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ABSTRACT 1 

A significant body of literature suggests that aquatic pollutants can interfere with the 2 

physiological function of the fish hypothalamic-pituitary-interrenal (HPI) axis, and eventually 3 

impair the ability to cope with subsequent stressors. For this reason, development of accurate 4 

techniques to assess fish stress responses have become of growing interest. Fish scales have 5 

been recently recognized as a biomaterial that accumulates cortisol, hence it can be potentially 6 

used to assess chronic stress in laboratory conditions. We, therefore, aimed to evaluate the 7 

applicability of this novel method for cortisol assessment in fish within their natural 8 

environment. Catalan chub (Squalius laietanus) were sampled from two sites; a highly polluted 9 

and a less polluted (reference) site, in order to examine if habitat quality could potentially 10 

influence the cortisol deposition in scales. We also evaluated the seasonal variation in scale 11 

cortisol levels by sampling fish at three different time points during spring-summer 2014. In 12 

each sampling, blood was collected to complement the information provided by the scales. Our 13 

results demonstrated that blood and scale cortisol levels from individuals inhabiting the 14 

reference site were significantly correlated, therefore increasing the applicability of the method 15 

as a sensitive-individual measure of fish HPI axis activity, at least in non-polluted habitats. 16 

Since different environmental conditions could potentially alter the usefulness of the technique, 17 

results highlight that further validation is required to better interpret hormone fluctuations in 18 

fish scales. Scale cortisol concentrations were unaffected by habitat quality although fish from 19 

the polluted environment presented lower circulating cortisol levels. We detected a seasonal 20 

increase in scale cortisol values concurring with an energetically costly period for the species, 21 

supporting the idea that the analysis of cortisol in scales reveals changes in the HPI axis activity. 22 

Taken together, the present study suggests that cortisol levels in scales are more likely to be 23 

influenced by mid-term, intense energetically demanding periods rather than by long-term 24 

stressors. Measurement of cortisol in fish scales can open the possibility to study novel spatio-25 

temporal contexts of interest, yet further research is required to better understand its biological 26 

relevance.  27 
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1. INTRODUCTION 29 

The analysis of circulating cortisol, the main glucocorticoid (GC) in teleost fish released after 30 

the activation of the hypothalamic-pituitary-interrenal (HPI) axis, has been by far the most 31 

common method used in stress response assessments (Mommsen et al., 1999; Schreck et al., 32 

2016). Although acute stress responses, such as those initiated after an attack by a predator or 33 

severe storms, are imperative for fish homeostasis and survival, chronic stressors can negatively 34 

affect fish growth, reproduction and the immune system (Moberg and Mench, 2000; Pankhurst, 35 

2011). The difficulty of obtaining baseline blood samples in wildlife, and the growing interest 36 

of conservation physiology in assessing chronic increases of cortisol (Dantzer et al., 2014), 37 

makes imperative the development of novel techniques to quantify fish HPI axis activity. In 38 

other taxa, integumentary structures such as hair, feathers, shed skin or claws are recently 39 

gaining attention since they provide an alternative way to measure hormone concentrations 40 

integrated over time (Berkvens et al., 2013; Bortolotti et al., 2008; Davenport et al., 2006; Matas 41 

et al., 2016). In this direction, fish scales have been recently recognized as a biomaterial that 42 

accumulates cortisol (Aerts et al., 2015; Carbajal et al., 2018). Thus far, no research has been 43 

done to examine the accurate time course over which scales accumulate cortisol. Similarly to 44 

the process described for corticosterone deposition on feathers (Bortolotti et al., 2008) or 45 

cortisol diffusion into the hair shaft (Russell et al., 2012), scales are vascularized by capillaries 46 

from which GC may diffuse into the matrix. As scales grow during the entire life of the fish 47 

(Elliott, 2000), cortisol measurements in this mineralized tissue could potentially integrate a 48 

longer period than any other tissue available. Despite hormone analysis in fish scales is a 49 

promising tool as it may provide integrated measures of cortisol, this method is not yet fully 50 

validated. To date, only one study has demonstrated the usefulness of scales as an indicator of 51 

long-term HPI axis activity in fish subjected to laboratory conditions (Aerts et al., 2015). 52 

Although these authors verified the biological relevance of scale cortisol levels, whether 53 

hormone concentrations in this media are proportional to their abundance in the bloodstream 54 

still remains to be explored. Establishing the relationship between scales and blood cortisol 55 
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levels is crucial to increase the applicability of this novel method as a sensitive-individual 56 

measure of fish HPI axis activity (Cook, 2012; Sheriff et al., 2011). In addition, this integrative 57 

technique has only been tested in farmed fish held under captivity. Nevertheless, given the 58 

structural characteristics of this matrix, the assessment of cortisol in fish scales is likely to 59 

present a promising applicability in natural environments.  60 

Decline of wild fish populations, particularly those from freshwater systems, has been partly 61 

exacerbated by pollution (Ismail et al., 2017). Long-term exposure to pollutants, such as metals, 62 

pesticides, and other organics, can cause the chronic activation of the HPI axis, which as 63 

mentioned, can have detrimental consequences on fish performance (Mommsen et al., 1999; 64 

Scott and Sloman, 2004). Many researchers have explored the effects of environmental 65 

contaminants on the fish stress response, either measuring cortisol in blood (Hontela et al., 66 

1992; Jorgensen et al., 2017; Miller et al., 2009) the surrounding water (Pottinger et al., 2016) 67 

or using whole-body homogenates (Belanger et al., 2016; King et al., 2016; Pottinger et al., 68 

2013). Measurement of cortisol in scales could be a better option when an integrated measure of 69 

the HPI axis activity over longer periods is needed to enhance the ‘‘snapshot’’ of cortisol 70 

measurement.   71 

When designing an experiment, several factors must to be considered in order to yield valuable, 72 

biologically relevant results (Johnstone et al., 2012; Killen et al., 2016; Schreck et al., 2016), 73 

and this is especially important when new matrices for endocrine assessment are being 74 

developed (Cook, 2012; Sheriff et al., 2011). In this context, a considerable amount of research 75 

has reported seasonal variation on cortisol levels (Belanger et al., 2016; Madliger and Love, 76 

2014; Palme, 2005). Given that the assessment of cortisol in fish scales is a recent contribution 77 

(Aerts et al., 2015; Carbajal et al., 2018), it is crucial to understand the potential seasonal 78 

variation in scale cortisol concentrations (SCC) before using this method as an indicator of HPI 79 

axis activity in wild specimens. 80 

 81 
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Taking into account these previous considerations, the present study was designed to explore 82 

the usefulness of fish scale cortisol analysis as a bioindicator in wild environments. As a further 83 

validation of the technique, we first aimed to evaluate whether the quantification of cortisol in 84 

scales reflects the HPI axis activity by individually comparing blood and scale cortisol levels in 85 

specimens of Catalan chub (Squalius laietanus). Second, we aimed to determine whether habitat 86 

quality affected the cortisol content in fish scales. Because of the long-term inhibitory effects of 87 

certain pollutants on the HPI axis activity (Gesto et al., 2008; Hontela et al., 1992; Leblond et 88 

al., 2001; Norris et al., 1999) we hypothesized that fish from a polluted habitat would present 89 

lower SCC compared to fish from a less polluted habitat. Additionally, we evaluated whether 90 

seasonality could influence SCC by sampling fish at the beginning-spring, middle-spring and 91 

beginning-summer. We hypothesized that higher concentrations of cortisol would be detected at 92 

the beginning of summer concurring with an energetically demanding period for this cyprinid 93 

(Colin et al., 2017).  94 

 95 

2. MATERIALS & METHODS 96 

2.1. Study area 97 

Fish sampling was carried out in the Ripoll River (Besòs basin) located in the north-east of 98 

Spain. The polluted habitat (2°06′01.40″E 41°34′17.88″N) was located immediately after an 99 

industrial plant, strongly affected by the industry and urbanization. The less polluted site, 100 

henceforth referred to as the reference site (2°03’24.07E’’ 41º38’45.05N’’), was located on the 101 

same river but 2.7 km upstream from the highly degraded habitat. A small dam located between 102 

the two sampling sites prevented the passage of fish from one sampling point to the other. 103 

Analysis of physico-chemical water parameters (see section 2.3.) and chemical analysis of per- 104 

and polyfluoroalkyl substances (PFAS) in the muscle of the fish collected at the two sites (see 105 

section 2.4.) were performed in order to certify that the selected habitats were correctly 106 

classified according to their pollution gradient: high pollution (henceforth referred to as the 107 
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“polluted habitat”) and low pollution (henceforth referred to as the “reference habitat”) habitats. 108 

All procedures were conducted in accordance with the European Directive for animal 109 

experimentation (2010/63/EU) and approved by the Regional Government of Catalonia (Ref. 110 

AP/007). One of the co-authors holds a FELASA certificate that regulates the use of animals for 111 

experimental and other scientific purposes. 112 

2.2. Sampling times  113 

In order to study whether habitat quality influences SCC without accounting for seasonal 114 

variation, fish were sampled at the beginning of spring 2014 from the reference (25/03/2014; n 115 

= 7; mean body weight ± SD = 43.2 ± 16.1 g) and from the polluted habitat (21/03/2014; n = 17; 116 

mean body weight ± SD = 53.6 ± 24.72 g). To examine the seasonal influence on SCC, three 117 

consecutive sampling efforts were carried out in the reference habitat in spring-summer 2014. 118 

Samplings were performed in the early spring (25/03/2014; n = 7; mean body weight ± SD = 119 

43.2 ± 16.1 g), middle spring (08/04/2014; n = 8; mean body weight ± SD = 32.7 ± 12.1 g) and 120 

early summer (16/07/2014; n = 17; mean body weight ± SD = 46.3 ± 26.0 g). 121 

In each sampling, blood was also collected in order to complement the information provided by 122 

the scales with the ‘‘snapshot’’ of blood cortisol measurement. We evaluated circulating cortisol 123 

levels after a period of confinement since stressed-induced cortisol concentrations are known to 124 

provide a better understanding of the stress responsiveness (Romero, 2004). Stress-induced 125 

cortisol increases have been detected from as short as 2.5 min to as long as 120 min in different 126 

fish species (Mommsen et al., 1999; Pankhurst, 2011). Accordingly, fish were caught with a 127 

portable electrofishing unit (300 V) and kept in tanks with the local river water for about 1 h in 128 

order to trigger a stress response by capture and confinement. Fish were then euthanized with an 129 

overdose of MS-222, and immediately after, blood and whole body scales were collected. A 130 

portion of muscle was sampled for chemical analysis of PFAS. Sex, body weight, gonad weight 131 

and total length were recorded during post-mortem examinations. Fulton’s condition factor, 132 

considered to reflect an individual’s energetic state (Barton et al., 1998) was calculated 133 

according to the formula, K = 106 · body weight (g) · total length (mm)-3 (Goodbred et al., 134 
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2015). The reproductive stage of each individual was given by the gonadosomatic index, a 135 

broadly used indicator of reproductive periods (Brewer et al., 2008), which was calculated with 136 

the formula, GSI = 100 · gonad weight (g) · body weight (g)-1 (Goodbred et al., 2015).  137 

2.3. Physico-chemical water parameters  138 

In the physico-chemical analysis, altered water parameters were observed in the polluted habitat 139 

compared to the reference site (Table 1). These values provide evidence that the habitat 140 

classified as polluted exhibits features commonly observed in disturbed ecosystems (Colin et 141 

al., 2017; Maceda-Veiga et al., 2013; Stasinakis et al., 2012).  142 

Table 1. Physico-chemical water parameters from polluted and reference habitats analyzed 
on spring and summer 2014 

  Spring Summer 

  Reference Polluted Reference Polluted 
  25/3/14 21/3/14 16/7/14 15/7/15 

Flow (L/s) 239.5 241.2 28.4 124.0 
Temperature (ºC) 14.2 16.9 19.0 23.0 
Oxygen (mg/L) 7.2 6.2 7.1 8.0 
Conductivity (µS/cm) 728 3680 709 4777 
pH 8.1 8.3 7.1 8.3 
NH3 (mg/L) 0.04 0.40 0.04 5.30 
NO2 (mg/L) 0.01 0.90 0.01 5.51 
NO3 (mg/L) 0.13 19.6 0.06 10.6 
PO4 (mg/L) 0.1 1.0 0.1 0.8 
SO4 (mg/L) 15.8 414.1 17.9 464.0 
Cl (mg/L) 40.0 987 31.9 1088 

 143 

2.4. Per- and polyfluoroalkyl substances 144 

Seven PFAS were detected in muscle tissue by UPLC; perfluorononanoic acid (PFNA), 145 

perfluorooctane sulfonic acid (PFOS), perfluorodecanoic acid (PFDA), perfluoroundecanoic 146 

acid (PFUnA), perfluorodecane sulfonic acid (PFDS), perfluorododecanoic acid (PFDoA) and 147 

perfluorotridecanoic acid (PFTriDA). Information regarding the chemicals and reagents, sample 148 

extraction and analysis technique applied is provided in the Supplementary material. The 149 

analysis of PFAS confirmed that, in both spring and summer, fish from the polluted habitat 150 
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presented higher bioaccumulation of PFAS than the reference site (Table 2), further verifying 151 

that both habitats had been properly classified according to their habitat quality characteristics.  152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 

2.5. Cortisol extraction 166 

Blood - Blood was collected by puncture of the caudal vein with a heparinized insulin syringe 167 

and kept on ice until transported back to the laboratory. Samples were then centrifuged at 1500 168 

x g for 5 min at 4 ºC and the plasma collected was stored at -20 ºC until analysis.  169 

Scales - Whole body scales were removed with a small scalpel and all of them where used for 170 

hormone extraction. In studies using larger species, the optimal methodology should employ 171 

one or a small number of scales while taking into account that ontogenetic and regenerated 172 

scales can accumulate different hormone concentrations, at least in common carp under 173 

laboratory conditions (Aerts et al., 2015).  In the present study, extraction of cortisol from scales 174 

was performed following the procedure described by Carbajal et al., (2018). Briefly, scales were 175 

washed three times with isopropanol and, once dry, they were minced with a ball mill (Retsch, 176 

MM2 type, Germany). Then, 50 mg of each powdered sample was incubated in methanol for 177 

Table 2. Per- and polyfluoroalkyl substances detected in muscle 
tissue by UPLC from individuals inhabiting polluted and reference 
habitats analysed on spring and summer 2014 

  Spring Summer 

  Reference Polluted Reference Polluted 
  25/3/14 21/3/14 16/7/14 15/7/15 

PFNA 0.06 0.52 0.13 0.27 
PFOS 2.32 13.9 2.27 8.07 

PFDA 0 13.2 0 9.12 

PFUnA 0.77 18.2 0.55 13.9 

PFDS 0.01 0.06 0 0.06 

PFDoA 0.96 24.5 0.6 43.4 

PFTriDA 0.51 47.1 0.32 49.9 

Total 4.63 117.48 3.87 124.72 
PFNA, perfluorononanoic acid; PFOS, perfluorooctane sulfonic acid; PFDA, 
perfluorodecanoic acid; PFUnA, perfluoroundecanoic acid; PFDS, 
perfluorodecane sulfonic acid; PFDoA, perfluorododecanoic acid; PFTriDA, 
perfluorotridecanoic acid 
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18h. This sample mass was used chosen following the methods of previous studies on other 178 

cumulative matrices (Davenport et al., 2006; Fourie et al., 2016; Lattin et al., 2011). After 179 

extraction, samples were centrifuged and the supernatant was evaporated. Dried extracts were 180 

reconstituted with enzyme immunoassay (EIA) extraction buffer and immediately stored at −20 181 

°C until analysis. Not enough scale sample mass could be collected from some specimens 182 

(reference n = 8; polluted n = 6) due to their small body size, consequently, from these 183 

individuals only cortisol from plasma was analysed. 184 

2.6. Cortisol analysis and validation tests  185 

Cortisol concentrations from plasma and scales were measured by enzyme immunoassay 186 

(Cortisol EIA KIT; Neogen® Corporation, Ayr, UK). Although the EIA kit comes already 187 

species-specifically validated, each assay needs an exhaustive biochemical validation for the 188 

species and sample of interest (Buchanan and Goldsmith, 2004). Biochemical validation was 189 

conducted using methods previously described for cortisol analysis in scales of goldfish 190 

(Carassius auratus) by EIA (Carbajal et al., 2018). Plasma and scale extracts from 10 different 191 

specimens were pooled for assay validation. Intra-assay coefficient of variation (CV) from all 192 

duplicated samples analysed was calculated for precision assessment. The specificity was 193 

evaluated with the linearity of dilution. Accuracy was assessed through the spike-and-recovery 194 

test. And the sensitivity of the test was given by the smallest amount of hormone that the assay 195 

is able to distinguish and measure for each matrix.  196 

2.7. Statistical analysis 197 

The computer program R software (R-project, Version 3.0.1, R Development Core Team, 198 

University of Auckland, New Zealand) was used to analyse the data. A p < 0.05 was considered 199 

statistically significant. Shapiro-Wilk tests were used to test for normality of data, and log-200 

transformed when appropriate.  201 

Pearson’s correlation coefficients (r) were used to test the relationship between SCC and plasma 202 

cortisol concentrations (PCC) in the two sites separately. We explored whether season and 203 

habitat quality could potentially influence PCC and SCC using linear regression models with 204 
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sex, K and GSI as covariates. Covariates were omitted from the final models since they were 205 

non- significant (p > 0.05). We used Tukey post-hoc tests to distinguish the seasonal variations 206 

in SCC. We assessed seasonal and habitat differences in K, GSI and sex by applying ANOVAs 207 

and Student’s t-test for quantitative variables, and chi-squared for sex. Additionally, sex 208 

differences in PCC and SCC were analysed with a Student’s t-test.  209 

In the biochemical validation, Pearson’s correlation was used to evaluate the correlation 210 

between obtained and expected values from serial dilutions. The same statistical test was 211 

applied to calculate the relationship of the parallelism between cortisol standards and the 212 

serially diluted pool extract.  213 

 214 

3. RESULTS 215 

3.1. Sex and morphological variables 216 

The morphological variables and sex distribution of Catalan chub in both assessments (habitat 217 

quality and seasonal variability) are shown in Table 3. Significant differences in K between 218 

individuals from the reference and polluted habitats were detected (p < 0.01). A seasonal change 219 

in K was also observed with significantly higher values detected on the early summer (p < 0.01). 220 

Neither differences between sites nor a seasonal variation in GSI and the sex distribution was 221 

detected (p > 0.05). 222 

3.2. Biochemical validation of the EIA 223 

The sensitivity of the assay was 0.07 ng cortisol/ml for plasma and 0.08 ng cortisol/ml for scales 224 

extracts. Intra-assay CV for plasma and scales samples was 8.80 % and 6.60 % respectively. In 225 

the dilution test, obtained and expected cortisol concentrations were significantly correlated 226 

both in plasma and scales (r = 0.99, p < 0.01). The average of the recovery percentage from 227 

spike-and-recovery test was 107.6 ± 10.0 % (mean ± SD) for plasma and 101.1 ± 4.8 % (mean ± 228 

SD) for scales validation. These results demonstrate that the EIA kit used is precise, specific, 229 
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accurate and sensitive measuring cortisol levels in both plasma and scales of the Catalan chub, 230 

likewise demonstrated in other fish species (Carbajal et al., 2018). 231 

Table 3. Sex distribution (n (%)) and values of K and GSI (mean ± SD) of individuals sampled 
from reference and degraded habitats (habitat quality) and individuals sampled during the early 
spring, middle spring and early summer (seasonal variability). Different letters indicate 
statistical difference between sites (habitat quality) and among sampling efforts (seasonal 
influence) (p < 0.01). 

Variable 
Habitat quality Seasonal influence 

Reference Polluted 
Early spring 

Middle 
spring Early summer 

Sex (males) 5 (62.5 %)a 10 (52.6 %)a 5 (62.5%)a 5 (62.5%)a 13 (65.0%)a 

K 1.02 ± 0.05a 1.12 ± 0.08b  1.02 ± 0.05a 1.01 ± 0.06a 1.26 ± 0.11b 

GSI  3.76 ± 2.17a 3.27 ± 1.98a 3.76 ± 2.17a 4.47 ± 2.30a 5.36 ± 2.76a 

K, Fulton's condition factor; GSI, gonadosomatic index 

 232 

3.3. Cortisol levels 233 

Fish from the reference site displayed significant correlation between SCC and PCC (r = 0.41, p 234 

= 0.04), however, such correlation was not significant in fish inhabiting the polluted habitat (r = 235 

0.44, p = 0.20). Comparison between habitats revealed that the degraded site presented 236 

significantly lower PCC levels (p = 0.02; Fig. 1A), but no differences on SCC between sites 237 

were detected (p = 0.56; Fig. 1B). Seasonal differences were detected on SCC (p = 0.01; Fig. 238 

2B), although PCC remained constant (p = 0.90; Fig. 2A). Post-hoc tests revealed that in early 239 

summer, SCC were significantly higher compared to levels detected in early (p = 0.04) and 240 

middle spring (p = 0.03). Sex differences in PCC (p = 0.09) and SCC were not detected (p = 241 

0.76).  242 

 243 

4. DISCUSSION 244 

Fish scales have been recently recognized as a biomaterial that accumulates cortisol, hence the 245 

present study explores the applicability of scales cortisol analysis as a bioindicator in wild 246 

environments. We provide further evidence that scales may accumulate cortisol in proportion to 247 

circulating concentrations. Moreover, results of this study suggest that the deposition of cortisol 248 
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in fish scales is probably not influenced by the habitat quality, but rather by seasonal intrinsic or 249 

extrinsic factors.  250 

An essential way to validate whether scale cortisol reflect the HPI axis activity is to evaluate if 251 

hormone levels deposited in the matrix correlate to those detected in plasma from the same 252 

individuals (Cook, 2012; Sheriff et al., 2011). Documentation on this relationship, however, has 253 

never been reported before in free-ranging animals. We should point out that, although we could 254 

not specifically validate the time course elevation in blood cortisol concentrations, as supported 255 

by the literature, we were probably measuring stress-induced PCC given that we collected blood 256 

1 h following exposure to a stressor (Mommsen et al., 1999; Pankhurst, 2011). From our study, 257 

a significant correlation was found between cortisol levels in scales and blood in fish from the 258 

reference habitat. Direct hormone correlations between blood and cumulative matrices (e.g., 259 

hair and feathers) may not always be expected. Similar to our findings, correlations have been 260 

successfully determined between corticosterone levels in blood and feathers, probably the bird 261 

cumulative matrix analogous to fish scales. Interestingly, the correspondence was evident by 262 

using stress-induced blood corticosterone levels (Bortolotti et al., 2008) and when blood 263 

hormone values were the highest of the overall studied period (Fairhurst et al., 2013a). Blood 264 

and scale cortisol concentrations predominantly differ in the time frames that are reflected by 265 

the measurements. While PCC offers an instantaneous snapshot view of the HPI axis activity, 266 

SCC are hypothesized to provide an integrated measure. Our results, therefore, are unlikely to 267 

indicate that a single blood cortisol value reflects the total SCC. The connection between both 268 

matrices provides evidence that scales could be integrating cortisol relative to bloodstream 269 

concentrations, at least in the non-stressful habitat since such relationship was not mirrored in 270 

fish from the polluted site. 271 

The lack of correlation in the polluted habitat is perhaps not surprising. When PCC were 272 

contrasted between fish from habitats of different contaminant load, fish from the polluted site 273 

exhibited lower PCC. This different response in either site could be due to the effect of certain 274 

aquatic contaminants, since there is strong evidence that can inhibit post-stress cortisol levels 275 
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(Hontela et al., 1992; Jorgensen et al., 2017; Leblond et al., 2001; Quabius et al., 1997) or delay 276 

the stress response (Marentette et al., 2012; Norris et al., 1999). Importantly, altered PCC may 277 

suggest a reduced capacity of the fish to tolerate subsequent or additional stressors from their 278 

natural settings (Angelier and Wingfield, 2012; Odermatt et al., 2006). Consequently, any 279 

potential relationship between PCC and SCC could have been masked as a result of the 280 

pollutants’ interference. Despite this, the possibility of a sample size with not enough statistical 281 

power to identify the relationship between matrices cannot be completely ruled out. As 282 

observed in other cumulative matrices (Ashley et al., 2011; Fairhurst et al., 2013a), fish scales 283 

accumulate lower amounts of cortisol compared to levels detected in plasma. Therefore, the 284 

collection of a certain quantity of scales is imperative in order to reliably extract and detect 285 

cortisol concentrations in fish scales. In the present study some small body-sized specimens 286 

where discarded since not enough sample mass could be collected. Hence increasing sample 287 

size will probably aid in determining if such between-matrix relationship differs among 288 

populations due to the habitat characteristics.  289 

 290 

Since scales are hypothesized to accumulate cortisol relative to concentrations in bloodstream 291 

(Aerts et al., 2015), this latter result observed on PCC should also be reflected in SCC. 292 

Nevertheless, whether cortisol is incorporated into the scales from the surrounding water, 293 

especially in polluted sites with higher water cortisol levels (Weizel et al., 2018) should not be 294 

completely ruled out. In the present study, we did not detect differences in SCC when 295 

comparing a polluted and a reference site. Previous studies have described that habitat 296 

degradation can affect the cortisol response to a stressor, while keeping baseline levels unaltered 297 

(Belanger et al., 2016; Blevins et al., 2013, 2012; King et al., 2016). Considering that basal 298 

cortisol concentrations in Catalan chub potentially remained unaffected by the habitat quality, 299 

our results are consistent with the idea that cumulative matrices, such as feather, hair and shed 300 

skin, are more influenced by basal levels of the hormone than by acute and non-recurrent stress 301 

responses (Ashley et al., 2011; Berkvens et al., 2013; Fairhurst et al., 2013a; Tallo-Parra et al., 302 
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2017). Understanding the influence of acute and short elevations of cortisol in SCC seems vital 303 

in order to deepen its value as a measure of long-term HPI axis activity. Experimental 304 

manipulations of plasma cortisol levels at several intensities (from moderate to severe) and 305 

durations (from minutes to days) would provide value to the biological relevance of SCC and 306 

thus help for the appropriate interpretation of results. Although further experimental work is 307 

needed to clarify this effect, our findings may suggest that the contribution of single acute 308 

stressors to scale cortisol is probably small.  309 

Despite the fact that SCC stayed the same between habitats, there was a seasonal change in 310 

SCC. A growing body of literature has demonstrated seasonality on GC levels in different taxa 311 

(Baker et al., 2013; Cockrem, 2013; Wingfield and Romero, 2015). In line with this assumption, 312 

the present study provides novel evidence that also SCC could vary seasonally. On one hand, 313 

the lack of differences detected between early and middle spring samplings could indicate that 314 

cortisol levels in scales are relatively stable and that SCC may probably not change in the 315 

context of minor life changes. On the other, the increment of SCC from middle spring to 316 

summer suggests that during the time between these two sampling efforts something promoted 317 

the activation of the HPI axis. As a consequence, circulating levels of the hormone could have 318 

been increased, incorporating higher amounts of cortisol into the scales. In agreement with 319 

previous reports on Catalan chub (Aparicio, 2016; Sostoa et al., 1990), the increment observed 320 

in GSI from spring to summer suggests that the period studied covered the species’ breeding 321 

season. Breeding is a life-history stage energetically expensive (Bonier et al., 2011; Romero, 322 

2002) largely known to influence the HPI axis activity (Dantzer et al., 2014; Wingfield and 323 

Sapolsky, 2003). In this context, the breeding season in Catalan chub has already been described 324 

to be a physiologically demanding live-history stage distinguished by a high percentage of 325 

blood alterations (Colin et al., 2017). Therefore, the increase in SCC concurring with the 326 

breeding period of the species could be partly influenced by the common energetic needs of 327 

individuals during reproduction (Milla et al., 2009; Schreck, 2010).  328 
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Besides the biological demands driven by the breeding season, the period studied coincides with 329 

a series of short-term changes in the habitat conditions that are worth mentioning. As 330 

demonstrated by the physico-chemical analysis, the water flow was drastically reduced from 331 

spring to summer in the reference site. Drought periods and consequently low water flow 332 

conditions are typically observed in this geographic area, and are related to reduced habitat 333 

quantity and quality (Jessop et al., 2003; Maceda-Veiga et al., 2009).  Interestingly, events such 334 

as drought are known to trigger stress responses in many vertebrate species (Baker et al., 2013; 335 

Jessop et al., 2003; Tokarz and Summers, 2011; Wikelski et al., 2001). Variation in water 336 

temperature is another environmental variable that should be considered when studying wild 337 

fish, since several authors have demonstrated its influence on cortisol stress responses (Blevins 338 

et al., 2012; Cook et al., 2011; Meka and McCormick, 2005; Quinn et al., 2010). In order to 339 

cope with subtle changes in the environment, such as the above mentioned, healthy individuals 340 

are predicted to increase GC secretion (Wikelski and Cooke, 2006), leading to higher circulating 341 

cortisol levels (Bonier et al., 2009). Therefore, the seasonal differences observed in SCC could 342 

also be driven or exacerbated by short-term changes, probably of a certain intensity, in the 343 

environmental conditions (Wingfield et al., 2011). Some authors have concluded that in order to 344 

detect hormonal changes in cumulative matrices a more intense and/or prolonged activation of 345 

the HPI axis in needed (Fairhurst et al., 2013a, 2013b; Lattin et al., 2011). Although empirical 346 

evidence of the extended change in the energetic demands is scarce, our results could suggest 347 

that fluctuations in SCC may become apparent once the HPI axis has been challenged or 348 

stimulated for a period of at least 3 months (period span between the 2nd and 3rd sampling), 349 

regardless of whether it is driven by intrinsic or extrinsic causes.  350 

 351 

The relationship between cortisol levels and intrinsic factors related to the animals’ biology 352 

such as body condition or the reproductive status has been emphasized by many authors (Baker 353 

et al., 2013; Cook et al., 2012; Sheriff et al., 2011; Vera et al., 2017). Despite not detecting an 354 

influence of K nor GSI on SCC, fish from the polluted habitat presented higher body condition 355 
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than those from the reference site. Although not common, higher body condition in fish 356 

inhabiting polluted environments has been described (Goodbred et al., 2015). Colin and 357 

colleagues (2017) reported similar findings in Catalan chub by using the Scaled Mass Index 358 

instead of the Fulton’s condition index. As these authors suggested, eutrophication of fresh 359 

water can result in better food quality. Note that some pollutants, especially those with 360 

endocrine disrupting effects, have obesogenic activity in humans and other vertebrates 361 

(Holtcamp, 2012; Ismail et al., 2017) including fish (Lyche et al., 2010). Thus a differing 362 

contaminant profile between habitats could also drive to the contrasting body condition 363 

observed. Furthermore, fish at the early summer increased their body condition compared to the 364 

previous assessments. Several factors other than stress, such as seasonal and developmental 365 

modifications, can also induce changes in condition indices (Barton et al., 1998; Mahé et al., 366 

2018), possibly explaining why body condition varied as the season progressed.  367 

In fish, sex has been less frequently considered in comparison with studies in other vertebrates, 368 

yet it is known that cortisol levels can vary due to sex differences (Baker et al., 2013). In this 369 

study we did not detect differences in PCC nor SCC between males and females. While this is 370 

the first time that sex differences in SCC are evaluated, our results provide valuable data for 371 

studies in wildlife where sex is a factor usually difficult to control, especially in species without 372 

sexual dimorphism, and when the number of individuals collected needs to be kept low for 373 

ethical reasons.  374 

 375 

In conclusion, while comparison of fish inhabiting habitats of different contaminant load 376 

suggests that SCC may not be a promising bioindicator of environmental quality, the SCC 377 

increase concurring with an energetically costly period for the fish species studied strongly 378 

supports the idea that the analysis of cortisol in scales could reveal changes in the HPI axis 379 

activity. This study, therefore, indicates that cortisol levels in scales are more likely to be 380 

influenced by mid-term, intense energetically demanding periods rather than by long-term 381 
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stressors. The degree to which cortisol deposition in scales is affected by external (drought, 382 

temperature) and/or internal (reproduction) factors needs to be further explored. Studies 383 

including samples collected over extended periods of time (e.g. a year), along with the 384 

assessment of other physiological endpoints of stress responses would be of interest to 385 

determine whether, when and which factors influence the cortisol deposition in fish scales. 386 
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Figure 1. Boxplots of (A) plasma cortisol concentrations (ng cortisol/ml plasma) and (B) scale 628 

cortisol concentrations (ng cortisol/g scale) in Catalan chub from degraded and reference 629 

habitats. The asterisk indicates differences in plasma cortisol concentrations between habitats (p 630 

= 0.02).  631 

Figure 2. Boxplots of seasonal comparisons on (A) plasma cortisol concentrations (ng 632 

cortisol/ml plasma) and (B) scale cortisol concentrations ( g cortisol/g scale) in Catalan chub 633 

from the reference habitat. The asterisk indicates that at the early summer scales cortisol levels 634 

were significantly higher compared to early (p = 0.04) and mid (p = 0.03) spring levels.  635 
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