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Abstract 23 

Carotenoid-based signals may function as indicators of individual quality because, being exclusively 24 

obtained from the diet, they indicate the ability of individuals to intake high-quality food. Moreover, 25 

carotenoids are involved in several important physiological functions, including antioxidant defense, 26 

so that carotenoid-based colorations have been suggested to reflect the antioxidant status of their 27 

bearers. The present correlative study aimed at investigating if the carotenoid-based coloration of the 28 

livery is a signal of antioxidant defenses in the brown trout (Salmo trutta). We investigated the 29 

relationships between carotenoid-based coloration traits (including the number and density of red 30 

spots and ventral redness), and both non-enzymatic (plasma and liver total antioxidant capacity) and 31 

enzymatic antioxidant (hepatic SOD, CAT and GPx activity) defenses. We found significant positive 32 

covariations between individual antioxidant defenses and the intensity of the carotenoid-based 33 

signals. Brown trout individuals displaying intense carotenoid-based coloration (i.e. ventral redness) 34 

had a high non-enzymatic antioxidant capacity both in plasma and in liver and, interestingly, an 35 

elevated activity of hepatic SOD and CAT. Thus, high levels of antioxidant defenses may protect 36 

carotenoids from oxidation allowing the bearer to display a brightest coloration or, alternatively, may 37 

release carotenoids from their antioxidant role and their allocation to the livery. Our data suggest that 38 

carotenoid-based colorations of the brown trout livery may be considered a honest signal of individual 39 

quality in terms of antioxidant defenses. 40 
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 63 

Introduction 64 

The pigmentation of the skin in fish is involved in several functions. Fish display a variety of colors 65 

and a wide range of patterns formed by several pigment cell types collectively named chromatophores 66 

(Fujii, 2000). Many studies have demonstrated that skin pigments play a crucial role in intra-specific 67 

communication (e.g. mate choice) and inter-specific interactions (e.g. camouflage; Kelsh, 2004), as 68 

well as in other major functions, including photoprotection, structural support, anti-parasite defense 69 

and thermoregulation (Hubbard et al., 2010). In addition, changes in pigment patterns are considered 70 

as one of the driving forces of speciation (Hubbard et al., 2010).  71 

Fish, like animals of many other taxa, use colors to signal their individual quality and/or to attract 72 

their mates, and carotenoids have been individuated as the major determinants of yellow to red color 73 

hues. Carotenoid pigments are contained in xanthophores and erythrophores of fish skin and have 74 

attracted a great interest in the signaling theory because they cannot by synthesized de novo by 75 

animals but have to be obtained from the diet (Olson and Owens, 1998). Carotenoids provide external 76 

pigmentation and in many taxa are used as a signal in both social and sexual selection contexts. 77 

Carotenoid-based displays have been suggested to signal to conspecifics a high quality diet of the 78 

individual and/or a great capability to obtain food because only high-quality individuals can handicap 79 

themselves by allocating physiologically important carotenoids to a display (Lozano, 1994; Olson 80 

and Owens, 1998). Since carotenoids have important physiological functions, such as promoting 81 

immune response (Lozano, 1994; Møller et al. 2000; Chew and Park, 2004) and free radical 82 

scavenging (von Schantz et al., 1999; Krinsky, 2001), only high quality individuals could afford the 83 

cost of using carotenoids in ornamentation. Therefore, carotenoids are hypothesized to serve as a 84 

reliable signal of health, vigor and genetic quality in a number of vertebrate taxa, including fish (e.g. 85 

Olson and Owens, 1998; Møller et al., 2000). As one of the main functions of carotenoids is to act as 86 

antioxidants to quench the potentially harmful pro-oxidant molecules generated during normal and 87 

pathological metabolic processes (El-Agamey et al., 2004; Wang et al., 2006; Pan et al., 2011; 88 

Elseady and Zahran, 2013), the amount of carotenoids allocated to ornaments may signal the extent 89 

of carotenoids that an individual can afford to divert away from antioxidant and immune functions 90 

(Lozano 1994; von Schantz et al. 1999). In addition to carotenoids, organisms also rely on many other 91 

antioxidant molecules, including vitamins, antioxidant enzymes and minerals (McGraw 2005), which 92 

are colorless and do not contribute to visual displays. However, it has been demonstrated that these 93 

molecules are likely more important as free radicals scavengers than carotenoids, and their presence 94 

indicate that the antioxidant defense system of the organism is efficient (e.g. Halliwell 1996). Thus, 95 

carotenoid-based displays do not exclusively signal the availability of carotenoids but also the more 96 
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general availability of antioxidant defenses (e.g. Blount et al. 2000; Hartley and Kennedy 2004), 97 

which release carotenoids from antioxidant tasks and allow them to divert to livery coloration. 98 

The Salmonidae family shows a great variation in skin pigmentation and pigment patterning both 99 

at inter- and intra-specific levels, whereby the species-specific color pattern of the livery is completely 100 

established at the adult stage (Djurdjevic et al., 2015). Variation in the livery of salmonids occurring 101 

among species and life-stages mainly depends on the differences in the morphology, density, 102 

distribution and arrangement of skin chromatophores (Djurdjevic et al., 2015). The brown trout 103 

(Salmo trutta) is a salmonid species with external fertilization and no parental care, with both 104 

migratory and resident populations. The resident populations develop brown, black and red spots on 105 

both body sides and the adipose fin. The red spots contain carotenoids, including xanthophyll esters 106 

and a large quantity of astacene esters (5-fold higher than xanthophyll esters; Steven, 1948), while 107 

the black spots are formed by melanophores producing the dark pigment eumelanin (Bagnara, 1998). 108 

In addition, the yellow pigmentation of brown trout skin lacking of red spots is mainly characterized 109 

by the presence of the carotenoid xanthophyll esters (lutein), while astacene esters are present in lower 110 

concentration (Steven, 1948). Although brown trout individuals and populations show a great deal of 111 

morphological variability in terms of carotenoid-based pigmentation patterns (Steven, 1947; 1948), 112 

to date there is a dearth of information regarding the potential relationships occurring between 113 

physiological and livery traits. Surprisingly, considering the role of carotenoid as antioxidants, to date 114 

no correlational and/or empirical study has investigated the relationship between carotenoid-based 115 

coloration and antioxidant defenses in the brown trout, neither under captivity conditions nor under 116 

a natural selection regime.  117 

Thus, the present study aimed at investigating if non-enzymatic and enzymatic antioxidant 118 

defenses of the brown trout are associated with carotenoid-based coloration of the livery. We relied 119 

on brown trout individuals from a resident population inhabiting two streams within the Gran 120 

Paradiso National Park (Northwestern Italy), which have not been supplemented by hatchery fish 121 

and/or deprived by fishery for a long time (about 30 years) and did not undergo anthropic pressures. 122 

Livery color analysis was assessed through a dual procedure. We first measured the mean number 123 

and density of red spots dappling the body of the brown trout, which are genetically inherited (Blanc 124 

et al., 1994). In addition, in order to have two independent measurements of skin color we also 125 

assessed carotenoid-based coloration (i.e. redness) of the ventral area of each individual by using 126 

digital photography and image analysis. Non-enzymatic antioxidant defense was measured as the 127 

total antioxidant capacity (TAC) in plasma. However, a plasma assay alone such as the TAC might 128 

be inadequate to investigate antioxidant activity because it measure only extracellular antioxidants 129 

(Perez-Rodriguez et al., 2008), while antioxidant enzymes may be lacking in plasma and/or have 130 
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limited activity (Costantini, 2008). For this reason, TAC and the activity of the main antioxidant 131 

enzymes, namely catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase (GPx) 132 

were evaluated in the liver, which is particularly prone to overproduction of reactive oxygen species 133 

(ROS). Liver was chosen instead of other organs because it is a sink of both non-enzymatic (including 134 

carotenoids as free and esterified xanthophylls and large quantity of carotene; Steven, 1948) and 135 

enzymatic antioxidants, to counteract oxidative stress adverse effects. Considering the antioxidant 136 

activity of carotenoids, we expected a positive covariation between total antioxidant capacity and 137 

carotenoid-based livery coloration. However, as it has been suggested that carotenoid-based traits 138 

may signal the availability of other non-pigmentary antioxidants, including vitamins and melatonin 139 

(Bertrand et al., 2006; Pike et al., 2007; Pérez et al., 2008), we may also expect a positive covariation 140 

between carotenoid-based coloration and the activity of the main enzymes involved in antioxidant 141 

defense (SOD, CAT and GPx), although this relationship has never been investigated in any fish 142 

species.  143 

 144 

Materials and Methods 145 

Sampling survey 146 

Brown trout individuals were collected by electrofishing every ten days in the period ranging between 147 

the 6th of May and the 28th of July 2015 in two streams within the Gran Paradiso National Park, 148 

namely the Valsoera and the Piantonetto. We decided to sample brown trout early in their pre-149 

reproductive period to prevent potential confounding factors to the relationship between carotenoid-150 

based coloration and antioxidant defenses. In fact, some Salmonids species develop intense red colors 151 

during the spawning season (Bjerkeng et al., 1992; Craig et al. 2005), and antioxidant defense may 152 

be affected by reproduction (see Martinez-Alvarez et al., 2005). Ten linear transects of about 100 153 

meters each were set up along the course of the two streams (2 transects only were travelled along 154 

the Valsoera stream, while 8 transects were travelled along the Piantonetto stream). Each transect was 155 

travelled twice about 30 minutes apart to reasonably catch all the brown trout individuals. All the 156 

captured individuals were immediately transferred to a perforated drum kept into the stream. At the 157 

end of the sampling operation, trouts were transferred to a 100 L tank crossed by a constant flow of 158 

water located within the aquaculture facility set up by the Gran Paradiso National Park at Ghiglieri 159 

(Noasca, TO). Trouts were kept in this tank for about 1 hour and then they were photographed, 160 

measured (body length and total weight). A blood sample was collected from the caudal vein with a 161 

heparinized syringe and readily transferred into glass capillaries. The blood was centrifuged within 162 
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one hour from collection at 15,000 rpm for 15 minutes to separate the plasma from the red blood 163 

cells, which were both frozen and maintained at -80 °C until analysis of plasma total antioxidant 164 

capacity. Lastly, brown trout individuals were sacrificed according to the current animal welfare 165 

regulations and maintained at -20 °C until dissection. In the lab, each individual was dissected to 166 

isolate the liver, which was maintained at -20 °C until analyses of TAC and antioxidant enzyme 167 

activities. The sex of each trout was determined by evaluating the maturation stage of the gonads, 168 

while their age was assigned according to standard growth curves for the species. We relied on 98 169 

brown trout individuals sampled in Valsoera (n = 12) and Piantonetto (n = 86) streams. Individuals 170 

of either each sex were grouped in seven classes of age as follows: age 1+ = 12 individuals (5 females 171 

and 7 males); age 2+ = 32 individuals (14 females and 18 males); age 3+ = 27 individuals (16 females 172 

and 11 males); age 4+ = 16 individuals (8 females and 8 males); age 5+ = 9 individuals (2 females 173 

and 7 males); age 7+ = 1 individual (1 male) and age 9+ = 1 individual (1 male). The study was 174 

performed under the permission of the Gran Paradiso National Park, which allowed the sampling and 175 

the euthanasia of fish, a latere of a Life+ project (BIOAQUE) aimed at the conservation of the marble 176 

trout (Salmo marmoratus) in freshwaters of the park. 177 

Plasma total antioxidant capacity (TAC) 178 

The non-enzymatic total antioxidant capacity (TAC) was measured in plasma of each single brown 179 

trout according to a colorimetric method developed by Erel (2004), while the same method with little 180 

modifications was used for measurement of hepatic TAC (see Parolini et al., 2017). The color of 2,2’-181 

azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) radical cation (ABTS*+) bleaches depending on 182 

the concentration of antioxidants in the plasma. The reaction is monitored spectrophotometrically and 183 

the final absorbance is inversely related to TAC of the sample. The assay was calibrated using a 184 

standard curve with serial dilutions of Trolox and the results were expressed as mM Trolox equivalent 185 

for plasma, while as mM Trolox equivalent g-1 weight for liver. Mean TAC intra-assay coefficient of 186 

variation (CV) was 3.1 ± 0.7 % (n = 3 replicates for 10 specimens), while the mean inter-assay CV 187 

was 8.4 ± 1.6 % (n = 5 assay plates). 188 

Antioxidant enzyme activity  189 

The activity of antioxidant (SOD, CAT and GPx) enzymes was measured in triplicate in the cytosolic 190 

fraction extracted from gill and liver homogenates. An appropriate amount of gill and liver (≈ 1 g 191 

fresh weight) dissected from each brown trout was homogenized in 100 mM phosphate buffer (pH 192 

7.4; KCl 100 mM, EDTA 1 mM) with the addition of a specific protease inhibitor cocktail  (1:10 v/v) 193 

and dithiothreitol (DTT, 100 mM). The homogenate was centrifuged at 45.000 g for 1 hour at 4 °C. 194 
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The supernatant has been collected and immediately processed for the determination of protein 195 

content according to the Bradford method (1976), using bovine serum albumin (BSA) as a standard. 196 

Enzymatic activities were determined spectrophotometrically as described by Parolini et al. (2010). 197 

Briefly, the SOD activity was evaluated by measuring the inhibition in the reduction of cytochrome 198 

c (10 μM) at 550 nm caused by the superoxide anion generated by the xanthine oxidase (1.87 199 

mU/mL)/hypoxanthine (50 μM) reaction. The enzyme activity was reported in SOD units (1 SOD 200 

unit corresponds to the 50% inhibition of the xanthine oxidase reaction). The CAT activity was 201 

determined by measuring the consumption of H2O2 at 240 nm using 50 mM hydrogen peroxide as a 202 

substrate. The GPx activity was measured by monitoring the consumption of NADPH at 340 nm 203 

using 0.2 mM H2O2  as a substrate in 50 mM potassium phosphate buffer (pH 7) containing 204 

glutathione (2 mM), sodium azide (NaN3; 1 mM), glutathione reductase (2 U/mL) and NADPH (120 205 

μM).  206 

Analysis of brown trout carotenoid-based coloration 207 

After the acclimation period, photographs of fish were taken with a Canon EOS 450D digital camera 208 

and transferred to a computer for further analyses of livery. Prior to photography, each fish was 209 

weighed (to the nearest 0.01 g) with an analytical balance and placed above a ruler with millimeter 210 

resolution, allowing an accurate estimation of the fish body size. Photographs were taken in a 211 

standardized position and each image included a Munsell X-rite color checker card (X-rite, Inc., 212 

Grand Rapids, MI, USA), which was subsequently used to correct for subtle differences in lighting 213 

or exposure according to the procedure described by Westley et al. (2013). We handled all individuals 214 

similarly to minimize any potential bias resulting from the photography process. Carotenoid-based 215 

coloration was first assessed by counting the number of red spots dappling both left and right side of 216 

the body of each trout. To obtain a reliable count of red spots we superimposed a grid (each square 217 

of the grid had a 1 cm2 area) to each photograph. We counted red spots in all the grid squares, being 218 

careful to avoid double-counting, in order to discriminate the number of red spots on the lateral line, 219 

on operculum, and above and below the lateral line. Carotenoid-based color of each trout was 220 

considered as the total number of red spots, as well as the density (number of spot per cm2 of body) 221 

dappling the body. Carotenoid-based color was then evaluated using digital photography and image 222 

analysis. Photographs were prepared for analyses in Adobe Photoshop CS3® (Adobe Systems 223 

Incorporated, San Francisco, CA, USA) prior to assess livery coloration. Specifically, we cropped 224 

each standardized photograph from ventral body area (Figure S1) to assess carotenoid-based 225 

coloration. We analyzed the color of ventral body area because skin contain a great amount of 226 

carotenoids (Steven, 1948). The white vignette of the Munsell X-rite color checker card was cropped 227 
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and digitized as a three dimensional red-green-blue (RGB) color array using the Pictocolor plugin. 228 

For each cropped vignette, color calibration coefficients were calculated as the percent difference 229 

between the average value of each RGB spectra and the corresponding Munsell set points for the 230 

white vignette. Then, calibration coefficients were used to calibrate each image to a common standard 231 

(Stevens et al., 2007). The median of these color parameters was calculated for each fish within the 232 

area of interest. The intensity of the red coloration of the ventral body area (hereafter ventral redness) 233 

was calculated according to the formula reported by Liljedal et al. (2008): ventral redness = red/(red 234 

+ green + blue). 235 

Statistical analysis 236 

The effect of age and sex, as well as of their interaction, on plasma and hepatic total antioxidant 237 

capacity, and on the activity of antioxidant enzymes measured in the liver were investigated by means 238 

of Linear Mixed Models (LMMs), including the stream as a random effect in all models. As the effect 239 

of the age × sex interaction was always non-significant, we excluded this term from the models. Since 240 

sampling spanned over two months, we first included date of sampling as fixed-effect variable in the 241 

models. However, as the effect of the date of sampling was always non-significant, we subsequently 242 

excluded it from all the models. To investigate the covariation between antioxidant defenses (total 243 

antioxidant capacity of plasma and liver and hepatic antioxidant enzyme activity) and carotenoid-244 

based coloration (as the number and density of red spots, and ventral redness), we included each 245 

single color variable as a covariate in separate LMM. As no significant differences between trout 246 

body sides were found neither in red spot total number and density nor in ventral redness (see Results 247 

section) we considered for the analyses the mean value of the two sides. Although we sampled 0+ 248 

brown trout individuals, we excluded them from consideration because the livery of immature 249 

specimens is very different compared to that of sub-adults and adults and it could affect the results of 250 

our analysis. Analysis of ventral redness of some individuals (n = 12) could not be performed because 251 

of low quality of photographs. In addition, hepatic TAC could not be measured in some individuals 252 

(n = 15) because of scarceness of liver sample, which we used for the measurements of enzymatic 253 

activity. Thus, all the analyses were always performed with the largest available sample using SPSS 254 

21.0 statistical package. 255 

 256 

Results 257 

 258 
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Overall, the sex ratio of our sample did not deviate from parity (females 45/98 = 0.46; males 53/98 = 259 

0.54; 2
1 = 0.287; P = 0.592). The analysis of livery did not show any significant differences in the 260 

number (paired t-test; t = -0.698; P = 0.487) and density of red spots (paired t-test; t = 0.188; P = 261 

0.851) on either sides of the individuals. Similarly, the analysis of redness of the ventral body area 262 

did not show significant differences between the left and the right side (paired t-test; t = -1.313; P = 263 

0.192). Thus, to investigate the differences in the carotenoid-based coloration of the livery due to the 264 

sex and the age, as well as the relationships with antioxidant defenses, we decided to consider the 265 

mean value of the two body sides for all the variables mentioned above. In spite of no significant 266 

effect of age, sex and their interaction on the number of red spots, a significant effect of age, but not 267 

of sex and age × sex interaction, was noted on their density, with older individuals showing 268 

significantly lower density compared to younger ones (Table 1, Figure 1a,b). Moreover, a significant 269 

effect of age, but not of sex and age × sex interaction, was found on ventral redness of brown trout 270 

individuals, showing an increasing trend according to the age of fish (Table 1 and Figure 1c). 271 

The LMMs showed a significant effect of age on the levels of plasma total antioxidant capacity 272 

(TAC), with older individuals having higher levels of TAC (Table 2). However, hepatic TAC did not 273 

vary according to age and sex. A significant effect of age and sex was also noted on the hepatic 274 

activity of SOD and CAT (Table 2), with females showing higher levels compared to males and older 275 

individuals having lower values than younger ones. No significant effect of age and sex on hepatic 276 

GPx activity was found.  277 

To investigate the relationship between TAC or enzymatic defenses and carotenoid-based coloration, 278 

we independently included in the models as a covariate all the variables of the livery related to 279 

carotenoids (i.e. number and density of red spots, and ventral redness). No significant covariation was 280 

found between oxidative status markers (plasmatic and hepatic TAC, hepatic activity of antioxidant 281 

enzymes) and the number (F > 2.118; P > 0.149 in all the cases; Table S1) and the density (F = 3.070; 282 

P > 0.084 in all the cases; Table S2) of red spots. In contrast, ventral redness significantly covaried 283 

with both the plasmatic and hepatic TAC (Table 2, Figure 2), as well as with the activity of hepatic 284 

SOD and CAT, but not of GPx (Table 2, Figure 3).  285 

 286 

Discussion 287 

The present work showed a significant age-dependent variability in carotenoid-based coloration in a 288 

natural population of brown trout, whereby older individuals were more reddish that younger ones. 289 

Ventral redness significantly covaried with both plasmatic and hepatic non-enzymatic total 290 
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antioxidant capacity, as well as with the activity of hepatic antioxidant enzymes such as SOD and 291 

CAT, suggesting that carotenoid-based livery coloration can be considered a reliable signal of 292 

individual quality, at least in terms of capacity to cope with pro-oxidant molecules. 293 

The livery of the brown trout shows a large phenotypic variation in terms of pigmentation and pattering 294 

of carotenoid-based colors (Steven, 1947; 1948; Blanc et al., 1994). Previous studies have shown 295 

significant differences in the number of spotting and coloration features among brown trout 296 

populations (Aparicio et al., 2005; Bud et al., 2009). However, the within-population variability in 297 

carotenoid-based coloration has been less investigated. In our study population, we have shown a 298 

great variation in the total number of red spots, which was independent of age and sex (Figure 1a, 299 

Table 1) consistently with a previous study by Kocabas et al. (2011) on a Turkish population of the 300 

brown trout (Salmo trutta macrostigma). Moreover, these findings are consistent with those reported 301 

by Blanc and coauthors (1982; 1994) on S. trutta. Differently, a significant decrease of red spot 302 

density with age (and total body length) was noted (Figure 1b). As the number of red spots did not 303 

vary with the age of the trout because it is determined on genetic basis (Blanc et al., 1994), the 304 

decrease of their density may be simply due to the individual body growth. Interestingly, a significant 305 

increase in ventral redness with age was noted (Figure 1c). Variation in ventral redness can be 306 

considered as a proximate morphological color change, which refer to the morphological modulation 307 

of skin color at a given life-stage due to variations in different environmental factors, such as nutrition 308 

(Leclerq et al., 2010). Ventral redness in fact depends on the amount and the quality of dietary 309 

carotenoids, as demonstrated by experimental studies of dietary supplementation in different fish 310 

species (Ibrahim et al. 1984; Li et al. 2007; Kop and Durmaz 2008), including the brown trout (Steven, 311 

1948). The age-dependent increase of brown trout ventral redness may depend on the increase of food 312 

intake due to sustain metabolic and physiologic processes during growth and/or to the change in food 313 

quality, as in adulthood the brown trout preys both macro-benthic organisms and other fish whereas 314 

younger individuals mainly ingest macro-benthos (see Klemetsen et al., 2003). Alternatively, age-315 

related variation in carotenoid-based coloration may be due to differences in individual health status 316 

or in carotenoid metabolism (Backstrom et al., 2014). If carotenoids are a limiting factor for trouts, 317 

the display of carotenoid-based coloration may entail a cost for the organism because it requires the 318 

intake of sufficient amounts of these molecules with the diet and their reallocation from vital 319 

physiological processes to ornamentation (Endler, 1980; Lozano, 1994). Thus, carotenoid-based 320 

coloration may be a honest, condition-dependent signal of individual quality, with diverse functions 321 

in social and sexual contexts (Olson and Owens, 1998; Svensson and Wong, 2011). Since carotenoids 322 

are part of the antioxidant arsenal of the organism and exert their antioxidant action through the 323 

scavenging of free radicals (Burton and Ingold, 1984; Mortensen and Skibsted, 1996), the significant 324 
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covariation between ventral redness and both plasmatic and hepatic TAC (Figure 2), indicates that 325 

brown trout individuals displaying marked carotenoid-based coloration may have assumed great 326 

amount of carotenoids by the diet and, consequently, have increased their antioxidant capacity. 327 

However, carotenoids may have a minor role in this relationship (Blount et al. 2000; Hartley and 328 

Kennedy 2004; Bertrand et al. 2006), because many studies have questioned the role and the 329 

importance of these molecules as antioxidants (e.g. Costantini and Møller, 2008; Pérez-Rodríguez, 330 

2009). In fact, since the TAC is the comprehensive measure of the activity of all non-enzymatic 331 

antioxidant molecules circulating in plasma and/or stored in diverse tissues/organs, the relationship 332 

between carotenoid-based coloration and TAC may not exclusively reflect the antioxidant capacity 333 

due to carotenoids, but also that due to other non-enzymatic antioxidants. Moreover, some studies 334 

have shown that carotenoids can modulate the levels of other endogenous antioxidants (e.g. Krinsky, 335 

1993). Thus, carotenoid-based coloration can be considered an indicator of the antioxidant capacity 336 

due to other non-pigment molecules, which can protect carotenoids from the attack of pro-oxidant 337 

molecules (i.e. protection hypothesis; Pérez et al., 2008). Since carotenoids are particularly 338 

susceptible to oxidation processes, which alter their structure and render them colorless (Packer 1992; 339 

Hartley and Kennedy, 2004), brown trout individuals displaying bright carotenoid-based coloration 340 

may signal the abundance of colorless antioxidants, as demonstrated by a study of the three-spined 341 

stickleback, revealing that dietary supplementation of vitamin E and C increased male carotenoid-342 

based ornamentation (Pike et al., 2007). Alternatively, high levels of colorless antioxidants may allow 343 

the organism to spare carotenoids for re-allocation to other functions, such as coloration (sparing 344 

hypothesis; Svensson and Wong, 2011). According to this hypothesis, carotenoids may be released 345 

from their protective role against free radicals by increased levels of other antioxidants (Krinsky, 346 

1989), even if they remain an active part of the antioxidant defense system of the organism. 347 

Accordingly, having high levels of carotenoids and displaying them as a signal, individuals can 348 

honestly reveal efficient antioxidant defenses designated to their protection (Hartley and Kennedy 349 

2004). This role of carotenoids has been suggested by diverse studies (Catoni et al., 2008; Monaghan 350 

et al., 2009; Perez-Rodriguez, 2009), and also empirically tested in vertebrates by dietary 351 

supplementation of non-pigmentary antioxidants, such as melatonin (Bertrand et al., 2006) and 352 

vitamin E and C (Pike et al., 2007). However, none of these studies investigated the role of antioxidant 353 

enzymes in carotenoid protection, although their involvement cannot be excluded (Bertrand et al., 354 

2006). The significant covariation between the activity of hepatic SOD and CAT, and the ventral 355 

redness of brown trout (Figure 3) suggests a potential role of antioxidant enzymes in the trade-off 356 

between antioxidant and signaling function of carotenoids. Similarly to non-enzymatic antioxidants, 357 

the high activity of endogenous antioxidant enzymes may protect carotenoids from oxidation, 358 
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allowing brown trout to display bright reddish coloration. Alternatively, brown trout individuals with 359 

high levels of antioxidant enzymes may allocate carotenoids to their livery because enzymes 360 

efficiently protect the organism from the harmful effects of pro-oxidant molecules. If carotenoid-361 

based coloration is a reliable signal of high levels of antioxidant enzymes and the enzymatic 362 

antioxidant system is hereditable, this phenotypic trait may have a pivotal role in sexual selection 363 

context. In fact, mating with an individual with bright red coloration may serve to guarantee that 364 

offspring inherit an efficient antioxidant system. Even if it should have to be verified in further 365 

studies, this hypothesis seems plausible because carotenoid-based colorations have been 366 

hypothesized to be involved in sexual display during brown trout reproduction. Moreover, a recent 367 

study demonstrated the heritability of SOD and other enzymes involved in antioxidant defense (i.e. 368 

glutathione reductase and glutathione S-transferase) in a salmonid species (Salmo salar; Kahar et al., 369 

2016). 370 

In conclusion, this correlative study demonstrated for the first time in free-living brown trout that 371 

carotenoid-based coloration may serve as a reliable signal of individual quality, in terms of efficient 372 

antioxidant defenses. As expected, brown trout displaying bright carotenoid-based coloration showed 373 

high levels of non-enzymatic antioxidant capacity and, interestingly, elevated activity of hepatic SOD 374 

and CAT. Thus, high levels of antioxidant defenses may protect carotenoids from oxidation allowing 375 

their bearer to display bright reddish colorations or, alternatively, they may allow to spare carotenoids, 376 

allowing their reallocation from antioxidant processes to livery ornamentation. These hypotheses 377 

deserves to be tested by dietary supplementation experiments modulating the availability of 378 

carotenoids and/or other non-enzymatic antioxidants to confirm their contribution in determining 379 

livery coloration, as well to shed light on the role of carotenoid-based coloration as a signal of 380 

individual quality and their potential involvement in social and sexual selection processes. 381 

 382 
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Table 1: Linear mixed models of mean number, density (number of spots/cm2) and ventral redness of 532 

brown trout in relation to sex and age of individuals, with stream as a random factor. Significant 533 

effects are reported in bold. 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

  546 

 F df P 

Number of red spots    

Sex 3.852 1,85 0.053 

Age 0.965 1,85 0.454 

Sex × age 0.357 1,85 0.838 

    

Density of red spots    

Sex 1.376 1,81 0.244 

Age 7.414 1,81 0.000 

Sex × age 0.480 1,81 0.996 

    

Ventral redness    

Sex 1.246 1,76 0.268 

Age 2.788 1,76 0.023 

Sex × age 0.474 1,76 0.755 
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 547 

Table 2: Linear mixed models of plasma total antioxidant capacity (TAC) and activity of hepatic 548 

antioxidant defense enzymes (SOD, CAT, GPx) in relation to ventral redness of brown trout 549 

individuals, with stream as a random factor. Significant effects are reported in bold. 550 

 551 

 552 

 553 

 554 

 F df P 

Plasma    

Total antioxidant capacity    

Sex 0.229 1,72 0.634 

Age 2.892 5,72 0.020 

Sex × age 0.655 4,72 0.618 

Ventral redness 5.485 1,72 0.022 

    

Liver    

Total antioxidant capacity    

Sex 0.967 1,61 0.329 

Age 1.487 4,61 0.207 

Sex × age 0.833 3,61 0.481 

Ventral redness 5.579 1,61 0.021 

    

SOD    

Sex 12.721 1,75 0.001 

Age 4.158 5,75 0.002 

Sex × age 5.349 4,75 0.001 

Ventral redness 5.129 1,75 0.026 

    

CAT    

Sex 14.091 1,75 0.000 

Age 2.802 5,75 0.022 

Sex × age 2.458 4,75 0.053 

Ventral redness 10.112 1,75 0.002 

    

GPx    

Sex 1.686 1,75 0.198 

Age 2.191 5,75 0.064 

Sex × age 1.069 4,75 0.378 

Ventral redness 0.001 1,75 0.981 
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Figure captions 555 

Figure 1: Age-dependent variation in carotenoid-based coloration, expressed as the number (a) and 556 

density (b) of red spots, as well as ventral redness (c), of brown trout individuals. The continuous 557 

lines indicate significant relationships, while the dashed line indicates non-significant relationship. 558 

 559 

Figure 2: Covariation of plasma (a) and (b) hepatic total antioxidant capacity (TAC) with ventral 560 

redness in brown trout individuals. The continuous line indicates significant relationship. 561 

 562 

Figure 3: Covariation of hepatic SOD (a), CAT (b) and GPx (c) and ventral redness in brown trout 563 

individuals. The continuous lines indicate significant relationship, while dashed line indicates non-564 

significant relationship. 565 
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Table S1: Linear mixed models of plasmatic and hepatic total antioxidant capacity (TAC), as well as 

of the activity of hepatic defense enzymes (SOD, CAT, GPx) in relation to the number of red spots 

dappling the livery of brown trout individuals, with stream as a random factor. Significant effects are 

reported in bold. 

 

 

 

 

  

 F df P 

Plasma    

Total antioxidant capacity    

Sex 0.101 1,82 0.751 

Age 4.783 6,82 0.000 

Sex × age 0.668 4,82 0.616 

Number of red spots 1.970 1,82 0.164 

    

Liver    

Total antioxidant capacity    

Sex 0.162 1,61 0.688 

Age 0.938 5,61 0.463 

Sex × age 1.310 3,61 0.279 

Number of red spots 0.501 1,61 0.482 

    

SOD    

Sex 21.397 1,85 0.000 

Age 5.652 6,85 0.000 

Sex × age 5.645 4,85 0.000 

Number of red spots 2.118 1,85 0.149 

    

CAT    

Sex 7.213 1,83 0.009 

Age 1.490 6,74 0.193 

Sex × age 1.985 4,68 0.187 

Number of red spots 0.813 1,75 0.380 

    

GPx    

Sex 1.425 1,84 0.236 

Age 3.871 6,79 0.002 

Sex × age 1.324 4,74 0.269 

Number of red spots 0.144 1,75 0.707 
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Table S2: Linear mixed models of plasmatic and hepatic total antioxidant capacity (TAC), as well as 

of the activity of hepatic defense enzymes (SOD, CAT, GPx) in relation to the density (number of 

spots/cm2) of red spots dappling the livery of brown trout individuals, with stream as a random factor. 

Significant effects are reported in bold. 

 

 

  

 F df P 

Plasma    

Total antioxidant capacity    

Sex 0.030 1,78 0.862 

Age 3.895 6,78 0.002 

Sex × age 0.760 4,78 0.555 

Density of red spots 1.523 1,78 0.221 

    

Liver    

Total antioxidant capacity    

Sex 0.511 1,58 0.478 

Age 1.241 5,58 0.302 

Sex × age 0.783 3,58 0.160 

Density of red spots 0.636 1,58 0.428 

    

SOD    

Sex 20.668 1,81 0.000 

Age 4.176 6,81 0.001 

Sex × age 5.210 4,81 0.001 

Density of red spots 3.070 1,81 0.084 

    

CAT    

Sex 8.568 1,81 0.004 

Age 1.737 6,77 0.124 

Sex × age 2.378 4,78 0.059 

Density of red spots 0.235 1,75 0.630 

    

GPx    

Sex 1.523 1,81 0.221 

Age 1.909 6,76 0.090 

Sex × age 1.447 4,77 0.227 

Density of red spots 0.802 1,75 0.375 

    



 

 

 

 

 

 

Figure S1: Photograph of a brown trout individual used to assess livery carotenoid-based coloration. 

We first counted the number of red spots dappling the body side of the trout (red circles) and then we 

determined carotenoid-based coloration through image analysis. Photograph was analyzed in Adobe 

Photoshop CS3® and we assessed carotenoid-based coloration of ventral body area (ventral redness; 

indicated by the red polygon).  

 


