To test whether 
181 the contaminant levels were associated with absolute telomere length, we used linear mixed 
182 models including telomere length as response variable, while PFAS, sex, BMI, and the interaction 
183 between sex and PFAS were treated as predictors. A total of 75 birds (24 males and 51 females) of 
184 which 18 were captured two times while 8 were captured three times (i.e. for a total of 109 
185 observations) were available from 2012 to 2017, period for which both PFAS and telomere length 
186 were estimated. In this model, the year of capture and the individual ID were considered as 
187 random factors to control for variations in PFAS over time and for pseudoreplications (data from 
188 re-captured individuals), respectively. Linear mixed models were also used to test the effect of 
189 PFAS exposure on the change in telomere length over time (i.e. telomere dynamics) calculated 
190 from re-captured individuals, which was considered as response variable. A total of 22 
191 observations from 19 birds re-captured one or two years apart were included in this model. Thus, 
192 the model also included an additional covariate named N. years difference to control for telomere 
193 length variation between one or two years. Because it has been previously shown that the rate of 
194 telomere shortening is often higher for birds with initial long telomeres, this model also included 
195 telomere length at year one as a covariate, named Telomere Y1. The average of a given PFAS 
196 between the two years was considered as the explanatory variable. Biologically relevant models 
197 were built using averagePFAS, sex, N. years difference, Telomere Y1, and the interaction between 
198 average PFAS levels and the sex as predictors. Also for this model, the year and the individual ID 
199 were considered as random factors to control for variations in PFAS over time and for 
200 pseudoreplications (data collected from the same individual), respectively. For each model, we 
201 tested the normality of residuals and we visually inspected diagnostic plots to check whether the 
202 data met linear model assumptions 54. Two outliers were found for absolute telomere length (i.e. 
203 they exceeded the mean ± 3 SD and were likely due to a methodological issue) and were thus 
204 excluded from statistical analyses. Data were transformed to meet these assumptions (i.e. 
205 normality and homoscedasticity of residual distribution) when testing for correlations among PFAS 
206 and when testing for sex differences for each PFAS congener. When testing for sex differences in 
207 PFAS concentration, the first data (first time measurement of PFAS for each bird) of the 75 birds 
208 captured from 2012 to 2017 were used. Finally, to visualize effect sizes of PFAS on telomere 
209 dynamics, all predictor variables (i.e. PFAS) were scaled to mean of 0 and standard deviation of 1 
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210 to be included in the same graph. Bonferroni corrections were not applied when comparing 
211 associations among PFAS and telomeres because of the increased probability of producing false 
212 negatives 55. All data transformation and any violation of model assumptions are reported within 
213 the manuscript.

214 Results and discussion

215 Compounds and levels of PFAS. Mean (± SD), median, and the range of plasma concentrations of 
216 each PFAS are reported in Table 1. Except for PFNA, PFHxS and L-PFOS, all PFAS showed a 
217 statistically significant difference between males and females, with males usually showing higher 
218 levels (Table 1). L-PFOS was the most abundant compound (median of 11050 pg/mL of ww in 
219 males and 6600 pg/mL of ww in females) while PFOA was the least abundant (median of 120 
220 pg/mL of ww in males and 150 pg/mL of ww in females) of all PFAS reported in Table 1. Odd 
221 carbon-chain-length PFAS (i.e. PFNA, PFUnA, and PFTrDA) were generally more abundant than 
222 even carbon-chain-length PFAS (Table 1), a common pattern in Arctic wildlife likely related to the 
223 long-range atmospheric transport of odd-chained PFAS 56. Similar sex-related differences in PFAS 
224 concentrations have been previously found in glaucous gulls 48. Sex-related differences in 
225 contaminant exposure may be related to different foraging strategies adopted by males and 
226 females during the reproductive season. Males feeding at a higher trophic level than females or in 
227 more contaminated areas may explain variation in contaminant levels, although previous work 
228 showed that glaucous gull males and females feed on a similar trophic level 57. Nonetheless, in ovo 
229 transfer of organic contaminants represents a significant elimination route in this species 58. Being 
230 opportunistic feeders, dietary preference (e.g. glaucous gulls feeding on eggs vs. fish intake 46, 59) 
231 vary considerably among individual birds and may play a role in the accumulation of high 
232 concentrations of contaminants.

233 Relationship between absolute telomere length and PFAS. The models describing the association 
234 between absolute telomere length and each PFAS are reported in Supporting Table S2. The models 
235 including PFOA, PFNA, PFUnA, PFDoDA, PFTeDA, L-PFOS, and sumPFAS as explanatory variables 
236 reported a significant association between absolute telomere length and the sex, with males 
237 showing longer telomeres than females (Supporting Table S2). The model including PFTrDA as 
238 explanatory variable showed no significant effects, while the model on PFHxS showed a significant 
239 association between absolute telomere length and the sex and the body mass index, with birds 
240 owning a higher body mass index having longer telomeres. The model on PFDA levels as 
241 explanatory variable showed a significant interaction between PFDA and the sex (P=0.047; 
242 Supporting Table S2). This result is due to the opposite trend of the slope calculated for males and 
243 females, but both slopes are not significant (Estimate ± SE for females: -4.39*10-5 ± 3.23*10-5, 
244 P=0.16; Estimates ± SE for males: 4.86*10-5 ± 3.68*10-5, P=0.18; overall r2 = 0.091). 

245 As stated above, L-PFOS was the PFAS showing the highest concentrations found in the 
246 present study, with four females showing concentrations above 100000 pg/mL of ww. Yet, PFDA 
247 was the only PFAS associated with absolute telomere length. Importantly, this association was 
248 dependent on the sex of the birds. One possible explanation for this PFDA-telomere association 
249 may lie in the absolute concentration of PFDA, which showed significantly higher levels in males 
250 than females. We cannot, for example, rule out the possibility that the association between PFDA 
251 and telomeres would only emerge when PFDA exceeds certain concentrations. Indeed, the 
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252 positive trend in males was highly influenced by two birds that showed relatively high levels of 
253 PFDA (>2400 pg/mL of ww) and also long telomeres. By removing these two data points from the 
254 analyses, the interaction term is not significant anymore (P=0.73), and the sex is the only 
255 remaining significant term (P=0.046), which is in agreement with the other models on absolute 
256 telomere length. However, these two birds were kept in the model because they are not outliers 
257 since no issues with telomere and/or contaminant analyses occurred, thus represent real data. But 
258 their removal from the model lead to a non-significant association between PFDA and absolute 
259 telomere length. In addition, these two highly PFDA contaminated birds with long telomeres were 
260 not re-sampled within two years after capture, thus were not included in the statistical analyses 
261 on telomere dynamics, which may explain the lack of association between telomere dynamics and 
262 PFDA. However, it is of great importance to consider that: i) the association between PFDA and 
263 absolute telomere length was purely related to the difference in the slopes calculated from males 
264 and females, thus neither males nor females showed a significant association with PFDA, and ii) 
265 the large inter-individual variation in absolute telomere length may be driven by other factors that 
266 have not been included in our study. For instance, because telomere length is suspected to be 
267 associated with survival and longevity 25, 60, age is one important factor that can contribute to 
268 variation in telomere length within bird populations 61. Telomere loss mainly occurs early in life 
269 and it is associated with developmental conditions 62. Telomere length also declines between the 
270 chick stage and the adulthood, but during adulthood, the rate at which telomere shorten can be 
271 highly reduced especially for long-lived species 62. Age-dependent mechanisms of environmental 
272 contaminants accumulation may also occur, therefore knowing the age of the studied individuals 
273 is of great importance when dealing with both telomeres and persistent organic pollutants. In the 
274 glaucous gull, however, previous work pointed out that PCBs and OCs are unrelated to age and 
275 that steady-state levels of contaminant accumulation are reached relatively early in life 63, thus the 
276 present results ought to be unaffected by the age of the studied birds. Regarding PFAS, there is no 
277 published study on the effect of adult age. Only one study on white-tailed sea eagle suggests that 
278 in nestlings, PFAS burden increase with increasing age during the nestling phase64. Other factors 
279 rather than age may still mask the effects of environmental contaminants when using a cross-
280 sectional approach, thus some caution is needed to interpret these findings, and further work in 
281 advised to support the suspected sex-related association between PFDA and absolute telomere 
282 length.

283 Relationship between telomere dynamics and PFAS. The models describing the association 
284 between telomere dynamics and each PFAS are reported in Supporting Table S2. None of the 
285 models showed a significant interaction between average PFAS levels and the sex (all P>0.49) and 
286 thus were not reported in Supporting Table S2, while all models reported a highly significant 
287 association between telomere dynamics and telomere length at year 1 (all P<0.055, Supporting 
288 Table S2). Briefly, a shortening in telomere length was more likely to occur in birds with longer 
289 telomeres at year 1. Finally, we found that PFNA (Estimate ± SE: 9.68*10-5 ± 3.24*10-5, P=0.0088, 
290 Figure 1a, Figure 2, Supporting Table S2) and PFTeDA (Estimate ± SE: 5.06*10-4 ± 1.87*10-4, P=0.02, 
291 Figure 1b, Figure 2, Supporting Table S2) were strongly and positively associated with telomere 
292 dynamics independently from the sex of the birds, although only five males were included in the 
293 analyses. Birds with higher PFNA or PFTeDA levels were the ones showing the slowest rate of 
294 telomere shortening. Except PFOA, all other carboxylic PFAS showed a similar positive association 
295 with telomere dynamics (Figure 2), and a trend was found for both PFDA and PFDoDA (P=0.11 and 
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296 P=0.14, respectively; Figure 2, Supporting Table S2). Using a longitudinal approach (i.e. therefore 
297 considering the dynamic of telomeres over time) limits the number of confounding factors that 
298 might influence telomere length. Our results show that several carboxylic PFAS (and more 
299 specifically, PFNA and PFTeDA) were positively associated with a change in telomere length over 
300 time. This result was not related to the sex of the birds. But given the small sample size for males, 
301 further studies should try to additionally assess whether a sex-dependent effect exists. To the best 
302 of our knowledge, only two studies have investigated the association between PFAS exposure and 
303 telomere dynamics 38, 40, and no study has previously reported an association between a specific 
304 PFAS and telomere dynamics of wild birds. Our research provides an essential contribution for our 
305 understanding on the link between PFAS and telomeres of wild animals. Our results are in 
306 agreement with the work of Blévin et al., 40, which found that PFAS predicted telomere dynamics 
307 in black-legged kittiwakes, with most contaminated birds showing the slowest rate of telomere 
308 shortening over time. A previous study found that although the concentration of shorter-carbon-
309 chain PFAS was higher, PFTeDA exposure showed the strongest association with protein oxidative 
310 damage 14. Not only we found that PFNA and PFTeDA, and in a lesser extent, some other PFAS 
311 were positively associated with telomere dynamics, but some of the studied birds displayed 
312 telomere elongation. Telomere maintenance and elongation is carried out by the activity of the 
313 telomerase 65, the enzyme responsible for adding new nucleotides at the telomeric site of the DNA 
314 after each DNA replication event. Telomere elongation has been previously described in adult 
315 Leach’s storm petrels Oceanodroma leucorhoa, suggesting that long-lived species such as seabirds 
316 can “escape” from telomere shortening and possibly possess mechanisms to upregulate 
317 telomerase activity later in life 66, but the underlying mechanisms remain unknown. Here we 
318 provide three explanations for the positive association between PFAS and telomere dynamics. 
319 First of all, some PFAS, and especially long-chain carboxylates can bind to plasma proteins which 
320 are essential for hormone displacement and are thus suspected to disrupt the endocrine system 
321 67. Although only a few studies have investigated the effects of PFAS on the endocrine system in 
322 birds, recent work found that higher levels of PFTrDA and PFTeDA are associated with lower 
323 baseline corticosterone CORT in black-legged kittiwakes 18. Glucocorticoids have been widely used 
324 to describe the effect of environmental conditions on telomere dynamics of vertebrates because 
325 they alter telomerase activity 32. An up-regulation of telomerase activity mediated by PFAS-
326 induced reduction in circulating CORT as previously shown in birds 18 may explain why birds with 
327 higher levels of certain PFAS showed the slowest rate of telomere shortening, but this hypothesis 
328 will need to be specifically tested. Second, glaucous gulls in Svalbard are exposed to a complex 
329 cocktail of persistent organic pollutants and trace elements 43, 48. These contaminants, which were 
330 not analyzed in the present study, can occur at high concentrations and may potentially impact on 
331 telomeres in synergy with PFAS. Third, we cannot exclude the possibility that exposure to PFAS 
332 during the breeding season leads to invest less in reproduction (e.g. through a reduced clutch 
333 size), which in turn may positively reflect on certain physiological traits. 

334 Relationship between CMR data and PFAS. Results of the models testing for an effect of PFAS on 
335 survival and re-sighting probabilities are reported in Table 2. Our initial model fitted the data 
336 (median c-hat = 1.008). Male birds exposed to higher blood PFOA concentration at time of 
337 sampling had higher re-sighting rates (slope ± SE: 0.91 ± 0.26; PLRT<0.001, Table 2, Figure 3a) and 
338 apparent survival probabilities (slope ± SE: 1.13 ± 0.47; PLRT=0.003, Table 2, Figure 3b) over the 
339 following years. CMR models also showed that male birds exposed to higher blood concentrations 
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340 of PFHxS at time of sampling had higher re-sighting rates (slope ± SE: 1.74 ± 0.43; PLRT<0.001, Table 
341 2, Figure 3c) over the following years, but there was no clear association with apparent survival 
342 (PLRT=0.056 although the 95% CI of the slope in males did not contain zero; slope ± SE: 1.10 ± 0.48; 
343 95% CI 0.17, 2.04, Table 2), likely due to the wide confidence intervals (Figure 3d). All other PFAS 
344 and telomere length were not associated neither with re-sighting rate (although for telomere 
345 PLRT=0.09 and the CI of the slope in males did not contain zero; slope ± SE: -0.56 ± 0.28; 95% CI -
346 1.12, -0.01) nor apparent survival. Because glaucous gulls are highly philopatric and most birds 
347 occupy the same nest for several years 68, and because most nests are monitored annually, we 
348 may assume that breeding birds are more re-sighted than non-breeding birds. Previous work in 
349 humans found that PFOA and PFHxS are positively associated with prolactin and follicle-
350 stimulating hormone (FSH), respectively 69. In birds, recent findings further suggest that PFAS can 
351 stimulate the production of prolactin 23. When not incubating, glaucous gull males spend more 
352 time at the nest site than females 70. If exposure to PFAS lead to an increased secretion of the 
353 hormones implicated in parental commitment, males exposed to higher levels of PFOA and PFHxS 
354 may allocate more time in nest defense, incubating or in providing parental care, a condition that 
355 will increase their re-sighting probabilities. Furthermore, other factors that could not be 
356 accounted for in this study (e.g. overwintering in different locations; feeding strategies) may also 
357 be responsible for the variation in PFAS exposure, survival, or both. For instance, some males may 
358 specialize in food items containing lower PFOA and PFHxS (e.g. eggs from other breeding glaucous 
359 gull, which contain low to undetectable levels of PFOA and PFHxS 15, or on lower trophic level 
360 preys), strategies that may negatively associate with survival and re-sighting probability. Because 
361 food intake is the main route through which birds gets exposed, feeding on the highly nutritional 
362 fish-based diet may positively reflect on both physiological and demographic parameters, while at 
363 the same time increase exposure to PFAS. Further studies measuring PFAS in birds should 
364 therefore additionally measure stable isotopes as a proxy of their feeding ecology, that would 
365 strongly benefit with the interpretation of the results. 

366 To date, our study represents one of the most comprehensive work to provide evidence in 
367 wild vertebrates that PFAS exposure is associated with telomere length dynamics. We found a 
368 significant association between PFAS and telomere dynamics, with the most PFNA and PFTeDA 
369 contaminated birds showing the slowest rate of telomere shortening. We also found that PFOA 
370 and PFHxS were positively associated with apparent survival and re-sighting probabilities in our 
371 species. These results corroborate the hypothesis that PFAS positively associate with telomere 
372 length as previously suggested 40, 41. Our study also provides new evidences that compared to 
373 legacy chlorinated pesticides and polychlorinated biphenyls, PFAS may associate with physiological 
374 biomarkers in a different way 21, 48. To the extent of our knowledge, this is the first study to report 
375 that the association between PFAS exposure and telomere length is tied to specific PFAS 
376 congeners, and that the effect does not rely on total PFAS concentrations. The latter statement is 
377 further supported by the significant and positive association between exposure to specific PFAS 
378 congeners and demographic responses in this long-lived bird. Previous work suggested that PFAS 
379 are unlikely to cause detrimental effects given the low environmental concentrations 67. But our 
380 results corroborate the positive association between PFAS and physiological traits of wildlife 
381 previously found in seabirds 23, 24, 48 and dolphins Tursiops truncatus 71. Yet, further experimental 
382 work on telomere length dynamics (e.g. using laboratory animals) to assess the mechanisms 
383 through which PFAS would impact on telomeres is strongly advised. Most importantly, our results 
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384 call for further studies to elucidate how exposure to PFAS would positively associate with apparent 
385 survival and re-sighting probabilities in this species.

386 Supporting Information

387 Detailed protocols for PFAS and telomere analyses, and a Quality Assurance/Quality Control 
388 (QA/QC) statement is provided. The Supporting Table S1 summarizes the detection frequency (Df) 
389 and the limit of quantification of all PFAS analysed in the study. The Supporting Table S2 further 
390 summarizes the statistical results of the best fit linear mixed models on the association between 
391 either absolute telomere length or telomere dynamics and each PFAS congener. The Supporting 
392 information also includes a correlation matrix describing the association among PFAS (Figure S1).

393  Acknowledgements

394 This project was supported by Institut Polaire Français (IPEV project 330 to O. Chastel), the ANR 
395 ILETOP (ANR-16-CE34-0005) and the Contrat Plan Etat Region (CPER ECONAT). Additional funding 
396 for fieldwork was provided by the MOSJ (www.mosj.no) and SEAPOP (www.seapop.no) programs, 
397 and the Fram Centre Flagship Hazardous Substances-Effects on Ecosystems and Health, and the 
398 MultiStress seabird project (ID 462018). We thank the Norwegian Polar Institute for their logistic 
399 help in the field and financial support (from the MOSJ programme) for analysis of contaminants in 
400 blood samples from glaucous gulls. This study was approved by the Norwegian Animal Welfare 
401 committee (FOTS ID 12394) and by the Governor of Svalbard.

Page 10 of 21

ACS Paragon Plus Environment

Environmental Science & Technology
This document is the Accepted Manuscript version of a Published Work that appeared in final form in Environmental  

Science & Technolgy, copyright © American Chemical Society after peer review and technical editing by the publisher. 
To access the final edited and published work see https://doi.org/10.1021/acs.est.0c03099

http://www.mosj.no
http://www.seapop.no


11

402 Table 1: Plasma PFAS concentrations expressed as mean ± standard deviation (pg/mL of ww) and 
403 median value of male (n=24) and female (n=51) glaucous gulls Larus hyperboreus from 
404 Kongsfjorden, Svalbard. PFAS data refer to the period 2012-2017, for which both telomere length 
405 and PFAS were estimated, and only include one PFAS measurement for each bird (PFAS data 
406 related to the first capture event of each bird). Significant P-values are showed in bold. Asterisks 
407 indicate that data were square-root (a) or log10-transformed (b) to meet linear model 
408 assumptions. 

409

Males Females
Mean ± SD Median (range) Mean ± SD Median (range) F 1,73 P-value

Carboxilates
PFOAa 115 ± 110 120 (<10-390) 210 ± 210 150 (<10-790) 4.02 <0.05
PFNAb 1930 ± 1100 1565 (950-5485) 1610 ± 970 1370 (300-4420) 3.03 0.09
PFDAb 1105 ± 640 870 (440-2790) 750 ± 470 620 (155-2095) 9.38 <0.01
PFUnAb 4220 ± 1985 3775 (1555-9640) 3260 ± 2120 2730 (680-10605) 6.05 <0.05
PFDoDA 1080 ± 450 1060 (105-1810) 700 ± 475 605 (<40-2495) 11.06 <0.01
PFTrDAa 5215 ± 4580 3525 (940-16300) 2390 ± 1675 2120 (<100-9770) 17.03 <0.001
PFTeDA 350 ± 245 370 (<120-790) 235 ± 180 210 (<120-710) 5.05 <0.05
Sulfonates
PFHxSb 585 ± 370 495 (30-1600) 1465 ± 3355 395(<30-18725) <0.01 0.99
L-PFOSb! 13305 ± 6595 11050 (5020-33340) 29845 ± 79850 6600 (1390-507665) 0.71 0.40

410 ! For L-PFOS, normality of residuals could not be achieved.
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411 Table 2: Effect of PFAS and sex on re-sighting and survival rates of adult glaucous gulls (n=89), 
412 Svalbard, Norway. Models are ranked from lowest to highest ΔAICc. PLRT refers to the significance 
413 of the likelihood ratio test between the model with the effect and the model with no effect on 
414 either ɸ (survival) or p (re-sighting). Only models for which this difference was significant are 
415 presented. PFOA and PFHxS concentrations were log10-transformed to facilitate convergence of 
416 CMR models. Asterisks indicate an interaction between sex and the individual covariates (i.e. PFOA 
417 or PFHxS).

Hypothesis AICc ΔAICc Deviance Slope ± SE (95% CI) PLRT
logPFOA
Effect of 
PFOA*sex on p

549.2 0 536.9 Males: 0.91 ± 0.26 (0.40, 1.42)
Females: -0.28 ± 0.19 (-0.65, 0.09)

<0.001

Effect of 
PFOA*sex on ɸ

552.6 3.4 540.3 Males: 1.13 ± 0.47 (0.21, 2.05)
Females: -0.07 ± 0.20 (-0.47, 0.32)

0.003

No effect on ɸ or p 559.9 10.7 661.8

logPFHxS
Effect of 
PFHxS*sex on p

542.6 0 530.3 Males: 1.74 ± 0.43 (0.89, 2.59)
Females: 0.29 ± 0.17 (-0.05, 0.63)

<0.001

Effect of 
PFHxS*sex on θ

558.3 15.7 546.0 Males: 1.10 ± 0.48 (0.17, 2.04)
Females: 0.03 ± 0.19 (-0.35, 0.40)

0.056

No effect on ɸ or p 559.9 17.3 551.8
418
419
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420

421 Figure 1: Relationship between telomere dynamics (expressed as the difference in T/S ratio 
422 between two years) and a) PFNA expressed as pg/mL; and b) PFTeDA expressed as pg/mL, in adult 
423 Glaucous gulls from Svalbard. Individuals above the dashed line showed an elongation in telomere 
424 length, whereas the ones below showed a shortening in telomere length. Analyses are based on 
425 19 individuals with repeated measures of telomere length. The solid line represents the trend 
426 while the grey area represents 95% confidence intervals.
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427

428 Figure 2: Effect size of all carboxylic PFAS on telomere dynamics in adult Glaucous gulls from 
429 Svalbard. All PFAS except PFOA were positively associated with telomere dynamics. The figure 
430 illustrates model averaging outputs (conditional averaged estimates and 95% confidence interval) 
431 from the selected models. PFAS were ordered based on their carbon-chain-length (C8 to C14).
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432  

433 Figure 3: Relationships between log-transformed PFOA and a) re-sighting and c) survival, and 
434 between log-transformed PFHxS and b) re-sighting and d) survival in male glaucous gulls from 
435 Svalbard, Norway. The solid line represents the modeled relationship while the grey area 
436 represents 95% confidence intervals (CIs). CIs are meant not to fall below zero or to exceed one 
437 since re-sighting and survival are probabilities.

438
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